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Introduction


Over the last few years the resources devoted to research into
the development of new methods for the synthesis of amines,
which are fundamental building blocks in organic chemistry
and important industrial targets, have been substantial and
the field remains one of the most active in modern organic
synthesis.[1]


Carbon ± nitrogen bonds are usually formed by attack of a
nucleophilic nitrogen atom at an electrophilic carbon bearing
a leaving group by a SN2-type reaction. However the majority
of classical processes is hampered by difficult access to the
electrophilic precursors, particularly when multifunctional
derivatives are taken into consideration, and by the frequently
recurring difficult reaction conditions. Moreover the direct


amination of aromatic compounds remains a challenging
problem of practical importance in organic synthesis. Among
the various modern synthetic strategies[2] the �electrophilic
amination� of carbon nucleophiles appears as an important
and unconventional CÿN connective process in organic
synthesis (Scheme 1).


Scheme 1. Methods of amination. Left: The attack of a nucleophilic N
atom at an electrophilic C atom bearing a leaving group by a SN2-type
reaction. Right: The replacement of a C nucleophile of a good leaving
group bound to an �electrophilic N atom�.


The chemists demand for practical electrophilic [NH2
�]


equivalents, amenable to CÿN bond formation falls well short
of the supply of suitable reagents in a process in which a
carbon nucleophile replaces a leaving group on an electro-
philic nitrogen. The following account discusses recent
advances in the area of electrophilic amination of carbanions
and puts into perspective some new ideas addressed to
develop new concepts in this field.


Discussion


Nitrenoid-like species : One of the lines along which the
electrophilic amination of carbanions developed and became
a synthetically useful protocol stems from the discovery by
Sheverdina and Kocheskov[3] that organolithium compounds
can be aminated with methyllithium-methoxamine. For
interpreting this intriguing and for a long time not well
understood reaction which involves the coupling of two
anionic species, an interaction which should be repulsive,
Beak et al. proposed[4] the transition state reached from the
dimer 1 (Scheme 2).


To investigate why nitrenoids LiRN ± OR' are more elec-
trophilic than the corresponding non-lithiated alkoxyamines
HRN ± OR', model calculations have been performed by
Boche and Wagner,[5] showing that the NÿO bond in 2 is
bridged by Li and is longer than the related bond in 3. This
would have particular significance for the nitrenoid character
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and for the facile cleavage of the NÿO bond. Since in
nitrenoid 2 the R'O becomes a good leaving group, these
species may display amination potential similar to that of
hydroxylamines possessing excellent leaving group abilities.
On the other hand, the Li bonding to donor sites such as N or
O might favor the essential formation of associated species in
which, due to the proximity effects, the delivery of the
�electrophilic� nitrogen to the carbanion would be highly
favored. The above concepts have been translated (Scheme 3)
into the design and the synthesis of a number of modified
hydroxylamines and of sulfonamide-type reagents for the
delivery of the amino groups able to act as synthetic
equivalents of the NH2


� (a1-synthon).


Scheme 3. Hydroxylamine-derived aminating agents.


A variety of simple N-protected alkyl, aryl, and heteroaryl
primary amines could be synthetized following this approach.
The presence of easily removable protecting groups such as
Boc (4) and Alloc (5) is evidently[6] of major importance in the
synthesis of heteroarylamines such as 2-aminothiophene,
which are otherwise not stable as free bases (Scheme 4).


Scheme 4. Electrophilic amination of organometallic compounds with
sulfonamido-type reagents.


The finding that several less
polar and milder reagents can
suitably replace the more ag-
gressive organolithium and
Grignard reagents as the sour-
ces of C nucleophiles, has wid-
ened the scope and the appli-
cations of this methodology.
Amination of organoboranes
has provided a useful and mild
method for introducing an ami-
no functionality by replacement
of a boron atom by a nitrogen
atom: the reactions of organo-


boranes with N-chloramine[7] and with hydroxylamine-O-
sulfonic acids[8] have been reported by Brown et al. , and
primary amines with high enantiomeric purity were obtained
from chiral boronic esters.[9]


In several instances, for example, in the synthesis of
phosphonic amino acids, a-cuprophosphonates react rapidly
with lithium N-tosyloxy-tert-butylcarbamates, whereas the
reaction with a-lithiophosphonate is unsuccessful.[10]


Scheme 5 illustrates some of the chemistry associated with
the use of an a-cuprophosphonate for the synthesis of
phosphonic amino acids, an important class of compounds
with applications as antibiotics, antiviral agents, and enzyme
inhibitors.


Scheme 5. Formation of phosphonic amino acids by electrophilic amina-
tion.


The use of organocuprates emerged also as a strict require-
ment when using[11] silylated hydroxylamines like N,O-bis-
trimethylsilylhydroxylamine (6) as the source of �electrophilic
nitrogen�: in this particular case a �higher order� (bis anionic)
cuprate provides the base for the proton abstraction as well as
the ligand to be transferred to the �nitrenoid� nitrogen atom
(Scheme 6).[12]


Scheme 6. Route to primary amines by electrophilic amination with N,O-
bis-trimethylsilyl-hydroxylamine (6).


Scheme 2. Nitrenoids in electrophilic amination of organolithium compounds.
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A simple, convenient and highly general method which
circumvents the restricted range of applicability of most of the
previously reported methodologies has beeen developed very
recently[13] for synthesizing N-alkyl aromatic and alkyl heter-
oaromatic amines from the corresponding N-alkyl-O-trime-
thylsilyl hydroxylamines and aryl and heteroaryl cuprates in
satisfactory to good yields.


Overall the electrophilic amination involving an N-meta-
lated sulfonamido or N-metalated hydroxylamino type system
is a formal displacement of a leaving group linked to a
nitrenoid species by a C nucleophile and can be mechanisti-
cally described as in Scheme 7.


Scheme 7. Mechanistic rationale exemplified in the case of the electro-
philic amination of cyanocuprates with aminating reagents bearing a good
leaving group.


Nitrogenated �neutral� reagents: the diazo, azido, and imino
derivatives : A conceptually different approach toward elec-
trophilic amination is based on the addition of carbanions to
�neutral� aminating agents. The successful implementation of
the above amination strategy was necessarily dependent on
the availability of suitable nitrogen sources. Reagents in which
no leaving groups are present have recently entered into
common use in many applications of organic synthesis and are
capable of reacting under mild reaction conditions with
explicit or latent carbanions leading to a new CÿN bond in a
connective process. Di-tert-butyl-azodicarboxylate (DBAD)
(7) which exploits the synthetic equivalence of a [Boc-N-NH-
Boc]� synthon is a commercially available and highly stable
compound. Its remarkable reactivity towards carbon nucleo-
philes has been demonstrated by recent studies in the Rieke�s
group.[14] They showed that main group organometallic
compounds endowed with moderate electronegativity, such
as functionalized organozinc reagents, and generally regarded
as intermediates of low reactivity that exihibit a broad
functional group tolerance[15] are able to react with DBAD
under mild conditions to give the corresponding hydrazino
derivatives. The latter are immediate precursors of amines by
deprotection (Scheme 8).


The use of 7 is particularly valuable[7] in the anti-diaster-
eoselective amination of b-hydroxyesters by the correspond-
ing metal enolates. The Zn enolates appear particularly


Scheme 8. Electrophilic amination of organozinc halides.


Scheme 9. Asymmetric synthesis of anti a-amino-b-hydroxy acids.


suitable for this process, providing access to a-hydrazino-b-
hydroxyesters (Scheme 9).


This diastereoselective strategy has been applied to the
synthesis of a number of enantiopure anti a-amino-b-hydroxy
acid components of biologically active cyclopentanols and
heterocycles. The asymmetric route to a dipeptide which
constitutes the east part of vancomycin, recently reported by
Genet et al.,[16] highlights the synthetic potential of this
reagent. Even though DBAD has provided access to a wide
range of targets, the major liability in its use is the �packaging�
of the nitrogen as delivered to the substrate. Ofsetting to some
extent the benefits deriving from the use of this reagent is the
need for two further steps (trifluoroacetic acid (TFA)/CH2Cl2


then H2/Ra-Ni) for the NÿN bond cleavage to generate the
NH2 functionality.


Notably, the imines of glyoxylates upon addition with
organometallic compounds undergo alkyl transfer from the
metal to the nitrogen according to an electrophilic amination
pathway. This reaction discovered by Kagan and Fiaud[17] has
been recently employed[18] as a synthetically useful protocol
for the asymmetric synthesis of 2-azetidinones.


In connection with the use of other �neutral� aminating
agents, a seminal investigation of the features of the azido
transfer in the reactions with enolates and with esters, and the
partitioning of the reaction between the azide- and diazo-
transfer pathways, was carried out by Evans et al.[19] These
studies led to an optimization of the reaction conditions based
on the use of sulfonyl azides as synthetic equivalents of -N3


(�)


synthons. Reactions of enolates with sulfonyl azides were
found to be sensitive to both the enolate counterion and
sulfonyl azide structure. Several significant studies led to the
use of highly electron-deficient sulfonyl azides and more
recently to the use of sterically demanding sulfonyl azides of
which 2,4,6-triisopropylbenzensulfonyl azide (trisyl azide) (8)
was the most readily available example. Azidation reactions
with 8 enjoy[19] considerable scope, while displaying
(Scheme 10) high yields and a high level of stereoselectivity
(de �95 %). Subsequent fragmentation of triazene followed
by reduction with H2/Pd/C leads to the amino derivatives.


Strained heterocylic rings : The unusual reactivity, undoubt-
edly related to the presence of a strained three-membered
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Scheme 10. Effect of sulfonyl azide structure on azide versus diazo
transfer.


ring and a relatively weak NÿO bond,[20] make oxaziridines
highly useful as aminating agents. Ring opening of the
strained three-membered rings is the key to their ability to
react as both aminating and oxygenating reagents with
nucleophiles. The site of nucleophilic attack at the oxaziridine
ring is determined by the substitution pattern at the nitrogen.
Schmitz group�s careful study demonstrated[21] that N-unsub-
stituted oxaziridines can play an important role as electro-
philic aminating reagents. They are highly reactive toward N,
S, O, and C nucleophiles (Nu) and must be prepared and
handled in inert solvents such as diethyl ether or toluene. The
attack takes place at the NH group of the three-membered
ring with simultaneous NuÿN bond formation and rupture of
the NÿO bond, thus making possible the synthesis of a wide
range of compounds such as azines, hydrazines, diaziridines
etc. The amination of C nucleophiles by spiro(cyclohexane-3'-
oxaziridine) (9) has also been investigated for typical
examples of CÿH acidic compounds in which deprotonation
is possible by treatment with aqueous alkali hydroxide.
Surprisingly the amination was accompanied by hydration of
the nitrile group in all cases (Scheme 11).


Scheme 11. Amination of CÿH acidic compounds with oxaziridines.


The development of oxaziridines which would allow the
direct transfer of a N-protected group to nucleophilic centers
led to the synthesis of N-Moc and N-Boc oxaziridines. In
contrast to the concept that oxaziridines act as aminating
reagents only when the group attached to the nitrogen is small
and that when it becomes larger the site of the attack is shifted
from the nitrogen to the oxygen, 10 and 11 are able to transfer
the N-Moc and the N-Boc fragments under mild conditions to
ketone, ester, and amide lithium enolates.[22] N-Boc protected
a-amino ketones of moderate enantiomeric purity were
synthesized[23] by 11-mediated electrophilic amination of an
enantiopure a-silyl ketone, whereby the silyl group functions
as the �traceless� directing group (Scheme 12).


Scheme 12. Enantioselective synthesis of protected a-amino ketones by
electrophilic amination with an oxaziridine.


A limitation in the use of 11 in electrophilic amination
stems, however, from the substantial amount of the enolate
consumed by aldol condensation with 4-cyanobenzaldehyde,
reducing the yields (19 ± 37 %) of the amines.


Oxidative coupling of M-amides. The possibility of using
simple and commercially available amines as the aminating
agents raises the prospect of a straightforward and economic
approach to CÿN bond formation. For this purpose we were
inspired by the well known inadvertent oxidation by dioxygen
of lithiorganocuprates which leads to coupling between C
ligands. This methodology appears only slightly attractive
synthetically when performed on organocopper ligands
R'R''CuLi with mixed ligands since only statistical ratios of
the three possible products are formed. Only recently[24] have
high levels of unsymmetrical ligand coupling been achieved
by controlling both temperature and mode of reagents
formation, thereby resulting in a novel route to the biaryl
nucleus, a key unit associated with many natural products.


We found[25] that upon treatment of a bis-anionic �higher-
order� organocuprate with an equimolar amount of primary or
secondary amine, a clear solution is formed which is stable for
a long time. Under these operational conditions the inter-
mediacy of dimeric amidocuprates can be inferred[26] in which
the starting amine becomes a �building block� in the molecular
architecture. Since the N atom behaves as a nontransferable
cuprate ligand, it conveys fairly high stability to the cluster.
Upon saturation with oxygen, the solution collapses into a
heterogeneous dark mixture leading to the formation of new
amino derivatives in which a new CÿN bond is formed
between the nitrogen of the starting amine and the anionic C
ligand of the cuprate. Rationalization of the CÿN bond
formation in these reactions, suggested in principle the
intervention, supported by EPR experiments, of long-lived
free radicals (Scheme 13).


The method, which can be formally considered as related to
electrophilic amination, succeeds when applied to the syn-
thesis of a range of secondary and tertiary amines and of
enamines, but fails when hydrazines were used as starting
materials, since major amounts of hydrazone are formed and
only trace amounts of the expected N-alkyl hydrazine are
recovered. This drawback suggested that oxidizing power
tuning as a function of the stability of the cluster intermediate
and of the fragility of the substrate under oxidative conditions,
may be required. As expected Cu!Zn transmetalation led,
due to the covalent character of the CÿZn bond, to the more
stable zinc-amidocyanocuprates. From these upon quenching
with dioxygen, alkylation of hydrazines and of aliphatic
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Scheme 13. Overall process for the oxidative intramolecular coupling,
showing the various combinations between the organometallic clusters and
the oxidizing systems.


amines took place in much higher yields but in the case of the
aryl ligands the efficiency of the three-center two-electron
bonds between each of the ligands and the two metals
conveyed to the clusters an exceedingly high stability thus
making the oxidative decompositon with dioxygen ineffective.
This assumption prompted us to envision modified proce-
dures for the oxidative decomposition of the various clusters,
following the concept that an interplay of the nature of
organometallic compounds and oxidants might improve the
efficiency of the electrophilic amination by oxidative coupling
and might convey to this procedure a general character: the
unprecedented use of oxygen in the presence of substoichio-
metric amounts of co-oxidants such as dinitrobenze or
unsupported Cu(NO3)2 proved successful.[27]


The versatility of the oxidative coupling-based electrophilic
amination as a synthetic method can be seen when one casts a
glance at the multitude of ali-
phatic, saturated and unsaturat-
ed amines, and aryl and hetero-
arylamines, some of which are
otherwise not easily accessible,
whose representative overview
is shown in Figure 1.


Conclusions


The aim of this paper has been
to introduce the reader several
promising new concepts which
have been developed quite re-
cently, for generating new CÿN
bonds by �electrophilic amina-
tion� of carbanionic species.
Interest in this area has been
renewed by the challenges fac-
ing preparative chemists to car-
ry out structurally directed syn-
theses of amino derivatives un-


der the mildest conditions. The applications of the reported
methodologies span from very simple molecular systems to
highly functionalized target compounds, and many new
exciting stereoselective routes can be envisioned. Great
opportunities exist for using these concepts for a wider range
of reactions and substrates, also considering the generally
simple operative conditions and the easy access to the starting
aminating reagents.
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Introduction


The efforts of chemists during the past few decades have
advanced the field of thermal asymmetric synthesis to a great
extent.[1] Complex molecules can now be synthesized as single
enantiomers. Unfortunately, asymmetric photochemical reac-
tions have not enjoyed the same level of success.[2] In the past,
chiral solvents, circularly polarized light, and chiral sensitizers
have been utilized to conduct enantioselective photoreac-
tions. The highest chiral induction achieved by any of these
approaches at ambient temperature and pressure has been
about 30 % (2 ± 10 % ee is common in photochemical reactions
under the above conditions).[2, 3] A chiral auxiliaries approach,
a popular method in solution thermal chemistry, has also been
used with success in photochemistry by Scharf and co-
workers.[2d] Of the various approaches, crystalline state and
solid host ± guest assemblies have provided the most encour-
aging results.[4] Two approaches have been used to achieve
chiral induction in the crystalline state. In one, by a group at
the Weizmann Institute, the achiral reactant is crystallized
into a chiral space group.[4b] The limited chances of such
crystallization of organic molecules renders this approach less
general. In the second approach, developed by Scheffer et al.,
an ionic chiral auxiliary is used to effect a chiral environ-
ment.[5] This limits the approach to molecules with carboxylic
acid groups that form crystallizable salts with chiral amines or
vice versa. Yet another highly successful approach developed
by Toda has made use of organic hosts that contain chiral
centers (e.g., deoxycholic acid, cyclodextrin, 1,6-bis-(o-chlor-
ophenyl)-1,6-diphenyl-2,4-diyne-1,6-diol,).[6] The success of
this approach is limited to guests that can form solid solutions
with the host without disturbing the host�s macrostructure.
The reactivity of molecules in the crystalline state and in solid
host ± guest assemblies is controlled by the details of molec-
ular packing. Currently, molecular packing and consequently
the chemical reactivity in the crystalline state, cannot be
reliably predicted.[7] Therefore even after successfully crys-
tallizing a molecule in a chiral space group or complexing a
molecule with a chiral host or a chiral auxiliary, there is no
guarantee that the guest will react in the crystalline state.
Hence even though crystalline and host ± guest assemblies
have been very useful in conducting enantioselective
photoreactions, their general applicability thus far has been
limited.
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basic rules of chiral induction of thermal reactions have
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photochemical reactions. Short excited state lifetime and
low activation energies for reactions in the excited
state(s) leave very little room for manipulating the
diastereomeric transition states. Yet impressive chiral
induction of photochemical reactions in the solid state has
been achieved. On the other hand, chiral induction of
photoreactions of organic molecules in solution continues
to be inefficient at ambient conditions. We are exploring
the possibility of employing zeolites as a media for
achieving chiral induction during photoreactions. The
motivating force for such an attempt is the fact that chiral
chemistry in the solid state is not completely general due
to the fact that not all molecules crystallize. To achieve
chiral induction one needs a chiral perturber. Zeolites are
not chiral and therefore the perturber is added to the
medium. Thus the medium for a photoreaction is a
chirally modified zeolite. Of the several reactions inves-
tigated, results on photoelectrocylization of tropolone
alkyl ethers are discussed at length. The confined space
offered by the zeolite supercage forces a reactant and the
chiral inductor to interact intimately to yield enantio-
merically enriched product. Due to the transitory nature
of the reaction cavity in solution such close interactions
are less likely in isotropic solvent media. The examples
discussed herein show negligible chiral induction in
solution, whereas in a zeolite one obtains induction as
high as 90 %.
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We believe that zeolites offer a solution to the above
limitations. For example, guest molecules present within
zeolites possess greater freedom than in crystals/solid host ±
guest assemblies and less freedom than in isotropic solvents.
This permits molecules within zeolites to react more freely
than in crystals/solid host ± guest assemblies and more selec-
tively than in solutions. Zeolites, unlike organic host systems,
can include a large number of molecules, with the only
limitation being that the dimensions of the guest be less than
the pore dimensions of the zeolite. A variety of molecules can
therefore be included within a zeolite and induced to react. A
major deficiency is that the zeolite is not chiral. In order to be
a useful chiral medium this serious limitation has to be
overcome and our approach in this context has been to
chirally modify the zeolite.


Discussion


What is a zeolite?


Zeolites are crystalline aluminosilicates with open framework
structures made up of the primary building blocks [SiO4]4ÿ


and [AlO4]5ÿ tetrahedra that are linked by all their corners to
form channels and cages of discrete size with no two
aluminum atoms sharing the same oxygen.[8] Due to the
difference in charge between the [SiO4]4ÿ and [AlO4]5ÿ


tetrahedra, the net framework charge of an aluminum-
containing zeolite is negative and hence must be balanced
by a cation, typically an alkali or alkaline earth metal cation.
The adsorbed molecules are located in the cavities of the
zeolites, and access to these cavities is through a pore or
window whose size can be the same or smaller than the
cavities. The dimension of this pore determines the size of the
molecule that can be adsorbed into these structures. We have
utilized X and Y zeolites as media for our chiral studies and
the structure of these are mentioned below. Faujasite zeolites
X and Y are large-pore zeolites with the unit cell compositions
M86(AlO2)86(SiO2)106 ´ 264 H2O and M56(AlO2)56(SiO2)136 ´
253 H2O, respectively, where M is the charge-compensating
cation. These cations occupy three different positions within
the zeolites X and Y (Figure 1). Of the three types of cation


Figure 1. The basic structural unit (supercage) of X and Y zeolites. Cation
locations within a supercage are shown in dark spheres. The supercage is
connected to adjacent four supercgaes through the 8 � windows.


locations only types II and III are located within the supercage
where an organic molecule is expected to reside. Due to the
hygroscopic nature of the cations zeolites tend to adsorb


considerable amounts of water. These water molecules can be
desorbed through activation at high temperatures creating
space for organic guest molecules to be included. The free
volume available for the adsorbed molecule within the
supercage depends on the number and nature of the cation
(for example, it varies from 873 �3 in Na X to 732 �3 in Cs X).


A chiral zeolite


An ideal approach to achieving chiral induction in a con-
strained medium such as a zeolite would be to make use of a
chiral medium. To our knowledge no zeolite that can
accommodate organic molecules currently exists in a stable
chiral form.[9, 10] Though zeolite beta and titanosilicate ETS-10
have unstable chiral polymorphs, no pure enantiomorphous
forms have been isolated. Although many other zeolites can,
theoretically, exist in chiral forms (e.g., ZSM-5 and ZSM-11)
none has been isolated in such a state. In the absence of
readily available chiral zeolites, we are left with the choice of
creating an asymmetric environment within zeolites by the
adsorption of chiral organic molecules. We have achieved this
through two approaches: a) by including an optically pure
organic molecule as an adsorbent within a zeolite and b) by
exchanging the inorganic cations present in zeolites with
chiral ammonium ions. The third approach currently being
investigated is to covalently link chiral organic molecules
through free silanol groups present on the surfaces of a
zeolite.


The chiral inductor that is used to modify the zeolite
interior will determine the magnitude of the enantioselectivity
of the photoproduct. The suitability of a chiral inductor for a
particular study depends on its inertness under the given
photochemical condition, its shape, size (in relation to that of
the reactant molecule and the free volume of the zeolite
cavity) and the nature of the interaction(s) that will develop
between the chiral agent and the reactant molecule/transition
state/reactive intermediate. One should recognize that no
single chiral agent might be ideal for two different reactions or
structurally differing substrates undergoing the same reaction.
These are inherent problems of chiral chemistry. Lack of
sufficient examples in the literature necessitates a certain
amount of empiricism at this stage. Thus pursuit of a path of
�rational combinatorial approach� until ground rules are
established is a wise choice.


Intrazeolite adsorption and light transmission


In spite of the fact that zeolites are one of the most widely
used catalysts, studies with zeolites often raise questions. An
often asked question is how can one be sure that the reaction
occurs within a zeolite and not on the surface. Guest
molecules are usually loaded into the zeolite by stirring a
solution of the guest in hexane with an activated zeolite (e.g.,
Na Y). If the guest is colored the color transfer from hexane to
the zeolite is hard to miss. Analysis (GC or HPLC) of the
hexane layer at this stage often confirms the absence of the
guest molecules in the hexane solution. Since much more than
a monolayer of external surface coverage of guest molecules is
possible, the molecules must be present in multilayers on the
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external surface or be included on the internal surfaces of a
zeolite. The forces involved in the two scenarios differ.
Stronger interaction between cations and guest molecules is
expected within a zeolite whereas only intermolecular inter-
actions between guest molecules are expected to prevail on
the outside. Molecules adsorbed on the outside surface can
hence be washed off with excess hexane, whereas the guest
molecules residing inside require extraction with polar
solvents.


Another question that is raised is: How can light reach a
molecule adsorbed within a zeolite? Zeolites are made up of
an Al-O-Si framework and, like glass and quartz, are trans-
parent to UV/Vis radiation, but due to their size, scatter light.
While scattering is an inconvenience it is not expected to
influence the absorption characteristics of a zeolite. Another
concern is how can one be sure that all reactant molecules will
be in a cage that contains a chiral inductor. One should
recognize that to ensure high enantioselectivity it is important
that every supercage be chirally modified. In the absence of
any current techniques by which this can be achieved, our
approach has been to use the chiral inductor in excess so that
all cavities will be filled with one or more chiral inductors.
Many cages containing more than one chiral inductor by this
process will not be able to accommodate a reactant molecule.
This approach, though admittedly it does not utilize all the
cages of a zeolite, ensures that a reactant molecule when
present within a cage will most often be in the company of a
chiral inductor. Another approach of ensuring that the chiral
inductor and the reactant stay together is to link the reactant
and the chiral inductor through a methylene chain (chiral
auxiliary). Examples of both approaches are presented below.


A noncovalent chiral induction strategy


In the context of chiral induction in photochemical reactions,
we have examined photoelectrocyclization (see Scheme 5),
the Norrish ± Yang reaction (Schemes 1 and 2), the Schenk-ene
reaction (Scheme 3), and the Zimmerman di-p-methane
rearrangement within zeolites (Scheme 4), and the choice
has been dictated by ease of synthesis of reactants, feasibility


Scheme 1. Results on the enantioselective Norrish ± Yang photocylization
of trans-4-tert-butyl-1-methylcyclohexyl aryl ketone. Note that the same
isomer of the chiral inductor favors opposite isomers within Na Yand Na X.


Scheme 2. Results on enantioselective Norrish ± Yang photoreaction of
1-adamantyl-p-carbomethoxyacetophenone (X�COOCH3). Note that the
chiral induction on the two isomers vary. In one case 35% ee and in the
other 3% ee is obtianed.


Scheme 3. Results on the enantioselective photooxidation of an olefin.
Products were analyzed by converting the hydroperoxides to alcohol by
treatment with triphenylphosphine.


Scheme 4. Results on the enantioselective photoreaction (Zimmerman di-
p-methane reaction) of benzonorbornadiene. The reaction originates from
the triplet state. The cation Tl� helps to generate the triplet state of the
reactant.


of separation of chiral products, and amenability of the
reaction for spectroscopic investigations.[11] The photoreac-
tions per se are not of paramount importance, but the
information they provide will help to establish the concept
and generate a model for future experiments. Most encour-
aging results have been obtained with electrocyclization of
tropolone alkyl ethers (Scheme 5). Results on tropolone alkyl
ethers are briefly discussed below. Based on results thus


Scheme 5. Photoelectrocyclization (4e) of tropolone methyl ether: �in� and
�out� cyclizations give opposite stereoisomers.


far obtained we have developed a model that establishes that
chiral chemistry within a zeolite follows a predictable pattern
and provides an insight into our current approach towards
chiral chemistry within a zeolite.
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Upon excitation tropolone alkyl ethers undergo 4p electron
disrotatory ring closure to yield racemic products; depending
on the mode of disrotation opposite enantiomers are obtained
(Scheme 5).[12] Enantiomerically pure products can be ob-
tained by controlling the mode of ring closure. One obvious
approach is to adsorb tropolone alkyl ethers on a surface that
is likely to restrict one of the two modes of rotation. For
example tropolone alkyl ether is expected to experience
different extents of steric interaction with the surface when it
rotates inwards or outwards. Since tropolone alkyl ether is not
expected to show a preference for adsorption from one
enantiotopic face over the other (Figure 2) adsorption on a
surface by itself is not expected
to influence enantioselectivity.
To achieve chiral induction
preferential adsorption from
one enatiotopic face of the
tropolone alkyl ether may be
brought about by chirally mod-
ifying the surface. In Figure 2 a
cartoon representation of how a
chiral inductor present on a
surface may control the mode
of adsorption by tropolone meth-
yl ether is provided. A surface
that can hold the chiral inductor
firmly in place is required to
achieve the desired goal. Surfa-
ces such as silica and alumina,
which do not contain cations, are expected to be less effective
in this regard. Cations in zeolites are expected to strongly
interact with chiral inductors and thus present them in certain
geometries to the reactant molecule. Based on this rationale
we examined the photochemis-
try of tropolone alkyl ethers
within chirally modified zeo-
lites. The enantiomeric excesses
(ee) obtained with tropolone
alkyl ethers are dependent on
the chiral agent (Scheme 6), the
alkoxy substituent (Scheme 7),
the water content within the
supercage (Scheme 8), the na-
ture and number of cations
(Scheme 8), and the tempera-
ture. The results obtained with
tropolone alkyl ethers clearly
illustrate the complexities of
chiral induction within a zeolite
and point out the parameters
that need to be optimized to
obtain high ee values. The high
ee value of 69 % obtained with
tropolone ethyl phenyl ether is
most encouraging (Scheme 8).[13]


Based on the observation
that the best ee is obtained with
bifunctional chiral agents
(ephedrine, pseudoephedrine,


norephedrine, and valinol; see Scheme 6) we tentatively
conclude that a multi point interaction between the reactant
molecule, the chiral inductor, and the zeolite interior is
necessary to induce preferential adsorption of tropolone alkyl
ether from a single enantiotopic face. The recognition points
in these cases are most likely the hydroxy, amino, and aryl
groups of the inductor, the cations of the zeolite and the
carbonyl and methoxy groups of tropolone alkyl ether. The
overall arrangement (Figure 3; generated by CACHE pro-
gram)[14] shows hydrogen bonding between the chiral inductor
and tropolone methyl ether as well as electrostatic interaction
between the cation on the zeolite and the phenyl group of the


chiral inductor. This view reveals that one of the faces of
tropolone methyl ether is fairly open, while the other is
encumbered by the zeolite surface. Such an arrangement
would only favor one of the two modes of disrotatory


Figure 2. Adsorption of tropolone alkyl ether (TAE) on a surface: Chiral inductor may control the enantiotopic
face by which TAE adsorbs. In the absence of a chiral inductor TAE will show no preference for adsorption from
either enantiotopic face. Note that the same chiral inductor interacts differently when the TAE adsorbs through
different enantiotopic faces.


Scheme 6. Results of studies on the photocyclization of tropolone ethylphenyl ether within chirally modified Na
Y zeolite: dependence of ee value on the chiral inductor. Note that the isomer which elutes first on the HPLC
column is arbitrarily labeled as A. Only the chiral inductors with two susbtituents yield any ee.
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Scheme 7. Results of studies on the photocyclization of tropolone alkyl
ether within Na Y zeolite: the ee value is dependent on the alkoxy
substituent. Note that the isomer which elutes first on the HPLC is
arbitrarily labeled as A. With increasing bulkiness of the substituent the ee
value decreases.


Scheme 8. Results of studies on the photocyclization of tropolone alkyl
ether within zeolites. Note that the isomer which elutes first on the HPLC
column is arbitrarily labeled as A. The nature of the favored enantiomer is
reversed between wet and dry zeolites and between Na Y and Na X. The
extent of ee depends on water content (wet and dry), the nature of the
cation (Li, Na, K, Rb Y), and the number of cations (Na Y vs. Na X).


Figure 3. A CACHE representation of tropolone methyl ether and
norephedrine included within a supercage. Hydrogen bonding between
the chiral inductor and the tropolone methyl ether are preserved within a
zeolite. The model should be considered as very approximate; the structure
was not optimized within the cage. The cations (large spheres) hold the
tropolone alkyl ether and the chiral inductor onto the zeolite surface.


cyclization. Since 100 % enantioselectivity is not observed it is
obvious that not all molecules are present in this idealized
arrangement.


The dependence of chiral induction (% ee) on the nature
and number of cations (Scheme 8) suggests a crucial role of
the cation present in the supercages in the chiral induction
process. This is further strengthened by the results observed
with wet and dry zeolites. The presence of water decreases
chiral selectivity (Scheme 8). Water molecules that are
expected to hydrate the cation will make the latter less
effective in holding the tropolone alkyl ether on the zeolite
surface. They also disrupt the close interaction between the
reactant and the chiral inductor. A simple cartoon represen-
tation for the influence of water is presented in Figure 4.
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Figure 4. A cartoon representation of tropolone methyl ether and
norephedrine included within a supercage under wet and dry conditions.
The model helps to rationalize the difference in ee obtained under the two
conditions. Dark circles represent the cations. Hydrogen bonding between
the chiral inductor and interaction between the cation and tropolone
methyl ether are disturbed by water molecules.


Admittedly the model discussed above is restricted to a
single system. Further, the visualization is based on a system
that contains two functional groups (carbonyl and alkoxy)
that can interact with a chiral inductor through hydrogen
bonds. The model thus will not hold well when the reactant
contains a single chromophore or groups that cannot interact
through hydrogen bonds. At present we do not have enough
information to build a comprehensive model that would be
applicable to all systems. Based on the preliminary data we
conclude that our ability to control the geometry of adsorp-
tion of a reactant within a cavity of a zeolite will play an
important role in achieving high ee values during a photo-
chemical reaction. Therefore the choice of the chiral inductor
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and the conditions of the reaction may prove to be the
deciding factors in achieving high enantioselectivity.


In addition to the enantiomeric excess of the product, the
nature of the enantiomer being enhanced is also of great
concern. All our systems are well behaved in the sense that, as
expected, the optical antipode of the chiral inductor always
gives the opposite enantiomer of the product.[11] This is
consistent with the expectations. However, the water mole-
cules unexpectedly switch the isomer being enhanced (com-
pare wet vs. dry in Scheme 8). For example, in the case of
tropolone ethyl phenyl ether, (ÿ)-ephedrine favored the A
enantiomer within �wet� Na Y and the B enantiomer within
�dry� Na Y.[1] Also the number of cations makes a difference.
For example, in the case of tropolone ethyl phenyl ether (ÿ)-
norephedrine favored the A enantiomer in Na Y and the B
enantiomer in Na X, that is, depending on the number of
cations present within a supercage the different enantiomers
are favored by the same chiral agent. Even more puzzling is
the fact that as discussed in the following section the nature of
the cation itself can alter the isomer being enhanced by the
same chiral inductor. A good understanding of these obser-
vations is essential to establish the ground rules for chiral
induction within a zeolite.


Chiral auxiliary approach: A chiral amplification approach


Photochemical reactions conducted in solution invariably give
low ee (�2 ± 10 %).[2, 3] On the other hand, in the crystalline
state examples with very high ee (>95 %) are not uncom-
mon.[4±6] Unfortunately, the ee value with most of our
examples in zeolites tends to fall within these extremes. The
absence of racemic products has, however, been very encour-
aging. While the asymmetric induction obtained within
zeolites thus far is not comparable to the >90 % ee generated
by thermal reactions, we wish to point out that the pioneering
attempts on enantioselective reaction with a soluble catalyst
published in 1966 produced <10 % ee.[16] Efforts by a number
of groups during the last three decades have dramatically
improved this number to >99 %. Similarly, the first report of
asymmetric induction in the crystalline state by Penzien and
Schmidt in 1969 presented only 6 % ee.[17] It has taken about
25 years to improve this number to >90 % ee. The field of
zeolite-based chiral photochemistry is just evolving and in its
infancyÐwe would like to believe!


In the examples discussed above we have used a chiral
inductor to induce chirality on the product of a reaction. In
the absence of any specific interaction between a chiral
inductor and a reactant we have been unable to force every
reactant molecule close to a chiral agent. This is one of the
main reasons for poor enantioselectivity. The 69 % ee
obtained in the case of tropolone ethyl phenyl ether/ephe-
drine/Na Y (dry) despite this limitation is remarkable. In an
effort to reduce this limitation and to maintain closeness
between the chiral center and the reaction site we have begun
investigating examples where the chiral inductor is covalently
linked to the tropolone system (Figure 5). Although in the
long run the �noncovalent chiral inductor� chiral strategy will
prove to be more useful, versatile, and simple, we have turned
our attention to the chiral auxiliary methodology. We


Figure 5. Results of studies on the photocyclization of (S)-tropolone
2-methyl butyl ether within various cation-exchanged Y zeolites. The
HPLC traces clearly illustrate the dependence of de on the cation. Note the
isomer B increases with the increasing size (and decreasing charge density)
of the cation. The diastereomeric excess (%) and the isomer enhanced are
shown on the HPLC traces.


envisioned that a confined space offered by a zeolite would
augment the influence of a chiral auxiliary. It is gratifying to
observe that this is indeed the case.


Irradiation of the (S)-tropolone 2-methyl butyl ether shown
in Figure 5 in solution yields a 1:1 mixture of diastereomeric
products. Clearly, in solution the presence of the chiral
auxiliary in proximity to the reactive center has no influence


Figure 6. Results of studies on the photocyclization of (S)-tropolone
2-methyl butyl ether within chirally modified Na Y zeolite. The diaster-
eomeric excess (%) and the isomer enhanced are shown on the HPLC
traces. The non-identical reversal of the product enantiomer by the
antipodes of the chiral inductor ephedrine is due to the fact that not all
molecules are in proximity to a chiral inductor. Chiral induction also occurs
due to the chiral auxiliary present in the molecule.


on the product stereochemistry. On the other hand, the same
molecule when irradiated within Na Y gave the product in
about 53 % diastereomeric excess (Figure 5). The smaller and
controlled space provided by the zeolite supercage apparently
has forced the chiral center to establish communication with
the reaction site. Considering that the chiral center has only
alkyl groups (unlike the chiral inductors discussed in the
previous section, Scheme 6) one would not expect any special
interactions to develop between the chiral auxiliary and the
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reaction centers within a zeolite. It is the small �reaction
cavity� that has enforced a certain amount of discipline on the
reacting molecule. As shown in Figure 5, the cation plays a
very important role. As the cation size increases (or the
binding ability decreases) the extent of diastereoselectivity
decreases. By the time one reaches Cs� the isomer that is
enhanced is switched from A to B. This is the first clear
indication that the cation controls the extent and the nature of
selectivity.


The most exciting result was obtained when (S)-tropolone
2-methyl butyl ether was irradiated within an ephedrine-
included Na Y (Figure 6). In the absence of ephedrine,
diastereomer A is obtained in 53 % diastereomeric excess.
When (ÿ)-ephedrine was used as the chiral inductor the same
isomer was enhanced to the extent of 90 %. On the other
hand, (�)-ephedrine favors the B diastereomer to the tune of
70 % diastereomeric excess. These observations are truly
remarkable. High de values has been achieved through the use
of two chiral inducers and a confined space. The importance
of this result becomes more apparent when one recognizes
that irradiation in solution of the same compound in presence
of ephedrine gave a 1:1 diastereomeric mixture (Figure 6).
Zeolite is essential to achieve the high de. The exact
mechanism operative is still unclear. Research along these
lines is underway in our laboratory.


Future


Our goals in the area of zeolite-based chiral chemistry are a) to
establish that a zeolite, when properly prepared/functional-
ized can serve as a matrix for conducting enantioselective
reactions (both photo and thermal), and b) to discover the
underlying factors that control the asymmetric induction
within zeolites and thus develop a �model� that will help us
predict and plan asymmetric photoreactions within zeolites.
Our long-range objective is to prepare reusable zeolite-based
materials for asymmetric catalysis of photochemical process-
es. Chirally modified zeolites cast into zeolite membranes,
zeolite thin films, zeolite silica sol ± gel suspensions, and
zeolite polymer composites could prove to be very valuable
catalysts. First, however, we must establish the feasibility of
employing zeolite matrices for noncatalytic asymmetric
induction. Thus far our efforts have been in this direction.
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Tuning of Photo- and Electroluminescence of New Soluble, PPV-Analogous
Short-Chain Compounds with Naphthalene Moieties
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Abstract: A series of oligomers analogous to poly(p-phenylenevinylene) (PPV),
combining naphthalene and benzene as aromatic units, have been synthesized by a
Knoevenagel reaction. By measuring UV/Vis spectra, photoluminescence (PL) and
electroluminescence (EL), we studied the influence of the position of the
naphthalene unit as well as the steric and electronic influences of cyano and alkyloxy
substituents on the luminescent properties of these compounds.


Keywords: conjugation ´ fluores-
cence spectroscopy ´ luminescence
´ organic light-emitting diodes ´
phthalocyanines ´ polymers


Introduction


Poly(p-phenylenevinylene) (PPV) and other related p-con-
jugated polymers and oligomers have attracted increasing
attention in recent years owing to their application as light-
emitting layers in organic light-emitting diodes (OLEDs).[1]


These materials offer the possibility of tuning both the
characteristics of the emitted light and the efficiency of the
devices by means of simple chemical modification of their
structure. The most commonly followed strategies for chem-
ical modification consist of a) the introduction of lateral
chains that can improve the solubility of the compounds and
effect the conjugation of the system by steric hindrance,[2]


b) the introduction of electron-withdrawing substituents, such
as cyano groups, which increase the electron affinity of the
molecules[3] or c) the replacement of the phenylene ring by
other aromatic structures.[4] We have previously reported the
synthesis of the substituted poly-2,6-naphthylenevinylene
(PNV) 2 and the corresponding phenylene/naphthylene
copolymer 3 (Figure 1).[5, 6] Polymer 2 shows a strong shift in
the photoluminescence (PL) maximum to a shorter wave-
length relative to the phenylene-based compound 1, which is a
good emitting layer in OLEDs.[7] The PL maximum of
copolymer 3, which contains stoichiometrically alternating


Figure 1. Structures and photoluminescence (PL) maxima of PPV and 2,6-
PNV derivatives.


benzene and naphthalene units, has an intermediate value
between those of compounds 1 and 2.[6]


These results seem to contradict those of a previous work on
the luminescence of PPV copolymers that contain randomly
distributed phenylene and naphthylene units.[8] The authors
have indicated that the presence of naphthalene moieties
conjugated in 2,6-positions did not significantly change the
structure of the band gap and therefore the luminescence of
the polymer was little affected. On the other hand, naphtha-
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lene units linked in 1,4-positions provoke a red shift due to a
decrease in the band gap of the polymer.[9]


The study of a reproducible set of properly characterized
and well-defined, conjugated oligomers as model compounds
for related conjugated polymers helps us to understand the
structure ± property relationship. These short-chain com-
pounds can also be useful in their own right as light-emitting
layers as a result of high-vacuum deposition techniques, which
allow the preparation of high quality films.


With this in mind, we have previously reported the syn-
thesis of different phenylene- and naphthylenevinylene
oligomers.[10] Comparison of the photoluminescence spectra
of these model compounds indicates that replacement of the
central phenylene moiety by naphthylene leads to a blue shift
in the emitted light.[10a] A hypsochromic effect has also been
observed on increasing the steric hindrance by varying the
position of cyano groups attached to the vinylene linkages. In
species 6 (Figure 2) the cyano group is linked to the vinylene
carbon neighbouring the central phenylene ring (a-positions);
this results in steric and electronic interaction with the


Figure 2. Structures and PL maxima of short-chain PPV-analogous model
compounds.


hexyloxy chains. Thus, the PL maximum of species 6 is shifted
more than 100 nm to the blue with regard to that of compound
5, in which the cyano group has no interaction with the
hexyloxy groups (b-positions).[10b] The steric influence due to
molecular torsion has been confirmed by determining the
crystal structure of a related compound.[11]


Results and Discussion


Little research has been undertaken on short-chain PPV
derivatives whose structure can be compared with that of the
polymers 1 ± 3. Therefore, we have synthesized a series of new
cyano-substituted PPV-analogous compounds (species 21 ±
28, Figure 3), by combining both 1,4-benzene and 2,6-naph-
thalene moieties with six hexyloxy substituents that provide
for excellent solubility in common organic solvents and good
film-forming properties. The new compounds have been
characterized by IR, 1H and 13C NMR spectroscopy and mass
spectrometry (MS). The optical properties were studied by
measuring UV-visible spectra in CH2Cl2 solution, photolumi-
nescence (PL) in the solid state and electroluminescence (EL)
in double-layer devices with copper phthalocyanine (PcCu) as
a convenient and thermally stable hole-transporting layer[12]


and aluminium as an air-stable cathode (ITO/PcCu/emitter
21 ± 28/Al). From the wavelengths of the maxima of absorp-
tion and emission spectra, we can evaluate the influence
exerted by naphthalene rings and cyano groups in different
positions, as well the effect on these constituents of neigh-
bouring hexyloxy chains.


To prepare the new model compounds 21 ± 28, we combined
eight different precursor molecules by a Knoevenagel reac-
tion (Scheme 1). For the central units, the dialdehydes 7 and 9
and the cyanomethylene derivatives 8 and 10 were used; these
were synthesized from hydroquinone and 1,5-dihydroxynaph-
thalene as previously described.[5, 7] As starting materials for
compounds 23, 24, 27 and 28 the 1,4-dihexyloxynaphthalenes
11 and 12 have been chosen.


The preparation of the monofunctionalized end-unit pre-
cursors 11, 12, 13 and 14 is shown in Scheme 2. Alkylation of
1,4-dihydroxynaphthalene (19) with n-hexyl bromide, fol-
lowed by reaction with dichloromethyl methyl ether in the
presence of TiCl4


[13] gives exclusively monoaldehyde 11. This
two-step procedure also allows the synthesis of aldehyde 13
from hydroquinone. On the other hand, alkylation and
bromomethylation of 19[14] yields the bromomethylene deriv-
ative 20, which on reaction with tetrabutylammoniumcyanide
gives cyanomethylene compound 12. Synthesis of phenyl-
acetonitrile 14 from 2-methylhydroquinone (17) was achieved
in three steps by alkylation, bromination with NBS and finally
reaction with tetrabutylammoniumcyanide in methylene
chloride (Scheme 2).


1,4-Dihexyloxynaphthalene derivatives 11 and 12 were used
as precursors owing to their ease of preparation. Oligomers
obtained from the former should serve as model compounds
for studying the properties of polymers 2 and 3 (Figure 1). The
new target compounds 21 ± 28 synthesized by the Knoevena-
gel reaction are shown in Figure 3, grouped in two series
depending on the central moiety.


Abstract in German: Die systematische Synthese und Charak-
terisierung von acht neuen PPV-analogen Modell-Verbindun-
gen mit photo- und elektrolumineszenten Eigenschaften ist
Thema dieser Arbeit. Besonderes Interesse liegt auf der
Untersuchung der sterischen und elektronischen Einflüsse
von Cyano-Gruppen und Hexyloxy-Ketten an den Phenyl-
und Naphthyl-Einheiten des konjugierten Systems. Durch
Variation dieser Reste können die optischen Eigenschaften
dieser Verbindungen stark modifiziert werden.
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UV-visible absorption spectra : Figure 4 and Figure 5 show
dilute solution spectra of compounds 21 and 22 with three
phenyl units (ppp) and their naphthyl analogues 23 ± 28 with
one central (pnp), two peripheral (npn) and three naphthyl
units (nnn). For comparison the spectrum of unsubstituted
trimeric phenylene-vinylene (PV) is also displayed. The
correlation between chemical structure and spectrum can be


described roughly as a linear
superposition of the p-donating
and p-accepting molecular frag-
ments.[15] The band maxima of
the HOMO ± LUMO transi-
tions are given in Table 1.


Alkoxy substituents (RO)n in
2,5-positions of the phenyl
rings, as in 21 ± 24, reduce the
energy of the first p ± p* tran-
sition by approximately ÿDn�
3000 ± 3500 cmÿ1 (�0.4 eV)
from that of unsubstituted
PV.[16] The reduction can be
explained by the interaction of
the occupied PV p orbitals of
the alkoxy substituents with the
HOMO of the conjugated
backbone; this leads to an ele-
vation of the HOMO energy,
whereas the LUMO energy is
not changed significantly. Semi-
empirical quantum-chemical
MO calculations confirm these
results. By using the Pariser ±
Parr ± Pople SCF method
(PPP), we obtain ÿDn�
3200 cmÿ1, and with the
ZINDO/S method ÿDn�
1700 cmÿ1 was obtained. These
results are presented in Table 1
along with the HOMO and
LUMO energies.


Additional introduction of
cyano substituents in the b-
positions of the vinylene
groups, such as in 22 and 24,
also shift the S0!S1 transition
to the red, because the LUMO
energy is lowered further by
coupling with the anti-bonding
p* orbitals of the cyano groups
than the HOMO energy. The
experimental value of Dn�
ÿ1000 cmÿ1 is somewhat lower
than the ZINDO/S result of
Dn�ÿ2000 cmÿ1 and the PPP
result of Dn�ÿ3200 cmÿ1.
Theoretically, cyano substitu-
ents in a-positions should also
create red-shifted S0!S1 ab-
sorption bands. However, the


experiments show that the band positions are shifted to the
blue. This effect is not yet fully understood. It may be a result
of the sterically induced non-planarity of the central phenyl-
ene-vinylene system,[16] which reduces the effective conjuga-
tion length of the trimer and thus raises the HOMO ± LUMO
energy gap. It must be stressed that all calculations were
performed on planar geometries.


Figure 3. Structures of the new Knoevenagel products 21 ± 28.


Scheme 1. Synthesis of the new Knoevenagel condensation products 21 ± 28. a) tBuOK/(nBu)4NOH, THF/
tBuOH.
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Figure 4. UV-visible absorption spectra in CH2Cl2 solution and PL spectra
of thin films of the compounds 21 ± 24 and PV (smooth lines). For PV, 22
and 24 fluorescence spectra in solution and for 22 and 24 fluorescence
excitation spectra in thin films are given (dashed lines).


Replacing the phenyl substituents by naphthyl substituents
would be intuitively expected to reduce the S0!S1 transition
energy, since the effective polyene-like conjugation in the
direction of the long molecular axis becomes longer by one
ÿC�Cÿ unit per naphthalene group. The ZINDO/S HOMO ±
LUMO energy differences support this intuition. The values
relative to PV are DE�ÿ0.13, ÿ0.22 and ÿ0.29 eV for pnp
(25, 26), npn (23, 24) and nnn (27, 28), respectively. How-
ever, the calculated S0!S1 transition energies are only


DE� 0 to ÿ0.1 eV lower, since
the smaller HOMO ± LUMO
energy gaps are almost com-
pletely compensated for by the
reduction of the interelectronic
repulsion energies in the corre-
sponding S1 states. A blue shift,
however, can be calculated if
one allows ring torsion during
geometrical optimization. The
experimental blue shift can thus
be explained by a substantial
torsion of the phenylene planes
against the vinylene planes.


Figure 6 displays the super-
imposed contributions of alk-
oxy, cyano and naphthyl
groups to the positions of the
experimental S0!S1 absorption
maxima of the PV derivatives
21 ± 28. The whole series of b-


Figure 5. UV-visible absorption spectra in CH2Cl2 solution and PL spectra
of thin films of the compounds 25 ± 28.


cyano compounds, in which the cyano groups are bound close
to the terminal aromatic rings, is red-shifted against (RO)6PV
without cyano substituents. However, the a-cyano derivatives
are blue-shifted against the (RO)6PV, contrary to theoretical
predictions. The band positions of the naphthalene analogues
in the b-cyano series can be interconnected by an almost
perfect correlation parallelogram. Thus, replacement of the
central phenylene group by a naphthylene group creates a
substantial blue shift that is independent of the chemical
nature of the peripheral aromatic rings, DE(pnpÿ ppp)�
DE(nnnÿ npn)��1400 cmÿ1. As stated above, this blue shift
is explained by ring torsion.


Scheme 2. Synthesis of the end-unit precursors 11 to 14. a) n-Hexyl-Br, EtOH, D ; b) Cl2HCOCH3/TiCl4, CH2Cl2;
c) NBS, CCl4, D ; d) (nBu)4NCN, CH2Cl2; e) HBr/AcOH, AcOH.
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Figure 6. Correlation parallelograms of the absorption maxima of the PV
derivatives 21 ± 28.


On the other hand, replacement of the peripheral phenyl
groups by naphthyl groups creates a red shift that is
independent of the chemical nature of the central aromatic
ring, DE(npnÿ ppp)�DE(nnnÿ pnp)�ÿ1000 cmÿ1. This re-
sult is approximately in accord with model predictions (see
Table 1).


In addition to the band positions, the oscillator strengths
and maximum extinction coefficients emax of the S0!S1


transition change appreciably with chemical substitution. In
the parent PV the oscillator strength of the low-lying p ± p*
transition is mainly localized in S0!S1 with emax�
60 000mÿ1 cmÿ1. This transition is polarized in the direction
of the long molecular axis. Introduction of substituents in the
2,5-positions of the phenyl rings changes the orientation of the
HOMO and creates a linear combination with lower lying


orbitals that were originally concentrated almost exclusively
in the phenyl rings. Thus, the higher energy S0!Sn transitions
gain intensity at the expense of S0!S1. This can be clearly
seen in (RO)6PV, for which a second band with e�
15 000mÿ1 cmÿ1 appears at the expense of the first band,
whose extinction coefficient is reduced to e� 40 000mÿ1 cmÿ1.
Upon CN substitution the effect is even more pronounced,
and in the naphthalene analogues the higher transitions
become substantially more intense than the S0!S1 transition.
These results have consequences for the intrinsic fluorescence
lifetimes that increase from t0� 2.1 ns ((RO)6PV) to t0� 5 ns
(b-cyano-(RO)6PV, 22), and also indirectly influence the
fluorescence quantum yields, since non-radiative pathways
compete more efficiently with the radiative ones in long-lived
electronic systems.


Photoluminescence : The parent PV is a bright blue-violet
emitter in dilute solution with a fluorescence quantum
yield close to unity (fF> 0.9), but only a poor one in
vapour deposited or spin-cast films (fF< 0.1).[16] This is
because in adjacent PV molecules close side-by-side aggre-
gates are formed, which, according to the exciton model,
make the lowest excited state optically forbidden. Moreover,
the formation of charge-separated states is enhanced. Thus, it
is necessary to be sure that substituents are suitable for
avoiding side-by-side aggregation, while taking care that these
substituents do not create new intramolecular nonradiative
pathways.


In dilute solutions, the fluorescence yields of cyano-
substituted PV polymers are distinctly lower than those of
PV itself.[16] Also, in contrast to PV, the solution fluorescence
spectra show no vibronic resolution (compare Figure 4,
dashed lines), even in rigid solvents. This result is typical for
phenylene-like molecules than cannot become planar in the
quinoidal S1-state owing to the steric hindrance of bulky
substituents.


Table 1. Electronic properties of substituted 1,4-distyrylbenzenes. The HOMO and LUMO energies as well as the lowest singlet transitions are calculated by
ZINDO/S SCI from AM1-optimized structures. Values for PVare given absolutely. All other calculated values are differences between the values calculated
for the compound and that of the unsubstituted compound PV. The calculated values for 21 ± 28 are the sums of the contributions of individual substituents.


calculated energies experimental band maxima
compound EHOMO [eV] ELUMO [eV] E(S0!S1) [cmÿ1] Emax [cmÿ1] exptl l(UV/Vis) [nm] e0!1 [mÿ1 cmÿ1]


PV� ppp ÿ 7.11 ÿ 0.54 28800 28 800 355 60 000


model compounds energy differences compared with PV


(RO)6ppp � 0.26 � 0.06 ÿ 1700 ÿ 3300 402 40 000
a-(CN)2ppp ÿ 0.46 ÿ 0.62 ÿ 800 � 4800 300 ±
b-(CN)2ppp ÿ 0.48 ÿ 0.79 ÿ 2000 � 100 353 ±
pnp � 0.07 ÿ 0.06 0
npn � 0.12 ÿ 0.1 ÿ 900
nnn � 0.16 ÿ 0.13 ÿ 800


b-cyano
ppp 22 ÿ 0.22 ÿ 0.73 ÿ 3700 ÿ 4300 418 26 000
pnp 26 ÿ 0.15 ÿ 0.79 ÿ 3700 ÿ 3100 399 27 000
npn 24 � 0.03 ÿ 0.83 ÿ 4600 ÿ 5400 438 30 000
nnn 28 ÿ 0.06 ÿ 0.86 ÿ 4500 ÿ 3900 411 37 000


a-cyano
ppp 21 ÿ 0.20 ÿ 0.56 ÿ 2500 ÿ 2100 384 22 000
pnp 25 ÿ 0.13 ÿ 0.62 ÿ 2500 ÿ 1800 379 23 000
npn 23 � 0.05 ÿ 0.66 ÿ 3600 ÿ 3000 397 31 000
nnn 27 ÿ 0.04 ÿ 0.69 ÿ 3300 ÿ 3100 398 38 000
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In films and crystals of the b-cyano compounds, the Stokes
shifts are much less pronounced than in solution. The S0!S1


absorption bands are red-shifted by ÿDn� 1000 ± 1500 cmÿ1


(Dl� 25 ± 30 nm), due to the higher polarizabilities of the
solids and possibly also due to their less twisted geometries
and correspondingly lower HOMO ± LUMO gaps. The fluo-
rescence bands, however, are blue-shifted by �Dn� 1000 ±
1500 cmÿ1, indicating suppression of the wide-amplitude
torsional modes around the f-C(CN) bond. Comparable
fluorescence blue shifts resulting from intermolecular inter-
actions have not yet been observed in phenylene-vinylene
oligomers. On the contrary, trimers similar to 22, but without
peripheral alkoxy substituents, exhibit extremely red-shifted
fluorescence spectra originating from a low-energy shoulder
in the absorption spectrum. Also, in polymers strongly red-
shifted fluorescence spectra have been reported.[17] These
spectral features have been assigned to interchain transitions
in aggregates with strong p ± p overlap. The aggregates can
form excimers with strongly red-shifted fluorescence bands
and long fluorescence lifetimes (tF� 30 ns) that exceed the
lifetimes usually observed in PVs by more than one order of
magnitude. Additional alkoxy groups reduce intermolecular
p ± p overlap. The blue shift of the excitonic fluorescence
spectra is thus no longer masked by excimer fluorescence.


The fluorescence quantum yields in the solid state are not
substantially changed upon substitution. From powder sam-
ples of 22, 24 and PV, relative quantum yields were measured
to be fF,rel� 1.4, 0.6 and 1, respectively.


Electroluminescence : For the investigation of the electro-
luminescence (EL) properties of the synthesized compounds
21 ± 28 we prepared devices that contain 25 segments for
screening-tests. Each segment can be driven separately. For
the patterning of the devices, commercially available glass-
ITO substrates were structured by a method described earlier
by our group.[18]


Due to the electron-conducting properties of short-chain
PPV derivatives, the application of these emitters in single-
layer arrangements produced no measurable electrolumines-
cence. However, by introducing an additional hole-transport-
ing layer, the compounds became capable of display applica-
tions. One of the most common hole-transporting layers is the
thermally stable copper phthalocyanine (PcCu).[12] All syn-
thesized PPV-analogous compounds 21 ± 28 showed electro-
luminescence in an ITO/PcCu/emitter/Al configuration. The
wavelengths of the emission maxima are listed in Table 2. The
colours ranged from blue-green for 21 to yellow for 24. The


EL spectra of compounds 21, 24 and 28 are displayed together
with the corresponding PL spectra in Figure 7. The EL spectra
reflect the corresponding fluorescence spectra in thin films.


Figure 7. Comparison of the PL (dashed lines) and EL (smooth lines)
spectra of compounds 21, 24 and 28.


Therefore, it is possible to tune the emitted light by under-
taking theoretical calculations and measurements of thin-film
photoluminescence spectra. The difference of more than
25 nm between the maxima in the EL and PL spectra for the
yellow-emitting device of 24 can be explained by absorption
of the red part of the emission by the PcCu layer, which shifts
the maximum to a shorter wavelength. This effect can be
suppressed by using a thinner film of PcCu or by using
different phthalo- or naphthalocyanines with absorption
bands in the near-IR region. The intensity of the emitted
light is strongly dependent on the device preparation,
especially layer thickness, driving voltage, film characteristics
(e.g., pinholes, aggregation effects, impurities) and vacuum
conditions. Hence, a quantitative comparison of the intensity
of the devices was not within the scope of this work, but is
under investigation.


Conclusion


We have synthesized eight new soluble hexaalkoxy-dicyano-
substituted PPV-analogous compounds 21 ± 28 with different
combinations of naphthyl and phenyl units and investigated
their optical and electroluminescence properties. All the
compounds are highly soluble in common solvents allowing
them to be spin-cast into thin films. The thermal stability of
the compounds is sufficient for vapour deposition, so that
films of high purity can be processed. All compounds show
electroluminescence in ITO/PcCu/emitter/Al devices. The
maxima of UV-visible, PL and EL spectra depend strongly on
the type and position of the aromatic units and both the steric
and electronic influences of the cyano groups. Peripheral


Table 2. Comparison of the photoluminescence (PL) and electrolumines-
cence (EL) maxima of compounds 21 ± 28.


l(PL) [nm] l(EL) [nm]


21 485 479
22 512 514
23 510 503
24 560 535
25 477 510
26 510 510
27 482 513
28 506 515
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naphthyl units shift the maxima to the red, central naph-
thylene units to the blue, when compared with the analogous
phenylenic units. These findings were rationalized on the basis
of semiempirical calculations. The spectral shifts induced by
the nature of the peripheral aromatic units are explained by
alterations in the HOMO ± LUMO gap, whereas the blue shift
upon naphthylene substitution of the central phenylene unit is
explained by an increase in the average torsion angle between
the aromatic and the vinylene plane. The new compounds are
useful candidates in the search for materials that will lead to a
better understanding of the relationship between structure
and luminescence.


Experimental Section


Spectroscopy : 1H and 13C NMR spectra were recorded on a Bruker
ARX 250 with TMS as an internal standard. FT-IR spectra were recorded
on a Bruker IFS 48 as KBr pellets. UV/Vis spectra were taken in
dichloromethane with a Perkin ± Elmer Lambda 2 spectrophotometer.
Fluorescence of evaporated films was measured with a SPEX fluorolog 112
in the 458 configuration. For the preparation of the light-emitting diodes,
glass-ITO substrates were specially structured by a method described by
our group earlier.[18] After cleaning the device, a thin film of PcCu
(approximately 15 ± 30 nm), a thicker film (approximately 100 ± 150 nm) of
the emitter and finally the air-stable aluminium cathode was evaporated in
high vacuum (1� 10ÿ5 mbar). For a screening-test of the electrolumines-
cent properties, the glass-ITO substrates contained 25 segments (0.4 cm�
0.8 cm). Each segment was driven separately. For EL measurements, a
HP 6030A voltage source was used together with a Keithley 171 DMM. EL
spectra were taken with a waveguide/diode array set-up. The emitted light
was harvested for 30 s at voltages between 14 and 20 V, dependent on the
thickness of the device segment and the strength of the emitter. All UV/Vis,
PL and EL data were measured in air at room temperature.


Synthesis of monoaldehydes 11 and 13 :[13] TiCl4 (1 mL, 9 mmol) was added
to a solution of the aromatic dihexyloxy compound (5 mmol) in dichloro-
methane (100 mL) at 0 8C with a syringe, followed by addition of
dichloromethyl methyl ether (1 mL, 11 mmol). After 15 min at room
temperature the reaction was carefully hydrolyzed with water (40 mL). The
organic phase was washed again with water (30 mL), saturated NaHCO3


(40 mL) and brine (50 mL), and dried over magnesium sulfate. After
evaporation of the solvent, the crude product was purified by column
chromatography (silica gel, hexane/dichloromethane).


General procedure for the Knoevenagel reaction :[4a] As an example,
dialdehyde 7 (0.3 mmol) and cyanomethylene compound 12 (0.6 mmol)
were dissolved in a mixture of THF (1 mL) and tBuOH (2 mL) under an
argon atmosphere. A drop of tetra-n-butyl ammonium hydroxide and
anhydrous potassium tert-butoxide (0.05 mmol) were added, and the
mixture was stirred vigorously while warmed to 40 8C. After 20 min the
mixture was poured into methanol (50 mL, acidified with a drop of acetic
acid) to precipitate the compound. The product was redissolved in
dichloromethane, precipitated with methanol and the solid recrystallized
from a methanol/dichloromethane mixture.


E-1,4-Bis(b-cyano-2'',5''-di-n-hexyloxystyryl)-2,5-di-n-hexyloxybenzene
(21): Yield: 44 %; 1H NMR: d� 7.92 (s, 2H), 7.74 (d, J� 2.7 Hz, 2H), 6.98
(s, 2 H), 6.88 (dd, J� 9.1, 2.7 Hz, 2 H), 6.78 (d, J� 9.1 Hz, 2 H), 3.97 (t, J�
6.4 Hz, 4H), 3.93 (t, J� 6.4 Hz, 4 H), 3.89 (t, J� 6.4 Hz, 4 H), 1.85 ± 1.60 (m,
12H), 1.50 ± 1.10 (m, 36H), 0.83 (t, J� 7.0 Hz, 6 H), 0.79 (t, J� 6.7 Hz, 6H),
0.78 (t, J� 6.7 Hz, 6 H); 13C NMR: d� 152.9, 151.8, 150.6, 141.8, 126.1,
123.7, 119.2, 118.3, 114.6, 113.3, 113.2, 107.8, 69.8, 69.3, 68.8, 31.7, 31.6, 29.7,
29.3, 29.2, 25.8, 22.6, 14.1, 14.0; IR (KBr): nÄ � 2932, 2210, 1506, 1474, 1260,
1215, 1026, 800 cmÿ1; m.p. 139.8 ± 141.5 8C; UV/Vis (CH2Cl2): l� 261, 282,
302, 384 nm; PL (solid state): 485 nm.


E-1,4-Bis(a-cyano-2'',5''-di-n-hexyloxystyryl)-2,5-di-n-hexyloxybenzene
(22): Yield: 46%; 1H NMR: d� 7.88 (s, 2 H), 7.82 (s, 2H), 6.94 (t, J� 1.5 Hz,
2H), 6.81 (d, J� 1.5 Hz, 4H), 4.02 (t, J� 6.4 Hz, 4H), 3.94 (t, J� 6.7 Hz,
4H), 3.87 (t, J� 6.5 Hz, 4 H), 1.73 (t, J� 7.0 Hz, 12H), 1.47 ± 1.15 (m, 36H),


0.84 (t, J� 7.0 Hz, 6 H), 0.79 (t, J� 7.0 Hz, 12H); 13C NMR: d� 153.2, 151.3,
150.8, 140.3, 125.9, 125.7, 118.5, 116.1, 116.0, 114.0, 111.4, 109.0, 69.7, 69.3,
68.8, 31.6, 31.5, 29.3, 29.2, 25.8, 25.7, 22.6, 22.5, 14.0, 13.95, 13.90; IR (KBr):
nÄ � 2943, 2870, 2208, 1504, 1470, 1230, 1060, 802 cmÿ1; m.p. 85.5 ± 86.8 8C;
UV/Vis (CH2Cl2): l� 328, 418 nm; PL (solid state): 512 nm.


E-1,4-Bis(b-cyano-a-1'',4''-di-n-hexyloxynaphth-2-ylvinyl)-2,5-di-n-hexyloxy-
benzene (23): Yield: 72%; 1H NMR: d� 8.25 ± 8.18 (m, 2 H), 8.08 (s, 2H),
8.04 ± 8.00 (m, 2 H), 7.70 (s, 2H), 7.50 (t, J� 3.3 Hz, 2H), 7.46 (t, J� 3.3 Hz,
2H), 7.06 (s, 2H), 4.19 (t, J� 6.2 Hz, 4H), 4.03 (t, J� 6.6 Hz, 4 H), 3.89 (t,
J� 6.6 Hz, 4 H), 1.94 ± 1.70 (m, 12H), 1.60 ± 1.12 (m, 36H), 0.85 (t, J�
6.8 Hz, 6H), 0.79 (t, J� 7.0 Hz, 6 H), 0.75 (t, J� 6.9 Hz, 6H); 13C NMR:
d� 151.2, 150.7, 149.8, 141.9, 128.6, 128.3, 126.9, 126.3, 122.9, 122.7, 118.5,
114.5, 107.7, 101.9, 76.5, 69.9, 68.5, 31.7, 31.65, 31.6, 30.4, 29.3, 29.2, 26.0, 25.9,
25.8, 22.6, 22.5, 14.1, 14.05, 14.0; IR (KBr): nÄ � 2950, 2212, 1597, 1504, 1391,
1236, 1094, 770 cmÿ1; m.p. 128.4 ± 130.2 8C; UV/Vis (CH2Cl2): l� 291,
397 nm; PL (solid state): 510 nm.


E-1,4-Bis(a-cyano-a-1'',4''-di-n-hexyloxynaphth-2-ylvinyl)-2,5-di-n-hexyloxy-
benzene (24): Yield: 53%; 1H NMR: d� 8.21 (dm, J� 7.3 Hz, 2H), 8.10 (s,
2H), 8.07 (dm, J� 7.3 Hz, 2 H), 7.93 (s, 2 H), 7.48 (dq, J� 7.0 Hz, 1.5 Hz,
4H), 6.76 (s, 2H), 4.09 (t, J� 6.1 Hz, 4 H), 4.07 (t, J� 6.1 Hz, 4H), 3.89 (t,
J� 6.7 Hz, 4 H), 1.94 ± 1.69 (m, 12H), 1.60 ± 1.15 (m, 36H), 0.86 (t, J�
6.7 Hz, 6H), 0.79 (t, J� 7.0 Hz, 6 H), 0.78 (t, J� 6.7 Hz, 6H); 13C NMR:
d� 151.5 (2 signals), 146.9, 140.9, 129.2, 127.05, 127.0, 126.3, 126.0, 123.7,
122.6, 122.4, 118.7, 111.3, 108.8, 104.4, 75.1, 69.4, 68.5, 31.7, 31.6, 31.5, 30.3,
29.3, 29.2, 25.9, 25.85, 25.8, 22.6, 22.5, 14.0, 13.9; IR (KBr): nÄ � 2953, 2214,
1472, 1425, 1369, 1211, 1099, 766 cmÿ1; m.p. 105.8 ± 106.3 8C; UV/Vis
(CH2Cl2): l� 313, 438 nm; PL (solid state): 560 nm.


E-2,6-Bis(b-cyano-2'',5''-di-n-hexyloxystyryl)-1,5-di-n-hexyloxynaphthalene
(25): Yield: 82 %; 1H NMR: d� 8.03 (s, 2 H), 7.93 (d, J� 8.5 Hz, 2 H), 7.82
(d, J� 3.0 Hz, 2 H), 7.54 (d, J� 8.5 Hz, 2H), 6.91 (dd, J� 9.1 Hz, 3.0 Hz,
2H), 6.80 (d, J� 9.1 Hz, 2 H), 3.95 (t, J� 6.4 Hz, 8 H), 3.91 (t, J� 6.4 Hz,
4H), 1.89 ± 1.65 (m, 12 H), 1.58 ± 1.15 (m, 36 H), 0.84 (t, J� 6.7 Hz, 6H), 0.79
(t, J� 6.7 Hz, 6H), 0.78 (t, J� 6.7 Hz, 6H); 13C NMR: d� 153.5, 152.9,
151.9, 142.4, 130.2, 127.1, 125.5, 123.5, 119.3, 119.1, 118.4, 113.3, 112.9, 107.4,
75.2, 69.3, 68.8, 31.7, 31.6, 31.5, 30.2, 29.3, 29.2, 25.7, 22.6, 22.5, 14.0, 13.95,
13.9; IR (KBr): nÄ � 2930, 2210, 1497, 1470, 1223, 1015 cmÿ1; m.p. 71.5 ±
72.1 8C; UV/Vis (CH2Cl2): l� 294, 379 nm; PL (solid state): 477 nm.


E-2,6-Bis(a-cyano-2'',5''-di-n-hexyloxystyryl)-1,5-di-n-hexyloxynaphthalene
(26): Yield: 59 %; 1H NMR: d� 8.31 (d, J� 9.1 Hz, 2H), 7.98 (s, 2 H), 7.90
(d, J� 9.1 Hz, 2H), 6.99 (t, J� 1.5 Hz, 2H), 6.83 (d, J� 1.5 Hz, 4H), 3.96 (t,
J� 6.7 Hz, 4H), 3.95 (t, J� 6.7 Hz, 4H), 3.88 (t, J� 6.7 Hz, 4 H), 1.89 ± 1.65
(m, 12H), 1.53 ± 1.17 (m, 36H), 0.84 (t, J� 7.0 Hz, 6 H), 0.80 (t, J� 7.0, 6H),
0.76 (t, J� 7.0 Hz, 6H); 13C NMR: d� 155.9, 153.3, 150.8, 140.9, 130.4,
125.4, 125.2, 119.1, 118.3, 116.3, 116.0, 114.0, 110.2, 77.0, 69.7, 68.8, 31.7,
31.65, 31.60, 30.4, 29.3, 29.2, 25.8, 25.7, 22.6, 14.1, 14.0; IR (KBr): nÄ � 2932,
2214, 1499, 1468, 1229, 1036, 806 cmÿ1; m.p. 74.6 ± 77.2 8C; UV/Vis
(CH2Cl2): l� 291, 342, 399 nm; PL (solid state): 510 nm.


E-2,6-Bis(b-cyano-a-1'',4''-di-n-hexyloxynaphth-2-ylvinyl)-1,5-di-n-hexyloxy-
naphthalene (27): Yield: 76%; 1H NMR: d� 8.28 ± 8.21 (m, 2 H), 8.17 (s,
2H), 8.07 ± 8.00 (m, 2H), 7.99 (d, J� 8.8 Hz, 2 H), 7.81 (s, 2H), 7.60 (d, J�
8.5 Hz, 2H), 7.54 ± 7.46 (m, 4 H), 4.22 (t, J� 6.2 Hz, 4H), 3.99 (t, J� 6.7 Hz,
4H), 3.91 (t, J� 6.5 Hz, 4 H), 1.97 ± 1.74 (m, 12H), 1.62 ± 1.15 (m, 36H), 0.86
(t, J� 7.0 Hz, 6H), 0.74 (t, J� 7.0 Hz, 12 H); 13C-NMR: d� 153.6, 151.3,
150.1, 142.5, 130.4, 128.6, 128.4, 127.2, 127.1, 127.0, 125.9, 122.9, 122.7, 119.3,
118.6, 107.2, 101.5, 77.2, 75.3, 68.6, 31.6, 30.3, 30.2, 29.3, 26.0, 25.9, 25.8, 22.6,
22.55, 22.50, 14.0, 13.9; IR (KBr): nÄ � 2934, 2210, 1468, 1380, 1252, 1092,
762 cmÿ1; m.p. 118.4 ± 120.2 8C; UV/Vis (CH2Cl2): l� 295, 398 nm; PL
(solid state): 482 nm.


E-2,6-Bis(a-cyano-a-1'',4''-di-n-hexyloxynaphth-2-ylvinyl)-1,5-di-n-hexyloxy-
naphthalene (28): Yield: 93 %; 1H NMR: d� 8.44 (d, J� 8.8 Hz, 2H), 8.23
(dm, J� 6.7 Hz, 2H), 8.16 (s, 2 H), 8.08 (dm, J� 6.7 Hz, 2 H), 7.97 (d, J�
8.8 Hz, 2 H), 7.56 ± 7.44 (m, 4H), 6.80 (s, 2H), 4.11 (t, J� 6.4 Hz, 4H), 3.98
(t, J� 6.4 Hz, 4 H), 3.91 (t, J� 6.4 Hz, 4H), 1.95 ± 1.73 (m, 12H), 1.60 ± 1.10
(m, 36H), 0.86 (t, J� 7.0 Hz, 6H), 0.74 (t, J� 7.0 Hz, 6H), 0.73 (t, J� 7.0 Hz,
6H); 13C NMR: d� 156.1, 151.6, 147.0, 141.5, 130.5, 129.2, 127.1, 126.4,
125.1, 124.9, 123.7, 122.7, 122.5, 119.3, 118.5, 109.7, 104.2, 77.3, 75.2, 68.5, 31.7,
31.6, 30.4, 30.3, 29.3, 26.0, 25.9, 25.8, 22.6, 22.5, 14.0, 13.95,13.90; IR (KBr):
nÄ � 2930, 2216, 1506, 1404, 1227, 1101, 771 cmÿ1; m.p. 163.0 ± 164.8 8C; UV/
Vis (CH2Cl2): l� 297, 349, 411 nm; PL (solid state): 506 nm.
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Diastereo- and Enantioselective Total Synthesis of Stigmatellin A


Dieter Enders,* Gunter Geibel, and Simon Osborne[a]


Dedicated to Professor Gerhard Höfle on the occasion of his 60th birthday


Abstract: Stigmatellin A (1) isolated from the myxobacterium Stigmatella aurantia-
ca is a powerful inhibitor of electron transport in mitochondria and chloroplasts. The
first highly diastereo- and enantioselective total synthesis of this important natural
product is described. Key steps in the synthesis are the alkylation of the SAMP-
hydrazone (S)-13, a titanium mediated syn-diastereoselective aldol reaction, the anti-
diastereoselective triacetoxyborohydride reduction of the aldol adduct (R,R,S)-16,
formation of the chromone system via Baker ± Venkataraman rearrangement and
exclusive (E) C�C double bond formation via Horner ± Wadsworth ± Emmons
reaction.


Keywords: aldol reactions ´ asym-
metric synthesis ´ hydrazones ´
natural products ´ total synthesis


Introduction


Stigmatellin A (1) was first isolated by Höfle et al. in 1984[1]


together with the geometric isomer stigmatellin B (2) from the
gliding bacterium Stigmatella aurantiaca.[2] As one of the most
powerful inhibitors known for the electron transport chain in
chloroplasts and mitochondria,[3] its importance in elucidating
the mode of action of these two vitally fundamental processes
has been considerable.[4] Point of attack is on the one hand the
cytochrome bc1-segment of the respiratory chain[5] and on the
other hand the reducing side of photosystem II and the
cytochrome b6/f-complex.[6] Investigations with derivatives of
stigmatellin have shown that the chromone system is respon-
sible for the inhibition reaction.[3, 5] Thierbach et al. demon-
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strated that the concentrations required for 50 % inhibition of
NADH oxidation in submitochondrial particles increase
considerably when either the 4-oxo or the 8-hydroxy function
of the chromone part are changed. The structure of the side
chain not only imposes the necessary polarity to the molecule,
but also contains functionality essential for biological activity.
Jagow et al. proved that alterations in the side chain, that is
shift of a methoxy group, loss of the methyl groups, or
saturation of the C�C double bonds drastically affect the
binding characteristics of stigmatellin A.[7] Thus, the side
chain is not only necessary for partitioning the molecule into
the hydrophobic phase but also makes an essential contribu-
tion to the binding energy.


The structure of stigmatellin A was elucidated from 1H-
NMR, 13C-NMR, MS, IR, UV and CHN analysis data,
although there was no information obtained on the relative
or absolute configuration until it was determined as (S,S,S,S)
through chemical correlation by employing a combination of
our SAMP/RAMP-hydrazone method and the Evans syn-
aldol protocol.[8] In this paper we report on the first highly
diastereo- and enantioselective synthesis of stigmatellin A
from achiral starting materials employing our well established
SAMP/RAMP-hydrazone methodology to create the stereo-
genic centres of the chain.


Results and Discussion


The retrosynthetic analysis of stigmatellin A (Scheme 1) led
to the three subunits A, B and C. Fragment 3 (A) had already
been synthesized by Höfle et al.[1] without the protecting
group on one of the hydroxyl groups. This protecting group is
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Scheme 1. Retrosynthetic analysis of stigmatellin A.


essential to target the right hydroxy group when coupling with
the chiral fragment B. This subunit 4 (B), the most compli-
cated building block, could be synthesized by employing the
SAMP/RAMP-hydrazone methodology[9] and a syn-selective
aldol reaction.[10] It is necessary to protect the two ends of the
chain in a different manner, so that it is possible to deprotect
them selectively. We decided to use the benzyl group on one
side and the p-methoxyphenyl group on the other. It should be
possible to remove the benzyl group easily with hydrogen and
the acid and base stable p-methoxyphenyl group with ceric
ammonium nitrate. Subunit 5 (C) should be available starting
from tiglinaldehyde and then coupled to the chain by a
Horner ± Wadsworth ± Emmons reaction. As this olefination
takes place under very mild conditions, we planned to
complete the fragments 3 and 4 first.


The synthesis of ketone 9 (already synthesized by Höfle
et al.) caused several problems in the beginning, however, by
careful modification of the original reaction conditions the
overall yield for the three step process starting from 3,5-
dimethoxyphenol (6) has been considerable improved to 64 %
(Scheme 2). The first step is a straightforward diacylation of
3,5-dimethoxyphenol with propionic acid in the presence of
P4O10. This reaction generates several side products, notably
the two possible mono-acylated ketones, if the reaction is not
homogeneous. The second step is a Baeyer ± Villiger con-
version of ketone 7 to ester 8. This step is the most sensible
part of the synthesis of 3. The reaction can be performed at
0 8C only with purified meta-chloroperbenzoic acid (technical
m-CPBA washed with pH 7 buffer)[11] and gives an excellent
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Scheme 2. Synthesis of the aromatic ketone 3. a) Propionic acid, P4O10,
H3PO4 (73 %); b) TFA, m-CPBA, CH2Cl2 (87 %); c) MeOH, HCl (99 %);
d) MOMCl, DIPEA, CH2Cl2 (98 %).


yield of 87 %. If the reaction is unsuccessful (by TLC), the best
method is to immediately resubmit 7 to the reaction
conditions. The next step is a straightforward ester hydrolysis.
The final protection of one hydroxyl group with chlorometh-
yl-methylether (MOMCl) gives fragment 3 quantitatively and
completely chemoselective. The second hydroxyl group is
blocked by a hydrogen bond to the carbonyl function in ortho-
position. This was entirely consistent with the 1H-NMR
chemical shift of the hydroxyl group d� 13.93.


The synthesis of the central portion 4 (B) of stigmatellin A
required a modified version of the synthesis of the degrada-
tion products reported earlier[8] (see Scheme 4). The main
question was how to protect and differentiate the two ends of
the molecule. We started with the alkylation[12] of the SAMP-
hydrazone (S)-13 with the iodide 12, which was efficiently
synthesized in two steps from 1-chloropropan-3-ol: protection
of the hydroxyl group (p-methoxyphenol, diethyl azodicar-
boxylate (DEAD), Ph3P, 95 %)[13] followed by displacement of
the chloride with iodide in a simple Finkelstein reaction
(Scheme 3).[14] The alkylation product (S,S)-14 was obtained
with virtually complete asymmetric induction (de> 98 %) and
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Scheme 3. Synthesis of the protected iodoalcohol 12. a) p-Methoxyphenol,
DEAD, Ph3P (95 %); b) NaI, acetone (83 %).


was oxidatively cleaved to give the corresponding ketone (S)-
15.[15] The ketone was then subjected to a syn-selective
titanium-mediated aldol reaction according to Evans et al.[10]


with benzyl protected glycol aldehyde to give the aldol adduct
16 in quantitative yield with a syn/anti selectivity of 2:1. The
two isomers could easily be separated by HPLC to afford the
needed product (R,R,S)-16 in 64 % yield. The protected glycol
aldehyde was efficiently synthesized in three steps from (R,S)-
a,b-isopropylidene glycerol. Protection of the hydroxyl group
with benzyl bromide followed by removal of the acetonide
group and Criegee cleavage of the diol[16] with an overall yield
of 63 %.


Abstract in German: Stigmatellin A (1), isoliert aus dem
Myxobakterium Stigmatella aurantiaca, ist ein starker Inhibi-
tor des Elektronentransports in Mitochondrien und Chloro-
plasten. Die erste hoch diastereo- und enantioselektive Total-
synthese dieses wichtigen Naturstoffs wird beschrieben. Schlüs-
selschritte der Synthese sind die Alkylierung des SAMP-
Hydrazons (S)-13, eine Titan-unterstützte syn-diastereoselek-
tive Aldol-Reaktion, die anti-diastereoselektive Triacetoxybor-
hydrid-Reduktion des Aldol-Addukts (R,R,S)-16, Aufbau des
Chromonsystems durch Baker ± Venkataraman-Umlagerung
und (E)-selektive C�C-Doppelbindungsbildung über eine
Horner ± Wadsworth ± Emmons-Reaktion.
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Scheme 4. Diastereo- and enantioselective synthesis of the chain. a) LDA,
Et2O, PMPO(CH2)3I (80 %); b) MMPP, MeOH, pH 7 buffer (87 %);
c) TiCl4, CH2Cl2, iPrNEt2, BnOCH2CHO (64 % after HPLC); d) Me4NH-
B(OAc)3, CH3CN, CH3CO2H (99 %); e) KH, THF, 18-crown-6, MeI
(77 %); f) CAN, CH3CN, H2O (90 %); g) PDC, DMF (100 %).


anti-Selective reduction of the ketone group of the aldol
product (R,R,S)-16 with tetramethylammonium triacetoxy-
borohydride according to Evans et al.[17] gave the diol
(R,S,S,S)-17 in excellent 99 % yield and with complete
induction at the new hydroxyl centre. The now following
conversion of the diol to the corresponding diether was
problematic. The reaction with diazomethane only led to
monomethylated product. The method of choice was the
reaction with potassium hydride/methyliodide in the presence
of 18-crown-6,[18] which gave the diastereomerically pure
diether (R,S,S,S)-4 in good yield (77 %). In order to couple
this fragment with the aromatic ketone 3 it was neccessary to
remove the p-methoxyphenyl group. This could easily be
achieved with ceric ammonium nitrate (CAN)[19] in high yield
(90 %). Finally, oxidation of the hydroxy group with pyridi-
nium dichromate PDC[20] gave the acid (S,S,S,R)-19 in
quantitative yield.


In order to synthesize the diene subunit 5 of stigmatellin A
(Scheme 5) we started from the commercially available
tiglinaldehyde 20, which was used in a simple Horner-
olefination to give diene ester 21. The ester was then
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Scheme 5. Synthesis of the diene. a) NaH, (EtO)2P(O)CH2CO2Et, THF
(71 %); b) DIBAH, Et2O (99 %); c) PBr3, Et2O (93 %); d) (EtO)3P (63 %).


selectively reduced with two equivalents of diisobutylalumi-
num hydride (DIBAH) to afford the known alcohol 22 as a
modification of a known procedure.[21] According to Corey
et al.[22] the alcohol was converted into the bromide 23 by
stirring with PBr3 in diethyl ether at 0 8C. It was neccessary to
use the bromide directly in the next reaction. Each attempt to
purify and isolate the bromide failed, because the compound
starts to decompose in seconds. The phosphonate 5 was
synthesized by a Michaelis ± Arbuzov rearrangement,[23]


where bromide 23 was heated with triethylphosphite. The
ethylbromide formed during the reaction was removed
continuously by distilling with a reflux condenser filled with
warm water. Distillation gives the phosphonate 5 in good yield
(41 %, starting from tiglinaldehyde).


We started the coupling of the three building blocks A, B,
and C with the formation of the chromone system, a well
known reaction in the literature. The most common methods
are the Kostanecki ± Robinson reaction, the Claisen conden-
sation and the Baker ± Venkataraman rearrangement.[24] Hö-
fle et al. used the Kostanecki ± Robinson reaction to build up
chromone systems with the substitution pattern of stigmatel-
lin A. This reaction did not seem suitable in our case, because
a large excess of the valuable enantiopure acid (S,S,S,R)-19
would be needed and the reaction needs drastic conditions so
that a large amount of side products could be predicted. The
method of choice to generate chromone systems with a long
chain in 2- or 3-position is the Baker ± Venkataraman
rearrangement.[25]


In the first step (Scheme 6) the ester 24 was synthesized by
converting the acid 19 in situ into the corresponding mixed
anhydride with pivaloylchloride, which then reacted with the
aromatic ketone 3 to give ester 24 in 57 % yield. The success of
the reaction could easily be monitored by a down field shift of
the resonance of the aromatic proton in the 1H-NMR
spectrum from 5.97 to 6.37 ppm. Baker ± Venkataraman
rearrangement of the ester gave the chromone 25 in good
yield (75 %). Deprotection of the hydroxyl group with Pd/C
under atmospheric pressure led to alcohol 26. This step must
carefully be controlled by TLC to avoid undesired hydration
of the carbonyl function or the chromone system. The
corresponding aldehyd 27 was prepared under modified
Swern conditions. A solution of the product in methylene
chloride was stirred with 5n HCl to remove the MOM
protection group. Because of the sensitivity of the aldehyde
it was directly used in the final Horner ± Wadsworth ± Em-
mons reaction according to Nicolaou et al., who used
this olefination in the total synthesis of amphoteronolid B.[26]


Starting from acid 19 we achieved an overall yield of 24 %;
starting from the SAMP-hydrazone 13 the yield is 7.4 %.
The synthetic stigmatellin A showed an optical rotation of
[a]21


D ��37.7 (c� 0.70 in methanol), which is in perfect
correlation with the natural product [a]20


D ��38.5 (c� 2.3 in
methanol).[1]


In summary, the first diastereo- and enantioselective
total synthesis of stigmatellin A from readily available
achiral starting materials employing the SAMP/RAMP-
hydrazone methodology to create the first stereocenter
with virtually complete asymmetric induction has been
reported.
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Experimental Section


Solvents were dried and purified prior to use. Tetrahydrofuran (THF) and
diethyl ether were freshly distilled from potassium under argon. Dichloro-
methane, acetonitrile, dimethyl sulphoxide (DMSO), dimethylformamide
(DMF), diisopropylamine, and diisopropylethylamine (DIPEA) were
distilled from CaH2 and stored under argon. Methanol was distilled from
the corresponding magnesium alkoxide. Acetone was distilled from P4O10.
Ethyl acetate was distilled from potassium carbonate. Diethyl ether, light
petroleum (fraction with b.p. 40 ± 80 8C) and pentane were distilled prior to
use. Analytical glass-backed TLC plates (silica gel 60 F254) and silica gel
(230 ± 400 mesh) were purchased from Merck, Darmstadt. Reagents of
commercial quality were used from freshly opened containers unless
otherwise stated. Melting points are uncorrected. Optical rotations were
measured using a Perkin ± Elmer P241 polarimeter and solvents of Merck
UVASOL quality. Microanalyses were obtained with a CHN-O-RAPID or
Vario EL elemental analyser. 1H- and 13C-NMR spectra were measured on
a Varian VXR 300, Gemini 300 (300 and 75 MHz) or Varian Unity 500 (500
and 125 MHz) in CDCl3 using TMS as internal standard. IR spectra were
recorded on Perkin ± Elmer FT/IR 1750 and 1720X spectrophotometers as
films. Mass spectra were obtained on a Varian MAT 212 or a Finnigan MAT
SSQ 7000, EI 70 eV or CI 100 eV (relative intensities in parantheses). High-
resolution mass spectra were measured on a Finnigan MAT, MAT 95.
Melting points were recorded on a Büchi apparatus (system Dr. Tottoli)
and are uncorrected.


1-(2-Hydroxy-4,6-dimethoxy-3-propionylphenyl)-1-propanone (7): P4O10


(35 g) was slowly added to conc. H3PO4 (20 mL) in a 100 mL flask with
stirring bar (Warning! The reaction is strongly exothermic). After a clear
solution formed, 3,5-dimethoxyphenol (6) (5 g, 32 mmol) followed by
propionic acid (6 g, 80 mmol) were added. The reaction mixture was heated
under stirring to 70 8C for 1 h. After the reaction mixture was allowed to
cool for 30 min., ice (60 g) and water (20 mL) were carefully added and
extracted with methylene chloride (3� 120 mL). The remaining aqueous
solution was then carefully quenched with saturated sodium carbonate
solution to pH 4 ± 5, whereupon the aqueous phase was again extracted
with CH2Cl2 (3� 120 mL). The combined organic extracts were dried
(MgSO4), filtered, and concentrated. The resulting red oil was then
dissolved in a small amount of CH2Cl2 and purified by column chromatog-
raphy (silica gel, light petroleum/diethyl ether 1:1 (1 L) followed by light
petroleum/diethyl ether 1:3) to give a white solid (6.2 g, 73%); analytical
data as reported in the literature.[1a]


Propionic acid-(2-hydroxy-4,6-dimethoxy-3-propionylphenyl)ester (8): Tri-
fluoroacetic acid (1 mL, 13 mmol) was added dropwise to a cooled solution


of diketone 7 (3.5 g, 13 mmol) and m-
CPBA (100 %) (3.7 g, 21 mmol) in
CH2Cl2 (35 mL) in a 100 mL flask with
stirring bar (temperature was kept
below 5 8C). The reaction mixture
was stirred 16 h and allowed to warm
up to room temperature. The reaction
mixture was concentrated, dissolved in
ethyl acetate (150 mL) and washed
with saturated NaHCO3 solution. The
aqueous solution was extracted with
ethyl acetate (150 mL). The combined
organic solvents were dried, filtered,
and concentrated. The crude product
was purified by column chromatogra-
phy (silica gel, light petroleum/diethyl
ether 1:2) to give a white solid (3.2 g,
87 %); analytical data as reported in
the literature.[1a]


1-(2,3-Dihydroxy-4,6-dimethoxyphe-
nyl)propan-1-one (9): A solution of
ketoester 8 (1.1 g, 4 mmol) in MeOH
(15 mL) and 6n HCl (3.2 mL) was
heated under reflux for 2 h, allowed to
cool, diluted with CH2Cl2 (100 mL),
and concentrated. The resulting oil
was purified by column chromatogra-
phy (silica gel, CH2Cl2) to give a


yellow solid (0.88 g, 99%); analytical data as reported in the literature.[1a]


1-(2-Hydroxy-4,6-dimethoxy-3-methoxymethoxyphenyl)propan-1-one (3):
A solution of ketodiol 9 (2.4 g, 10.6 mmol) and diisopropylethylamine
(12 mL, 68.9 mmol) in CH2Cl2 (50 mL) was cooled to 0 8C whereupon
MOMCl (0.94 g, 11.7 mmol) was added. The reaction mixture was allowed
to warm up to room temperature overnight. pH 7 buffer (20 mL) was
added. The aqueous solution was then extracted with CH2Cl2 (3� 50 mL);
the combined organic extracts were washed with brine, dried (MgSO4), and
concentrated. The crude product was purified by column chromatography
(silica gel, ethyl acetate) to give a yellow solid (2.82 g, 98%); 1H NMR
(300 MHz): d� 1.15 (t, 3J(H,H)� 7.2 Hz, 3 H, CH3), 3.02 (q, 3J(H,H)�
7.2 Hz, 2 H, CH2), 3.61 (s, 3H, CH2OCH3), 3.89, 3.92 (2 s, 2� 3H, 2�
OCH3), 5.09 (s, 2 H, OCH2O), 5.97 (s, 1 H, Ar-H), 13.93 (s, 1 H, OH);
13C NMR (75 MHz): d� 8.53, 37.72, 55.57, 55.82, 57.25, 86.39, 97.98, 106.04,
126.84, 158.29, 158.79, 159.22, 207.01; IR (KBr): nÄ � 3428, 2984, 2942, 2902,
2847, 2826, 2370, 1702, 1625, 1597, 1506, 1473, 1422, 1373, 1348, 1286, 1251,
1220, 1155, 1122, 1080, 1050, 1001, 967, 918, 821, 788, 763, 733, 695, 620,
589 cmÿ1; MS (70 eV, EI): m/z (%): 271 (5.2) [M�1]� , 270 (35) [M]� , 239
(9), 225 (16), 211 (20), 209 (30), 197 (55), 193 (9), 183 (17), 182 (100), 179
(18), 153 (13), 150 (8), 136 (19), 69 (9), 57 (8), 45 (45); C13H16O6 (270.28):
calcd C 57.77, H 6.71; found C 57.69, H 6.69.


1-(3-Chloropropoxy)-4-methoxybenzene (11): DEAD (16.42 g, 100 mmol)
was slowly added at 0 8C to a mixture of 3-chloro-1-propanol (10) (9.44 g,
100 mmol), 4-methoxyphenol (12.42 g, 100 mmol) and triphenylphosphine
(26.2 g, 100 mmol) in CH2Cl2 (200 mL). After 0.5 h the reaction mixture
was allowed to warm up to room temperature and stirred for 72 h and then
concentrated. The residue was thoroughly washed with 10:1 light petro-
leum/diethyl ether (150 mL) and the solution then filtered through silica
(6� ). After evaporation of the solvent, the crude product was purified by
column chromatography (silica gel, light petroleum/diethyl ether 12:1) to
give the product as a colorless oil (19.06 g, 95 %); 1H NMR (300 MHz): d�
2.19 (tt, 3J(H,H)� 6.4 Hz, 3J(H,H)� 5.7 Hz, 2H, 2�H-2), 3.75 (s, 3H,
OCH3), 3.77 (t, 3J(H,H)� 6.4 Hz, 2 H, CH2Cl), 4.04 (t, 3J(H,H)� 5.7 Hz,
2H, OCH2), 6.83 (s, 4H, 4�Ar-H); 13C NMR (75 MHz): d� 32.40, 41.59,
55.70, 64.99, 114.68, 115.53, 152.88, 153.99; IR (KBr): nÄ � 2953, 2933, 2877,
2834, 2474, 2062, 1853, 1593, 1509, 1469, 1442, 1290, 1233, 1181, 1041, 826,
743 cmÿ1; MS (70 eV, EI): m/z (%): 200 (30.4) [M]� , 124 (100), 123 (45), 109
(78), 95 (20), 92 (7), 81 (11), 77 (10), 65 (10), 64 (10), 63 (10), 52 (7), 51 (8),
49 (6); C10H13ClO2 (200.66): calcd C 59.84, H 6.53; found C 59.97, H 6.24.


1-(3-Iodopropoxy)-4-methoxybenzene (12): A solution of chloride 11
(12.88 g, 64 mmol) in dry acetone (125 mL) was added to a solution of
NaI (21.08 g, 141 mmol) in dry acetone (250 mL). The solution was heated
under reflux for 5 d, allowed to cool and then filtered through silica. The
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Scheme 6. The final steps. a) 1) CH2Cl2, iPrNEt2, tBuCOCl, RT; 2) CH2Cl2, 3, DMAP, RT (57 %); b) MeOH, Na
(75 %); c) MeOH, Pd/C, H2 (74 %); d) CH2Cl2, oxalyl chloride, DMSO, iPrNEt2; e) 1) LDA, THF, ÿ78 8C; 2) 5,
16 h, ÿ78 8C!RT (77 %, two steps).
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silica was washed with diethyl ether (200 mL) and the organic phases were
washed with saturated Na2S2O3 solution. After drying and evaporation, the
product was purified by column chromatography (silica gel, light petro-
leum/diethyl ether 12:1) to give a colorless oil, which sets as a colorless solid
in the freezer (15.59 g, 83%); 1H NMR (300 MHz): d� 2.22 (tt, 3J(H,H)�
6.7 Hz, 3J(H,H)� 5.7 Hz, 2H, 2�H-2), 3.14 (t, 3J(H,H)� 6.7 Hz, 2H,
CH2I), 3.75 (s, 3H, OCH3), 3.96 (t, 3J(H,H)� 5.7 Hz, 2H, OCH2), 6.83 (s,
4H, Ar-H); 13C NMR (75 MHz): d� 2.74, 33.06, 55.68, 67.94, 114.63, 115.54,
152.77, 153.95; IR (KBr): nÄ � 2949, 2870, 2832, 2472, 2057, 1852, 1592, 1508,
1467, 1441, 1290, 1230, 1180, 1039, 825, 795, 739, 614 cmÿ1; MS (70 eV, EI):
m/z (%): 292 (64.5) [M]� , 169 (11), 165 (12), 137 (18), 124 (81), 123 (100),
109 (58), 107 (10), 95 (32), 92 (12), 81 (9), 80 (6), 79 (6), 77 (15), 65 (11), 64
(13), 63 (11), 54 (6), 53 (7), 52 (8), 51 (6); C10H13lO2 (292.11): calcd C 41.12,
H 4.49; found C 41.38, H 4.42.


(2''S,2S)-(�)-[1-Ethyl-5-(4''''-methoxyphenoxy)-2-methylpentylidene]-(2''-
methoxy-methylpyrrolidin-1''-yl)-amine [(S,S)-14]: n-Butyllithium (1.6m
solution in hexane, 27.5 mL, 44 mmol, 1.1 equiv) was added slowly at 0 8C
under an atmosphere of argon to a stirred solution of diisopropylamine
(6.2 mL, 44 mmol, 1.1 equiv) in diethyl ether (50 mL). After stirring for
15 min, hydrazone (S)-13 (7.9 g, 40 mmol, 1 equiv) was added dropwise.
The solution was stirred for 5 h at 0 8C and then cooled to ÿ100 8C. The
iodide 12 (8.2 g, 44 mmol, 1.1 equiv) was added very slowly and the reaction
mixture was stirred for 2 h at ÿ100 8C, slowly allowed to warm to room
temperature overnight, then poured into water and extracted with diethyl
ether. The organic phase was washed with brine, dried (MgSO4), and
concentrated to give a yellow oil. Purification by flash chromatography
(silica gel, light petroleum/diethyl ether 4:1) afforded the product as a
colorless oil (6.09 g, 80%). a22


D ��157.98 (neat); 1H NMR (300 MHz): d�
1.06 (d, 3J(H,H)� 7.1 Hz, 3H, CHCH3), 1.13 (t, 3J(H,H)� 7.4 Hz, 3H,
CH2CH3), 1.45 ± 1.85 (m, 4H, 2�H-3, 2�H-4), 1.67 (m, 1H, NCHCHH),
1.80 (m, 2 H, NCH2CH2), 2.00 (m, 1 H, NCHCHH), 2.15 (q, 3J(H,H)�
7.4 Hz, 2H, CH2CH3), 2.38 (q, J(H,H)� 8.4 Hz, 1H, NCHH), 2.99 (m, 1H,
H-2), 3.16 (m, 1 H, NCHH), 3.28 (s, 3H, OCH3), 3.31 ± 3.60 (m, 3H,
CHCH2OCH3), 3.75 (s, 3 H, Ar-OCH3), 3.89 (t, 3J(H,H)� 6.2 Hz, 2 H, 2�
H-5), 6.81 (s, 4H, Ar-H); 13C NMR (75 MHz): d� 12.32, 18.22, 21.89, 23.51,
26.64, 27.29, 30.79, 34.21, 55.21, 55.70, 59.02, 66.12, 68.29, 75.64, 114.61,
115.35, 153.28, 153.70, 175.03; IR (film): nÄ � 2965, 2934, 2872, 2831, 1627,
1592, 1509, 1462, 1385, 1352, 1288, 1233, 1182, 1126, 1109, 1042, 918, 825,
792, 745, 725, 524; MS (70 eV, EI): m/z (%): 362 (8.2) [M]� , 318 (17), 317
(79), 193 (8), 159 (7), 151 (7), 137 (54), 125 (19), 124 (37), 123 (18), 110 (10),
109 (32), 107 (10), 96 (9), 95 (11), 82 (7), 81 (7), 77 (12), 70 (28), 69 (100), 68
(8), 67 (7), 56 (27), 55 (16), 54 (7), 53 (9), 45 (10); C21H34N2O3 (362.51):
calcd C 69.58, H 9.45, N 7.73; found C 69.59, H 9.15, N 7.85.


(S)-(�)-7-(4''-Methoxyphenoxy)-4-methylheptan-3-one [(S)-15]: Hydra-
zone (S,S)-14 (4.8 g, 13.2 mmol, 1 equiv) was added slowly at ÿ15 8C to a
suspension of MMPP (8.2 g, 16.6 mmol, 1.25 equiv) in methanol (65 mL)
and pH 7 buffer (65 mL). The reaction mixture was stirred until completion
(TLC control, about 15 min) and poured into diethyl ether (100 mL). The
organic phase was washed with brine, dried (MgSO4), and concentrated to
give a slight yellow oil. Purification by flash column chromatography (silica
gel, light petroleum/diethyl ether 1:1) afforded the ketone (S)-15 as
colorless oil (2.89 g, 87 %). a23


D ��12.38 (neat); 1H NMR (300 MHz): d�
1.04 (t, 3J(H,H)� 7.3 Hz, 3H, CHCH3), 1.10 (d, 3J(H,H)� 7.0 Hz, 3H,
CH2CH3), 1.45 ± 1.88 (m, 4 H, 2�H-5, 2�H-6), 2.46 (q, 3J(H,H)� 7.3 Hz,
1H, H-2), 2.48 (q, 3J(H,H)� 7.3 Hz, 1 H, H-2), 2.60 (sext, 3J(H,H)� 7.0 Hz,
1H, H-4), 3.75 (s, 3H, OCH3), 3.87 (t, 3J(H,H)� 6.2 Hz, 2H, OCH2), 6.81
(s, 4 H, Ar-H); 13C NMR (75 MHz): d� 7.79, 16.64, 27.15, 29.48, 34.25,
45.73, 55.69, 68.34, 114.64, 115.40, 153.17, 153.80, 215.05; IR (film): nÄ �
3045, 2969, 2937, 2875, 2834, 1712, 1592, 1509, 1462, 1378, 1289, 1232, 1181,
1151, 1107, 1040, 976, 875, 826, 801, 746, 726, 525 cmÿ1; MS (70 eV, EI): m/z
(%): 350 (2.3) [M]� , 127 (54), 126 (11), 124 (20), 123 (6), 109 (23), 95 (8), 85
(11), 81 (7), 77 (6), 71 (7), 69 (7), 57 (100), 55 (11), 53 (9); C15H22O3 (250.34):
calcd C 71.97, H 8.86; found C 71.74, H 8.75.


(2R,3R,5S)-(ÿ)-1-Benzyloxy-hydroxy-8-(4''-methoxyphenoxy)-3,5-dime-
thyloctan-4-one [(R,R,S)-16]: Titanium tetrachloride (0.45 mL, 4 mmol,
1.1 equiv) was added dropwise to a solution of ketone (S)-15 (0.9 g,
3.6 mmol, 1 equiv) in CH2Cl2 (20 mL) at ÿ78 8C under an atmosphere of
argon to give a red solution. After 5 min diisopropylethylamine (0.9 mL,
5 mmol 1.4 equiv) was added very slowly and the color changed to a black
dark red. The resulting solution was stirred at ÿ78 8C for a further 1.5 h,
whereupon 2-benzyloxyacetaldehyde (1.08 g, 7.2 mmol, 2 equiv) was added


and stirring continued for a further 2 h. After the reaction mixture was
allowed to warm to room temperature saturated ammonium fluoride
solution (20 mL) and then water (10 mL) was added and the reaction
mixture extracted with CH2Cl2 (3� 5 mL). The combined organic extracts
were washed with brine, dried (MgSO4), and concentrated to give a yellow
oil. Purification by flash chromatography (silica gel, light petroleum/diethyl
ether 1:1) and separation of the diastereomers by HPLC afforded the aldol
product (R,R,S)-16 as colorless oil (0.93 g, 64% after HPLC). [a]28


D �ÿ2.4
(c� 1.03 in chloroform); 1H NMR (300 MHz): d� 1.09 (d, 3J(H,H)�
6.7 Hz, 3 H, CH3-5), 1.14 (d, 3J(H,H)� 7.1 Hz, 3 H, CH3-3), 1.38 ± 1.87 (m,
4H, 2�H-6, 2�H-7), 2.74 (q, 3J(H,H)� 6.7 Hz, 1 H, H-5), 2.82 (d,
3J(H,H)� 3.4 Hz, 1 H, OH), 2.94 (qd, 3J(H,H)� 7.1 Hz, 3J(H,H)� 5.4 Hz,
1H, H-3), 3.45 (t, 3J(H,H)� 6.4 Hz, 2H, 2�H-8), 3.74 (s, 3H, OCH3), 3.83
(t, 3J(H,H)� 6.2 Hz, 1H, H-15), 3.84 (t, 3J(H,H)� 6.2 Hz, 1H, H-15), 4.05
(m, 1 H, H-2), 4.48 (d, 2J(H,H)� 11.8 Hz, 1H, Ar-CHH), 4.52 (d,
2J(H,H)� 11.8 Hz, 1H, Ar-CHH), 6.80 (s, 4 H, Ar-H), 7.24 ± 7.34 (m, 5H,
Ar-H); 13C NMR (75 MHz): d� 11.79, 16.25, 27.01, 29.15, 45.31, 46.73,
55.69, 68.32, 70.62, 71.64, 73.40, 114.64, 115.41, 127.77, 127.79, 128.44, 137.85,
153.09, 153.78, 217.85; IR (film): nÄ � 3484, 3063, 3031, 2934, 2872, 2835,
1704, 1592, 1560, 1509, 1455, 1376, 1306, 1289, 1232, 1181, 1107, 1039, 997,
917, 826, 795, 741, 700, 524 cmÿ1; MS (70 eV, EI): m/z (%): 400 (3.7) [M]� ,
277 (7), 259 (9), 151 (13), 127 (8), 125 (6), 124 (15), 109 (8), 107 (6), 99 (6),
97 (6), 92 (9), 91 (100), 85 (6), 77 (5), 69 (15), 65 (5), 57 (7), 44 (66), 43 (9), 41
(14); C24H32O5 (400.51): calcd C 71.97, H 8.05; found C 71.77, H 8.20.


(2R,3S,4S,5S)-(ÿ)-1-Benzyloxy-8-(4''-methoxyphenoxy)-3,5-dimethyloc-
tan-2,4-diol [(R,S,S,S)-17]: Acetic acid (6 mL) was slowly added at ÿ40 8C
to a suspension of tetramethyl ammonium triacetoxyborohydride (1.58 g,
6 mmol) in acetonitrile (4 mL) and after 5 min aldol (R,R,S)-16 (2.2 g,
5.5 mmol) in acetonitrile (5 mL). After stirring for 15 min at ÿ40 8C the
reaction mixture was kept in the freezer (ÿ25 8C) for 72 h, whereupon it
was quenched with a 0.5n solution of Na/K-tartrate (10 mL). After
warming to room temperature the mixture was diluted with CH2Cl2


(25 mL) and washed with sat. NaHCO3 solution (25 mL). The aqueous
solution was reextracted with CH2Cl2 (3� 25 mL). The combined organic
phases were then once more washed with NaHCO3 solution (30 mL) and
the aqueous solution once again reextracted with CH2Cl2 (3� 25 mL).
After drying (MgSO4), filtration, and concentration, the crude mixture was
purified by flash column chromatography (silica gel, light petroleum/
diethyl ether 1:1) to give the pure diol (R,S,S,S)-17 as colorless liquid (2.2 g,
99%). [a]24


D �ÿ23.6 (c� 1.73 in chloroform); 1H NMR (300 MHz): d�
0.92 (d, 3J(H,H)� 6.7 Hz, 3H, CH3-5), 0.95 (d, 3J(H,H)� 7.4 Hz, 3H, CH3-
3), 1.65 ± 1.95 (m, 4 H, 2�H-6, 2�H-7), 2.98 (s, 1H, OH-2), 3.07 (m, 1H,
H-3), 3.51 (m, 2H, 2�H-8), 3.55 (m, 1 H, H-5), 3.74 (s, 3 H, OCH3), 3.88 (m,
2H, 2�H-1), 3.90 (m, 1 H, H-4), 4.19 (m, 1 H, H-2), 4.53 (d, 2J(H,H)�
11.8 Hz, 1 H, Ar-CHH), 4.54 (s, 1 H, OH-4), 4.59 (d, 2J(H,H)� 11.8 Hz, 1H,
Ar-CHH), 6.18 (s, 4 H, Ar-H), 7.26 ± 7.36 (m, 5H, Ar-H); 13C NMR
(75 MHz): d� 11.89, 16.46, 26.91, 27.42, 35.84, 36.06, 55.67, 68.94, 71.06,
72.67, 73.40, 79.96, 114.61, 115.46, 127.59 ± 128.45 (3C), 137.97, 153.23,
153.69; IR (film): nÄ � 3452, 3063, 3030, 2934, 2871, 2834, 1591, 1509, 1466,
1454, 1419, 1329, 1289, 1232, 1180, 1107, 1041, 917, 825, 741, 700, 662, 616,
524 cmÿ1; MS (70 eV, EI): m/z (%): 402 (4.6) [M]� , 223 (9), 222 (10), 171
(33), 153 (8), 139 (6), 137 (11), 125 (26), 124 (100), 123 (14), 121 (6), 110 (5),
109 (36), 107 (13), 101 (17), 99 (42), 95 (11), 92 (26), 91 (95), 85 (6), 83 (5),
81 (10), 79 (5), 77 (7), 71 (6), 69 (20), 65 (11), 57 (14), 55 (11); C24H34O5


(402.53): calcd C 71.61, H 8.51; found C 71.34, H 8.55.


(2R,3S,4S,5S)-(�)-1-Benzyloxy-2,4-dimethoxy-8-(4''-methoxyphenoxy)-
3,5-dimethyloctane [(R,S,S,S)-4]: Potassium hydride (1.02 g, 25.5 mmol)
was added to a solution of 18-crown-6 (1.88 g, 7.2 mmol) in 40 mL THF at
0 8C under an atmosphere of argon. After 5 min methyl iodide (1.25 mL,
20.4 mmol) was added and the reaction mixture stirred for further 5 min,
whereupon diol (R,S,S,S)-17 (1.45 g, 3.6 mmol) in THF (20 mL) was added
dropwise. After stirring for 12 h at 0 8C and further 36 h at room
temperature the reaction mixture was carefully quenched with brine
(20 mL). The aqueous solution was extracted with diethyl ether (3�
50 mL). The combined organic phases were washed with brine, dried
(MgSO4), and concentrated. The crude product was purified by flash
column chromatography (silica gel, light petroleum/diethyl ether 4:1) to
give the diether (R,S,S,S)-4 as colorless oil (1.19 g, 77 %). [a]26


D ��1.0 (c�
0.84 in chloroform); 1H NMR (300 MHz): d� 0.81 (d, 3J(H,H)� 7.1 Hz,
3H, CH3-3), 1.06 (d, 3J(H,H)� 6.7 Hz, 3H, CH3-5), 1.20 ± 1.95 (m, 6 H, H-3,
H-5, 2�H-6, 2�H-7), 3.04 (dd, 3J(H,H)� 9.4 Hz, 3J(H,H)� 2.7 Hz, 1H,
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H-4), 3.38 ± 3.75 (m, 3H, H-2, 2�H-1), 3.48 (s, 6H, OCH3-2, OCH3-4), 3.75
(s, 3H, Ar-OCH3), 3.88 (t, 3J(H,H)� 6.7 Hz, 2 H, 2�H-8), 4.50 (d,
2J(H,H)� 12.1 Hz, 1 H, Ar-CHH), 4.56 (d, 2J(H,H)� 12.1 Hz, 1 H, Ar-
CHH), 6.81 (s, 4 H, Ar-H), 7.24 ± 7.36 (m, 5 H, Ar-H); 13C NMR (75 MHz):
d� 10.46, 17.78, 25.84, 27.46, 34.65, 38.39, 55.68, 58.48, 61.33, 68.84, 72.67,
73.27, 78.87, 87.29, 114.56, 115.41, 127.52, 127.58, 128.35, 138.39, 153.23,
153.64; IR (film): nÄ � 3063, 3030, 2935, 2832, 1745, 1591, 1509, 1466, 1455,
1382, 1368, 1288, 1233, 1181, 1144, 1096, 1040, 967, 940, 920, 825, 793, 738,
699, 612, 524 cmÿ1; MS (70 eV, EI): m/z (%): 430 (3.4) [M]� , 237 (10), 205
(16), 185 (11), 177 (5), 163 (9), 137 (10), 135 (15), 124 (20), 123 (15), 118 (7),
115 (28), 113 (9), 109 (17), 107 (9), 95 (9), 92 (10), 91 (100), 85 (19), 83 (10),
81 (15), 79 (6), 77 (7), 71 (9), 59 (7), 55 (13), 45 (8); C26H38O5 (430.58): calcd
C 72.53, H 8.89; found C 72.43, H 9.26.


(4S,5S,6S,7R)-(�)-1-Benzyloxy-5,7-dimethoxy-4,6-dimethyloctan-1-ol
[(S,S,S,R)-18]: Ceric ammonium nitrate (1.36 g, 2.5 mmol) was added at
0 8C, in small portions, to a solution of diether (R,S,S,S)-4 (310 mg,
0.72 mmol) in acetonitrile/water 4:1 (50 mL). After 6 min the reaction
mixture was diluted with CH2Cl2 (50 mL) and washed with brine (40 mL)
and water (40 mL). After drying (MgSO4), filtration and concentration,
flash column chromatography (silica gel, light petroleum/diethyl ether 3:2)
gave the product as an orange oil (210 mg, 90 %). [a]21


D ��2.1 (c� 1.09 in
chloroform); 1H NMR (300 MHz): d� 0.77 (d, 3J(H,H)� 7.1 Hz, 3H, CH3-
6), 0.86 (m, 1 H, H-4), 1.03 (d, 3J(H,H)� 6.7 Hz, 3 H, CH3-4), 1.24 (m, 1H,
H-6), 1.39 ± 1.83 (m, 4H, 2�H-2, 2�H-3), 3.02 (dd, 3J(H,H)� 9.3 Hz,
3J(H,H)� 2.5 Hz, 1H, H-5), 3.48 (s, 6H, OCH3-2, OCH3-5), 3.56 ± 3.67 (m,
4H, 2�H-1, 2�H-8), 3.72 (ddd, 3J(H,H)� 6.4 Hz, 3J(H,H)� 4.7 Hz,
3J(H,H)� 2.0 Hz, 1H, H-7), 4.51 (d, 2J(H,H)� 12.1 Hz, 1H, Ar-CHH),
4.56 (d, 2J(H,H)� 12.1 Hz, 1H, Ar-CHH), 7.26 ± 7.36 (m, 5 H, Ar-H);
13C NMR (75 MHz): d� 10.51, 17.86, 25.68, 30.90, 34.73, 38.39, 58.50, 61.32,
63.34, 72.65, 73.31, 78.91, 87.40, 127.57, 127.63, 128.38, 138.41; IR (film): nÄ �
3412, 3088, 3063, 3030, 2935, 2877, 2832, 2346, 1951, 1809, 1701, 1658, 1587,
1497, 1455, 1381, 1367, 1256, 1196, 1096, 1029, 966, 941, 906, 850, 738, 699,
615, 488 cmÿ1; MS (70 eV, EI): m/z (%): 324 (0.2) [M]� , 171 (22), 131 (35),
115 (47), 100 (6), 99 (92), 98 (7), 92 (10), 91 (100), 85 (16), 83 (13), 81 (40),
73 (6), 72 (12), 71 (8), 69 (8), 65 (8), 57 (11), 55 (13), 45 (7).


(4S,5S,6S,7R)-(�)-1-Benzyloxy-5,7-dimethoxy-4,6-dimethyloctanic acid
[(S,S,S,R)-19]: PDC (1.46 g, 3.9 mmol) was added to a solution of alcohol
(S,S,S,R)-18 (210 mg, 0.65 mmol) in DMF (5 mL) at room temperature. The
resulting mixture was stirred overnight and then poured into diethyl ether
(100 mL). The mixture was washed with sat. NH4Cl solution (3� ) and the
aqueous solution was extracted with diethyl ether. The combined organic
phases were washed with brine, dried (MgSO4) and concentrated. Flash
column chromatography (silica gel, diethyl ether/acetic acid 99:1) gave the
pure acid (S,S,S,R)-19 as colorless oil (220 mg, 100 %). [a]23


D ��1.0 (c�
1.11 in chloroform); 1H NMR (300 MHz): d� 0.77 (d, 3J(H,H)� 7.1 Hz,
3H, CH3-6), 1.04 (d, 3J(H,H)� 6.7 Hz, 3 H, CH3-4), 1.42 ± 1.86 (m, 4 H, 2�
H-2, H-4, H-6), 2.30 (m, 1 H, H-3), 2.45 (m, 1 H, H-3), 3.05 (dd, 3J(H,H)�
9.4 Hz, 3J(H,H)� 2.4 Hz, 1 H, H-5), 3.40 ± 3.70 (m, 2H, 2�H-8), 3.48 (s,
6H, OCH3-5, OCH3-7), 3.74 (ddd, 3J(H,H)� 6.4 Hz, 3J(H,H)� 4.7 Hz,
3J(H,H)� 2.0 Hz, 1H, H-7), 4.51 (d, 2J(H,H)� 12.1 Hz, 1H, Ar-CHH),
4.56 (d, 2J(H,H)� 12.1 Hz, 1H, Ar-CHH), 7.26 ± 7.36 (m, 5 H, Ar-H), 11.33
(s, 1 H, COOH); 13C NMR (75 MHz): d� 10.31, 17.42, 24.67, 32.01, 34.10,
38.35, 58.45, 61.35, 72.55, 73.30, 78.95, 87.30, 127.61, 127.69, 128.40, 138.31,
180.36; IR (film): nÄ � 3600 ± 2600, 3088, 3064, 3031, 2973, 2934, 2832, 1954,
1734, 1709, 1605, 1496, 1454, 1422, 1384, 1367, 1250, 1199, 1176, 1158, 1096,
1028, 946, 874, 852, 738, 699, 617, 479 cmÿ1; MS (70 eV, EI): m/z (%): 306
(5.4) [MÿCH3OH]� , 237 (9), 185 (11), 146 (8), 145 (91), 131 (8), 127 (5),
115 (51), 114 (6), 113 (69), 99 (8), 92 (11), 91 (100), 85 (42), 83 (21), 72 (9),
71 (13), 65 (8), 57 (9), 55 (17). C26H38O5 (338.44): calcd C 67.43, H 8.93;
found C 66.98, H 8.59.


(2E,4E)-4-Methylhexa-2,4-dienacid ethylester (21): Diethoxyphosphoryl
acetic acid ethylester (11.2 g, 50 mmol) was slowly added at 0 8C under an
atmosphere of argon (total time for addition: 15 min) to a suspension of
sodium hydride (1.6 g, 67 mmol) in dry THF (50 mL). After further stirring
for 2 h (by which time the suspension had turned into a translucent
solution), the mixture was cooled to ÿ78 8C and tiglinaldehyde 20 (4.8 mL,
50 mmol) was added, neat, dropwise (total time for addition: 15 min). The
reaction was then left and allowed to warm to room temperature overnight.
The resulting mixture was diluted with diethyl ether (100 mL) and washed
with water (50 mL). The water was extracted with diethyl ether (3�
100 mL) and the combined organic phases washed with brine (80 mL).


After drying (MgSO4), filtration, and concentration, the mixture was
purified by flash column chromatography (silica gel, light petroleum/
diethyl ether 5:1) to give the product as a colorless oil (11.1 g, 71%).
1H NMR (300 MHz): d� 1.30 (t, 3J(H,H)� 7.1 Hz, 3H, OCH2CH3), 1.77 (s,
3H, CH3-4), 1.81 (d, 3J(H,H)� 7.1 Hz, 3H, CH3-6), 4.20 (q, 3J(H,H)�
7.1 Hz, 2H, CH2), 5.78 (d, 3J(H,H)� 15.7 Hz, 1 H, H-2), 5.98 (q,
3J(H,H)� 7.1 Hz, 1 H, H-5), 7.32 (d, 3J(H,H)� 15.7 Hz, 1H, H-3);
13C NMR (75 MHz): d� 11.78, 14.36, 14.55, 60.13, 115.31, 133.79, 136.28,
149.47, 167.63; IR (film): nÄ � 2975, 2920, 2860, 1710, 1620, 1440, 1395, 1365,
1300, 1260, 1225, 1165, 1095, 1030, 975, 860, 815, 790, 715, 695 cmÿ1; MS
(70 eV, EI): m/z (%): 155 (3.0) [M�1]� , 154 (30.0) [M]� , 139 (31), 125 (5),
112 (5), 111 (76), 109 (35), 97 (6), 83 (8), 82 (7), 81 (100), 80 (25), 79 (58), 77
(13), 67 (8), 66 (6), 65 (9), 55 (18), 53 (37), 52 (5), 51 (14); C9H14O2 (154.21):
calcd C 70.10, H 9.15; found C 69.84, H 9.38.


(2E,4E)-4-Methylhexa-2,4-dien-1-ol (22): A solution of DIBAL (1.5m in
toluene, 38.6 mL) was added dropwise at ÿ78 8C under an atmosphere of
argon to a solution of ester 21 (4.25 g, 27.6 mmol) in dry diethyl ether
(100 mL). After 1 h TLC showed no starting material and the reaction was
quenched with sat. NH4Cl solution (60 mL), warmed to room temperature,
diluted with water (40 mL) and extracted with diethyl ether (5� 100 mL).
The combined organic phases were dried (MgSO4), filtered, and concen-
trated to give the product as a colorless oil, which was used directly in the
next step without further purification (3.05 g, 99 %).1H NMR (300 MHz):
d� 1.70 (s, 3 H, CH3), 1.72 (s, 3H, CH3), 3.03 (s,1 H, OH), 4.14 (d,
3J(H,H)� 6.1 Hz, 2H, CH2), 5.54 (q, 3J(H,H)� 6.4 Hz, 1H, H-5), 5.67 (dt,
3J(H,H)� 15.7 Hz, 3J(H,H)� 6.4 Hz, 1 H, H-2), 6.22 (d, 3J(H,H)� 15.7 Hz,
1H, H-3); 13C NMR (75 MHz): d� 12.02, 13.82, 63.58, 125.05, 127.13,
133.99, 136.34; IR (film): nÄ � 3450, 3020, 2980, 2910, 2850, 1710, 1690, 1645,
1620, 1440, 1380, 1300, 1270, 1225, 1180, 1100, 1075, 1035, 1000, 960, 910,
840, 800, 790, 760, 730, 690 cmÿ1; MS (70 eV, EI): m/z (%): 112 (24.0) [M]� ,
97 (23), 95 (8), 94 (34), 91 (6), 84 (9), 83 (27), 81 (5), 79 (43), 77 (24), 70 (22),
69 (27), 68 (14), 67 (30), 65 (12), 57 (9), 56 (19), 55 (100), 53 (34), 51 (18), 50
(7).


(2E,4E)-1-Bromo-4-methylhexa-2,4-dien (23): PBr3 (3.27 mL, 18 mmol)
was added dropwise at 0 8C to a solution of alcohol 22 (5.05 g, 45 mmol) in
diethyl ether (400 mL). The reaction mixture was stirred at 0 8C overnight
and was then poured into water (400 mL). After extraction with diethyl
ether (5� 150 mL), the combined organic phases were washed with water,
sat. K2CO3 solution and brine. Drying (Na2SO4), filtration, and concen-
tration gave the crude product as slight yellow oil. The product must be
used directly into the next reaction, since after a few minutes strong
decomposition occurs (7.33 g, 93%).


(2E,4E)-4-Methylhexa-2,4-dienylphosphonic acid diethylester (5): Trie-
thylphosphite (12.2 g, 71 mmol) was stirred in a two-necked flask fitted
with a dropping funnel and a reflux condensor (water, 50 ± 60 8C) with a
distillation bridge. Bromide 23 (9 g, 51 mmol) was added dropwise and the
reaction mixture stirred overnight at 160 8C until no more ethyl bromide
was formed. The crude product was purified by distillation at 0.05 mbar to
give the phosphonate 5 as colorless liquid, b.p. 86 8C/0.05 mbar (7.46 g,
63%). 1H NMR (300 MHz): d� 1.30 (t, 3J(H,H)� 6.9 Hz, 6 H, 2�
CH2CH3), 1.70 (s, 3H, CH3), 1.73 (s, 3H, CH3), 2.63 (dd, 2J(H,P)�
19.0 Hz, 3J(H,H)� 7.5 Hz, 2 H, 2�H-7), 4.10 (m, 4H, 2�CH2CH3),
5.37 ± 5.57 (m, 2 H, H-2, H-5), 6.16 (dd, 4J(H,P)� 15.0 Hz, 3J(H,H)�
5.0 Hz, 1 H, H-3); 13C NMR (75 MHz): d� 12.00, 13.74, 16.49 (d,
3J(C,P)� 5.7 Hz), 30.80 (d, 1J(C,P)� 140.3 Hz), 61.89 (d, 2J(C,P)�
7.1 Hz), 114.63 (d, 5J(C,P)� 12.1 Hz), 126.60 (d, 5J(C,P)� 4.0 Hz), 134.02
(d, 4J(C,P)� 4.0 Hz), 139.72 (d, 3J(C,P)� 14.4 Hz); IR (film): nÄ � 3479,
3039, 2982, 2931, 2912, 2867, 1715, 1647, 1479, 1445, 1392, 1369, 1295, 1251,
1164, 1098, 1056, 1028, 964, 869, 853, 786, 713, 594, 549, 483 cmÿ1; MS
(70 eV, EI): m/z (%): 233 (5.3) [M�1]� , 232 (37.4) [M]� , 152 (5), 139 (7), 138
(9), 125 (12), 111 (16), 107 (5), 97 (9), 95 (36), 94 (100), 93 (31), 91 (6), 81
(8), 80 (5), 79 (38), 77 (8), 67 (13), 55 (10), 41 (8); C11H21O3P (232.26):
HRMS: calcd 232.1228; found 232.1228.


(4S,5S,6S,7R)-8-Benzyloxy-5,7-dimethoxy-4,6-dimethyloctanic acid-3,5-di-
methoxy-2-methoxymethoxy-6-propionylphenylester [(S,S,S,R)-24]: Diiso-
propylethylamine (0.25 mL, 1.42 mmol) was added to a stirred solution of
acid (S,S,S,R)-19 (0.24 g, 0.71 mmol) in CH2Cl2 (5 mL) at room temper-
ature. The solution was stirred at this temperature for 5 min and
pivaloylchloride (0.09 mL, 0.72 mmol) was added dropwise. After addi-
tional stirring for 30 min phenol 3 (192 mg, 0.71 mmol) and a catalytical
amount of DMAP was added. The reaction mixture was left at room
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temperature for 3 h, then poured into water and extracted with CH2Cl2.
The combined CH2Cl2 extracts were dried (MgSO4) and concentrated.
Purification by flash column chromatography (silica gel, diethyl ether/light
petroleum 3:1) afforded ester (S,S,S,R)-24 as a colorless oil (240 mg,
57%).1H NMR (300 MHz): d� 0.79 (d, 3J(H,H)� 7.1 Hz, 3H, CH3-6), 1.06
(d, 3J(H,H)� 6.6 Hz, 3H, CH3-4), 1.09 (t, 3J(H,H)� 7.3 Hz, 3 H, CH2CH3),
1.54 ± 1.94 (m, 4H, 2�H-3, H-4, H-6), 2.50 (m, 1H, H-2), 2.62 (m, 1H,
H-2), 2.77 (q, 3J(H,H)� 7.3 Hz, 2 H, CH2CH3), 3.05 (dd, 3J(H,H)� 9.3 Hz,
3J(H,H)� 2.2 Hz, 1H, H-5), 3.40 ± 3.70 (m, 2 H, 2�H-8), 3.48 (2s, 6H,
OCH3-5, OCH3-7), 3.53 (s, 3 H, CH2OCH3), 3.74 (ddd, 3J(H,H)� 6.4 Hz,
3J(H,H)� 4.8 Hz, 3J(H,H)� 2.1 Hz, 1 H, H-7), 3.79 (s, 3 H, Ar-OCH3), 3.85
(s, 3 H, Ar-OCH3), 4.50 (d, 2J(H,H)� 12.0 Hz, 1H, Ar-CHH), 4.55 (d,
2J(H,H)� 12.0 Hz, 1H, Ar-CHH), 4.99 (s, 2H, OCH2O), 6.37 (s, 1H, Ar-
H), 7.20 ± 7.40 (m, 5H, Ar-H); 13C NMR (75 MHz): d� 8.15, 10.34, 17.35,
24.45, 31.50, 33.97, 37.44, 38.46, 56.09, 57.19 (2C), 58.44, 61.33, 72.83, 73.30,
78.91, 87.16, 94.35, 98.56, 117.35, 127.59, 127.62, 128.36, 132.06, 138.41,
142.26, 153.83, 154.81, 171.55, 202.57; IR (film): nÄ � 3063, 2970, 2938, 2844,
2250, 1766, 1693, 1608, 1581, 1497, 1461, 1439, 1425, 1398, 1375, 1343, 1287,
1242, 1208, 1160, 1102, 1029, 999, 957, 813, 734, 700, 648, 598 cmÿ1; MS
(100 eV, CI, methane): m/z (%): 619 (8.9) [M�C2H5]� , 590 (1.0) [M]� , 397
(18), 361 (20), 321 (46), 289 (49), 272 (15), 271 (100), 270 (28), 239 (63), 227
(25), 226 (20), 213 (21), 211 (15), 199 (38), 197 (55), 183 (82), 182 (18), 181
(50), 167 (18), 91 (46); C20H29O8 [MÿPhCH2OCH2CH(OCH3)-
CH(CH3)]�: HRMS: calcd 397.1862; found 397.1863.


2-[(3S,4S,5S,6R)-7-Benzyloxy-4,6-dimethoxy-4,6-dimethylheptyl]-5,7-di-
methoxy-8-methoxymethoxy-3-methyl-4H-1-benzopyran-4-one [(S,S,S,R)-
25]: Sodium (0.21 g, 9.1 mmol) was added carefully to dry methanol
(15 mL). The reaction mixture was allowed to cool down to room
temperature and ester (S,S,S,R)-24 (71 mg, 0.12 mmol) in dry methanol
(6 mL) was added. The resulting mixture was heated under reflux for 2 h
and concentrated. The residue was dissolved in ethyl acetate (20 mL) and
washed with 1n HCl (2� ) and 15% NH3 solution. The organic phase was
dried (MgSO4), concentrated and purified by flash column chromatography
(silica gel, CH2Cl2/acetone/methanol 90:8:2) to give the product as a
colorless oil (51 mg, 75 %).1H NMR (300 MHz): d� 0.70 (d, 3J(H,H)�
7.1 Hz, 3H, CH3-5), 1.12 (d, 3J(H,H)� 6.9 Hz, 3 H, CH3-3), 1.58 ± 1.84 (m,
4H, 2�H-2, H-3, H-5), 1.99 (s, 3 H, CH3), 2.57 (m, 1 H, H-1), 2.75 (m, 1H,
H-1), 3.04 (dd, 3J(H,H)� 9.3 Hz, 3J(H,H)� 2.5 Hz, 1 H, H-4), 3.34 ± 3.66
(m, 2 H, 2�H-7), 3.46 (s, 3H, OCH3), 3.47 (s, 3H, OCH3), 3.62 (s, 3H,
CH2OCH3), 3.70 (ddd, 3J(H,H)� 6.3 Hz, 3J(H,H)� 4.7 Hz, 3J(H,H)�
2.1 Hz, 1H, H-6), 3.95 (2s, 6 H, 2�Ar-OCH3), 4.50 (d, 3J(H,H)� 12.1 Hz,
1H, Ar-CHH), 4.54 (d, 3J(H,H)� 12.1 Hz, 1 H, Ar-CHH), 5.08 (s, 2H,
OCH2O), 6.38 (s, 1H, Ar-H), 7.24 ± 7.36 (m, 5 H, Ar-H); 13C NMR
(75 MHz): d� 9.72, 10.34, 17.75, 27.47, 30.02, 34.59, 38.52, 56.14, 56.48,
57.24, 58.42, 61.42, 72.59, 73.32, 78.83, 87.07, 92.02, 98.69, 108.04, 117.02,
126.80, 127.57, 127.62, 128.38, 138.36, 155.81, 156.59, 162.57, 177.36.


(2R,3S,4S,5S)-7-[5,7-Dimethoxy-8-methoxymethoxy-3-methyl-4-oxo-4H-
2-chromenyl]-2,4-dimethoxy-3,5-dimethylheptanol [(R,S,S,S)-26]: Hydro-
gen was bubbled through a solution of chromone (S,S,S,R)-25 (51 mg) in
dry methanol (10 mL) until the reaction mixture was saturated (2 min).
After the addition of a catalytical amount of palladium coal (10 % Pd/C)
hydrogen was bubbled through the solution until completion (TLC control,
about 4 min). The reaction mixture was directly purified by flash column
chromatography (silica gel, CH2Cl2/acteone/methanol 90:8:2) to give the
product as a colorless oil (31.6 mg, 74%).1H NMR (300 MHz): d� 0.77 (d,
3J(H,H)� 7.1 Hz, 3H, CH3-3), 1.11 (d, 3J(H,H)� 6.6 Hz, 3H, CH3-5), 1.50 ±
1.86 (m, 4 H, H-3, H-5, 2�H-6), 1.99 (s, 3H, CH3), 2.58 (m, 1H, H-7), 2.74
(m, 1H, H-7), 2.99 (dd, 3J(H,H)� 8.5 Hz, 3J(H,H)� 3.6 Hz, 1H, H-4),
3.37 ± 3.72 (m, 3 H, 2�H-1, H-2), 3.45 (s, 3H, OCH3), 3.48 (s, 3H, OCH3),
3.65 (s, 3H, CH2OCH3), 3.95 (s, 3 H, Ar-OCH3), 3.96 (s, 3 H, Ar-OCH3),
5.09 (s, 2H, OCH2O), 6.38 (s, 1H, Ar-H).


(2R,3S,4S,5S)-7-[8-Hydroxy-5,7-dimethoxy-methyl-4-oxo-4H-2-chromen-
yl]-2,4-dimethoxy-3,5-dimethylheptanal [(R,S,S,S)-27]: Dimethyl sulfoxide
(11.2 mg, 0.143 mmol) in dry CH2Cl2 (1 mL) was added dropwise to a
stirred solution of oxalyl chloride (9.3 mg, 0.072 mmol) in dry CH2Cl2


(1 mL) at ÿ78 8C under an atmosphere of argon. After 15 min a solution
of alcohol (R,S,S,S)-26 (31.6 mg, 0.065 mmol) in CH2Cl2 (2 mL) was added
dropwise and the resultant colorless mixture was stirred at ÿ78 8C for
30 min. Diisopropylethylamine (42.8 mg, 0.325 mmol) was added. After
5 min at ÿ78 8C the reaction mixture was allowed to warm to room
temperature, then poured into water (4 mL) and extracted with CH2Cl2


(3� ). The combined organic solvents are stirred for 30 min with 1n HCl
(10 mL), washed with sat. NaHCO3 solution and brine, dried (MgSO4), and
concentrated to give the crude product which was directly used in the next
reaction step without further purification.


2-[(3S,4S,5S,6S,7E,9E,11E)-4,6-Dimethoxy-3,5,11-methyl-7,9,11-trideca-
trienyl]-8-hydroxy-5,7-dimethoxy-3-methyl-4H-1-benzopyran-4-one
[(S,S,S,S)-1]: n-BuLi (1.5m solution in n-hexane, 0.05 mL) was added
dropwise at 0 8C under an atmosphere of argon to a stirred solution of
freshly distilled diisopropylamine (7 mg, 0.07 mmol) in dry THF (1 mL).
After 5 min the mixture was cooled to ÿ78 8C and phosphonate 5 (16 mg,
0.07 mmol) in dry THF (1 mL) was added dropwise. After 15 min at
ÿ78 8C, aldehyde (R,S,S,S)-27 (0.035 mmol) in dry THF (1 mL) was added
dropwise to the stirred phosphonate anion solution. The reaction mixture
was stirred and allowed to warm up to room temperature overnight before
it was quenched with sat. NH4Cl solution (4 mL). The product was
extracted with diethyl ether (20 mL) and CH2Cl2 (2� 20 mL). The
combined organic extracts were washed with brine, dried (MgSO4), and
concentrated. Flash column chromatography (silica gel, CH2Cl2/acetone/
methanol 90:8:2) gave the product as slightly yellow oil (13.9 mg, 77%).
[a]21


D ��37.7 (c� 0.70 in methanol); 1H NMR (500 MHz): d� 0.79 (d,
3J(H,H)� 7.3 Hz, 3H, CH3-5), 1.11 (d, 3J(H,H)� 7.0 Hz, 3 H, CH3-3), 1.53
(m, 1 H, H-2), 1.69 (m, 1 H, H-5), 1.74 (d, 3J(H,H)� 6.7 Hz, 3H, 3�H-13),
1.75 (s, 3H, CH3-11), 1.76 (m, 1H, H-3), 1.91 (m, 1H, H-2),1.98 (s, 3H,
CH3), 2.61 (ddd, 2J(H,H)� 14.6 Hz, 3J(H,H)� 8.5 Hz, 3J(H,H)� 7.5 Hz,
1H, H-1), 2.79 (ddd, 2J(H,H)� 14.6 Hz, 3J(H,H)� 8.9 Hz, 3J(H,H)�
4.9 Hz, 1 H, H-1), 3.10 (dd, 3J(H,H)� 9.2 Hz, 3J(H,H)� 3.2 Hz, 1 H, H-4),
3.24 (s, 3H, OCH3-6), 3.49 (s, 3H, OCH3-4), 3.90 (dd, 3J(H,H)� 7.6 Hz,
3J(H,H)� 2.8 Hz, 1H, H-6), 3.92 (s, 3H, Ar-OCH3), 3.98 (s, 3H, Ar-OCH3),
5.47 (s, 1H, OH), 5.58 (q, 3J(H,H)� 7.0 Hz, 1 H, H-12), 5.58 (dd, 3J(H,H)�
15.5 Hz, 3J(H,H)� 7.6 Hz, 1H, H-7), 6.13 (dd, 3J(H,H)� 15.5 Hz,
3J(H,H)� 9.6 Hz, 1 H, H-9), 6.21 (d, 3J(H,H)� 15.5 Hz, 1H, H-10), 6.22
(dd, 3J(H,H)� 15.5 Hz, 3J(H,H)� 9.6 Hz, 1H, H-8), 6.42 (s, 1 H, Ar-H);
13C NMR (125 MHz): d� 9.73, 10.35, 11.94, 14.06, 17.59, 27.02, 29.53, 34.67,
41.69, 56.23, 56.38, 56.81, 61.36, 81.29, 87.28, 92.36, 108.1, 116.9, 125.2, 127.3,
127.9, 131.7, 133.3, 134.6, 137.8, 146.0, 149.2, 153.1, 162.4, 177.4.
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Anions Derived from Squaric Acid Form Interionic p-Stack and Layered,
Hydrogen-Bonded Superstructures with Organometallic Sandwich Cations:
The Magnetic Behaviour of Crystalline [(h6-C6H6)2Cr]�[HC4O4]ÿ


Dario Braga,*[a] Lucia Maini,[a] Luca Prodi,[a] Andrea Caneschi,*[c] Roberta Sessoli,[c] and
Fabrizia Grepioni*[b]


Dedicated to Professor Jean-Marie Lehn on the occasion of his 60th birthday


Abstract: Depending on the stoichio-
metric ratio, squaric acid (3,4-dihydroxy-
3-cyclobutene-1,2-dione, H2SQA) reacts
with [(h6-C6H6)2Cr] in THF to form the
crystalline material [(h6-C6H6)2Cr]-
[HSQA] (1) and in water to yield [{(h6-
C6H6)2Cr}2][SQA] ´ 6 H2O (3); it also re-
acts with [(h5-C5H5)2Co][OH] in water
to form [{(h5-C5H5)2Co}2][SQA] ´ 6 H2O
(4). Compound 1 is almost isostructural
with the previously reported salt [(h5-
C5H5)2Co][HSQA] (2); its structure is
based on p ± p stacks between the ben-
zene ligands and the hydrogen squarate
anionic chains (p ± p distance 3.375 �).
Compounds 3 and 4 are isomorphous
and have a structure in which layers of


organometallic cations intercalate with
layers of water molecules hydrogen
bonded to squarate dianions. All crystals
contain charge-assisted CÿHd� ´ ´ ´ Odÿ


hydrogen bonds between the organo-
metallic and the organic components,
while negative OÿH(ÿ) ´ ´ ´ O(ÿ) and
OÿH ´´´ O(2ÿ) interactions are present in
the pairs 1/3 and 2/4, respectively. In
constrast to most organic salts of [(h6-
C6H6)2Cr]� and [(h5-C5H5)2Co]� which
are yellow, crystals of compounds 1 ± 4


are orange. Reflectance spectra meas-
ured on the crystalline material 1 show
the presence of an intense tail that can
be assigned to a charge-transfer transi-
tion through the [(h6-C6H6)2Cr]�/
[HSQA]ÿ p-stacking interactions, while
the p stacking in 2 causes only a broad-
ening of the band. The magnetic behav-
iour of 1 and 3 has been investigated by
SQUID magnetometry. Both com-
pounds are characterised by a weak
antiferromagnetic interaction between
the S� 1/2 Cr centres of the [(h6-
C6H6)2Cr]� cations, which is significantly
stronger in 1 due to the p-stacking with
the HSQAÿ anions.


Keywords: crystal engineering ´ hy-
drogen bonds ´ magnetic properties
´ super-salts


Introduction


Modern crystal engineering is the planning and utilisation of
crystal-oriented syntheses and the evaluation of the physical
and chemical properties of the resulting crystalline materi-


als.[1] The leading idea is that of being able to control
collective crystal properties by choosing molecular/ionic
building blocks with specific molecular properties (e.g.,
electronic configuration, redox potential, spin, etc.) and by
embedding recognition and binding sites in the building block
that will lead to the target supramolecular aggregation
through self-assembly.[2] The construction of molecular-based
magnetic materials is one of the most attractive areas of
investigation.[3]


We have devoted our efforts, in collaboration with others,
to expand crystal engineering towards the field of organo-
metallic chemistry,[4] a rather uncharted territory in which the
properties of (mainly organic) ligands combine with those of
metal atoms. In particular we have developed a strategy to
produce mixed organic, inorganic and organometallic crystals.
A number of new crystalline compounds have been obtained
by combining organic/organometallic moieties that interact
through OÿH ´´´ O hydrogen bonds with non-coordinating
organometallic cations, such as [(h5-C5R5)2Co]� (R�H, Me)
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and [(h6-C6H5R)2Cr]� (R�H, Me).[5] This strategy has been
applied, for example, to the preparation of chiral organic
frameworks[6] and mixed-metal mixed-valent systems.[7]


The number of groups actively involved in the development
of synthetic strategies based on the simultaneous utilisation of
ionic interactions and hydrogen bonds indicate the potentials
of the approach. Aakeröy et al.[8] have prepared ionic
materials through hydrogen-bonding interactions of the
OÿH ´´´ O type between partially deprotonated acid anions
and through interactions of the NÿH ´´´ O type between
anions and cations. The strategy adopted by Hosseini and co-
workers to build one-, two-, and three-dimensional networks
in mixed organic crystals is also based on the interaction
between acids and bases.[9] Brammer has investigated several
three-centre four-electron NÿH ´´´ Co hydrogen bonds
formed by the carbonyl anion [Co(CO)4]ÿ with counterions
of the NR3H� type (R�Me, Et).[10a,b] Hydrogen-bonding
interactions involving transition metal chlorides have also
been studied.[10c] Zaworotko et al.[11] have used cubane-like
molecules, such as [M(CO)3(OH)4] (M�Mn, Re), to synthe-
sise superdiamantoid networks with large empty spaces
available for the formation of clathrates. More recently,
systems based on hydrogen-bonding interactions between
partially deprotonated trimesic acid have also been inves-
tigated.[11b]


We have previously communicated[12] that squaric acid (3,4-
dihydroxy-3-cyclobutene-1,2-dione, H2SQA) reacts with co-
balticinium hydroxide in water (or THF) to yield two different
crystalline materials, namely [(h5-C5H5)2Co][HSQA] (2) and
[(h5-C5H5)2Co][(HSQA)(H2SQA)], depending on the stoi-
chiometric ratio between cobalticinium hydroxide and squaric
acid. The [(h5-C5H5)2Co]�/[H2SQA]ÿ 1:1 system is consists of
infinite ribbons {[HSQA]ÿ}n and ribbons of cobalticinium
cations. The good match in size and shape between the
cyclopentadienyl ligands and the [HSQA]ÿ ions, leads to a
superstructure in which the squarate ribbons intercalate
between cobalticinium cations. The p ± p distance is about
3.35 �. The oxygen atoms from the rims of the {[HSQA]ÿ}n


ribbons interact with the [(h5-C5H5)2Co]� cations through
charge-assisted CÿHd� ´ ´ ´ Odÿ hydrogen bonds.[13] It was
noted that, while the 1:1 compound is orange, the 1:2 species
[(h5-C5H5)2Co][(HSQA)(H2SQA)] is yellow, as are all other
salts of cobalticinium thus far characterised. These findings
prompted us to explore the possibility of attaining a similar p-
stack from the oxidation of [(h6-C6H6)2Cr] to the para-
magnetic species [(h6-C6H6)2Cr]� . The objective was to
prepare a compound that, if isomorphous or quasi-isomor-
phous with [(h5-C5H5)2Co]�[H2SQA]ÿ , would form an alter-
nating A/B/A/B/ structure based on the paramagnetic [(h6-
C6H6)2Cr]� cation.


It has been shown that the stabilisation of ferromagnetic
interactions within donor/acceptor complexes requires the
formation of one-dimensional D�A ± D�A± structures
comprised of alternating cation donors (D) and anion accept-
ors (A) (the so-called linear-chain paradigm).[14] Ever since
the observation that various TCNQ (TCNQ �7,7,8,8-tetra-
cyano-p-quinodimethane),[15] and TCNE (tetracyanoeth-
ylene)[16] salts form conducting linear chains, many organo-
metallic materials based on this anion have been isolated and


the magnetic and electrical-conductivity behaviour establish-
ed. Another interesting acceptor system is hexacyanotri-
methylenecyclo propanide [C3(C(CN)2)3]ÿ that has been used
in conjunction with [(h5-C5Me5)2Fe]� , [(h6-C6H3Me3)2Fe]2�


and [(h6-C6Me6)2Fe]2� to prepare extended linear-chain com-
pounds.[17] Ward[17b] was able to show that the difference in
charge-transfer absorption energies between the two com-
plexes is equivalent to the difference in the reduction
potentials of the cations in solution. A similar relationship
has been observed between salts of the [iso-C4(CN)6]2ÿ.[17c]


In this paper we report the successful preparation of the p-
stacked system [(h6-C6H6)2Cr][HSQA] (1), which is, as
desired, (almost) isostructural with [(h5-C5H5)2Co][HSQA]
(2). Also we have prepared the first examples of organo-
metallic hydrated material that contain the dianion C4O4


2ÿ,
namely [(h6-C6H6)2Cr]}2[SQA] ´ 6 H2O (3) and [(h5-
C5H5)2Co][SQA] ´ 6 H2O (4). In these two compounds, which
are isomorphous, layers of the organometallic cations inter-
calate with layers of water molecules that are hydrogen
bonded to fully deprotonated squarate dianions. Interestingly
crystals of compounds 1 ± 4 are orange, while salts of the [(h5-
C5H5)2Co]� and [(h6-C6H6)2Cr]� cations are generally bright
yellow. All crystals have been characterised by low-temper-
ature X-ray diffraction experiments. The results of reflectance
spectra and of magnetic-susceptibility measurements will also
be discussed. The structural features of 1 will be compared
with those of the cobalticinium derivative [(h5-C5H5)2Co][HS-
QA] (2), for which preliminary data had been reported.[12] It is
worth stressing that, thus far, the two pairs [(h6-
C6H6)2Cr][HSQA] 1 and [(h5-C5H5)2Co][HSQA] 2, and [(h6-
C6H6)2Cr]}2[SQA] ´ 6 H2O 3 and [(h5-C5H5)2Co][SQA] ´ 6 H2O
4 are the only known cases of (quasi-) isomorphous salts of
[(h5-C5H5)2Co]� and [(h6-C6H6)2Cr]� .


Results and Discussion


Ion organisation in crystalline 1 and 2 : The structure of
crystalline 1 is ªdissectedº in Figure 1, and can be described
schematically as constituted of ribbons of [HSQA]ÿ mono-
anions joined through OÿH(ÿ) ´ ´ ´ O(ÿ) hydrogen-bond inter-
actions [O ´´´ O distance 2.467 �]. The anions are intercalated
between [(h6-C6H6)2Cr]� cations (or vice versa). Alternative-
ly, the crystal can be viewed as formed of piles of alternating
[HSQA]ÿ monoanions and of [(h6-C6H6)2Cr]� cations extend-
ing along the b axis. Each [(h6-C6H6)2Cr]� cation is encapsu-
lated by two cations and six [HSQA]ÿ monoanions. These
latter are placed one above, one below and four surrounding
the metal atom at the equatorial level (see Figure 1b).
Conversely, each [HSQA]ÿ anion is also surrounded by six
cations: one above, one below and four ªclampingº the O
atoms between the benzene ligands. The oxygen atoms form
the outer rims of the {[HSQA]ÿ}n ribbons and interact with the
[(h6-C6H6)2Cr]� cations on both sides through charge-assisted
CÿHd� ´ ´ ´ Odÿ hydrogen bonds. Clearly, the good match in
size and shape between the [HSQA]ÿ anions and the benzene
ligands in 1 is responsible for the neat inter-mixing of the flat
anions with the cylindrical cations. As the compound is built
up of an alternating sequence of cations and anions, the piles
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Figure 1. ªDissectionº of the packing arrangement in crystalline 1:
a) space-filling representation of a row of cations encapsulated between
two {[HSQA]ÿ}n ribbons. b) Space-filling representation of the distribution
of anionic {[HSQA]ÿ}n chains around the [(h6-C6H6)2Cr]� cations. H atoms
of the cations omitted for clarity.


of ions are stabilised by Coulombic interactions, while
interaction between the piles is guaranteed by the H atoms
that bridge the anions in the {[HSQA]ÿ}n chains.


A comparison of some relevant intra- and intermolecular
structural parameters for 1 and 2 is reported in Table . The
substitution of the bis-benzene chromium for the cobaltici-
nium cation on going from 1 to 2 appears to require some
small ªadjustmentº of the structure in order to accommodate
the slightly smaller cobalticinium cation. As a matter of fact,
the hydrogen squarate chains in 1 are ªstretchedº with respect
to those in compound 2. This is reflected in two aspects of the
structure: i) the O ´´´ O distances along the chain are longer in
1 than in 2 (2.467 and 2.473 versus 2.446 �) and ii) the ribbon
of hydrogen squarates is completely flat in 1, while it is slightly
puckered in 2 (see Figure 2). This is also reflected in the
cation ± cation separation along the ribbons, which allows
slightly longer next-neighbour H ´´´ H contacts in 1 than in 2.


Figure 2. Comparison of alternating rows of cations and anions in
crystalline a) 1 and b) 2. Note the OÿH(ÿ) ´ ´ ´ O(ÿ) hydrogen-bond
interactions (broken bonds) along the {[HSQA]ÿ}n chains and also how
the CÿH systems of the benzene and cyclopentadienyl rings are directed
towards the oxygen atoms along the chain to form a profusion of charge
assisted CÿHd� ´ ´ ´ Odÿ interactions (not shown for sake of clarity).


Both 1 and 2 contain anionic {[HSQA]ÿ}n chains. We have
argued[18] that the stability of OÿH(ÿ) ´ ´ ´ O(ÿ) chains, such as in
hydrogen oxalate salts and in hydrogen squarates, can not
be attributed to, albeit favourable, hydrogen bonding
OÿH(ÿ) ´ ´ ´ O(ÿ) interactions because of the electrostatic re-
pulsions between neighbouring anions, but to the overcom-
pensation arising from stabilising anion ± cation Coulombic
interactions. Along anionic chains, the OÿH(ÿ) ´ ´ ´ O(ÿ) inter-
action acts essentially as a supramolecular organiser which
minimises electrostatic repulsions. It is interesting to observe
that the O ´´´ O separation in 1 and 2 is considerably shorter
than that found in crystals of neutral squaric acid (2.55 �) and
neutral carboxylic acids. This apparent contradiction between
length and strength of the OÿH ´´´ O interaction in neutral and
charged systems has been explained with the ªelectrostatic
compressionº effect,[18a,b] which arises from the presence of
the electrostatic field generated by anions and cations. Similar
reasoning applies to other types of non-covalent interactions,
such as p ± p stacking.[18c,d] In the cases of 1 and 2, the
separations between benzene or cyclopentadienyl planes and
the squarate planes are 3.375 and 3.35 �, respectively, both


Table 1. Comparison between some intermolecular structural parameters
in 1 and 2 (distances in �, angles in degrees).


(OÿH) ´´´ O O ´´´ O OÿH ´´´ O p ± p


1[a] 1.23 2.47 180.0 3.350
1.24 2.47 180.0


2[b] 1.634 2.446 149.3 3.375


[a] Esd (1) for 1. [b] Esd (8) for 2.
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appreciably shorter than in graphite. Although it would be
reasonable to think that the close approach is favoured by the
alternating ionic charge along the chains, it has been observed
that short p ± p separations are attained also by systems
carrying the same ionic charge, for example, alkali hydrogen
squarate salts; hence the same rationale as in the case of
OÿH(ÿ) ´ ´ ´ O(ÿ) interactions applies.


Ion organisation in crystalline 3 and 4 : As mentioned in the
Introduction, compounds 3 and 4 are, at least at the time of
this publication, the only other pair of isostructural systems
obtained from the same organic moiety and [(h6-C6H6)2Cr]�


and [(h5-C5H5)2Co]� , respectively, in the family of organic-
organometallic supersalts.[5] When the stoichiometric molar
ratio of squaric acid/bis-benzene chromium or squaric acid/
cobaltocene is 1:2, complete deprotonation of the acid with
formation of the dianion C4O4


2ÿ is achieved. As previously
noted in the course of our crystal engineering studies,[5] the
acid moieties are completely deprotonated every time, hence
there is an ªexcessº of acceptor with respect to donor sites in
OÿH ´´´ O interactions; water molecules are brought in the
crystal to compensate for the lack of donors. This is also the
case of species 3 and 4, in which six water molecules are co-
crystallized with the dianions forming a hydrogen-bonded
web which joins the squarate dianions together (see Figure 3).
While in crystalline 3 only three hydrogen atoms bonded to
the oxygen atoms were located from the Fourier map, in
crystalline 4 all the hydrogen atoms of the water molecules
were directly localised from the Fourier map. If only C and O
atoms are considered there are three motifs that can be
distinguished: an hexagonal ring formed by five water
molecules and one squarate oxygen, the seven-membered
ring formed by half of a squarate anion and three water
molecules and a more complex ten-member ring (excluding
the H-atoms) formed by two halves of two squarate anions
and two water molecules. This web gives the two-dimensional
motif of the puckered anionic layers that alternate with layers
of [(h6-C6H6)2Cr]� or [(h5-C5H5)2Co]� cations, as shown in
Figure 4. The stacking present in crystalline 3 (and 4) is
reminiscent of that observed[19] in crystals of the hydroxide
[(h6-C6H6)2Cr]�[OHÿ] ´ 3 H2O (compare Figures 4a and 4b
with 4c). The layers in this last crystal consist of a slightly
puckered hexagonal network that contains three water
molecules and one OHÿ group per formula unit. A compar-
ison of some relevant intermolecular structural parameters in
3 and 4 is reported in Table 2. Oanion ´ ´ ´ Owater and Owater ´ ´ ´ Owater


distances in 3 and 4 are comparable in length. The interaction
between the organometallic cations and the OÿH ´´´ O net-
work is attained through a profusion of charge-assisted
CÿHd� ´ ´ ´ Odÿ interactions involving both the squarate and
the water oxygen atoms. The quality of the X-ray data for
compound 4 allowed location in the Fourier maps of all
hydrogen atoms bound to the water molecules, thus enabling
us to completely characterise the hydrogen-bond network. In
this case, it is worth noting the absence of disorder that usually
accompanies extended hydrogen-bonded networks involving
water molecules. In the case of 4 (and, logically, of 3) this is
easy to rationalise: there are in fact two types of structural
water molecules, those which are directly linked directly to


Figure 3. The corrugated layers formed by the dianions C4O4
2ÿ and water


molecules in the ac plane of a) 3 and b) 4, showing the presence of 6-, 7- and
10-membered hydrogen-bonded rings (excluding the H atoms) formed by
the OÿH donors belonging to the water molecules and the O-acceptors on
the water molecules and the dianions. In compound 4 all H-atoms were
located from the Fourier maps; the absence of disorder is noteworthy.


the dianions, and hence can only act as donors towards the
squarate oxygen atoms, and those in between. Since the
orientation of the outer molecules is fixed, there is only one
distribution of possible inter-water OÿH ´´´ O hydrogen bonds
for the remaining molecules (see Figure 3b).


The pairs 1/2 and 3/4 permit a geometrical comparison
between squarate monoanions HC4O4


ÿ and dianions C4O4
2ÿ.


As shown in the Table 3, while the monoanion retains the
difference between CÿC and C�C and between C�O and
CÿO bond lengths characteristic of the neutral molecule
squaric acid,[20] the bonding in the dianions becomes fully
delocalised with four equivalent CÿC and four equivalent
CÿO bond lengths; the values for these bond lengths are
intermediate between those of single and double bonds
observed in 1 and 2.


Reflectance measurements on 1 ± 4 : Reflectance spectra were
measured on crystalline samples of compounds 1 ± 4 in order
to understand the nature and degree of the electronic
interactions among the ionic building blocks in the structures.
The spectrum of the cobalticinium salt 2 shows a broadening
of the band in the 350 ± 500 nm region. In relation to the
spectrum measured for cobalticinium hexafluorophosphate,
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Figure 4. Space-filling representation of the stacking sequence of alter-
nating layers of hydrated squarate dianions and a) [(h6-C6H6)2Cr]� or
b) [(h5-C5H5)2Co]� cations piled along the a axis. c) Space-filling model of
the same stacking sequence present in crystalline [(h6-C6H6)2Cr]� [OHÿ] ´
3H2O.[9]


this behaviour appears to be consistent with the presence of a
p-stacking interaction. This broadening is not observed in the
spectrum of 4, in accordance with the absence of such p stack
as shown by the X-ray structure. Much stronger perturbations


with respect to the spectra of the components [bis-benzene
chromium(i) hexafluorophosphate and sodium squarate] are
instead observed in the spectrum of 1 (see Figure 5), in which
an intense tail is present in the 400 ± 500 nm region. This new
feature can be assigned to a charge-transfer transition
between the bis-benzene chromium cations and the squarate
anions in the {[HSQA]ÿ}n chains. This interpretation is
supported by the possibility for the bis-benzene chromium(i)


Figure 5. Reflectance spectra of NaHC4O4 (dashed line), [(h6-
C6H6)2Cr]PF6 (dotted line) and 1 (solid line).


Table 2. Comparison between O ´´´ O distances [�] in 3 and 4.


O ´´ ´ Owater Owater ´ ´ ´ Owater


3[a] 2.758 2.712
2.737 2.767
2.752 2.783


4[b] 2.745 2.737
2.755 2.770
2.773 2.700


[a] Esd (6) for 3. [b] Esd (4) for 4.


Table 3. Comparison between intramolecualar structural parameters [�] in for
squaric acid the squarate mono- and dianions.


CÿC CÿO


CÿC 1.497[a] CÿO(H) 1.290[a]


1.464[a] 1.286[a]


1.461[a] C�O 1.232[a]


C�C 1.414[a] 1.228[a]


1[b] 2[c] 1[b] 2[c]


CÿC 1.53 CÿC 1.522 CÿO(H) 1.28 CÿO(H) 1.280
1.49 1.462 CÿOÿ 1.29 CÿOÿ 1.280
1.52 1.469 C�O 1.19 C�O 1.237
C�C 1.40 C�C 1.425 1.21 1.218


3[d] 4[e] 3[d] 4[e]


C :C 1.449 C :C 1.449 C :O 1.257 C :O 1.261
1.469 1.468 1.232 1.251


[a] Ref. [20] neutron crystal structure of squaric acid at 15 K. [b] Esd (1). [c] Esd
(6 ± 8). [d] Esd (6 ± 8). [e] Esd (3 ± 4).
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ion to undergo further oxidation at accessible potentials (Ep�
1.14 V vs. SCE in DMF),[21] a possibility not presented by the
cobalticinium ion. The presence of such a new absorption is a
clear indication of the existence of an appreciable electronic
interaction between the two ions.[22] This new band is not
observed in 3, again in accordance with the X-ray structure,
which indicates a much lower degree of electronic interaction.


Magnetic properties of 1 and 3 : The raw data of 1 are
characterised by a room-temperature value of the product of
the magnetic susceptibility with temperature (cT) of about
0.5 emu K molÿ1, which is significantly higher than that
expected for one unpaired electron of the [(h6-C6H6)2Cr]�


cation. Due to the air sensitivity of the compound we also
measured the oxidised product and found it to be strongly
paramagnetic, due to the presence of CrIII, with relatively
strong antiferromagnetic interactions. The data of 1 has been
corrected by taking into account about 3 % in weight of the
oxidised form in order to obtain the correct high-temperature
value of the cT product. The corrections do not significantly
affect the low-temperature values of c, reported in Figure 6,
which do not diverge on lowering T, but level off around 4 K.
The data have been fitted by using two different models that


Figure 6. Temperature dependence of the magnetic susceptibility (per
mole of [(h6-C6H6)2Cr]� cation) of 1 (*) and 3 (*). The lines correspond to
the calculated for antiferromagnetically interaction S� 1/2 Cr centres that
best reproduce the observed behaviour values by using the one-dimen-
sional model with J/kB� 4.7 K (solid), and the two-dimensional model with
J/kB� 3.0 K (broken line).


take into account the antiferromagnetic interaction of the S�
1/2 extending over one[23a] or two dimensions, respectively.[23b]


The one-dimensional model better reproduces the experi-
mental data and provides an estimation of the coupling
constant J/kB� 4.7 K, for which the Hamiltonian is written as
H� JciSiSi�1; however further experimental data, like single-
crystal EPR spectra, are necessary to quantify the two-
dimensional character. This sizeable antiferromagnetic inter-
action, taking into account that the CrÿCr separation exceeds
6 � and dipolar interactions are therefore of the order of
0.05 K, can be justified by the p-stack interaction between the
benzene ring and the [HSQA]ÿ anions, which extends along
the b axis. This hypothesis is confirmed by the reflectance
spectra and by the comparison with the magnetic behaviour of


3, in which such a strong p-stacking interaction is not present.
In Figure 6 the temperature dependence of the magnetic
susceptibility of 3 is also reported, but in this case the
susceptibility diverges at low temperature, suggesting that
only weaker AF interactions are present.[24] Even if, in
principle, we cannot exclude the contribution of H-bonds in
transmitting the magnetic interaction, thus providing a two-
dimensional character, the electronic interactions between
the [(h6-C6H6)2Cr]� cation and the [HSQA]ÿ anion through
the p stack is the principal one. In fact, the magnetic
interaction due to a charge-transfer mechanism in one-
dimensional system originated by p stack of [(h6-C6H6)2Cr]�


with stable organic radicals like TCNE .ÿ has been already
observed and widely investigated and found to be ferromag-
netic when the radicals are not dimerized, while a weak
antiferromagnetic interaction is observed when the pairs of
TCNE .ÿ are in the singlet ground state.[25] The magnetic
properties of compound 2 have also been investigated and the
compound revealed to be diamagnetic in the whole temper-
ature range, as expected.


Conclusion


In this paper we have discussed the synthesis, structural
characterisation and evaluation of the magnetic properties of
two crystalline supersalts obtained by treating bis-benzene
chromium (or cobaltocene) with squaric acid in the presence
of oxygen. The crystal synthesis process has been discussed
previously and we only need to recall the basic sequence of
steps through which self-assembly of the organometallic
cations and organic anions in the solid state is achieved.[5]


The sequence is initiated by a redox process that, in the
presence of oxygen, leads from neutral bis-benzene chromium
to the paramagnetic cation [(h6-C6H6)2Cr]� (or from neutral
cobaltocene to the diamagnetic cation [(h5-C5H5)2Co]�) with
consequent formation of the strongly basic species O2


ÿ, which
then deprotonates the acid. The hydrogen squarate mono-
anion or squarate dianion are formed according to the
stoichiometric ratio. The characteristics of the aggregates
depend on the choice of medium. If an anhydrous material is
sought the reaction ought to be carried out in THF and the
insoluble ionic precipitate needs to be recrystallised from
anhydrous nitromethane (as in the case of 1). If water is used,
the insoluble neutral organometallic sandwich compound
utilised as starting material is carried in solution in its oxidised
form (as in the cases of 3 and 4) and hydrated crystals are
formed on evaporating the solvent.


On the basis of the similarity in shape and redox properties
of [(h6-C6H6)2Cr] and [(h5-C5H5)2Co]� , we have successfully
planned the construction of the anhydrous species 1 which is
almost isomorphous and isostructural with the previously
characterised species [(h5-C5H5)2Co][HSQA], but contains
the paramagnetic cation [(h6-C6H6)2Cr]� . In view of the
paramagnetism of the cation and of the features of the ion
organisation, compound 1 has been subjected to magnetic
measurements revealing a one-dimensional character with
significant antiferromagnetic interactions, which are probably
associated with the electronic interaction between the
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[HSQA]ÿ anion and the p-stacked cation [(h6-C6H6)2Cr]� .
The squarate monoanion has, therefore, the double function
of providing the structural framework and that of transmitting
the magnetic interaction between the paramagnetic cations.
This conclusion is supported by the reflectance measurements
on crystalline 1 that show the presence of a charge-transfer
transition through the [(h6-C6H6)2Cr]�/[HSQA]ÿ p-stacking
interactions.


Compounds 3 and 4, on the other hand, represent the only
other examples of isomorphous organometallic salts of the
squarate dianions. Their crystalline structures are reminiscent
of that of the hydroxide [(h6-C6H6)2Cr][OH] ´ 3 H2O and
consist of stacking sequences of layers of hydrated anions
and cations. In all these crystals OÿH ´´´ O hydrogen bonds
are confined within the anionic layers, while the inter-layer
interactions are based on charge-assisted CÿH ´´´ O bonds
between cyclopentadienyl and benzene CÿH systems belong-
ing to the cations, and the oxygen atoms in the anionic layers.


The utilisation of noncovalent bonding is the paradigm of
supramolecular chemistry,[26] while periodicity and symmetry
are the paradigms of the crystalline state, hence molecular
crystal engineering can be regarded as the way to obtain
periodical (solid) supermolecules. The collective properties of
such solid supermolecules, though different from those of the
components, result from the way the components (ionic or
molecular building blocks) interact among themselves. Or-
ganometallic building blocks permit the inclusion in the
design strategy of the topological, redox, and spin properties
of transition metal atoms (a rather large portion of the
Periodic Table!) and promise interesting discoveries in
materials chemistry. The more we learn on the deliberate
design, preparation and characterisation of crystalline mate-
rials, and on the resulting physical and chemical properties,
the closer we get to grasping the basic factors that control
recognition, aggregation and nucleation of crystalline solids.


Experimental Section


3,4-Dihydroxycyclobut-3-ene-1,2-dione was purchased from Aldrich, [(h6-
C6H6)2Cr] and [(h5-(C5H5)2Co] were purchased from Strem.


Synthesis of [(h6-C6H6)2Cr][HSQA] (1): [(h6-C6H6)2Cr] (58.0 mg,
0.279 mmol) was added to a well-stirred suspension of squaric acid
(32.4 mg, 0.279 mmol) in anhydrous THF (20 mL) at 35 8C. An orange
precipitate formed immediately. The precipitate was filtered and then dried
under vacuum. Crystals suitable for single-crystal X-ray diffraction were
obtained by dissolving part of the powder in nitromethane and allowing
slow evaporation of the solvent in a watch glass at room temperature. Both
single crystals and crystalline powder were stored under Ar at low
temperature, because traces of impurities, not detectable with powder
diffraction, were found to catalyse the decomposition of compound 1.


Synthesis of [(h6-C6H6)2Cr]2[SQA] ´ 6 H2O (3): [(h6-C6H6)2Cr] (42.2 mg,
0.203 mmol) was suspended in doubly distilled (20 mL) water at room
temperature in air and stirred until a clear, bright yellow solution of [(h6-
C6H6)2Cr]� was obtained. Squaric acid (11.6 mg, 0.102 mmol) was added to
the solution. The solution was dried in rotary evaporator and the resulting
orange powder was recrystallised from nitromethane at room temperature.
Red/orange crystals suitable for single-crystal X-ray diffraction were
obtained and kept under inert gas atmosphere.


Synthesis of [(h5-C5H5)2Co]2[SQA] ´ 6H2O (4): [(h5-C5H5)2Co] (100 mg,
0.53 mmol) was suspended in doubly distilled water (20 mL) and stirred at
room temperature in air until a clear, bright yellow solution of [(h5-


C5H5)2Co]�[OH]ÿ (pH of the solution >10) was obtained. Squaric acid
(30.2 mg, 0.265 mmol) was added to the solution of cobaltocenium
hydroxide. The solution (ca. pH 5) was dried in rotary evaporator and
the powder was recrystallised from nitromethane at room temperature.
Hygroscopic and low-melting orange crystals were obtained.


Crystallography : Crystal data for 2 were previously deposited with the CSD
and will not be reported again.[12] Crystal data for species 1, 3 and 4 and
details of measurements are reported in Table 4. Common to all
compounds: MoKa radiation, l� 0.71069 �, monochromator graphite,
psi-scan absorption correction. All non-hydrogen atoms were refined


anisotropically. (O)H atoms were directly located from Fourier maps and
not refined. H atoms bound to C atoms were added in calculated positions.
The computer program SHELX-97[27a] was used for structure solution and
refinement. The computer program SCHAKAL-97[27b] was used for all
graphical representations. In order to evaluate the CÿH ´´´ O bonds, the
CÿH bond lengths were normalised to the neutron derived value of 1.08 �
and the program PLATON was used.[27c] In spite of the similarities between
the primitive unit cells of 1 and 2 initial attempts to treat structure 1 in
space group P21 failed to give satisfactory refinement; this resulted, in
particular, in the presence of several short H ´´´ H contact distances
between neighbouring cations. Reconsideration of the structural model
showed that the bis-benzene chromium cations adopted a slightly different
distribution over the hydrogen squarate chains. Refinement in space group
C2/m gave satisfactory results and no unreasonable H ´´´ H contacts. Hence,
crystals of compounds 1 and 2 are quasi-isomorphous. In contrast,
compounds 3 and 4 are isomorphous and crystallise in space group Pbca.
Data for 4 were of sufficient quality to allow location of all oxygen-bound
hydrogen atoms, hence permitting a complete description of the hydrogen-
bond network (see above). H atoms were kept in observed positions and
were not refined, all other H atoms were added in calculated positions and
allowed to ride on the corresponding C atom. Some rotational disorder was
observed for the benzene and cyclopentadienyl rings in 3 and 4 (occupancy
ratios 6:4 and 7:3, respectively) In all cases, correspondence between the
structures determined by single-crystal X-ray diffraction and that of the
bulk materials precipitated from solution was confirmed by comparing the
experimental powder diffractograms obtained from the bulk material with
those calculated on the basis of the single-crystal structures. Crystallo-
graphic data (excluding structure factors) for the structures reported in this
paper have been deposited with the Cambridge Crystallographic Data
Centre as supplementary publication nos. CCDC-132876, CCDC-132877
and CCDC-132878. Copies of the data can be obtained free of charge on


Table 4. Crystal data and details of measurements for compounds 1, 3 and
4.


1 3 4


formula C16H13CrO4 C28H36Cr2O10 C24H32Co2O10


Mw 321.26 636.57 598.36
T [K] 150(2) 223(2) 193(2)
crystal system monoclinic orthorhombic orthorhombic
space group C2/m Pbca Pbca
a [�] 11.47(1) 7.490(6) 7.403(4)
b [�] 9.95(1) 16.75(1) 16.089(3)
c [�] 11.139(5) 22.46(2) 22.19(1)
a [8] 90 90 90
b [8] 91.06(6) 90 90
g [8] 90 90 90
V [�3] 1271(2) 2818(4) 2643(2)
Z 4 4 4
F(000) 660 1328 1240
max/min transmission 1.00/0.47 1.00/0.75 1.00/0.68
m(MoKa) [mmÿ1] 0.913 0.828 1.308
measured reflections 1469 2849 2598
unique reflections 1343 2475 2250
parameters 98 169 142
GOF on F 2 1.071 1.040 0.692
R1 [I> 2s(I)] 0.0884 0.0780 0.0338
wR2 (on F 2,all data) 0.2698 0.2355 0.1445
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application to CCDC, 12 Union Road, Cambridge CB2 1EZ, UK (fax:
(�44) 1223-336-033; e-mail : deposit@ccdc.cam.ac.uk).


Reflectance measurements : The reflectance spectra were measured with a
Perkin ± Elmer (Lambda 9) UV/VIS/NIR, equipped with an integrating
sphere. MgSO4 was used as matrix for dilution of the compound.


Magnetic measurements : The temperature dependence of the magnetic
susceptibility of microcrystalline powders 1, 2, and 3 was measured with a
Metronique Ing. MS02 SQUID magnetometer. Data was corrected for the
sample holder and the diamagnetism by using Pascal�s constants. Due to
the air sensitivity of 1, the data were found to be affected by a partial
oxidation of the sample. The magnetism of the green oxidation product of 1
was also investigated.
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A Novel Series of Copolymers Containing 2,5-Dicyano-1,4-phenylene-
vinyleneÐSynthetic Tuning of the HOMO and LUMO Energy Levels of
Conjugated Polymers


Yang Xiao, Wang-Lin Yu, Soo-Jin Chua, and Wei Huang*[a]


Abstract: A series of copolymers of 2,5-dicyano-1,4-phenylenevinylene and 2-me-
thoxy-5-(2'-ethylhexyloxy)-1,4-phenylenevinylene were synthesized by Wittig reac-
tion. The HOMO and LUMO energy levels of copolymers can be easily tuned by
controlling the feed ratio of co-monomers.


Keywords: cyclic voltammetry ´
polymers ´ redox ´ synthetic
methods ´ Wittig reactions


Introduction


Conjugated polymers for polymer light-emitting diodes
(PLEDs) have been extensively studied recently due to their
potential for practical applications.[1] It is known that balanced
charge injection from both electrodes, and the comparable
mobility of both types of charge carriers within the polymer
are crucial for high device efficiencies.[2] Higher efficiencies
can be achieved when the rate of electron injection matches
the rate of hole injection.[3] Typically, for poly(para-phenyl-
enevinylene) (PPV), and poly(thiophene), as well as their
respective derivatives, electron injection is more difficult than
hole injection,[4] which means the energy barrier for electron
injection from the cathode is normally larger than that for
hole injection from the anode. A couple of strategies have
been established to balance the injection of the two types of
electrical charges. One of the approaches uses low work
function metals (such as calcium) as the cathode material.[5]


However, such devices have to be hermetically encapsulated,
since low work function metals are very sensitive to air and
moisture. Alternatively, an electron-transporting layer can be
inserted between the emissive layer and the cathode.[6, 7] From
the viewpoint of commercialization, such a process is not
economical. In addition, another approach has been devel-
oped by increasing the electron affinity of polymers to
decrease the energy barrier for electron injection.[2, 8] A more
attractive way for chemists and materials scientists to achieve
high efficiency in PLEDs is by developing new conjugated
polymers, with intrinsically balanced injection ability of
electrons and holes from stable electrodes. To succeed, it is


necessary to find an effective synthetic methodology to adjust
the highest occupied molecular orbital (HOMO) and the
lowest unoccupied molecular orbital (LUMO) of conjugated
polymers.


Herein, we report a new synthetic strategy capable of
tuning the redox behavior of conjugated polymers so as to
match the energy barriers of electron injection from the metal
electrode, such as Al, into the LUMO of polymers, and hole
injection from the ITO electrode into HOMO of polymers.
This is achieved by copolymerization of an electron-deficient,
or n-dope type unit, of 2,5-dicyano-1,4-phenylenevinylene
(DCN-PV) with an electron-rich, or p-dope type unit, of
2-methoxy-5-(2'-ethylhexyloxy)-1,4-phenylenevinylene
(MEH-PV)[9] by varying the feed ratio of three comonomers
by a Wittig reaction. DCN-PV was chosen as the n-dope type
segment because of the high electron affinity of the cyano
group. CN-PPV (cyano groups attached to the vinylene bonds
of PPV derivatives) has exhibited high electron affinity and
excellent electron-transport properties.[3] Double layer devi-
ces fabricated with CN-PPV as the electron-transport layer
and PPV as the hole-transport layer exhibited high internal
quantum efficiency (4 %) using ITO as the anode, and
aluminum as the cathode.[4] A theoretical investigation has
shown that the LUMO of the pentamer of DCN-PV is
ÿ1.17 eV, which is lower than that of the pentamer of CN-
PPV by ÿ0.55 eV.[10] . Thus, DCN-PV is supposed to have
stronger electron affinity than CN-PPV. It is most likely that
by copolymerizing these two types of monomers at different
feed ratios, one should be able to adjust the HOMO and
LUMO energy levels of copolymers and thereby to approach
the target.


Results and Discussion


Compound A (Scheme 1) was obtained by bromomethylation
of 1-methoxy-4-(2'-ethylhexyloxy)benzene with paraform-
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aldehyde and hydrogen bromide. It was allowed to react with
sodium acetate in a solution of glacial acetic acid and acetic
anhydride to give 2-methoxy-5-(2'-ethylhexyloxy)-1,4-bis-
acetoxymethylbenzene. This was hydrolyzed in a solution of
sodium hydroxide in ethanol, followed by oxidation with
pyridinium chlorochromate (PCC) in dichloromethane to give
monomer 1 (M1). Then compound A was allowed to react
with triphenylphosphane in N,N-dimethylformamide (DMF)
to give monomer 2 (M2). Compound B was obtained by the
reaction of 2,5-dibromo-1,4-xylene with CuCN in DMF,[11]


followed by bromination with N-bromosuccinimide (NBS)
in carbon tetrachloride to give pale yellow crystals. Monomer
3 (M3) was obtained by the reaction of compound B with
triphenylphosphane in DMF. The copolymerization was
performed by adding an excess of sodium ethoxide solution
in ethanol into the mixture of M1, M2, and M3 in specific
proportions,[12] in a mixed-solvent system of dry ethanol and
dry chloroform, at room temperature for 24 h. The reaction
mixture was poured into methanol, and the crude product was
precipitated and collected by filtration. The polymer was
redissolved in chloroform and precipitated in methanol. After
filtration, the final dark reddish copolymer was dried under
reduced pressure at room temperature.


The FT-IR spectra of the copolymers (Figure 1) indicate the
existence of DCN-PV through an absorption at 2228 cmÿ1


corresponding to the C�N stretching mode[13] . The absorption
peak increases as the DCN-PV content increases. The


Figure 1. FT-IR spectra of copolymers.


DCN-PV content in the copolymers can be controlled by
varying the feed ratio of M1 to M3. Because the aldehyde-
ending monomer links to the phosphoranylidene-ending
monomer in the Wittig reaction, a DCN-PV unit must be
inserted separately into the backbone of the copolymers. A
series of copolymers with MEH-PV:DCN-PV ratios from 5:1
to 1:1 (molar ratio in the final polymers) were obtained in our
experiments in yields of 60 ± 86 %. The average molecular
weights (Mw), measured by gel permeation chromatography


Scheme 1. The reaction pathways and conditions: i) a. CuCN, DMF, reflux, b. NBS, CCl4, reflux; ii) PPh3, DMF; iii) (CH2O)n, HBr; iv) PPh3, DMF;
v) NaOAc; vi) NaOH, EtOH; vii) PCC, CH2Cl2; and viii) EtONa, EtOH, CHCl3.
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(GPC), were in the range of 13 000 to 19 000, with polydisper-
sity indexes ranging from 1.4 to 3.6 (measured against
polystyrene standards using THF as eluent). Some properties
of the copolymers are summarized in Table 1. The elemental
analyses indicated that the DCN-PV contents in the final
polymers were almost the same as the feed ratios, which
means the average segment lengths of MEH-PV are 5 to 1
units, corresponding to the polymers from M-DCN-51 to
M-DCN-11.


The UV/Vis absorption spectra and photoluminescence
(PL) spectra of the copolymers as thin films were measured.
The films were spin-cast onto glass substrates from chloro-
form solutions. The absorption spectra of the copolymer films
are blue-shifted compared to that of MEH-PPV (lmax of
MEH-PPV: 524 nm, lmax of the copolymers: 460 ± 480 nm).
The PL spectra of the copolymer films were red-shifted to
640 ± 610 nm compared to 590 nm for MEH-PPV. The larger
energy difference between the absorption and the corre-
sponding PL bands, compared to that of MEH-PPV, is
attributable to the formation of excimers in the films, due to
the introduction of the electron-deficient DCN-PV groups
into the polymer chain. This is in good agreement with the
result for CN-PPV.[14]


The redox behavior of the copolymers (as films on a 1.0 cm2


square Pt electrode) was studied by cyclic voltammetry with a
three-electrode cell in a solution of Bu4NBF4 (0.10m) in
CH3CN, using a Pt wire as the counter electrode and Ag/
AgNO3 (0.10m) as the reference electrode. The scans towards
the anodic and cathodic directions were performed separately
at a scan rate of 20 mVsÿ1 at room temperature.


All of the copolymers exhibit reversible oxidation processes
when scanned anodically. The oxidation potential increases as
a function of the percentage composition of DCN-PV in the
copolymers. The peak position for the polymers increases
from 0.74 V (vs. SCE) for MEH-PPV to 0.91 V (vs. SCE) for
M-DCN-31, and further to 1.4 V (vs. SCE) for M-DCN-11
(Figure 2). The onset of the oxidation processes also moves
towards higher potentials, from 0.3 V (vs. SCE) for MEH-
PPV to 0.6 V (vs. SCE) for M-DCN-31, and to 1.1 V (vs. SCE)
for M-DCN-11, as the DCN-PV content increases.


The situation was even more interesting when the copoly-
mers were scanned cathodically: All of the copolymers
showed reversible reduction processes, but varied in terms
of the peak positions according to the DCN-PV content
(Figure 3). MEH-PPV has only one reduction peak potential
at ÿ1.83 V (vs. SCE), while the copolymers exhibit three
reduction potential peaks at ÿ1.51, ÿ1.67, and ÿ1.83 V (vs.
SCE), respectively. The dominating processes shift negatively
to lower potentials when the DCN-PV content increases


Figure 2. Cyclic voltammograms of p-dope processes of polymers.


Figure 3. Cyclic voltammograms of n-dope processes of polymers.


(Figure 3). Notably, the onset of the first reduction process of
M-DCN-11 was at ÿ0.93 V (vs. SCE), shifted by 0.80 V
compared to that of MEH-PPV. This value is more negative
than that of CN-PPV which is well known as an electron-
transport material, with the onset of reduction 0.4 V lower
than that of MEH-PPV.[15] Evidently, the polymer changes


Table 1. Elemental and GPC analyses of copolymers.


Polymer Feed ratio DCN-PV Elemental analysis Mw Polydispersity
M1:M2:M3 mol % C % H % N % (�104)


(found) calcd calcd calcd
(found) (found) (found)


M-DCN-51 3:2:1 19 78.51 (77.41) 8.54 (8.64) 1.93 (2.19) 1.3 1.6
M-DCN-31 2:1:1 28 78.54 (76.66) 8.15 (8.51) 3.00 (3.43) 1.9 3.6
M-DCN-21 3:1:2 33 78.57 (77.45) 7.74 (7.94) 4.17 (4.13) 1.6 3.4
M-DCN-11 1:0:1 50 78.64 (77.48) 6.80 (6.80) 6.80 (6.87) 1.6 1.9
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from a typical hole-transport material to a typical electron-
injection material after the DCN-PV content reaches a certain
level following incorporation of DCN-PV into the backbone
of MEH-PPV.


The HOMO and LUMO energy levels of the copolymers
can be calculated from the onsets of the oxidation and
reduction processes.[15] The HOMO and LUMO energy
levels of the copolymers can be easily adjusted in the range
of 0.7 to 0.8 V by varying the feed ratio of M1 against M3
(Table 2).


Conclusions


In summary, a series of copolymers containing 2,5-dicyano-
1,4-phenylenevinylene and 2-methoxy-5-(2'-ethylhexyloxy)-
1,4-phenylenevinylene have been obtained by Wittig reaction.
The HOMO and LUMO energy levels of the copolymers can
be easily tuned in the range of 0.7 to 0.8 Vand the polymer can
be changed from a typical hole-transport material to a typical


electron-transport material by varying the feed ratio of
monomers. This methodology opens a novel way to the
design and synthesis of light-emitting polymers with desired
properties by controlling the feed ratio of selected monomers.
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Table 2. Estimated HOMO and LUMO values of copolymers.


Polymer [Eonset]ox [Eonset]red HOMO LUMO Band gap
V (vs. SCE) V (vs. SCE) [eV]
[eV] [eV]


MEH-PPV 0.40 ÿ 1.70 4.80 2.70 2.10
M-DCN-51 0.55 ÿ 1.28 4.95 3.12 1.83
M-DCN-31 0.59 ÿ 1.26 4.99 3.14 1.85
M-DCN-21 0.60 ÿ 1.22 5.00 3.18 1.82
M-DCN-11 1.10 ÿ 0.82 5.50 3.58 1.92








Catalysis of Acyl Group Transfer by a Double-Displacement Mechanism:
The Cleavage of Aryl Esters Catalyzed by Calixcrown ± Ba2� Complexes


Laura Baldini,[a] Cecilia Bracchini,[b] Roberta Cacciapaglia,*[b] Alessandro Casnati,*[a]


Luigi Mandolini,[b] and Rocco Ungaro[a]


Abstract: The scope of the barium salt
of p-tert-butylcalix[4]arene-crown-5 as a
transacylation catalyst has been defined
by evaluating its efficiency in the meth-
anolysis of a series of aryl acetates at
25.0 8C in MeCN/MeOH 9:1 (v/v) under
slightly basic conditions. In this system a
phenolic hydroxyl is the acyl-receiving
and -releasing unit in a double-displace-
ment mechanism. The complexed bari-
um ion acts both as a nucleophile carrier
and a built-in Lewis acid in providing
electrophilic assistance to the ester car-
bonyl both in the acylation and deacy-
lation step (nucleophilic ± electrophilic
catalysis). Turnover capability is ensured
by the acylated intermediate reacting
with the solvent more rapidly than the
original ester, but a serious drawback


derives from the incursion of back-
acylation of the liberated phenol. A
gradual shift from rate-determining de-
acylation (p-nitrophenyl acetate) to
rate-determining acylation (phenyl ace-
tate) is observed along the investigated
series. It is shown that the scope of the
catalyst is restricted to acetate esters
whose reactivity lies in the range ap-
proximately defined by the phenyl ace-
tate ± p-nitrophenyl acetate pair, with a
maximum efficiency for p-chlorophenyl
acetate. Moreover, the catalyst effec-
tively promotes ester interchange be-


tween phenols, showing that its activity
is not limited to solvolysis reactions. The
very high sensitivity of the rate of
acylation of the catalyst to leaving group
basicity has been interpreted as due to
rate-determining decomposition of the
tetrahedral intermediate, which is be-
lieved to arise from the presumably low
basicity of the metal ion stabilized
nucleophile. The turnover frequency
was in the range of 3.8� 10ÿ4 minÿ1 for
phenyl acetate to 7.4� 10ÿ3 minÿ1 for
p-nitrophenyl acetate ([ArOAc]0�
4.0 mm]). A first attempt to enhance
the rate of acylation of the catalyst
through intramolecular general acid cat-
alysis is also described.


Keywords: acid ± base catalysis ´
acyl transfer ´ barium ´ calixarenes
´ nucleophilic catalysis


Introduction


Many enzymic transacylation processes, such as those cata-
lyzed by the serine and cysteine proteases,[1] proceed via a
double-displacement mechanism (nucleophilic catalysis),
where a first step consisting of the formation of an acylated
enzyme intermediate is followed by a subsequent transfer of
the acyl group to a receiving nucleophile.


Notable examples of nucleophilic catalysis in non-enzymic
systems are provided, inter alia, by the imidazole-catalyzed


hydrolysis of aryl esters[2] and the acylation of alcohols by
activated carboxylic acid derivatives catalyzed by pyridines.[3]


Additional examples are provided by a number of synthetic
transacylation catalysts (artificial esterases) designed in such a
way that an OH/SH group[4±6] covalently linked to the catalyst
backbone is deputed to act as acyl-receiving and -releasing
unit.


A major problem inherent in studies of artificial esterases
designed to proceed via a nucleophilic catalysis mechanism is
that the acylated intermediate must react with the receiving
nucleophile more rapidly than the original ester. This is not
always the case, as shown by the fact that many investigated
systems show little or no turnover capability. Another
important problem is related to the partition of the tetrahe-
dral intermediate between reactant and product [Equa-
tion (1), see below], that is ruled by the relative leaving
abilities of Nuÿ and R'Oÿ.[2] The very poor leaving group
ability of the strongly basic alkoxides explains why nucleo-
philic catalysis is rarely encountered with alkyl esters, whereas
it is much more common with aryl esters.[7] This concept
provides a useful basis for understanding the etiology of the
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widespread p-nitrophenyl ester syndrome[8] in studies of a-
chymotrypsin models and other synthetic catalysts of ester
cleavage.


(1)


Our preliminary study[5b] of the barium salt of p-tert-
butylcalix[4]arene-crown-5, 3 ´ [Ba], as turnover catalyst of
ester cleavage is no exception. Its catalytic properties were
evaluated using p-nitrophenyl acetate (pNPOAc) as a con-
venient substrate. In the present work we define the scope of
our catalyst by evaluating the influence of changes in the
basicity of the aryloxide leaving group on the catalytic
efficiency. We also establish that 3 ´ [Ba] effectively catalyzes
acyl transfer between different phenols. Finally, we have
synthesized calixcrown 6, possessing two diethylaminomethyl
side arms at the polyether bridge, and investigated the
catalytic activity of its barium salt 8 ´ [Ba] with the idea that


the monoprotonated form 8H� ´ [Ba] could possibly exhibit
enhanced acylation rates due to general acid assistance to the
departure of the aryloxide leaving group. Compared with the


barium complex of 3, the protonated form of the barium
complex of 8 represents an extension from bifunctional
nucleophilic ± electrophilic catalysis to trifunctional nucleo-
philic ± electrophilic general acid catalysis.


Results


The kinetics of methanolysis of a series of aryl acetates
including pNPOAc, m-nitrophenyl acetate (mNPOAc), p-
chlorophenyl acetate (pCPOAc), and phenyl acetate (POAc)
were investigated at 25.0 8C in MeCN/MeOH 9:1 (v/v)
containing a 40 mm diisopropylethylamine/perchlorate salt
buffer in a [B]/[BH�] ratio of 3:1. Initial concentrations of the
ester substrates were as follows: 3.0 mm pNPOAc, 6.1 mm
mNPOAc, 0.10m pCPOAc, 0.20m POAc. Rate measurements
were carried out in the presence of buffer alone (background
reactions) and of buffer plus 0.39 mm catalyst. The latter was
generated in situ from equimolar amounts of 1 and Ba(ClO4)2.
Whereas 1 remains in its un-ionized form in the given buffer
solution, in the presence of 1 mol equivalents of barium salt
calixcrown 1 is quantitatively converted into a mixture of
barium complexes 2 and 3, the latter being most likely the


active form of the catalyst.[5b] Since the present conditions
differ slightly from those of the previous report,[5b] a new set of
rate measurements was carried out with pNPOAc. For the
sake of convenience, these measurements will be described
first. Finally, the activity of the extended catalyst generated in
situ from equimolar amounts of 6 and Ba(ClO4)2 was
evaluated under the same experimental conditions with
pNPOAc and POAc as substrates.


Abstract in Italian: Si sono definite le potenzialitaÁ del sale di
bario del p-terz-butilcalix[4]arene-corona-5 quale catalizzato-
re di processi di transacilazione valutandone l�efficienza nella
metanolisi di una serie di acetati arilici a 25.0 8C in MeCN/
MeOH 9:1 (v/v), in ambiente debolmente alcalino. In questo
sistema l�unitaÁ in grado di ricevere e rilasciare l�acile, secondo
un meccanismo di doppia sostituzione, eÁ un ossidrile fenolico.
Lo ione bario complessato agisce sia da trasportatore di
nucleofilo che da acido di Lewis in grado di fornire un�assi-
stenza di tipo elettrofilo al carbonile estereo sia nella fase di
acilazione che di deacilazione (catalisi nucleofila ± elettrofila).
La capacitaÁ di dare ªturnoverº eÁ assicurata dal fatto che
l'intermedio acilato reagisce con il solvente piuÁ velocemente di
quanto non faccia l�estere di partenza. Dalla elevata reattivitaÁ
dell�intermedio acilato deriva comunque anche un contropro-
ducente fenomeno di retro-acilazione del fenolo prodotto.
Nell�ambito della serie degli esteri presi in considerazione, si ha
un passaggio graduale da una situazione in cui lo stadio lento eÁ
la deacilazione (acetato di p-nitrofenile) ad una situazione in
cui lo stadio lento eÁ la acilazione (acetato di fenile). Si eÁ inoltre
stabilito che l'attivitaÁ del nostro catalizzatore eÁ limitata alla
scissione di esteri la cui reattivitaÁ eÁ approssimativamente
compresa nell�intervallo definito dalla coppia acetato di
fenile ± acetato di p-nitrofenile, con un massimo di efficienza
in corrispondenza dell'acetato di p-clorofenile. Il sale di bario
del p-terz-butilcalix[4]arene-corona-5 catalizza inoltre effi-
cientemente anche lo scambio di acile tra fenoli, dimostrando
in tal modo che il suo campo di azione non eÁ limitato ai soli
processi di solvolisi. L�elevata sensibilitaÁ della velocitaÁ di
acilazione del catalizzatore alla basicitaÁ del gruppo uscente eÁ
stata attribuita ad una decomposizione lenta dell'intermedio
tetraedrico. CioÁ si ritiene derivi dalla interazione stabilizzante
del fenossido con lo ione metallico nella forma attiva del
catalizzatore e dalla conseguente ridotta basicitaÁ del nucleofilo.
Si descrive inoltre un primo tentativo di promuovere l�acila-
zione del catalizzatore mediante catalisi acida generale intra-
molecolare.
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pNPOAc : The spectrophotometrically determined liberation
of p-nitrophenol (pNPOH) from pNPOAc in the absence and
presence of metal catalyst is shown in Figure 1. The kinetic
picture can be summarized as follows:
ii) slow background methanolysis (curve a), with an initial


rate v0� 2.4� 10ÿ7mminÿ1, corresponding to a rate con-
stant kbg� 8.0� 10ÿ5 minÿ1 (t1/2� 6.0 d);


ii) biphasic kinetics for the catalyzed process (curve b),
characterized by an initial ªburstº of pNPOH release,
followed by a slower linear phase.


Figure 1. Methanolysis of 3mm pNPOAc. Liberation of pNPOH (UV/Vis)
in the presence of buffer alone (curve a) and of buffer plus 0.39 mm 1 and
0.39 mm Ba(ClO4)2 (curve b, the points are experimental data corrected for
background, and the full line is calculated from Equation (2) with k'1�
0.15 minÿ1 and k2� 7.0� 10ÿ3 minÿ1). Curve c is a plot of [catAc] (HPLC)
obtained under identical experimental conditions. The full line is calculated
from Equation (4) with k'1 � 0.16 minÿ1 and k2� 7.7� 10ÿ3 minÿ1.


This behavior is in agreement with a double-displacement
mechanism[9] (Scheme 1 with kÿ1� 0, and Equations (2) and
(3), with k'1� k1[ArOAc] and t� (k'1�k2)ÿ1) in which fast
acylation of the catalyst (cat) is followed by slower deacyla-
tion of the acetylated form (catAc). The solid line is the best
fit of data points to Equation (2), with k'1� 0.15 minÿ1 and


Scheme 1. Double-displacement mechanism.


k2� 7.0� 10ÿ3 minÿ1. Equation (2) is the sum of an exponen-
tial (pre-steady state) phase with a first order rate constant tÿ1


and a linear (steady state) phase obtained when the expo-
nential term dies out and Equation (2) reduces to the form of
Equation (3). The intercept [cat]0(tk '


1�2 of the linear portion


[ArOH] � [cat]0 tk '
1{tk '


1[1ÿ exp(ÿ t/t)]�k2t} (2)


[ArOH] � [cat]0 (tk '
1�2�[cat]0tk '


1k2t (3)


defines the ªburstº p of ArOH liberation. With pNPOAc we
obtain p� 0.35 mm, corresponding to 90 % of [cat]0. The slope
of the linear phase [cat]0tk '


1k2 is 2.6� 10ÿ6mminÿ1, ten times
larger than background. The turnover frequency of the
catalyst, computed as the quotient of the slope of the linear
phase and [cat]0 is 6.7� 10ÿ3 minÿ1, which means that the
catalyst turns over about ten times per day. An independently
prepared sample of the monoacetylated derivative 4 was
found to undergo methanolysis in the same buffer solution
and in the presence of equimolar amounts of Ba(ClO4)2


[10]


(Figure 2) with a first-order rate constant of 7.7� 10ÿ3 minÿ1,
in good agreement with the value estimated from the two
parameter treatment of the catalytic experiment.


Figure 2. Methanolysis of 0.39 mm 4 in the presence of buffer plus 1 molar
equivalent of Ba(ClO4)2 as monitored by UV/Vis spectrophotometry. The
full line is a plot of the first-order equation (k� 7.7� 10ÿ3 minÿ1).


A definite proof of the intermediacy of the monoacetylated
form of the catalyst was obtained from HPLC analysis of acid-
quenched samples of the reaction mixture in a catalytic
experiment identical to that corresponding to curve b of
Figure 1. Fully consistent with Equations (4) and (5), curve c
in Figure 1 shows that 4 builds up until a steady concentration


[catAc] � [cat]0 tk '
1[1ÿ exp(ÿ t/t)] (4)


[catAc]ss � [cat]0tk '
1 (5)


([catAc]ss) is reached, corresponding to 95 % of [cat]0.
Treatment of data points with Equation (4) gave k'1�
0.16 minÿ1 and k2� 7.7� 10ÿ3 minÿ1 as best fit values, in
excellent agreement with the values obtained from the
independent experiments described above. Thus, the initial
ªburstº of pNPOH release strictly corresponds to the build-up
of the acetylated intermediate, whereas the linear phase
corresponds to an exact balance between formation and
destruction of the same intermediate.
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mNPOAc, pCPOAc, and POAc : Initial rates of background
methanolysis of these compounds, suitably measured by a
HPLC technique, were translated into the first order rate
constants kbg listed in Table 1.


The results of two identical catalytic experiments carried
out with mNPOAc are graphically shown in Figure 3. Here
again, the spectrophotometrically monitored liberation of m-
nitrophenol (mNPOH) (curve a) shows an initial ªburstº
followed by a slower, apparently linear phase. The ªburstº
phase coincides with the accumulation of 4 (curve b) whose
concentration, after reaching a maximum, unexpectedly
decreases somewhat on increasing reaction time. Similar
bell-shaped profiles were obtained from catalytic experiments
with pCPOAc (Figure 4) and POAc (Figure 5).[11]


In order to explain the above findings, the hypothesis was
made that back-acylation of the liberated phenol by catAc
(Scheme 1, step kÿ1) can become significant in the time course
of reaction on increasing the phenol concentration. Back-
reaction of the liberated phenol with reactive acylated
intermediates, such as that formed in the 4-methylpyridine
catalyzed hydrolysis of aryl acetates, is a well precedented
phenomenon.[12] A confirmation of the validity of the above


Figure 3. Methanolysis of 6.1 mm mNPOAc in the presence of 0.39 mm 1
and 0.39 mm Ba(ClO4)2. Plots of [mNPOH] (curve a, UV/Vis, corrected for
background) and [catAc] (curve b, HPLC) versus time.


Figure 4. [catAc] (HPLC) versus time in the methanolysis of 0.1m
pCPOAc carried out in the presence of 0.39 mm 1 and 0.39 mm Ba(ClO4)2.


Figure 5. [catAc] (HPLC) versus time in the methanolysis of 0.2m POAc
carried out in the presence of 0.39 mm 1 and 0.39 mm Ba(ClO4)2.


hypothesis was obtained from a set of experiments in which
the adverse mass-law effect of the liberated phenol was
magnified by the addition of the phenol product in a 25-fold
molar excess with respect to [cat]0, which implies that the
phenol concentration remained essentially constant for a
reasonably low number of catalytic turnovers. The results of
these experiments are graphically shown in Figure 6, where it


Figure 6. Accumulation of the acetylated intermediate catAc in the
methanolyses of mNPOAc (*), pCPOAc (~), and POAc (&), carried out
in the presence of 0.39 mm 1, 0.39 mm Ba(ClO4)2, and 10 mm of the
corresponding phenol ArOH. The lines are calculated from Equation (7)
with k2� 7.7� 10ÿ3 minÿ1 and the pertinent best fit values of k1 and kÿ1 (see
text).


Table 1. Methanolysis of aryl acetates catalyzed by 3 ´ [Ba] in MeCN/
MeOH 9:1 (v/v) containing diisopropylethylamine perchlorate salt buffer,
at 25 8C.[a]


POAc pCPOAc mNPOAc pNPOAc


kbg/minÿ1 [b] 3.3� 10ÿ6 5.4� 10ÿ6 4.0� 10ÿ5 8.0� 10ÿ5


(1) (1.6) (12) (24)
k1/mÿ1 minÿ1 [b] 0.10[c] 0.70 8.0 50[d]


(1) (7.0) (80) (500)
pKa (XPOH)[e] 9.95 9.38 8.35 7.14
vcat/vbg


[f, g] 9.3 15 38 11
vcat/vbg


[f, h] 0.96 1.9 11 7.9
Turnover frequency[i, g]/minÿ1 3.8� 10ÿ4 2.0� 10ÿ3 6.2� 10ÿ3 7.4� 10ÿ3


Turnover frequency[i, h]/minÿ1 2.6� 10ÿ3 6.0� 10ÿ3 7.6� 10ÿ3 7.7� 10ÿ3


[a] k2� 7.7� 10ÿ3 minÿ1 for deacylation of 4 in the presence of buffer plus
1 mol equivalent of Ba(ClO4)2. [b] Data in parentheses are relative values.
[c] k1� 5.0� 10ÿ2mÿ1 minÿ1 in the acylation of 0.40 mm 8 ´ [Ba]. [d] k1�
5.5mÿ1 minÿ1 in the acylation of 0.40 mm 8 ´ [Ba]. [e] In H2O at 25 8C (data
from ref. [2]). [f] Calculated from Equation (10), with [cat]0� 0.40 mm.
[g] [ArOAc]0� 4.0 mm. [h] [ArOAc]0� 40mm. [i] Calculated as tk '


1k2 .
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is seen that in all cases a stationary concentration of catAc is
obtained after an initial transient phase. The conversion of cat
into catAc at steady state is 14 %, 32 %, and 30 % in the
reactions of mNPOAc, pCPOAc, and POAc, respectively.
Consistent with expectations, these values are clearly much
lower than the maximum values reached in the corresponding
profiles given in Figures 3 ± 5. Kinetic analysis of the time-
concentration profiles plotted in Figure 6 was carried out as
follows. From Scheme 1 one obtains Equation (6), whose
integrated form is shown in Equation (7). As long as [ArOH]
is constant, Equation (7) represents a simple first-order
process whose infinity value is the steady-state concentration
of catAc [Equation (8)]. Since k2� 7.7� 10ÿ3 minÿ1 is a
known quantity, a two-parameter curve-fitting procedure
gave the k1 and kÿ1 values (both in mÿ1 minÿ1) listed in the
given order for the different substrates: mNPOAc: 8.0, 28;
pCPOAc: 0.70, 14; POAc: 0.10, 3.6.


d[catAc]/dt � k '
1[cat]ÿ [catAc](k2�kÿ1[ArOH]) (6)


[catAc] �
[k '


1[cat]0/(k '
1�k2�kÿ1[ArOH])][1ÿ exp(ÿk '


1ÿk2ÿkÿ1[ArOH])t]
(7)


limt!1[catAc] � [catAc]ss � k '
1[cat]0/(k '


1�k2�kÿ1[ArOH]) (8)


Ester interchange between phenols : The very finding that
catAc can acetylate a phenol in what is viewed as an undesired
back-acylation process when the catalytic methanolysis of an
aryl acetate is the target reaction, suggested a simple catalytic
experiment of acyl transfer between phenols [Equation (9)].


(9)


A mixture of 1.0 mm p-chlorophenol (pCPOH) and 3.0 mm
pNPOAc in the usual buffer solution shows a hardly
perceptible conversion of pCPOH into pCPOAc after 2 h
(Figure 7). But on addition of 0.39 mm catalyst, 70 % of
pCPOH is acetylated during the same amount of time.
Clearly, the catalyst takes the
acetyl from pNPOAc and gives
it to pCPOH in a turnover
catalytic process, as confirmed
by the fact that two complete
turnovers were carried out in
the given experiment.


Synthesis and evaluation of the
trifunctional catalyst 8 ´ [Ba]:
Introduction of two diethylami-
nomethyl side arms in the poly-
ether chain of 1 has been car-
ried out according to the syn-
thetic strategy outlined in
Scheme 2. The C2 symmetry of
the target compound 6 avoids
any complication arising from
non-equivalence of the two
faces of the catalyst. The lariat


Figure 7. Acetyl transfer from pNPOAc (3mm) to pCPOH (1mm) in the
presence of buffer alone (!) and in the presence of buffer plus 0.39 mm 1
and 0.39 mm Ba(ClO4)2 (&).


calixcrown derivative 6 was obtained in 28 % overall yield
starting from the dibenzylated derivative 9 and the enantio-
merically pure ditosylate 10. The ring forming reaction of 9
with 10 was carried out in very good yield (63 %) under
conditions known to afford only the cone conformation.[13]


That only this conformation was present in the isolated
product 11 was shown by the two AX systems for the
methylene bridge protons[14] in the 1H-NMR spectrum.
Simultaneous removal of both allyl and benzyl groups was
followed by acylation of the bis-hydroxymethyl derivative 12
with triflic anhydride and subsequent reaction with diethyl-
amine.


The kinetics of acylation of 0.40 mm 8 ´ [Ba] by pNPOAc
and POAc were measured under single turnover conditions by
UV/Vis and HPLC initial rate methods, respectively. Initial
rates obtained in the presence of 3.0 mm pNPOAc and 0.20m
POAc were translated into second-order rate constants k1 of
5.5 mÿ1 minÿ1 and 5.0� 10ÿ2mÿ1 minÿ1, respectively. The pres-
ence of the monoacetate 7 was detected by ESI-MS analysis of
acid quenched samples of the reaction mixtures.


Scheme 2. Synthesis of lariat calixcrown 6.
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Discussion


The barium salt formed from equimolar amounts of 1 and
Ba(ClO4)2 in MeCN/MeOH 9:1 (v/v) under slightly basic
conditions catalyzes the methanolysis of a series of aryl
acetates by a double-displacement mechanism involving as a
common covalent intermediate the barium complex of 5.
Although this mechanism can be safely classified as nucleo-
philic catalysis, it is important to appreciate that nucleophil-
ic ± electrophilic catalysis is actually involved, as the com-
plexed barium ion acts as a built-in Lewis acid in providing
electrophilic assistance to the ester carbonyl both in the
acylation and deacylation step. This is well in keeping with
experimental evidence that hard metal ions can greatly
enhance rates of acyl transfer from esters to anionic nucle-
ophiles.[15]


Analysis of rate data according to Scheme 1 provided a
complete set of rate constants (Table 1). The complicating
interference of the liberated phenol in reactions of mNPOAc,
pCPOAc, and POAc[16] was accounted for in terms of a back-
reaction with the acetylated intermediate.


From the data listed in Table 1, it is seen that the acylation
step (k1) shows a very high sensitivity to the structure of the
ester. By way of example, the pNPOAc/POAc ratio is 500 for
the acylation step (k1), 24 for the background reaction (kbg),[17]


7.5 for the reaction with OHÿ/H2O,[2] and 34 for the reaction
with C6H5Oÿ/H2O.[2]


An extensive investigation of the reactivity of nucleo-
philic reagents towards esters in which the basicities of
nucleophiles and leaving groups were varied over wide
ranges, led Jencks and Gilchrist[12] to the generalization that
ªthe reactions with oxygen anions exhibit a small sensitivity to
the basicity of both the attacking group and the leaving
group when the former is more basic than the latter and a
large sensitivity to the basicity of both groups in the converse
caseº.


The acidity of 1 is not known, nor is the acidity of its barium
complex, but the finding that upon addition of 1 mol equiv
barium salt 1 is transformed into a mixture of (2 ´ [Ba])� and
3 ´ [Ba] indicates that the basicity of the latter is slightly higher
than that of pNPOÿ, and considerably lower than that of
mNPOÿ. Thus, in keeping with Jencks and Gilchrist�s general-
ization, the high sensitivity exhibited by the acylation step is
related to the relatively low basicity of the incoming
nucleophile. In terms of the two-step mechanism of Equa-
tion (1), the tetrahedral intermediate partitions itself more
extensively towards reactants when the leaving group be-
comes worse (more basic).[18] Consistent with this conclusion
is the Brönsted plot of Figure 8, curve a. Although the plot is
based on a limited number of data points, a negative curvature
is evident, with b values varying approximately from 0.7 to
1.4.[19]


There is a remarkable similarity with the corresponding
Brönsted plot (Figure 8, plot b) for reaction of the same esters
with imidazole[2] (pKa 7.21 in H2O at 25 8C). This is not
surprising in view of the close mechanistic analogy between
the two reactions and the fact that a change in the rate-
determining step occurs approximately with pNPOAc in both
series.


Figure 8. Brönsted plot for the reaction of aryl acetates with 3 ´ [Ba] in
MeCN/MeOH 9:1 (curve a) and with imidazole in H2O (curve b; data from
ref. [2]).


Catalytic efficiency versus ester reactivity : A convenient
measure of catalytic efficiency for any given ester substrate is
provided by the ratio vcat/vbg between the steady-state rate of
the 3 ´ [Ba] catalyzed reaction and the rate of background
methanolysis, Equation (10).


vcat/vbg � ([cat]0tk '
1k2)/(kbg[ArOAc]0) (10)


To simplify matters, the back-acylation process kÿ1 was
neglected. Since the relative importance of the various terms
in Equation (10) varies significantly with the structure and
concentration of the ester substrates, the vcat/vbg ratios and
turnover frequencies were calculated for two sets of working
conditions in which the substrate to catalyst ratio is 10:1 and
100:1, respectively (Table 1).


Unlike the kbg and k1 values that increase regularly on
decreasing the leaving group basicity, the vcat/vbg ratios exhibit
maximum values for the reaction of pCPOAc. This is graphi-
cally shown in Figure 9, where the catalytic efficiencies are
plotted against ester reactivity, as measured by the log kbg


values. It is apparent that an increase in the substrate to


Figure 9. Catalytic efficiency of 3 ´ [Ba] [Equation (10)] in the methanol-
ysis of aryl acetates calculated for a substrate to catalyst ratio of 10:1
(curve a) and 100:1 (curve b) versus ester reactivity (as measured by the log
kbg values).
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catalyst ratio dramatically decreases the catalytic efficiency
for the pNPOAc reaction, but affects only slightly the POAc
reaction. This is easily understood with reference to Equa-
tions (11) and (12), that are the simple forms to which
Equation (10) reduces when the rate-determining step is
acylation of cat (k '


1� k2) and deacylation of catAc (k '
1� k2),


respectively.


vcat/vbg � k1[cat]0/kbg rate-determining acylation (11)


vcat/vbg � k2[cat]0/kbg[ArOAc]0 rate-determining deacylation (12)


The reaction of pNPOAc, for which the rate-determining
step is mainly deacylation, approaches a situation in which the
catalytic efficiency varies inversely to the ester concentration
[Equation (12)], whereas the reaction of POAc, for which
acylation is mainly rate determining, is nearly independent of
substrate concentration [Equation (11)]. Extrapolation of the
above considerations to acetate esters less reactive than
POAc, that is, with leaving groups more basic than POÿ, leads
to the prediction of lower catalytic efficiencies because k1 is
expected to decrease much more rapidly than kbg. On the
other hand, when the leaving group is less basic than pNPOÿ,
an increased rate of background methanolysis will practically
obscure the catalyzed reaction. Thus, for one reason or
another, the scope of the catalyst is restricted to acetate esters
whose reactivity lies in the range approximately defined by
the POAc ± pNPOAc pair. Additional limitations are provid-
ed by the need of using not too high substrate to catalyst ratios
and by the incursion of back-acylation processes.


The trifunctional catalyst : The search for enhanced catalysis
in the three-catalyst versus two-catalyst system has not been
as fruitful as desired, for the presence of the two diethylami-
nomethyl pendant groups did not result in improved activity
when compared with the parent catalyst. The rate of acylation
of 8 ´ [Ba] by pNPOAc is 1/9 as that of 3 ´ [Ba], and the
corresponding figure with POAc is 1/2 (see Table 1, foot-
notes (c) and (d)). This can reasonably be explained by
assuming that, in both cases, acylation of the catalyst is
hindered by the sterically demanding diethylaminomethyl
side arms. However, the fact that the two esters respond quite
differently to the presence of the side arm, is a strong evidence
that the protonated diethylaminomethyl group participates to
the catalytic process. In fact, given that the protonated
nitrogen in 8H� ´ [Ba] is deputed to help departure of the
aryloxide leaving group of the tetrahedral intermediate of the
acylation step, the rate-enhancing effect due to intramolecular
general acid catalysis should be significant with the more basic
POÿ ion (worse leaving group), but much smaller or even
negligible, with the less basic pNPOÿ (better leaving group).
Unfortunately, the pKa of the diethylaminomethyl group in
the reaction medium is unknown, but if one makes the
reasonable assumption that its basicity is the same as that of
the diisopropylethylamine buffer,[20] and considers that the B/
BH� ratio in the buffer is 3:1, the conclusion is reached that
only 1/4 of the pendant nitrogens of 8 ´ [Ba] are protonated. If
this fraction is taken into account in the calculation of the


pNPOAc/POAc ratio for the trifunctional catalyst one obtains
a value of 110/4 or 28, which is practically coincident with the
value of 24 of the background methanolysis, that can be
viewed as a normal value in the given medium for a reaction in
which formation of the tetrahedral intermediate is rate
limiting. This contrasts with the exceedingly high pNPOAc/
POAc ratio of 500 obtained with 3 ´ [Ba] and indicates that
with the trifunctional catalyst 8 ´ [Ba] only the reaction with
POAc benefits from intramolecular general acid catalysis.


To sum up, we believe that there is circumstantial evidence
that the protonated side arm of 8H� ´ [Ba] does not fail in its
duty to assist departure of the lazy leaving group of POAc as
schematically depicted in 13, but the catalytic efficiency is
spoiled by unfavorable steric factors.


Conclusion


In conclusion, this work precisely defines merits and limita-
tions of a synthetic transacylation catalyst in which an ionized
calix[4]arene hydroxyl acts as acyl-receiving and -releasing
unit. A serious limitation comes from the relatively low
basicity of the aryloxide nucleophile, which is held responsible
for the low reaction rates with acetate esters of the less acidic
phenols. It has been shown that, in principle, it is possible to
accelerate the acylation step by going to a higher order
catalytic process, namely, one in which a neighboring proto-
nated amino group helps departure of a poor leaving group. In
the given example, however, the advantage of the additional
catalytic group is overshadowed by the steric hindrance of the
side-arm bearing the catalytic group itself. Here as elsewhere,
synthesis of designed multifunctional catalysts may lead to
unsuccessful results, and awareness of imperfections and
drawbacks in the design comes only a posteriori. The progress
towards a higher order multifunctional catalysis requires a
most careful design of intra- and intermolecular interactions
for optimal positioning of catalytic units in a molecular
framework. The results obtained in this work are useful in this
direction.


Experimental Section


Instruments and general methods : Proton and carbon nuclear magnetic
resonance spectra (1H NMR and 13C NMR) were recorded on Bruker
AC100, Bruker AC300 and Bruker AMX400 spectrometers. Chemical
shifts are reported as d values in ppm from tetramethylsilane as internal
standard. Analytical thin-layer chromatography was carried out on silica
gel plates (SiO2, Merck 60 F254). Optical rotations were measured on a
Autopol III Rudolph Research Polarimeter. Mass spectra were performed
with FINNIGAN MAT SSQ 710 (CI, CH4), or with a Fisons Instruments
VG-Platform Benchtop LC-MS (positive ion electrospray mass spectra).
Melting points have been obtained in a nitrogen-sealed capillary on an
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electrothermal apparatus. Spectrophotometric measurements were carried
out on Varian Cary 219 and diode array Hewlett Packard 8452A
spectrophotometers. HPLC analyses were performed on a Hewlett
Packard 1050 liquid chromatograph fitted with a UV/VIS detector
operating at 230 nm. Samples were analyzed on a Supelcosil LC-18 DB
column (25 cm� 4.6mm I.D., particle size 5 mm).


Error limits of rate constants are in the order of �5% (time course
kinetics) and �10% (initial rate method). Nonlinear least-squares
calculations were carried out using the program Sigma Plot for Windows
1.02 (Jandel Scientific).


Materials : Most of the solvents and all reagents were obtained from
commercial supplies and used without further purification. Dichloro-
methane and acetonitrile employed in the syntheses were freshly distilled
and stored over 3 � molecular sieves. 1,3-Dibenzyloxy-p-tert-butylcalix[4]-
arene[21] and ditosylate 10[22] have been prepared according to literature
procedures. p-tert-Butylcalix[4]arene-crown-5 (1)[23] and monoacetoxy
derivative 4[24] were available from previous investigations. pNPOAc
(Fluka) and POAc (Fluka) were purified as reported in the literature.[12]


mNPOAc and pCPOAc were prepared according to a standard proce-
dure.[25] Solutions of pNPOAc and mNPOAc were freshly prepared and
stored at 5 8C. Ba(ClO4)2 (Aldrich) was used without further purification
after determination of the water content of the commercial sample by
thermogravimetric analysis. Other materials were as reported previously.[6a]


Warning! Care was taken when handling diisopropylethylammonium
perchlorate and barium perchlorate because they are potentially explo-
sive.[26] No accident occurred in the course of the present work.


25,27-Dibenzyloxy-p-tert-butylcalix[4]arene-26,28-[2,10-bis(allyloxymeth-
yl)]-crown-5 (11): A solution of calixarene 9 (0.45 g, 0.54 mmol), ditosylate
10 (0.42 g, 0.65 mmol), and NaH (0.05 g, 1.09 mmol) in dry MeCN (270 mL)
was refluxed for one day. The solution was then acidified with HCl
(200 mL, 1n), the acetonitrile was removed under reduced pressure, and
the aqueous layer extracted with CH2Cl2 (2� 100 mL). The organic extract
was washed with water and dried over anhydrous MgSO4. After removal of
the solvent, the pure product was obtained as a white solid by flash
chromatography on silica gel (diethyl ether/hexane 2:1). Yield: 63%;
m.p. 143 8C (MeOH); [a]25


598 �ÿ10.5 (c� 0.0343 in MeOH/CHCl3 6:4);
1H NMR (400 MHz, CDCl3, 300 K): d� 0.82 (s, 18H; C(CH3)3), 1.34 (s,
18H; C(CH3)3), 2.95 (d, 2J� 12.4 Hz, 2 H; Heq), 3.10 (d, 2J� 13.1 Hz, 2H;
Heq), 3.17 ± 3.21 (m, 2H; CH2�CHCH2OCHH), 3.40 ± 3.44 (m, 2 H;
CH2�CHCH2OCHH), 3.40 ± 3.67 (m, 8H; ArOCH2CHROCH2CH2),
3.69 ± 3.76 (m, 4 H; CH2�CHCH2), 3.96 ± 4.03 (m, 4H; ArOCHHCHOR),
4.28 (d, 2J� 12.4 Hz, 2 H; Hax), 4.47, (d, 2J� 13.1 Hz, 2H; Hax), 4.66 (d, 2J�
10.8 Hz, 2H; CHHPh), 4.68 ± 4.70 (m, 2 H; ArOCHHCHOR), 4.79 (d, 2J�
10.8 Hz, 2H; CHHPh), 5.02 ± 5.10 (m, 4H; CH2�CH), 5.60 ± 5.67 (m, 2H;
CH2�CH), 6.37 (s, 4 H; Ar-H), 7.03 ± 7.07 (m, 4H; Ar-H), 7.31 ± 7.40 (m,
10H; Ph-H); 13C NMR (75.5 MHz, CDCl3, 300 K): d� 31.0, 31.6 (q,
C(CH3)3), 31.6 (t, ArCH2Ar), 33.0, 33.4 (s, C(CH3)3), 70.4, 70.9, 71.0,
72.1, 72.3, 78.1, 78.8 (t, ArOCH2CH(CH2OCH2CH�CH2)OCH2CH2,
ArOCH2Ph; 2 s, CHRO), 116.3 (t, CH2�CH), 124.2, 124.6, 125.0, 126.6
(d, m-Ar), 127.9, 128.3, 129.9 (d, o-, m-, p-Ph), 131.3, 131.6, 133.8, 134.1 (s,
o-Ar), 137.1 (s, iPh), 137.3 (d, CH2�CH), 144.4, 146.0 (s, p-Ar), 154.9, 157.2
(s, iAr); MS (CI, CH4): m/z (%): calcd for C74H94O9 1126.7; found 1127.2
(100) [M]� .


25,27-Dihydroxy-p-tert-butylcalix[4]arene-26,28-[2,10-bis(hydroxymeth-
yl)]-crown-5 (12): A suspension of the bis-allyloxymethyl derivative 11
(0.39 g, 0.34 mmol), Pd/C (0.39 g) and TsOH (0.39 g, 4.11 mmol) in a
mixture of ethanol/H2O 7:1 (21 mL) was heated to reflux. After 6 h, the
catalyst was filtered off on a bed of celite, the filter was washed with CH2Cl2


(2� 4 mL) and ethyl acetate (2� 4 mL) and the solvents were removed
under reduced pressure. The residue was then dissolved in ethyl acetate
(15 mL), the organic layer was washed with water (4� 10 mL) and dried
over anhydrous Na2SO4. After removal of the solvent, pure compound 12
was obtained as a white solid with no need for further purification (70 %).
M.p.> 300 8C; [a]25


598 ��2.46 (c� 0.0203 in MeOH/CH2Cl2 7:3); 1H NMR
(300 MHz, CDCl3, 300 K): d� 1.08 (s, 18H; C(CH3)3), 1.26 (s, 18H;
C(CH3)3), 3.32 (d, 2J� 12.4 Hz, 2H; Heq), 3.40 (d, 2J� 13.1 Hz, 2H; Heq),
3.69 ± 3.73 (m, 2H, ArOCH2CHOR), 3.92 ± 4.24 (m, 18H; ArOCH2-
CHORCH2CH2 , HOCH2), 4.13 (d, 2J� 13.1 Hz, 2H; Hax), 4.42, (d, 2J�
12.4 Hz, 2H; Hax), 6.90 (d, 4J� 2.3 Hz, 2 H; Ar-H), 6.98 (d, 4J� 2.7 Hz, 2H;
Ar-H), 6.99 (d, 4J� 2.7 Hz, 2H; Ar-H), 7.08 (d, 4J� 2.3 Hz, 2 H; Ar-H), 7.95


(s, 2H; ArOH); 13C NMR (75.5 MHz, CDCl3, 300 K): d� 29.6, 31.0 (q,
C(CH3)3), 31.0, 31.6 (t, ArCH2Ar), 33.7, 34.0 (s, C(CH3)3), 64.5, 68.6, 70.8,
75.6 (t, ArOCH2CH(CH2OH)OCH2CH2), 79.7 (d, CHRO), 125.0, 125.2,
125.4, 126.3 (d, m-Ar), 126.7, 128.1, 132.4, 133.2 (s, o-Ar), 141.6, 147.2 (s, p-
Ar), 149.3, 150.1 (s, iAr); MS (CI, CH4): m/z (%): calcd for C54H74O9 867.2;
found: 866.5 (100) [M]� .


25,27-Dihydroxy-p-tert-butylcalix[4]arene-26,28-[2,10-bis(N,N-diethyl-
aminomethyl)]-crown-5 (6): Triflic anhydride (0.18 mL, 1.05 mmol) was
added to an ice-bath cooled solution of compound 12 (0.19 g, 0.21 mmol)
and 2,6-di-tert-butylpyridine (0.24 mL, 1.05 mmol) in dry CH2Cl2 (15 mL).
The mixture was stirred for 30 min under nitrogen, then was poured in a
separatory funnel containing a saturated solution of NaHCO3 in water
(10 mL). After vigorous shaking the organic layer was separated, washed
with water (2� 8 mL) and dried over anhydrous MgSO4. The solvent was
removed under reduced pressure and the crude product was carefully dried
under high vacuum, then dissolved in CH2Cl2 (15 mL) under nitrogen and
diethylamine (0.19 mL, 1.89 mmol) was added to the solution. The reaction
proceeded at r.t. overnight and was then quenched by adding a saturated
solution of NaHCO3 in water (10 mL). After vigorous shaking the organic
layer was separated, washed with water (2� 8 mL) and dried over
anhydrous MgSO4. The solvent was removed under reduced pressure and
the pure product was obtained by flash chromatography on silica gel
(gradient from hexane/ethyl acetate 9:4 to hexane/ethyl acetate/triethyl-
amine 9:4:0.5). Yield: 65 %; m.p. 161 8C; 1H NMR (300 MHz, CDCl3,
300 K): d� 0.87 (s, 18H; C(CH3)3), 0.99 (m, 12H; NCH2CH3), 1.32 (s, 18H;
C(CH3)3), 2.48 ± 2.65 (m, 12H; NCH2CH3, NCH2CHOR), 3.26 (d, 2J�
13.0 Hz, 2H; Heq), 3.30 (d, 2J� 13.0 Hz, 2H; Heq), 3.79 ± 3.82 (m, 2H;
ArOCH2CHOR), 3.94 ± 4.08 (m, 12H; ArOCH2CHROCH2CH2), 4.32 (d,
2J� 13.0 Hz, 2 H; Hax), 4.46 (d, 2J� 13.0 Hz, 2 H; Hax), 6.69 (s, 4H; Ar-H),
6.98 (s, 2H; ArOH), 7.07 ± 7.09 (m, 4 H; ArH); 13C NMR (75.5 MHz,
CDCl3, 300 K): d� 11.9 (q, NCH2CH3), 30.9, 31.7 (q, C(CH3)3), 30.9, 31.3 (t,
ArCH2Ar), 33.7 (s, C(CH3)3), 47.6 (t, NCH2CH3), 54.1 (t, NCH2CHOR),
69.1, 70.9, 77.7 (t, ArOCH2CHROCH2CH2), 79.0 (d, CHRO), 124.7, 124.9,
125.1, 125.3 (d, m-Ar), 127.6, 128.1, 132.0, 133.4 (s, o-Ar), 141.0, 146.5 (s,
p-Ar), 150.0, 150.8 (s, iAr); MS (CI, CH4): m/z (%): calcd for C62H92O7N2


976.7; found: 976.8 (100) [M]� .


Kinetic measurements : Spectrophotometric and HPLC rate measurements
were carried out as previously reported.[6a] Eluent and flow rate are
indicated in the given order for HPLC monitoring of the following
processes: liberation of mNPOH in the background methanolysis of
mNPOAc and liberation of phenol (POH) in the background methanolysis
of POAc (MeOH/H2O 40:60, 0.6 mL minÿ1), liberation of pCPOH in the
background methanolysis of pCPOAc and acetyl transfer from pNPOAc to
pCPOH (MeOH/H2O 1:1, 0.6 mL minÿ1), accumulation of catAc in the
catalyzed methanolysis of pNPOAc, mNPOAc, pCPOAc, POAc carried
out in the presence of 3 ´ [Ba] (MeOH, 1 mL minÿ1), liberation of POH in
the methanolysis of POAc carried out in the presence of calixcrown 8 ´ [Ba]
(MeOH/H2O 1:1, v/v) containing 10mm sodium 1-heptanesulfonate and
17.5 mm NaH2PO4/H3PO4 buffer, pH 3, 0.50 mL minÿ1). The latter mobile
phase was prepared daily and stored at 4 8C when unused.
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STM Imaging of a Heptanuclear Ruthenium(ii) Dendrimer,
Mono-Add Layer on Graphite


Loredana Latterini,[a] Geoffrey Pourtois,[b] CeÂcile Moucheron,[c] Roberto Lazzaroni,[b]


Jean-Luc BreÂdas,[b] AndreÂe Kirsch-De Mesmaeker,[c] and Frans C. De Schryver*[a]


Abstract: Scanning tunneling microsco-
py (STM) and molecular mechanics
calculations were used to investigate
the long-range packing and the structure
of an heptanuclear ruthenium (ii) den-
dritic species, as a PF6


ÿ salt. STM imag-
ing was carried out on a mono-add layer
of the ruthenium dendrimer formed by
physisorption from a 1,2,4-trichloroben-
zene solution at the liquid ± graphite
interface. The packing of the molecules
on the surface was visualised by the


formation of ordered patterns and a
distance of 27� 2 � was measured be-
tween two adjacent lamellae. The com-
parison of this dimension with the mo-
lecular-modelling data indicates that the
lamellae were formed by rows of den-
drimer molecules in which the counter-


ions (PF6
ÿ) were strongly associated


with the Ru atoms. The images acquired
with higher spatial resolution revealed
the presence of repeating units within
the lamellae. The comparison of the
STM images with the modelling results
allowed the attribution of the repeating
units observed in the imaged pattern to
the STM signature of single dendrimer
molecules.


Keywords: dendrimers ´ modelling
´ ruthenium ´ scanning probe
microscopy


Introduction


Various monometallic RuII complexes that contain the
1,4,5,8,9,12-hexaazatriphenylene (HAT) ligand have been
prepared in the last decade. Figure 1a shows, as an
example, the homoleptic [Ru(hat)3]2� and heteroleptic
[Ru(phen)2(hat)]2� complexes (phen� 1,10-phenanthroline).
These rigid octahedral species are ideal candidates to be used
as DNA photoprobes and photoreagents.[1, 2]


Furthermore, the HAT ligand has three chelating sites
(Figure 1a) so that it can behave as a symmetric bridging
ligand. Two strategies have been followed to assemble
building blocks with the HAT ligand. In the first, two or
three [Ru(L)2]2� units (L� 2,2'-bipyridine or 1,10-phenan-
throline) (Figure 1b)[3, 4] are attatched to the central HAT. The
so-formed di- and trinuclear complexes (Figure 1b, Scheme 1)


are luminescent and their interactions with DNA have been
investigated.[1, 2] Another possibility is to start from
[Ru(hat)3]2� as a central core and chelate two further
[Ru(L)2]2� moieties per HAT, in order to obtain the hepta-
nuclear complex shown in Figure 1c;[5] this complex contains
the two types of mononuclear building blocks depicted in
Figure 1a. The heptanuclear dendritic complex (Ru7; Fig-
ure 1c) has been characterised by electrospray mass spec-
trometry[5] and its excited state has been studied by femto-
second transient absorption spectroscopy.[6]


In this contribution, the structure of the heptanuclear
dendritic species as a PF6


ÿ salt, is examined by a dual
experimental and theoretical approach based on scanning
tunneling microscopy (STM) and molecular mechanics cal-
culations. The two- and three-dimensional representations of
Ru7 are presented in Scheme 1 and Figure 1c, respectively.


STM is particularly suitable for the structure determination
of stable molecular films adsorbed at the graphite basal
plane.[7] In particular, this technique allows atomic resolution
by local probing. STM has been used to study the molecular
packing structure of several organic molecules[8, 9] and to
correlate the contrast in the STM images with the molecular
structure.[9±13]


In this contribution, STM imaging of the Ru-heptanuclear
dendrimer Ru7 adsorbed on graphite is presented. To the best
of our knowledge, dendrimers in general and, more partic-
ularly, a purely supramolecular RuII complex (i.e., composed
only of polyazaaromatic ligands and RuII ions) have not been
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Figure 1. a) The octahedral mononuclear complexes [Ru(phen)2(hat)]2� and [Ru(hat)3]2� in three dimensions. b) Three-dimensional representation of the
dinuclear [{Ru(phen)2}2(hat)]4� and trinuclear [{Ru(phen)2}3(hat)]6� complexes. c) Three-dimensional view of the heptanuclear complex Ru7.
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imaged with submolecular resolution using STM. STM
imaging has been carried out on Ru7 adsorbed on graphite
to obtain information on the long-range packing of such a
dendrimer. Only if the counterions remain tightly associated[5]


with the highly positively-charged oligomer would self-
assembly of a Ru7 monolayer on graphite occur. Further-
more, the high resolution achievable with STM provides
structural information on the dendrimer under investigation
with submolecular resolution. The dimensions of the packed
structures are compared with a computational model.


Results


STM images of a mono-add layer of the Ru-dendrimer :
Figure 2 shows an STM image obtained over a 230� 230 �2


area of a mono-add layer of Ru7 adsorbed onto the basal
plane of highly oriented pyrolytic graphite (HOPG) from a
solution of Ru7 in 1,2,4-trichlorobenzene. Imaging was carried
out through a thin film of the starting solution, by approaching
the graphite surface with the STM tip. In the image, ordered
patterns are observed that indicate the packing of the


Figure 2. STM image of an ordered monolayer of Ru7 formed by
adsorption from 1,2,4-trichlorobenzene at the liquid ± graphite interface.
Image size 230� 230 �2; tunneling current and voltage are 0.5 nA and
ÿ0.55 V, respectively.


molecules on the surface. In
particular alternating lines of
brighter and darker spots are
observed over the whole area.
The formation of these patterns
was observed when 1.0 mg mLÿ1


solutions of Ru7 in 1,2,4-tri-
chlorobenzene were deposited
and spread on the basal plane of
HOPG. For concentrations
higher than 1.5 mg mLÿ1 precip-
itation of Ru7 clusters occur-
red. Using the lattice structure


of the underlying graphite as an internal calibration, we
determined the dimension and the orientation of the repeat-
ing units. A distance, DX, of 25 ± 29 � was measured between
two consecutive lamellae oriented along the graphite axis, as
indicated by the lines in Figure 2. This dimension agrees,
within the experimental error, with the value obtained by
molecular modelling (see below) indicating that the lamellar
width results from one row of molecules.


Figure 3a is a zoom-in image obtained by scanning a 90�
90 �2 area. The image does not achieve atomic resolution,
owing to the impossibility for the molecule to flatten down on
the graphite; this is caused by the molecular rigidity (see
below). The pattern observed in Figure 3a is characterised by
a repeating unit, defined by a solid line in Figure 3b. The most
striking aspect of this image is that the repeating unit of the
pattern seems to contain three distinct features as indicated by
the dashed white lines of areas 1, 2 and 3. The larger feature 1
has a maximum size of 13� 1 � and is larger than features 2
and 3. All the three features are smaller in size than what is
expected for the dendrimer molecule. This observation
suggests that the whole repeat unit, made up of features 1, 2
and 3, is the STM signature of one dendrimer molecule. The
distance between equivalent locations within adjacent repeat
units, denoted as d on Figure 3b, is 27� 2 � and corresponds
to the lamellar width.


Modelling : In order to elucidate the findings of the STM
imaging, computer modelling of the dendrimer on graphite
has been carried out on the basis of molecular mechanics
calculations based on the universal force field.[15, 16] It should
be pointed out that these computations were carried out
without a priori input based on STM data, but with the intent
to understand and interpret the structural information present
in the experimental data.


Since each ruthenium atom is a chiral center (D or L)[17] , a
molecule such as Ru7 possesses, in principle, 128 stereo-
isomers. If we consider, in a first step, the stereoisomer in
which the metallic core is in the L configuration and the outer
six Ru atoms are in any combinations of D and L forms, no
change of position of the six peripheral Ru atoms appears in
these different stereoisomers of the dendrimer. Indeed, as the
L configuration of the metallic core determines each position
of the three HAT ligands in space, evidently the positions of
the six surrounding metallic ions are also determined inde-
pendently of the D or L configuration adopted by each of
these six peripheral Ru atoms. This is true as long as the same


Scheme 1. Schematic representation of the compounds shown in Figure 1b, dinuclear [{Ru(phen)2}2(hat)]4� (left)
and trinuclear [{Ru(phen)2}3(hat)] (middle), and Figure 1c, the heptanuclear complex Ru7 (right).
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Figure 3. a) STM image of an ordered monolayer of Ru7 formed by
adsorption from 1,2,4-trichlorobenzene at the liquid ± graphite interface.
Image size 90� 90 �2; tunneling current and voltage are 0.5 nA and ÿ0.55
V, respectively. b) STM image described in a) with the arrangement of the
dendrimers on the graphite surface: solid lines mark the repeating units; 1,
2 and 3 mark the three domains appearing within a repeating unit; and d
represents the distance separating two adjacent units.


L configuration for the central Ru atom is kept. Of course, if
in a second step, the core Ru atom changes from a L to a D


configuration, the positions of the six peripheral Ru atoms do
change. As the Ru core can only adopt two configurations D


or L, two families of stereoisomers can be defined: one with
the Ru core in the D and the other in the L configuration.
Within each of these families all the Ru atoms occupy the
same position. We have, therefore, compared one stereo-
isomer of one family with that of the other, that is, extreme
cases where the six Ru and consequently the twelve phen
ligands occupy different positions in space. The computational
model of the two stereoisomers shows that the overall shape
of the dendrimer and its interaction with the surface are
similar. Moreover, changing the configuration of only one
peripheral Ru atom does not introduce significant variation in
the shape or interaction. Thus, the results of the calculations
do not depend on the stereoisomer chosen. The model


arbitrarily given in this paper for the simulation corresponds
to the completely D stereoisomer.


Among all the possible orientations of the Ru7 dendrimer
on graphite, one is found to be at least 30 kcal molÿ1 more
stable than the others. This orientation is shown in Figure 4
and corresponds to the configuration in which the highest
number of phen ligands (in this case five) interacts with
graphite. The modelling shows that there are no significant
structural changes in the dendrimer when its geometry is
optimized in interaction with the graphite or in vacuum. This
is due to the RuÿN bonds that impart strong rigidity to the
dendrimer.


Figure 4. Representation of the most stable orientation of the heptanu-
clear dendrimer interacting with the graphite surface. The ruthenium atoms
are depicted as grey balls. a) The correspondence of the shapes between the
calculated molecular conformation and the repeating units observed in the
STM image. b) Domains 1, 2 and 3 mark that appear within a dendrimer
molecule in the STM images.


Comparison between STM imaging and modelling : It is
important to notice that the overall shape of the molecule on
the surface, when a ªtop viewº in the simulation is considered
(Figure 4a), is very similar to the shape of the repeating unit in
the STM image (solid white line in Figure 3b). Furthermore,
the calculated structure of the adsorbed molecule can be
divided into three regions (denoted 1, 2 and 3 on Figure 4b),
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Figure 5. Conformation of three dendrimer molecules on graphite. The
ruthenium atoms are depicted by balls. dA, dB and dC are the distances
between the core atoms. Their values are 33.14, 35.40 and 34.50 �,
respectively.


whose size and relative position are reminiscent of the three
subunits observed in the experimental images (Figure 3b).


The STM images also display brighter spots corresponding
to higher tunneling current within the domains 1, 2 and 3,
which together make up one dendrimer molecule. Some of
these bright spots might be attributed to the ruthenium atoms
present in these domains (Figure 4b), since their larger
electronic density should increase the current intensity
measured by the STM tip. The presence of these bright spots
is consistently found in all the structures observed experi-
mentally.


Starting from the most stable configuration (Figure 4), we
computed the packing of three dendrimer molecules on the
surface.[18] When the effect of the counterions is not taken into
account, the distances between the core ruthenium atoms
(Figure 5) of each dendrimer are all around 34 �; this value is
larger than that measured for the separation between
equivalent sites of different molecules on the STM images
(about 27� 2 �). This discrepancy can be attributed to two
effects: i) the packing can be expected to be denser when the
surface is covered with a more extended dendrimer mono-
layer, rather than just the three molecules used in the
simulation, and ii) the calculations have been performed with
a net charge of �14 on each dendrimer; this implies large
repulsive Coulomb interactions and overestimation of the
distances between the dendrimers. However, within the actual
layer, the positive charges present on each ruthenium atom
are screened by two counterions. The observed precipitation
of Ru7 clusters on graphite at high concentration of the
starting solutions favours this screening effect by the counter-
ions (PF6


ÿ). This indicates also that the counterions remain in
close proximity of the RuII ions. When implicitly considering
the presence of the counterions by imposing a zero global
charge on the dendrimers in the calculations, a significant
reduction of the inter-dendrimer distances occurs. The core-
to-core distances between the three dendrimers decrease
down to about 29 �, which is in very good agreement with the
27� 2 � experimental distance.


Conclusion


STM imaging has been carried out on Ru7 adsorbed on
graphite from a 1,2,4-trichlorobenzene solution. Ordered
patterns have been observed which indicate packing of the
molecules on the surface. A distance of 27� 2 � has been
measured between two adjacent lamellae. The comparison of
this dimension with the molecular modelling data indicates
that the lamellae were formed by rows of Ru7 molecules.
Furthermore, the close-packing structure suggests that the
counterions (PF6


ÿ) are strongly associated with the Ru atoms,
as the screening effects of PF6


ÿ reduce the intramolecular
repulsive interactions. The images acquired with higher
spatial resolution reveal the presence of repeating units
within the lamellae. A comparison has been carried out
between the dimensions of features observed on the STM
images with the intramolecular distances determined by
computer modelling of the dendrimer on a graphite surface.
On this basis, one repeating unit observed in the imaged
pattern has been attributed to the STM signature of a single
dendrimer molecule.


Experimental Section


The synthesis of the stereoisomericaly unresolved heptanuclear ruthenium
complex [Ru{hat{Ru(phen2)}2}3]�14[14PF6]ÿ (Ru7, Figure 1c) was described
previously.[5] 1,2,4-trichlorobenzene (Aldrich, spectro-grade) was used as
solvent without further purification.


STM experiments were performed with a Discoverer scanning tunnelling
microscope (Topometrix) along with an external pulse-function generator
(model HP 8111 A).[14] Tips were electrochemically etched from a Pt/Ir wire
(80 % ± 20 %, diameter 20 mm) in a aqueous solution of 2n KOH/6n
NaCN. The compound under investigation was dissolved in 1,2,4-tri-
chlorobenzene (b.p. 214 8C); typically a concentration of 10ÿ4m was used.
The samples were prepared by spreading a drop of the solution on the
freshly-cleaved plane of highly ordered pyrolytic graphite (HOPG, ZYB-
grade, Advanced Ceramics). All the STM images were acquired in the
variable current mode under ambient conditions. Typically, a tunnelling
current of 0.5 ± 1.0 nA and a bias voltage of 0.5 ± 0.8 V referenced to the
graphite surface were employed. STM images obtained at low bias voltages
(<0.1 V) revealed the atomic structure of HOPG, which provided an
internal calibration standard for the study of the mono-add layer.


The deposition of one or three dendrimers on graphite was modelled with
the Cerius-2 molecular mechanics package[15] by using the universal force
field[16] . When depositing a single dendrimer, the graphite surface was
modelled by a double layer of sp2-hybridized carbon atoms with lateral size
of 49� 49 �2. In the case of calculations with the three dendrimers, the
surface was a single layer of sp2-carbon atoms with lateral dimensions of
98� 98 �2. The surface was kept rigid during all geometry optimizations;
no constraints were imposed to the adsorbates in order to allow for their
full relaxation. The conjugated gradient algorithm was used in all energy
minimizations, with a convergence criterion set to 0.005 kcal molÿ1.
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Abstract: The diverse bioactivities of
annonaceous acetogenins have recently
attracted increasing interest. Many of
these natural products contain one or
more 2,5-disubstituted tetrahydrofuran
rings as a core unit; these are important
for the bioactivity, since it is believed
that these anchor the compounds to the
surface of the membrane. Therefore, the
synthesis of functionalized bis-tetrahy-
drofurans is an important task and we
have developed a synthetic pathway to
all four diastereomeric, partially hy-
droxylated bis-tetrahydrofurans, that
is, 3,6:7,10-dianhydro-2,8,9-trideoxy-l-
erythro-d-ido-undecitol (1), 3,6:7,10-di-
anhydro-2,8,9-trideoxy-d-threo-d-ido-


undecitol (2), 3,6:7,10-dianhydro-2,8,9-
trideoxy-l-threo-d-ido-undecitol (3),
and 3,6:7,10-dianhydro-2,8,9-trideoxy-
d-erythro-d-ido-undecitol (4) starting
from d-glucose. The reaction of the
aldose with Meldrum�s acid led to the
C-glycosidic 3,6-anhydro-1,4-lactone 6,
which was converted to the aldehyde
building block 2,5-anhydro-3,4,7-tri-O-
benzyl-6-deoxy-aldehydo-d-ido-heptose
(11). Chain elongation of 11 with


the Grignard reagent derived from
1-bromo-3-butene gave the dia-
stereomers 3,6-anhydro-1,4,5-tri-O-ben-
zyl-2,8,9,10,11-pentadeoxy-l-glycero-d-
ido-undec-10-enitol (12) and 3,6-anhy-
dro-1,4,5-tri-O-benzyl-2,8,9,10,11-penta-
deoxy-d-glycero-d-ido-undec-10-enitol
(13). The relative threo configuration of
the major product 12 was confirmed by
X-ray structure analysis. Epoxidation
and subsequent cyclization afforded the
cis and trans diastereomers 19 and 20,
respectively, in a 1:1 ratio. Subsequent
cleavage of the protecting groups and
separation of the isomers furnished the
target compounds in good overall yields.


Keywords: annonaceous acetoge-
nins ´ carbohydrates ´ cyclizations
´ natural products ´ synthetic meth-
ods ´ tetrahydrofurans


Introduction


The acetogenins found in Annonaceae, a relatively new and
rapidly expanding class of natural compounds, have been
attracting worldwide attention because of their potent bio-
logical activity profile.[1] The past few years have witnessed an
explosion of activity in the isolation, structure elucidation,
biological evaluation, and synthesis.[1±3] These compounds,
derived from polyketides as biogenetic precursors, show
interesting cytotoxic, antitumor, antimicrobial, antimalarial,
antifeedant, pesticidal, and immunosuppressive effects.[1]


Their structures are characterized by a long hydrocarbon
skeleton terminated at one end by a butenolide moiety. The
center unit contains one to three tetrahydrofuran rings, which


are often flanked by hydroxyl groups. It is believed that the
primary mode of action of these compounds is the inhibition
of the mitochondrial NADH-ubiquinone oxidoreductase in
complex I, which is a membrane bound and essential enzyme
for ATP production, the depletion of which is likely to induce
apoptosis.[4] Furthermore, it has been shown that these
compounds also inhibit a ubiquinone-linked NADH oxidase
found in the plasma membrane of specific tumor cell-lines,
including some which show multidrug-resistance.[5] Acetoge-
nins are generally lipophilic and are expected to be closely
associated with the lipid membranes in which their enzyme
targets reside. Recently, McLaughlin�s group investigated the
conformation of different acetogenins within liposomal mem-
branes constructed from dimyristoylphosphatidylcholine by
NMR spectroscopy.[6] They concluded that the tetrahydrofur-
an moiety anchored the compounds to the hydrophobic
surface of the membrane and so enhance the bioactivity by
restricting the location and the conformation of the acetoge-
nins. Hydrogen bondingÐeither intramolecular between the
flanking hydroxyl groups and the THF oxygen atoms or
intermolecular to the backbone of the phospholipidÐseems
to play an important role in the restriction of the conforma-
tion.[6] Furthermore, the binding affinities of these compounds
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towards mono- and divalent cations have been investigated in
relation to their biological activity.[7]


Therefore, the synthesis of 2,5-linked bis-tetrahydrofurans
with additional substituents that would be able to develop
supplementary hydrogen bonds is of interest. We now report a
synthetic pathway to partially hydroxylated bis-tetrahydro-
furans starting from d-glucose. To date, only a few reports
have dealt with the synthesis of adjacent tetrahydrofurans
derived from carbohydrates.[8] Our retrosynthetic analysis
based on the use of an aldose is outlined in Scheme 1. Thus,
the target compounds 1 to 4 may be constructed from the
aldehyde 5 by chain elongation and subsequent cyclization.
The key fragment 5 should be available from 6, which in turn
is easily prepared by the reaction of d-glucose with Meldrum�s
acid.[9, 10]


Results and Discussion


Recently, we comprehensively studied the reaction of all
diastereomeric aldopentoses and aldohexoses with Meldrum�s
acid which provides a facile route to C-glycosidic 1,4-
lactones.[10] These compounds are almost ideal starting
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Scheme 1. Retrosynthetic strategy for the target compounds 1 to 4 starting
from d-glucose.


materials for our purposes. Thus, conversion of d-glucose with
Meldrum�s acid and subsequent protection of the vicinal diol
as a ketal gave 7,[11] as depicted in Scheme 2. Reduction of the
lactone moiety with LiAlH4 gave 8. Protection of the hydroxyl
functions as benzyl ethers produced 9, and subsequent
cleavage of the ketal moiety with acetic acid released the
diol 10. The reaction sequence was completed by periodate
cleavage to afford the desired aldehyde 11.
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Scheme 2. Synthesis of the building block 11. Reagents and conditions:
a) Meldrum�s acid, tBuNH2, DMF, 40 8C, 5 d; b) acetone, H2SO4, RT, 16 h,
50%; c) LiAlH4, THF, 0 8C, 30 min, reflux, 5 h, RT 16 h, 96 %; d) BnBr,
NaH, DMF, 0 8C ± RT, 16 h, 83%; e) THF/HOAc/H2O, 60 8C, 93%;
f) NaIO4, MeOH/H2O, 0 8C, 30 min, 91 %.


The next step was the chain elongation of the building block
11. Reaction of 11 with the Grignard reagent from 1-bromo-3-
butene in a THF/Et2O solvent mixture gave the diastereo-
meric products 12 and 13 in a 3:1 ratio as oily compounds
(Scheme 3). In order to confirm the relative stereochemistry,
we planned to perform an X-ray structure analysis. However,
acetylation of the oily compounds to 14 and 15 did not provide
crystalline materials. Since the crystallization of benzyl-
protected compounds is often difficult, 12 was catalytically
hydrogenated to 16 ; this was once again an oily compound.
Even the peracetylated product 17 could not be crystallized.


Abstract in German: Aufgrund des vielfältigen physiologi-
schen Wirkungsspektrums wird den Acetogeninen aus Anno-
naceae zur Zeit starke Aufmerksamkeit gewidmet. Zahlreiche
dieser Naturstoffe enthalten als zentrales Element einen oder
mehrere 2,5-disubstituierte Tetrahydrofuranringe, die für die
biologische Aktivität von groûer Bedeutung sind, da sie für
eine Verankerung der Substanzen in der Zellmembran sorgen.
Aus diesem Grunde ist die Synthese von funktionalisierten Bis-
tetrahydrofuranen eine bedeutende Aufgabe, um Bausteine für
die Synthese von nicht natürlichen Acetogeninen aus Annona-
ceen zu liefern. Wir beschreiben hier einen Syntheseweg
ausgehend von d-Glucose zu den vier möglichen isomeren
partiell hydroxylierten Bis-tetrahydrofuranen 3,6:7,10-Dian-
hydro-2,8,9-tridesoxy-l-erythro-d-ido-undecitol (1), 3,6:7,10-
Dianhydro-2,8,9-tridesoxy-d-threo-d-ido-undecitol (2), 3,6:7,10-
Dianhydro-2,8,9-tridesoxy-l-threo-d-ido-undecitol (3) und
3,6:7,10-Dianhydro-2,8,9-trideoxy-d-erythro-d-ido-undecitol
(4). Die Reaktion der d-Glucose mit Meldrumsäure lieferte das
C-glycosidische 3,6-Anhydro-1,4-lacton 6, das in die aldehydi-
sche Schlüsselverbindung 2,5-Anhydro-3,4,7-tri-O-benzyl-6-
desoxy-aldehydo-d-ido-heptose (11) übergeführt wurde. Die
Umsetzung von 11 mit dem aus 1-Brom-3-buten abgeleiteten
Grignardreagenz ergab die Diastereomere 3,6-Anhydro-1,4,5-
tri-O-benzyl-2,8,9,10,11-pentadesoxy-l-glycero-d-ido-undec-
10-enitol (12) und 3,6-Anhydro-1,4,5-tri-O-benzyl-2,8,9,10,11-
pentadesoxy-d-glycero-d-ido-undec-10-enitol (13). Die relati-
ve threo-Konfiguration des Hauptproduktes 12 wurde durch
Röntgenstrukturanalyse zweifelsfrei aufgeklärt. Epoxidierung
der Doppelbindung und anschlieûende Cyclisierung führte zu
den cis-, trans-Diastereomeren 19 und 20 in einem Verhältnis
von 1:1. Abspaltung der Schutzgruppen und Trennung der
Diastereomere lieferte die Zielstrukturen in guten Gesamtaus-
beuten.
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Scheme 3. Chain elongation of 11; synthesis of 12 and 13. Reagents and
conditions: a) 1-bromo-3-butene, Mg, Et2O; then 11, THF, 0 8C, 2 h, RT,
16 h, 77 %, diastereomeric ratio 3:1; b) Ac2O, pyridine, toluene, RT, 16 h,
76%; c) Ac2O, pyridine, toluene, RT, 16 h, 60%.


Suitable material for X-ray crystallography was finally
obtained by converting 16 to the benzoyl derivative 18
(Scheme 4). The ORTEP drawing of 18,[12] shown in Figure 1,
confirmed the relative threo configuration of the major
diastereomer 12. Crystallographic data for compound 18 is
given in Table 1.


From the numerous available methodologies for the syn-
thesis of THF rings,[13] we examined the ring closure by
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Scheme 4. Determination of the stereochemistry; synthesis of 18. Re-
agents and conditions: a) H2, Pd/C (10 %), MeOH, RT, 16 h, 93%;
b) Ac2O, pyridine, toluene, RT, 16 h, 87%; c) BzCl, pyridine, toluene, RT,
2 h, 91 %.


Figure 1. ORTEP drawing of 18.


epoxidation of the double bond and subsequent intramolec-
ular cyclization. According to Baldwin�s rules,[14] the forma-
tion of the five-membered ring by five-exo-tet ring closure is
favored over six-endo-tet ring closure, which would lead to the
corresponding tetrahydropyran system. In order to build the
second ring, 12 and 13 were treated with a slight excess of
meta-chloroperoxybenzoic acid and catalytic amounts of
racemic camphorsulfonic acid as shown in Scheme 5. Both
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Scheme 5. Cyclization by epoxidation. Reagents and conditions:
a) mCPBA, CSA, CH2Cl2, 0 8C, 2 h, RT, 16 h, 80 %, diastereomeric ratio
1:1; b) mCPBA, CSA, CH2Cl2, 0 8C, 2 h, RT, 16 h, 85%, diastereomeric
ratio 1:1.


reactions proceeded well; however, no stereochemical induc-
tion was observed during the epoxidation reaction. Thus both
cis and trans stereoisomers of 19 and 20 were obtained in a 1:1
ratio. Since our synthetic plan was aimed at the formation of
all four possible stereoisomers, we made no further efforts to
achieve higher selectivities. Unfortunately, the isomers could
not be separated either by column or HPLC chromatography
on a preparative scale.


Catalytic hydrogenation of the diasteromeric mixtures 19
and 20 gave the unprotected target compounds (Scheme 6).


Table 1. Crystallographic data for 18.


formula C39H38O9


Mw [g molÿ1] 650.69
crystal size [mm] 0.30� 0.25� 0.10
m.p. [8C] 109
crystal system monoclinic
space group P21


a [pm] 946.8(1)
b [pm] 1582.4(2)
c [pm] 1154.9(2)
b [8] 90.3(1)
V [pm3] 1730.3(4)� 106


Z 2
F(000) 688
1calcd [gcmÿ3] 1.249
m [cmÿ1] 0.724
l (CuKa) [pm] 154.178
2q range [8] 3.84 ± 76.41
reflections measured 4037
independent reflections 3774
reflections with [I> 2s(I)] 2359
parameters 473
R1 (all data) 0.0988
R1 [I> 2s(I)] 0.0373
wR2 (all data) 0.1072
wR2 [I> 2 s(I)] 0.0852
flack parameter 0.0(2)
goodness of fit 1.045
diffractometer Enraf-Nonius CAD4
temerature room temperature
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Whereas the oily target sub-
stances 1 and 2 could be sepa-
rated by column chromatogra-
phy, attempted separation of
the cis and trans diastereomers
of the erythro-configured prod-
ucts 3 and 4 was unsuccessful.
However, this was finally ach-
ieved by an acetylation/deace-
tylation sequence. Thus, acetyl-
ation of the diasteromeric mix-
ture gave the corresponding
acetates 21 and 22 in good
yields, which were easily sepa-
rated by column chromatogra-
phy. Subsequent treatment of
the acetates with sodium meth-
oxide gave the target com-
pounds 3 and 4, respectively,
in good yields as syrups
(Scheme 6).


The determination of the cis
and trans configuration of the
tetrahydrofuran rings in the
target compounds was deduced
from the NOE effects between
the methine protons H-7 and
H-10 by means of 2D-NOESY NMR experiments at two
different field strengths (7.04 and 11.74 T). In the case of 1, we
obtained a strong NOE effect, whereas in the case of 2 no
effect was measurable. Therefore, 1 was assigned the cis
configuration and 2 the trans configuration. Owing to serious
signal crowding, we were unable to analyze the NOE spectra
of 3 and 4 by this method. However, we obtained a strong
NOE effect between H-7 and H-10 in the acetylated
derivative 22. Thus the configuration of the tetrahydrofuran
ring in 22, and consequently in 4, is assigned as cis. Hence, the
other isomer 21, and consequently 3, must be the trans-
configured diastereomer.


Due to the waxy nature of the acetogenins and the resulting
lack of crystallographic data, several empirical methods have
been developed for the assignment of the relative stereo-
chemistry of the tetrahydrofuran units. In order to classify 1 to
4 in this context, selected NMR data of the target compounds
are summarized in Table 2.


According to Cassday�s model,[15] the methine protons in
trans-configured tetrahydrofurans should be more deshielded
than in the cis isomers. Indeed, such a deshielding was
observed for H-10 in the case of 2 and 3 relative to the
corresponding signal for H-10 in 1 and 4, respectively. With


respect to 1, H-7 in 2 was also consistent with this model,
whereas no shift was observed in the case of 3. Fujimoto�s
group solved the relative configuration of the tetrahydrofuran
ring by analyzing the 13C methine shifts.[16] In the case of a cis
configuration the signals should be slightly deshielded.[16] In
agreement with this proposal we observed that the resonance
frequencies of C-7 and C-10 in 1 and 4 are shifted downfield
relative to those in 2 and 3, respectively, as shown in Table 2.
Thus, the configurations assigned through NOE spectroscopy
to the tetrahydrofuran rings provide further proof for these
empirical methods.


Conclusion


In conclusion, we have developed a synthetic pathway to
partially hydroxylated bis-tetrahydrofurans starting from
inexpensive d-glucose. The key steps were a) the synthesis
of the C-glycoside by reaction of the hexose with Meldrum�s
acid, b) the chain elongation of the aldehyde 11 with the
Grignard reagent derived from 1-bromo-3-butene, and c) the
cyclization after epoxidation. The target compounds 1 ± 4
should be useful building blocks for the synthesis of hydroxy-
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Scheme 6. Cleavage of the protecting groups and separation of the target compounds. Reagents and conditions:
a) H2, Pd/C (10 %), MeOH, RT, 16 h, 1: 40%, 2 : 40%; b) H2, Pd/C (10 %), MeOH, RT, 16 h, 78 %; c) Ac2O,
pyridine, toluene, RT, 16 h, 21: 37%, 22 : 40%; d) NaOMe, MeOH, RT, 2 h, 90%; e) NaOMe, MeOH, RT, 2 h,
95%.


Table 2. Selected NMR data of target compounds 1 to 4.[a,b]


H-7 H-8' H-8 H-9' H-9 H-10 C-7 C-10


1 4.08 ± 4.12 1.63 ± 1.78[c] 2.04 ± 2.10 1.63 ± 1.78[c] 1.90 ± 1.98 3.99 ± 4.01 80.8 81.7
2 4.16 ± 4.20 1.63 ± 1.73[c] 2.10 ± 2.16 1.63 ± 1.73[c] 1.97 ± 2.02 4.04 ± 4.09 80.3 81.3
3 4.09 ± 4.14 1.78 ± 1.88[d] 2.09 ± 2.15 1.65 ± 1.72 1.97 ± 2.04 4.01 ± 4.08 77.8 81.2
4 4.09 ± 4.13 1.86 ± 1.98[c] 1.98 ± 2.05 1.66 ± 1.74 1.86 ± 1.98[c] 3.92 ± 3.97 78.7 81.3


[a] Chemical shifts are given in the d scale in ppm. [b] The assignment was achieved by means of 1H ± 1H and 1H ± 13C correlated spectroscopy. [c] The signals
partly overlapped. [d] Partly obscured by H-2' and H-2.
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lated derivatives of annonaceous acetogenins for the deter-
mination of structure ± activity relationships of these natural
compounds. Furthermore, variation of the stereochemistry of
the hydroxylated ring should be easily achieved by applying
the well-established reaction of Meldrum�s acid with other
aldoses.


Experimental Section


General methods : All solvents were purified and dried, if necessary, by
standard procedures. NMR spectroscopic data were recorded on a Bruker
Avance 500 or Avance 300 spectrometer. Chemical shifts are given in the d


scale in ppm relative to residual nondeuterated solvent signals as internal
standard. Optical rotations were determined with a Perkin Elmer 343
polarimeter. Column chromatography was performed on silica gel 60 from
Merck. Mass spectra were taken on a Finnigan MAT 212 with data system
MSS or on a Finnigan MAT 95 with data system DEC-Station 5000 by using
chemical ionization with iso-butane as reactant gas. Melting points were
determined with a hot-stage microscope SM-Lux from Leitz and are not
corrected. Microanalyses were carried out on a Fison Instruments EA 1108.
The numbering of all compounds was carried out according to standard
carbohydrate nomenclature.[17]


3,6-Anhydro-2-deoxy-7,8-O-isopropylidene-dd-glycero-dd-ido-octono-1,4-
lactone (7): tert-Butylamine (12.25 mL, 0.12 mol) was added to a stirred
suspension of Meldrum�s acid (30.3 g, 0.21 mol) and anhydrous d-glucose
(20.0 g, 0.11 mol) in DMF (150 mL). The reaction mixture was stirred at
40 8C for 5 days and evaporated to dryness under reduced pressure. Dry
acetone (700 mL) and concentrated sulfuric acid (2 mL) were added to the
residue. The reaction mixture was stirred for 16 h at RT. The solution was
neutralized with a saturated aqueous solution of Na2CO3, and the organic
solvent was removed under reduced pressure. The remaining solution was
extracted with CH2Cl2. The combined organic layers were washed with
brine, dried (Na2SO4), and concentrated in vacuo. Purification by
crystallization (CH2Cl2/petroleum ether) yielded compound 7 (13.5 g,
0.056 mol, 50%). Rf� 0.66 (EtOAc); m.p. 127 ± 128 8C; [a]21


D ��38.1 (c�
1.1 in acetone); 1H NMR (500.1 MHz, CDCl3, 25 8C): d� 4.96 (dd,
3J(2,3)� 5.7 Hz, 3J(3,4)� 4.5 Hz, 1 H; H-3), 4.87 (dd, 3J(3,4)� 4.5 Hz,
3J(4,5)� 0 Hz, 1H; H-4), 4.54 (dd, 3J(4,5)� 0 Hz, 3J(5,6)� 2.5 Hz, 1H;
H-5), 4.28 (ddd, 3J(6,7)� 7.7 Hz, 3J(7,8')� 5.0 Hz, 3J(7,8)� 5.7 Hz, 1H;
H-7), 4.12 (dd, 2J(8,8')� 8.9 Hz, 3J(7,8)� 5.7 Hz, 1 H; H-8), 3.94 (dd,
2J(8,8')� 8.9 Hz, 3J(7,8')� 5.0 Hz, 1 H; H-8'), 3.93 (dd, 3J(5,6)� 2.5 Hz,
3J(6,7)� 7.7 Hz, 1H; H-6), 2.72 (dd, 2J(2,2')� 18.5 Hz, 3J(2,3)� 5.7 Hz, 1H;
H-2), 2.63 (dd, 2J(2,2')� 18.5 Hz, 3J(2',3)� 0 Hz, 1H; H-2'), 1.40 (s, 3H;
C(CH3)2), 1.33 (s, 3 H; C(CH3)2); 13C NMR (125.8 MHz, CDCl3, 25 8C): d�
175.3 (C-1), 109.7 (C(CH3)2), 87.6 (C-4), 81.8 (C-6), 77.4 (C-3), 74.3 (C-5),
73.3 (C-7), 67.4 (C-8), 31.1 (C-2), 25.1, 26.7 (C(CH3)2); MS (CI): m/z (%):
245 (100) [M�H]� , 187 (21) [MHÿ acetone]� ; elemental analysis calcd
(%) for C11H16O6: C 54.08, H 6.61; found C 53.73, H 6.85.


3,6-Anhydro-7-deoxy-1,2-O-isopropylidene-dd-glycero-ll-gulo-octitol (8): A
solution of 7 (6.0 g, 24.6 mmol) in dry THF (30 mL) was added dropwise
over a period of 30 min to a suspension of LiAlH4 (1.2 g, 30.8 mmol) in dry
THF (100 mL) at 0 8C under a nitrogen atmosphere. The reaction mixture
was heated under reflux for 5 h and then stirred for further 16 h at RT. The
solution was cooled to 0 8C and water (1.2 mL), aqueous KOH (1.2 mL,
15%), and more water (3.6 mL) was carefully added. The mixture was
diluted with EtOAc (50 mL) and refluxed for 1 h. After cooling to RT the
mixture was filtered through Celite and washed with a THF/EtOAc solvent
mixture (30 mL, 1:1). The residue was suspended in a THF/EtOAc solvent
mixture (60 mL, 1:1), refluxed for 15 min, and again filtered. This
procedure was repeated three times. The combined filtrates were concen-
trated under reduced pressure. Column chromatography (EtOAc) gave
compound 8 (5.85 g, 23.6 mmol, 96%) as a syrup. Rf� 0.22 (EtOAc);
[a]21


D �ÿ2.1 (c� 4.0 in EtOAc); 1H NMR (500.1 MHz, D2O, 25 8C): d�
4.37 ± 4.41 (m, 1H; H-2), 4.28 (dd, 3J(3,4)� 3.2 Hz, 3J(4,5)� 1.2 Hz, 1H;
H-4), 4.23 (dd, 3J(2,3)� 7.0 Hz, 3J(3,4)� 3.2 Hz, 1H; H-3), 4.20 ± 4.22 (m,
1H; H-6), 4.16 (dd, 2J(1',1)� 8.3 Hz, 3J(1,2)� 6.4 Hz, 1H; H-1), 4.11 (dd,
3J(4,5)� 1.2 Hz, 3J(5,6)� 3.1 Hz, 1H; H-5), 3.97 (dd, 2J(1',1)� 8.3 Hz,
3J(1',2)� 6.4 Hz, 1 H; H-1'), 3.65 ± 3.75 (m, 2H; H-8', H-8), 1.82 ± 1.92 (m,


2H; H-7', H-7), 1.39 (s, 3H; C(CH3)2), 1.45 (s, 3 H; C(CH3)2); 13C NMR
(125.8 MHz, CDCl3, 25 8C): d� 109.5 (C(CH3)2), 80.4 (C-3), 79.1 (C-6), 77.2
(C-5), 76.3 (C-4), 74.0 (C-2), 66.1 (C-1), 59.1 (C-8), 31.0 (C-7), 25.7, 24.3
(C(CH3)2); MS (CI): m/z (%): 249 (100) [M�H]� , 191 (95) [M�Hÿ
acetone]� , 173 (30) [M�Hÿ acetoneÿH2O]� ; elemental analysis calcd
(%) for C11H20O6: C 53.22, H 8.12; found C 52.84, H 8.10.


3,6-Anhydro-4,5,8-tri-O-benzyl-7-deoxy-1,2-O-isopropylidene-dd-glycero-
ll-gulo-octitol (9): Sodium hydride (3.6 g, 90.6 mmol, 60% suspension in
oil) was added slowly to a solution of 8 (5.0 g, 20.1 mmol) in dry DMF
(75 mL) at 0 8C and the mixture stirred for 45 min. Benzyl bromide
(11.0 mL, 90.6 mmol) was then added dropwise at 0 8C. The reaction
mixture was stirred for 16 h and allowed to warm up to RT. After addition
of MeOH (20 mL), the solution was stirred for 30 min and partitioned
between saturated aqueous NH4Cl solution (130 mL) and CH2Cl2


(230 mL). The aqueous phase was extracted with CH2Cl2 (3� 50 mL).
The combined organic layers were washed with saturated aqueous NaCl
solution, dried (Na2SO4) and concentrated under reduced pressure.
Purification by column chromatography (EtOAc/petroleum ether 40/60
1:5) gave 9 as a syrup (8.70 g, 16.8 mmol, 83 %). Rf� 0.45 (EtOAc/
petroleum ether 40/60); [a]21


D �ÿ12.8 (c� 4.4 in acetone); 1H NMR
(500.1 MHz, CDCl3, 25 8C): d� 7.23 ± 7.36 (m, 15H; Ph), 4.58 (d, 2J�
12.1 Hz, 1 H; CH2Ph), 4.55 (d, 2J� 12.1 Hz, 1 H; CH2Ph), 4.50 (d, 2J�
12.1 Hz, 1 H; CH2Ph), 4.49 (d, 2J� 12.1 Hz, 1 H; CH2Ph), 4.46 (d, 2J�
12.1 Hz, 1 H; CH2Ph), 4.37 (d, 2J� 12.1 Hz, 1H; CH2Ph), 4.30 ± 4.34 (m,
1H; H-2), 4.24 (ddd, 3J(5,6)� 3.8 Hz, 3J(6,7')� 5.7 Hz, 3J(6,7)� 7.6 Hz,
1H; H-6), 4.12 (dd, 3J(2,3)� 7.0 Hz, 3J(3,4)� 3.8 Hz, 1 H; H-3), 4.08 (dd,
2J(1',1)� 8.3 Hz, 3J(1,2)� 5.7 Hz, 1H; H-1), 4.02 (d, 3J(3,4)� 3.8 Hz,
3J(4,5)� 0 Hz, 1H; H-4), 3.94 (dd, 2J(1',1)� 8.3 Hz, 3J(1',2)� 6.4 Hz, 1H;
H-1'), 3.79 (d, 3J(4,5)� 0 Hz, 3J(5,6)� 3.8 Hz, 1H; H-5), 3.54 (dd, 2J(8',8)�
0 Hz, 3J(7',8)� 5.7 Hz, 3J(7,8)� 7.0 Hz, 2H; H-8', H-8), 1.88 ± 2.04 (m, 2H;
H-7', H-7), 1.37 (s, 3H; C(CH3)2), 1.41 (s, 3 H; C(CH3)2); 13C NMR
(125.8 MHz, CDCl3, 25 8C): d� 138.6, 138.1, 137.9, 128.7, 128.4, 128.3, 127.8,
127.7, 127.6, 127.5 (Ph), 108.7 (C(CH3)2), 82.2 (C-4), 81.3 (C-5), 80.7 (C-3),
78.2 (C-6), 73.6 (C-2), 73.0, 72.4, 71.9 (CH2Ph), 67.7 (C-8), 67.3 (C-1), 29.4
(C-7), 26.7, 25.7 (C(CH3)2; MS (CI): m/z (%): 519 (100) [M�H]� , 461 (15)
[M�Hÿ acetone]� ; elemental analysis calcd (%) for C32H38O6: C 74.11, H
7.38; found C 73.84, H 7.50.


3,6-Anhydro-4,5,8-tri-O-benzyl-7-deoxy-dd-glycero-ll-gulo-octitol (10):
Compound 9 (8.7 g, 16.8 mmol) was dissolved in a mixture of THF/water/
acetic acid (126 mL, 1:1:6) and stirred at 60 8C until thin-layer chromatog-
raphy (TLC) showed complete consumption of the starting material. The
solvent was removed under reduced pressure. The residue was co-
evaporated two times in vacuo with water to remove any remaining acetic
acid. The crude product was crystallized from CH2Cl2/n-hexane to give 10
(7.47 g, 15.6 mmol, 93%). Rf� 0.26 (EtOAc/petroleum ether 40/60 1:1);
m.p. 55 8C; [a]21


D �ÿ16.6 (c� 0.8 in acetone); 1H NMR (500.1 MHz,
CDCl3, 25 8C): d� 7.25 ± 7.38 (m, 15H; Ph), 4.59 (d, 2J� 12.1 Hz, 1H;
CH2Ph), 4.54 (d, 2J� 12.1 Hz, 1H; CH2Ph), 4.51 (d, 2J� 12.1 Hz, 1H;
CH2Ph), 4.47 (d, 2J� 12.1 Hz, 1H; CH2Ph), 4.45 (d, 2J� 12.1 Hz, 1H;
CH2Ph), 4.42 (d, 2J� 12.1 Hz, 1H; CH2Ph), 4.29 (ddd, 3J(5,6)� 3.2 Hz,
3J(6,7')� 5.6 Hz, 3J(6,7)� 7.8 Hz, 1H; H-6), 4.15 (d, 3J(3,4)� 3.8 Hz,
3J(4,5)� 0 Hz, 1H; H-4), 4.07 (dd, 3J(2,3)� 8.3 Hz, 3J(3,4)� 3.8 Hz, 1H;
H-3), 3.95 ± 3.99 (m, 1 H; H-2), 3.85 (d, 3J(4,5)� 0 Hz, 3J(5,6)� 3.2 Hz, 1H;
H-5), 3.81 (dd, 2J(1',1)� 11.5 Hz, 3J(1,2)� 3.8 Hz, 1H; H-1), 3.68 (dd,
2J(1',1)� 11.5 Hz, 3J(1',2)� 5.7 Hz, 1H; H-1'), 3.56 (dd, 2J(8',8)� 0 Hz,
3J(7',8)� 5.7 Hz, 3J(7,8)� 7.0 Hz, 2H; H-8', H-8), 1.92 ± 2.09 (m, 2H; H-7',
H-7); 13C NMR (125.8 MHz, CDCl3, 25 8C): d� 138.5, 137.8, 137.6, 128.7,
128.5, 128.4, 128.2, 128.0, 127.9, 127.8, 127.7, 127.6 (Ph), 82.1 (C-4), 81.7 (C-
5), 79.7 (C-3), 78.1 (C-6), 73.0, 72.3, 72.1 (CH2Ph), 69.8 (C-2), 67.6 (C-8),
64.9 (C-1), 29.3 (C-7); MS (CI): m/z (%): 479 (100) [M�H]� ; elemental
analysis calcd (%) for C29H34O6: C 72.78, H 7.16; found C 72.71,
H 7.21.


2,5-Anhydro-3,4,7-tri-O-benzyl-6-deoxy-aldehydo-dd-ido-heptose (11): A
solution of NaIO4 (1.05 g, 4.9 mmol) in MeOH/water (20 mL, 1:3) was
added dropwise to a cooled solution of 10 (1.17 g, 2.45 mmol) in MeOH
(20 mL) at such a rate that the reaction temperature did not exceed 5 8C.
After stirring for further 30 min at 0 8C, the reaction mixture was diluted
with water and extracted with CH2Cl2. The combined organic layers were
washed with brine and dried (Na2SO4). Evaporation of the solvent gave the
crude product 11 (990 mg, 2.22 mmol, 91%), which was immediately
subjected to Grignard addition without further purification. An analytically
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pure sample was obtained by column chromatography (EtOAc/petroleum
ether 40/60 2:3). Rf� 0.74 (EtOAc/petroleum ether 60/60 2:3); [a]21


D �
ÿ20.8 (c� 1.7 in acetone); 1H NMR (500.1 MHz, CDCl3, 25 8C): d� 9.66
(d, 3J(1,2)� 2.6 Hz, 1 H; H-1), 7.21 ± 7.36 (m, 15H; Ph), 4.53 (d, 2J� 12.1 Hz,
1H; CH2Ph), 4.51 (d, 2J� 12.1 Hz, 1H; CH2Ph), 4.49 (d, 2J� 12.1 Hz, 1H;
CH2Ph), 4.48 ± 4.51 (m, 1 H; H-5), 4.47 (d, 2J� 12.1 Hz, 1 H; CH2Ph), 4.46
(dd, 3J(1,2)� 2.6 Hz, 3J(2,3)� 5.1 Hz, 1H; H-2), 4.42 (d, 2J� 12.1 Hz, 1H;
CH2Ph), 4.37 (d, 2J� 12.1 Hz, 1 H; CH2Ph), 4.32 (d, 3J(2,3)� 5.1 Hz,
3J(3,4)� 0 Hz, 1H; H-3), 3.85 (d, 3J(3,4)� 0 Hz, 3J(4,5)� 3.2 Hz, 1 H; H-4),
3.58 ± 3.65 (m, 2H; H-7', H-7), 1.99 ± 2.13 (m, 2 H; H-6', H-6); 13C NMR
(125.8 MHz, CDCl3, 25 8C): d� 202.0 (C-1), 138.4, 137.5, 137.0, 128.5, 128.4,
128.3, 128.1, 128.0, 127.8, 127.7, 127.6, 127.5 (Ph), 84.3 (C-2), 83.9 (C-3), 81.6
(C-4), 80.0 (C-5), 73.1, 72.5, 72.1 (CH2Ph), 67.4 (C-7), 29.1 (C-6); MS (CI):
m/z (%): 447 (100) [M�H]� ; HRMS: calcd for C28H31O5 [M�H]� 447.2171;
found 447.2171.


3,6-Anhydro-1,4,5-tri-O-benzyl-2,8,9,10,11-pentadeoxy-ll-glycero-dd-ido-
undec-10-enitol (12) and 3,6-anhydro-1,4,5-tri-O-benzyl-2,8,9,10,11-penta-
deoxy-dd-glycero-dd-ido-undec-10-enitol (13): A Grignard solution in anhy-
drous Et2O (10 mL) was prepared from magnesium (760 mg, 31.3 mmol)
and 3-bromobut-1-ene (4.65 g, 34.5 mmol). The solution was cooled to 0 8C
and 11 (2.55 g, 5.7 mmol) in dry THF (15 mL) was added dropwise over
30 min. The reaction mixture was stirred for 2 h at 0 8C and then for an
additional 16 h at RT. After addition of a saturated aqueous solution of
NH4Cl (30 mL), the mixture was extracted with tert-butyl methyl ether. The
combined organic layers were washed with brine, dried (Na2SO4), and
concentrated in vacuo. Column chromatography (EtOAc/petroleum ether
40/60 1:3) gave the major diastereomer 12 (1.65 g, 3.28 mmol, 57 %) and the
minor diastereomer 13 (0.58 g, 1.15 mmol, 20%) as oils. The diastereomeric
ratio was 3:1, as determined by 1H NMR spectroscopy of the crude reaction
product.


Compound 12 : Rf� 0.39 (EtOAc/petroleum ether 40/60 1:3); [a]21
D �ÿ32.6


(c� 1.3 in acetone); 1H NMR (500.1 MHz, CDCl3, 25 8C): d� 7.25 ± 7.37 (m,
15H; Ph), 5.77 ± 5.85 (m, 1H; H-10), 5.03 (ddd, 2J(11trans,11cis)� 1.9 Hz,
3J(10,11cis)� 17.2 Hz, 4J� 3.8 Hz, 1 H; H-11cis), 4.95 (dd, 2J(11trans,11-
cis)� 1.9 Hz, 3J(10,11trans)� 10.2 Hz, 1 H; H-11trans), 4.54 (d, 2J�
12.1 Hz, 1 H; CH2Ph), 4.53 (d, 2J� 12.1 Hz, 1 H; CH2Ph), 4.52 (d, 2J�
12.1 Hz, 1 H; CH2Ph), 4.48 (d, 2J� 12.1 Hz, 1 H; CH2Ph), 4.47 (d, 2J�
12.1 Hz, 1 H; CH2Ph), 4.36 (d, 2J� 12.1 Hz, 1H; CH2Ph), 4.32 (ddd,
3J(2',3)� 5.7 Hz, 3J(2,3)� 7.6 Hz, 3J(3,4)� 3.8 Hz, 1 H; H-3), 3.98 (d,
3J(4,5)� 0 Hz, 3J(5,6)� 4.5 Hz, 1 H; H-5), 3.93 (dd, 3J(5,6)� 4.5 Hz,
3J(6,7)� 5.7 Hz, 1H; H-6), 3.87 ± 3.91 (m, 2 H; H-4, H-7), 3.59 (dd,
2J(1',1)� 0 Hz, 3J(1,2')� 5.7 Hz, 3J(1,2)� 7.0 Hz, 2H; H-1, H-1'), 2.11 ±
2.18 (m, 1H; H-8'), 2.24 ± 2.31 (m, 1H; H-8), 1.95 ± 2.08 (m, 2H; H-2',
H-2), 1.44 ± 1.51 (m, 1 H; H-9'), 1.56 ± 1.64 (m, 1 H; H-9); 13C NMR
(125.8 MHz, CDCl3, 25 8C): d� 138.6 (C-10), 138.5, 137.9, 137.2, 128.6,
128.4, 128.3, 128.1, 127.9, 127.8, 127.7, 127.5, 126.9 (Ph), 114.6 (C-11), 82.9 (C-
5), 82.1 (C-4), 81.7 (C-6), 77.9 (C-3), 73.0, 72.2, 72.1 (CH2Ph), 69.9 (C-7),
67.7 (C-1), 32.4 (C-2), 29.9 (C-8), 29.3 (C-9); MS (CI): m/z (%): 503 (100)
[M�H]� ; elemental analysis calcd (%) for C32H38O5: C 76.47, H 7.62; found
C 76.59, H 7.26.


Compound 13 : Rf� 0.48 (EtOAc/petroleum ether 40/60 1:3); [a]21
D �ÿ13.7


(c� 3.7 in acetone); 1H NMR (500.1 MHz, CDCl3, 25 8C): d� 7.26 ± 7.38
(m, 15 H; Ph), 5.81 ± 5.89 (m, 1H; H-10), 5.04 (ddd, 2J(11trans,11cis)�
1.9 Hz, 3J(10,11cis)� 17.2 Hz, 4J� 3.8 Hz, 1 H; H-11cis), 4.96 (dd,
2J(11trans,11cis)� 1.9 Hz, 3J(10,11trans)� 10.2 Hz, 1H; H-11trans), 4.58
(d, 2J� 11.5 Hz, 1H; CH2Ph), 4.55 (d, 2J� 11.5 Hz, 1H; CH2Ph), 4.52 (d,
2J� 11.5 Hz, 1H; CH2Ph), 4.47 (d, 2J� 11.5 Hz, 1 H; CH2Ph), 4.48 (d, 2J�
11.5 Hz, 1H; CH2Ph), 4.38 (d, 2J� 11.5 Hz, 1H; CH2Ph), 4.28 (ddd,
3J(2',3)� 5.7 Hz, 3J(2,3)� 7.6 Hz, 3J(3,4)� 3.8 Hz, 1 H; H-3), 4.14 (d,
3J(4,5)� 0 Hz, 3J(5,6)� 4.5 Hz, 1 H; H-5), 3.92 (dd, 3J(5,6)� 4.5 Hz,
3J(6,7)� 7.6 Hz, 1H; H-6), 3.89 (d, 3J(3,4)� 3.8 Hz, 3J(4,5)� 0 Hz, 1H;
H-4), 3.83 ± 3.87 (m, 1 H; H-7), 3.58 (dd, 2J(1',1)� 0 Hz, 3J(1,2')� 5.7 Hz,
3J(1,2)� 7.0 Hz, 2 H; H-1, H-1'), 2.10 ± 2.18 (m, 1H; H-8'), 2.27 ± 2.34 (m,
1H; H-8), 1.95 ± 2.08 (m, 2H; H-2', H-2), 1.47 ± 1.53 (m, 1 H; H-9'), 1.74 ±
1.81 (m, 1H; H-9); 13C NMR (125.8 MHz, CDCl3, 25 8C): d� 138.8 (C-10),
138.6, 137.8, 137.2, 128.7, 128.5, 128.3, 128.2, 127.9, 127.8, 127.7, 127.5 (Ph),
114.5 (C-11), 82.6 (C-5), 81.7 (C-4), 77.8 (C-6), 77.3 (C-3), 73.0, 72.2, 72.1
(CH2Ph), 69.8 (C-7), 67.7 (C-1), 33.6 (C-2), 29.8 (C-8), 29.3 (C-9); MS (CI):
m/z (%): 503 (100) [M�H]� ; elemental analysis calcd (%) for C32H38O5: C
76.47, H 7.62; found C 76.09, H 7.61.


7-O-Acetyl-3,6-anhydro-1,4,5-tri-O-benzyl-2,8,9,10,11-pentadeoxy-ll-glyc-
ero-dd-ido-undec-10-enitol (14): Compound 12 (425 mg, 0.85 mmol) was
dissolved in a mixture of dry pyridine (2.5 mL) and dry toluene (2.5 mL).
Acetic anhydride (1 mL) was added and the reaction mixture stirred at RT
for 16 h. The solvent was removed under reduced pressure, and toluene was
repeatedly added and removed in vacuo. Column chromatography
(EtOAc/petroleum ether 40/60 1:4) gave 14 (350 mg, 0.64 mmol, 76%) as
an oil. Rf� 0.45 (EtOAc/petroleum ether 40/60 1:4); [a]21


D �ÿ16.6 (c� 2.1
in acetone); 1H NMR (500.1 MHz, CDCl3, 25 8C): d� 7.25 ± 7.35 (m, 15H;
Ph), 5.69 ± 5.77 (m, 1H; H-10), 5.23 ± 5.27 (m, 1H; H-7), 4.96 (dd,
2J(11trans,11cis)� 1.9 Hz, 3J(10,11cis)� 17.2 Hz, 1H; H-11cis), 4.92 (dd,
2J(11trans,11cis)� 1.9 Hz, 3J(10,11trans)� 10.2 Hz, 1H; H-11trans), 4.53
(d, 2J� 12.1 Hz, 1H; CH2Ph), 4.51 (d, 2J �12.1 Hz, 1H; CH2Ph), 4.49 (d,
2J� 12.1 Hz, 1 H; CH2Ph), 4.47 (d, 2J� 12.1 Hz, 1H; CH2Ph), 4.46 (d, 2J�
12.1 Hz, 1 H; CH2Ph), 4.32 (d, 2J� 12.1 Hz, 1H; CH2Ph), 4.26 (ddd,
3J(2',3)� 5.7 Hz, 3J(2,3)� 7.6 Hz, 3J(3,4)� 3.2 Hz, 1H; H-3), 4.05 (dd,
3J(5,6)� 5.1 Hz, 3J(6,7)� 7.6 Hz, 1H; H-6), 3.92 (dd, 3J(4,5)� 1.3 Hz,
3J(5,6)� 5.1 Hz, 1 H; H-5), 3.87 (dd, 3J(3,4)� 3.2 Hz, 3J(4,5)� 1.3 Hz, 1H;
H-4), 3.53 ± 3.59 (m, 2H; H-1', H-1), 1.98 (s, 3H; COCH3), 1.92 ± 2.11 (m,
4H; H-2', H-2, H-8', H-8), 1.50 ± 1.55 (m, 2 H; H-9', H-9); 13C NMR
(125.8 MHz, CDCl3, 25 8C): d� 170.6 (COCH3), 138.6, 137.9 (Ph), 137.8 (C-
10), 137.3, 128.4, 128.3, 128.0, 127.9, 127.8, 127.7, 127.6, 127.4 (Ph), 114.7 (C-
11), 81.9 (C-5), 81.8 (C-4), 80.2 (C-6), 77.4 (C-3), 73.0, 72.1 (CH2Ph), 72.0
(C-7), 71.9 (CH2Ph), 67.8 (C-1), 30.3 (C-2), 29.5 (C-8), 29.3 (C-9), 21.2
(COCH3); MS (CI): m/z (%): 545 (100) [M�H]� ; elemental analysis calcd
(%) for C34H40O6: C 74.97, H 7.40; found C 74.62, H 7.75.


7-O-Acetyl-3,6-anhydro-1,4,5-tri-O-benzyl-2,8,9,10,11-pentadeoxy-dd-glyc-
ero-dd-ido-undec-10-enitol (15): Compound 13 (140 mg, 0.28 mmol) was
dissolved in a mixture of dry pyridine (1 mL) and dry toluene (1 mL).
Acetic anhydride (0.4 mL) was added, and the reaction mixture stirred at
RT for 16 h. The solvent was removed under reduced pressure. The residue
was co-evaporated twice in vacuo with toluene. Column chromatography
(EtOAc/petroleum ether 40/60 1:4) gave 15 (90 mg, 0.17 mmol, 60%) as an
oil. Rf� 0.59 (EtOAc/petroleum ether 40/60 1:4); [a]21


D �ÿ13.3 (c� 1.2 in
acetone); 1H NMR (500.1 MHz, CDCl3, 25 8C): d� 7.25 ± 7.37 (m, 15H;
Ph), 5.75 ± 5.83 (m, 1H; H-10), 5.16 ± 5.20 (m, 1 H; H-7), 4.99 (ddd,
2J(11trans,11cis)� 1.3 Hz, 3J(10,11cis)� 17.2 Hz, 4J� 3.1 Hz, 1 H; H-11cis),
4.93 (dd, 2J(11trans,11cis)� 1.3 Hz, 3J(10,11trans)� 10.2 Hz, 1H;
H-11trans), 4.52 (d, 2J� 12.1 Hz, 1H; CH2Ph), 4.49 (d, 2J� 12.1 Hz, 1H;
CH2Ph), 4.46 (d, 2J� 12.1 Hz, 1H; CH2Ph), 4.44 (d, 2J� 12.1 Hz, 1H;
CH2Ph), 4.41 (d, 2J� 12.1 Hz, 1H; CH2Ph), 4.38 (d, 2J� 12.1 Hz, 1H;
CH2Ph), 4.24 (ddd, 3J(2',3)� 5.1 Hz, 3J(2,3)� 8.3 Hz, 3J(3,4)� 3.2 Hz, 1H;
H-3), 4.13 (dd, 3J(5,6)� 4.5 Hz, 3J(6,7)� 7.3 Hz, 1H; H-6), 3.96 (d,
3J(4,5)� 0 Hz, 3J(5,6)� 4.5 Hz, 1 H; H-5), 3.78 (d, 3J(3,4)� 3.2 Hz,
3J(4,5)� 0 Hz, 1H; H-4), 3.55 (dd, 2J(1',1)� 0 Hz, 3J(1,2')� 5.7 Hz,
3J(1,2)� 7.0 Hz, 2H; H-1, H-1'), 1.74 ± 2.13 (m, 6 H; H-2', H-2, H-8', H-8,
H-9', H-9), 1.95 (s, 3H; COCH3); 13C NMR (125.8 MHz, CDCl3, 25 8C): d�
170.0 (COCH3), 138.5 (Ph), 138.4 (C-10), 137.8, 137.5, 128.4, 128.3, 127.9,
127.8, 127.7, 127.6, 127.5, 125.0 (Ph), 114.4 (C-11), 81.6 (C-5), 81.4 (C-4), 80.3
(C-6), 78.0 (C-3), 73.0, 72.3, 72.0 (CH2Ph), 71.5 (C-7), 67.6 (C-1), 30.6 (C-2),
29.4 (C-8), 29.3 (C-9), 21.1 (COCH3); MS (CI): m/z (%): 545 (100)
[M�H]� ; elemental analysis calcd (%) for C34H40O6: C 74.97, H 7.40; found
C 74.63, H 7.26.


3,6-Anhydro-2,8,9,10,11-pentadeoxy-ll-glycero-dd-ido-undecitol (16): Com-
pound 12 (300 mg, 0.60 mmol) was dissolved in MeOH (6 mL) and Pd/C
(30 mg, 10 %) added. The suspension was stirred for 16 h at RT under a
hydrogen atmosphere. Filtration and concentration gave 16 (130 mg, 93%)
as a syrup. Rf� 0.10 (EtOAc); [a]21


D �ÿ16.7 (c� 0.06 in acetone); 1H NMR
(500.1 MHz, [D6]DMSO, 25 8C): d� 4.02 ± 4.06 (m, 1H; H-3), 3.84 (d,
3J(4,5)� 0 Hz, 3J(5,6)� 3.2 Hz, 1 H; H-5), 3.75 (d, 3J(3,4)� 2.6 Hz,
3J(4,5)� 0 Hz, 1 H; H-4), 3.62 (dd, 3J(5,6)� 3.2 Hz, 3J(6,7)� 7.0 Hz, 1H;
H-6), 3.54 ± 3.57 (m, 1H; H-7), 3.42 ± 3.49 (m, 2H; H-1', H-1), 1.60 ± 1.69 (m,
2H; H-2', H-2), 1.38 ± 1.42 (m, 2 H; H-8', H-8), 1.23 ± 1.29 (m, 4H; H-9', H-9,
H-10', H-10), 0.83 ± 0.86 (m, 3 H; H-11); 13C NMR (125.8 MHz, [D6]DMSO,
25 8C): d� 82.4 (C-6), 77.1 (C-5, C-7), 77.0 (C-4), 69.6 (C-3), 58.4 (C-1), 32.6
(C-2), 32.4 (C-8), 27.3 (C-9), 22.24 (C-10), 14.02 (C-11); MS (CI): m/z (%):
235 (100) [M�H]� , 217 (30) [M�HÿH2O]� , 199 (55) [M�Hÿ 2xH2O]� ;
HRMS: calcd for C11H23O5 [M�H]� 235.1545; found 235.1510.


1,4,5,7-Tetra-O-acetyl-3,6-anhydro-2,8,9,10,11-pentadeoxy-ll-glycero-dd-
ido-undecitol (17): Compound 16 (120 mg, 0.51 mmol) was dissolved in a
mixture of dry pyridine (0.5 mL) and dry toluene (0.5 mL). Acetic
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anhydride (0.2 mL) was added and the reaction mixture stirred at RT for
16 h. The solvent was removed under reduced pressure and toluene was
repeatedly added and removed under reduced pressure. Column chroma-
tography (EtOAc/petroleum ether 40/60 1:3) gave 17 (180 mg, 0.64 mmol,
87%) as an oil. Rf� 0.31 (EtOAc/petroleum ether 40/60 1:3); [a]21


D ��15.4
(c� 1.1 in acetone); 1H NMR (500.1 MHz, CDCl3, 25 8C): d� 5.28 (dd,
3J(4,5)� 2.5 Hz, 3J(5,6)� 5.7 Hz, 1 H; H-5), 5.23 (dd, 1H; 3J(3,4)� 4.5 Hz,
3J(4,5)� 2.5 Hz, H-4), 5.01 (ddd, 3J(6,7)� 5.7 Hz, 3J(7,8')� 4.5 Hz,
3J(7,8)� 8.3 Hz, 1H; H-7), 4.29 (ddd, 3J(2',3)� 5.2 Hz, 3J(2,3)� 7.6 Hz,
3J(3,4)� 4.5 Hz, 1 H; H-3), 4.14 ± 4.20 (m, 2H; H-1, H-6), 4.05 ± 4.10 (m,
1H; H-1'), 2.08 (s, 3H; COCH3), 2.06 (s, 3H; COCH3), 2.05 (s, 3H;
COCH3), 2.01 (s, 3H; COCH3), 1.75 ± 1.79 (m, 2H; H-2', H-2), 1.42 ± 1.52
(m, 2H; H-8', H-8), 1.21 ± 1.30 (m, 4 H; H-9', H-9, H-10', H-10), 0.83 ± 0.85
(m, 3 H; H-11); 13C NMR (125.8 MHz, CDCl3, 25 8C): d� 170.9, 170.4,
169.7, 169.5 (COCH3), 78.7 (C-6), 77.4 (C-4), 76.5 (C-5), 75.8 (C-3), 71.5 (C-
7), 65.4 (C-1), 30.7 (C-2), 28.4 (C-8), 27.5 (C-9), 22.4 (C-10), 21.2, 20.9, 20.7,
20.6 (COCH3), 13.82 (C-11); MS (CI): m/z (%): 403 (30) [M�H]� , 343
(100) [M�HÿHOAc]� ; HRMS: calcd for C19H31O9 [M�H]� 403.1968;
found 403.1968.


3,6-Anhydro-1,4,5,7-tetra-O-benzoyl-2,8,9,10,11-pentadeoxy-ll-glycero-dd-
ido-undecitol (18): Benzoyl chloride (0.19 mL, 1.66 mmol) was added to a
solution of 16 (75 mg, 0.32 mmol) in a mixture of dry pyridine (1 mL) and
dry toluene (1 mL). The reaction mixture was stirred for 2 h at RT. After
addition of a saturated aqueous solution of NH4Cl (5 mL), the mixture was
stirred for 15 min and then the solution extracted with CH2Cl2. The
combined organic layers were washed with saturated aqueous NaCl
solution and dried (Na2SO4). Removal of the solvent and addition of
toluene to the residue followed by concentration gave the crude product,
which was purified by column chromatography (EtOAc/petroleum ether
40/60 1:5). Crystallization from acetone/n-hexane gave 18 (190 mg,
0.29 mmol, 91%). Rf� 0.37 (EtOAc/petroleum ether 40/60 1:5); m.p.
109 8C; [a]21


D ��50.0 (c� 0.7 in acetone); 1H NMR (500.1 MHz, CDCl3,
25 8C): d� 7.35 ± 8.10 (m, 20H; Ph), 5.81 (dd, 3J(4,5)� 4.1 Hz, 3J(5,6)�
5.5 Hz, 1H; H-5), 5.67 (dd, 3J(3,4)� 4.1 Hz, 3J(4,5)� 4.1 Hz, 1 H; H-4),
5.53 (ddd, 3J(6,7)� 6.2 Hz, 3J(7,8')� 6.4 Hz, 3J(7,8)� 8.3 Hz, 1H; H-7), 4.75
(ddd, 3J(2',3)� 8.6 Hz, 3J(2,3)� 4.8 Hz, 3J(3,4)� 4.1 Hz, 1H; H-3), 4.60
(dd, 3J(5,6)� 5.5 Hz, 3J(6,7)� 6.2 Hz, 1 H; H-6), 4.37 ± 4.42 (m, 2 H; H-1',
H-1), 2.04 ± 2.16 (m, 2 H; H-2', H-2), 1.62 ± 1.77 (m, 2H; H-8', H-8), 1.15 ±
1.35 (m, 2H; H-9', H-9, H-10', H-10), 0.74 ± 0.77 (m, 3 H; H-11); 13C NMR
(125.8 MHz, CDCl3, 25 8C): d� 166.4, 166.0, 165.2, 165.1 (COC6H5), 133.6,
132.9, 132.8, 130.4, 130.2, 129.9, 129.8, 129.6, 129.6, 129.1, 128.9, 128.5, 128.4,
128.3, 128.2 (Ph), 79.6 (C-6) , 78.3 (C-4) , 77.2 (C-5) , 76.7 (C-3) , 72.5 (C-7),
62.0 (C-1), 31.0 (C-2) , 28.9 (C-8), 27.3 (C-9), 22.4 (C-10), 13.8 (C-11); MS
(CI): m/z (%): 651 (75) [M�H]� , 529 (100) [MHÿHO2CC6H5]� ; elemental
analysis calcd (%) for C39H38O9: C 71.99, H 5.89; found C 71.61, H 5.86.


3,6:7,10-Dianhydro-1,4,5-tri-O-benzyl-2,8,9-trideoxy-ll-erythro-dd-ido-un-
decitol (cis-19) and 3,6:7,10-dianhydro-1,4,5-tri-O-benzyl-2,8,9-trideoxy-dd-
threo-dd-ido-undecitol (trans-19): 3-Chloroperoxybenzoic acid (590 mg,
2.39 mmol, 70 %) and (�)-camphorsulfonic acid (90 mg) were added to a
solution of 12 (1.0 g, 1.99 mmol) in CH2Cl2 (20 mL) at 0 8C. The reaction
mixture was stirred for 2 h at 0 8C and for further 16 h at RT. The mixture
was diluted with tert-butyl methyl ether (100 mL) and washed with an
aqueous solution of Na2S2O3 (2� 30 mL, 10%), a saturated aqueous
solution of NaHCO3 (2� 30 mL) and a saturated aqueous solution of NaCl
(2� 30 mL). Drying (Na2SO4) and removal of the solvent under reduced
pressure gave the crude mixture of diastereomeric products trans-19 and
cis-19 (830 mg, 1.60 mmol, 80%) as an oil. The diastereomeric ratio was
1:1, as determined by 1H NMR spectroscopy of the crude product.
Separation of the diastereomers by column chromatography failed.


3,6:7,10-Dianhydro-2,8,9-trideoxy-ll-erythro-dd-ido-undecitol (1) and
3,6:7,10-dianhydro-2,8,9-trideoxy-dd-threo-dd-ido-undecitol (2): The diaster-
eomeric mixture 19 (540 mg, 1.04 mmol) was dissolved in MeOH (11 mL)
and Pd/C (50 mg, 10 %) added. The suspension was stirred for 16 h under a
hydrogen atmosphere. Filtration, concentration under reduced pressure,
and column chromatography (CHCl3/MeOH 5:1) gave 1 (100 mg,
0.42 mmol, 40 %) and 2 (100 mg, 0.42 mmol, 40 %) as oils.


Compound 1: Rf� 0.24 (CHCl3/MEOH 5:1); [a]21
D ��3.6 (c� 2.0 in


methanol); 1H NMR (500.1 MHz, [D4]MeOH, 25 8C): d� 4.27 (ddd,
3J(2',3)� 6.0 Hz, 3J(2,3)� 7.8 Hz, 3J(3,4)� 3.2 Hz, 1 H; H-3), 4.08 ± 4.12
(m, 1 H; H-7), 4.05 (d, 3J(4,5)� 0 Hz, 3J(5,6)� 3.4 Hz, 1 H; H-5), 3.99 ± 4.01
(m, 1 H; H-10), 3.93 (d, 3J(3,4)� 3.2 Hz, 3J(4,5)� 0 Hz, 1 H; H-4), 3.92 (dd,


3J(5,6)� 3.4 Hz, 3J(6,7)� 7.3 Hz, 1 H; H-6), 3.67 ± 3.72 (m, 2 H; H-1', H-1),
3.54 (dd, 2J(11',11)� 11.6 Hz, 3J(10,11)� 4.4 Hz, 1H; H-11), 3.49 (dd,
2J(11',11)� 11.6 Hz, 3J(10,11')� 5.6 Hz, 1H; H-11'), 2.04 ± 2.10 (m, 1H;
H-8), 1.90 ± 1.98 (m, 1H; H-9), 1.80 ± 1.91 (m, 2H; H-2', H-2), 1.63 ± 1.78 (m,
2H; H-8', H-9'); 13C NMR (125.8 MHz, [D4]MeOH , 25 8C): d� 84.3 (C-6),
81.7 (C-10), 80.8 (C-7), 79.8 (C-3), 79.1 (C-4), 78.9 (C-5), 65.8 (C-11), 60.4
(C-1), 33.0 (C-2), 28.8 (C-8), 28.3 (C-9); MS (CI): m/z (%): 249 (100)
[M�H]� ; HRMS: calcd for C11H21O6 [M�H]� 249.1338; found 249.1334.


Compound 2 : Rf� 0.22 (CHCl3/MeOH 5:1); [a]21
D ��0.85 (c� 1.1 in


methanol); 1H NMR (500.1 MHz, [D4]MeOH, 25 8C): d� 4.27 (ddd,
3J(2',3)� 6.0 Hz, 3J(2,3)� 7.7 Hz, 3J(3,4)� 3.3 Hz, 1 H; H-3), 4.16 ± 4.20
(m, 1 H; H-7), 4.04 ± 4.09 (m, 1 H; H-10), 4.04 (dd, 3J(4,5)� 1.0 Hz,
3J(5,6)� 3.7 Hz, 1 H; H-5), 3.95 (dd, 3J(3,4)� 3.3 Hz, 3J(4,5)� 1.0 Hz, 1H;
H-4), 3.65 ± 3.73 (m, 2H; H-1', H-1), 3.62 (dd, 3J(5,6)� 3.7 Hz, 3J(6,7)�
7.2 Hz, 1 H; H-6), 3.54 (dd, 2J(11',11)� 11.6 Hz, 3J(10,11)� 4.3 Hz, 1H;
H-11), 3.50 (dd, 2J(11',11)� 11.6 Hz, 3J(10,11')� 5.8 Hz, 1H; H-11'), 2.10 ±
2.16 (m, 1H; H-8), 1.97 ± 2.02 (m, 1 H; H-9), 1.78 ± 1.90 (m, 2 H; H-2', H-2),
1.63 ± 1.73 (m, 2 H; H-8', H-9'); 13C NMR (125.8 MHz, [D4]MeOH , 25 8C):
d� 84.7 (C-6), 81.3 (C-10), 80.3 (C-7), 79.8 (C-3), 79.1 (C-4), 78.9 (C-5), 65.4
(C-11), 60.4 (C-1), 33.1 (C-2), 29.4 (C-8), 28.7 (C-9); MS (CI): m/z (%): 249
(100) [M�H]� ; CIMS: calcd for C11H21O6 [M�H]� 249.1338; found
249.1336.


3,6:7,10-Dianhydro-1,4,5-tri-O-benzyl-2,8,9-trideoxy-ll-threo-dd-ido-undeci-
tol (trans-20)[18] and 3,6:7,10-dianhydro-1,4,5-tri-O-benzyl-2,8,9-trideoxy-
dd-erythro-dd-ido-undecitol (cis-20): 3-Chloroperoxybenzoic acid (542 mg,
2.20 mmol, 70 %) and (�)-camphorsulfonic acid (80 mg) were added to a
solution of 13 (920 mg, 1.83 mmol) in CH2Cl2 (18 mL) at 0 8C. The reaction
mixture was stirred for 2 h at 0 8C and for further 16 h at RT. The mixture
was diluted with tert-butyl methyl ether (90 mL) and washed twice with an
aqueous solution of Na2S2O3 (2� 27 mL, 10%), a saturated aqueous
solution of NaHCO3 (2� 27 mL) and brine(2� 27 mL). Drying (Na2SO4)
and removal of the solvent under reduced pressure gave the crude mixture
of diastereomeric products trans-20 and cis-20 (810 mg, 1.56 mmol, 85%)
as an oil. The diastereomeric ratio (1:1) was determined by 1H NMR
spectroscopy of the crude product. Separation of the diastereomers by
column chromatography did not succeed.


1,4,5,11-Tetra-O-acetyl-3,6:7,10-dianhydro-2,8,9-trideoxy-ll-threo-dd-ido-
undecitol (21)[19] and 1,4,5,11-tetra-O-acetyl-3,6:7,10-dianhydro-2,8,9-tri-
deoxy-dd-erythro-dd-ido-undecitol (22): The diastereomeric mixture 20
(1.07 g, 2.06 mmol) was dissolved in MeOH (20 mL) and Pd/C (100 mg,
10%) added. The suspension was stirred for 16 h under a hydrogen
atmosphere. Filtration and concentration under reduced pressure gave the
cis and trans diastereomers 3 and 4 (400 mg, 1.61 mmol, 78 %). The
separation of the mixture could not achieved by column chromatography.
The diastereomeric mixture was dissolved in a mixture of dry pyridine
(8 mL) and dry toluene (8 mL). Acetic anhydride (3.2 mL) was added and
the reaction mixture stirred for 16 h at RT. The solvent was removed and
the residue co-evaporated two times with toluene. Column chromatog-
raphy (EtOAc/petroleum ether 40/60 2:1) gave the products 21 (250 mg,
0.60 mmol, 37 %) and 22 (270 mg, 0.65 mmol, 40 %) as syrups.


Compound 21: Rf� 0.61 (EtOAc/petroleum ether 40/60 2:1); [a]21
D ��9.1


(c� 2.2 in acetone); 1H NMR (500.1 MHz, C6D6, 25 8C): d� 5.57 (d,
3J(4,5)� 0 Hz, 3J(5,6)� 3.8 Hz, 1 H; H-5), 5.29 (d, 3J(3,4)� 3.7 Hz,
3J(4,5)� 0 Hz, 1 H; H-4), 4.13 ± 4.18 (m, 2H; H-1, H-3), 4.03 ± 4.10 (m,
2H; H-1', H-7), 3.98 (dd, 3J(5,6)� 3.8 Hz, 3J(6,7)� 8.1 Hz, 1H; H-6), 3.89 ±
3.94 (m, 2 H; H-10, H-11), 3.69 ± 3.74 (m, 1 H; H-11'), 1.79 ± 1.85 (m, 1H;
H-8), 1.69 ± 1.73 (m, 2H; H-2', H-2), 1.68, 1.63 (s, 3 H; COCH3), 1.60 ± 1.66
(m, 1 H; H-8'), 1.58, 1.49 (COCH3), 1.46 ± 1.51 (m, 1H; H-9), 1.11 ± 1.17 (m,
1H; H-9'); 13C NMR (125.8 MHz, C6D6, 25 8C): d� 170.0, 168.8, 168.6
(COCH3), 81.6 (C-6), 77.4 (C-4), 77.3 (C-3), 77.1 (C-10), 76.4 (C-7), 76.3 (C-
5), 66.1 (C-11), 61.6 (C-1), 29.7 (C-2), 28.9 (C-8), 27.9 (C-9), 20.5,
20.4, 20.3, 20.0 (COCH3); MS (CI): m/z (%): 417 (100) [M�H]� , 357 (90)
[M�HÿHOAc]� ; HRMS: calcd for C19H29O10 [M�H]� 417.1761; found
417.1761.


Compound 22 : Rf� 0.50 (EtOAc/petroleum ether 40/60 2:1); [a]21
D ��6.0


(c� 1.9 in acetone); 1H NMR (500.1 MHz, C6D6, 25 8C): d� 5.61 (dd,
3J(4,5)� 1.0 Hz, 3J(5,6)� 2.0 Hz, 1H; H-5), 5.37 (dd, 3J(3,4)� 3.3 Hz,
3J(4,5)� 1.0 Hz, 1 H; H-4), 4.12 ± 4.17 (m, 1H; H-1'), 4.20 ± 4.25 (m, 2H;
H-1, H-3), 4.07 ± 4.10 (m, 2H; H-6, H-7), 3.99 (dd, 2J(11',11)� 11.0 Hz,
3J(10,11)� 6.0 Hz, 1 H; H-11), 3.88 (dd, 2J(11',11)� 11.0 Hz, 3J(10,11')�
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3.8 Hz, 1H; H-11'), 3.84 ± 3.89 (m, 1H; H-10), 1.72 ± 1.85 (m, 4 H; H-2', H-2,
H-8', H-8), 1.69, 1.65, 1.64. 1.56 (s, 3H; COCH3), 1.41 ± 1.48 (m, 1H; H-9),
1.28 ± 1.35 (m, 1 H; H-9'); 13C NMR (125.8 MHz, C6D6, 25 8C): d� 170.1,
170.0, 168.9, 168.5 (COCH3), 81.7 (C-6), 77.4 (C-3, C-4), 77.3 (C-10), 77.1 (C-
7), 76.5 (C-5), 66.3 (C-11), 61.7 (C-1), 29.1 (C-2), 29.0 (C-8), 27.5 (C-9), 20.5,
20.4, 20.3, 20.0 (COCO3); MS (CI): m/z (%): 417 (100) [M�H]� ; CIMS:
calcd for C19H29O10 [M�H]� 417.1761; found 417.1758.


3,6:7,10-Dianhydro-2,8,9-trideoxy-ll-threo-dd-ido-undecitol (3)[20]: A solu-
tion of NaOMe (1.5 mL, 1.0n) was added dropwise to a solution of 21
(150 mg, 0.36 mmol) in dry MeOH (15 mL) at RT. The reaction mixture
was stirred until TLC indicated complete consumption of the starting
material. The mixture was then neutralized by the addition of small
portions of acidic cationic ion exchange resin (IR 120, H�). Filtration,
concentration in vacuo, and column chromatography (EtOAc/MeOH 8:1)
gave the compound 3 (80 mg, 0.32 mmol, 90%) as an oil. Rf� 0.27 (EtOAc/
MeOH 8:1); [a]21


D �ÿ7.41 (c� 1.6 in methanol); 1H NMR (500.1 MHz,
[D4]MeOH, 25 8C): d� 4.19 (ddd, 3J(2',3)� 6.0 Hz, 3J(2,3)� 7.7 Hz,
3J(3,4)� 3.2 Hz, 1 H; H-3), 4.14 (d, 3J(4,5)� 0 Hz, 3J(5,6)� 3.3 Hz, 1H;
H-5), 4.09 ± 4.14 (m, 1H; H-7), 4.01 ± 4.08 (m, 1H; H-10), 3.96 (d, 3J(3,4)�
3.2 Hz, 3J(4,5)� 0 Hz, 1H; H-4), 3.88 (dd, 3J(5,6)� 3.3 Hz, 3J(6,7)� 8.2 Hz,
1H; H-6), 3.62 ± 3.72 (m, 2H; H-1', H-1), 3.52 (dd, 2J(11',11)� 11.5 Hz,
3J(10,11)� 3.8 Hz, 1 H; H-11), 3.45 (dd, 2J(11',11)� 11.5 Hz, 3J(10,11')�
6.0 Hz, 1H; H-11'), 2.09 ± 2.15 (m, 1 H; H-8), 1.97 ± 2.04 (m, 1H; H-9),
1.78 ± 1.88 (m, 3 H; H-2', H-2, H-8'), 1.65 ± 1.72 (m, 1H; H-9'); 13C NMR
(125.8 MHz, [D4]MeOH , 25 8C): d� 83.6 (C-6), 81.2 (C-10), 79.7 (C-3),
78.7 (C-4), 78.4 (C-5), 77.8 (C-7), 65.4 (C-11), 60.4 (C-1), 32.9 (C-2), 30.8 (C-
8), 28.5 (C-9); MS (CI): m/z (%): 249 (100) [M�H]� ; CIMS: calcd for
C11H21O6 [M�H]� 249.1338; found 249.1336.


3,6:7,10-Dianhydro-2,8,9-trideoxy-dd-erythro-dd-ido-undecitol (4): A solu-
tion of NaOMe (0.5 mL, 1.0n) was added dropwise to a solution of 22
(50 mg, 0.12 mmol) in dry MeOH (5 mL) at RT. The reaction mixture was
stirred until TLC indicated the complete consumption of the starting
material. The mixture was neutralized by the addition of small portions of
acidic cationic ion exchange resin (IR 120, H�). Filtration, concentration in
vacuo, and column chromatography (EtOAc/MeOH 8:1) gave the com-
pound 4 (27 mg, 0.11 mmol, 95%) as an oil. Rf� 0.27 (EtOAc/MeOH 8:1);
[a]21


D ��1.1 (c� 1.6 in methanol); 1H NMR (500.1 MHz, [D4]MeOH,
25 8C): d� 4.19 (ddd, 3J(2',3)� 6.3 Hz, 3J(2,3)� 7.5 Hz, 3J(3,4)� 3.2 Hz,
1H; H-3), 4.14 (dd, 3J(4,5)� 0.9 Hz, 3J(5,6)� 3.5 Hz, 1H; H-5), 4.09 ± 4.13
(m, 1 H; H-7), 3.96 (dd, 3J(3,4)� 3.2 Hz, 3J(4,5)� 0.9 Hz, 1 H; H-4), 3.92 ±
3.97 (m, 1H; H-10), 3.92 (dd, 3J(5,6)� 3.5 Hz, 3J(6,7)� 7.4 Hz, 1 H; H-6),
3.56 (dd, 2J(11',11)� 11.5 Hz, 3J(10,11)� 4.1 Hz, 1 H; H-11), 3.62 ± 3.71 (m,
2H; H-1', H-1), 3.47 (dd, 2J(11',11)� 11.5 Hz, 3J(10,11')� 6.0 Hz, 1H;
H-11'), 1.98 ± 2.05 (m, 1H; H-8), 1.86 ± 1.98 (m, 2 H; H-8', H-9), 1.77 ± 1.86
(m, 2 H; H-2', H-2), 1.66 ± 1.74 (m, 1H; H-9'); 13C NMR (125.8 MHz,
[D4]MeOH , 25 8C): d� 83.4 (C-6), 81.3 (C-10), 79.7 (C-3), 78.8 (C-4), 78.7
(C-7), 78.3 (C-5), 66.0 (C-11), 60.3 (C-1), 32.9 (C-2), 29.6 (C-8), 28.3 (C-9);
MS (CI): m/z (%): 249 (100) [M�H]� ; CIMS: calcd for C11H21O6 [M�H]�


249.1338; found 249.1342.
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Quantitative Chirality/Enantioselectivity Relations in Large Random
Supramolecular Structures**


Omer Katzenelson and David Avnir*[a]


Abstract: We study the relationship
between shape and enantioselectivity,
employing quantitative geometric chir-
ality measurements. The model we use
comprises of the boundary surfaces of
two-dimensional (2D) chiral, large, ran-
dom selectors (diffusion limited aggre-
gates), interacting with homologous ser-
ies of small 2D-chiral S-shaped probes
(the selectands). We show how the
enantioselectivity of the selectors de-
pends on the chirality of the selectands
and report the following findings: I) The
enantioselectivity of a chiral selector can
switch preference from the ªrightº to the


ªleftº enantiomer within a homologous
series of selectands. II) At this switch
point the chiral selector is functionally
achiral. III) Within a homologous series
of chiral selectands, there is a ªreso-
nance of recognitionº, namely, the clas-
sical key ± lock concept is replaced by a
picture of various degrees of recogni-
tion. IV) The degree of enantioselectiv-
ity and the switch in handedness prefer-


ence are the outcome of a complex
interplay between the details of the
specific geometry of the selector and
the selectand, and the global shape
parameter of chirality measure. V) It is
shown that isochiral selectands, namely
selectands of the same chirality value,
may be recognized differently by a chiral
selector. VI) It is proposed that a more
realistic way to treat the issue of minimal
points needed for chiral interaction is
resolution based. VII) It is shown how to
attach handedness to purely random
objects.


Keywords: chiral resolution ´ enan-
tioselectivity ´ quantitative chirality
´ supramolecular chemistry


Introduction


We study the relationship between chirality and enantiose-
lectivity. The novel aspect of this study is its quantitative level:
We measure the degree of structural chirality of certain
selectors and selectands, and show how varying the chirality
content affects chiral recognition. We recall that molecular
recognition is labeled ªchiralº only if the selector (the surface
of a chiral chromatographic material, the surface of a chiral
catalyst, a chiral active site of an enzyme, etc.), reveals
enantioselectivity towards the two enantiomers of the selec-
tand (the substrate of the selector, usually a chiral or a
prochiral molecule). This label is needed because chiral
selectors may recognize molecular features of chiral selec-
tands, which have nothing to do with their chirality. In this
case the selector is incapable of distinguishing between the
enantiomers upon interaction. This may happen, for instance,
when the number of interaction points involved in the


recognition of a certain moiety of the selectand is smaller
than the minimal number of points needed for recognizing
that the selectand is devoid of an improper element of
symmetry; or when the points of the former are located
differently than the latter. It is therefore known to practi-
tioners of chiral chemistry, that it is not trivial and not
automatically expected that chiral selectors and selectands
will exhibit enantioselectivity upon interaction. Understand-
ing the features necessary for this elusive recognition is a
quest still going on, and to which we wish to add this report.
The main observation that has guided us in this task is that
even if enantioselectivity does exist, it can be anywhere on a
continuous scale from barely detectable to fully developed
(namely good recognition of one enantiomer and near zero
recognition of the other). The location of the degree of
enantioselectivity within this continuous range is dictated by a
complex interplay between chemical, functional, and struc-
tural parameters, which act in synergism. In this study we
focus on the structural parameter from a novel angle, guided
by the following rational: If enantioselectivity is a continuous
property, let us explore the effects of chirality by the same
token, namely as a continuous, measurable quantity. Quanti-
tative structural chirality is briefly described in the section on
measurement of chirality.


There are two principle approaches in studying complex
interactions between a number of parameters. One is the
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study of the whole; the other, which we adopt here, is to
isolate the effects of the specific parameters. Since such
isolation may be quite difficult in the experiment, modeling
has served such purposes successfully. While modeling cannot
fully mimic a real situation, it does provide insight on possible
trends brought upon by changes of the desired isolated
parameter. Indeed, computational analysis of chiral recogni-
tion has a well established fruitful history, which traditionally
followed two lines: One line has focused on the energy
parameter[2±5] and another on geometry and structure.[6±9]


Quite often, the latter provided guidelines for the former,
and a celebrated example is Fischer�s 1894 proposition that a
drug interacts with its receptor just as a key fits into a lock[10]


and Pauling�s 1948 proposition[11] that the geometry of the
active site is the complement of the transition state of the
bound molecule. Following the order of these developments,
this study purely applies geometrical considerations. The
extension to energy considerations will be the topic of future
reports. Some examples for the successful application of
structural considerations in recognition studies are the dock-
ing methods developed by Kuntz et al. ,[12] Connoly et al.[7] and
Katchalski-Katzir et al.[6]


A short reminder on the distinction between chirality and
enantioselectivity should be given at this point. While chirality
reflects shape and topological characteristics of the structure
by itself, be it the selector or the selectand, enantioselectivity
relates to functional chirality namely, to the effective struc-
tures of the selector and selectands, as ªseenº by each other.
Thus, enantioselectivity is case specific. It should also be
noted that, defining the handedness of a probe, for example
with the CIP set of rules, does not assure that recognition of a
homologous line of that probe with the same selector will
preserve its handedness preference. This is due both to the
inherent tentativeness of handedness definitions[13] and to the
fact that recognition is sensitive to the specific geometric
details of the relevant interacting fragment; this is a main
issue in this report, and we return to it below.


The way to measure geometrical chirality is to use geo-
metrical functions and structural parameters, some of which
are employed below. On the other hand, functional chirality is
determined quantitatively from the extent of actual enantio-
selectivity, that is from the diastereomeric (geometric) fit.[6, 12]


As stated above, the relation between chirality and enantio-
selectivity is not trivial, even on the purely structural level. It
is dictated by specific geometric features such as bond angles,
dihedral angles, bond lengths, molecular size and volume, etc.,
all of which determine the effective geometrical complimen-
tary at the region of contact.


The two novel aspects of this study are the following: First,
we use a measure of the degree of chirality, a recently
developed global shape parameter based on the quantitative
measurement of symmetry,[14±18] in order to determine on a
quantitative level how chirality does affect enantioselectivity.
It is not at all a priori self-understood that a global shape
measure is capable of relating to recognition. However, as we
have shown recently for a number of enzymes, the degree of
chirality of inhibitors, correlates nicely with their inhibition
efficacy.[19] The consequences of the observation of this novel
type of correlation are far reaching, and have been discussed


in reference [19]. Yet one issue still remains open and has
been part of the motivation for the study described here, that
is: Given a chirality value and given the global, thermody-
namic-like nature of this measure, there is an infinite number
of structures this value may relate to. Therefore, in order to
gain useful insight from this parameter, one would be better
off limiting to homologous families of structures. It is
important then to understand the family-specific behavior,
which is what we do here.


The second novel aspect is our interest in the enantiose-
lectivity properties of large, random selectors (Figure 1a).[1]


Due to the cascading fractal properties of these structures we
expect that enantioselectivity will be dependent on both the
degree of chirality of selectands and on their size. The
interplay between this and other specific geometric parame-
ters and the global parameters is investigated.


Figure 1. Large random selectorsÐdiffusion limited aggregates. a) An
incidentally chiral selector: No chiral bias was added to its construction
algorithm. b) An inherently chiral selector: Biased diffusion along spiral
lines was added to its construction. c) The virtual enantiomer of b),
obtained by its mirror reflection. d) A natural enantiomer of b), obtained
by repeating the process that led to b), but in the opposite enantiomeric
way. The chirality values of the four structures are 0.99, 4.00, 4.00, and 4.79.
Following Bursill,[50] we label b) as ªRº (Right, the arms of the structure
curl in the direction of the fingers of the right hand, counterclockwise, when
the thumb points up), and c) and d) as ªLº (left).


Brief summary of the chirality properties of random objects


It is important for the understanding of the enantioselectivity
properties of the structures shown in Figure 1, to summarize
briefly their main chirality properties.[1] These structures are
fractal diffusion limited aggregates[20, 21] (DLAs), and are a
prototype to other supramolecular structures which may be
chiral such as liquid crystals, polymers, sub-monolayer adsor-
bate structures chiral chromatographic materials and patterns
of bacterial colonies.[22] A central feature of all of these
supramolecular structures is that their chirality need not be
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the outcome of the chirality of the building blocks.[23] Thus,
while the building block of the DLAs is an achiral pixel, the
structure manifests chirality on larger scales. Interestingly, we
found in our previous report[1a] that the degree of chirality of
the DLAs changes barely with size, that is not only is the mass
of these fractal-like structures invariant with scale, but so is
their chirality.


Questions we shall ask then are what are the consequences
of having a structure that is of ill-defined geometry, but yet
chiral? How does chiral recognition manifest itself in such
cases, if at all? What is the role of the specific handedness of
the probe in recognizing the chirality of the selector? Does
disorder interfere with enantioselectivity? In order to answer
these questions we recall first that chirality analysis of the
DLAs lead to the following observations/conclusions:[1]


1) Supramolecular random objects are always chiral even if
there was no chiral bias in their construction.


2) A distinction is made between two types of chiral objects:
Incidentally chiral objects, namely objects the chirality of
which is a pure outcome of their randomness (Figure 1a),
and inherently chiral objects, namely objects with a
handedness-biased construction (Figure 1b). Measure-
ment of the chirality value was found essential for the
analysis of the transition between incidental chirality to
inherent chirality.[1]


3) It is practically impossible to obtain the exact enantiomer
of such structures (by either repetition of the construction
process for an incidentally chiral object, or by repeating it
in an opposite handedness mode for an inherent one). The
only way to observe the exact enantiomer is to make a
mirror-image picture; we termed this a virtual enantiomer
(Figure 1c). A pair of natural enantiomers is then obtained
by repeating the same (random) procedure of construc-
tion, but with opposite handedness; similar objects in their
general shape are obtained, although they are not exact
mirror images in their details (Figure 1d, which is the
natural enantiomer of Figure 1b). We see that natural
enantiomers have the interesting property of not being
limited to a specific pair: An infinite number of enan-
tiomers is possible.[24]


4) By measuring the degree of chirality on a quantitative
scaleÐusing the continuous chirality measure (CCM)
methodology[15]Ðwe arrived at another key result: The
degree of chirality does not depend on the resolution of
observation: De-focus the DLAs pictures and notice that
the chirality prevails. However, resolution changes can be
affected not only by focusing/defocusing but also by using
probe molecules of varying sizeÐthis size dependent
functional chirality is a main issue of this report. Mezey
et al. have introduced alternative resolution-based chir-
ality and similarity measures tailored for large systems.[25]


We also make use in this report of two additional concepts
developed in earlier reports.[1, 26] The first is the concept of
isochirality, namely, of structures possessing equal chirality
values; note that this is made possible only by the use of
quantitative measurement of chirality. Thus, two identical
structures or a pair of enantiomers are trivially isochiral,
however, completely unrelated structures may also be iso-
chiral. The second concept, which we use here as well is that of


non-handedness of chiral objects. Since the specific handed-
ness of an enantiomer is only a matter of agreed-upon
convention, there is, in principle, at least one chiral structure
for which the handedness labeling must collapse (e.g., along a
chiral enantiomerization pathway). No handedness assign-
ment can be then given to that structure under the agreed
convention. Non-handedness can also be functional, as in the
case in which enantiomers do not identify the chirality of
circularity polarized light at a certain wavelength; or when the
enantioselectivity of a chiral pair is absent. It is this type of
non-handedness that we treat below.


Background for the model


General description of the model : Details of the following
general description are given in the sections below. Yet it is
helpful to keep in mind at this stage the overall approach: We
analyze the recognition of small, simple geometry chiral
model probe molecules, the selectands, by the large chiral
random DLAs just described, the selectors. The recognition
level is determined by counting the number of contact points
above a threshold value (defined below), between the selector
and the selectand, upon legitimate (defined below) complex
formation, for all of the complexes. Enantioselectivity is then
determined by comparison of the recognition levels of the
enantiomeric pairs of the selectands. Parameters tested were
the size, shape, and degree of chirality of the selectand, and
the degree of chirality of the selector and its history of
construction (incidental vs. inherent chirality). Without losing
generality and for sake of simplicity, modeling was carried out
in two dimensions. Nevertheless, the results of this research
are straighforwardly applicable to three dimensions.


Measurement of chirality : The rational, the practical solutions
and the applications of chirality measurement by the con-
tinuous chirality measure (CCM) methodology, as a special
case of the continuous symmetry measure (CSM) approach,
were described repeatedly in our previous papers;[1] for a
review, see ref. [27]; for other approaches, see ref. [28 ± 47]).
We shall therefore limit ourselves here and just mention that
the measure evaluates the minimal distance that the vertices
of a structure have to be translated to in order to acquire a
desired symmetry, which in our case is the nearest achiral
point group, usually the {E,s} mirror-symmetry group:


SCCM �
100


n D


Pn


i�1


kPiÿPÅ i k 2 (1)


The boundaries of the symmetry measure are zero (perfect
symmetry, perfect achirality) to 100, although maximal
chirality values approach lower limits. The interested reader
may wish to consult references[14±16, 27] for full details of the
property of this measure and for examples of its successful
applications.


The selectors : We return now to the selectors: Four families of
2D-chiral DLAs served as selectors, including three groups of
inherently chiral DLAs differing in their degree of chirality,
and a group of incidentally chiral DLAs.[48, 49] As explained in
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our previous report,[1] inherent chirality is introduced into the
purely random DLA by imposing a spiral shaped bias on the
random-walkers that build the cluster. The construction
parameters of the DLAs are N, the number of points building
the aggregate; the spiral angular and radial curvature
parameters Da and Dr ; and p, the probability of the random
walker (see ref. [1] for details) to follow the spiral field. The
parameters for the construction of the inherently chiral DLAs
were N� 3� 103, Da� 908, Dr� 0.2, p� 1, and for the
incidental parameter N� 3� 103 and p� 0. Due to the
elements of randomness, even if a single set of parameters is
chosen, a distribution of chirality SCCM values (of the
boundaries of the DLAs[49]) is obtained. For the inherent
chirality study we have extracted from this distribution three
sub-populations of 172, 53, 61 DLAs with SCCM values in the
ranges of 2.0 to 3.0, 3.0 to 4.0, and 4.0 to 5.0, respectively, with
average SCCM values of 2.702� 0.226, 3.052� 0.028, and
4.203� 0.172, respectively. The average boundary line lengths
for these populations were hNLi � 1731� 136, 1783� 150,
1780� 137 pixels, respectively. For a representative structure
see Figure 1b. We arbitrarily chose to carry most of the
simulations with selectors of ªrightº handedness (Figure 1b;
this convention is taken from Bursill[50] and is explained in the
caption of this figure; R- ªrightº; L- ªleftº). We confirmed
that taking L-DLAs indeed produces identical results. For
comparison, 183 DLAs of incidental chirality were also taken,
with an average SCCM value of 1.324� 0.209 and hNLi �
3243� 150. (An example is shown in Figure 1a; an example
of how the nearest achiral structure looks likeÐan outcome of
applying the CCM methodologyÐis given in Figure 5 of
ref. [1].)


The selectands : The homologous 2D-chiral probe series we
chose comprises of the C2 symmetric right-angle ªSº shapes
shown in Figure 2. The C2 symmetry was introduced in order
to equalize the opposite sides of the selectand towards
interaction with the selector. We label the handedness of the
selectands r- ªrightº or l- ªleftº (to be distinguished from R, L
of the selectors), following the same rule applied for the
selectors, as explained in the caption of Figure 2. This general
shape provides in fact two possible homologous series. In one
homologous series the ratio of lengths of one of the outer
arms to the center arm (the ªratioº) gradually changes from
zero to infinity, while keeping the total length (the ªsizeº)
constant. Another homologous series is obtained by gradual
change of the size, while keeping a selected ratio constant.
Since SCCM is size normalized, it is constant for this homol-
ogous series, but varies within the ratio-changing series, as
shown in Figure 2. Let us explain this variation: At very low
and very high ratios, the shape approaches that of a straight
line, and SCCM drops therefore close to zero. Following a
nearly bell-shaped curve (on a semi-logarithmic scale), it
passes then through the most chiral shape, characterized
by a ratio of outer-arm/center-arm of 0.7, with SCCM� 3.783.
Left to the maximum, the selectands are with ratios smaller
than 0.7, and right to it, with ratios larger than 0.7. (The
maximum SCCM value does not coincide with the ratio of one;
intuitively, a selectand of ratio 1 can be visualized as a
superposition of two achiral equal length of the L-shaped


Figure 2. The selectands chirality as a function of the ratio of the arms at
fixed total length (94 pixels). Examples of various ratios of the arms are
shown: Selectands I and IV are nearly isochiral, having similar chirality
contents. II is the most chiral one, and III has a ratio of the arms of 1. The
handedness assignment of the selectands follows the same rule of Figure 1:
Locate the right-hand thumb up at the center of the selectand; if the arms
curl as the fingers, the selectand is labeled ªrº; thus, selectands I ± IVare ªlº
and V is the ªrº enantiomer of IV. Under this definition, the full graph
refers to an ªlº homochiral homologous series.


arms). Figure 2 also helps to distinguish between the chirality
parameter and the geometric parameter. In this set of
selectands, for each chirality value there is a pair of isochiral
selectands, with different ratios of the arms. Within the
interval of ratios of the arms 0.5 ± 1.0, the two isochiral
structures are both with ratios <1, and outside the interval
one selectand in this pair with a ratio >1 (Figure 2). It will be
interesting to see (below) how the selector distinguishes, if at
all, between these two isochiral structures. Finally, the
enantioselectivity of the DLAs towards the series of selec-
tands depends not only on their structural parameters, but
also on the number of contact points between the selector and
the selectand within their complex (the ªcomplexation
scoreº). Having all of these parameters in mind, it is already
evident as we shall see below, that homologous trends do not
necessarily imply simple monotonous enantioselectivity
change behavior.


Returning to the size parameter, we note that its variation is
of relevance to the fractal-like features of the DLAs: Their
structure is a cascade of self-similar features of various sizes,
and it has been shown in many previous studies that surface
(boundary) accessibility of such structures to molecular
interactions is highly size dependent.[51] To study the effects
of size we took a homologous set of selectands with fixed ratio
of 0.5, varying in size from 14 to 142 pixels (hSCCMi� 3.291�
0.121). The second homologous set of selectands we took
reflects our central theme, namely a set of selectands varying
in the degree of chirality but fixed in size (94 pixels) with
SCCM values in the range 0.005 to 3.783 and dropping
down again to 0.003, following the bell shape of Figure 2.
In many realistic cases of a homologous chiral series, both
he size and the degree of chirality change and the
separation of the two effects, as done here is practically
impossible.
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The adsorption model and the determination of enantiose-
lectivity


The selector-selectand complex and the complexation score :
The probe is placed on the contour of the selector as shown in
Figure 3. No penetration of the selectand into the selector is
allowed. We call the selectand ± selector pair, a complex, and
define the complexation score as the number of contact points
between the selectand and the selector. (The complexation
score is related to the enthalpy of complexation, when all
interaction forces are equal.) Enantiomers may have either a
similar score at the complexation site, or a different one
(Figure 3). In order to be counted, the score has to overcome a
minimal threshold value (the ªreaction barrierº). This was set
up to be smaller than the size of the smallest selectand used,
namely six pixels, since we found that smaller thresholds blur
enantioselectivity; we return to the threshold issue and to the
question of the minimal number of contact points needed for
recognition later on in the Discussion. Interestingly, we found
that the number of legitimate complexes obtained is insensi-
tive to the selected mutual orientation, and that therefore
orientation need not be optimized. This is due to the fact that
the selector has an extremely convoluted geometry, which
therefore, tends to average the orientation effect. Thus, in our
simulation we took only the extremes, namely zero and ninety
degree orientations (Figure 3). All contour points of the
selector were tested as to their capability to form an allowed
impenetrable complex, the complexation score was deter-
mined for each complex (Figure 3), and the total number of


Figure 3. Placements of selectands (black) on the selector boundary line
(white boxes). a) A legitimate placement of an l-selectand with a complex-
ation score of 6. b) Illegitimate placement of the r-enantiomer at that
location. c) Movement of the l-selectand by one step; the score drops to 2.
d) The r-enantiomer can now be placed legitimately at that location, but its
score is only 1. e) A 908 rotated placement of the l-selectand with regard to
a) plus a translation step, the score is 2. f) Here, however, the rotated
r-enantiomer has a higher score of 3.


legitimate complexes above a selected threshold, Nr and Nl


recorded. This was done on R-selectors with both r- and
l-selectands, and we confirmed that the L-selectors gave the
same output. (Placement of the selectands along the contour
line of the selectors was done from the third dimension.)


In order to get an estimation on the complexation ability of
the selector towards a specific selectand, we define the
average score as


hScorei �


X
Score>threshold


ScoreX
Score>threshold


Complex formation
(2)


that is, it is the sum of all complexation scores for that
selectand, normalized to the number of legitimate complex
formations above a threshold.


Determination of enantioselectivity : The quantitative enan-
tioselectivity E is based on the comparison between R-r and
R-l recognition level. This can be done in several related ways.
We chose to determine itÐas commonly done in chromatog-
raphyÐby using the ratio between Nr and Nl , the total
number of legitimate complexes of the r- and l-selectands, as
defined above:


En �
Nr


Nl


(3)


Since randomness is involved, we average En over the number
g of all selectors in the examined subgroup:


hEni �
Pg


i�1
Ei


n


g
(4)


No enantioselectivity is reflected by value of 1. By convention,
values greater than 1 mean ªrº preference, while values
smaller than 1 mean ªlº preference. Alternatively, one could
express enantioselectivity in various related definitions, for
instance:


Er �
hScore�Rÿ r�i
hScore�Rÿ l�i (5)


However, we found that this and other alternative definitions
provide as expected similar results, so we chose the simplest,
namely Equation (4). Finally, note that enantioselectivity
measures functional chirality: The selectands may be geo-
metrically chiral, yet the selector need not necessarily detect
this chirality; we return to this point below.


Results and Discussion


The effect of the handedness of the selectand on enantiose-
lectivity : Figure 4 shows how the enantioselectivity of two sets
of R-selectors depends on the degree of chirality of the probes
series of Figure 2. Intuition would perhaps suggest that higher
probe chirality means better enantioselectivity; and that an
R-selector will be recognized better than an r-selectand. The
main result of this study is that this naive picture is far from
being true: Above a certain level of chirality, enantioselec-
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Figure 4. Enantioselectivity of R-selectors vs. selectand chirality. The
selectors used were a group of 172 DLAs (�) with chirality values in the
range of 2.702� 0.226 and a group of 61 DLAs (�) with chirality within the
range of 4.203� 0.172. Each point represents the average of interactions of
the specific selectand with all the selectors in the subgroup. The control
group (*) comprises of 183 incidental DLAs with chirality of 1.324� 0.209,
providing an uncertainty value of 0.008. Above the horizontal line the
selectors prefer ªrº selectands, while below it the preference is of ªlº.
Encircled are the best recognized selectands: chirality content of 1.173 and
0.167 for r- (top) and l-enantioselectivity (bottom) for the (�) selectors, and
0.489 and 0.637, respectively, for (�).


tivity drops sharply and vanishes, where chirality is close to its
maximal value; and within the pair of isochiral selectands, the
R-selector prefers one to be r, but the other one to be l (see
the two hEni values for each of the chirality levels in Figure 4).
In particular, the limits of the selectors to enantioselect from
within this chiral set of selectands, is evident: hEni, by
definition, is 1 for zero chirality (the left end of the figure)
and it drops to 1 again for selectands with chirality values
around 3.5 due to the functional nonhanded chirality of the
selectors within this range (a result which will be explained
shortly). Interestingly, this implies therefore, as seen in
Figure 4, that for selector ± selectands sets there must be a
ªresonance of recognitionº, namely, that there must be a
selectand for which recognition was most effective, so that to
the left and right, the enantioselectivity drops (Figure 4).
Thus, enantioselectivity, like the chirality measure itself, is not
a term of ªeither ± orº, but rather of ªhow muchº on a
continuous, gradual level. In other words, the classical key ±
lock concept of recognition, should contain gradations. A
blank test of the enantioselectivity ± chirality relations with
respect to probe size showed the same type of relations (not
shown). Finally, the fact that chirality plays a role in this
observation is evident from the blank test carried out with
incidentally chiral selectors: 183 such DLAs with chirality
content of 1.324� 0.209 rendered hEni values around 1. The
standard deviation of this blank test was found to be 0.008 and
it was used as the uncertainty for the inherent chiral selectors.
(It is smaller than 1 % of the hEni values and therefore cannot
be seen in the Figure.) In order to understand the complex
behavior of enantioselectivity as a function of chirality, we
now go back to the analysis of the ratio of the arms effect on
chirality (Figure 2), and analyze its effects on enantioselec-
tivity.


Effects of the ratio of the arms of the selectand on
enantioselectivity : These are shown in Figure 5; it is seen


that for ratios <1 (see Figure 2), the sets of R-selectors show
r-selectand preference, while for ratios >1, the l-selectand is
preferred. (The background enantioselectivity for the inci-
dental DLAs is 1.004� 0.008.) The resonance of recognition
seen in Figure 4, is even more pronounced in Figure 5. The
nonhandedness of Figure 4 is seen here around the ratio of 1:
Despite of being chiral selectands, the selectors do not detect
it. Since enantioselectivity also does not exist for the extreme
ratios where the probe is an achiral line segment, enantiose-
lectivity as a function of ratio, must pass through two
extremes, one for the ratio <1 part, and one for the ratio
>1; which, as seen in Figure 5, is the case. The best ratios for


Figure 5. Enantioselectivity as a function of selectands ratio of the arm
(for fixed size of 94 pixels; the selectands and selectors of Figures 2 and 4
are used here as well). The best enantioselectivities are for arm ratios of
0.274 (of r-handedness for the X selectors), 7.50 (l, X), 0.185 (r,�), and 3.50
(l, �). See text for discussion. The incidentally chiral DLAs are shown as
well (*), providing an uncertainty level of 0.004.


enantioselectivity are shown in this Figure as well. These
maximal values are obtained for both very short and very
large arm ratios, which represent elongated shapes of good
penetrability. In other words, the selector�s cavities shapes
dictate better preference towards selectands with a rather
small or rather large ratio of the arms. Indeed the number of
complex formation increases with the arm ratios (not shown).
To understand the behavior of Figure 5 and its relation to
Figure 4, one should note that the recognition act does not
involve the whole of the selectand, but only the regions that
penetrate and form a legitimate complex. Thus, in most
instances, the penetrating complexing portion of the selectand
is mainly one of the L-shaped ends of the selectand; the
frequency of complexation that includes the whole probe�s
points is rare. It becomes clear now, why r-selectands are
preferred for ratios <1, while l is preferred beyond this value,
see Figure 6: For ratios <1, the handedness of the L-ends of
the selectands, which form the complex, is the same as the
handedness of the whole selectand; however, for ratios>1 the
handedness of the complexed L-ends is opposite to the
handedness of the whole. Thus, if only the handedness of the
penetrating, interacting portion is taken into account, then
preference of r-ends is preserved throughout the whole series.
The lack of enantioselectivity around ratio of 1, reflects not
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only by the bulkiness, but also by the achirality of equal
L-shaped arms. Figure 6 shows also why selectands with ratios
<1 have more distinct enantioselectivity values: Their
penetrating tip is chiral while the penetrating tips of
selectands with ratios >1 are achiral.


Figure 6. a) Explaining the switch in the preference of R-selectors from
r-selectands to l-selectands, as the ratio of arms� changes: The handedness
of (I) is r, and let us label the local handedness of the thick portion of itÐ
the portion which participates in the complexationÐarbitrarily also as r. As
the ratio of arms� changes from <1 to >1, as in (2), the handedness of the
whole is still r, but the handedness of the interacting darkened portion is
opposite to that in (1), namely l. To preserve the preference of the selectors
towards r-selectands as in 1), the handedness of the interacting portion for
ratios >1 must also be r, which means, see (3), that the handedness of the
whole is l. The higher recognition of the small arm ratios selectands is due
to the fact that the penetrating tip I of selectand 1 is chiral while that of 2, II,
is achiral.


Size effects of the selectand on enantioselectivity : While the
building blocks of the DLAs are achiral pixels, the structure
manifests chirality on larger scales. It is therefore expected
that the enantioselectivity of DLAs, namely their functional
chirality will be scale dependent, and will change with the size
of the probe. This is indeed shown in Figure 7 for fixed ratio of
the arms of 0.5 (and average chirality level of 3.291� 0.121)
(at this point, see only the threshold of 6 in this Figure; the
effect of lowering the threshold is discussed below) and for
size ranges from 14 pixels up to 142 pixels, where the long arm
of the selectand is approximately equal to the selector�s
radius. It is seen that there is a maximum around 90. The
passage through a maximum is dictated by the fact that
selectands, which are either too small or too large, will not


Figure 7. Selectands size effect (r-handed, fixed chirality value of 3.291�
0.121, ratio of the arms of 0.5) on the average enantioselectivities of two
groups of inherently chiral selectors (X, �), as in Figure 4, at a complex-
ation threshold value of 6. Also shown is the effect of lowering the
threshold values from 6 to 1 (�, ÿ , &, ~, *, ^, respectively). The control
group (*) comprises of 183 incidental DLAs with chirality of 1.324� 0.209,
providing an uncertainty level of �0.013.


detect the chirality of the selectors: For the small size range,
the selectands must reach the size where the achiral pixels do
begin to show supramolecular structure, and it is seen that this
happens around 15 pixels. For the upper range, a probe which
is too coarse will again miss the structural details of the
selector. Again, as a control group we used the incidental
DLAs. Their hEni was 1.004. The uncertainty for the
inherently chiral selectors was taken as half of the control
group standard deviation 0.026.


The effects of the threshold value for complexation : A major
issue in chromatographic literature has been the minimal
number of contact points needed for chiral recognition.[52]


Celebrated examples are the studies of Dalglish,[53] which
Pirkle restated as[54] ªchiral recognition requires a minimum
of three simultaneous interactions between the chiral sta-
tionary phase (the selector) and at least one of the enantiom-
ers, with at least one of these interactions being stereochemi-
cally dependentº. By analogy, in our 2D case, the minimal
contact points needed for enantioselectivity by a specific site
on the selector, cannot be less than two.[54] However, we
propose that trying to answer the question of the minimal
number of contact points needed for chiral recognition in
terms of a universal ªmagic numberº, may be an oversimpli-
fication in the case of complex geometry materials, such as in
most of the chromatographic materials. The aspect to be
considered in this context is the behavior of the selector as a
population of sites. Figure 7 shows, in addition to size effects,
how enantioselectivity of the full boundary of the selectors,
with its many geometrical features, depends on the threshold
level, namely on the number of minimal contact points with
the selectand. It is seen that if there is no threshold, namely all
complexes are counted (threshold of one point of contact), no
enantioselectivity is apparent. As the threshold increases,
enantioselectivity becomes more pronounced, and for the
higher threshold values an extreme in recognition appears. It
is important to realize that in a given population of selectands,
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many will not have their chirality recognized at all, at any
threshold level. Furthermore, as the threshold increases, the
absolute number of legitimate complexes drops sharply. In
Figure 7, for example, the number of average complex
formations for each selector decreases from 4852 through
4117, 2721, 1963 and 1304 down to 903 as the threshold
increases from 1 to 6 for the r/R complexes, and the
enantioselectivity ªis on the shouldersº of a rather small
population of all selectands: An average of 11.0� 2.7 % of the
total complex formation (NrÿNl/Nr�Nl ; not shown). Since
actual chromatography includes so many different features of
the surface geometry of the chromatographic material, and so
many orientations of contact with the selectands, we believe
that the gradual picture of Figure 7 provides a broader and
fuller answer to the question of the minimal number of
contact points. Furthermore, according to our approach, the
answer to the question of ªwhat is the number of minimal
points?º is not absolute, but a matter of the analytical tool
resolution. Thus, whereas there is a barely detectable
enantioselectivity for a threshold of two, for practical
purposes the answer of minimal number of points may be,
for example, four, for which enantioselectivity is better
pronounced. A gradual, resolution-dependent answer seems
to us of better practical value.


Orientation : As explained in last section, results of the
simulation should have only small overall sensitivity to
selectand orientation. Indeed, taking, for instance, a selectand
of size 94 pixels, ratio of the arm� 0.5, SCCM� 3.23 and a set of
60 selectors of chirality values in the range 4.203� 0.172, the
preferences were for the r-selectand with enantioselectivity
values of 1.23� 0.43 and 1.24� 0.38 for 08 and 908 orienta-
tions, respectively.


The chirality of the selectors : The preference of the inherently
chiral selectors towards one of the enantiomers was consistent
for selectors with chirality values of at least 2. For instance, for
a selectand of size 94, ratio of arms of 0.5 and SCCM� 3.23, an
average enantioselectivity of 1.19� 0.11 was obtained for the
group of 172 selectors with chirality values between 2 and 3
(2.702� 0.226), an average enantioselectivity of 1.18� 0.09
was obtained for the group of 53 selectors with chirality values
between 3 and 4 (3.052� 0.028), and an average enantiose-
lectivity of 1.25� 0.21 was obtained for the group of 61
selectors with chirality values between 4 and 5 (4.203� 0.172).


The case of the incidentally chiral selectors is different and
interesting. Here, the individual handedness of each selector
is dictated by the specific random process of its built-up and is
manifested by handedness preference of a specific selectand.
A population of purely random DLAs is expected to be
roughly equally divided in its effective handedness. Thus,
using the same selectand (with ratio of arms of 0.5) with 49
random DLAs, 25 selectors showed values smaller than one
and therefore can effectively be labeled L-selectors, and 24
given values greater than one, leading to an R-label.
Examples for left-handed randomness and right-handed
randomness, are shown in Figure 8. It is a general practical
way for the attachment of effective handedness to random
structures.


Figure 8. The handedness of pure randomness. Incidental chiral selectors
can show opposite enantioselectivity towards the same selectand (size of 94
with ratio of arms of 0.5 in this case): a) An ªRº DLA with SCCM� 0.576
showing r-selectand preference of En� 1.040, and b) An ªLº DLA with
SCCM� 0.741 showing l-selectand enantioselectivity with En� 0.868.


Above, Equation (2), we defined the average complexation
score towards a specific selectand. Using this score we find
that in all cases (Figures 4, 5, and 7) inherently chiral selectors
have a higher complexation scores, namely that they interact
better, than incidentally chiral selectors. Thus, for a threshold
of 6, the average scores of inherent chirality interactions were
6.00� 2.11 and 6.00� 1.84 for the fixed size and for the fixed
chirality selectands, respectively, while the average scores of
incidental interaction were 6.00� 1.52 and 6.00� 1.49 for the
fixed size and for the fixed chirality selectands, respectively.


Conclusion


Motivated by the success of the use of quantitative measures
for symmetry in general[27] and chirality as a specific case,[19]


we investigated how this measure correlates with enantiose-
lectivity, and how it relates to the specific geometry details of
the selectors and selectands. The main results of this study are
summarized in the Abstract. They show the importance of a
global shape descriptor, and identify the bounds within which
it should be practiced. Following the theme of many of our
previous publications in this field, we show in fact that the
classical, sharp key ± lock picture of Fischer[10] should serve as
a starting point only; reality is much more complex, and a
better understanding of enantioselectivity is achievable by
gradual, gray level analyses that quantify not only exact
geometry, but overall shape as well. In addition, we showed
that for complex interactions (as described here), the question
of resolution is of great importance (Figure 7) in providing an
answer to the question of the minimal contact points needed
for chiral recognition. Finally, the issues of enantioselectivity
we highlighted in this study and the conclusions we have
drawn, go beyond the specific set of selectors ± selectands we
have selected, and apply to recognition in general, and to
recognition by complex systems in particular.
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Oxepinamides A ± C and Fumiquinazolines H ± I: Bioactive Metabolites from
a Marine Isolate of a Fungus of the Genus Acremonium


Gilbert N. Belofsky,*[a] Montserrat Anguera,[a] Paul R. Jensen,[a] William Fenical,[a]


and Matthias Köck*[b]


Abstract: Three new oxepin-containing natural products (1 ± 3) and two new
fumiquinazoline metabolites (4 ± 5) have been isolated from organic extracts of the
culture broth and mycelia of an Acremonium sp., a fungus obtained from the surface
of the Caribbean tunicate Ecteinascidia turbinata. The structures of the five
compounds were determined through extensive analysis of 1D- and 2D-NMR data,
and mass spectrometry. Compound 1 exhibited good anti-inflammatory activity in a
topical RTX-induced mouse ear edema assay. Compounds 4 and 5 exhibited weak
antifungal activity toward Candida albicans in a broth microdilution assay.


Keywords: Cocon ´ marine fungi ´
natural products ´ NMR spectros-
copy ´ structure elucidation


Introduction


It is well documented that fungi play an important ecological
role in the marine environment, for example as primary
decomposers,[1] as pathogens of marine invertebrates, and as
obligate symbionts.[2, 3] While many of these exact roles have
yet to be determined, there is mounting evidence that fungi
display highly specific adaptations such as barotolerance[3] in
the marine environment, and that these adaptations include
the production of unique secondary metabolites. We have
previously reported a variety of new bioactive compounds
from several different genera of facultative marine fungi
isolated from the surfaces of algae,[4] plants,[5] and decaying
matter.[6] It is interesting to note, however, that there have
been a limited number of chemical studies of fungi associated
with marine animals. One prior study described the isolation
of fumiquinazolines A ± G from Aspergillus fumigatus, a
fungus separated from the gastrointestinal tract of the marine
fish Pseudolabrus japonicus.[7, 8] We report here the results of
chemical investigations of a fungus of the genus Acremonium,
isolated from the surface of the Caribbean tunicate Ecteinas-


cidia turbinata, collected in the Bahamas. These studies have
led to the isolation of three new oxepin-containing metabo-
lites, which we have named oxepinamides A ± C (1 ± 3), as well
as two new members of the fumiquinazoline class of
compounds, fumiquinazolines H (4) and I (5).


Results and Discussion


Compounds 1 ± 5 were obtained from the organic extract of a
20 L seawater-based fermentation of Acremonium sp. using a
multi-step fractionation sequence. Steps included chromatog-
raphy on silica gel, Sephadex LH-20, and C18 silica gel, with
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final purification by silica gel HPLC. Compounds 4 and 5
were recognized as belonging to the fumiquinazoline class of
compounds based upon literature searches incorporating
preliminary mass spectral and NMR spectroscopic evi-
dence.[7, 8] Compounds 1 ± 3, however, exhibited significant
differences from the fumiquinazolines and their character-
ization required more extensive spectroscopic work. Com-
pound 1 was analyzed for the molecular formula C17H21N3O5


by mass spectral data (FABMS: m/z� 348 [M�H]� ; HR-
FABMS: m/z� 348.1502 [M�H]�). This formula required
nine degrees of unsaturation, and UV spectral data (i.e. , l�
345 nm) indicated an extended p system in the molecule. The
1H-NMR spectrum of 1 contained four methyl signals, one for
a methoxy singlet at d� 3.73, and four signals between d�
5.22 and d� 6.18 due to protons deshielded as a result of
unsaturation or attached heteroatoms. Two broad singlets
assigned to OH and NH protons were also present in the
spectrum at d� 3.19 and d� 6.79. The NMR data, overall,
suggested that compound 1 was similar to sub-structures
within known compounds of the fumiquinazoline type. De-
tailed comparison of the data for 1 with those of the A ± C
rings of fumiquinazoline C (6)[8] supported this conclusion,
but also revealed significant differences from the known
members of this class. First, the C-3 position was found to be
hydroxylated in 1, as determined by the carbon signal at d�
84.9 and the OH signal at d� 3.19 in the 1H-NMR spectrum.
The substituents at the C-3 position were indicative of a unit
derived from isoleucine (Ile), and the 1H- and 13C-NMR data
for C-16 through C-19 were characteristic of an Ile side chain.
The 13C-NMR assignments for C-1, C-15, and C-22 were
appropriate for a unit derived from alanine (Ala). The
connection of the C and B rings was supported by key HMBC
correlations (see Experimental Section) between H-15 and
C-13, and between H-2 and C-4. The 13C-NMR data for the B
ring indicated a similar arrangement to that of 6 except for the
chemical shifts of C-6 and C-8, which were relatively
deshielded in 1 by comparison. At this point, the remaining
unassigned portions of the molecule included the methoxy
group, another oxygen, and four unsaturated carbons. These
data were suggestive of an oxygen-substituted aromatic ring,
but the chemical shifts for the remaining unassigned carbons
and protons were not consistent with this hypothesis. In
particular, the NMR signals for C-6, C-11, H-8, H-9, and H-11
were outside the aromatic region of the spectra.


In order to complete the structure determination of 1,
further 2D-NMR experiments, including additional high-field
HMBC and ADEQUATE[9] were necessary. Three different
delays for the evolution of the long range heteronuclear
couplings in 1H,13C-HMBC were used (60, 80, and 120 ms). A
portion of the 1H,13C-HMBC spectrum of 1, obtained with a
delay of 80 ms, is shown in Figure 1. A large coupling constant,
1JCH� 198 Hz, was observed for C-8 that was typical of an sp2-
carbon atom attached to a heteroatom.[10] Key HMBC
correlations included those between H-11 and C-13, and
between H-8 and C-6, C-9, C-10, C-11 (four-bond), and C-12
(four-bond). The 1,1-ADEQUATE experiment allowed for
discrimination between 2JCH and 3JCH correlations.[11] Addi-
tional data obtained from 1H,15N-HMBC experiments pro-
vided essential information concerning the connectivity of the


Figure 1. Key 1H,13C-HMBC correlations for Oxepinamide A (1).


nitrogen atoms in 1. The 1H,15N-HMBC experiment was run
with two different delays (100 and 150 ms) for the evolution of
the heteronuclear couplings. Two of the three nitrogens in the
molecule (N-2 and N-14) were easily identified in the 1H,15N-
HMBC (Figure 2a and b), but correlations to N-5 were not
observed initially. In order to be able to observe correlations


Figure 2. 1H,15N-HMBC correlations for Oxepinamide A (1).
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due to small coupling constants in the 1H,15N-HMBC experi-
ment, the delay for the evolution of the heteronuclear long
range couplings was set to 200 ms and the number of
acquisitions increased from 32 to 64. As a result, it was
possible to observe a weak correlation from H-15 to N-5
(Figure 2c), that was concluded to be a 4JNH correlation. These
data allowed the structure of the compound, which we have
named oxepinamide A (1), to be proposed as shown. Overall,
38 out of the 40 possible HMBC correlations (2J and 3J)
expected for 1 were observed. The oxepin ring, rarely
observed in nature, explains the deshielded positions of C-6
and C-8 relative to compound 6.


In order to evaluate the correctness of the proposed
structure, Cocon calculations[12, 13] were carried out based
upon the experimental 2D-NMR data obtained for 1, includ-
ing correlations observed in COSY, 1H,13C-HMBC, 1H,15N-
HMBC, 1,1-ADEQUATE, and 1,n-ADEQUATE. Cocon
quantifies the value of connectivity information and generates
a series of unbiased alternative structures. The 4JNH correla-
tion between N-5 and H-15, and the 1JCH coupling constant
observed for C-8 were not used as input for the Cocon
calculations. The Cocon analysis generated 42 possible
structures, many of which were easily eliminated since they
violated Bredt�s rule or contained NÿO bonds, for which no
experimental evidence was obtained. In addition, theoretical
13C-NMR chemical shift calculations (SpecEdit)[14] were
carried out for all of the possible structures. Those structures
for which the predicted 13C-NMR data (averaged over all
carbons in the molecule) deviated significantly from the
experimental values were also eliminated. The six best
structures generated by the Cocon analysis are shown in
Figure 3 (structures with NÿO bonds were considered). The
numbers shown indicate the order in which that particular
structure was generated. The chemical shift deviations
between the experimental and calculated values are given


Figure 3. Results of the Cocon analysis of the 2D-NMR data obtained for
1. The final six structural proposals are shown. Numbers in parentheses
indicate the averaged 13C-NMR chemical shift deviation calculated by
SpecEdit. Criteria used to distinguish between the structural proposals are
discussed in the text.


under each structure. Structures #38 and #40 were eliminated
based upon the observed 1H,15N-HMBC experimental data
since they require five- and six-bond correlations, respective-
ly, from H-15 to one of the nitrogens. Furthermore, additional
1H,15N-HMBC correlations would be expected for structures
#38 and #40 that were not observed. In structures #35 and #41
C-6 has no attached heteroatom and therefore would not be
expected to have 1JCH� 198 Hz. The two remaining structures
(#36 and #42) may be distinguished based upon the 1H,13C-
HMBC data. In #36 two correlations from olefinic protons to
the carbonyl carbon at d� 160.9 are expected, whereas only
one is expected for #42, as was experimentally observed. Thus,
the structure proposed for oxepinamide A (1) based upon
spectroscopic data, is also the preferred structure following
Cocon analysis.


A literature search revealed one compound, cinereain (7),
with a carbon skeleton close to that of 1.[15] Although the
structure of 7 was determined by single crystal X-ray
diffraction, relevant 1H- and 13C-NMR chemical shifts re-
ported for 7 were consistent with those of oxepinamide A.
Another oxepin-containing natural product asperloxin was
isolated from a terrestrial fungus by Zeeck and co-workers in
1996.[16] Key NOESY correlations (see Experimental Section)
between H3-22 and H-20, and between H-15 and both H3-18
and H3-19, helped to assign the relative stereochemistry for
oxepinamide A (1) as shown.


Compound 2 was analyzed for the same molecular formula
as 1, C17H21N3O5, and showed similar spectral features to
those of 1 (Tables 1 and 2). Analysis of the HMQC- and
HMBC-spectral data indicated that the gross structure of 2
was identical to that of 1. Significant differences in chemical
shift between 1 and 2 were observed, however, particularly for
H-15, H-16, H-17, and H-20, while the values observed for H3-
22, C-1, C-15, and C-13 remained virtually the same. These
differences are consistent with 2 being the C-3 epimer of 1.


Oxepinamide C (3) was shown to have the formula
C18H23N3O5 as determined by 13C-NMR and HR-FABMS
methods. The 1H-NMR spectrum of 3 was nearly identical to
that of 1 except for the presence of an additional three-
hydrogen singlet at d� 3.22, and the absence of the H-20
signal (d� 3.19 in 1) in 3. These changes indicated that the
OH group at C-3 in 1 is replaced by a methoxy in 3. This was
further confirmed by features of the 13C-NMR and DEPT
spectra which revealed an additional methyl peak at d� 51.6.


Table 1. 1H-NMR data and coupling constants J (in parentheses [Hz]) for
compounds 1 ± 3 in CDCl3.


Position Compound 1 Compound 2 Compound 3


2 6.79 (br s) 7.00 (br s) 6.30 (br s)
8 6.18 (d, 5.9) 6.15 (d, 5.9) 6.22 (d, 5.9)
9 5.53 (dd, 5.9, 2.0) 5.50 (br d, 5.9) 5.55 (dd; 5.9, 2.0)


11 5.80 (s) 5.74 (s) 5.83 (d, 1.5)
15 5.22 (q, 6.8) 5.04 (q, 6.8) 5.19 (q, 7.0)
16 2.60 (m) 2.11 (m) 2.69 (m)
17/17' 1.96 (m)/1.14 (m) 1.30 (m)/1.13 (m) 1.83 (m)/1.02 (m)
18 0.89 (d, 6.8) 1.04 (d, 6.4) 0.87 (d, 6.8)
19 1.08 (dd, 13.2, 6.8) 0.91 (d, 6.8) 1.05 (d, 6.8)
20 3.19 (s) 4.12 (s) 3.22 (s)
21 3.73 (s) 3.70 (s) 3.75 (s)
22 1.73 (d, 6.8) 1.67 (d, 6.8) 1.72 (d, 7.3)
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The remaining chemical shift values in 3 were much more
similar to compound 1 than 2. Analysis of the extensive NMR
data for both 1 and 3 provided mutual support for the
complete 1H- and 13C-NMR assignments for these com-
pounds, as well as for the proposed relative stereochemistry as
shown.


Fumiquinazoline H (4) has the molecular formula
C27H27N5O4 as deduced from mass spectral data (FABMS:
m/z� 485 [M]� ; HR-FABMS: m/z� 485.2060 [M]�). The 1H-
NMR spectrum of 4 contained two methyl doublets, one
methyl singlet at d� 2.02, a broad amide NH signal at d�
8.76, and eight clearly resolved aromatic proton signals
between d� 7.04 and d� 8.22. DEPT, COSY, HMQC, and
HMBC experiments permitted the corresponding proton and
carbon signals to be assigned (see Experimental Section). The
NMR data overall was similar to that of fumiquinazoline C
(6)[7, 8] but with several significant differences. First, it was
found that C-20 was substituted with a four carbon unit, with
NMR signals typical of a leucine side chain, as evidenced by
the two methyl doublets at d� 0.98 and d� 1.02, and by the
additional 13C-NMR signals at d� 22.4, 23.2, 26.3, and 42.7.
These signals accounted for the difference of C3H6 between
the molecular formulae of 4 and 6. Second, there were
significant chemical shift differences observed in the 1H-NMR
spectra of the two compounds, particularly for those atoms,
for example H-14, H2-15, H-18, H-19, and H-27, that are
positioned close to the C-3/C-17 ether bridge that connects
the two main ring systems. The presence of this ether bridge
allowed for effective analysis by NOESY, since it locks the
two main ring systems together. Key NOESY correlations are
shown in Figure 4. NOESY correlations that revealed the
relative orientation of the upper and lower hemispheres of 4
were observed between H-2 and both H-18 and H-19, and
between H-15 and H-27. These data suggested that the
absolute stereochemistry at C-17 in 4 is opposite that of 6.
Additional NOESY correlations between H2-29 and both
H-18 and H-19, indicated that these atoms are on the b face of
the molecule as shown. Furthermore, a sample of 4 was


Figure 4. Key NOESY correlations for fumiquinazoline H (4).


hydrolyzed in 6n HCl (110 8C, 24 h) and the pentafluoro-
propyl isopropyl ester derivatives[17] of the amino acids
present in the mixture were prepared. Chiral capillary GC
analysis of this mixture revealed the leucine residue of 4 to be
in the l (or S) configuration at C-20. This information,
together with the NOESY data, implied that C-18, C-17, C-14,
and C-3 were in the (R), (S), (R), and (S) configurations,
respectively, as shown.


Fumiquinazoline I (5) was shown to have the molecular
formula C27H29N5O4 as determined by 13C-NMR and HR-
FABMS methods. The 1H-NMR spectrum of 5 was very
similar to that of 4 except for two additional signals: a singlet
at d� 5.69, and a quartet at d� 5.12. These changes indicated
the presence of an OH group at C-17, and a proton at C-3,
both of which are present in 5 as a result of the reductive
opening of the ether bridge of 4. This was further confirmed
by 1H- and 13C-NMR chemical shift values, particularly for
C-3 and C-17, which were significantly shielded in 5 as
compared with 4 (see Experimental Section). The conversion
of fumiquinazoline H (4) to fumiquinazoline I (5) was
attempted in order to relate the stereochemistry of the two
compounds. Reaction of 4 with NaBH4


[8] resulted in an
approximately 50 % conversion to 5 indicating that these two
compounds exist in the same configuration. This was further
confirmed by comparison of the chemical shift values of C-3,
H-3, C-16, and H3-16, of 5, to those reported for fumiquina-
zolines A and B, which have both possible configurations at
C-3.[8] This comparison clearly showed 5 to be more similar to
fumiquinazoline A, where the methyl group is in the a


orientation. Finally, chiral GC analysis revealed the leucine
moiety in 5 is also in the (S) configuration.


Determination of the isolated yields of compounds 1 ± 5
from the Acremonium sp. culture broth and mycelia was
limited by the complexity of the mixtures. Based upon the
actual isolated amounts compounds 1 ± 5 were produced at
concentrations ranging from 0.2 mg Lÿ1 to 0.8 mg Lÿ1.


Fumiquinazolines H and I were found to have weak
antifungal activity toward Candida albicans in a broth micro-
dilution assay.[18] Both compounds exhibited activity to a
dilution of 0.5 mg mLÿ1 (1 mm). By comparison, the antifungal
antibiotic amphotericin B exhibited activity at a dilution of
1 mg mLÿ1 (1 mm) in this assay. Compounds 1 ± 3 showed no
activity in this assay. Compounds 1 ± 5 were tested in-house
for antimicrobial activity (e.g. Bacillus subtilus) and for cancer
cell cytotoxicity in the National Cancer Institute�s 60 cell-line
panel,[19] but showed no significant activity against any cell-
line. More notably, oxepinamide A showed good topical anti-
inflammatory activity using the resiniferatoxin (RTX)-in-


Table 2. 13C-NMR data for compounds 1 ± 3 in CDCl3.


Position Compound 1
(DEPT)


Compound 2
(DEPT)


Compound 3
(DEPT)


1 70.2 (C) 167.4 (C) 170.5 (C)
2 ± ± ±
3 84.9 (C) 85.6 (C) 89.1 (C)
4 152.3 (C) 154.7 (C) 149.8 (C)
6 159.5 (C) 159.6 (C) 159.0 (C)
8 144.3 (CH) 144.7 (CH) 144.7 (CH)
9 115.7 (CH) 115.9 (CH) 115.9 (CH)


10 157.4 (C) 157.6 (C) 157.8 (C)
11 94.6 (CH) 94.7 (CH) 94.8 (CH)
12 110.7 (C) 110.8 (C) 111.2 (C)
13 160.9 (C) 160.9 (C) 161.2 (C)
15 52.9 (CH) 53.3 (CH) 53.3 (CH)
16 41.7 (CH) 46.1 (CH) 37.1 (CH)
17 21.1 (CH2) 24.5 (CH2) 21.3 (CH2)
18 14.9 (CH3) 11.6 (CH3) 14.6 (CH3)
19 12.2 (CH3) 12.0 (CH3) 12.2 (CH3)
20 ± ± 51.6 (CH3)
21 55.2 (CH3) 55.5 (CH3) 55.5 (CH3)
22 18.9 (CH3) 19.4 (CH3) 18.9 (CH3)
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duced mouse ear edema assay,[20] a test for neurogenic
inflammation. Compound 1 exhibited 82 % inhibition of
edema (induced by RTX at 0.1 mg per ear) at the standard
testing dose of 50 mg per ear. Further biological testing of
these compounds is in progress.


Experimental Section


General : Preparative HPLC separations were accomplished using a Rainin
Dynamax 60-A silica column (8 mm particles, 10 mm� 25 cm) at
3.0 mL mLÿ1 with UV detection at 254 nm. A two-chamber linear gradient
apparatus coupled to a column packed with silica gel (60 ± 200 mesh) was
used for the gradient silica gel chromatography. For the thin-layer
chromatography (TLC) silica gel (0.25 mm) coated glass plates were
employed with CH2Cl2/MeOH 9:1. TLC spots were visualized by exposure
to UV light at 254 nm or to a vanillin/H2SO4 (1% w/v) spray reagent. 1H-
NMR, COSY, and NOESY data were obtained at 300 MHz and 13C-NMR
data were obtained at 100 MHz. All carbon multiplicities were verified by
DEPT and NMR spectra. Initial HMBC and HMQC data were obtained at
300 MHz (1H dimension) and experiments were optimized for nJCH� 10, 8,
or 4 Hz, and 1JCH� 150 Hz, respectively. Higher field 2D-NMR data for
compound 1 including, HSQC, 1H,13C-HMBC, 1H,15N-HMBC, 1,1-ADE-
QUATE, and 1,n-ADEQUATE were obtained on Bruker DMX500
(Bruker, Karlsruhe, Germany) and Bruker DRX600 (Institut für
Organische Chemie, Universität Frankfurt) instruments. Spectra were
recorded in CDCl3 or [D6]acetone and 1H- and 13C-NMR chemical shifts
were referenced using the corresponding solvent signals (e.g. d� 2.05 and
d� 29.8 for [D6]acetone). Chiral GC analyses were obtained on an
HP5890A GC using a Heliflex Chirasil-Val capillary column (Alltech,
0.32 mm� 25 m, He carrier gas). Optical rotations were recorded at 21 8C
in the solvents indicated. IR spectra were recorded as thin films on NaCl.
Fast atom bombardment mass spectral data (FABMS) were obtained using
an NBA matrix. The antifungal microdilution broth assay for C. albicans
(ATCC 32354) was performed in-house with alamar blue as indicator.
Compounds were tested at 10 mg mLÿ1 using methods according to
previously published procedures.[18]


Fungal isolation, fermentation, and extraction : The producing strain (CNC
890), identified as an Acremonium sp. by fatty acid methyl ester (FAME)
analysis,[21] was isolated from the surface of the Caribbean tunicate
Ecteinascidia turbinata collected in the center of a mangrove channel at a
depth of ÿ2 m at Sweetings Cay, Grand Bahama Island, Bahamas, in 1996.
The fungus was grown in static liquid culture in 20 replicate 2.8 L Fernbach
flasks each containing 1 L of a seawater-based medium comprised of 0.5%
yeast extract, 0.5% peptone, 1.0 % glucose, and 0.2% crab meal. Following
a 23 day fermentation period, the mycelium and broth were separated by
filtration and the broth extracted twice with equal volumes of EtOAc. The
combined mycelial mats were freeze-dried and extracted twice with 4 L of
1:1 CH2Cl2/MeOH.


Isolation of compounds 1 ± 5 : The broth and mycelial extracts were
combined (10.7 g) and subjected to silica gel vacuum liquid chromatog-
raphy (VLC)[22] over a pre-packed column bed (6 cm (i.d.)� 5 cm (h)). The
column was eluted with a stepwise gradient of EtOAc (0 ± 100 %) in
hexane, followed by MeOH (1 ± 50 %) in CH2Cl2, and a total of twelve
200 mL fractions were collected. The seven fractions eluting with 60%
EtOAc to 10 % MeOH were combined (1.3 g) and fractionated on
Sephadex LH-20 (2.5� 28 cm) with 3:1:1 hexane/toluene/MeOH. Fractions
of similar composition as determined by TLC were pooled. The fourth and
fifth fractions contained mixtures of compounds with TLC Rf values
between 0.4 and 0.7 that exhibited a distinctive olive-green color with
spraying. These two fractions were combined (225 mg) and further purified
by silica gel chromatography (2.5� 15 cm) using a linear gradient of MeOH
(0 ± 7%) in CH2Cl2. The first and third fractions (both 31 mg), eluted with
�4 % and �5% MeOH, respectively, were each subjected to preparative
silica gel HPLC (isocratic elution: EtOAc/hexane 7:3) to afford com-
pounds 1 (16 mg) and 2 (13 mg). The second (427 mg) fraction from the
LH-20 column (above) was purified in three successive steps by silica gel
chromatography (linear gradient of 0 ± 5% MeOH in CH2Cl2), reversed-
phase C18 VLC (step gradient of 35 ± 100 % CH3CN in H2O), and another


silica gel column (linear gradient of 0 ± 50% EtOAc in hexane) to afford a
fraction (38 mg) containing a mixture of compounds with TLC Rf values
between 0.8 and 0.9. This material was subjected to preparative silica gel
HPLC (EtOAc/hexane) to yield compounds 3 (5.3 mg) and 4 (13 mg). A
second batch (20 L) of the fungus was produced and the resulting mycelial
extract (10.9 g) was subjected to fractionation procedures similar to those
described above (i.e., VLC, LH-20). Final purification by preparative
reversed-phase HPLC (CH3CN/H2O) afforded compound 5 (8.0 mg).


Oxepinamide A (1): yellow oil; [a]D��43 (c� 0.0012 g mLÿ1, CHCl3); UV
(MeOH): lmax (e)� 250 (6100), 345 nm (4900 molÿ1 dm3 cmÿ1); IR (film on
NaCl): nÄ � 3248 (br) 2966, 1691, 1658, 1583, 1541, 1412, 1193, 753 cmÿ1; 1H-
and 13C-NMR data, see Tables 1 and 2; COSY correlations (H!H)
H-8!H-9; H-9!H-11; H-15!H3-22; H-16!H-17'; H-16!H3-18;
HMBC correlations (H!C): H-2!C-1, C-3, C-4, C-15, C-16; H-8!C-6,
C-9, C-10, C-11 (four-bond), C-12 (four-bond); H-9!C-8, C-10, C-11;
H-11!C-6, C-9, C-10, C-13; H-15!C-1, C-4, C-13, C-22; H-16!C-3, C-4,
C-17, C-18, C-19; H-17!C-3, C-16, C-18, C-19; H-17'! C-3, C-18, C-19;
H3-18!C-16, C-17; H3-19!C-16, C-17; H-20!C-3, C-4; H3-21!C-10,
C-11 (four-bond); H3-22!C-1, C-15; 1H,15N-HMBC correlations (H!N):
H-15!N-2, N-14; H-16!N-2; H-22!N-14; H-20!N-2; 1,1-ADE-
QUATE correlations (H!C): H-11!C-12; H-15!C-1, C-22; H-16!
C-3, C-17; H-18!C-16; H-19!C-17; H-22!C-15; 1,n-ADEQUATE
correlations (H!C): H-21!C-9, C-11; NOESY correlations (H!H):
H-2!H-16, H-17, H3-18, H3-19, H3-22; H-8!H-9; H-9!H3-21;
H-11!H3-21; H-15!H3-18, H3-19, H3-22; H-20!H3-22; LR-FABMS:
m/z (%): 348 (26) [M�H]� , 330 (4.9), 279 (36), 205 (3.4), 165 (6.3); HR-
FABMS (NBA): found: 348.1502 [M�H]� , calcd. for C17H21N3O5�H� :
348.1559.


Oxepinamide B (2): yellow oil; [a]D��52 (c� 0.0012 gmLÿ1, CHCl3); UV
(MeOH): lmax (e)� 252 (4900), 347 nm (2600 molÿ1 dm3 cmÿ1); 1H and
13C NMR data, see Tables 1 and 2; HMBC correlations (H!C): H-2!C-4,
C-15; H-8!C-6, C-9, C-10; H-9!C-8, C-10, C-11; H-11!C-6, C-9, C-10,
C-13; H-15!C-1, C-4, C22; H2-17!C-18, C-19; H3-18!C-3, C-16, C-17;
H3-19!C-17; H3-21!C-10; H3-22!C-1, C-15; LR-FABMS: m/z (%): 348
(9.8) [M�H]� , HR-MALDI-FTMS: found: 348.1548 [M�H]� , calcd. for
C17H21N3O5�H� : 348.1559.


Oxepinamide C (3): yellow oil; [a]D�ÿ35 (c� 0.0015 gmLÿ1, CHCl3); UV
(MeOH): lmax (e)� 250 (3000), 345 nm (2100 molÿ1 dm3 cmÿ1); 1H and
13C NMR data, see Tables 1 and 2; LR-FABMS: m/z (%): 362 [M�H]�


(84), 345 (7.3), 279 (5.7), 192 (17), 167 (7.8); HR-FABMS (NBA): found:
362.1748 [M�H]� , calcd. for C18H23N3O5�H� : 362.1716.


Fumiquinazoline H (4): pale yellow solid; m.p.: 144 ± 147 8C; [a]D�ÿ59
(c� 0.001 g mLÿ1, CHCl3); UV (MeOH): lmax (e)� 224 (27 700), 230sh
(25 800), 255 (11 500), 265 (9700), 276 (7600), 303 (3000), 314 nm
(2300 molÿ1 dm3 cmÿ1); IR (film on NaCl): nÄ � 3236 (br), 2954, 1717, 1693,
1608, 1487, 1466, 1386, 1094, 757 cmÿ1; 1H NMR ([D6]acetone): d� 8.76
(br s, H-2), 8.22 (d, J� 7.8 Hz, H-10), 7.87 (br t, J� 7.3 Hz, H-8), 7.75 (d, J�
7.8 Hz, H-7), 7.59 (t, J� 7.6 Hz, H-9), 7.43 (d, J� 7.8 Hz, H-24), 7.31 (t, J�
7.6 Hz, H-25), 7.24 (d, J� 7.8 Hz, H-27), 7.04 (t, J� 7.6 Hz, H-26), 5.92 (d,
J� 5.9 Hz, H-18), 5.54 (d, J� 5.9 Hz, H-14), 3.82 (t, J� 7.3 Hz, H-20), 3.16
(dd, J� 14.9, 5.6 Hz, H-15'), 2.58 (d, J� 5.9 Hz, H-19), 2.06 (dd, buried,
H-15), 2.02 (s, H3-16), 1.85 (m, H-30), 1.70 (m, H2-29), 1.02 (d, J� 6.4 Hz,
H3-31), 0.98 (d, J� 6.8 Hz, H3-32); 13C NMR ([D6]acetone): 173.6 (C-21),
169.7 (C-1), 160.1 (C-12), 153.0 (C-4), 148.3 (C-6), 138.4 (C-23), 138.9
(C-28), 135.5 (C-8), 130.8 (C-25), 129.1 (C-7), 128.4 (C-9), 127.6 (C-10),
127.0 (C-27), 126.1 (C-26), 122.1 (C-11), 115.6 (C-24), 88.9 (C-18), 88.0 (C-
17), 85.7 (C-3), 63.4 (C-20), 54.1 (C-14), 42.7 (C-29), 35.5 (C-15), 26.3 (C-
30), 24.6 (C-16), 23.2 (C-31), 22.4 (C-32); HMBC correlations (H!C):
H-7!C-11; H-8!C-6, C-9, C-10; H-9!C-7, C-8, C-10, C-11; H-10!
C-6, C-8, C-12; H-14!C-1, C-4, C-12, C-15, C-17; H-15!C-1, C-14, C-17,
C-18, C-28; H-15'!C-14, C-17, C-18; H3-16!C-3, C-4; H-18!C-15, C-17;
H-19!C-21, C-29; H-20!C-18, C-21, C-29, C-30; H-24!C-26, C-28;
H-25!C-23, C-26, C-27; H-26!C-24, C-25, C-28; H-27!C-17, C-23,
C-25; H2-29!C-20, C-21, C-30, C-31, C-32; H-30!C-20, C-29, C-31, C-32;
H3-31!C-29, C-30, C-32; H3-32!C-29, C-30, C-31; NOESY correlations
(H!H): H-2!H3-16, H-18, H-19; H-14!H-15; H-15!H-15', H-27;
H3-16!H-18; H-18!H-19, H2-29; H-19!H-20, H2-29, H-30, H3-31, H3-32;
H-20!H2-29, H3-30, H3-32; H2-29!H-30, H3-31, H3-32; H-30!H3-31,
H3-32; LR-FABMS: m/z (%): 485 (84) [M]� , 428 (4.2), 413 (9.9), 391 (22),
371 (4.0), 341 (4.2), 279 (40), 241 (11), 228 (13), 192 (15); HR-FABMS
(NBA): found: 485.2060 [M]� , calcd. for C27H27N5O4 485.2063.
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Fumiquinazoline I (5): white solid; m.p.: 116 ± 120 8C; [a]D�ÿ138 (c�
0.001 gmLÿ1, CHCl3); UV (MeOH): lmax (e)� 224 (63 300), 230sh
(57 200), 255 (26 000), 266sh (21 700), 277 (17 000), 304 (5100), 317 nm
(2800 molÿ1 dm3 cmÿ1); 1H NMR ([D6]acetone): d� 8.24 (dd, J� 8.3,
1.5 Hz, H-10), 7.88 (ddd, J� 7.6, 7.6, 1.5 Hz, H-8), 7.74 (s, H-2), 7.73 (d,
J� 7.8 Hz, H-7), 7.57 (t, J� 8.3 Hz, H-9), 7.56 (d, J� 8.3 Hz, H-27), 7.36 (d,
J� 7.3 Hz, H-24), 7.29 (t, J� 7.6 Hz, H-25), 7.15 (t, J� 7.3 Hz, H-26), 5.75
(dd, J� 9.8, 4.4 Hz, H-14), 5.69 (s, H-17), 5.40 (d, J� 7.3 Hz, H-18), 5.12 (q,
J� 6.5 Hz, H-3), 3.61 (br s, H-20), 2.74 (dd, J� 14.7, 9.8 Hz, H-15'), 2.64
(br d, J� 3.9 Hz, H-19), 2.14 (dd, J� 14.8, 4.6 Hz, H-15), 1.75 (d, J� 6.4 Hz,
H3-16), 1.43 (m, H2-29), 1.22 (m, H-30), 0.79 (d, J� 6.4 Hz, H3-31), 0.79 (d,
J� 6.4 Hz, H3-32); 13C NMR ([D6]acetone): 174.1 (C-21), 169.9 (C-1), 163.0
(C-12), 153.6 (C-4), 148.2 (C-6), 140.4 (C-28), 138.5 (C-23), 135.5 (C-8),
129.9 (C-25), 128.3 (C-7), 127.9 (C-9), 127.5 (C-10), 125.9 (C-26), 125.5
(C-27), 121.2 (C-11), 115.9 (C-24), 63.0 (C-20), 88.8 (C-18), 81.8 (C-17), 54.2
(C-14), 49.7 (C-3), 42.3 (C-29), 38.5 (C-15), 25.6 (C-30), 23.5 (C-31), 21.6
(C-32), 16.9 (C-16); HMBC correlations (H!C : H-2!C-4, C-14;
H-3!C-4, C-16; H-7!C-9, C-11; H-8!C6, C-10; H-9!C-7, C-8, C-11;
H-10!C-6, C-8, C-12; H-14!C-1, C-4, C-12, C-15, C-17; H-15!C-1,
C-14, C-17, C-18, C-28; H-15'! C-1, C-14, C-17, C-18, C-28; H3-16!C-3,
C-4; H-17!C-15, C-18, C-28; H-24!C-23, C-26, C-28; H-25!C-23, C-24,
C-26, C-27, C-28; H-26!C-24, C-28; H-27!C-17, C-23, C-25; H2-29!
C-20, C-21, C-30, C-31, C-32; H-30!C-29, C-31, C-32; H3-31!C-29, C-30,
C-32; H3-32!C-29, C-30, C-31; LR-FABMS: m/z (%): 488 (81) [M�H]� ,
470 (40), 449 (4.9), 391 (9.4), 369 (9.8), 338 (8.7), 313 (6.0), 273 (8.1), 241
(22), 229 (17), 213 (11); HR-FABMS (NBA): found: 488.2294 [M�H]� ,
calcd. for C27H29N5O4�H� : 488.2297.


Conversion of fumiquinazoline H (4) to fumiquinazoline I (5): A sample of
fumiquinazoline H (4, 2.6 mg) was dissolved in 1,4-dioxane (0.26 mL).
NaBH4 (1 mg) and MeOH (0.75 mL) (to aid solubility) was added to this
solution. The reaction mixture was allowed to stand 45 min, then
evaporated under dry N2. The residue was dissolved/suspended in H2O
(1 mL) and extracted twice with EtOAc (1 mL each). The EtOAc extract
was evaporated to afford the product (3.1 mg). The product consisted of a
1:1 mixture of compounds 4 and 5, by comparison with authentic samples,
by TLC, HPLC (silica column, 7:3 EtOAc/hexane), and 1H-NMR spectro-
scopic analyses.
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Excision of the {Mo6Se8} Cluster Core from a Chevrel Phase:
Synthesis and Properties of the First Molybdenum Octahedral Cluster
Selenocyanide Anions [Mo6Se8(CN)6]7ÿ and [Mo6Se8(CN)6]6ÿ


Yuri V. Mironov, Alexander V. Virovets, Nikolai G. Naumov, Vladimir N. Ikorskii, and
Vladimir E. Fedorov*[a]


Abstract: The synthesis of new molyb-
denum cluster selenocyanide anionic
complexes [Mo6Se8(CN)6]7ÿ and
[Mo6Se8(CN)6]6ÿ is reported. The
[Mo6Se8(CN)6]7ÿ ion was obtained by
excision of the cluster core {Mo6Se8}
from a Chevrel phase in the reaction of
Mo6Se8 with KCN at 650 8C; the
[Mo6Se8(CN)6]6ÿ ion is formed by oxi-
dation of [Mo6Se8(CN)6]7ÿ. New cluster
salts K7[Mo6Se8(CN)6] ´ 8 H2O (1) and


(Me4N)4 K2[Mo6Se8(CN)6] ´ 10 H2O (2)
were isolated and their crystal
structures were solved. Compound 1
crystallizes in the cubic space group
Fm3Åm (a� 15.552(2) �, Z� 4, V�
3761.5(8) �3), compound 2 crystallizes


in the triclinic space group P1Å (a�
11.706(2), b� 11.749(2), c� 12.459(2) �,
a� 72.25(1), b� 77.51(1), g� 63.04(1)8,
Z� 1, V� 1448.5(4) �3). Compound 1 is
paramagnetic due to an availability
of 21 electrons per Mo6 cluster;
cyclic voltammetry reveals a quasi-re-
versible transition [Mo6Se8(CN)6]7ÿ>
[Mo6Se8(CN)6]6ÿ, E1/2� 0.63 V.


Keywords: cluster compounds ´
chalcogens ´ Chevrel phase ´
cyanides ´ molybdenum


Introduction


Hexanuclear molybdenum cluster complexes have attracted
attention because of their relationships to higher dimensional
systems such as superconducting Chevrel phases. In most
cases the complexes with {Mo6X8} (X� S, Se) cluster cores
were prepared from molecular precursors by using the
reductive dimerization of trinuclear fragments Mo3X4


[1, 2] or
ligand exchange in the cluster core of octahedral cluster
complexes such as Mo6Cl12.[3] Excision of cluster fragments
from preformed solid-state cluster compounds is one of the
major synthetic methods for the preparation of molecular
cluster compounds.[4, 5] Recently we discovered that the
molten cyanides (NaCN or KCN) are the excellent reagents
for excision of cluster cores from solids with polymeric
framework structures at moderate (�600 8C) tempera-
tures.[6±9] Using this method a series of new chalcocyanide
complexes containing [Re6X8(CN)6]4ÿ (X� S, Se, Te) cluster
anions has been synthesized and characterized structural-
ly.[10±17] Here we present the first example of excision of the
{Mo6Se8} cluster core from the parent Mo6Se8 solid (Chevrel-


type phase) by reaction of Mo6Se8 with molten KCN. This
results in the formation of soluble [Mo6Se8(CN)6]7ÿ/
[Mo6Se8(CN)6]6ÿ complexes. Structures and some properties
of the first molybdenum octahedral selenocyanide cluster
compounds K7[Mo6Se8(CN)6] ´ 8 H2O (1) and (Me4N)4K2-
[Mo6Se8(CN)6] ´ 10 H2O (2) are also reported.


Results and Discussion


Interaction of the Mo6Se8-containing neutral {Mo6Se8}0 cluster
core with molten potassium cyanide results in the formation
of the deep blue anion [Mo6Se8(CN)6]7ÿ with a negatively
charged {Mo6Se8}ÿ cluster core. The presence of a negatively
charged {Mo6Se8}ÿ cluster core in K7[Mo6Se8(CN)6] ´ 8 H2O
was in agreement with chemical analysis, structural,[18] and
magnetic data. In aqueous solution the anion [Mo6Se8(CN)6]7ÿ


is not stable for long periods and transforms readily to give the
brown-colored oxidized form [Mo6Se8(CN)6]6ÿ, which was
isolated as salt 2. Facile oxidation of the deep blue solution of
[Mo6Se8(CN)6]7ÿ in air was confirmed by electrochemical
measurements which indicated a one-electron quasi-reversi-
ble oxidation wave at 0.63 V.


The cluster anions of both compounds are shown in
Figure 1. In compound 1 the [Mo6Se8(CN)6]7ÿ ion has the
ideal Oh point symmetry. In the case of 2 the [Mo6Se8(CN)6]6ÿ


ion has the site symmetry Cs and, therefore, the cluster is
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Figure 1. Cluster anions in the compounds 1 (top) and 2 (bottom); 50%
probability ellipsoids.


slightly distorted. In 1 the cluster anions adopt cubic close
packing (Figure 2 top). The distance between the centers of
the cluster anions is 10.997 �. There are two different cation


Figure 2. Unit cell (top) and one octant (bottom) in the crystal structure of
1 (yz projection). Circles of Mo and Se atoms are omitted for clarity. K�


ions are shown as cross-shaded circles. The oxygen atoms O1 and O2 of
water molecules are shown as empty and dashed circles, respectively.


positions denoted K1 and K2. K1 lies in the ªoctahedral
interstitialº site of close packing, and K2 forms the tetrahe-
dron within the ªtetrahedral interstitialº site (Figure 2
bottom). Both cation positions are partially occupied. There
are two different oxygen atom positions denoted O1 and O2
for the water molecules; O1 lies in the center of K4


tetrahedron, and O2 is disordered over two positions around
(1/2 3/4 3/4).


In the case of 2, the centers of cluster anions form one
layered hexagonal packing motif (Figure 3); the distances
between the centers of these anions within the layer ranges
between 11.706 and 12.262 � and that between the layers is
12.459 �. Potassium cations are coordinated by water mole-
cules and are located between layers. The Me4N� ions are
located both within as well as between layers.


It is interesting to compare the geometry of cluster cores in
1 and 2 with other compounds based on the {Mo6Se8} unit.


Abstract in Russian:
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Figure 3. Crystal packing in the structure of 2 (projection along c axis).
Circles of Mo and Se atoms are omitted for clarity. K� cations are shown as
cross-shaded circles. Water molecules are shown as crossed out circles.


Details of some of the bond lengths in structurally charac-
terized Chevrel-type compounds MxMo6Se8 are given in
Table 1.


It is well known that the Mo6 octahedron in the polymeric
Mo6Se8 phase with a {Mo6Se8}0 cluster core is distorted in such
a manner that there are six short and six long MoÿMo
distances. Compound 2, which is built up of isolated
[Mo6Se8(CN)6]6ÿ molecular clusters, formally contains the
same zero-charged core {Mo6Se8}0. The molecular character of
the structure of 2, however, dramatically changes the geom-
etry of the cluster core: the Mo6 octahedron in 2 becomes
much more symmetrical (D(MoÿMo)� 0.021 instead of
0.151 � as in the Mo6Se8 phase) and the average intracluster
MoÿMo distance becomes shorter.


The same situation occurs between derivative Chevrel
phases MxMo6Se8 and compound 1. They all contain the
formally negatively charged {Mo6Se8}nÿ core. The
[Mo6Se8(CN)6]7ÿ ion in 1 has an ideal octahedral core,
whereas in the Chevrel phases MxMo6Se8 the cluster cores
are more or less distorted. The distinction between 1 and 2,
however, is much less; the difference between average
MoÿMo distances is only 0.011 �. At this point it should be
mentioned that it is known that the removal of bonding
electrons from clusters in these compounds is expected to
weaken the MoÿMo bonds. This rule is also applicable here:
both in molecular complexes and in a series of polymeric
compounds, the MoÿMo bonds in Mo6 clusters increase in
length with increasing valence electron concentration. How-


ever, the situation is exactly the opposite of that in [Mo6Se8-
(PEt3)6]0/[Mo6Se8(PEt3)6]ÿ complexes, in which the MoÿMo
distances in the negatively charged cluster core become
longer:[2] average MoÿMo� 2.703 � in [Mo6Se8(PEt3)6], and
average MoÿMo� 2.714 � in [PPN][Mo6Se8(PEt3)6].


In the structure of 1 one of the oxygen atoms (O2) appeared
to be disordered between two symmetrically equivalent
positions at a distance of 0.88. Thus, the occupancy of O2
was set to 50 %.


As is clear from the above-mentioned data, the high-
temperature reaction of polymeric hexanuclear molybdenum
selenide Mo6Se8 with molten KCN leads to the formation of
the octahedral cluster selenocyanide anion [Mo6Se8(CN)6]7ÿ.
This result regarding the excision of the cluster core {Mo6Se8}
from the structure of the polymeric precursor is similar to that
obtained by reacting KCN with polymeric [Re6Te15][10, 11] and
[Re6X8Br2][9, 17] (X� S, Se); however, whereas rhenium cluster
cores {Re6X8} containing 24 electrons per Re6 cluster do not
change their electronic states on going from polymers to
molecular complexes, the reaction of [Mo6Se8] (20 electrons
per Mo6 cluster) with KCN generates the negatively charged
cluster core {Mo6Se8}ÿ with 21 electrons per Mo6 cluster. This
is particularly interesting because the resulting cluster sele-
nocyanide anion [Mo6Se8(CN)6]7ÿ has paramagnetic proper-
ties.


In aqueous solution the anion [Mo6Se8(CN)6]7ÿ is not stable
for long periods and transforms readily into the oxidized form
[Mo6Se8(CN)6]6ÿ. The electrochemical behavior of 1 has been
studied in 0.1m Na2SO4 aqueous solution. The cyclic voltam-
mogram indicated a one-electron quasi-reversible oxidation
wave at 0.63 V (Figure 4) that is attributed to the
[Mo6Se8(CN)6]7ÿ> [Mo6Se8(CN)6]6ÿ equilibrium. Further ox-
idation at 1.4 V is irreversible.


Figure 4. Cyclic voltammogram of 1.


The measurement of the temperature dependence of the
magnetic susceptibility showed that the compound 1 is
paramagnetic over the temperature range (2 ± 300 K) because
the [Mo6Se8(CN)6]7ÿ ion has one unpaired spin due to an odd
number of cluster valence electrons (21 e/Mo6). The magnetic
properties observed could not be explained by using the
Curie ± Weiss model and it is necessary to include a Van Vleck


Table 1. Bond lengths in related structurally characterized Chevrel-type compounds MxMo6Se8.


Compound Core charge MoÿMo [�] Ref.


Mo6Se8 0 2.685(2) ± 2.836(2) (av 2.761) 19
(Me4N)4K2[Mo6Se8(CN)6] ´ 10H2O 0 2.700(2) ± 2.721(2) (av 2.711) this work
K7[Mo6Se8(CN)6] ´ 8 H2O ÿ 1 2.700(3) this work
AgMo6Se8 ÿ 1 2.701 ± 2.776 (av 2.738) 20
Ni0.67Mo6Se8 ÿ 1.33 2.649(2) ± 2.818(2) (av 2.730) 21
PbMo6Se8 ÿ 2 2.696(1) ± 2.735(1) (av 2.716) 22







FULL PAPER V. E. Fedorov et al.


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000 0947-6539/00/0608-1364 $ 17.50+.50/0 Chem. Eur. J. 2000, 6, No. 81364


independent temperature term. Similar magnetic properties
were observed earlier for paramagnetic Nb6X12


n� cluster
compounds.[23]


Extended Hückel calculations for cluster anion
[Mo6Se8(CN)6]6ÿ were performed by using the CACAO
program.[24] The bond lengths and angles in the crystal
structure of 2 were employed to model the anion. HOMO
as well as LUMO bands are formed mainly by 4d Mo ± Mo
bonding orbitals and the contribution of Se, C, and N orbitals
is very small. In the [Mo6Se8(CN)6]6ÿ ion all the energy levels
are occupied up to ÿ10.8 eV, and the energy gap between the
HOMO and LUMO bands is about 0.59 eV. This explains why
the [Mo6Se8(CN)6]6ÿ cluster anion in which all the electrons
are paired (20 e per Mo6 cluster) was found to be diamagnetic,
whereas the [Mo6Se8(CN)6]7ÿ ion, which in effect contains one
unpaired electron (21e per Mo6 cluster), is paramagnetic. The
LUMO has bonding orbital character as supported by the fact
that MoÿMo distances in [Mo6Se8(CN)6]7ÿ cluster are shorter
than those in [Mo6Se8(CN)6]6- .


In conclusion, the interaction of the Chevrel phase Mo6Se8


with molten KCN results in the formation of the highly
charged paramagnetic [Mo6Se8(CN)6]7ÿ ion.


Experimental Section


1: Mo6Se8 (1.10 g, 0.91 mmol) and KCN (1.10 g, 16.9 mmol) were combined
in a fused-silica tube that was evacuated and sealed. The tube was heated to
650 8C for 12 h, held at this temperature for 36 h, and then cooled to room
temperature at 20 8Chÿ1. The reaction mixture was washed with cool water
(400 mL) to give a dark blue solution. The resulting solution was
concentrated to 20 mL under heating, and then methanol (40 mL) was
added to this solution. The dark blue suspension was filtered and the
precipate was washed with methanol (20 mL) and diethyl ether (20 mL),
and dried under vacuum. Yield: 0.91 g (56 %). Elemental analysis (%)
calcd for C6H16N6O8K7Mo6Se8 (1781.24): K 15.36, Mo 32.32; found: K 14.87,
Mo 32.10; IR (KBr): nÄ � 2080 cmÿ1 (CN). UV/Vis (H2O): lmax (e)� 599 sh
(2590), 560 (3040), 320 sh nm (11 600 molÿ1dm3cmÿ1). Differential ther-
mogravimetry (DTG) analysis: one mass loss step (8.2 %) with the
maximum in differential thermal analysis at about 105 8C which corre-
sponds to the loss of eight water molecules (calcd 8.09 %). Cyclic
voltammetry (scan rates: 20 ± 200 mV sÿ1, scanning interval ÿ0.5 to 1.5 V
vs. NHE, 0.1m Na2SO4 aqueous solution): E1/2� 0.63 V. Single crystals for
X-ray structural analysis were obtained by slow evaporation of saturated
solution of 1 at about 80 8C in the presence of KCN excess.


2 : A blue solution of 1 (0.1 g) in H2O (10 mL) was loaded at room
temperature for 12 h under air. During this time the blue color of solution
changed to brown. Me4NCl (0.1 g) and KCN (0.02 g) were added to the
brown solution. The resulting solution was refluxed for 10 min and cooled.
The solution was slowly evaporated at room temperature to a volume of
1 mL. The precipitated dark brown crystals of 2 were filtered and dried
under air. IR (KBr): nÄ � 2098 cmÿ1 (CN); UV/Vis: lmax (e)� 455 nm
(5006 molÿ1 dm3 cmÿ1).


X-ray structural analyses : Structural data were collected by standard
techniques at room temperature on Enraf Nonius CAD4 (1) and Siemens
P4 (2) (MoKa radiation (l� 0.7107 �), q/2q scan mode) diffractometers.
Data were corrected for absorption with azimutal scans. The structures
were solved by direct methods and were refined by the least-squares
method against F2. All non-hydrogen atoms were refined anisotropically
taking into account all independent reflections. Hydrogen atoms of Me4N�


ions were refined with a riding model, those in water molecules were not
located. All calculations were carried out on an IBM PC using the SHELX-
97 program package.[25]


1: dark blue cube, crystal dimensions 0.14� 0.14� 0.14 mm3, cubic, space
group Fm3Åm, Z� 4, a� 15.552(2) �, V� 3761.5(8) �3, 1calcd� 3.145 gcmÿ3,


m� 10.494 mmÿ1, 999 measured reflections, 311 independent, R(F)� 0.0255
and Rw(F2)� 0.0533 for 132 reflection with Fhkl� 4s(Fhkl).


2 : dark brown plate, crystal dimensions 0.08� 0.18� 0.26 mm3, triclinic,
space group P1Å, Z� 1, a� 11.706(2), b� 11.749(2), c� 12.459(2) �, a�
72.25(1), b� 77.51(1), g� 63.04(1)8, V� 1448.5(4) �3, 1calcd� 2.199g cmÿ3,
m� 6.476 mmÿ1, 5336 measured reflections, 5081 independent, R(F)�
0.0622 and Rw(F2)� 0.1429 for 3106 reflection with Fhkl� 4s(Fhkl).


Further details of the crystal structure investigation of 1 can be obtained
from Fachinformationszentrum Karlsruhe, 76344 Eggenstein-Leopolds-
hafen, Germany (fax:� 49-7247-808-666; e-mail : crysdata@fiz-karlsruhe.
de) on quoting the depository number CSD-410778. Crystallographic data
(excluding structure factors) for the crystal structure of 2 have been
deposited with the Cambridge Crystallographic Data Centre as supple-
mentary publication no. CCDC 118276. 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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A Second Generation Synthesis of the MBr1 (Globo-H) Breast Tumor
Antigen: New Application of the n-Pentenyl Glycoside Method for Achieving
Complex Carbohydrate Protein Linkages
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Abstract: A new synthesis of the hexasaccharide MBr1 antigen (globo-H) is
reported. A revised construction with improved efficiency was necessary because an
anti-cancer vaccine containing this antigen is entering phase II and phase III clinical
trials for prostate cancer. The key feature of this second generation synthesis is the
preparation of globo-H as its n-pentenyl glycoside. This group serves as an anomeric
protecting group and as a linker for bioconjugation to carrier protein. The resultant
synthesis allows for the production of suitable quantities of globo-H for clinical trials.


Keywords: antigens ´ carbohydrates
´ glycosides ´ glycoconjugates ´
immunology


Introduction


Active specific immunotherapy via vaccination attempts to
stimulate an immune response in a tumor-bearing host
through the use of a tumor-associated antigen. It has been
known for some time that specific types of glycolipids or
glycoproteins, which may be detectable in normal tissue types
by immunohistology, are significantly more expressed in
tumors of that tissue.[1] Furthermore, high levels of expression
on tumor cells can often provoke an antibody response.
However, this initial antibody response is usually ineffective
in providing immunoprotection or immunorejection and
disease can result. Possibly, tumor cells are capable of sending
a variety of decoys, which disguise their initial growth and
allow for the tumor antigens to be seen as ªselfº by the
immune system.[2] Accordingly, the idea of using synthetically
derived, cell-free glycoconjugates as versions of tumor-
associated immunostimmulatory antigens in the development


of anti-tumor vaccines to break the tolerance of the immune
response is attractive.[3] The use of cancer vaccines containing
carbohydrate antigens of fully synthetic origin to induce an
anti-cancer immune response is in fact showing considerable
promise for eventual therapy. Investigations using carbohy-
drate-based vaccines have thus far been conducted with the
hope that patients immunized in an adjuvant setting might
produce antibodies reactive with cancer cells, and that the
production of such antibodies might mitigate against tumor
spread, thereby creating a more favorable prognosis.[4]


Cancer carbohydrate antigens such as Tn,[5] TF, GD3,[6]


GM2,[7] KH-1,[8] Ley,[9] fucosyl GM1,[10] and globo-H[11] are
suitable targets for both active and passive immunotherapies
because they have been characterized as being over-expressed
on the surface of malignant cells in a variety of cancers.
Obviously, such discoveries can only follow efforts that are
achieved as a result of painstaking analysis. Moreover, due to
major advances in the areas of monoclonal antibody (mAb)
technology and immunohistology, the antigens have been
immunocharacterized by suitable mAb�s and therefore have
relevant serological markers available for immunological
studies. However, the required delicate, yet complex, charac-
terizations are even more impressive when it is considered
that the availabilities of such carbohydrates is typically limited
to sub-milligram levels following isolation and purification of
specimens from human cancer tissue collections. Consequent-
ly, in the absence of an enzymatically mediated synthesis, the
task of delivery of carbohydrate-based antigens in amounts
required to study immunotherapy at the preclinical and
clinical level falls to organic synthesis.
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Indeed our laboratory has been interested in the develop-
ment of anti-cancer vaccines using vaccine constructs pre-
pared by total chemical synthesis for some time.[12] For
example, a construct containing the MBr1 antigen globo-H
1 a,[13,14] is one of our most clinically promising anti-cancer
vaccines (Figure 1).[15] It has been demonstrated in phase I
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Figure 1. Structures of synthetically derived globo-H constructs.


clinical trials that the vaccine 1 d (n� 1) is safe in humans as
regards to autoimmunity problems and induces specific
antibodies against tumor cells carrying on their cell surface
the same antigenic structure contained in the vaccine. As part
of a program to evaluate our globo-H based vaccine 1 d in
phase II and phase III human clinical trials for prostate and
breast cancers, we required a rapid and efficient synthesis by
which suitable quantities could be produced. Herein, we
describe the synthesis of globo-H pentenyl glycoside 1 c in the
context of describing our most recent approach harmonizing
the goals of a convergent total synthesis with the need for
bioconjugation to carrier protein.


Results and Discussion


The previous synthesis of globo-H from our laboratories[16]


utilized all glycal building blocks[17] for the rapid construction
this complex oligosaccharide. These investigations relied on a
highly convergent [3�3] coupling to generate the hexasac-
charide core contained in the final target. In this approach, a
flexible terminal glycal was maintained throughout the
hexasaccharide construction (see structure 2, Figure 2). The
glycal was then used to install the ceramide side chain present
en route to globo-H glycolipid 1 a or its allyl glycoside 1 b. The
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Figure 2. Previous strategy for the synthesis of 1a and 1b.


synthesis of 1 a served to facilitate the proof of structure and
immunocharacterization of globo-H. The allyl glycoside 1 b
was employed for immunoconjugation to biocarrier proteins.
The previous protocols were effective in producing adequate
quantities of synthetic material for proof of structure,
immunocharacterization, conjugation, mouse vaccinations,
and phase I human clinical trials.


The requirements for the current investigations were to
meet the demand of a single target formation for advanced
clinical trials. The target must be so functionalized as to
anticipate the need for its conjugation to carrier protein and,
that the resulting construction must be appropriately efficient
as to allow for the generation of suitable material for clinical
purposes. In the context of a second-generation strategy, we
envisioned a synthetic route that began with the spacer
required for bioconjugation in place rather early in the
synthesis. This strategy would obviate the need to install the
bioconjugation linker from the terminal glycal during the end-
game transformations (vide infra).


It will be appreciated that the presentation of the globo-H
antigenic hexasaccharide is crucial for an effective immune
response. Studies have shown that a coherent vaccine can be
achieved through bioconjugation to carrier protein keyhole
limpet hemocyanin (KLH).[18] In designing a requisite linker
toward the goal of conjugation to KLH, we took cognizance of
several requirements. For the vaccine to be given a chance to
be immunofunctional, the molecular recognition of the
synthetic tumor antigen by the immune system must not be
compromised in conjugating the carbohydrate domain to
biocarrier. Among various strategies of spacer-linker combi-
nations, we had success using allyl glycosides to link carbohy-
drates to proteins, although the optimum setting has not
necessarily been determined. In our previous synthesis of 1 b,
as was typical in our program aimed at total synthesis of
tumor-associated antigens, the glycal was maintained through
the global deprotection to the peracetate stage (see Figure 3,
2!3).[19] Epoxidation of the glycal, followed by treatment
with allyl alcohol gave the corresponding allyl glycoside 4.
However, with the resident neighboring acetates as the sole
source of stereochemical control, only modest stereoselectiv-
ity was realized in this step (see formation of 4''). We had
considered and evaluated the possibility of carrying the allyl
glycoside while the resident protecting groups were as
originally protected. At this stage the epoxidation and allyl
glycoside formation was indeed stereospecific (see 2!5).
However, it was then found that deprotection of the benzyl
ethers and benzene sulfonamide groups in 5 by Birch
reduction to yield 1 b was not possible with the allyl glycoside
already in place. Though the reasons for the instability were
not precisely determined, it appeared that the allyl group was
cleaved and the resultant free sugar suffered further chemical
damage. To avoid destruction of the allyl linking group we
were forced to resort to conducting the epoxidation and allyl
glycosidation sequence after deprotection and peracetylation
(see 3!1 b). However, the trade-off was a serious erosion of
stereoselectivity resulting in losses of hard won fully synthetic
hexacyclic epitope. Nonetheless, with this strategy, removal of
the ester protecting groups in 4 yielded fully deprotected allyl
glycoside 1 b poised for bioconjugation.
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Figure 3. Summary of the previous synthesis of 1b and 1d.


The conundrum associated with the allyl glycoside ap-
proach detailed above invited an alternative solution which, in
general terms, is formulated below (Figure 4). Thus, a
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Figure 4. Synthetic requirements for our second generation procedure.


hexasaccharide would be constructed containing a glycoside
that would enable linkage to carrier protein, already in place.
Indeed this group would already have been incorporated at
the reducing end of the acceptor in the [3�3] coupling step.
For successful implementation of this significant new varia-
tion of the globo-H synthesis (and by implication, other
complex tumor-associated antigens), four conditions had to be
met. First, the trisaccharide acceptor containing the glycoside
construct had to be readily synthesizable. The glycoside
construct had to be compatible with the [3�3] coupling.
Clearly, the construct, in contrast to the allyl glycoside, had to
survive benzyl ether and benzenesulfonamide deprotection.
Finally, conjugation had to be implementable.


With these goals in mind, we chose to direct our synthesis to
produce the n-pentenyl glycoside (NPG)[20] of the hexacyclic
MBr1 antigen 1 c. We hoped that the pentenyl olefin, in
contrast to the allyl function, would withstand the requisite
Birch reduction step. Having survived the synthesis and
deprotection phases, the terminal pentenyl function could
now be oxidatively cleaved and the resulting g-oxybutyryl
aldehyde used for reductive amination.


To explore this possibility, we focused our attention on a
plan involving the same DEF trisaccharide donor sector used
in our previous synthesis. Our retrosynthetic analysis is shown
in Figure 5. For maximum convergency, we desired the ABC
acceptor containing the aforediscussed pentenyl glycosidic
linker. The hexasaccharide core would then be assembled via
a convergent [3�3] ABC�DEF coupling reaction using our
sulfonamido glycosidation protocol.[21] Our previous results
had indicated that the presence of a free hydroxyl at C4 of the
reducing end galactose (Figure 5, see asterisk) in the DEF
donor would be necessary to direct the formation of the
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required b-linkage in the sulfonamido glycosidation.[22] The
sequencing of the [3�3] coupling was expected to take place
as shown, owing to the higher reactivity of the equatorial C3
hydroxyl group (see bold) in the acceptor as compared with
the necessary axial C4 hydroxyl group in the donor trisac-
charide. Important to the strategy described herein is that,
once the hexasaccharide is assembled, only protecting group
manipulations would be required to reach the pro-vaccine
antigen.


Our experience with the DEF trisaccharide sector has been
that its synthesis is fairly concise, requiring six transformations
starting from 6-O-TIPS galactal and tri-O-benzyl fluoro
fucose.[16] The primary encumbrance to our synthetic effort
had been that of producing the ABC acceptor in glycal form.
For purposes of a second-generation approach, the acceptor
trisaccharide component can be dissected into a lactose
derivative containing the desired NPG bearing a differenti-
ated hydroxyl at C4' and an appropriate C-ring donor
(Figure 5). The galactose donor monosaccharide also requires
differential protection at C3, for eventual ABC�DEF cou-
pling, and needs careful attention to efficiently allow for the
required a-glycosidic linkage joining the AB�C domains.


We begin with the synthesis of the requisite ABC acceptor,
as shown in Scheme 1. Our method takes advantage of readily
available lactose octaacetate 6. Conversion of 6 to the known
a-bromo donor 7[23] was followed by silver carbonate medi-
ated glycosylation with pentenyl alcohol as acceptor, to give 8
(Pent�CH2CH2CH2CH�CH2) in 75 % yield on a 100 g
scale.[24] Similar processing of 7 with silver triflate as promoter
resulted in only 17 % yield of the desired product. Thus, with
the formation of 8, we had in an early stage of the synthesis
successfully installed the linker to be used for late stage
bioconjugation.


Subsequent steps were designed to generate a free acceptor
site at C4' of 8 for an eventual AB�C coupling give the ABC
trisaccharide (Scheme 1). Removal of the ester protecting
groups in 8 to give pentenyl lactoside 9 was followed by a
stannane mediated monobenzylation to selectively give the
C3' benzyl ether.[25] In a second step, the C4' and C6' hydroxyls
were engaged as a benzylidene acetal to provide compound 10
as the only observable product.[26] Finally, perbenzylation of
the remaining hydroxyl groups in 10 and regioselective
reductive cleavage of the benzylidene with sodium cyanobor-
ohydride and anhydrous HCl gave the C4' alcohol 11.[27] Thus,
using well known transformations starting from lactose
octaacetate 6, the AB pentenyl glycoside acceptor 11 was
obtained in seven steps and in 20 % overall yield.


With large quantities of the protected pentenyl glycoside 11
available, we turned our attention to the AB�C coupling to
form the trisaccharide acceptor 14. The previous synthesis of
glycal 17 (Scheme 1) required careful preparation of the
highly activated b-fluoro donor 13 from glycal 12.[16] The C3
PMB ether contained in 12 was strategically incorporated to
allow for eventual ABC�DEF coupling upon selective
deprotection of this group. In the course of this work, we
discovered that a-13 could be formed conveniently in high
yield and on large scale. Accordingly, a-donor 13 was
prepared from differentially protected glycal 12 by epoxida-
tion and exposure to HF/pyridine to yield the cis fluoro-
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Scheme 1. Reagents: a) HBr, Ac2O, AcOH, 96 %; b) PentOH, Ag2CO3,
CH2Cl2, 4 � molecular sieves, 75%; c) NaOMe, MeOH; then Dowex-H� ;
d) BnBr, Bu2SnO, Bu4NI, C6H6, 54% two steps; e) PhCH(OMe)2, CSA,
CH3CN, 72 %; f) BnBr, NaH, DMF, Et4NI, 97%; g) NaCNBH3, HCl, Et2O,
THF, 79 %; h) DMDO, CH2Cl2; i) HF/pyridine, 85% two steps; j) BnBr,
NaH, DMF, 95%; k) Cp2Zr(OTf)2, toluene/THF 5:1, 80 % (a), a :b 10:1;
l) DDQ, CH3CN, H2O, 84%.


hydrin derivative and subsequent conversion of the resulting
C2-hydroxyl to its benzyl ether. The anomeric a :b selectivity
was demonstrated to be 10:1 and the overall yield in
transforming 12 into 13 was 76 %.


We were now in a position to compare the effectiveness of
the AB�C coupling using previously prepared b-13 and our
newly prepared a-13 with the AB acceptor 11. We also
examined the synthetic optimization of glycal trisaccharide 17
as a model case (see 13�16!17), because of its presumed
sensitivity to overly demanding coupling promoters. In these
investigations it was discovered that the reduced reactivity of
a-fluoro donors could be attenuated by conducting the
couplings with highly fluorophilic promoters in judiciously
chosen solvents, as summarized in Table 1. Our previous
coupling procedure using the predominantly b-fluoro donor
13 and glycal 16 to give glycal trisaccharide 17 employed
Muykiyama coupling conditions[28] and proceeded in 54 %
yield with modest anomeric selectivity (entry 1, Table 1).
Investigations using other promoters with a-13 are shown in
entries 2 and 3, but produced little satisfaction in terms of
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overall efficiency. However, the preparation of glycal 17 was
successfully extended to include the described a-donor 13
using strongly fluorophilic Cp2Zr(OTf)2


[26] promotion (73 %
yield, entry 4). Gratifyingly, these optimized glycosidation
conditions for formation of 17 were successfully applied to the
AB�C coupling employing pentenyl glycoside 11 to provide
trisaccharide 14 in yields that rivaled the parent reaction
(80 % yield, entry 6). Muykiyama coupling of b-13 with 11
yielded only 42 % of trisaccharide 14 (entry 5). Satisfied with
the events leading to smooth formation of large quantities of
14, we positioned ourselves to investigate the [3�3] coupling.
The discharge of the lone PMB group in 14 could be effected
in excellent yield (92 %), thus completing the assembly of the
desired ABC pentenyl acceptor 15.


The key step and final transformations completing the
synthesis of 1 c are shown in Scheme 2. Treatment of the
known DEF donor 18[16] (see Scheme 1) with MeOTf[30] in the
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presence of acceptor 15 smoothly provided hexasaccharide 19
in 60 % yield. The configuration of the new anomeric center of
19 was confirmed to be b-configured, as was expected based


on our earlier precedents. The
[3�3] coupling yield using tri-
saccharide acceptor 15 was
comparable to the [3�3] proce-
dure using the glycal-based ac-
ceptor corresponding to 17. The
tremendous advantage of using
15, however, is manifested in
the steps which follow.


Global deprotection began
with subjection of 19 to TBAF
in order to remove the silyl
ethers and the cyclic carbonate.
The benzyl and sulfonamido
protecting groups on the result-


ing penta-ol were then cleaved under the action of dissolving
metal reduction. This protocol was followed by peracetylation
to give the isolable hexasaccharide peracetate 20. As in earlier
steps, the pentenyl linkage proved highly reliable under the
listed deprotection conditions. It is again notable by contrast
that the corresponding allyl glycoside (to ultimately yield 1 b)
is not stable to the reducing metal conditions required for
global deprotection and therefore must be installed subse-
quent to deprotection at the level of 2 (see Figure 2, P�Ac).
Deacetylation of 20 with methoxide yielded the fully depro-
tected pentenyl glycoside of globo-H 1 c notably poised for
bioconjugation. Importantly, in the second generation varia-
tion, progress toward 1 d from hexasaccharide construct 19
was greatly simplified because the need for additional
functionalization to allow for conjugation had been elimi-
nated.


Toward our goal of facilitating clinical evaluation of
synthetic globo-H, we have conjugated 1 c to carrier protein
KLH for purposes of creating a functional vaccine. The first
step of this procedure involved ozonolysis of the pendant
olefin, followed by reductive work-up, to give the uncharac-
terized aldehyde intermediate 21, as shown in Scheme 3.
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Although the use of NPG�s for bioconjugation has not
previously been reported, it seemed reasonable to assume
that this four carbon aldehyde would serve well for this
purpose. Accordingly, we were pleased to find that reductive
amination with KLH and sodium cyanoborohydride in
phosphate buffer yielded vaccine glycoconjugate 1 d (n�
3).[31] Covalent attachment of the carbohydrate to the proteins
presumably occurs through the e-amino groups on exposed
lysine residues in KLH. Hydrolytic carbohydrate analysis[32] of
1 d revealed approximately 350 carbohydrate residues per
molecule of carrier protein.[33]


Table 1. Coupling conditions used to generate the ABC trisaccharide.


Compound Acceptor AB Donor C Promoter, Solvent a :b selectivity Product yield [%]


1 16[a] 13 (b)[a] SnCl2, AgClO4 3:1 54% (a), 18% (b)
Et2O 17


2 16 13 (10a :1b) Sn(OTf)2 8:1 40% (a), 5% (b)
toluene/THF 5:1 17


3 16 13 (10a :1b) Cp2ZrCl2, AgClO4 2.7:1 55% (a)
CH2Cl2/Et2O 17


4 16 13 (10a :1b) Cp2Zr(OTf)2 10:1 72% (a), 8% (b)
toluene/THF 10:1 17


5 11 13 (b) SnCl2, AgClO4 3:1 42% (a)
Et2O 14


6 11 13 (10a :1b) Cp2Zr(OTf)2 10:1 80% (a), 8% (b)
toluene/THF 5:1 14


[a] See reference [16].
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It did not escape our attention that with our current strategy
which includes a reducing end NPG, the possibility to perform
glycosidations to construct larger congeners or alternative
linkages exists. In fact it was in this context that the NPG�s
were discovered and developed. Fraser-Reid and associates
have very thoroughly demonstrated that NPG�s can be
effective donors in glycosidation reactions.[34] As part of our
program to synthesize glycopeptides containing this and
related tumor-associated antigens,[12, 35] we have begun to
investigate the possibility of such couplings.


In the event, disaccharide 8 was used as the glycosidic donor
with the glycosylated amino acid cassette acceptor 22.[36] As
shown in Scheme 4, conditions of NIS/TfOH[37] were used to
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promote the coupling and trisaccharide 23 was formed in 54 %
yield. We recognized that NPG donors are not orthogonal to
glycal donors. Thus, activating a NPG by standard treatment
with halonium ion in the presence of a glycal acceptor could
also result in glycal activation. In an effort to convert the
pentenyl glycoside to alternative donors to be used with non-
orthogonal acceptors, we also investigated oxidative hydro-
lysis reactions of 8. Reaction of 8 with N-bromosuccinamide
in 1 % H2O/CH3CN gave the free reducing alcohol 24, as
desired.[38, 39] Conversion of 24 to the trichloroacetimidate
donor 25[40] also proceeded smoothly (83 % yield). Coupling
of trichloroacetamidate 25 with acceptor 22 under the action
of TMSOTf yielded the same trisaccharide 23, in an improved
88 % yield. Thus, with a simple system we have demonstrated
that the pentenyl linkage contained in our generalized
strategy does indeed offer alternative and broader possibil-
ities for assembling complex glycopeptide and glycoprotein
ensembles.


Conclusion


In summary, the synthesis of 1 c reported here allows facile
production of globo-H. We have sharply re-worked our
previous synthesis to incorporate an n-pentenyl glycoside,
which was ultimately used for bioconjugation, in a trisacchar-
ide precursor. Happily, the glycosidic n-pentenyl group was


stable to the coupling promoters used throughout the
construction and also the conditions required for global
deprotection. The improved synthesis required fewer syn-
thetic steps and occurs in a significantly more processible yield
than the synthesis originally used to prove the globo-H
structure and initiate phase I clinical trials. We are also
exploring the generality of using n-pentenyl glycosides for
immunoconjugation.[41] Not only does incorporation of the n-
pentenyl protecting group offer improved chemical yields
over fewer synthetic steps, its donor properties can also be
used to efficiently generate other derivatives. Conversions
analogous to those shown in Scheme 4 using 20 in the globo-H
series, as well as biologically significant oligosaccharides in
other series, are currently underway. Clinical results using
synthetic vaccine 1 d (n� 3) prepared by the route described
herein will be reported in due course.


Experimental Section


Peracetyl pentenyl-b-dd-lactoside (8): 30 % HBr in AcOH (100 mL) was
added dropwise over a period of 60 min to a cooled (ice bath) suspension of
lactose octaacetate (100.0 g, 147.7 mmol), glacial acetic acid (30 mL) and
acetic anhydride (30 mL). The reaction mixture stirred for 1 h and the ice
bath was removed. Upon stirring for an additional 2 h at room temperature,
the mixture became a homogeneous yellow solution. The solution was
diluted with H2O (1 L) and extracted with CHCl3 (3� 400 mL). The
organic extracts were washed with H2O (2� 1 L), saturated NaHCO3 (3�
500 mL), dried over MgSO4, and concentrated. The product was azeo-
troped with anhydrous benzene and dried under high vacuum to yield the
lactosyl bromide (98.8 g, 96%) which was used without further purification.


n-Pentenyl alcohol (5.0 equiv, 73.4 mL) was added to a suspension of
Ag2CO3 (100 g, 362.6 mmol), freshly activated 4 � molecular sieves (15 g)
and a crystal of I2 in CH2Cl2 (400 mL), and then the lactosyl bromide
(98.8 g, 141.4 mmol) in CH2Cl2 (400 mL). After the solution was stirred in
the dark at room temperature for 16 h, the reaction was filtered through a
plug of Celite with additional CH2Cl2 and concentrated to a yellow oil
which was purified by flash column chromatography (10 %!50 % EtOAc/
hexanes) to yield the pentenyl lactoside as a white foam (74.7 g, 75%).
[a]22


D �ÿ48.98 (c� 7.5, CHCl3); IR (CHCl3, film): nÄ � 2941, 1751, 1369,
1224, 1054 cmÿ1; 1H NMR (CDCl3, 400 MHz): d� 5.60 (m, 1H), 5.17 (d,
1H, J� 2.7 Hz), 5.02 (m, 1 H), 4.93 (dd, 1 H, J� 7.9, 10.3 Hz), 4.85 (d, 1H,
J� 1.6 Hz), 4.78 (m, 2H), 4.71 (dd, 1H, J� 9.6, 7.9 Hz), 4.30 (m, 3H), 3.93
(m, 3 H), 3.66 (m, 3H), 3.45 (m, 1H), 3.30 (m, 1H), 1.98 (s, 3H), 1.94 (s,
3H), 1.91 (m, 2H), 1.89 (s, 3H), 1.88 (s, 6 H, 2�CH3), 1.87 (s, 3H), 1.79 (s,
3H), 1.49 (m, 2 H); 13C NMR (CDCl3, 100 MHz): d� 170.33, 170.28, 170.09,
170.00, 169.74, 169.54, 169.01, 137.72, 115.00, 101.01, 100.51, 76.27, 72.76,
72.48, 71.64, 70.94, 70.58, 69.23, 69.01, 66.52, 61.97, 60.73, 29.75, 28.49, 20.80,
20.75, 20.64, 20.57, 20.45; FAB-HRMS calcd for C31H44O18Na� : 727.2425;
found: 727.2418.


Pent-4-enyl 3''-O-benzyl-4'',6''-O-benzylidenyl-b-dd-lactoside (10): Peracetyl-
ated pentenyl lactoside 8 (18.2 g, 25.8 mmol) was dissolved in anhydrous
MeOH (300 mL) and NaOMe (2.0 mL, 25 % in MeOH) was added. The
reaction stirred at rt for 16 h and was neutralized with Dowex-H� (pH 5 ±
6). The reaction was filtered with additional MeOH and concentrated to a
white solid 9 (10.6 g, quantitative) which was used without further
purification: 1H NMR (D2O, 400 MHz): d� 5.81 (m, 1 H), 5.00 (dd, 1H,
J� 17.3, 1.9 Hz), 4.92 (dd, 1 H, J� 8.9 Hz), 4.74 (m, 1 H), 4.39 (d, 1H, J�
8.0 Hz), 4.35 (d, 1H, J� 7.8 Hz), 3.72 ± 3.42 (m, 12H), 3.21 (m, 1H), 2.06 (m,
2H), 1.63 (m, 2H); 13C NMR (D2O, 100 MHz): d� 141.27, 117.31, 105.42,
104.54, 80.85, 77.84, 77.24, 76.92, 75.33, 75.00, 73.44, 72.47, 71.03, 63.52,
62.56, 31.83, 30.48.


The hepta-ol 9 (1.14 g, 2.8 mmol) and dibutyltin oxide (0.76 g, 3.1 mmol)
were heated at reflux in benzene (70 mL) with azeotropic water removal
for 15 h. The mixture was doubled in concentration, cooled to room
temperature, and benzyl bromide (0.69 mL, 5.8 mmol) and Bu4NI (1.03 g,
2.8 mmol) were added. The mixture was heated at reflux 3.5 h, cooled, silica
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gel was added to the flask, and the solvent was evaporated. The residue was
applied to a column of silica gel, tin by-products were removed by flushing
with hexanes, and elution (5% MeOH in CH2Cl2) gave the pure 3'-O-
benzyl ether (0.76 g, 54 %) as a white foam: [a]22


D ��36.78 (c� 2.73,
CHCl3); IR (CHCl3, film): nÄ � 3371, 2924, 2880, 1372, 1157, 1074 cmÿ1;
1H NMR ([D4]MeOH, 400 MHz): d� 7.46 ± 7.40 (m, 2 H), 7.35 ± 7.20 (m,
3H), 5.92 ± 5.72 (m, 1H), 5.08 ± 4.93 (m, 2H), 4.76 (d, 1H, J� 11.8 Hz), 4.65
(d, 1H, J� 11.8 Hz), 4.38 (d, 1 H, J� 7.8 Hz), 4.28 (d, 1H, J� 7.8 Hz), 4.02
(d, 1H, J� 2.9 Hz), 3.95 ± 3.63 (m, 6H), 3.61 ± 3.48 (m, 4H), 3.43 ± 3.20 (m,
3H), 2.20 ± 2.10 (m, 2H), 1.78 ± 1.65 (m, 2 H); 13C NMR ([D4]MeOH,
100 MHz): d� 139.77, 139.47, 129.29, 129.08, 128.64, 115.19, 105.02, 104.23,
82.17, 80.74, 76.88, 76.40, 76.35, 74.71, 72.55, 71.81, 70.23, 67.02, 62.44, 61.91,
31.22, 30.07; FAB-HRMS calcd for C24H36O11Na� : 523.2155; found:
523.2137.


The 3'-O-benzyl ether (0.6 g, 1.20 mmol) was dissolved in acetonitrile and
DMF (5:2, 7 mL), and benzaldehyde dimethylacetal (0.47 mL, 3.1 mmol)
and camphorsulfonic acid (CSA) (14 mg, 60 mmol) were added. After
stirring 16 h at room temperature, the mixture was diluted with CH2Cl2 and
washed with saturated NaHCO3. The organic extracts were dried (MgSO4),
evaporated, and following addition of ether (100 mL) to the resulting
residue, pure 10, was recovered by filtration (0.51 g, 72 %): [a]22


D ��1118
(c� 2.21, MeOH); IR (CHCl3, film): nÄ � 3440, 2872, 1368, 1163, 1109, 1048,
1005 cmÿ1; 1H NMR ([D4]MeOH, 400 MHz): d� 7.55 ± 7.11 (m, 10H),
5.82 ± 5.69 (m, 1 H), 5.45 (s, 1H), 4.98 ± 4.83 (m, 2H), 4.64 (d, 2 H, J�
3.0 Hz), 4.40 (d, 1 H, J� 7.9 Hz), 4.23 (d, 1 H, J� 3.4 Hz), 4.18 (d, 1H, J�
7.8 Hz), 4.15 ± 3.98 (m, 2 H), 3.87 ± 3.66 (m, 4H), 3.55 ± 3.10 (m, 7H), 2.20 ±
2.10 (m, 2H), 1.65 ± 1.53 (m, 2 H); 13C NMR ([D4]MeOH, 100 MHz): d�
139.76, 139.49, 139.47, 129.86, 129.30, 129.07, 129.03, 128.72, 127.35, 115.19,
104.69, 104.28, 102.03, 80.63, 80.17, 76.37, 76.28, 74.77, 74.73, 72.84, 70.86,
70.25, 68.17, 61.70, 31.22, 30.07. FAB-HRMS calcd for C31H40O11Na� :
611.2468; found: 611.2465.


Pent-4-enyl 2,2'',3,3'',6,6''-hexa-O-benzyl-b-dd-lactoside (11): The tetraol 10
(0.51 g, 0.87 mmol) and Et4NI (0.12 g, 0.43 mmol) were dried (azeotropic
distillation with benzene), dissolved in DMF (5 mL) and cooled to 0 8C.
Benzyl bromide (0.83 mL, 7.0 mmol) was added followed by NaH (0.22 g,
60%, 5.6 mmol) and the mixture was allowed to warm to room temper-
ature over 14 h. The mixture was diluted with ethyl acetate, washed with
water, the organic layer was dried (MgSO4) and evaporated. Purification of
the residue by chromatography on silica gel (4:1!2:1 hexanes/EtOAc)
gave pure pentabenzyl lactoside as a white foam (0.80 g, 97 %): [a]22


D �
�1298 (c� 1.63, CHCl3); IR (CHCl3, film): nÄ � 3030, 2866, 1453, 1365,
1096, 1063, 1028, 911 cmÿ1; 1H NMR (CDCl3, 400 MHz): d� 7.50 ± 7.05 (m,
30H), 5.80 ± 5.65 (m, 1 H), 5.38 (s, 1H), 5.10 (d, 1 H, J� 10.6 Hz), 4.99 ± 4.60
(m, 9 H), 4.47 (d, 1H, J� 12.1 Hz), 4.38 (d, 1H, J� 7.8 Hz), 4.30 (d, 1 H, J�
7.8 Hz), 4.25 (d, 1 H, J� 12.1 Hz), 4.12 (d, 1H, J� 13 Hz), 3.94 (d, 1 H, J�
3.4 Hz), 3.92 ± 3.60 (m, 6 H), 3.54 (dd, 1 H, J� 8.8 Hz, 9.2 Hz), 3.46 (dd, 1H,
J� 2.6 Hz, 7.0 Hz), 3.40 ± 3.23 (m, 3H), 2.85 (s, 1 H), 2.22 ± 2.00 (m, 2H),
1.75 ± 1.60 (m, 2H); 13C NMR (CDCl3, 100 MHz): d� 138.92, 138.63,
138.51, 138.04, 128.80, 128.52, 128.31, 128.24, 128.17, 128.13, 128.06, 128.03,
128.00, 127.69, 127.65, 127.54, 127.49, 127.38, 127.30, 126.52, 114.84, 103.59,
102.83, 101.30, 83.01, 81.81, 79.60, 78.76, 77.65, 75.73, 75.22, 75.05, 74.97,
73.61, 72.91, 71.56, 69.27, 68.90, 68.27, 66.28, 30.18, 28.89; FAB-HRMS calcd
for C59H64O11Na� : 971.4346; found: 971.4375.


The benzylidene (0.63 g, 0.66 mmol) was dissolved in THF (6.6 mL) and
stirred with freshly activated 4 �MS (0.25 g) 10 min at room temperature.
In one portion NaCNBH3 (0.21 g, 3.3 mmol) was added followed by
anhydrous HCl (2.0m Et2O), dropwise until the mixture no longer bubbled
(approx. 2 mL). After stirring and additional 10 min, the mixture was
passed through a plug of Celite washing with ethyl acetate, the filtrate was
washed with saturated NaHCO3 and brine, dried (MgSO4), and the organic
layers evaporated. Purification by column chromatography (9:1 hexanes/
EtOAc) gave pure 11 as white solid (0.49 g, 79 %): [a]22


D ��2008 (c� 1.05,
CHCl3); IR (CHCl3, film): nÄ � 3474, 3062, 3029, 2869, 1453, 1364, 1094,
1028 cmÿ1; 1H NMR (CDCl3, 400 MHz): d� 7.40 ± 7.06 (m, 30H), 5.80 ± 5.66
(m, 1 H), 5.02 ± 4.85 (m, 3 H), 4.81 (d, 1 H, J� 11.0 Hz), 4.75 ± 4.54 (m, 6H),
4.67 (d, 1H, J� 12.2 Hz), 4.42 ± 4.26 (m, 5 H), 3.94 (s, 1 H), 3.92 ± 3.81 (m,
2H), 3.71 (dd, 1H, J� 10.7 Hz, 4.1 Hz), 3.64 (d, 1 H, J� 10.6 Hz), 3.57 (dd,
1H, J� 9.4 Hz, 5.5 Hz), 3.55 ± 3.42 (m, 3 H), 3.38 (dd, 1 H, J� 5.2 Hz,
9.6 Hz), 3.36 ± 3.21 (m, 4 H), 2.32 (s, 1 H), 2.15 ± 2.02 (m, 2H), 1.74 ± 1.60 (m,
2H); 13C NMR (CDCl3, 100 MHz): d� 139.04, 138.54, 138.52, 138.23,
138.09, 137.96, 137.81, 128.33, 128.15, 127.93, 127.66, 127.50, 114.80, 103.50,


102.43, 82.79, 81.68, 80.99, 79.27, 76.52, 75.22, 75.10, 74.99, 74.83, 73.37,
72.99, 72.67, 71.86, 69.10, 68.32, 68.16, 66.00, 30.11, 28.83; FAB-HRMS calcd
for C59H66O11Na� : 973.4503; found: 973.4513.


a-Fluoro donor 13 : A solution of 3-O-PMB-4,6-di-O-benzyl-galactal
(2.24 g, 5.02 mmol) in dry CH2Cl2 (5 mL) under N2 at 0 8C was treated
with dimethyldioxirane DMDO (0.11m, 47 mL), and the mixture was
stirred until all of the glycal was consumed (�1h, TLC 30% EtOAc in
hexane) Note : Elevated temperature and/or excess of DMDO will prompt
oxidation of the PMB group and lower reaction yield. The solvents were
evaporated under vacuum at 0 8C and the residue was kept under high
vacuum. The flask containing galactal epoxide was charged with freshly
prepared 4 � molecular sieves (2 g), dry THF (50 mL) and cooled to 0 8C.
HF/pyr complex (0.79 mL, �5 equiv) was added dropwise via syringe. The
reaction mixture was left overnight to slowly reach room temperature and
quenched with Et3N (1.27 g, �2.5 equiv) to reach pH � 7. The mixture was
filtered through a pad of anhydrous MgSO4 and rinsed three times with
EtOAc (50 mL). The filtrate was washed with water (50 mL) and saturated
NaHCO3 (50 mL), dried over MgS04 and concentrated to dryness. Flash
column chromatography (2:1 EtOAc/hexanes) gave fluorohydrin (2.06 g,
85% yield) as a mixture of anomers a :b� 10:1. 19F NMR (CDCl3,
376 MHz, C6F6 as external standard): d� 9.7 (dd, a, J� 54.4, 25.0 Hz) 20.0
(dd, b, J� 53.9, 13.1 Hz); 1H NMR (CDCl3, 400 MHz): d� 7.38 ± 7.24 (m,
12H), 6.90 (d, 2H, J� 8.7 Hz), 5.70 (dd, 1H, J� 54.4, 2.8 Hz), 4.89 and 4.57
(2d, 2H, J� 11.3 Hz), 4.70 and 4.54 (AB q, 2H, J� 11.2 Hz), 4.54 and 4.46
(AB q, 2H, J� 11.8 Hz), 4.17 (AMX octet, 1H, J� 2.8, 10.1, 25.0 Hz), 4.13
(br t, 1 H, J� 6.8 Hz), 4.06 (d, 1H, J� 1.5 Hz), 3.81 (s, 3H), 3.74 (dd, 1H,
J� 2.6, 10.1 Hz), 3.60 (m, 2H).


The above mixture (8.29 g, 17.2 mmol) was dissolved in dry DMF (100 mL)
containing freshly prepared 4 � molecular sieves (3 g) under N2 at 0 8C,
treated with benzyl bromide (4.41 g, 25.8 mmol, 1.5 equiv) and finally with
NaH (1.24 g, 60 % dispersion in oil, 30.86 mmol, 1.8 equiv), and stirred
overnight at room temperature. The reaction was quenched with glacial
acetic acid (0.93 g, 0.9 equiv) and the mixture filtered through a pad of
anhydrous MgSO4 with EtOAc (4� 50 mL). The organic solution was
washed with water (4� 50 mL), dried (MgSO4), and concentrated in vacuo.
Flash column chromatography of the residue (4:1 hexane/EtOAc) gave the
title compound (9.36 g, 95%) as colorless liquid with the same ratio of
anomers a :b� 10:1 as the starting fluorohydrin. 19F NMR (CDCl3,
376 MHz, C6F6 as external standard): d� 11.5 (dd, a, J� 53.7, 25.2 Hz),
22.8 (dd, b, J� 53.4, 13.0 Hz). For analytical purpose pure a anomer
(50 mg) was obtained using preparative HPLC. [a]22


D �ÿ54.58 (c� 0.55,
CHCl3); 1H NMR (CDCl3, 500 MHz), d 7.38 ± 7.24 (m, 17H), 6.88 (d, 2H,
J� 8.6 Hz), 5.58 (dd, 1H, J� 53.7, 2.7 Hz), 4.93 (d, 2H, J� 11.34 Hz), 4.56
(d, 2H, J� 11.34 Hz), 4.85 (AB q, 2 H, J� 11.78 Hz), 4.72 (AB q, 2H, J�
11.78 Hz), 4.73 (AB q, 2H, J� 11.3 Hz), 4.68 (AB q, 2H, J� 11.3 Hz), 4.47
(AB q, 2 H, J� 11.84 Hz), 4.41 (AB q, 2H, J� 11.84 Hz), 4.09 (br t, 1H, J�
6.5 Hz), 4.02 (AMX m, 1H, J� 2.7, 10.05, 25.2 Hz), 3.98 (br s, 1 H), 3.92 (dd,
1H, J� 2.64, 10.05 Hz), 3.81 (s, 3 H), 3.54 and 3.52 (ABX m, 2H, J� 9.3,
6.05, 7.0 Hz); 13C NMR (CDCl3, 125 MHz): d� 159.20, 138.35, 138.08,
137.71, 130.43, 129.18, 128.39, 128.25, 128.14, 127.92, 127.8, 127.78, 127.66,
113.81, 106.25 (d, J� 229.0 Hz), 78.09, 75.65 (d, J� 23.5 Hz), 74.79
(ArCH2), 74.29, 73.70 (ArCH2), 73.45 (ArCH2), 72.71 (ArCH2), 71.70 (d,
J� 2.7 Hz) 68.26, 55.24 (CH3O); LRMS (FAB) 586 [M�NH4]� .


PMB trisaccharide 14 : A mixture of lactoside 11 (402 mg, 0.423 mmol) and
fluoro donor 13 (485 mg, 0.846 mmol, 2 equiv) was azeotroped with
anhydrous benzene (3� 10 mL) and further dried on high vacuum for
3 h. The above mixture was dissolved in toluene (3.8 mL) and transferred
via cannula to a flask containing freshly prepared 4 � molecular sieves
(0.68 g) under N2, treated with 2,6-di-tert-butylpyridine (143 mL) and
cooled to ÿ20 8C. (Cp)2Zr(OTf)2 (225 mg, 0.381 mmol, 0.9 equiv) was
suspended in THF (0.38 mL) and added via a cannula to the reaction
mixture. The reaction was stirred for 72 h at 7 8C in darkness. The reaction
mixture was diluted with EtOAc (10 mL) and filtered through a pad of
anhydrous MgSO4 with EtOAc (3� 10mL). The filtrate was washed with
saturated NaHCO3 (2� 10 mL), dried over MgSO4, and concentrated to
dryness. Flash column chromatography (2% Et2O/CH2Cl2) gave the
desired a-product 14 (509 mg, 80%) and b-product (51 mg, 8%). [a]22


D �
�24.68 (c� 3.90, CHCl3); IR (CHCl3, film): nÄ � 3062, 3029, 2919, 2868,
1612, 1513, 1496, 1364, 1303, 1248, 1028 cmÿ1; 1H NMR (CDCl3, 400 MHz):
d� 7.40 ± 6.95 (m, 49 H), 6.69 (d, 1H, J� 8.5 Hz), 5.73 (m, 1 H), 5.00 ± 4.93
(m, 2 H), 4.92 ± 4.84 (m, 2H), 4.82 ± 4.73 (m, 2H), 4.72 ± 4.63 (m, 5 H), 4.61
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(d, 1H, J� 13.0 Hz), 4.48 ± 4.35 (m, 5H), 4.34 ± 4.24 (m, 4 H), 4.16 (d, 2H,
J� 6.8 Hz), 4.07 (dd, 1H, J� 8.8 Hz), 4.02 ± 3.80 (m, 8 H), 3.78 ± 3.60 (m,
3H), 3.68 (s, 3H), 3.60 ± 3.35 (m, 6H), 3.35 ± 3.18 (m, 4 H), 3.12 ± 3.04 (m,
1H), 2.06 (m, 2 H), 1.65 (m, 2H); 13C NMR (CDCl3, 100 MHz): d� 158.76,
139.66, 139.45, 139.26, 139.16, 139.09, 138.92, 138.57, 138.52, 131.39, 129.30,
128.95, 128.70, 128.60, 129.30, 128.08, 127.95, 115.35, 114.02, 104.05, 103.35,
101.25, 83.14, 82.17, 79.91, 79.71, 77.77, 77.04, 75.69, 75.58, 75.46, 75.33, 74.17,
73.75, 73.54, 73.48, 72.65, 72.54, 69.91, 69.71, 68.80, 68.33, 68.19, 55.11, 30.14,
28.86; FAB-HRMS calcd for C94H102O17Na� ; 1525.7014; found: 1525.6996.


Trisaccharide acceptor 15 : A solution of PMB trisaccharide 14 (445 mg,
0.296 mmol) in CH2Cl2 (10 mL) at 0 8C was treated with phosphate buffer
(1.5 mL, pH 7.4) and 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ)
(89 mg, 1.3 equiv) and stirred at 0 8C for 5 h. The reaction mixture was
diluted with EtOAc (50 mL), washed with saturated NaHCO3 (2� 20 mL)
and water (20 mL), dried over MgSO4, and concentrated to dryness. The
crude material was purified by flash column chromatography (4 % ether in
CH2Cl2) to give deprotected trisaccharide 15 (344 mg, 84 %) as a colorless
oil. [a]22


D ��28.28 (c� 5.70, CHCl3); IR (CHCl3, film): nÄ � 3570, 3062,
3029, 2913, 2868, 1496, 1453, 1364, 1208, 1095 cmÿ1; 1H NMR (CDCl3,
400 MHz): d� 7.77 ± 7.06 (m, 45 H), 5.73 (m, 1H), 5.01 (dd, 1 H, J� 5.5,
3.3 Hz), 4.95 (dd, 1H, J� 5.8, 2.6 Hz), 4.90 (m, 1H), 4.78 (d, 1 H, J�
10.9 Hz), 4.75 (d, 1H, J� 11.4 Hz), 4.70 ± 4.59 (6d, 6H), 4.47 ± 4.37 (m,
5H), 4.28 (m, 3H), 4.19 (s, 2H), 4.08 ± 3.91 (m, 6 H), 3.85 (m, 2H), 3.69 (m,
5H), 3.66 (1H, d, J� 11.0 Hz), 3.50 ± 3.19 (m, 9 H), 3.10 (dd, 1H), 2.07 (m,
2H), 1.79 (d, 1 H, OH), 1.65 (d, 2 H); 13C NMR (CDCl3, 100 MHz): d�
139.36, 138.72, 138.63, 138.52, 138.41, 138.29, 138.19, 138.07, 137.98, 128.35,
128.20, 128.06, 127.97, 127.66, 127.54, 127.08, 114.82, 103.55, 102.67, 99.58,
82.93, 81.67, 81.55, 79.32, 77.61, 76.90, 75.13, 75.02, 74.96, 74.80, 73.08, 72.99,
72.91, 72.01, 69.95, 69.22, 69.15, 68.34, 67.73, 67.57, 60.35, 30.19, 28.92; FAB-
HRMS calcd for C86H94O16Na� : 1405.6439; found: 1405.6385.


Hexasaccharide 19 : The thioethyl donor 18 (543 mg, 0.425 mmol) and
acceptor 15 (587 mg, 0.425 mmol) were combined, azeotroped with
anhydrous benzene (5� 5 mL) and placed under high vacuum for 5 h.
The mixture was then dissolved in CH2Cl2 (3.5 mL) and Et2O (7.0 mL),
treated with freshly prepared 4 � molecular sieves and cooled to 0 8C.
Methyl triflate (3.0 equiv, 144 mL) was added in one portion and the
reaction stirred at 0 8C for 3 h. Another 144 mL of MeOTf was added and
the reaction was allowed to stir for an additional 2 h at 5 8C. The reaction
was quenched by the addition of solid NaHCO3, filtered through Celite
with EtOAc, concentrated and purified by HPLC (17 % EtOAc/hexanes)
to give hexasaccharide (663 mg, 60 %) as a white foam. [a]22


D �ÿ9.78 (c�
1.00, CHCl3); IR (CHCl3, film): nÄ � 3533, 3343, 3087, 3030, 2940, 2865, 1790,
1496, 1453, 133, 1095 cmÿ1; 1H NMR (CDCl3, 400 MHz): d� 7.76 (d, 2H,
J� 7.5 Hz), 7.45 ± 7.00 (m, 63H), 5.84 (m, 1 H), 5.20 (s, 1H), 5.11 (d, 1H, J�
3.2 Hz), 5.09 (d, 1H, J� 3.6 Hz), 5.05 (d, 1H, J� 3.3 Hz), 5.03 (m, 1 H), 4.92
(m, 2H), 4.86 (d, 1 H, J� 6.0 Hz), 4.82 (m, 2H), 4.78 (1H, d, J� 2.2 Hz),
4.74 ± 4.61 (m, 8H), 4.53 ± 4.44 (4d, 4 H), 4.38 ± 4.30 (m, 4 H), 4.18 ± 3.82 (m,
20H), 3.76 ± 3.66 (m, 5H), 3.66 ± 3.60 (m, 2H), 3.58 ± 3.52 (m, 2H), 3.48 ±
3.40 (m, 2 H), 3.38 ± 3.32 (m, 2 H), 3.29 ± 3.25 (m, 3 H), 3.06 (dd, 1 H, J�
10.2 Hz), 2.86 (s, 1H), 2.74 (m, 1 H), 2.16 (m, 2H), 1.74 (m, 2H), 1.23 (s, 3H,
J� 6.5 Hz), 1.16 ± 1.07 (m, 42 H); 13C NMR (CDCl3, 100 MHz): d� 155.49,
140.71, 139.37, 138.96, 138.72, 137.70, 138.66, 138.55, 138.42, 138.37, 138.10,
138.07, 138.04, 137.88, 132.07, 128.89, 128.64, 128.50, 128.27, 128.16, 128.04,
127.86, 127.68, 127.53, 127.34, 127.20, 114.79, 103.49, 103.14, 102.61, 99.63,
99.12, 97.79, 82.26, 81.61, 81.34, 80.45, 79.36, 78.95, 78.26, 77.82, 77.64, 77.45,
77.24, 77.16, 76.83, 76.45, 75.39, 75.28, 75.12, 74.98, 74.89, 74.78, 73.94, 73.13,
72.94, 72.92, 72.52, 71.91, 71.81, 71.25, 71.11, 69.35, 69.23, 69.18, 68.18, 68.11,
68.01, 67.77, 67.54, 61.98, 61.72, 56.03, 30.16, 28.88, 18.01, 18.00, 17.95, 17.92,
11.85, 11.82; LRMS (FAB) calcd for C150H185NO32SSi2Na� : 2624; found:
2624.


Peracetate of globo-H pentenyl glycoside 20 : TBAF (1.0m THF, 10 equiv,
2.24 mL) was added to a solution of the hexasaccharide (585 mg,
0.224 mmol) in THF (10 mL). The reaction stirred at rt for 3 d, poured
into ice water and extracted with EtOAc (3� 50 mL). The organic extracts
were washed with saturated NaHCO3 (50 mL) and brine (50 mL), dried
over MgSO4 and concentrated to an oil which was purified through a short
plug of silica gel with EtOAc. The resulting triol was dissolved in anhydrous
MeOH (8 mL) and sodium methoxide was added (0.25 mL of a 25%
solution in MeOH). The reaction stirred at rt for 18 h, neutralized with
Dowex-H�, filtered with MeOH washings and concentrated. THF (2.0 mL)
and condensed liquid NH3 (�25 mL) were added atÿ78 8C to the resulting


white solid. Sodium (�500 mg) was added and the resulting blue solution
stirred at ÿ78 8C for 2 h. The reaction was quenched with anhydrous
MeOH (�10 mL), brought to rt and concentrated under a stream of dry N2


to a volume of �5 mL. The reaction was neutralized with Dowex-H�,
filtered with MeOH washing and concentrated to a white solid. The white
solid was dissolved in pyridine (5.0 mL) and CH2Cl2 (5.0 mL) and cooled to
0 8C. A crystal of DMAP was added followed by acetic anhydride (5.0 mL).
The ice bath was removed and the reaction stirred at rt overnight.
Concentration followed by purification by flash column chromatography
(gradient elution 75% EtOAc/hexanes!100 % EtOAc!5% MeOH/
EtOAc) gave 20 as a white solid (168 mg, 42 %): [a]22


D � 4.378 (c� 1.85,
CHCl3); IR (CHCl3, film): nÄ � 2939, 1747, 1370, 1229, 1066 cmÿ1; 1H NMR
(CDCl3, 400 MHz): d� 7.66 (d, 1H, J� 6.5 Hz), 5.77 (m, 1H), 5.58 (d, 1H,
J� 3.2 Hz), 5.47 (d, 1 H, J� 3.5 Hz), 5.39 (d, 1 H, J� 3.2 Hz), 5.29 (dd, 1H,
J� 10.9, 3.0 Hz), 5.24 ± 5.06 (m, 5H), 5.04 ± 5.02 (m, 1 H), 4.99 ± 4.85 (m,
4H), 4.74 (dd, 1 H, J� 10.9, 2.9 Hz), 4.53 ± 4.40 (m, 5 H), 4.36 (m, 1H), 4.26
(dd, 1H, J� 10.6, 3.4 Hz), 4.18 ± 4.03 (m, 6H), 3.99 ± 3.96 (m, 2H), 3.87 ±
3.81 (m, 3 H), 3.77 ± 3.74 (m, 1H), 3.51 ± 3.45 (m, 1H), 3.03 (m, 1H), 2.16 (s,
3H), 2.15 (s, 3� 3 H), 2.13 ± 2.11 (m, 2 H), 2.10 (s, 3H), 2.09 (s, 3H), 2.08 (s,
2� 3H), 2.08 (s, 3 H), 2.07 (s, 3H), 2.05 (s, 3H), 2.04 (s, 2� 3H), 2.00 (s,
3H), 1.97 (s, 2� 3 H), 1.89 (s, 3H), 1.65 (m, 2H), 1.62 (s, 3 H), 1.14 (d, 3H,
J� 6.5 Hz); 13C NMR (CDCl3, 100 MHz): d� 172.31, 171.55, 170.78,
170.61, 170.57, 170.48, 170.41, 170.30, 170.08, 169.75, 169.61, 169.57,
169.44, 168.96, 137.76, 115.07, 102.05, 101.29, 100.45, 99.23, 98.74, 94.29,
77.24, 77.16, 76.07, 73.68, 73.40, 73.17, 72.63, 72.34, 71.85, 71.77, 71.56, 71.34,
70.83, 70.71, 70.19, 70.08, 69.32, 69.03, 68.88, 68.09, 68.01, 67.59, 67.32, 64.48,
29.80, 28.54, 23.12, 20.90, 20.88, 20.82, 20.74, 20.73, 20.72, 20.71, 20.64, 20.62,
20.55, 20.54, 20.49, 15.91; FAB-HRMS calcd for C77H107NO47Na� :
1820.5911; found: 1820.5994.


Globo-H pentenyl glycoside 1 c : The peracetate (20 mg, 0.011 mmol) was
dissolved in anhydrous MeOH (2.0 mL) and sodium methoxide was added
(100 mL, 25% solution in MeOH). The reaction stirred at rt for 18 h, was
neutralized with Dowex-H� (�pH 6 ± 7), filtered with MeOH washings,
concentrated and purificated using RP silica gel (H2O!1% MeOH/H2O)
then P-2 Gel (H2O eluent) to yield a white solid (12 mg, 99%). [a]22


D � 3.008
(c� 1.00, MeOH); IR (CHCl3, film): nÄ � 3374, 2930, 1641, 1372, 1070 cmÿ1;
1H NMR (MeOH, 400 MHz): d� 5.79 (m, 1H), 5.18 (d, 1 H, J� 3.9 Hz),
4.98 (m, 1 H, J� 7.2 Hz), 4.91 (m, 1H), 4.87 (m, 1H), 4.51 (s, 1H), 4.49 (d,
1H, J� 1.4 Hz), 4.41 ± 4.36 (m, 2 H), 4.24 ± 4.20 (m, 4H), 4.10 (d, 1H, J�
2.5 Hz), 4.06 ± 4.00 (m, 3 H), 3.94 (s, 1 H), 3.87 ± 3.45 (m, 22H), 3.35 ± 3.31
(m, 2H), 3.19 (t, 1H, J� 8.8 Hz), 2.10 (m, 2 H), 1.96 (s, 3 H), 1.66 (m, 2H),
1.19 (d, 3H, J� 6.5 Hz); 13C NMR (CDCl3, 100 MHz): d� 174.53, 139.53,
115.27, 105.50, 105.44, 104.30, 103.96, 102.81, 101.07, 81.29, 80.59, 80.04,
79.16, 78.00, 76.81, 76.57, 76.49, 76.45, 76.39, 75.57, 74.89, 74.69, 73.58, 72.64,
72.49, 71.56, 70.65, 70.63, 70.38, 70.31, 69.70, 68.13, 62.63, 62.59, 61.94, 61.62,
53.11, 49.90, 31.29, 30.14, 23.55, 16.76. FAB-HRMS calcd for
C43H73NO30Na� : 1106.4115; found: 1106.4105.


Cassette coupling to yield trisaccharide 23 : The pentenyl donor 8 (0.012 g,
0.017 mmol) and the acceptor 22 (0.024 g, 0.033 mmol) were azeotroped
with anhydrous benzene and dried under high vacuum for 6 h. The mixture
was dissolved in CH2Cl2 (0.5 mL) and a minimal amount of freshly
prepared 4 � molecular sieves (25 mg) were added with stirring. Solid
N-iodosuccinimide (0.010 g, 0.044 mmol) was added in one portion
followed by TfOH (100 mL of a solution prepared by the addition of
7.5 mL of TfOH to 1.0 mL of CH2Cl2, 1.0 equiv). The reaction mixture was
stirred at rt overnight and quenched with solid NaHCO3. Filtration through
a plug of celite with additional CH2Cl2, followed by evaporation gave a red
syrup which was purified by flash column chromatography (30 %!40%
EtOAc/hexanes) to give the trisaccharide product 23 (12 mg, 54%): Rf�
0.29 (10 % acetone/CHCl3); [a]22


D ��42.58 (c� 0.80, CHCl3); IR (CHCl3,
film): nÄ � 3029, 2940, 2869, 1751, 1362, 1220, 1051 cmÿ1; 1H NMR (CDCl3,
400 MHz): d� 7.65 (d, 2 H, J� 7.5 Hz), 7.48 (d, 2H, J� 7.4 Hz), 7.29 (t, 2H),
7.23 ± 7.21 (m, 5 H), 7.19 (t, 2H), 5.71 (d, 1 H, J� 8.4 Hz), 5.22 (d, 1H, J�
2.6), 5.14 ± 5.09 (m, 2H), 5.06 (d, 1H, J� 3.2 Hz), 5.00 (dd, 1 H, J� 10.4,
8.0 Hz), 4.86 ± 4.82 (m, 2 H), 4.65 (d, 1 H, J� 3.5 Hz), 4.55 (d, 1H, J�
10.5 Hz), 4.39 (s, 1 H, J� 7.9 Hz), 4.33 ± 4.30 (m, 1H), 4.22 ± 4.18 (m, 1H),
4.12 ± 4.11 (m, 1 H), 4.03 ± 3.88 (m, 5H), 3.79 ± 3.74 (m, 2 H), 3.72 ± 3.58 (m,
3H), 3.46 (m, 1 H), 3.42 (dd, 1H, J� 10.4, 3.4 Hz), 2.77 (d, 1H, J� 1.6 Hz),
2.03 (s, 3H), 1.97 (s, 3H), 1.94 (s, 6H), 1.93 (s, 3H), 1.92 (s, 3H), 1.85 (s, 3H),
0.73 (s, 9 H), 0.07 (s, 6H); 13C NMR (CDCl3, 100 MHz): d� 170.35, 170.12,
170.06, 169.73, 169.64, 169.01, 155.88, 143.70, 141.28, 135.00, 128.66, 128.45,
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128.32, 127.79, 127.09, 125.08, 120.04, 101.11, 100.74, 99.43, 78.20, 77.17,
75.76, 72.93, 72.71, 71.21, 70.90, 70.69, 70.52, 69.12, 68.93, 67.69, 67.59, 67.29,
66.52, 62.22, 61.18, 60.71, 58.23, 54.48, 47.08, 29.68, 25.80, 20.77, 20.62, 20.61,
20.51, 18.22, ÿ5.50; HRMS calcd for C43H73NO30Na� : 1359.4727; found:
1359.4727.
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Facilitated Transport of Salts by Neutral Anion Carriers


Lysander A. J. Chrisstoffels, Feike de Jong,* and David N. Reinhoudt*[a]


Abstract: Partitioning of ions from wa-
ter to the membrane solvent (NPOE)
can be quantified by Gibbs free energies
of transfer, DGtr,NPOE(ion). These were
derived from transport studies of lip-
ophilic salts through supported liquid
membranes (SLMs) in the absence of
the carrier. Partition coefficients Kp for
various salts can now be calculated.
The neutral anion receptors uranyl


sal(oph)enes 1 ± 5 transport Clÿ and
H2POÿ


4 as tetrapropylammonium salts.
The transport is diffusion-limited and
can be described by two transport pa-


rameters Dm and Kex. From the extrac-
tion constants Kex and the partition
coefficients Kp of the transported salts,
the association constants Ka of the anion
receptors for Clÿ and H2POÿ


4 in NPOE
were determined. Competitive transport
with carriers 3 and 4 of NPr4H2PO4 and
NPr4Cl demonstrated highly selective
transport of H2POÿ


4 even in the presence
of excess of Clÿ.


Keywords: anion recognition ´ arti-
ficial receptors ´ host ± guest chem-
istry ´ molecular recognition ´
supramolecular chemistry


Introduction


Anion recognition by artificial receptors is an important
objective in supramolecular chemistry.[1] Although mainly
positively charged ammonium receptors have been investi-
gated as anion receptors,[2] there are now a variety of
receptors that contain combinations of Lewis acid,[3] amido
and urea,[4] sulfoxide and phosphine oxide,[5] pyrrole,[6] or
guanidinum[7] moieties. Most anion binding studies have used
1H-NMR, IR, or UV spectroscopic methods and were
performed in non-hydrogen bonding and nonpolar organic
media in which anions are poorly solvated. Consequently, the
resulting binding affinities are reasonably high.


Carrier-facilitated transport of salts through liquid mem-
branes by anion receptors either positively charged, proto-
nizable, or neutral has only incidentally been reported.
Tetraalkylammonium cations[8] or metal porphyrins[9] have a
permanent charge and the anions are transported by means of
a counter-anion gradient (e.g. OHÿ). The transport selectiv-
ities are mostly governed by the anion hydrophobicity. Anion-
facilitated transport by protonizable carriers, such as (ex-
panded) porphyrins[10] trialkylamines,[11] or cryptates[12] re-
quires the cotransport of protons.


There are only few examples of anion-facilitated transport
by neutral anion carriers. Selective transport of Clÿ over other
halides through bulk liquid membranes (BLM) has been
achieved by Lewis acidic organometallic receptors, 12-silia-


crown-3,[3c] organogermanium macrocycles,[3g] or praseodymi-
um complexes.[13] In these cases a cation is cotransported with
the anion complex through the membrane phase.


In this paper, anion-facilitated transport by neutral anion
carriers through supported liquid membranes (SLMs) is
described. As transport rates and selectivities are greatly
affected by anion partitioning we will first discuss the transfer
of anions from water to the membrane solvent o-nitrophenyl
n-octyl ether (NPOE) in the absence of carrier. We will
demonstrate that the salts used are present in the membrane
phase as free ions and present a scale for Gibbs free energies
of transfer from water to (water-saturated) NPOE (DGtr,NPOE)
for both anions and cations.


For the facilitated transport a number of novel uranyl
sal(oph)ene receptors (2 ± 4) were synthesized because we
have recently demonstrated that in DMSO this class of
receptors form strong complexes with H2POÿ


4 (Ka>


103mÿ1).[3h] The presence of two hydrogen-bond donor sites
in close proximity of the uranyl cleft increases the binding and
H2POÿ


4 is selectively complexed over Clÿ with a selectivity
factor >100.


Anion-facilitated transport of NPr4H2POÿ
4 and NPr4Cl with


uranyl sal(oph)ene carriers 1 ± 5 will be studied as a function
of the membrane thickness, carrier, and salt concentrations.[14]


The diffusion-limited transport will be characterised in terms
of a diffusion coefficient Dm and an extraction constant Kex


(Kex�KaKp). This model has previously been used to describe
cation-facilitated transport by neutral cation carriers.[15]


Association constants Ka of host ± guest complexes in
NPOE were determined from the extraction constants Kex


and partition coefficients Kp. To the best of our knowledge
this is the first time that stability constants of complexes were
determined directly from membrane transport experiments,


[a] Prof. F. de Jong, Prof. D. N. Reinhoudt, Dr. L. A. J. Chrisstoffels
Department of Supramolecular Chemistry and Technology
MESA� Research Institute, University of Twente
P.O. Box 217, 7500 AE Enschede (The Netherlands)
Fax: (�31) 53-4894645
E-mail : d.n.reinhoudt@ct.utwente.nl
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and underlines the potential of SLM transport as a mecha-
nistic tool for the determination of thermodynamic parame-
ters.


Results and Discussion[16]


Synthesis of lipophilic anion carriers : The syntheses of uranyl
salenes 2 ± 4 is depicted in Scheme 1. Lipophilic chloroacet-
amide 9 was synthesized from the corresponding amine and
chloroacetyl chloride under Schotten ± Baumann conditions.
Sulfonamides 12 a and 12 b were prepared by reaction of the
commercially available sulfonyl chlorides with 2-chloroethyl-
amine or 3-chloropropylamine (as HCl salts) in the presence
of two equivalents of Et3N in CH2Cl2. Subsequently, 2-(2-
allyloxy)-3-hydroxybenzaldehyde was reacted with amide 9 or
with sulfonamide 12 a ± b in the
presence of K2CO3 in MeCN.
Deallylation of the resulting
compounds 10 and 13 a ± b was
achieved by a Pd-catalyzed re-
action with Et3N/HCOOH in
EtOH/H2O and this afforded
the corresponding aldehydes
11, 14 a, and 14 b in 80 ± 90 %
yield. Reaction these aldehydes
with cis-1,2-cyclohexyldiamine
in the presence of uranyl ace-
tate in methanol gave uranyl
salene carriers 2 ± 4 in a yield of
50 ± 90 %. The molecular peak
in the FAB-MS spectra indicat-
ed the formation of the uranyl
salenes.


Gibbs free energies of ion
transfer from water to NPOE :
In the absence of carrier the
rate of salt transport through


SLMs is proportional to the partition coefficient Kp which is
related to the Gibbs free energy of transfer DGtr,NPOE(MX) of
the salt MX from water to NPOE [(Equation (1)].


RT ln(Kp) � ÿDGtr,NPOE(MX) � ÿ [DGtr,NPOE(M�)�DGtr,NPOE(Xÿ)] (1)


Equation (1) is only valid for solvent-separated ions. The
presence of ion pairs will to a large extent be determined by
the polarity of the membrane solvent.[17] Previously, Cussler
and co-workers concluded that ion pairing occurs in the
apolar solvent n-heptyl nitrile (er� 13.9) from transport
experiments of NBu4NO3.[18] Lamb et al. also described
facilitated transport through a liquid membrane of cyclohexyl
phenyl ether as ion pairs.[19] In our previous studies, we
assumed that cation-facilitated transport of salts through
NPOE occurs as solvent-separated ions[15] as the polarity of
the solvent is relatively high (er� 24) and the concentrations
of salt in the membrane phase are relatively low.


It is possible, however, to verify experimentally if salts in
NPOE are transported as ion pairs or as free ions. Applying
Fick�s law to the diffusion-limited transport of solvent-
separated ions [Eq. (2)] or ion pairs [Eq. (5)] leads to
different relations between the initial flux J0 and the aqueous
salt activity as [Eqs. (4) and (7)].


[M�]aq�[Xÿ]aq > [M�]ms�[Xÿ]ms (2)


J0 �
Dm


dm


[M�]ms; [M�]ms � as,0


������
Kp


p
(3)


ln
dm J0


Dm


� �
� ln (as,0)�


1


2
ln(Kp) (4)


[M�]aq�[Xÿ]aq > [M�Xÿ]ms (5)


J0 �
Dm


dm


[M� ´ Aÿ]ms � a2
s;0 Kp (6)


ln
dm J0


Dm


� �
� 2 ln (as,0)�ln (Kp) (7)


Scheme 1. Reaction scheme for the preparation of uranyl salenes 2, 3, and 4.
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For the calculation of ln (dmJ0/Dm), the diffusion coefficient
Dm needs to be known. We determined Dm independently
for NBu4NO3 by lag-time experiments (Dm� 14�
10ÿ12 m2 sÿ1).[20, 21] We assumed that Dm has the same value
for all salts used.[22] The initial flux J0 was measured as a
function of the salt activity in the source phase for a range of
lipophilic salts, and it was found that ln(dmJ0/Dm) and ln(as,0)
are linearly related (Figure 1).


Figure 1. Transport of lipophilic salts: ln(dmJ0Dm
ÿ1) as a function of salt


activity in the source phase ln(as,0), Dm� 14� 10ÿ12 m2 sÿ1, dm� 1� 10ÿ4 m.


As all slopes are about 1 (Table 1), these salts are present in
NPOE as solvent-separated ions. Subsequently, the partition
coefficients Kp were calculated from the intercepts [Eq. (4)];
the corresponding values for DGtr,NPOE(MX) were then
obtained from Equation (1).


In order to obtain the individual contributions of
DGtr,NPOE(Xÿ) and DGtr,NPOE(M�) to DGtr,NPOE(MX) we first
make the extrathermodynamic assumption that the individual
contributions of DGtr,NPOE(PPh�4 � and DGtr,NPOE(BPhÿ4 � to
DGtr,NPOE(PPh4BPh4) are equal [Eq. (8)].[23] Together with
DGtr,NPOE(NaBPh4), DGtr,NPOE(PPh4I), and DGtr,NPOE(NaI) we
get a set of four Equations (8 ± 11) and four unknowns.


DGtr,NPOE(BPhÿ4 � � DGtr,NPOE(PPh�4 � (8)


DGtr,NPOE(NaBPh4) � DGtr,NPOE(BPhÿ4 ��DGtr,NPOE(Na�) (9)


DGtr,NPOE(PPh4I) � DGtr,NPOE(PPh�4 ��DGtr,NPOE(Iÿ) (10)


DGtr,NPOE(NaI) � DGtr,NPOE(Iÿ)�DGtr,NPOE(Na�) (11)


We obtained the values for DGtr,NPOE(NaBPh4) and
DGtr,NPOE(PPh4I) from transport experiments (Table 1). Un-
fortunately, DGtr,NPOE(NaI) could not be determined from
membrane transport because NaI is too hydrophilic and there
is no blank transport. Therefore, we searched for an alter-
native to determine DGtr,NPOE(NaI) and used an empirically
established linear free energy relationship between transfer
free energies from water to NPOE and from water to
acetonitrile.[24] When the transport of lipophilic tetrabutylam-
monium salts (0.05m) through NPOE was measured as a
function of the anion (Table 2), we found that the initial flux J0


is inversely related to the Gibbs free energy of anion transfer
from water to acetonitrile DGtr,MeCN(Xÿ) (Figure 2). The
correlation between ln(J0) and DGtr,MeCN(Xÿ) is good (r2 �
0.97).


Figure 2. Transport of NBu�4 salts through NPOE; ln(J0) (J0 in mol mÿ2 sÿ1)
as a function of the Gibbs free energy of anion transfer from water to
acetonitrile DGtr,MeCN(Xÿ).


For all cations (NPr�4 , NBu�4 , PPh�4 � shown in Table 1, the
correlation between DGtr,NPOE(MX) and DGtr,MeCN(MX) is also
good (Figure 3). The same slope for all cations of about 1.1
indicates that the relative anion-solvating properties of MeCN
and NPOE are comparable.


When we now assume that Na-salts show the same slope, we
can derive Equation (12) (dotted line in Figure 3).


DGtr,MeCN(NaX) � 1.1 �DGtr,NPOE(NaX)ÿ 31 (12)


With DGtr,MeCN(NaI)� 32 kJ molÿ1 as reported by Mar-
cus,[25] we obtain DGtr,NPOE(NaI) as 57.3 (�4.3) kJ molÿ1.


The values for DGtr,NPOE can now be calculated from
Eqs. (8 ± 11) (Table 3). The lipophilicity of the alkylammonium


Table 1. Determination of the Gibbs free energies of transfer
DGtr,NPOE(MX) from the transport of lipophilic salts, T� 298 K.


MX Slope Intercept DGtr,NPOE (MX)[a] DGtr,MeCN(MX)[b]


[kJ molÿ1] [kJ molÿ1]


PPh4Cl 0.99 ÿ 3.70 18.3 9.3
PPh4Br 1.00 ÿ 1.81 9.0 ÿ 1.5
PPh4I 0.98 � 0.74 ÿ 3.7 ÿ 16
NaBPh4 1.05 ÿ 2.33 11.5 ÿ 17.7
NBu4NO3 1.06 ÿ 0.76 3.8 ÿ 10
NBu4Br 1.00 ÿ 3.55 17.6 0.3
NBu4I 1.06 ÿ 0.63 3.1 ÿ 14.2
NPr4Br 1.06 ÿ 5.75 28.5 18.3
NPr4I 0.97 ÿ 2.68 13.3 3.8
NPr4ClO4 1.01 ÿ 0.57 2.8 ÿ 11
NEt4ClO4 1.02 ÿ 3.09 15.3 ÿ 5.0
NMe4ClO4 0.95 ÿ 4.33 21.4 5.0


[a] Values determined according to Equations (1) and (4). [b] Values
taken from refs. [22] and [24].


Table 2. Initial transport J0 of butylammonium salts ([Salt]s� 0.05m)
through NPOE.[a]


Salt J0 DGtr,MeCN(Xÿ) DGtr,MeCN(NBu4X)
[10ÿ8 mol mÿ2 sÿ1] [kJ molÿ1] [kJ molÿ1]


NBu4H2PO4 < 0.5 ± ±
NBu4Cl 6.3 42 10
NBu4Br 19 31 ÿ 1
NBu4NO3 324 21 ÿ 11
NBu4I 447 17 ÿ 15
NBu4SCN 1120 14 ÿ 18


[a] The transport of NBu4ClO4 was not measured, due to the limited
solubility in water. [b] DGtr,MeCN(NBu�4 ��ÿ32 kJ molÿ1.
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Figure 3. Free energy correlation between DGtr,NPOE(MX) and
DGtr,MeCN(MX) for NBu�4 (*), NPr�4 (&), PPh�4 (^), and Na� (~) salts.


salts increases with the length of the alkyl chain as expected.
The difference in lipophilicity among the anions is quite large
and the order is in agreement with the Hofmeister series.[26]


The correlation between DGtr,MeCN(Xÿ) as reported by Mar-
cus[25] and DGtr,NPOE(Xÿ) as obtained from Table 3 is very good
(Eq. (13), r2� 0.99). The good correlation confirms the
comparable solvation of anions in NPOE and MeCN.


DGtr,NPOE(Xÿ) � 0.91�DGtr,MeCN(Xÿ)�5.64 (13)


As a result of this work partition coefficients from water to
NPOE of salts can now be calculated [Eq. (1)] as the sum of
the DGtr,NPOE values of the appropriate anion and cation.[27]


Anion-facilitated salt transport : Previously, we have descri-
bed facilitated transport by neutral cation carriers through
SLMs with a model for diffusion-limited transport.[15, 28] The
model was verified experimentally for the transport of
guanidinium, alkali metal, and earth-alkaline metal cati-
ons.[15, 29] It was shown that when the carrier forms a 1:1
complex with the cation, the initial flux J0 is related to the
apparent diffusion coefficient Dm of the complex,[21] the
extraction constant Kex, the salt activity as in the source phase,
the carrier concentration L0 in the membrane phase, and the
thickness dm of the membrane [Eq. (14)].


J0 �
Dm


2 dm


�
ÿA�


����������
�A�2


q
�4 L0A


�
with A � Kex a2


s (14)


By variation of the experimental parameters dm, as, and L0 ,
the two parameters that describe the transport of cations (Dm


and Kex) could be obtained. We have now used the same
model to describe carrier-facilitated transport by a neutral
anion carrier (Figure 4).


Figure 4. Mechanism of anion-facilitated transport through SLMs.


In all transport experiments the rate-limiting step is
diffusion through the membrane because for the transport
of NPr4Cl (0.3m) by uranyl salenes 2 ± 5 and NPr4H2PO4


(0.3m) by uranyl salenes 2 ± 4 the relation between L0J0
ÿ1


and dm is linear (Figures 5 and 6) and the intercept is close to
zero. For the case of transport from NPr4H2PO4 solutions, it is
assumed that the transported anion is H2POÿ


4 and not HPO2ÿ
4


in analogy with the findings for transport from KH2PO4


solution.[30]


The transport of Clÿ and H2POÿ
4 salts by carriers 2 ± 4


measured as a function of the carrier concentration from a


Figure 5. Influence of the membrane thickness dm on [L]0 J0
ÿ1 for the


transport of NPr4Cl by carriers 2 (^), 3 (~), 4 (&), and 5 (*); [carrier]m�
10mm.


Figure 6. Influence of the membrane thickness dm on [L]0 J0
ÿ1 for the


transport of NPr4H2PO4 by carriers 2 (^), 3 (~), and 4 (&); [carrier]m�
10mm.


Table 3. Absolute Gibbs free energies DGtr,NPOE of single ion transfer from
water to NPOE, T� 298 K.


M� DGtr,NPOE(M�) Xÿ DGtr,NPOE(Xÿ)
[kJ molÿ1] [kJ molÿ1]


PPh4� ÿ 24.8 BPhÿ4 ÿ 24.8
NBu4� ÿ 18 ClOÿ


4 10.6
NPr4� ÿ 7.8 SCNÿ 19.2
NEt4� 4.7 Iÿ 21.1
NMe4� 10.8 NOÿ


3 21.8
Na� 36.3 Brÿ 33.8


Clÿ 43.1
H2POÿ


4 > 60
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source phase containing 0.3m NPr4Cl or 0.3m NPr4H2PO4


(Figures 7 and 8) showed an almost linear relation. Carrier 2
is much more efficient in transporting NPr4Cl than 3 and 4
whereas carriers 3 and 4 transport NPr4H2PO4 much more
efficiently than 2.


Figure 7. Transport of NPr4Cl by carriers 2 (^), 3 (&), and 4 (~) as a
function of the carrier concentration; [NPr4Cl]s� 0.3m.


Figure 8. Transport of NPr4H2PO4 by carriers 2 (^), 3 (&), and 4 (~) as a
function of the carrier concentration; [NPr4H2PO4�NPr4H2PO4]s� 0.3m
and pHs 6.7.


Figures 9 and 10 show the dependency of the flux on the salt
concentration in the source phase for anion-facilitated trans-
port of NPr4Cl and NPr4H2PO4. Uranyl salenes 1, 2 and
salophene 5 having additional amido groups transport NPr4Cl
much faster than NPr4H2PO4. Even at higher salt concen-
trations, carriers 1 and 5 hardly transport NPr4H2PO4. Salenes
3 and 4 bearing two sulfonamido groups transport NPr4H2PO4


much more efficiently than NPr4Cl.
When Kex is high, transport reaches a maximum at high salt


concentration as all carriers are complexed at the source
phase interface. From the maximum flux J0,max and the
complex concentration in the membrane phase Dm can be
calculated according to Eq. (15).[15]


J0,max �
Dm


dm


[complex]m (15)


Figure 9. Transport of NPr4Cl (&) and NPr4H2PO4 (&) by carrier 1, NPr4Cl
(*) and NPr4H2PO4 (*) by carrier 2, and NPr4Cl (!) and NPr4H2PO4 (!)
by carrier 5 as a function of the source phase salt concentration;
[carrier]m� 10 mm.


Figure 10. Transport of NPr4Cl (*) and NPr4H2PO4 (*) by carrier 3 and
NPr4Cl (&) and NPr4H2PO4 (&) by carrier 4 as a function of the source
phase salt concentration; [carrier]m� 10 mm.


The complex concentration depends on the stoichiometry.
Generally, uranyl salenes bind Clÿ as a 1:1 carrier:anion
complex; only salophene 5 forms a 2:1 carrier:chloride
complex.[30] All dihydrogen phosphate complexes have a
stoichiometry of 2:1 (carrier:anion), in line with previous
findings[31] for the stoichiometry of dihydrogen phosphate
complexes in PVC/NPOE and CDCl3. Figures 9 and 10 show
that the initial flux J0 reaches its maximum J0,max at salt
concentrations higher than 0.2m for 52 ´ Clÿ, 32 ´ H2POÿ


4 , and
42 ´ H2POÿ


4 and hence Dm of carrier 5 (NPr4Cl) and of carriers
3 and 4 (NPr4H2PO4) can be calculated (Table 4). The same
diffusion coefficients were also determined independently
from the relation between L0J0


ÿ1 versus dm under conditions
when all carriers at the source phase interface of the
membrane are complexed. The results (Table 4) show that
the two methods lead to almost identical values. The observed
diffusion coefficients (Dm� 4� 10ÿ12 m2 sÿ1) are about two to


Table 4. Anion-facilitated transport of propylammonium salts; J0,max, Dm, K'ex, and K'a;X of uranyl sal(oph)ene carriers 3 ± 5.


Carrier Anion J0,max Dm
[b, c] Dm


[d] Dm
[e] K'ex


[e] K'a;X[f]


[10ÿ7 mol mÿ2 sÿ1] [10ÿ12 m2 sÿ1] [10ÿ12 m2 sÿ1] [10ÿ12 m2 sÿ1] [mÿ2] [108mÿ2]


3[a] H2POÿ
4 1.8 3.6 3.6 3.6 3200 > 4� 1012


4[a] H2POÿ
4 1.9 3.8 4.5 3.9 1400 > 1.7� 1012


5[a] Clÿ 2.1 4.2 5.2 4.7 610 9.5� 108


[a] [Carrier]m� 0.01m. [b] For 2:1 carrier:anion. [c] Dm values from the maximum fluxes J0,max . [d] Dm values from transport experiments through membranes
of different thickness. [e] Transport parameters obtained by fitting the fluxes in Figures 9 and 10 by Eq. (17). [f] Calculated with Kp< 0.8� 10ÿ9 for
NPr4H2PO4 and Kp� 645� 10ÿ9 for NPr4Cl.
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three times lower than previously found for the calix[4]arene
based cation carriers.[15, 28]


Carriers 1 and 2 transport Clÿ as a 1:1 anion:carrier
complex.[30] Since the maximum transport rate J0,max was not
reached at high NPr4Cl concentration the diffusion coefficient
Dm was determined independently from lag-time experiments
through a stack of two membranes.[20, 29]


From the measured diffusion constants the extraction
constants can now be calculated. The Kex values of 1:1
complexes can be obtained from Equation (14). The results
(Table 5) show that the extraction constant of NPr4Cl by
uranyl salene 2 (Kex� 6.5� 10ÿ2mÿ1) is slightly higher than
that of carrier 1 (Kex� 1.7� 10ÿ2mÿ1). However, when com-
pared with the Kex values of macrocyclic cation carriers,
(Kex� 3� 104mÿ1)[28] these extraction constants are very low.


The extraction constant K for the 2:1 carrier:anion
stoichiometry (as observed for 32 ´ H2POÿ


4 , 42 ´ H2POÿ
4 , and


52 ´ Clÿ) is defined by Equation (16).


2Lms�Xÿs �M�
s >L2 Xÿms�M�


ms (16)


The initial flux J0 as a function of the diffusion coefficient
Dm, the extraction constant Kex


' , the salt activity as, and the
carrier concentration L0 is given by Equation (17).


J0 �
Dm


2 dm


4 A L0 ÿ
������������������������������������������������������
�4 AL0�2 ÿ 4A�4Aÿ 1�L2


0


q
2�4Aÿ 1�


24 35 with A � (K'exa2
s ) (17)


The calculated extraction constants (Table 4) decrease in
the order K'ex(3)>K'ex(4)>K'ex(5). Despite the fact that Clÿ is
much less hydrophilic than H2POÿ


4 , K'ex of carrier 5 for NPr4Cl
is lower than of uranyl salenes 3 and 4 for NPr4H2PO4,
indicating the high stability of dihydrogen phosphate com-
plexes.


From the extraction constants as determined above and the
partition coefficients calculated from the Gibbs free energy of
transfer the association constants Ka for these complexes can
be calculated. The association constants Ka,X of uranyl salenes
1 and 2 for Clÿ in NPOE (Table 5) were 2.6� 104 and 10.1�
104mÿ1, respectively. The stability in NPOE is higher (by a
factor of about 10) than found for similar compounds in


MeCN/DMSO (99:1).[3h] To put
these values in perspective, a
comparison is made with the
association constants of the so-
dium selective calix[4]arene
tetraester 6 and calix[4]arene
tetramethylketone 7. Kex values
of carriers 6 and 7 transporting


NaClO4 have been reported previously[32] (14 and 68mÿ1,
respectively) and the partition coefficient Kp of NaClO4


follows from Table 3 (6.0� 10ÿ9mÿ1).
The association constants Ka,M of carriers 6 (Ka,M� 2.4�


109mÿ1) and 7 (Ka,M� 11.4� 109mÿ1) for Na� are about five
orders of magnitude larger than the Ka,X values of uranyl
salenes 1 and 2 for Clÿ. It is therefore clear that the low anion
transport efficiency of carriers 1 and 2 in this study is due to
the low binding constant Ka.


From the extraction constants of 2:1 carrier:anion com-
plexes, only the association constants K'a;X for the 52 ´ Clÿ


complex [as defined in Eq. (18)] could be calculated accu-
rately (9.5� 108mÿ2, Table 4).


2Lx,m�Xÿm > (Lx)2 Xÿm


K'a;X �
��LX�2 Xÿ�m
�LX�2m�Xÿ�m


(18)


From the minimum value for the Gibbs free energy
of transfer for NPr4H2PO4 (DGtr,NPOE(NPr4H2PO4)>
52 kJ molÿ1) we estimated that the association constants of
complexes 32 ´ H2POÿ


4 and 42 ´ H2POÿ
4 in NPOE are more than


two orders of magnitude higher than of 52 ´ Clÿ. Apparently,
the two sulfonamido hydrogen bond donating groups in close
proximity of the uranyl salene cleft make them excellent
phosphate receptors.[3f]


Competition experiments : The selectivity S for the transport
of H2POÿ


4 in the presence of Clÿ is defined by Equation (19).


S � JH2POÿ4
JClÿ


� �Clÿ�s
�H2POÿ


4 �s
(19)


The intrinsic anion selectivity in NPOE was measured by
the competitive transport of the lipophilic tetrabutylammo-
nium salts NBu4Cl and NBu4H2PO4 without carrier in the
membrane phase. The transport of NBu4H2PO4 was too slow
to be determined accurately and the phosphate concentration
was taken equal to or smaller than the detection limit S<
0.035 (Table 6). The selectivity S gives a lower limit for the


Table 5. Anion-facilitated transport of NPr4Cl; Dlag, Dm, Kex , and Ka,X of
uranyl salenes 1 and 2.


Carrier tlag Dlag Dm Kex Ka,X


[s] [10ÿ12 m2 sÿ1] [10ÿ12 m2 sÿ1] [mÿ1] [104mÿ1]


1 714 9.3 6.0 0.017 2.6� 104


2 790 8.4 5.4 0.065 10.1� 104


[a] Calculated with Kp� 645� 10ÿ9.


Table 6. Transport selectivities S from time-averaged fluxes (24 h) of Clÿ


and H2POÿ
4 for uranyl sal(oph)enes 1 ± 5 in competitive transport experi-


ments.


Carrier [H2POÿ
4 ]s [Clÿ]s J24 h(H2POÿ


4 �[a] J24 h(Clÿ)[a] S[b]


[10ÿ3m] [10ÿ3m] [10ÿ8 mol mÿ2 sÿ1] [10ÿ8 mol mÿ2 sÿ1]


±[c] 150 150 < 0.5[e] 14.5 < 0.035
2[d] 150 150 5.6 8.5 0.66
3[d] 150 150 19 < 0.5[e] > 38
1[d] 24 150 < 0.5[e] 7.1 ±
2[d] 24 150 1.7 7.6 1.4
3[d] 24 150 17 < 0.5[e] > 212
4[d] 24 150 10.7 1.0 67
5[d] 24 150 < 0.5[e] 22 ±
3[d] 10 150 12 < 0.5[e] > 360
4[d] 10 150 6.0 1.3 69


[a] J24 h determined after 24 h of transport. [b] S is defined according to
Equation (19). [c] Inherent selectivity S to NPOE from the difference in the
transport of NBu�4 salts. [d] Selectivity determined from the competitive
transport of NPr�4 salts. [e] Estimated maximum flux from the detection
limit of the UV experiment.
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difference in Gibbs free energy of transfer between Clÿ and
H2POÿ


4 of D(DGtr,NPOE)> 16.6 kJ molÿ1.[31] This intrinsic differ-
ence needs to be compensated by a favorable anion complex-
ation by the carrier in order to transport H2POÿ


4 over Clÿ.
The selectivities of receptors 1 ± 5 were measured in


competition experiments with mixtures of NPr4Cl and
NPr4H2PO4 (Table 6), at a constant concentration of Clÿ


(150 mm) and varying concentrations of H2POÿ
4 (10 to


150 mm). The fluxes were determined from the concentrations
of Clÿ and H2POÿ


4 in the receiving phase after 24 h. Carriers 1
and 5 do not transport H2POÿ


4 selectively. The selectivity S for
2 is in the range 0.7< S< 1.4 and is significantly different from
the inherent selectivity in NPOE (S< 0.035).


Carriers 3 and 4 transport very selectively H2POÿ
4 in the


presence of Clÿ. The selectivity increases with decreasing ratio
of [H2POÿ


4 ]/[Clÿ] in the aqueous source phase reaching a
value of 350 for a concentration ratio of 0.067.


Conclusion


Gibbs free energies of transfer of individual ions from water
to NPOE were determined from partition coefficients. NPOE
and MeCN have comparable anion solvation properties and
an empirical free energy relationship holds between
DGtr,NPOE(Xÿ) and DGtr,MeCN(Xÿ).


Tetrapropylammonium salts of Clÿ and H2POÿ
4 were trans-


ported by neutral uranyl sal(oph)ene anion receptors 1 ± 5.
The rates of salt transport by anion carriers are much lower
than of salt transport by cation carriers, due to the low values
for both Dm and Kex. The diffusion coefficients Dm of the
uranyl sal(oph)enes are about two to three times lower,
whereas the extraction constants are more than four orders of
magnitude lower than of the cation carriers.


The competition experiments illustrate the importance of
anion receptors in selective extraction processes. In order to
achieve selective phase transfer to organic solutions, large
differences in Gibbs free energies of transfer for different
anions have to be compensated by highly selective anion
complexation.[22, 25] Generally, the differences of Gibbs free
energies of transfer between anions (ClOÿ


4 , NOÿ
3 , Clÿ, and


H2POÿ
4 � are much larger than between cations (Na�, K�, Rb�,


and Cs�). It is therefore much more difficult to reverse the
inherent and solvent-imposed selectivity in anion transport
than in cation transport.


Experimental Section


Melting points were determined with a Reichert melting point apparatus
and are uncorrected. 1H-NMR and 13C-NMR spectra were recorded with a
Bruker AC 250 spectrometer in CDCl3, unless stated otherwise. The
presence of solvent in the analytical samples was confirmed by 1H-NMR
spectroscopy. Fast atom bombardment (FAB) mass spectra were obtained
with a Finnigan MAT 90 spectrometer. The spectra were obtained with use
of m-nitrobenzyl alcohol as a matrix.


CH2Cl2 was distilled from CaH2 and stored over molecular sieves (4 �)
prior to use. CH3CN and DMSO were dried over molecular sieves (4 �)
prior to use. Petroleum ether refers to the fraction with b.p. 40 ± 60 8C.
Other chemicals were of reagent grade and were used without purification.
Column chromatography was performed with silica gel (Merck,


0.015 ± 0.040 mm) unless stated otherwise. All reactions were carried out
under an argon atmosphere. Uranyl salene 1[32] and uranyl salophene 5[3k]


were prepared according to a literature procedure.


N-[3-(n-Octyloxyphenyl)]chloroacetamide (9): Chloroacetyl chloride
(1.47 g, 13 mmol) was added dropwise to a vigorously stirred solution of
m-octyloxyaniline (2.21 g, 10 mmol) and K2CO3 (1.38 g, 10 mmol) in
EtOAc/H2O (1:1, 100 mL). The reaction was stirred for 3 h at room
temperature. The organic layer was separated from the aqueous layer,
dried with MgSO4 and evaporated. The residual solid was purified by
column chromatography (CH2Cl2) (82 %). M.p.: 92 ± 94 8C; 1H NMR: d�
8.12 (br s, 1H, NH), 7.2 ± 7.1 (m, 2H, ArH), 6.95 (d, 1H, J� 7.9 Hz, ArH),
6.7 ± 6.6 (m, J� 8.3 Hz, 1H, ArH), 4.11 (s, 2H, ClCH2CO), 3.91 (t, 2 H, J�
6.5 Hz, OCH2), 1.8 ± 1.6 (m, 2 H, OCH2CH2), 1.4 ± 1.2 (m, 10H, CH2), 0.84
(t, 3H, J� 4.5 Hz, CH3); 13C NMR: d� 129.8 (s, NCO), 68.1 (t, OCH2), 42.9
(t, ClCH2CO), 31.9 ± 22.7 (t, CH2), 14.1 (q, CH3); FAB-MS: m/z : 298.2
[M�H]� , calcd 298.2; anal. calcd for C16H24ClNO2: C 64.53, H 8.12, N 4.70;
found: C 64.48, H 7.77, N 4.89.


General procedure for the preparation of compounds 12 a ± b : A mixture of
the appropriate sulfonyl chloride (15 mmol), chloroalkylamine ´ HCl
(19 mmol), and Et3N (3.11 g, 31 mmol) was stirred in CH2Cl2 (100 mL) at
0 8C for 1 h. Subsequently, the solution was stirred at room temperature for
10 h. The organic layer was washed with saturated NH4Cl (2� 50 mL), 1n
HCl (2� 50 mL), H2O (2� 50 mL), and dried with MgSO4. After filtration,
the solvent was evaporated and the residual solid was purified by
trituration or column chromatography.


N-(3-Chloropropyl)-n-hexadecanesulfonamide (12 a): The crude product
was triturated from acetone. Yield 37%; m.p.: 86 ± 87 8C; 1H NMR: d� 4.32
(t, 1H, J� 6.4 Hz, NH), 3.67 (t, 2 H, J� 6.0 Hz, ClCH2), 3.34 (q, 2H, J�
6.5 Hz, CH2N), 3.1 ± 2.9 (m, 2H, SO2CH2), 2.1 ± 1.95 (m, 2H, ClCH2CH2),
1.85 ± 1.7 (m, 2 H, SO2CH2CH2), 1.4 ± 1.15 (m, 26H, CH2), 0.89 (t, 3H, J�
6.3 Hz, CH3); 13C NMR: d� 53.6 (t, SO2CH2), 44.9 (t, ClCH2), 44.4 (t,
CH2N), 32.8 (t, SO2CH2CH2), 31.9 ± 22.7 (t, CH2), 14.1 (q, CH3); FAB-MS:
m/z : 382.2 [M]� , calcd 382.2; anal. calcd for C19H40ClNO2S: C 59.73, H
10.55, N 3.67; found: C 59.77, H 10.60, N 3.80.


N-(3-Chloropropyl)-[(2,4,6-triisopropyl)benzene]sulfonamide (12 b): The
crude product was purified by column chromatography (SiO2, CH2Cl2).
Yield 91%; m.p.: 81 ± 82 8C; 1H NMR: d� 7.18 (s, 2 H, ArH), 5.45 (br s, 1H,
NH), 4.3 ± 4.0 [m, 2H, o-ArCH(CH3)2], 3.60 (t, 2 H, J� 6.2 Hz, ClCH2),
3.17 (t, 2 H, J� 6.6 Hz, CH2N), 3.0 ± 2.8 [m, 1H, p-ArCH(CH3)2], 2.1 ± 1.9
(m, 2 H, ClCH2CH2), 1.4 ± 1.2 [m, 18H, ArCH(CH3)2]; 13C NMR: d� 42.0
(t, ClCH2), 40.1 (t, CH2N), 34.1, 29.6 [d, ArCH(CH3)2], 32.4 (t, ClCH2CH2),
24.9 and 23.6 [q, ArCH(CH3)2]; FAB-MS: m/z : 360.3 [M�H]� , calcd 360.2;
anal. calcd for C18H30ClNO2S: C 60.06, H 8.40, N 3.89; found: C 60.30, H
8.57, N 3.98.


General procedure for the preparation of compounds 10, 13a ± b : A
mixture of 9, 12a, or 12b (10 mmol), 2-(2-allyloxy)-3-hydroxybenzaldehyde
(1.78 g, 10 mmol), and K2CO3 (2.76 g, 20 mmol) was refluxed in MeCN
(200 mL) for 48 h. The solution was filtered and the solvent evaporated.
The crude product was taken up in CH2Cl2 (50 mL) and washed with a
saturated solution of Na2CO3 (2� 50 mL), water (2� 50 mL), and brine
(50 mL). The organic layer was dried with MgSO4 and the solvent
evaporated.


2-[3-Formyl-2-(2-propenyloxy)]-N-[3-(n-octyloxyphenyl)phenoxy]acet-
amide (10): The crude product was triturated from iPrOH. Yield 63%;
m.p.: 92 ± 94 8C; 1H NMR: d� 10.43 (s, 1 H, CHO), 8.61 (s, 1H, NH), 7.6 ±
7.5 (m, 1H, ArH), 7.15 ± 7.1 (m, 1H, ArH), 7.32 (s, 1 H, ArH), 7.25 ± 7.15 (m,
2H, ArH), 7.07 (d, 1H, J� 7.9 Hz, ArH), 6.75 ± 6.65 (m, 1 H, ArH), 6.25 ±
6.0 (m, 1 H, CH�CH2), 5.55 ± 5.25 (m, 2H, CH�CH2), 4.71 (d, 2H, J�
4.7 Hz, OCH2CH�CH2), 4.69 (s, 2 H, OCH2CO), 3.99 (t, 2 H, J� 6.5 Hz,
OCH2CH2), 1.85 ± 1.7 (m, 2H, OCH2CH2), 1.5 ± 1.15 (m, 10H, CH2), 0.84 (t,
3H, J� 6.5 Hz, CH3); 13C NMR: d� 189.4 (d, CHO), 132.6 (d,
OCH2CH�CH2), 130.9 (s, NCO), 119.7 (t, OCH2CH�CH2), 76.6 (t,
OCH2CH�CH2), 69.4 (t, OCH2CO), 68.1 (t, OCH2CH2), 31.9 ± 22.6 (t,
CH2), 14.1 (q, CH3); FAB-MS: m/z : 440.5 [M�H]� , calcd 440.2; anal. calcd
for C26H33NO5 ´ 0.5H2O: C 69.62, H 7.42, N 3.12; found: C 69.54, H 7.28, N
3.37.


N-[3-[3-Formyl-2-(2-propenyloxy)phenoxy]propyl]-n-hexadecanesulfon-
amide (13 a): The crude product was purified by column chromatography
(SiO2, CH2Cl2) to give a light yellow solid. Yield: 45 %; m.p.: 64 ± 66 8C;
1H NMR: d� 10.40 (s, 1H, CHO), 7.43 (dd, 1H, J� 6.3 Hz, 3.1 Hz, ArH),
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7.15 ± 7.1 (m, 2H, ArH), 6.15 ± 6.0 (m, 1H, CH�CH2), 5.4 ± 5.25 (m, 2H,
CH�CH2), 4.77 (t, 1 H, J� 6.2 Hz, NH), 4.65 (d, 2 H, J� 6.1 Hz,
OCH2CH�CH2), 4.15 (t, 2 H, J� 5.8 Hz, OCH2CH2), 3.37(q, 2 H, J�
6.3 Hz, CH2N), 3.0 ± 2.9 (m, 2H, SO2CH2), 2.15 ± 2.0 (m, 2H, OCH2CH2),
1.8 ± 1.7 (m, 2 H, SO2CH2CH2), 1.3 ± 1.1 (m, 26H, CH2), 0.86 (t, 3H, J�
6.8 Hz, CH3); 13C NMR: d� 190.1 (d, CHO), 133.0 (d, CH�CH2), 118.9 (t,
CH�CH2), 75.7 (t, OCH2CH�CH2), 67.0 (t, OCH2CH2), 53.2 (t, SO2CH2),
42.6 (t, CH2N), 31.9 ± 22.7 (t, CH2), 14.1 (q, CH3); FAB-MS: m/z : 524.3
[M�H]� , calcd 524.4; anal. calcd for C29H49NO5S: C 66.50, H 9.43, N 2.67;
found: C 66.62, H 9.35, N 2.68.


N-[3-[3-Formyl-2-(2-propenyloxy)phenoxy]propyl]-[(2,4,6-triisopropyl)-
benzene] sulfonamide (13 b): The crude product was purified by column
chromatography (CH2Cl2) to give a yellow solid. Yield 38%; m.p.: 81 ±
82 8C; 1H NMR: d� 10.32 (s, 1H, CHO), 7.38 (t, 1H, J� 4.6 Hz, ArH), 7.09
(s, 2 H, ArH), 7.05 ± 6.95 (m, 2 H, ArH), 6.1 ± 5.8 (m, 1 H, CH�CH2), 5.3 ± 5.1
(m, 2 H, CH�CH2), 4.95 (t, 1 H, J� 6.3 Hz, NH), 4.54 (d, 2 H, J� 6.1 Hz,
OCH2CH�CH2), 4.2 ± 4.0 [m, 4H, OCH2CH2, o-ArCH(CH3)2], 3.20 (q, 2H,
J� 6.3 Hz, CH2N), 2.90 ± 2.70 [m, 2 H, p-ArCH(CH3)2], 2.1 ± 1.9 (m, 2H,
OCH2CH2), 1.25 ± 1.1 [m, 18 H, ArCH(CH3)2]; 13C NMR: d� 190.4 (d,
CHO), 132.8 (d, CH�CH2), 119.3 (t, CH�CH2), 75.5 (t, OCH2CH�CH2),
67.1 (t, OCH2CH2), 40.6 (t, CH2N), 34.1 and 29.6 [d, ArCH(CH3)2], 29.4 (t,
ArOCH2CH2), 24.9, 23.6 [q, ArCH(CH3)2]; EI-MS: m/z : 501.1 [M]� , calcd
501.3; anal. calcd for C28H39NO5S: C 67.04, H 7.84, N 2.79; found: C 67.18, H
8.24, N 2.68.


General procedure for deallylation of the protected aldehydes 10, 13a ± b :
A mixture of 10, 13a ± b (3 mmol), Pd(OAc)2 (20 mg, 0.1 mmol), PPh3


(125 mg, 0.5 mmol), Et3N (3.7 g, 37 mmol), and HCOOH (1.65 g, 37 mmol)
was refluxed in 80% aqueous EtOH (60 mL) for 2 h. The solvent was
evaporated and water (100 mL) was added. The aqueous layer was
extracted with CH2Cl2 (3� 100 mL). Subsequently, the organic layer was
dried with MgSO4 and the solvent evaporated. A yellow solid was obtained
after column chromatography of the crude mixture.


2-[3-Formyl-2-hydroxyphenoxy]-N-[3-(n-octyloxyphenyl)]acetamide (11):
The crude product was purified by column chromatography (CH2Cl2/
EtOAc 95:5). Yield 88%; m.p.: 73 ± 74 8C; 1H NMR: d� 11.29 (s, 1H, OH),
9.87 (s, 1H, CHO), 8.81 (s, 1 H, NH), 7.3 ± 7.2 (m, 2H, ArH), 7.2 ± 7.1 (m, 2H,
ArH), 7.1 ± 6.8 (m, 2 H, ArH), 6.7 ± 6.5 (m, 1 H, ArH), 4.64 (s, 2H,
OCH2CO), 3.92 (t, 2 H, J� 6.5 Hz, OCH2CH2), 1.8 ± 1.6 (m, 2 H,
OCH2CH2), 1.6 ± 1.2 (m, 10H, CH2), 0.91 (t, 3 H, J� 6.4 Hz, CH3);
13C NMR: d� 196.7 (d, CHO), 129.7 (s, NCO), 70.5 (t, OCH2CO), 68.1
(t, OCH2CH2), 31.9 ± 22.6 (t, CH2), 14.1 (q, CH3); EI-MS: m/z : 399.1 [M]� ,
calcd 399.2; anal. calcd for C23H29NO5 ´ 0.25 H2O: C 68.38, H 7.36, N 3.47;
found: C 68.25, H 7.13, N 3.64.


N-[3-(3-Formyl-2-hydroxyphenoxy)propyl]-n-hexadecanesulfonamide
(14 a): The crude product was purified by column chromatography
(CH2Cl2). Yield 80%; m.p.: 83 ± 85 8C; 1H NMR: d� 11.10 (s, 1H, OH),
9.90 (s, 1 H, CHO), 7.23 (d, 1 H, J� 7.7 Hz, ArH), 7.20 (d, 1 H, J� 7.8 Hz,
ArH), 6.95 (t, 1 H, J� 7.8 Hz, ArH), 5.21 (t, 1H, J� 6.1 Hz, NH), 4.15 (t,
2H, J� 5.5 Hz, OCH2), 3.38(q, 2H, J� 6.0 Hz, CH2N), 3.1 ± 2.9 (m, 2H,
SO2CH2), 2.2 ± 2.0 (m, 2H, ArOCH2CH2), 1.85 ± 1.75 (m, 2 H, SO2CH2CH2),
1.4 ± 1.2 (m, 26 H, CH2), 0.86 (t, 3H, J� 6.8 Hz, CH3); 13C NMR: d� 196.5
(d, CHO), 68.4 (t, OCH2CH2), 52.5 (t, SO2CH2), 41.4 (t, NHCH2), 31.9 ±
22.6 (t, CH2) 14.1 (q, CH3); FAB-MS: m/z : 483.1 [M]� , calcd 483.3; anal.
calcd for C26H45NO5S: C 64.56, H 9.38, N 2.90; found: C 64.55, H 9.18, N
2.89.


N-[3-(3-Formyl-2-hydroxyphenoxy)propyl]-[(2,4,6-triisopropyl)benzene]-
sulfonamide (14 b): The crude product was purified by column chromatog-
raphy (CH2Cl2). Yield 79%; m.p.: 119 ± 120 8C; 1H NMR: d� 11.08 (s, 1H,
OH), 9.89 (s, 1 H, CHO), 7.19 (d, 1H, J� 7.8 Hz, ArH), 7.14 (s, 2 H, ArH),
7.10 (d, 1 H, J� 7.9 Hz, ArH), 6.96 (t, 1H, J� 7.9 Hz, ArH), 5.43 (t, 1H, J�
6.2 Hz, NH), 4.3 ± 4.1 [m, 4H, OCH2 , o-ArCH(CH3)2], 3.20 (q, 2H, J�
6.2 Hz, CH2N), 3.0 ± 2.8 [m, 1 H, p-ArCH(CH3)2], 2.1 ± 2.0 (m, 2 H,
OCH2CH2), 1.3 ± 1.2 [m, 18H, ArCH(CH3)2]; 13C NMR: d� 196.6 (d,
CHO), 68.4 (t, OCH2), 40.9 (t, CH2N), 34.1, 29.6 [d, ArCH(CH3)2], 29.1 (t,
OCH2CH2), 24.9 and 23.6 [q, ArCH(CH3)2]; EI-MS: m/z : 461.0 [M]� , calcd
461.2; anal. calcd for C25H35NO5S: C 65.05, H 7.64, N 3.03; found: C 65.35,
H 7.77, N 3.04.


General procedure for the synthesis of UO2-salens 2 ± 4 : A solution of
aldehyde 11, 14 a, or 14 b (1.03 mmol) and cis-1,2-dicyclohexane diamine
(0.062 mL, 0.52 mmol) was refluxed in MeOH (25 mL) for 1 h. A solution


of UO2(OAc)2 ´ H2O (0.219 g, 0.52 mmol) in MeOH (10 mL) was added and
refluxing was continued for 1 h. The solution was evaporated to give the
crude product.


[[2,2''-[1,2-Cyclohexanediylbis[nitrilomethylidyne(2-hydroxy-3,1-phenyl-
ene)oxy]]-bis-[N-(3-n-octyloxyphenyl)acetamidato]](2-)]dioxouranium
(2): The crude product was triturated from MeOH. Yield 89%; m.p.: 149 ±
151 8C; 1H NMR (CDCl3/[D6]DMSO 9:1): d� 10.45 (s, 2 H, HC�N), 9.27 (s,
2H, NH), 7.4 ± 7.2 (m, 6 H, ArH), 7.12 (d, 2H, J� 7.8 Hz, ArH), 6.79 (t, 2H,
J� 8.2 Hz, ArH), 6.70 (t, 2 H, J� 7.8 Hz, ArH), 6.5 ± 6.3 (m, 2 H, ArH), 4.84
(s, 4 H, OCH2CO), 4.66 (br s, 2H, C�NCH), 3.59 (t, 4H, J� 6.4 Hz,
OCH2CH2), 2.6 ± 2.3, 2.1 ± 1.9 (m, 2� 2H, C�NCHCH2CH2), 1.8 ± 1.4 (m,
2� 4H, C�NCHCH2CH2 , OCH2CH2), 1.3 ± 1.1 (m, 20 H, CH2), 0.83 (t, 6H,
J� 6.4 Hz, CH3); 13C NMR (CDCl3/[D6]DMSO 9:1): d� 167.9 (d, C�N),
129.1 (s, NCO), 72.2 (t, OCH2CO), 71.5 (d, C�NCH), 67.7 (t, OCH2CH2),
31.9 ± 22.6 (t, CH2), 14.1 (q, CH3); FAB-MS: m/z : 1145.5 [M]� , calcd 1145.8;
anal. calcd for C54H66N4O10U: C 54.21, H 5.93, N 4.85; found: C 54.54, H
5.81, N 4.89.


[[2,2''-[1,2-Cyclohexanediylbis[nitrilomethylidyne(2-hydroxy-3,1-phenylene)-
oxy]] bis-[N-(3-propyl)-n-hexadecanesulfonamidato]](2-)]dioxouranium
(3): The crude product was purified by column chromatography (Al2O3,
CH2Cl2/MeOH 95:5) and recrystallized from MeOH/diisopropyl ether.
Yield: 67%; m.p.: 82 ± 84 8C; 1H NMR: d� 9.21 (s, 2H, HC�N), 7.14 and
7.10 (d, 4 H, J� 7.8 Hz ArH), 6.56 (t, 2 H, J� 7.8 Hz, ArH), 6.44 (t, 2 H, J�
5.5 Hz, NH), 4.56 (br s, 2 H, C�NCH), 4.29 (t, 4H, J� 5.9 Hz, OCH2), 3.34
(q, 4 H, J� 6.0 Hz, CH2N), 2.9 ± 2.8 (m, 4H, SO2CH2), 2.6 ± 2.5, 2.1 ± 1.9 (m,
2� 2H, C�NCHCH2CH2), 2.2 ± 2.0 (m, 2 H, OCH2CH2), 1.7 ± 1.5 (m 8H,
C�NCHCH2CH2, SO2CH2CH2), 1.4 ± 1.1 (m, 52H, CH2), 0.86 (t, 6H, J�
6.8 Hz, CH3); 13C NMR: d� 167.4 (d, HC�N), 71.3 (d, C�NCH), 67.2 (t,
OCH2CH2), 51.8 (t, SO2CH2), 40.5 ± 39.1 (t, CH2N), 31.7 ± 21.6 (t, CH2) 14.0
(q, CH3); FAB-MS: m/z : 1336.0 [M�Na]� , calcd 1335.9; anal. calcd for:
C58H98N4O10S2U ´ 0.5 (C6H14O): C 53.69, H 7.75, N 4.11; found: C 53.69, H
7.90, N 4.24.


[[2,2''-[1,2-Cyclohexanediylbis[nitrilomethylidyne(2-hydroxy-3,1-phenylene)-
oxy]]-bis-[N-(3-propyl)-[(2,4,6-triisopropyl)benzene]sulfonamidato]](2-)]-
dioxouranium (4): The crude product was purified by column chromatog-
raphy (Al2O3, CH2Cl2). Yield 56 %; m.p.: 83 ± 86 8C; 1H NMR (CDCl3/
[D6]DMSO 9:1): d� 9.21 (s, 2H, HC�N), 7.2 ± 7.0 (m, 6 H, ArH), 6.44 (br s,
2H, NH), 6.54 (t, 2 H, J� 7.8 Hz, ArH), 4.54 (br s, 2H, C�NCH), 4.3 ± 4.0
[m, 8 H, OCH2, o-ArCH(CH3)2], 3.22 (q, 4H, J� 6.4 Hz, CH2N), 3.0 ± 2.7
[m, 2 H, p-ArCH(CH3)2], 2.5 ± 2.2, 1.8 ± 1.6 (m, 2� 2H, C�NCHCH2CH2),
2.1 ± 2.0 (m, 4H, OCH2CH2), 1.8 ± 1.6 (m, 4H, C�NCHCH2CH2), 1.2 ± 1.1
[m, 18 H, ArCH(CH3)2]; 13C NMR (CDCl3/[D6]DMSO 9:1): d� 167.1 (d,
HC�N), 71.0 (d, C�NCH), 66.9 (t, OCH2CH2), 40.6 (t, CH2N), 33.5 and 29.3
[d, ArCH(CH3)2], 28.8 (t, OCH2CH2), 27.4 (t, NCHCH2CH2), 24.5, 23.1 [q,
ArCH(CH3)2], 21.2 (t, NCHCH2CH2); FAB-MS: m/z : 1369.7 [M�H]� ,
calcd 1369.5]; anal. calcd for C56H78N4O10S2U ´ 2H2O: C 51.52, H 6.33, N
4.29; found: C 51.54, H 6.18, N 4.59.


Transport measurements : The polymeric film Accurel 1E-PP was obtained
from Enka Membrana (thickness dm� 100 mm, porosity Q� 64%). o-
Nitrophenyl n-octyl ether (NPOE) was purchased from Fluka and used
without further purification. All salts (Phosphoric acid, tetrapropylammo-
nium hydroxide, tetrapropyl-ammonium chloride, tetrabutylammonium
hydroxide and tetrabutylammonium chloride) were of analytical grade and
were obtained from Acros. The transport experiments were performed at
298 K in an apparatus that consists of two identical cylindrical compart-
ments made of glass (half-cell volume ca. 50 mL, effective membrane area
ca. 13.5 cm2). Details of the cell have been described elsewhere.[32] The
membrane was positioned in between the cylindrical compartments
containing the two aqueous phases. The carrier was dissolved in o-
nitrophenyl n-octyl ether (NPOE). The carrier was dissolved in o-nitro-
phenyl n-octyl ether (NPOE) and immobilized in the solid support
according to a standard procedure previously described by our group.[33]


Solutions of NPr4H2PO4 were obtained by titration of a known amount of
H3PO4 with NPr4OH to the required pH value. Dilution of the sample with
distilled water gave the desired concentration of NPr4H2PO4/(NPr4)2HPO4,
pH 6.7. The transport of salts was monitored by measuring the conductivity
(Radiometer CDM 83) as a function of time. The concentration was
calculated using a salt constant that correlates the conductivity to the
concentration. The activity was determined by calculation of the activity
coefficient using the Debye ± Hückel equation[34] The transport rates of
NPr4H2PO4 and NBu4H2PO4 were determined by phosphate analysis of the
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receiving phase after 14 h of transport. From the receiving phase several
aliquots of 100 mL were taken. To each sample, 1 mL of commercial
phosphorus reagent (Sigma chemicals) was added. The reaction of the
inorganic phosphorus with ammonium molybdate in the presence of
sulfuric acid, produces an unreduced phosphomolybdate complex, of which
the absorbance at 320 nm is directly proportional to the phosphorus
concentration. All transport experiments were performed at least in
duplicate.


Caution : Care should be taken when handling uranyl-containing com-
pounds because of their toxicity and radioactivity.[35]
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Ultrafast Dynamics of Photochemical Radical Formation from
[Re(R)(CO)3(dmb)] (R�Me, Et; dmb� 4,4'-dimethyl-2,2'-bipyridine):
A Femtosecond Time-Resolved Visible Absorption Study


Ian R. Farrell,[a] Pavel Matousek,[b] Cornelis J. Kleverlaan,[c] and Antonín VlcÏek, Jr.*[a]


Abstract: The excited-state dynamics
and photochemistry of [Re(R)(CO)3-
(dmb)] (R�Me, Et); dmb� 4,4'-di-
methyl-2,2'-bipyridine) in CH2Cl2 have
been studied by time-resolved visible
absorption spectroscopy on a broad time
scale ranging from approximately 400 fs
to a few microseconds, with emphasis on
the femtosecond and picosecond dy-
namics. It was found that the optically
prepared Franck ± Condon 1MLCT (sin-
glet metal-to-ligand charge transfer)
excited state of [Re(R)(CO)3(dmb)]
undergoes femtosecond branching be-
tween two pathways (X400 fs for R�
Me; approximately 800 fs for R�Et).
For both methyl and ethyl complexes,
evolution along one pathway leads to
homolysis of the Re ± R bond via a
3SBLCT (triplet s-bond-to-ligand
charge transfer) excited state, from


which [Re(S)(CO)3(dmb)] . and R . rad-
icals are formed. The other pathway
leads to an inherently unreactive
3MLCT state. For [Re(Me)(CO)3-
(dmb)], the 3MLCT state lies lowest in
energy and decays exclusively to the
ground state with a lifetime of approx-
imately 35 ns, thereby acting as an
excitation energy trap. The reactive
3SBLCT state is higher in energy. The
quantum yield (0.4 at 293 K) of the
radical formation is determined by the
branching ratio between the two path-
ways. [Re(Et)(CO)3(dmb)] behaves dif-
ferently: branching of the Franck ±
Condon state between two pathways


still occurs, but the 3MLCT excited state
lies above the dissociative 3SBLCT state
and can decay into it. This shortens the
3MLCT lifetime to 213 ps in CH2Cl2 or
83 ps in CH3CN. Once populated, the
3SBLCT state evolves toward radical
photoproducts [Re(S)(CO)3(dmb)] . and
Et . . Thus, population of the 3MLCT
excited state of [Re(Et)(CO)3(dmb)]
provides a second, delayed pathway to
homolysis. Hence, the quantum yield is
unity. The photochemistry and excited-
state dynamics of [Re(R)(CO)3(dmb)]
(R�Me, Et) complexes are explained in
terms of the relative ordering of the
Franck ± Condon, 3MLCT, and 3SBLCT
states in the region of vertical excitation
and along the Re ± R reaction coordi-
nate. A qualitative potential energy
diagram is proposed.


Keywords: dynamics ´ homolytic
cleavage ´ organometallic com-
pounds ´ photochemistry ´ rhenium


Introduction


Photochemical homolysis of metal ± alkyl bonds is a newly
recognized[1±12] but typical reaction of organometallic alkyl ±


diimine complexes, observed for compounds of the type
[M(R)(CO)3(a-diimine)] (M�Mn, Re), [Ru(R)(E)(CO)2-
(a-diimine)], [Pt(CH3)4(a-diimine)], or main group species
such as [Zn(CH3)2(a-diimine)]. Similar photochemistry, in-
volving homolysis of a metal ± metal bond, occurs for analo-
gous bimetallic complexes[1±3, 13] [Re(MLn)(CO)3(a-diimine)]
or [Ru(MLn)(E)(CO)2(a-diimine)] (MLn�Ph3Sn, Mn,Re-
(CO)5), or even for diimine-substituted clusters[14, 15] such as
[Os3(CO)10(a-diimine)]. Notably, organometallic alkyl ± di-
imines are strongly colored and undergo bond homolysis on
irradiation into their lowest absorption band. These reactions
thus represent a unique way of efficiently generating reactive
radicals using low-energy visible light, with possible applica-
tions in photoinitiation.


The photochemistry and photophysics of diimine com-
plexes are generally believed to originate in low-lying dp!p*,
metal-to-ligand charge transfer (MLCT) excited states. How-
ever, s-bond-to-ligand charge transfer (SBLCT or sp*)
excited states were recently identified[1±3, 5±7, 10, 11, 16±21] as being
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responsible for the photochemical homolysis of metal ± ligand
bonds observed in these compounds. SBLCT states are
introduced to diimine complexes by ligands such as alkyl
groups or metal fragments, which are covalently bound to the
metal atom by a high-lying s orbital.[1±3] The SBLCT state,
then, originates in electron excitation from a metal ± alkyl s-
bonding orbital into a p* orbital of an electron-accepting a-
diimine ligand. Generally, an SBLCT state has the same
symmetry and occurs in the same energy range as some
dp!p* MLCT states. Hence, extensive mixing between
MLCT and SBLCT characters can occur, both in the optically
prepared Franck ± Condon state and in the reactive state
proper.[20±22] The extent of this mixing depends on the nature
of the ligands and the metal. Quantum chemical calculations
have suggested that the changing interactions between
SBLCT and MLCT states along possible reaction coordinates
can give rise to energy barriers and affect strongly the initial
excited-state dynamics and resulting photochemistry.[17, 18, 20, 21]


Moreover, the triplet spin multiplicity of the reactive SBLCT
excited state, predicted by theoretical considerations,[18, 20, 21]


has been firmly established by nanosecond time-resolved FT-
EPR studies of [Re(R)(CO)3(a-diimine)] and [Ru(R)(I)-
(CO)2(a-diimine)] complexes.[8, 23, 24]


The photochemistry of the [Re(R)(CO)3(a-diimine)] com-
plexes (Figure 1) shows a remarkable dependence on molec-
ular structure and medium; they are excellent examples for


Figure 1. Structure of the fac-[Re(R)(CO)3(a-diimine)] complexes and
the 4,4'-dimethyl-2,2'-bipyridine (dmb) and N,N'-bis(isopropyl)-1,4-diaza-
1,3-butadiene (iPr-dab) ligands.


mechanistic studies. The quantum yield, reaction rate, and
mechanism of the Re ± alkyl bond homolysis [Eq. (1); S�
solvent] depend dramatically on the chemical nature of the


[Re(R)(CO)3(a-diimine)] ��!hn; S
[Re(S)(CO)3(a-diimine)] .�R . (1)


alkyl and a-diimine ligands, and the solvent.[1±3, 6±8] Previous
studies[5±8] have indicated that the rate of Re ± Me bond
homolysis is very fast, presumably sub-picosecond, for all the
[Re(Me)(CO)3(a-diimine)] complexes investigated so far.
However, quantum yields are relatively low and strongly
dependent on the diimine ligand, on temperature, and in some
cases[7] on irradiation wavelength. This is due to a concurrent
population of low-lying trapping states.[7, 8] Yet quantum yields
measured for the ethyl, isopropyl, or benzyl complexes
approach unity and are (nearly) independent of temper-
ature.[7, 8] The nature of the diimine ligand influences strongly
the rate of the Re ± R (R�Et, iPr, Bz) bond homolysis, which
is very fast (� 7 ns) for complexes containing the aromatic
diimine ligand 4,4'-dimethyl-2,2'-bipyridine (dmb), but rather


slow (60 ± 250 ns) for iPr ± dab complexes (dab� 1,4-diaza-1,3-
butadiene), at least in hydrocarbon solvents.[7, 8] A spectacular
acceleration (at least 105-fold) of the homolysis rate was found
for [Re(R)(CO)3(iPr-dab)] (R�Et, Bz) on changing to polar
or coordinating solvents.[7]


An understanding of the mechanism of photochemical
metal ± alkyl bond homolysis in alkyl ± diimine complexes can
help to answer some fundamental questions of organometallic
photochemistry. It can shed light on the marked dependence
of the rates and quantum yields on structure and medium, and
develop our understanding of the relationships between
molecular structure, the nature of the optically prepared
and reactive excited states, and the outcome of photochemical
reactions. Interaction between MLCT and SBLCT excited
states is another interesting point which becomes especially
important for Re complexes.[20±22, 25] Up until now, the photo-
chemistry of alkyl ± diimine complexes has not been studied
on the ultrafast time scale, even though it is the initial excited-
state dynamics that are expected to determine the overall
course and mechanism of metal ± alkyl bond homolysis.
Hence, we have investigated the photochemistry of [Re-
(Me)(CO)3(dmb)] and [Re(Et)(CO)3(dmb)] in the femto-
second ± picosecond time domain by time-resolved absorption
spectroscopy in the visible spectral region. The remarkable
differences in photochemical reactivity between these two
complexes were found to reflect different excited-state
dynamics ensuing from the optical excitation. The conclusions
from this study are applicable to a wide range of organo-
metallic photochemical reactions.


Results and Discussion


Absorption spectra : The [Re(R)(CO)3(dmb)] (R�Me, Et)
complexes show a well-developed, intense [e� (2.5 ± 3.0)�
103mÿ1 cmÿ1] absorption band in the visible spectral region.
In CH2Cl2, it occurs at lmax� 415 nm (Me) and 425 nm (Et). In
CH3CN, it is slightly blue-shifted to 400 and 406 nm,
respectively.[26] On the basis of solvatochromism and reso-
nance Raman spectra measured for [Re(Me)(CO)3(dmb)],
this band was assigned to the lowest allowed dxz!p*(bpy)
MLCT transition.[4, 8, 26] However, recent CASSCF calcula-
tions on [Mn(R)(CO)3(H-dab)] and [Re(H)(CO)3(H-dab)]
suggest[20±22; 27] that significant mixing of characters occurs
between dxz!p* MLCT and s!p* SBLCT excitations in this
transition. Nevertheless, for simplicity, the Franck ± Condon
excited state is denoted here as 1MLCT. Similarly, other
relevant excited states are abbreviated to MLCT or SBLCT,
according to their respective predominant character at the
geometry of vertical excitation. It should be noted that, even
here, strong mixing between MLCT and SBLCT characters
occurs, the extent of which generally changes along the Re ± R
coordinate.[18, 21, 22, 27, 28]


Photochemistry and quantum yields : Previous studies[4, 8, 26]


have shown that irradiation of [Re(R)(CO)3(dmb)] (R�Me,
Et) in toluene, THF or CH2Cl2 produces [Re(S)(CO)3(dmb)] .


radicals according to Equation (1). These radicals were
detected[26] by EPR spectroscopy, either directly or as adducts
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with nitrosodurene or PPh3. The alkyl radicals (Me . or Et .)
were observed[8, 23, 24] by FT-EPR in toluene or 2-propanol
solutions. Irradiation of [Re(R)(CO)3(dmb)] at wavelengths
above 420 nm in CH2Cl2 affords [Re(Cl)(CO)3(dmb)] (re-
gardless of R), by reaction of the photoproduced
[Re(S)(CO)3(dmb)] . radicals with the CH2Cl2 solvent.
UV/Vis, IR, and 1H NMR spectra monitored in the course
of the reaction have demonstrated that it proceeds as a clean
conversion, [Re(Cl)(CO)3(dmb)] being the only rhenium-
containing product. Quantum yields were determined in
CH2Cl2 with a 488 nm Ar� laser line as the irradiation source.
Conversion was kept below 5%. UV/Vis spectra monitored
during quantum yield measurements showed a well developed
isosbestic point. No signs of any side reaction or decompo-
sition have been noticed. A striking difference in behavior
was found between the Me and Et complexes. The quantum
yield of the ReÿMe bond homolysis in [Re(Me)(CO)3(dmb)]
is temperature-dependent; a value of 0.4 was determined at
293 K.[8, 26] However, a temperature-independent quantum
yield of approximately 1 was measured for [Re(Et)-
(CO)3(dmb)], in accordance with previous results.[26] Quan-
tum yields from toluene solutions[8] are very close to those
found from CH2Cl2.


Nanosecond time-resolved absorption spectra recorded in
toluene have been investigated in great detail.[8] We found
qualitatively identical nanosecond kinetics for solutions in
CH2Cl2, the solvent used in our ultrafast studies. Correspond-
ing nanosecond absorption spectra are shown in Figures 2 and 3,


Figure 2. Transient difference absorption spectra of [Re(Et)(CO)3(dmb)]
in CH2Cl2. Top: spectra measured at time delays of 5, 50, 100, 200, and
700 ps, respectively, in the direction of the arrow, after 400 nm, 250 fs
FWHM excitation, with a magic angle orientation of the polarization
directions of the excitation and probe pulses. Bottom: nanosecond
spectrum measured at 10 ns after 355 nm, 7 ns FWHM excitation. Dotted
curve, ground-state absorption spectrum.


Figure 3. Transient difference absorption spectra of [Re(Me)(CO)3(dmb)]
in CH2Cl2. Top: spectrum measured at 5 ps after 400 nm, 250 fs FWHM
excitation, with a magic angle orientation of the polarization directions of
the excitation and probe pulses. Bottom: nanosecond spectra measured
after 355 nm, 7 ns FWHM excitation. First spectrum at 10 ns; interval
between following measurements 10 ns. Dotted curve, ground-state
absorption spectrum.


bottom panel. Excitation of [Re(Et)(CO)3(dmb)] produces a
long-lived transient with an absorption maximum at approx-
imately 500 nm (Figure 2), while a weak, unresolved absorp-
tion extends over the whole visible region above 800 nm. This
transient spectrum is characteristic[4, 8] of the [Re(S)-
(CO)3(dmb)] . radical. This assignment was based[8] on an
independent identification of [Re(S)(CO)3(dmb)] . as the
primary photoproduct by time-resolved IR (TRIR)[8] and
EPR spectroscopy[8, 26] and on comparison with the absorption
spectrum of [Re(Cl)(CO)3(dmb)] .ÿ , which (at 198 K) shows a
strong absorption band at 512 nm with a shoulder at
483 nm.[29] Moreover, nanosecond laser flash photolysis of
several complexes [Re(R)(CO)3(dmb)] (R�Me, Et, iPr,
benzyl) gives the same transient, at approximately 500 nm,
independent of R.[4, 8]


By contrast, two transients were observed (Figure 3) for
[Re(Me)(CO)3(dmb)]: a long-lived one at approximately
500 nm, belonging to the [Re(S)(CO)3(dmb)] . radical, and a
decaying one, absorbing at about 530 nm, which was as-
signed[8] to an unreactive 3MLCT state, with some admixed
3SBLCT character.[8, 22] Moreover, a weak, unresolved ab-
sorption, apparently due to both transients, extends toward
long wavelengths. The assignment of the 530 nm transient to
the 3MLCT excited state was substantiated[8] by its character-
istic TRIR spectrum and by identical absorption and emission
decay lifetimes. Previously measured[8] time-resolved IR
spectra have proven decisively that this state is not a precursor
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to radical formation. By changing the solvent from toluene to
CH2Cl2, the 3MLCT lifetime of [Re(Me)(CO)3(dmb)] is
decreased from 40 to approximately 35 ns, whereas the
lifetime of [Re(S)(CO)3(dmb)] . radicals is shortened from 7
to 5 ms.[8] All of the transients observed for both methyl and
ethyl complexes were fully formed within the 7 ns laser pulse
excitation, suggesting that they result from ultrafast excited-
state processes.


Ultrafast dynamics of [Re(Me)(CO)3(dmb)]: Figure 3, top
panel, shows the time-resolved absorption spectrum of
[Re(Me)(CO)3(dmb)] recorded in CH2Cl2 at 5 ps after
400 nm laser pulse excitation. The shape and intensity of the
transient absorption do not change appreciably over the next
700 ps investigated. The spectrum at 5 ps shows the features
already identified[8] in the nanosecond spectra (Figure 3,
bottom panel). Thus, the apparent maxima at 510 and 535 nm
belong to the [Re(S)(CO)3(dmb)] . radical and the unreactive
3MLCT state, respectively. The feature at 535 nm is much
more pronounced at 5 ps than in the 10 ns spectrum, since the
excited-state population is not yet diminished by decay to the
ground state.


To obtain more detailed kinetic information, time profiles
of the transient absorbance were measured at selected probe
wavelengths. The rise of the transient absorption was followed
at 480, 520, 710, and 800 nm at 100 fs intervals after excitation.
Regardless of the probe wavelength, the kinetic profiles
(Figure 4, *) always followed the instrument rise function
(Figure 4, broken curve). This shows that the [Re-
(S)(CO)3(dmb)] . radical and the unreactive 3MLCT state
are formed concurrently, by branching of the evolution of
the Franck ± Condon excited state. The branching time is
X400 fs. Once formed, the transient absorbance does not
change on the time scale of the experiment (usually 500 ps)
(Figure 5). This behavior is consistent with the very long


Figure 5. Kinetic profiles of the difference transient absorbance of
[Re(Me)(CO)3(dmb)] in CH2Cl2 following 400 nm laser pulse excitation;
&: probed at 530 nm with perpendicular polarization; *: probed at 480 nm
with magic angle polarization; � : probed at 800 nm with parallel polar-
ization. The kinetic profiles measured at probe wavelengths of 435, 495,
520, 555, 665, and 710 nm were virtually identical to those shown.


lifetimes of the primary photoproducts, [Re(S)(CO)3(dmb)] .


(5 ms) and the unreactive 3MLCT state (35 ns). Transient
kinetics at 480 and 530 nm in CH3CN solution were identical
to those in CH2Cl2.


Kinetic profiles of the transient absorption measured at
probe wavelengths of 530 nm or higher are independent
of the relative orientation of the polarization directions
of the excitation and probe laser pulses, that is, parallel,
perpendicular, or magic angle (54.78). On the other hand,


the kinetics probed below
530 nmÐthat is, in the spectral
region of ground-state [Re-
(Me)(CO)3(dmb)] absorp-
tionÐare markedly polariza-
tion-dependent: perpendicular
or magic angle polarization ori-
entations give the same results
as those shown in Figure 5 for
longer probe wavelengths. (See,
for example, the 480 nm profile
probed with a magic angle
orientation (Figure 5)). Howev-
er, different behavior was
found when probe pulses of
a wavelength shorter than
530 nm were polarized parallel
to the polarization direction of
the excitation pulses (Figure 6).
The usual sharp, instrument-
limited rise of transient absorp-
tion is now followed by an
additional single-exponential
absorbance rise with a time


Figure 4. Kinetic profiles of the fast rise of the [Re(R)(CO)3(dmb)] (R�Me, Et) transient absorption, measured
in CH2Cl2 solution after 400 nm laser pulse excitation with a parallel orientation of the polarization directions of
the excitation and probe pulses. Dotted curve: integrated instrument response function determined[32] with
[Ru(bpy)3]2� in CH3CN (see Experimental section); *: experimental data for [Re(Me)(CO)3(dmb)], probed at
480 nm; *: experimental data for [Re(Et)(CO)3(dmb)], probed at 495 nm; full curve: an 800 fs exponential rise
convoluted with a 600 fs gaussian instrument function.
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Figure 6. Kinetic profiles of the difference transient absorbance of
[Re(R)(CO)3(dmb)] (R�Me, Et) in CH2Cl2 probed at 435 nm, obtained
with a parallel orientation of polarization directions of excitation and probe
pulses, after excitation at 400 nm. The two kinetic profiles are offset
vertically, for clarity; *: [Re(Me)(CO)3(dmb)]; *: [Re(Et)(CO)3(dmb)].


constant of 28� 4 ps. This slow rise is absent for perpendicular
or magic angle orientations. This behavior can be explained by
the simultaneous presence of a constant, positive transient
absorption, formed within the instrumental time resolution
limit, and recovery of a negative bleached ground-state
absorption due to the reorientation of the unexcited ground-
state [Re(Me)(CO)3(dmb)] molecules. Since the ground-state
absorption of [Re(Me)(CO)3(dmb)] is strongly polarized,
excitation causes a selective depletion of those [Re(Me)-
(CO)3(dmb)] molecules whose x axis (the C2 symmetry axis of
the Re(dmb) chromophore; Figure 1) is oriented parallel to
the polarization direction of the excitation laser pulse. A
probe beam polarized parallel to the excitation pulse is not
absorbed by the remaining [Re(Me)(CO)3(dmb)] molecules
of different orientations and hence a negative absorption
signal arises immediately after excitation. Its overlap with a
stronger absorption due to the photoproduced species results
in a net positive transient absorption. On a longer time scale,
reorientation of ground-state [Re(Me)(CO)3(dmb)] mole-
cules replenishes the population of the parallel oriented
molecules with a reorientation time constant of 28 ps. Thus,
the bleached absorption recovers and the total signal in-
creases. This effect is absent if the polarization of the probe
beam is perpendicular to that of the excitation pulse, because
the probe beam is absorbed by the remaining unexcited
[Re(Me)(CO)3(dmb)] molecules and does not detect the
orientation-dependent hole in the ground-state population.
All anisotropic effects vanish when a magic angle orientation
is used. Consistent with the above explanation, no polar-
ization effects were observed at probe wavelengths longer
than 530 nm, which are not absorbed by ground-state
[Re(Me)(CO)3(dmb)] (Figure 5).


Ultrafast dynamics of [Re(Et)(CO)3(dmb)]: Although quan-
tum yield measurements and nanosecond spectroscopy in-
dicate simple and efficient bond homolysis for [Re(Et)-


(CO)3(dmb)], a rather complex mechanism was found in the
femto- and picosecond time domains. Time-resolved absorp-
tion spectra of [Re(Et)(CO)3(dmb)] in CH2Cl2 over a time
interval of 5 ± 700 ps following a 400 nm excitation are shown
in Figure 2 (top panel). Surprisingly, the spectrum at 5 ps
shows two apparent maxima, at approximately 505 and
530 nm. Moreover, a weak, unresolved absorption extends
toward longer wavelengths, up to 700 ± 800 nm (not shown).
The band at 530 nm decays over the next 700 ps, leaving only
the 505 nm absorption band which corresponds to [Re(S)-
(CO)3(dmb)] . , identified from the nanosecond spectra (vide
supra). The 530 nm feature in the 5 ps spectrum of [Re(Et)-
(CO)3(dmb)] is very similar to that found in the time-resolved
spectra of the methyl complex over the 5 ps ± 10 ns time
interval; compare Figures 2 (top panel) and 3 (bottom panel).
From this similarity, we conclude that the short-lived 530 nm
feature belongs to the 3MLCT excited state of [Re(Et)-
(CO)3(dmb)], which apparently has the same character as
that of the methyl species. The simultaneous appearance of
the 505 and 530 nm bands indicates that the radical and the
3MLCT excited state are formed together, in a single, sub-
picosecond branching process. However, the fact that the
quantum yield of radical formation from [Re(Et)(CO)3-
(dmb)] is unity implies that the 3MLCT excited state is
ultimately converted into the radical products, instead of
decaying to the ground state. This provides a second, slower,
photochemical pathway.[*]


To obtain more quantitative information on the processes
involved in Re ± Et bond homolysis, transient absorbance
kinetic profiles were measured at selected probe wavelengths.
Unlike the methyl complex, the rise of the transient absorp-
tion of [Re(Et)(CO)3(dmb)] is slower than the instrument rise
time at all the probe wavelengths examined, that is, at 495,
710, and 800 nm (Figure 4, *). Deconvolution of the signal
rise from the Gaussian instrument response function allows us
to estimate the transient rise time as 800 fs or slightly shorter,
most probably in the 600 ± 800 fs range. These formation
dynamics are attributed to ReÿEt bond homolysis via the
3SBLCT state, concurrent with the population of the 3MLCT
state.


On a longer time scale, the transient absorbance at 495 or
530 nm decays partially, with a lifetime of 213� 28 ps in
CH2Cl2 or 83� 15 ps in CH3CN (Figure 7). The decay leaves a
net positive transient absorption that is constant over the time
interval investigated (900 ps). The decay corresponds to the
conversion of the 3MLCT state to the radical product, as seen
in the time-resolved spectra (Figure 2). The remaining, long-
lived, constant absorption is due to the [Re(S)(CO)3(dmb)] .


radical, which absorbs weakly throughout the visible spectral
region. The absorbance probed at 710 and 800 nm does not
change with time on a picosecond scale after excitation. The


[*] The expected increase in the absorbance at 505 nm, concurrently with
the decay of the 535 nm transient, is not apparent in the spectra shown
in Figure 2 (top panel), because the two bands overlap, the weaker
505 nm band being essentially embedded in the strong, broad band of
the 3MLCT excited state. The transient absorption also overlaps with
the region of bleached ground-state absorption, which further distorts
the band shape. Moreover, the instrument signal was very low, close to
the detection limit.
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Figure 7. Kinetic profiles of the difference absorbance of [Re(Et)-
(CO)3(dmb)] in CH2Cl2 following 400 nm laser pulse excitation with
parallel orientation of the polarization directions; *: probed at 530 nm; *:
probed at 710 nm. The kinetic profile measured at 495 nm with a
perpendicular or magic angle polarization orientation was the same as
that shown for 530 nm. The profile obtained at 800 nm corresponded to
that shown for 710 nm.


[Re(S)(CO)3(dmb)] . radical and the 3MLCT state absorb
almost equally at these wavelengths as they both possess the
same chromophore: dmb .ÿ . This is also the case for the
absorptions at 430 and 450 nm; at 430 nm the absorbance time
profiles are nearly constant and at 450 nm they decay with a
very small amplitude. ([M(S)(CO)3(a-diimine)] . radicals can
be formulated as [MI(S)(CO)3(a-diimine .ÿ)] (M�Mn, Re, a-
diimine� bpy, phen, PyCa or dab-type ligands); this follows
from EPR studies,[26, 30, 31] and is further supported[29] by the
close similarity between the absorption spectra of [Re(Cl)-
(CO)3(dmb)] .ÿ and free dmb .ÿ .)


Time profiles with a parallel polarization orientation of the
excitation and probe laser pulses at 430, 450 nm and, to a
much smaller extent, 495 nm
show a slow rise (Figure 6) due
to the reorientation of the
ground-state [Re(Et)(CO)3-
(dmb)] molecules, analogous
to that described above for the
methyl complex. A reorienta-
tion time of 21� 3 ps was de-
termined. This slow rise of the
transient absorbance is absent
from the time profiles meas-
ured with perpendicular or
magic angle polarization orien-
tations, or at longer probe
wavelengths regardless of the
polarization orientation.


Excited-state dynamics and
mechanism of Re ± alkyl bond
homolysis : The ultrafast spec-
troscopy reported here reveals


that the ReÿMe bond in [Re(Me)(CO)3(dmb)] is split photo-
chemically in a single, ultrafast process whereas the homolysis
of the ReÿEt bond in [Re(Et)(CO)3(dmb)] follows two
routes: a prompt one, and a delayed pathway via an
intervening excited state. Nevertheless, the primary photo-
chemical step is the same for both complexes: regardless of
the alkyl group R, the evolution of the optically prepared
Franck ± Condon state undergoes ultrafast branching between
radical formation and population of a bound 3MLCT excited
state. The main difference between the ethyl and methyl
complexes, which is responsible for their differing photo-
chemistry and dynamics over the whole femto- to nanosecond
time domain, lies in the behavior of this 3MLCT state. It is
long-lived and unreactive for [Re(Me)(CO)3(dmb)], but
short-lived for [Re(Et)(CO)3(dmb)], ultimately decaying to
radicals. The structural similarity between the two complexes
and their nearly identical excited-state absorption spectra
(Figures 2, 3) point to the same 3MLCT character of this
bound excited state for both R�Me and R�Et. Hence, a
changing excited-state character cannot justify the entirely
different dynamic behavior. Instead, the almost 200-fold drop
in the 3MLCT lifetime between the methyl and ethyl
complexes is attributed to the different energy ordering of
the reactive 3SBLCT and bound 3MLCT excited states. For
R�Me, the 3MLCT is the lowest excited state, whose only
option is to decay to the ground state. In contrast, for the ethyl
complex the 3SBLCT reactive state is the lowest excited state
of the molecule. Hence, the 3MLCT state decays into the
reactive 3SBLCT state, providing a second, delayed pathway
to the radical products.


Idealized qualitative potential energy curves along the Re ±
alkyl coordinate depict the excited-state dynamics of both
complexes in Figure 8. The diagrams for [Re(Me)-
(CO)3(dmb)] and [Re(Et)(CO)3(dmb)] are based on those
calculated for [Mn(H)(CO)3(H-dab)] and [Mn(Et)(CO)3(H-
dab)], respectively.[17, 18, 20, 21, 27] These two model molecules
represent alkyl ± diimine complexes with high- and low-lying


Figure 8. Qualitative excited-state potential energy curves and excited-state dynamics of [Re(R)(CO)3(dmb)].
The abbreviations MLCT and SBLCT signify the predominant excited-state character at the geometry of vertical
excitation. Nevertheless, even here a strong mixing of MLCT and SBLCT characters occurs.[18, 21, 22, 27, 28]
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SBLCT states, respectively. Account is taken of differences in
the electronic structures of Me and Et complexes,[22] the
strongly mixed excited-state characters established for Re
complexes,[20±22, 28] and the triplet spin multiplicity of the
reactive SBLCT excited state as revealed both by calculations
and FT-EPR studies.


Optical excitation of [Re(Me)(CO)3(dmb)] prepares the
1MLCT Franck ± Condon excited state, which, at the geometry
of vertical excitation, lies below the reactive 3SBLCT state
and its singlet counterpart. Further along the Re ± Me
coordinate, the potential energy curve of the optically
populated 1MLCT state enters avoided crossings with the
1SBLCT state and with the corresponding reactive 3SBLCT
triplet state. The latter avoided crossing is made possible by
the spin ± orbit coupling that is known to be especially strong
between MLCT and SBLCT states of different spin multi-
plicities[25, 27, 28] and can be as large as 500 cmÿ1 in the case of
Re complexes.[25, 28] These avoided crossings create a barrier
on the potential energy curve of the optically populated state;
beyond this barrier, the excited state acquires a dissociative
3SBLCT character and evolves smoothly into the radical
products, through another avoided crossing, this time with a
low-lying, unreactive 3MLCT state.


This model accounts for many experimental observations.
The wavepacket promoted to the 1MLCT Franck ± Condon
state either evolves along the Re ± Me coordinate, over the
barrier, toward the radical products, or it relaxes to the low-
lying 3MLCT state by prompt intersystem crossing. This
branching occurs within 400 fs after excitation. The efficiency
of the reactive channel population determines the photo-
chemical quantum yield, which is 0.4 at 293 K.[8] Hence the
branching ratio at 293 K is 0.4/0.6� 0.67. Clear evidence for
the presence of an energy barrier on the reactive pathway is
provided by an Arrhenius-type decrease of the quantum yield
of radical formation with temperature (apparent activation
energy 1560 cmÿ1).[8] The bound 3MLCT state lies deep below
the reactive state and acts as an excitation energy trap. Once
populated, it undergoes only nonradiative and radiative decay
to the ground state. In accordance with this mechanistic
model, no radical formation was observed in a low-temper-
ature glass at 123 K, whereas the unreactive 3MLCT state is
still amply populated, making [Re(Me)(CO)3(dmb)] strongly
emissive at low temperatures.[8, 26]


For [Re(Et)(CO)3(dmb)], the dissociative 3SBLCT state is
the lowest excited state of the molecule everywhere along the
Re ± Et reaction coordinate. Strong coupling and intersystem
crossing between 1MLCT, 3SBLCT, and 3MLCT states occurs
in the region of vertical excitation, very early on the reaction
coordinate (Figure 8). Following optical excitation into the
1MLCT excited state, branching takes place between popula-
tion of the reactive 3SBLCT and of the bound 3MLCT excited
states. Once the dissociative 3SBLCT state is populated,
ReÿEt bond homolysis proceeds and radicals are formed. The
branching time (600 ± 800 fs) is somewhat longer than in the
case of the methyl complex (�400 fs), presumably because of
the difference in the ordering and potential energy curve
shapes of the relevant states. This now requires the
1MLCT!3SBLCT intersystem crossing to follow a tunneling
mechanism, which resembles Marcus inverted behavior (see


Figure 8). The bound 3MLCT state, populated concurrently
with radical formation, is not inherently reactive. However,
since the dissociative 3SBLCT potential energy surface lies
immediately below the 3MLCT state, the latter eventually
decays onto the reactive 3SBLCT surface, on which radicals
are formed. The bound 3MLCT state does not act as a
trapping state per se in the ethyl complex, since its population
does not prevent, but only delays, the Re ± Et homolysis to the
radicals. The experimentally measured lifetime of the excited
state (213 ps in CH2Cl2; 83 ps in CH3CN) is determined by the
rate of conversion of the 3MLCT to the 3SBLCT state. The
ordering of the excited states of [Re(Et)(CO)3(dmb)] does
not give rise to any energy barriers. Accordingly, the photo-
chemical quantum yield of Re ± Et bond homolysis is inde-
pendent of the temperature. Radicals are formed from
[Re(Et)(CO)3(dmb)], even in a low-temperature glass at
123 K, but no emission occurs because of the absence of any
low-lying trapping state.[8, 26] The great difference in the
photochemical and photophysical behavior of the methyl and
ethyl complexes in low-temperature glasses strongly supports
the mechanistic models developed above.


The proposed difference in ordering of the Franck ± Con-
don 1MLCT, reactive 3SBLCT, and bound 3MLCT states in
[Re(Me)(CO)3(dmb)] and [Re(Et)(CO)3(dmb)] is fully in
line with the results of recent CASSCF/MR-CCI calculations
on model [Mn(R)(CO)3(H-dab)] complexes (R�H, Me,
Et,[22] which have revealed that, on going from Me to Et, the
1SBLCT state decreases in energy relative to 1MLCTwhile the
energy difference between corresponding triplets diminishes.
These differences were attributed to the fact that MnÿEt is a
weaker and less polar bond than MnÿMe. In another
theoretical study, the lowest triplet excited state of [Mn(Et)-
(CO)3(H-dab)] was indeed calculated to be dissociative along
the Mn ± Et coordinate whereas the upper one is bound.[27]


The situation is reversed for [Mn(H)(CO)3(H-
dab)].[17, 18, 20, 21, 27] Again in agreement with present experi-
mental data, the correlation diagram calculated for [Mn(Et)-
(CO)3(H-dab)] reveals a smooth, barrierless correlation
between the lowest excited triplet state and the radical
products.[20] However, a state crossing, which creates an
energy barrier, appears in correlation diagrams of [Mn(Me)-
(CO)3(H-dab)] and [Mn(H)(CO)3(H-dab)].[20]


However well the excited-state potential energy surfaces
account for the experimentally determined excited-state
dynamics and mechanism of the Re ± alkyl bond homolysis
in [Re(R)(CO)3(dmb)], some issues remain open. Firstly, it is
the role of the large spin ± orbit coupling of the Re atoms
which will not only guarantee fast intersystem crossing, but
also lift the degeneracy of triplet excited states by up to
1200 cmÿ1.[25] Individual spin sublevels of the 3SBLCT can
differ in reactivity, as was indicated by FT-EPR experiments
on [Re(R)(CO)3(dmb)].[8, 23, 24] Secondly, the nature of the
diimine ligand plays a very important role. Unlike [Re(Et)-
(CO)3(dmb)], the 3SBLCT state in [Re(R)(CO)3(iPr-dab)]
(R�Et, benzyl) appears to be bound in hydrocarbon
solutions, where radicals are produced on a time scale of tens
to hundreds of nanoseconds.[5±7] Thirdly, the solvent has a
large influence, since the Re ± R homolysis in [Re-
(R)(CO)3(iPr-dab)] is more than 105 times faster in THF or
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CH3CN than in hydrocarbon solvents.[6, 7] The energy ordering
and shape of potential energy curves of excited states of
[Re(R)(CO)3(a-diimine)] complexes are clearly very sensi-
tive to variations in the alkyl and a-diimine ligands as well as
to changes of the medium in a way which warrants further
investigation.


Conclusions


The kinetics, mechanism, and quantum yield of Re ± alkyl
bond homolysis in alkyl ± diimine complexes [Re-
(R)(CO)3(dmb)] (R�Me, Et) are strongly dependent on
the relative positions of the Franck ± Condon 1MLCT, reactive
3SBLCT and bound 3MLCT excited states, both in the region
of vertical excitation and along the Re ± alkyl reaction
coordinate. The degree of coupling between these states also
has a very important influence.


The primary photochemical step is similar for both
complexes (R�Me or Et): branching of the evolution of
the optically prepared 1MLCT state between homolysis via
the reactive 3SBLCT state and population of a bound,
inherently unreactive, 3MLCT excited state. Provided that
the reactive 3SBLCT excited state lies above the Franck ±
Condon state (R�Me), an energy barrier can develop on
the reactive pathway, leading to temperature-dependent
photochemistry.


Later stages of the excited-state dynamics of [Re-
(R)(CO)3(dmb)] (R�Me, Et) depend on the relative energy
position of the two lowest triplet states, namely the reactive
3SBLCT and bound 3MLCT excited states. If the bound
3MLCT state is the lowest excited state of the molecule, it acts
as an excitation energy trap, as was found for [Re(Me)-
(CO)3(dmb)]. In this situation the quantum yield is deter-
mined by the efficiency of the primary step, that is, of the
branching between population of reactive and relaxation
channels from the optically prepared Franck ± Condon state.
Such a molecule is expected to show emission, especially at
low temperatures. However, if the bound state lies above the
reactive one, as for [Re(Et)(CO)3(dmb)], its population
provides another, delayed, reactive pathway and the homo-
lysis quantum yield is close to unity, regardless of the initial
branching ratio. The organometallic molecule is then not
emissive, but remains highly photoreactive even at low
temperatures.


Branching of the Franck ± Condon state between reactive
and trapping excited states appears to be a general feature of
the early excited-state dynamics of photoreactive organo-
metallic complexes, observed,[32, 33] for example, for [Cr(CO)4-
(bpy)] or [Cp*M(CO)2] (M� Ir, Rh).


Experimental Section


The complexes [Re(R)(CO)3(dmb)] (R�Me, Et) were prepared and
characterized according to a literature procedure.[26] Spectroscopic-grade
solvents were obtained from Aldrich and degassed by bubbling with high-
purity argon.


The quantum yield of the photoreaction of [Re(Et)(CO)3(dmb)] was
measured in toluene by a procedure described previously.[8] Samples were
irradiated with a 488 nm Ar� laser line. Typical incident light intensities


were in the range (8 ± 13)� 10ÿ9 einsteinsÿ1. Several experiments afforded
quantum yield values in the range 1.1 ± 1.2 which, given the difficulties with
measurements of high quantum yields, approximates to 1. The quantum
yield is independent of temperature in the range examined (253 ± 293 K).
Previous measurements[26] in CH2Cl2 gave a value of 1.


Nanosecond measurements were performed on an instrument described
previously. [8] Sample solutions were excited at 355 nm by 7 ns laser pulses
(FWHM) obtained by frequency tripling the 1064 nm output of a Spectra
Physics GCR-3 Nd:YAG laser operating at 10 Hz. Transient absorption was
recorded for a perpendicular beam geometry with an EG & G FX-504 high-
power Xe lamp. Transient spectra were obtained with an Acton Spectropro
150 s imaging spectrograph and an ICCD-576EMG/RB detector. The
sample solution, absorbance 0.6, was flowed through a 1 cm pathlength cell.


Ultrafast spectroscopic experiments were carried out on flowing, degassed
solutions whose absorbance at the excitation wavelength was in the range
0.6 ± 1.0. The solution was kept in the dark during measurements and
continuously degassed with argon. Measurements were complicated by
sample photodecomposition on the cell surface which reduced the signal-
to-noise ratio and severely limited the accuracy of lifetime determinations.
To minimize this effect, the excitation laser beam had to be slightly
defocused and/or its intensity diminished with a gray filter, optical density
0.5 ± 0.9. Net sample photodecomposition during the measurements was
found by UV/Vis absorption spectroscopy to be negligible. The pump-
probe, femtosecond, time-resolved spectroscopy setup has been described
in great detail elsewhere.[32, 34±36] The sample was excited by means of the
400 nm second harmonics of a Spectra Physics Tsunami titanium ± sapphire
regenerative amplifier operating at a repetition rate of approximately
1 kHz, producing pulses of approximately 250 fs (FWHM). Pulse energy
was in the range 1 ± 3 mJ. The white light continuum probe beam was
generated by passing the Ti:sapphire fundamental through a cell containing
flowing D2O. The delay between the excitation and probe pulses was
controlled by an optical delay line. Diode array detection involved dividing
the probe pulse into two parts, of which one was sent through the sample
before dispersing it onto a 512-pixel diode array, and the other was
dispersed directly onto a reference array, bypassing the sample. Alternate
laser excitation pulses were blocked by means of a mechanical chopper.
Data were collected from these diode arrays over 20 s periods for each time
delay. To reduce systematic errors due to sample degradation, long-term
laser power changes, and suchlike, measurements at individual delay times
were repeated 10 times in a random order. The data were processed to give
difference absorption spectra (that is, the spectrum after excitation minus
the spectrum before excitation). Kinetic profiles at single wavelengths were
measured by means of probe pulses obtained by selecting a portion of the
white light continuum with 10 nm bandpass interference filters. Kinetic
traces at 800 nm were monitored by using the fundamental pulses of the
regenerative amplifier as the probe beam. The excitation beam was
chopped mechanically at a frequency of approximately 200 Hz. The
intensities of the sample and reference probe beams were monitored with
two photodiodes. An analogue ratio of the photodiode signals was fed into
a lock-in amplifier. Signals were accumulated for 5 s at each delay time and
the whole measurement was repeated at least 10 times, again in a random
order of delay times. The data were processed to give the difference
between the sample absorbance measured with and without laser excitation
(DAbsorbance) as a function of the delay time.


The time resolution of the instrument was estimated[32] with [Ru(bpy)3]2� in
acetonitrile solution. The rise in transient absorption of [Ru(bpy)3]2�


(Figure 4) was assumed to be coincident with the integrated instrument
response function. The instrument rise time was estimated to be 600 fs or
better. Computer simulations using a 600 fs gaussian response function
convoluted with various exponentially rising signals indicate that rise times
of 400 fs and longer can be detected confidently with the current
experimental setup.


Experimental kinetic profiles were fitted with Microcal Origin version 5.0
software. The femtosecond rise observed for [Re(Et)(CO)3(dmb)] was
fitted to a function of the convoluted exponential rise and gaussian
instrument response function of a fixed 600 fs FWHM. Fastfit software
(University of York, UK) was used. Alternatively, the experimental data
were compared with results of computer simulations of various formation
kinetics convoluted with the instrument response function, using purpose-
written software.
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Spin ± Spin Coupling Tensors in Fluoromethanes


Perttu Lantto, Jaakko Kaski, Juha Vaara, and Jukka Jokisaari*[a]


Abstract: All spin ± spin coupling ten-
sors J of the fluoromethanes CH3F,
CH2F2, and CHF3 are obtained theoret-
ically by multiconfiguration self-consis-
tent field linear response (MCSCF LR)
ab initio calculations. Furthermore the
principal values and the orientation of
the principal axis systems of each theo-
retical J tensor are specified. Experi-
mental liquid crystal NMR (LC NMR)
data on the tensorial properties of the
CF spin ± spin coupling in CH3F and
CH2F2, and the FF spin ± spin coupling
in CHF3 are also reported. In the
analysis of the experiments, the contri-
butions from molecular vibrations, as
well as that of the correlation of vibra-
tional and rotational motion to the
experimental anisotropic couplings,
Dexp, are taken into account. The infor-
mation of the anisotropic indirect cou-


pling, 1�2Janiso, is detected as the differ-
ence between Dexp and the calculated
dipolar coupling, Dcalc. The extracted
indirect contributions, 1�2Janiso, are in fair
agreement with the ab initio results. All
relative (experimental and theoretical)
CF and FF indirect contributions, 1�2Janiso/
Dexp, are negative and under 1.7 % in
magnitude, when the observed molec-
ular orientations are used. Therefore, in
the one bond CF couplings and in the
two bond FF couplings, the indirect
contribution can normally be ignored
without introducing serious error to the
determination of molecular orientation


and/or structure. However, a more ac-
curate method is to partially correct for
the indirect contribution by utilising the
transferability of the spin ± spin coupling
tensors in related molecules. This is due
to the fact that even small contributions
may be significant, if the order param-
eter of the internuclear direction is
negligibly small, leading to dominating
indirect contributions. The very good
agreement of the experimental values
with the calculated coupling constants
and the reasonable agreement in the
anisotropic properties, which are exper-
imentally much more difficult to define,
indicates that the MCSCF LR method is
capable of producing reliable J tensors
for these systems, contrary to the case of
density-functional theory.


Keywords: ab initio calculations ´
fluoromethanes ´ liquid crystals ´
NMR spectroscopy ´ spin ± spin cou-
plings


Introduction


In nuclear magnetic resonance (NMR) experiments per-
formed in anisotropic liquid crystal (LC) phases or in the solid
state, a contribution J aniso


ij due to the anisotropic indirect
nuclear spin ± spin coupling tensor Jij appears combined with
the direct dipolar coupling, Dij, in the observable D exp


ij


coupling between the nuclei i and j.[1] As information on the
molecular structure and orientation of the internuclear rij


vectors with respect to the magnetic field of the spectrometer
is included in the Dij couplings, the J aniso


ij contribution should
be small or known, when accurate structural or orientational
data are wanted. For example, the recently introduced
method of obtaining the direct 13C ± 13C couplings at natural
abundance for LC molecules using two-dimensional double-
quantum experiments relies on the smallness of the J aniso


ij


contribution.[2] For the carbon ± carbon couplings, J aniso
CC has


been shown to be negligible regardless of the hybridisation of
the carbon atoms.[3, 4] For the 1H ± 1H and 13C ± 1H couplings
the same has been known to hold for already a long time.[1]


Recent LC NMR experiments and ab initio calculations
indicate non-negligible contributions to 5D exp


FF and several
types of D exp


CF couplings in para-difluorobenzene.[5] An exper-
imental study for the coupling anisotropy, D1JCF, in CH3F by
applying solid-state NMR, gave only a coarse estimate for the
quantity, because the information is masked by the broad lines
of the spectrum.[6]


19F is an important spin-1�2 NMR nucleus due to its 100 %
natural abundance and high sensitivity, which make it easy to
observe. Similarly to hydrogen, it is singly bonded in
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molecules, which enables these two atoms to be exchanged.
The 13C ± 19F and 19F ± 19F dipolar couplings are easily resolved
by 1H irradiation. This is a frequently used method in case of
large molecules, for which the 1H spectra are too complicated
to be analyzed.[7, 8] However, J aniso


ij is likely to be bigger in
couplings involving fluorine than in the proton couplings, due
to more complicated electronic structure of the former.[1] At
the same time, electronic structure calculations are signifi-
cantly more demanding for fluorine-containing molecules
than for simple hydrocarbons.


CH3F is frequently investigated with the LC NMR meth-
od.[9±11] In the determination of dipolar couplings, the knowl-
edge of the significance of using an accurate molecular
geometry of the right type, appropriate liquid crystal solvents
in the determination of dipolar couplings, vibrational correc-
tions,[12, 13] and a model that takes into account the effects
arising from orientation-dependent deformation[14] of the
molecule, have made possible the accurate determination of J
tensors with LC NMR method.[15] In addition to this, CH3F
has been a subject for numerous theoretical investiga-
tions.[16±23] The coupling constants and especially the aniso-
tropies of J tensors are relatively far from the experimental


values in previous semi-empirical and coupled Hartree-Fock
(CHF) level studies. Modern ab initio methods take into
account all physical contributions to J tensor and the triplet
instability problem that occurs for some of the contributions,
can be avoided using correlated wave functions. It is also
possible to approach the basis set limit in these properties as
proper basis sets are accessible with present computing
facilities. These methodological developments allow one to
revisit the classic problem using state-of-the-art experimental
and theoretical methods. The trend in J aniso


ij in fluorine
couplings when the number of fluorine substituents increases
is a subject of additional interest.


To establish the significance of the anisotropic fluorine
spin ± spin couplings in simple model systems, this paper
reports multiconfiguration self-consistent field linear re-
sponse (MCSCF LR) ab initio calculations[24] of the spin ±
spin coupling tensors in the CHnF4ÿn (n� 1, 2, 3) series of
molecules. We put special emphasis on obtaining reliable
estimates for the JCF, JHF, and JFF tensors, which, as fluorine
has lone pairs, are known to be difficult for methods based on
density-functional theory (DFT).[20, 21] Furthermore, LC NMR
experiments were carried out by dissolving the molecules in
selected nematic solvents in order to obtain the experimental
information for comparison. In the latter process, the coupling
corrections corresponding to the harmonic and anharmonic
rovibrational motion as well as the deformational contribu-
tions arising from the correlation between vibrational and
reorientational motions, were taken into account.


Theory


The NMR spin Hamiltonian appropriate for spin-1�2 nuclei in
molecules partially oriented in uniaxial LC solvents can be
written in the high field approximation as


HÃ � ÿB0/2p
X


i


gi (1ÿsi)IÃi, z�
X


i<j


Jij IÃ i ´ JÃ j�
X


i<j


(Dij� 1�2Janiso
ij �(3IÃi, zIÃj, zÿ IÃ i ´ IÃ j) (1)


where B0 is the magnetic field of the spectrometer (in the z
direction of the laboratory-fixed frame), gi, IÃ i, and si are the
gyromagnetic ratio, dimensionless spin operator, and nuclear
shielding (sum of the isotropic and anisotropic contributions),
of nucleus i, respectively. The dipolar coupling Dij is defined as


Dij � ÿP2 (cosq)
m0�hgigj


8 p2


�
sD


ij


r 3
ij


�
(2)


where m0 and �h have their usual meanings, rij is the length of
the internuclear vector rij, and s D


ij is related to the order
parameter (see below) of rij with respect to LC director, n. P2


is the second-order Legendre polynomial, and q the angle
between B0 and n.


The experimentally observable anisotropic couplings can
be partitioned as


D exp
ij �Dij� 1�2J aniso


ij � D eq
ij �D h


ij�D ah
ij �D d


ij�1�2J aniso
ij (3)


where D eq
ij corresponds to the equilibrium geometry of the


molecule, and D h
ij and D ah


ij are the contributions from the
harmonic[12] and anharmonic[13] vibrations. D d


ij is the defor-


Abstract in Finnish: Fluorimetaanien CH3F, CH2F2 ja CH3F
spin ± spin ± kytkentätensorit J on määritetty teoreettisesti käyt-
täen multikonfigurationaalisen aaltofunktion lineaarista vas-
tetta (nk. MCSCF LR-menetelmää). Tensoreiden pääkompo-
nentit ja pääakselisysteemit ilmoitetaan. Raportoimme myös
nestekide-NMR-menetelmällä suoritettuja mittauksia C- ja
F-ytimien välisen kytkennän tensoriominaisuuksille mono- ja
difluorimetaaneissa, sekä F-ytimien välisen kytkennän vastaa-
via ominaisuuksia trifluorimetaanissa. Koetulosten käsittelyssä
on otettu huomioon molekyylin värähdysliikkeen sekä sen ja
rotaatioliikkeen kytkeytymisen vaikutus kokeellisiin aniso-
trooppisiin kytkentöihin Dexp. Epäsuoran anisotrooppisen
kytkennän 1�2Janiso vaikutus on määritetty kokeellisen ja lasketun
dipolikytkennän erotuksesta DexpÿDcalc. Tuloksena saatavat
epäsuorat kontribuutiot sopivat verrattain hyvin yhteen lasket-
tujen ab initio -tulosten kanssa. Kokeellisesti ja teoreettisesti
määritetyt CF- ja FF-kytkentöjen suhteelliset epäsuorat kont-
ribuutiot 1�2Janiso/Dexp ovat negatiivisia ja suuruudeltaan alle
1.7 %, kun käytetään hyväksi mitattuja orientaatioparametreja.
Siten yhden sidoksen CF- ja kahden sidoksen FF-kytkentöjen
tapauksissa epäsuoran kontribuution huomiotta jättäminen on
varsin pieni virhelähde molekyylin orientaation ja/tai raken-
teen määrityksessä. Tarkempi lähestymistapa on suorittaa
osittainen korjaus käyttämällä hyväksi tietoa samankaltaisten
molekyylien vastaavista spin ± spin ± kytkentätensoreista. Tämä
johtuu siitä, että pienetkin epäsuorat kontribuutiot voivat
dominoida tilanteessa, jossa ytimien välisen vektorin järjestys-
parametri lähestyy nollaa. Kokeellisten ja laskettujen kytken-
tävakioiden tapauksessa erinomainen jaÐkokeellisesti huo-
mattavasti vaikeampienÐanisotrooppisten ominaisuuksien ta-
pauksessa kohtuullisen hyvä yhteensopivuus osoittaa MCSCF
LR-menetelmän käyttökelpoisuuden kytkentätensorien laskus-
sa näille molekyyleille, vastoin tiheysfunktionaaliteorian käy-
töstä saatuja kokemuksia.
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mation contribution arising from the correlation between
molecular vibration and rotation.[14] The experimental 1�2J aniso


ij


is given by the difference between the experimental D exp
ij and


the calculated Dij � D eq
ij �D h


ij�D ah
ij �D d


ij couplings. For the
C2v symmetry (e.g., difluoromethane) it can be decomposed as


Janiso � 2�3P2(cosq)[DJ S D
zz�1�2(Jxxÿ Jyy)(S D


xxÿ S D
yy�] (4)


where z axis is parallel with the molecular symmetry axis. In
the case of C3 or higher symmetry point group (CH3F and
CHF3) only the anisotropy, DJ� Jzzÿ 1�2(Jxx�Jyy), contributes
to Equation (4).


S D
ab � hs D


abi � 1�2h3cosqa, n cosqb, nÿdabi (5)


In the Equation, S D
ab is the Saupe orientation tensor of the


molecule. The angular brackets denote time averaging, qa, n is
the angle between the director n of the LC phase and the a


axis of the molecule-fixed frame (x, y, z).
If the Dexp couplings are determined in a narrow temper-


ature range, they can be analyzed to a good accuracy based on
the same average molecular geometry, ra . However, when
performing experiments within a wide temperature range the
ra geometry appears slightly temperature-dependent and,
thus, the anharmonicity of the vibrational potential has to be
considered in analyzing the NMR spectra. The information on
the anisotropic properties of the J tensors is combined with
the molecular orientation tensor through Equation (4). Janiso


can be determined only if sufficient number of experimental
couplings with known Janiso is available to produce the
necessary orientation information for the Deq, Dh, Dah, and
Dd terms in Equation (3) of the interesting coupling. Each
adjustable parameter of the equilibrium geometry requires at
least one coupling. In addition, at least one coupling is needed
in order to determine the anisotropy, DAij, of the traceless
interaction tensors, Aij, for each type of chemical bond of the
molecule.[14] In the case of a strongly asymmetric Aij, another
coupling is required for the asymmetry parameter of the
tensor. In the present study we obtain information particularly
on the 1JCF and 2JFF tensors, and similar features of these
couplings in different molecules are discussed.


Using non-relativistic electronic structure theory, the spin ±
spin coupling tensor Jij is calculated as due to perturbations
caused by nuclear magnetic moments (proportional to nuclear
spins Ii). There are five different contributions arising from
the terms of the perturbation Hamiltonian[25] that are linear
both in Ii and Ij,


Jij � JDSO
ij �JPSO


ij �JSD
ij �JFC


ij �JSD=FC
ij (6)


The diamagnetic spin-orbit tensor (DSO) is a reference
state expectation value and thereby easy to calculate. The
paramagnetic spin ± orbit (PSO), spin ± dipole (SD), Fermi
contact (FC), and spin ± dipole/Fermi contact cross term (SD/
FC) tensors involve, in the Rayleigh ± Schrödinger perturba-
tion theory picture, sums over singlet (PSO) or triplet (SD,
FC, SD/FC) excited states.[1] In terms of the response
theory,[26] they can be expressed as linear response functions.
Usually the main contribution to the anisotropic parts of the


Jij tensor arises from the fully anisotropic SD/FC term, but the
PSO and SD contributions cannot generally be neglected. The
FC term is fully isotropic.


Besides that a reliable calculation of the SD, FC, and SD/FC
tensors requires a reference state that is stable against triplet
excitations, such as that provided by MCSCF or coupled
cluster (CC) wave functions, the one-particle basis set has to
be sufficiently flexible to enable good description of the
atomic core region due to the rÿ3 or even d(r) (Dirac delta
function) dependence of the relevant perturbation operators
on the distance r between nucleus and electron. Systematic
investigations of the rather stringent basis set requirements
posed by the calculations of the spin ± spin coupling were
reported recently.[27, 28] Using the MCSCF method, the active
space containing the correlated molecular orbitals (MOs)
must be large enough so that dynamical correlation effects are
sufficiently taken into account; a small active space typically
leads to an overshoot of the correlation effects, similarly as
observed in the second-order Mùller ± Plesset (MP2) pertur-
bation theory calculations of nuclear shieldings.[29] In the
realm of the MCSCF method, large restricted active space
(RAS) wave functions are required for remedy.


Calculations and Experiments


ab initio Calculations : MCSCF linear response calculations of the spin ±
spin coupling tensors, initially described by Vahtras et al. ,[24] were
performed applying the DALTON software.[30] We refer to the original
paper and a recent review[29] for details.


In this work we have used basis sets originally due to Huzinaga[31] and
further developed by Kutzelnigg and co-workers.[32] They are reasonably
well-converged for spin ± spin couplings, particularly when the size of the
set is taken into account.[27] These so-called HII and HIII basis sets are
shown in Table 1. Especially the HIII basis set is sufficient for good quality
spin ± spin couplings.


We have used two balanced RAS type wave functions for each molecule,
listed in Table 2. The active spaces were chosen by inspection of the MP2
natural orbital occupation numbers. The MP2 orbitals were used also as the
starting point of the optimisation of the MCSCF wave function.[34] Since all
the three molecules have only single bonds, no large static correlation
effects are expected (at the equilibrium geometry) and therefore one
anticipates little benefit from using multireference wave functions. Thus,
we allowed only single and double excitations from all the occupied (in the
SCF picture) valence molecular orbitals (MOs) to the virtual MOs.


We kept core MOs consisting of 1s atomic orbitals (AO) of carbon and
fluorine inactive in the calculations. Therefore, there were two, three, and
four inactive MOs in CH3F, CH2F2, and CHF3, respectively. For CH3F,
64.2 % and 94.5 % of all virtual MP2 particles were included in the MOs
contained in the active space of RAS-I and RAS-II calculations,
respectively. The RAS-I calculation was performed using both HII and
HIII basis sets to monitor the basis set convergence. All (small) SD
contributions, except for 1JCH, were carried over to the RAS-I/HIII


Table 1. Basis sets used in the MCSCF calculations.[a]


Basis Element Gaussian functions


HII H [5s1p/3s1p]
C,F [9s5p1d/5s4p1d]


HIII H [6s2p/4s2p]
C,F [11s7p2d/7s6p1d]


[a] Spherical Gaussians are used throughout. Only the innermost primi-
tives of a given type are contracted.
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calculation from the RAS-I/HII calculation; the SD contribution to 1JCH


was obtained from RAS-I/HIII calculation. The RAS-II calculation was
performed with the HIII basis set to obtain reliable spin ± spin coupling
tensors.


The active spaces of the RAS-I and RAS-II calculations for CH2F2 contain
68.0 % and 94.5 % of the virtual MP2 particles, respectively. The use of
basis sets was similar to the case of CH3F. The SD contributions to all
couplings were calculated in RAS-I level with the HII basis set.


Due to the number of the heavier atoms, the electronic structure of CHF3 is
complicated and the MP2 particles are distributed to several virtual
orbitals, which made it more difficult than in the previous cases to find a
large balanced active space. The RAS-I calculation employs an active space
containing 69.7 % of the virtual MP2 particles, while in RAS-II we utilise an
active space that recovers 90.9 % of the MP2 particles. Similar monitoring
of the basis set convergence as in previous cases was not possible for CHF3,
since the active space in RAS-II increased the computational effort
considerably. This forced us to apply the HIII basis set only for the
dominating contributions such as the FC and SD/FC terms. All contribu-
tions were calculated using both RAS-I and RAS-II active spaces for
CHF3.


Finally, we list the equilibrium geometries of the molecules used in the
calculations in Table 3. The geometry of difluoromethane (CH2F2) was
theoretically optimised using the QCISD method[38] with the 6-311G(d,p)
basis set in the Gaussian 94 program.[39]


NMR experiments : Gas-phase experiments were performed at the
pressures of 0.8 atm, 5.0 atm, and 5.0 atm near room temperature for


13CH3F (99 % 13C-enrichment), CH2F2, and CHF3, respectively. In the
LC NMR investigation, 1H, 13C, and 19F-NMR spectra of di- and trifluoro-
methane, both at 8 atm, and monofluoromethane at 0.6 atm were
measured. CHF3 was dissolved in the thermotropic liquid crystals
ZLI 1132 and ZLI 1167, CH2F2 in ZLI 1132, ZLI 1167, and Phase V, and
CH3F in ZLI 1132. The liquid crystals are products of Merck. The spectra
were recorded on Bruker Avance DSX 300 and DRX 500 spectrometers
and analysed with the PERCH software,[40] by using total line-shape
analysis, which is assumed to be the most accurate method for simple
spectra. The isotropic J coupling constants were determined at elevated
temperatures where the LC solvents appear in the isotropic phase, and they
were kept fixed in the analysis of the spectra taken from anisotropic phase
at several temperatures.


In the least-squares fit of the molecular shape, Aij tensors, and the studied J
tensor to the experimental data, the effects on dipolar couplings arising
from the anharmonic and harmonic vibrations, and solvent-induced
deformation were taken into account. This was performed by utilising the
MASTER[41] and the AVIBR[13] programs. However, the former was used
as a FMEX (Fortran ± Matlab ± Extension) subroutine in the Matlab
program[42] and the latter was a version modified to include also the
centrifugal distortion. For CH3F, the harmonic and anharmonic force fields
were taken from references [43] and [44], respectively. For CH2F2 and
CHF3, we employed partial anharmonic force fields (containing the all-
diagonal stretching force constants) estimated on the basis of harmonic
force field with frrr�ÿ3 afrr, where a� 2 �ÿ1.[45] The harmonic force fields
for these molecules were adopted from reference [43].


Results and Discussion


ab initio Spin ± spin coupling tensors : The calculated spin ±
spin coupling constants and the anisotropies of the corre-
sponding tensors for all the present molecules, along with the
combination Jxxÿ Jyy for CH2F2, are given in Tables 4, 5, and 6.


Monofluoromethane : With the RAS-I calculation, the change
in the spin ± spin couplings and anisotropies when improving
the basis set from HII to HIII is mostly within the range 0.4 to
8 %, except 20 % for D1JCH. Although this does not justify
concluding that the basis set were converged, earlier applica-
tion calculations and the recent systematic studies[27, 28] imply
that the use of the HIII set gives reasonably good results. The
deviation in the spin ± spin coupling constants and anisotro-
pies between RAS-I and RAS-II calculations is below 7 %
except 10 % for 1JCF and, for 2JHH, even 23 %. These changes
are not surprising because the RAS3 orbital subspace is much
larger in the RAS-II calculation than in the RAS-I calcu-
lation. The largest relative changes appear in the small
couplings and anisotropies and so the absolute changes are
reasonably small. With these observations and the earlier
experience pointing out that the quite large RAS3 active
space, such as the one in the RAS-II calculation, is sufficient
for treating correlation for spin ± spin coupling, we can say
that the RAS-II approximation should be reliable. When
improving the correlation treatment, the magnitude of the J
couplings and anisotropies decreases in all cases except for
1JCF and D1JCH.


Generally, FC is distinctly the most significant contribution
in the coupling constants, whereas the SD/FC dominates the
coupling anisotropies in monofluoromethane (Table 4). Can-
cellation of the DSO and PSO contributions occurs in all
other parameters but 2JHF, 1JCF, and D1JCF, where the PSO
gives a fairly large contribution. Also the DSO and SD


Table 2. MCSCF wave function used in the ab initio calculations.[a]


Molecule Identifier Wave function[b] nSD


CH3F RAS-I 20RAS52
52 1742


RAS-II 20RAS52
16; 9 22042


CH2F2 RAS-I 2100RAS4321
4321 3663


RAS-II 2100RAS4321
11; 864 30755


CHF3 RAS-I 31RAS85
85 23925


RAS-II 31RAS85
16; 12 96193


[a] The identifier of the wave function and the number of the contained
Slater determinants nSD are shown. [b] The nomenclature inactiveRASRAS2


RAS3 is
used.[33] CH3F and CHF3 are calculated in the Abelian Cs point group, and
the two numbers in each category express the number of orbitals belonging
to A' and A'' symmetry species. CH2F2 is calculated in the C2v point group
and the four numbers express orbitals belonging to A1, B2, B1, and A2


symmetry species, respectively. For CH3F, the SCF wave function has seven
and two orbitals occupied in the A' and A'' symmetries, respectively. The
corresponding numbers for CHF3 are 13 and 4. For CH2F2, the SCF wave
function has six, four, two, and one orbitals in the A1, B2, A2, and B1


symmetries.


Table 3. Molecular re geometries of CH3F, CH2F2, and CHF3.[a]


Molecule Annotation[b] rCH rCF aHCH aHCF


CH3F ZLI 1132 1.086[d] 1.391 ± 108.66
Ref. [35][c] 1.086 1.383 ± 108.8


CH2F2 ZLI 1132 1.082 1.3508[d] 112.78 109.15
ZLI 1167 1.085 1.3508[d] 112.60 109.21
Phase V 1.066 1.3508[d] 113.67 108.72
Ref. [36] 1.084 1.3508 112.8 108.87
Theor.[c,e] 1.092 1.354 112.9 108.8


CHF3 ZLI 1132 1.0958[d] 1.3331[d] ± 110.92
ZLI 1167 1.0958[d] 1.3331[d] ± 110.66
Ref. [37][f] 1.0958 1.3331 ± 110.32
Ref. [37][c] 1.0861 1.3309 ± 110.28


[a] Bond lengths in � and angles in degrees. [b] The LC solvent is given
for the present experimental results, whereas a reference is given for
geometries taken from the literature. [c] Used in the present ab initio
calculations of J tensors. [d] Fixed. [e] Theoretical geometry from a
QCISD/6 ± 311G(d,p) calculation. [f] Experimental geometry tabulated in
the reference.
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Table 4. Results of the MCSCF calculations for the spin ± spin coupling tensors in CH3F.[a]


Method/Basis Mechanism E�139 1JCF D1JCF
1JCH D1JCH


2JHF D2JHF
2JHH D2JHH


RAS-II/HIII[b] DSO 0.42 23.49 0.65 ÿ 7.64 ÿ 1.87 15.46 ÿ 3.02 ÿ 8.06
PSO 35.20 ÿ 75.41 ÿ 0.15 7.70 11.79 ÿ 17.03 2.96 5.85
SD 20.21 32.32 ÿ 0.24 0.16 ÿ 3.02 ÿ 3.09 0.38 ÿ 0.23
FC ÿ 212.39 ± 141.22 ± 41.88 ± ÿ 11.84 ±
SD/FC ± 227.44 ± 5.89 ± ÿ 52.08 ± ÿ 8.09


RAS-I/HII total ÿ 0.271962 ÿ 154.01 220.56 148.84 7.16 51.08 ÿ 60.18 ÿ 15.99 ÿ 10.68
RAS-I/HIII[c] ÿ 0.295151 ÿ 141.90 218.31 148.26 5.72 52.33 ÿ 59.06 ÿ 14.96 ÿ 11.01
RAS-II/HIII[b] ÿ 0.443911 ÿ 156.56 207.84 141.49 6.10 48.78 ÿ 56.73 ÿ 11.52 ÿ 10.53
RAS-II/HIII[d] ÿ 151.48 207.00 ± ± ± ± ± ±
EOM-CCSD[e] ÿ 174.48 ± 138.38 ± 46.48 ± ÿ 10.70 ±
EOM-CCSD[f] ÿ 169.56/ÿ 172.16 ± 137.15/137.89 ± 49.00/49.94 ± ÿ 9.82/ÿ 10.03 ±
DFT ÿ 258.50[g]/ÿ 268.12[h] ± 141.87[g] ± 33.24[g] ± ÿ 2.76[g] ±
CHF[i] ÿ 97.5 263.6 172.8 4.7 66.6 ÿ 107.5 ÿ 30.0 ÿ 8.9
CNDO/2[j] ÿ 51.2 120.0 73.5 ÿ 10.8 8.9 ÿ 13.6 4.4 ±
INDO[k] ÿ 97 261 145 ÿ 19 ± ÿ 9 ± ±
INDO[l] ÿ 96.0 114.2 75.2 ÿ 11 7.3 ± ± ±


[a] Calculations performed at the re geometry.[35] The anisotropy is defined as D J� Jzzÿ 1�2(Jxx�Jyy) with the CF bond in the z direction. Results in Hz. The total
energies of the calculations are also shown (in Ha). [b] The contributions of different physical mechanisms to the calculated tensors are indicated for the RAS-II/
HIII calculation. The SD contribution to the 2JHH tensor is taken from the RAS-I/HII calculation. [c] All SD contributions except for 1JCH are from RAS-I/HII
calculation. [d] Estimate of vibrationally corrected values. [e] Ref. [23]. [f] Ref. [22]. [g] Ref. [21]. [h] Ref. [20]. [i] Ref. [19]. [j] Ref. [16]. [k] Ref. [17].
[l] Ref. [18].


Table 5. Results of the MCSCF calculations for the spin ± spin coupling tensors in CH2F2.[a]


Property DSO[b] PSO[b] SD[b] FC[b] SD/FC[b] RAS-I/HII RAS-I/HIII[c] RAS-II/HIII[b,c] DFT[d] INDO[e]


E�238 ÿ 0.270338 ÿ 0.307872 ÿ 0.498176
1JCF 0.76 ÿ 4.82 12.36 ÿ 229.01 ÿ 215.08 ÿ 202.00 ÿ 220.72 ÿ 343.11 ÿ 103.7
D1JCF 0.54 46.46 ÿ 0.85 ÿ 35.76 9.50 10.94 10.39 6.9
1JCF,xxÿ 1JCF,yy ÿ 16.06 ÿ 49.88 ÿ 10.02 ÿ 204.37 ÿ 280.47 ÿ 283.96 ÿ 280.33
1JCH 1.13 ÿ 0.84 ÿ 0.17 175.56 183.43 183.30 175.67
D1JCH ÿ 1.25 ÿ 0.45 0.33 ÿ 5.65 ÿ 6.65 ÿ 7.32 ÿ 7.02
1JCH,xxÿ 1JCH,yy 14.68 ÿ 9.99 ÿ 0.59 ÿ 16.37 ÿ 15.33 ÿ 12.30 ÿ 12.26
2JHF ÿ 1.53 2.27 ÿ 3.51 54.65 54.03 55.57 51.88
D2JHF 7.49 4.25 2.22 ÿ 17.47 ÿ 4.55 ÿ 4.69 ÿ 3.51
2JHF,xxÿ 2JHF,yy ÿ 1.22 ÿ 6.27 ÿ 0.99 53.20 44.89 46.98 44.71
2JHH ÿ 2.61 2.57 0.50 ÿ 1.16 ÿ 4.32 ÿ 2.96 ÿ 0.69
D2JHH ÿ 10.24 8.57 0.88 6.86 3.88 5.98 6.06
2JHH,xxÿ 2JHH,yy 15.27 ÿ 11.01 0.71 11.67 16.98 16.94 16.65
2JFF ÿ 1.09 132.75 74.54 140.03 346.02 350.73 346.23 9.2
D2JFF ÿ 17.08 ÿ 267.66 ÿ 3.28 25.83 ÿ 251.56 ÿ 245.97 ÿ 262.19 ÿ 119.4
2JFF,xxÿ 2JFF,yy ÿ 32.20 440.13 ÿ 113.45 ÿ 434.04 ÿ 196.31 ÿ 210.99 ÿ 139.55


[a] All calculations performed at the re geometry. The anisotropy is defined as DJ� Jzzÿ 1�2(Jxx�Jyy) so that the z direction bisects the FCF angle with the
fluorine atoms in the xz plane. Results in Hz. The total energies of the calculations are also shown (in Ha). [b] The contributions of different physical
mechanisms to the calculated tensors are indicated for the RAS-II calculation. [c] The SD contributions from the RAS-I/HII calculation. [d] Ref. [20].
[e] Ref. [18].


Table 6. Results of the MCSCF calculations for the spin ± spin coupling tensors in CHF3.[a]


Property DSO[b] PSO[b] SD[b] FC[b] SD/FC[b] RAS-I RAS-II[b] DFT[c]


E�337 ÿ 0.273433 ÿ 0.519782
1JCF 1.19 ÿ 25.35 7.67 ÿ 225.58 ÿ 242.45 ÿ 242.07 ÿ 390.72
D1JCF ÿ 7.85 ÿ 35.01 ÿ 1.94 ÿ 128.54 ÿ 173.41 ÿ 173.34
1JCH 1.72 ÿ 1.23 0.30 236.00 234.52 236.79
D1JCH 20.41 ÿ 9.75 ÿ 0.82 ÿ 41.03 ÿ 34.92 ÿ 31.19
2JHF ÿ 1.20 ÿ 0.09 ÿ 3.08 83.68 77.74 79.32
D2JHF 13.03 ÿ 8.23 ÿ 3.99 39.77 37.65 40.57
2JFF ÿ 0.80 ÿ 13.40 40.65 125.93 182.68 152.38
D2JFF ÿ 16.78 ÿ 28.29 ÿ 24.27 ÿ 162.79 ÿ 235.47 ÿ 232.14


[a] Calculations performed with the HII basis set at the re geometry.[37] The anisotropy is defined as DJ� Jzzÿ 1�2(Jxx�Jyy) with the CH bond in the z direction.
Results in Hz. The total energies of the calculations are also shown (in Ha). [b] SD/FC and FC contributions calculated with the HIII basis set. The
contributions of different physical mechanisms to the calculated tensors are indicated for the RAS-II calculation. [c] Ref. [20].
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contributions are noteworthy in 1JCF coupling. In 2JHH, the
cancellation of the nuclear spin-electron orbit mechanisms is
not complete and the DSO gives a considerable contribution
to D2JHH.


The effect of vibrational motion on 1JCF at 300 K was
roughly estimated for CH3F. A more complete method of
treating the effects of the rovibrational motion on the
isotropic and anisotropic properties was used in reference
[46] in the case of the water molecule. The coupling and
anisotropy of the 1JCF tensor were approximated by the
truncated Taylor series:


hPi � Pe�
@P


@rCF


� �
e


hrCFÿ re
CFi300 K�1�2


@2P


@r2
CF


� �
e


h(rCFÿ re
CF�2i300 K (7)


of the desired property P in terms of the associated rCF bond
length only. The average linear and quadratic bond length
extension at 300 K was obtained using the program AVIBR[13]


with the same full cubic anharmonic force field as in reference
[47]. This force field was also used in the analysis of the
present experimental data. The vibrationally corrected values
are listed in Table 4. Although the method is very approx-
imate, it allows assessing the need of performing rovibrational
corrections to achieve sufficient accuracy. The corresponding
changes from equilibrium values in 1JCF and D1JCF are ÿ3.2 %
andÿ0.4 %, respectively. These changes are of the same order
of magnitude as the difference due to using different basis set
and correlation treatment. As a conclusion, the vibrational
motion does not seem to have any dramatic effect on the
comparison of the theoretical and experimental values in the
case of 1JCF tensor.


Table 7 compares our best calculations of the coupling
constants with the experiment. It can be seen that the RAS-II/
HIII calculation underestimates both the CF and CH cou-
plings over one bond by about 4 % and the HF coupling over
two bonds by 5 %, when comparing with the experimental gas
phase spin ± spin coupling constants. It is justified to claim the


agreement to be excellent, although we note that the ab initio
calculations should be performed at the ra geometry instead of
re geometry (as done presently) to be fully comparable with
the experiments. As a conclusion, the high accuracy of the
coupling constants allows also the anisotropies to be consid-
ered reliable.


There are many theoretical calculations of J tensors for
fluoromethanes, especially for CH3F, but our values of the
anisotropic parts are unique among the modern work. For
monofluoromethane the spin ± spin couplings constants have
been calculated at the first principles level by CHF,[19]


DFT,[20, 21] and equation-of-motion coupled cluster singles
and doubles (EOM-CCSD)[22, 23] methods. Both these and the
semi-empirical results are collected to Table 4. One should
notice that DFT has problems in describing other than the CH
coupling (141.87 Hz).[21] It clearly overestimates the magni-
tude of the CF coupling (ÿ258.50 Hz) and underestimates the
HF (33.24 Hz) and HH (ÿ2.76 Hz) couplings. This is very
different from the case of hydrocarbons where the DFT
method has been shown to be very successful.[50] This
controversial behavior has already been discussed by Malkina
et al. ;[20] it appears that the deficiencies of the exchange-
correlation functionals deteriorate the performance of the
DFT in couplings involving atoms with lone pairs such as
fluorine. The EOM-CCSD method, on the other hand, works
very well and the values are close to experimental ones,
although the present values are slightly closer for the CF and
CH couplings. The literature reports one CHF level[19] and a
few semi-empirical[16±18] calculations concerning the aniso-
tropic properties of the J tensors of monofluoromethane. As
the CHF calculations give coupling constants that are far away
from the experimental couplings, the good agreement of the
anisotropies with the present results is likely to be coinciden-
tal, especially as the CHF method does not take the electron
correlation into account and the modest basis set used can not
describe the core region correctly. The semi-empirical cou-
pling constants are far from the experimental values and it is
not surprising that the anisotropic properties are even more
incorrect; they give wrong sign for D1JCH, and D1JCF seems to
be even more sensitive to the choice of the parameters. Also
D2JHF changes from the semi-empirical value of ÿ9 Hz[18] to
the CHF value of ÿ107.5 Hz.[19] Our present results for all
couplings seem to be the best available self-supporting data.


Difluoromethane : The basis set convergence was examined at
the RAS-I wave function level. The absolute changes from
HII to HIII are fairly small, which implies that the basis set
convergence is satisfactory. The differences in J tensors
between RAS-I and RAS-II calculations are very similar to
monofluoromethane. In the case of CH2F2, the biggest
changes are 77 % for the generally difficult 2JHH, 25 % for
D2JHF, and 34 % for 2JFF,xxÿ 2JFF,yy. In the first two couplings
the absolute change in Hz is small but in the last one the
change is considerable, that is 71.44 Hz, and the coupling is
not necessarily fully converged. Nevertheless, the overall
results can be considered quite reliable. The magnitude of
most of the isotropic and anisotropic properties of the J
tensors (with the exceptions 1JCF, D2JHH, and D2JFF) decreases
as the wave function is improved.


Table 7. Theoretical and experimental spin ± spin coupling constants for CH3F,
CH2F2, and CHF3.


Molecule Method 1JCF
1JCH


2JHF
2JFF


2JHH


CH3F RAS-II/HIII ÿ 156.6 141.5 48.8 ± ÿ 11.5
RAS-II/HIII[a] ÿ 151.48
LC/ZLI 1132[b] ÿ 161.30(4) 149.19(3) 46.34(3)
GAS[c] ÿ 163.00(2) 147.25(2) 46.47(2)
GAS ÿ 160.2[d] 46.6[e]


PURE LIQ.[f] ÿ 160.8 149.15 46.3
SOLID[g] ÿ 158


CH2F2 RAS-II/HIII ÿ 220.7 175.7 51.9 346.2 ÿ 0.7
LC/ZLI 1167[h] ÿ 236.01(5) 183.95(5) 50.26(4)
LC/ZLI 1132[i] ÿ 236.065(2) 184.049(2) 50.3013(12)
LC/Phase V[j] ÿ 236.186(6) 184.024(7) 50.253(5)
GAS/5 atm[c] ÿ 233.91(11) 180.38(4) 49.06(13)
GAS ÿ 232.7[d] 50.09[e]


CHF3 RAS-II/HIII ÿ 242.1 236.8 79.3 152.4 ±
LC/ZLI 1167[k] ÿ 276.801(9) 242.65(2) 79.300(7)
LC/ZLI 1132[l] ÿ 277.03(2) 242.13(9) 79.292(9)
GAS[c] ÿ 272.18(7) 235.26(9) 79.56(2)
GAS ÿ 272.4[d] 79.75[e]


[a] Vibrationally corrected value. [b] Present experiments at 350 K. [c] Pres-
ent experiments. [d] Ref. [48]. [e] Ref. [49]. [f] Ref. [10]. [g] Ref. [6]. [h] Pres-
ent experiments at 345 K. [i] Present experiments at 330 K. [j] Present
experiments at 340 K. [k] Present experiments at 349 K. [l] Present experi-
ments at 345 K.
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Also in the case of difluoromethane, the FC and SD/FC
contributions are the dominant ones for J coupling constants
and anisotropies, respectively. However, for anisotropic
properties of 2JFF, PSO is the main contribution and 2JFF


obtains almost equal contributions from the PSO, SD, and
FC terms. PSO is a significant contribution to anisotropic
properties of 1JCF, too.


The best calculation, RAS-II/HIII, underestimates the
magnitude of the 1JCF and 1JCH about 6 % and 3 %, respec-
tively. As also the theoretical 1JHF is only about 6 % bigger
than the experimental result, and the two-bond couplings are
known to be difficult to calculate reliably,[27, 28] the calculated
tensors for all couplings can be considered to be very
satisfactory.


The only first principles calculation of spin ± spin couplings
for difluoromethane is the DFT work by Malkina et al.[20] The
only reported value, 1JCF�ÿ343.11 Hz, differs by over 100 Hz
from the experimental value. This overestimation, although it
is a rather systematic one, is harmful for detailed molecular
structure determination as it implies also a large error in the
anisotropy of J tensor. In earlier semi-empirical work,
Nakatsuji et al.[18] estimated the anisotropies D1JCF� 6.9 Hz
and D1JFF�ÿ119.4 Hz that, despite the correct signs, are
clearly underestimations of the magnitude.


Trifluoromethane : The calculations of trifluoromethane were
very time-consuming. We assume that the basis set conver-
gence is similar to that in CH3F and CH2F2. This means that
the use of the HII set for CHF3 is a slight compromise,
although the dominant and most basis set sensitive contribu-
tions, FC and SD/FC, were calculated using the HIII set.
Upon this partial upgrade of the basis, the 1JCF, D1JCH, and
D2JFH seem to be the most sensitive quantities: the changes are
6 %, 11 %, and 8 %, respectively. Other quantities differ less
than 2 %. The same arguments as before are valid also in this
case and the best calculation is therefore fairly well converged
for the basis set part.


The changes from the RAS-I active space to RAS-II are
generally below 3 % in J couplings and anisotropies, but for
the CF coupling the difference is 6 % and, for FF, 18 %. This
indicates that the couplings between the heavier atoms such as
C and F necessitate a particularly good correlation treatment,
whereas all the molecules in this study imply that couplings to
H are most sensitive to the inadequacies in the basis set. The
anisotropic properties of the J tensors are well-converged and
as the active space is also in this case quite large, it is justified
to claim that the RAS-II correlation treatment for trifluoro-
methane is a good one. The magnitudes of the 1JCH, 2JHF, and
D2JHF increase, while the other J tensor properties decrease as
the wave function is improved.


SD gives a reasonably large contribution to 2JFF, while
D1JCH, and D1JCF are very dependent on the DSO and PSO
contributions, respectively. The main contributions are still
the FC and SD/FC in all couplings. Trifluoromethane is a good
example of the fact that all contributions have to be taken into
account in the calculations of the spin ± spin coupling tensors.


Comparison of the best theoretical calculation, RAS-II/
HIII, with the experimental spin ± spin coupling constants
reveals excellent agreement for 1JCH and 2JHF. The calculation


underestimates the magnitude of the 1JCF by about 11 % but
even that accuracy implies that also the theoretical aniso-
tropies are near the true ones. Previous theoretical calcula-
tions of the J tensors in trifluoromethane are rare. The only
available value, 1JCF�ÿ390.72 Hz, was obtained with the
DFT method.[20]


Tables 8, 9, and 10 list the theoretical principal values and
orientation of the principal axis systems (PAS) of the J tensors
for CH3F, CH2F2, and CHF3, respectively. The molecule-fixed
coordinate frames and the principal axes of the J tensors for
CH3F, CH2F2, and CHF3 are presented in Figures 1, 2, and 3,
respectively.


Table 8. Theoretical principal values and the orientation of the principal
axis system of the spin ± spin coupling tensors in CH3F.[a]


J33 J22 J11


1JCF
[b] ÿ 225.84 ÿ 225.84 ÿ 18.00


1JCH
[c] 152.62 149.84 122.00


2JHF
[d] 100.76 37.00 8.59


2JHH
[e] ÿ 20.41 ÿ 7.78 ÿ 6.36


[a] Principal values in Hz. Values have been ordered as jJ33 j�j J22 j�j J11 j .
[b] J11 is directed along the CF bond direction and J33 is in the FCH plane.
[c] Both J33 and J11 are in the HCF plane. The direction of J11 makes an
angle of 9.98 with the CH bond direction. [d] Both J33 and J11 are in the
HCF plane. The direction of J11 makes an angle of 9.28 with the CF bond
direction. [e] J11 makes an angle of 7.88 with the HH direction and is
practically in the HCH plane. J33 makes an angle of 33.98 with the HCH
plane and the angle with the HH direction is 96.88.


Table 9. Theoretical principal values and the orientation of the principal
axis system of the spin ± spin coupling tensors in CH2F2.[a]


J33 J22 J11


1JCF
[b] ÿ 364.34 ÿ 261.19 ÿ 36.62


1JCH
[c] 186.00 184.15 156.88


2JHF
[d] 87.38 45.38 22.87


2JHH
[e] ÿ 11.04 5.61 3.35


2JFF
[f] 503.40 363.84 171.43


[a] Principal values in Hz. Values have been ordered as jJ33 j�j J22 j�j J11 j .
[b] J11 makes an angle of 8.38 with the CF bond direction. J33 is directed
perpendicular to the FCF plane. [c] Both J33 and J11 are in the HCH plane.
J11 makes an angle of 12.38 with the CH bond. [d] J33 makes an angle of 1.88
with the HCF plane towards the other F atom and 44.28 with the HF
direction. J11 makes an angle of 45.98 with the HF direction and 4.88 with
the HCF plane towards the other H. [e] J22 is directed along the HH
direction. J33 is directed perpendicularly to the HCH plane. [f] J33 is
directed along the FF direction. J22 is directed perpendicularly to the FCF
plane.


Table 10. Theoretical principal values and the orientation of the principal
axis system of the spin ± spin coupling tensors in CHF3.[a]


J33 J22 J11


1JCF
[b] ÿ 387.25 ÿ 333.49 ÿ 5.47


1JCH
[c] 247.18 247.18 216.00


2JHF
[d] 107.11 70.67 60.17


2JFF
[e] 417.26 189.61 ÿ 149.72


[a] Principal values in Hz. Values have been ordered as jJ33 j�j J22 j�j J11 j .
[b] Both J33 and J11 are in the HCF plane. J11 makes an angle of 4.18 with the
CF bond direction. [c] J11 is directed along the CH bond direction and J33 is
in the HCF plane. [d] Both J33 and J11 are in the HCF plane. J33 makes an
angle of 7.28 with the CH bond direction. [e] J33 is directed along the FF
direction. J11 makes an angle of 12.38 with the FCF plane in question.
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Figure 1. Principal axis systems of the spin ± spin coupling tensors in CH3F.
The 2JHF and 2JHH couplings are to the proton in the xz plane (in the
foreground).


Figure 2. Principal axis systems of the spin ± spin coupling tensors in
CH2F2. The 2JHF coupling is to the proton with the positive x-coordinate
value (in the foreground).


Figure 3. Principal axis systems of the spin ± spin coupling tensors in CHF3.
The 2JHF coupling is to the fluorine in the xz plane (in the foreground) while
the 2JFF coupling is to the fluorine with the positive y-coordinate value (in
the background).


NMR results : Disregarding the possible medium effects, the
experimental J couplings form a good test of the ab initio
calculations, as they can be determined very accurately in
experiments. However, the gas-to-isotropic solution change is
clear in 1JCH and 1JCF (see Table 7). 1JCH increases 1.3 % in
CH3F, 2.0 % in CH2F2, and 3.2 % in CHF3, whereas 1JCF


changes by about ÿ1.3, 0.9, and 1.8 %, respectively, indicating
slight changes in molecular geometry and/or electronic
structure. For this reason, we used several measurement
temperatures for each sample instead of measuring several
samples at one temperature. The solvent effects are assumed
to be similar in one solvent. Thus the molecular equilibrium
(re) geometry was constrained to be the same in analysing the
full data set obtained from one sample. The Dexp couplings of
the different samples were independently accounted for, but
the DJ values for a molecule in different surroundings were


assumed to be the same. This is quite a safe approximation
according to ab initio results (D1JCF changes only by a few Hz
with an acceptable change in the rCF bond length of CH3F).
The experimental dipolar couplings are given in Table 11.


The Aij tensors, fitted to the Dexp couplings, define the
torques acting on the ij bonds of the molecule. The sum of the
Aij�s in the molecule-fixed frame determines the solvent-
induced interaction tensor, Aab,[14] that is a function of the
orientation of the solute molecule with respect to the LC
director. Aab represents the molecular interaction potential
that couples with the molecular vibrational potential; as a
result, the molecular rotation and vibration are correlated
leading to deformational contributions to Dexp couplings.
Simultaneously, the interaction potential leads to non-zero
molecular average orientation and, usually, to the dominant
contribution (Deq) to Dexp.


In the bond-additivity model used,[14] one principal compo-
nent, Aij,L, is assumed to be in the rij direction. In this bond-
fixed basis, the transverse and vertical components, Aij,T and
Aij,V, respectively, are equal for ACF in CH3F and for ACH in
CHF3 due to the local symmetry of the bond. On the contrary,
the asymmetry parameter, hij� (Aij,TÿAij,V)/Aij,L, is found to
be non-negligible for ACH in CH3F, for ACH and ACF in CH2F2,
and for ACF in CHF3. CHF3 possesses a particularly large hCF


in the LC solvents used, being due to the small Aij,L . The h


values are much smaller in CH2F2 and CH3F, that is between
ÿ1.7 and 0.2 in the different solvents. The DACH and DACF


values range typically from ÿ1 to 1 (in units of 10 ÿ21 J) and
from 1 to 2, respectively. As an example, the principal
components of the ACF tensors of the molecules in the
ZLI 1132 solvent at 300 K (except for CHF3 at 305 K) are
shown in Figure 4, where the transverse components are in the
HCF symmetry plane for CH3F and CHF3, and in the FCF
plane for CH2F2.


The correlation between rotational and vibrational mo-
tionsÐmanifested by deformation contributions to direct
couplingsÐis surprisingly important in the case of CHF3


dissolved in the ZLI 1132 liquid crystal. The experimental
dipolar couplings change sign at about 321 K, except for 1DCH


that vanishes near 325 K. In Equation (3), the Deq, Dh, Dah,
and 1�2Janiso terms are directly proportional to the orientational
order parameter, Szz� SCH, of the molecule. Only the Dd term
can be non-zero with the average orientation Szz� 0 in
uniaxial anisotropic surroundings. At 321 K, the interpolated
2DHF, 2DFF and 1DCF values are very close to zero, whereas
1DCH is between ÿ25 and ÿ30 Hz. This non-zero coupling is
due to rovibrational effects that are, for example, also
responsible for the dipolar couplings of methane, for which
the other terms but Dd


ij in Equation (3) are zero due to the
molecular symmetry.[14] The contribution is remarkable also at
other temperatures, as seen in Table 12, where the dipolar
couplings together with their contributions for each molecule
dissolved into the liquid crystal ZLI 1132 are shown as an
example.


The resolved molecular re geometries, given in Table 3,
appear slightly solvent-dependent. Probably the ªbest re


geometryº, given by the LC NMR method, is obtained by
using the LC solvent mixtures where the 1DCH coupling of
methane vanishes.[51] Presently, however, the non-disturbed
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molecular geometry was only our secondary aim and, thus, we
decided to use solvents that contain only certain type of
functional groups (cyanide group both in ZLI 1132 and
ZLI 1167, and di-azo group in the Phase V solvent), because
the dissolved molecules were expected to be chemically
active.


In the case of CH3F, the RMS minimum is flat but it very
clearly excludes the possibility that the experimental D1JCF


would be over 350 Hz, where RMS increases rapidly. In the
search for the RMS-minimum, D1JCF was systematically
changed and the molecular re geometry was iterated for
each D1JCF value. If we choose the value that gives the
geometry closest to re given in reference [35], and simulta-
neously require an acceptable RMS value, the result of
D1JCF� 350 Hz is obtained. The fitted molecular geometry is
given in Table 3.


Table 11. Experimental dipolar couplings at different temperatures.[a]


Molecule T/K 1DCF
1DCH


2DHF
2DFF


2DHH


CH3F ZLI 1132
240 ÿ 1119.660(15) 817.47(4) ÿ 880.62(4) 1097.40(2)
260 ÿ 1029.369(5) 751.713(5) ÿ 809.304(5) 1008.496(3)
275 ÿ 934.653(4) 682.689(2) ÿ 734.523(2) 915.2602(13)
290 ÿ 836.420(4) 611.237(3) ÿ 657.163(3) 818.8159(14)
300 ÿ 767.915(6) 561.254(3) ÿ 603.123(3) 751.441(2)
310 ÿ 694.083(13) 507.50(2) ÿ 545.02(2) 678.993(12)
320 ÿ 612.982(10) 448.348(7) ÿ 481.185(7) 599.470(4)
330 ÿ 513.42(2) 375.795(5) ÿ 403.024(5) 502.028(3)


CH2F2 ZLI 1132
260 ÿ 449.981(6) 968.277(9) ÿ 180.416(7) ÿ 457.740(4) 1478.271(6)
270 ÿ 439.134(3) 944.378(4) ÿ 164.453(6) ÿ 465.515(2) 1411.835(3)
280 ÿ 423.765(3) 910.403(4) ÿ 148.847(4) ÿ 464.963(2) 1334.988(3)
290 ÿ 403.906(5) 867.060(6) ÿ 133.947(4) ÿ 455.839(3) 1250.433(4)
300 ÿ 377.441(3) 809.698(4) ÿ 118.589(4) ÿ 436.457(2) 1150.087(3)
310 ÿ 342.815(3) 735.104(5) ÿ 102.574(2) ÿ 404.543(2) 1030.345(3)
320 ÿ 291.607(4) 625.12(2) ÿ 83.408(3) ÿ 350.157(2) 866.009(11)


CH2F2 ZLI 1167[b]


295 ÿ 450.561(10) 972.41(2) ÿ 148.58(2) ÿ 509.783(7) 1393.291(10)
300 ÿ 432.815(11) 932.68(2) ÿ 139.84(2) ÿ 494.162(7) 1330.026(10)
305 ÿ 416.946(8) 897.70(2) ÿ 131.94(2) ÿ 480.546(6) 1273.574(10)
310 ÿ 401.113(8) 863.21(2) ÿ 124.36(2) ÿ 466.480(6) 1218.174(9)
315 ÿ 384.250(6) 826.47(2) ÿ 116.78(2) ÿ 450.569(4) 1160.451(10)
320 ÿ 365.941(8) 786.53(2) ÿ 109.19(2) ÿ 432.301(5) 1099.225(9)
325 ÿ 344.84(3) 741.18(2) ÿ 101.27(2) ÿ 410.120(6) 1031.395(13)
330 ÿ 319.57(3) 686.22(3) ÿ 92.38(3) ÿ 381.78(2) 951.46(2)
335 ÿ 287.31(4) 616.34(5) ÿ 81.99(4) ÿ 344.66(4) 851.88(3)
338 ÿ 260.19(4) 559.40(5) ÿ 74.03(5) ÿ 313.27(2) 771.82(4)


CH2F2 Phase V
255 ÿ 476.041(4) 1031.620(5) ÿ 9.262(4) ÿ 775.751(3) 1060.425(4)
265 ÿ 450.446(3) 975.330(3) ÿ 8.576(2) ÿ 733.875(2) 1002.012(2)
275 ÿ 423.996(2) 917.346(3) ÿ 8.138(2) ÿ 690.2379(11) 942.565(2)
285 ÿ 395.272(2) 854.574(3) ÿ 7.879(2) ÿ 642.6221(13) 878.729(2)
290 ÿ 379.142(2) 819.714(3) ÿ 7.788(2) ÿ 615.8315(15) 843.418(2)
295 ÿ 362.259(2) 782.708(2) ÿ 7.712(2) ÿ 587.7905(15) 806.0056(12)
300 ÿ 343.705(5) 742.685(5) ÿ 7.637(4) ÿ 557.018(3) 765.560(3)


CHF3 ZLI 1132
287.5 99.163(2) ÿ 464.77(2) 68.55(2) ÿ 112.56(2)
305 38.259(2) ÿ 196.91(2) 26.47(2) ÿ 43.58(2)
315 12.865(2) ÿ 83.67(2) 8.81(2) ÿ 14.80(2)
325 ÿ 6.360(2) 4.16(2) ÿ 4.57(2) 7.01(2)
335 ÿ 15.026(2) 50.018(10) ÿ 10.661(10) 16.86(2)


CHF3 ZLI 1167[b]


300 ÿ 23.86(2) 39.604(15) 117.90(2) ÿ 34.817(9)
305 ÿ 27.92(2) 46.218(9) 143.91(2) ÿ 40.670(6)
310 ÿ 32.12(2) 53.018(8) 170.76(2) ÿ 46.692(7)
315 ÿ 35.85(2) 59.038(9) 195.31(3) ÿ 52.001(8)
320 ÿ 38.88(2) 63.960(8) 215.42(3) ÿ 56.366(8)
325 ÿ 41.04(2) 67.367(9) 230.30(3) ÿ 59.399(8)
330 ÿ 42.14(3) 69.043(10) 246.74(3) ÿ 60.893(9)
335 ÿ 41.78(3) 68.447(12) 238.34(4) ÿ 60.370(11)
339 ÿ 40.14(3) 65.533(13) 229.63(4) ÿ 57.817(11)
342 ÿ 37.35(4) 60.998(9) 214.61(5) ÿ 53.881(8)


[a] Values in Hz with respect to the LC director. The standard deviations are given (in parenthesis) in units of the last digit. [b] The experimental values are
multiplied by ÿ2, because the director orients perpendicularly to the external magnetic field.
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Figure 4. Principal components of the ACF tensors of CH3F, CH2F2, and
CHF3 in the ZLI 1132 solvent at 300 K, 300 K, and 305 K, respectively. The
terms AV and AT are perpendicular to (AT in the local symmetry plane) and
AL parallel with the corresponding C-F bond. See text for details.


Comparing the resulting molecular geometry for CH2F2


with the microwave re geometry,[36] given also in Table 3,
FCF bond angle is smaller in ZLI 1132 and ZLI 1167 solvents,
whereas in Phase V the HCH bond angle is larger. In the
latter case, also the rCH bond length differs significantly from
the microwave result. If the large change in the rCH bond
length is real, it should be reflected on the value of 1JCH. The
1JCH coupling values of the molecule in the LC solvents are
184.049(2) Hz, 183.95(5) Hz and 184.024(7) Hz (solvents in
the same order as previously), which are very close to each
other. Thus, the large change in rCH is unlikely and the results
obtained with the Phase V solvent should be treated with
caution. However, the Phase V data did not affect our result
for the indirect CF coupling tensor because the RMS error is
nearly independent of D1JCF. The clear minimum in the RMS
of a joint fit to the experimental data in different LC solvents
is seen at D1JCF� 13.5 Hz and JCF,xxÿ JCF,yy�ÿ360 Hz, which
are relatively close to ab initio values, 10.39 and ÿ280.33 Hz.
In the iteration of the experimental values, the ratio D1JCF/
(1JCF,xxÿ 1JCF,yy) was fixed to the corresponding ab initio result,
because there was not enough information for both param-
eters to be determined independently. For the other couplings,
DJ and Jxxÿ Jyy were fixed to the ab initio results, which thus


were used to produce the correction for the indirect contri-
butions that are much smaller than in the 1DCF


exp coupling. The
analysis of the Dexp couplings is rather insensitive to the
corrections due to the small Jij


aniso contributions that, therefore,
do not even have to be very accurate; a partial correction is
enough.


In the case of CHF3, we had to fix two geometry
parameters. The choice between the ZLI 1132 or ZLI 1167
solvents did not have any remarkable effect on the bond
lengths. For this reason, we found it quite safe to fix the rCH


and rCF bond lengths to the (re) values given in reference [37].
The resulting geometries corresponding to different solvents
are given in Table 3. The deviation between the bond angle in
the ZLI 1132 solvent and that given in reference [37] is only
0.5 %. The RMS error is in this case most sensitive to D2JFF,
even though D1JCF gives a slightly larger relative contribution
to experimental couplings according to ab initio calculations.
For this reason, D2JFF was allowed to change whereas the
other indirect coupling anisotropies were fixed to the ab initio
values. The resulting experimental value, D2JFF�ÿ200 Hz, is
very close to the ab initio result, ÿ232 Hz.


Significance of the anisotropic indirect coupling : In Table 12,
the Dah contributions from anharmonic vibrations only serve
to transform the molecular geometry from ra(T) to re. This is
not essential in the studies of large molecules, for which the
knowledge of the average geometry is adequate. The other
contributions are, however, important, because they may lead
to artificial results and poor fit to the data, if ignored. For
example, the uncorrected Dexp couplings give the molecular
geometry parameters of rCH� 2.0615 � and aHCF�
111.88 degrees for CHF3 in the ZLI 1132 solvent at 325 K,
whereas the corrected values are 1.0958 � and 110.928,
respectively. In this example, the dramatic effect is due to
large 1Dd


CH contribution, which is seen also at 287.5 K in
Table 12. However, it is also apparent that Janiso gives the
largest contribution to 1DCF for each molecule and to 2DFF for
CHF3 (excluding the anharmonic corrections from the
comparison).


The experimental and theoretical properties of the 1JCF


tensor for CH3F and CH2F2 and of the 2JFF tensor for CHF3


are given in Table 13. The ratios, 1�2Janiso/Deq, are given in
Table 14.


Table 12. Contributions to Dexp couplings for CH3F, CH2F2 and CHF3 in
the nematic ZLI 1132 solvent.[a]


Coupling Deq Dh Dah Dd 1/2Janiso Dcalc Dexp Diff.[b]


CH3F
1DCF ÿ 856.07 ÿ 4.42 15.83 ÿ 1.22 9.45 ÿ 836.43 ÿ 836.42 0.01
1DCH 661.72 ÿ 20.74 ÿ 21.47 ÿ 8.43 0.16 611.24 611.24 0.00
2DHF ÿ 678.77 2.14 18.99 2.01 ÿ 1.53 ÿ 657.16 ÿ 657.16 0.00
2DHH 859.60 ÿ 7.87 ÿ 28.38 ÿ 4.25 ÿ 0.28 818.82 818.82 0.00
CH2F2
1DCF ÿ 410.98 ÿ 1.17 4.28 ÿ 2.71 6.66 ÿ 403.92 ÿ 403.91 0.01
1DCH 914.02 ÿ 29.58 ÿ 24.01 6.46 0.18 867.07 867.06 ÿ 0.01
2DHF ÿ 139.98 2.92 5.04 ÿ 1.09 ÿ 0.83 ÿ 133.94 ÿ 133.95 ÿ 0.01
2DFF ÿ 460.28 ÿ 1.80 2.97 2.42 0.85 ÿ 455.84 ÿ 455.84 0.00
2DHH 1307.19 ÿ 17.98 ÿ 37.14 ÿ 1.37 ÿ 0.26 1250.44 1250.43 ÿ 0.01
CHF3
1DCF 71.78 ÿ 0.04 ÿ 1.66 ÿ 0.36 ÿ 1.12 68.60 68.55 ÿ 0.05
1DCH ÿ 444.64 15.36 4.70 ÿ 39.99 ÿ 0.20 ÿ 464.77 ÿ 464.77 0.00
2DHF ÿ 114.48 ÿ 0.70 2.45 0.00 0.26 ÿ 112.47 ÿ 112.56 ÿ 0.09
2DFF 102.71 0.32 ÿ 2.23 ÿ 0.30 ÿ 1.29 99.21 99.16 ÿ 0.05


[a] Values in Hz at 290, 290, and 287.5 K for the molecules in the respective
order. [b] DexpÿDcalc.


Table 13. Experimental and theoretical properties of the JCF tensor for
CH3F and CH2F2 and of the JFF tensor for CHF3.[a]


Molecule Coupling Jiso DJ Jxxÿ Jyy


CH3F JCF


exp. ÿ 163.0[b] 350
ab initio ÿ 156.6 207.8


CH2F2 JCF


exp. ÿ 233.9[b] 13.5[c] ÿ 360[c]


ab initio ÿ 220.7 10.4 ÿ 280.3
CHF3 JFF


exp. ±[d] ÿ 200
ab initio 152.4 ÿ 232.1


[a] Values in Hz and J tensors expressed in the molecule-fixed (x,y,z)
frame. See text for details and Tables 8 ± 10 for the tensors in their principal
axis systems. [b] Measured in the gas phase. [c] The ratio, DJ/(Jxxÿ Jyy), is
fixed to the value taken from ab initio results. [d] Not obtainable.
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For 1DCF, the indirect contribution is close to ÿ1 % in each
case. For the corresponding contribution in para-difluoroben-
zene,[5] the experimental and theoretical results, ÿ1.2 % and
ÿ1.1 %, respectively, are very similar to the present values.
According to ab initio calculations, 1JCF is almost cylindrically
symmetric in the rCF direction, that is, in the (x', y', z')
coordinate frame, where z' is in the bond direction. In this
frame, the 1Deq


CFcoupling is directly proportional to SCF� Sz'z'


(see Equation (2)), whereas 1Janiso
CF for CH2F2 and CHF3


consists of several terms of the general Equation (8):


Janiso � 2�3P2 (cosq) [DJSD
z'z'�1�2(Jx'x'ÿ Jy'y')(SD


x'x'ÿ SD
y'y'�


�(Jx'y'�Jy'x')SD
x'y'�(Jx'z'�Jz'x')SD


x'z'�(Jy'z'�Jz'y')SD
y'z']''


(8)


because the direct and the indirect coupling tensors possess
different principal axis systems. If we break the theoretical
1Janiso


CF coupling into components, the first of which is directly
proportional to Sz'z' (similarly to 1DCF) and the second includes
the rest of the coupling, we obtain the contributions denoted
1Janiso


CF;L and 1Janiso
CF;T, respectively (L refers to ªlongitudinalº and T


to ªtransverseº). The former reaches its maximum value when
SCF� 1. For example, 1�21Janiso


CF;L� 118.3 Hz and 1�21Janiso
CF;T� 21.5 Hz


maximally for CHF3, with the latter value obtained using the
constraint SCF� 0, leading to vanishing dipolar coupling. Thus,
1Dexp


CF can be 21.5 Hz without any contribution from the true
direct 1DCF coupling. The corresponding values for 1�21Janiso


CF;L and
1�21Janiso


CF;T are 69.3 and 0 Hz for CH3F, 92.1 and 30.3 Hz for
CH2F2, and 122.9 and 1.9 Hz for para-difluorobenzene. The
values for the last molecule were calculated using theoretical
results from reference [5]. The maximum of 1Janiso


CF;L is seen to be
much larger than 1Janiso


CF;T for each molecule. 1Janiso
CF;L gives a


relative contribution that depends on the orientation similarly
as 1Deq


CF does; thus the relative contribution is orientation-
independent. The orientation-independent ratios, 1�21Janiso


CF;L/
1Deq


CF, are ÿ1.1 %, ÿ0.6 % (ÿ1.1 %), ÿ0.8 % (ÿ1.0 %), and
ÿ1.1 % (ÿ1.2 %), in the respective order of the molecules.
The values in the parenthesis are the experimental results,
which are presently not obtained for CHF3. As an implication,
the 1Janiso


CF contribution is partially removed by using the
approximation, 1�21Janiso


CF �ÿ 1Deq
CF/100. However, if the order


parameter Sz'z', is small compared with the other elements of
the orientation tensor in the CF bond-fixed basis, the indirect
contribution may deviate from the expected ÿ1 %. In that
case, the systematics of 1JCF should be studied in related
molecules in order to transform the complete tensor from a
probe molecule to another.


In the case of 2Dexp
FF , the indirect contributions are about


ÿ0.02 % and ÿ1.5 % in CH2F2 and CHF3, respectively,
according to the ab initio results. However, the former value
is orientation-dependent, because the 2JFF tensor deviates
from cylindrical symmetry in the frame with z' parallel with
rFF. On the contrary, the latter value is orientation-independ-
ent because of the symmetry point group of the molecule. In
CH2F2, the relative indirect contribution, 1�22Janiso


FF;L /2Deq
FF is


ÿ0.8 %, which is partially cancelled by 1�22Janiso
FF;T in the observed


2Dexp
FF . If the 2Deq


FF coupling should vanish in this molecule,
2Janiso


FF;T would maximally equal 32.1 Hz (2Janiso
FF;T can reach the


value of ÿ48.1 Hz if Sz'z' is not constrained to be zero and
2Janiso


FF;L can be as much as 78.6 Hz at its maximum). The
molecular orientation necessary for this coincidence is very
strong: Sz'z'� 0 and Sx'x'ÿ Sy'y'�ÿ1 (where x' and y' corre-
spond to the axes 1 and 2, given for 2JFF in Table 9) that are
realistic only in single-crystal studies, where the orientation of
the molecule is defined by the orientation of the sample.
Therefore, values of only a few Hz are possible for 1�22Janiso


FF;T in
the LC-NMR method, whereas 1�22Janiso


FF;L /2Deq
FF is about ÿ0.8 %


and ÿ1.5 % in CH2F2 and CHF3, respectively.
Now we consider a case where the molecular orientation is


not weak, but one internuclear order parameter, that is, one
dipolar coupling vanishes leading to dominance of the
corresponding indirect contribution Janiso


ij;T . The negligible
dipolar coupling corresponds to the situation where rij is on
the average at the magic angle (�54.748) with respect to n. In
the case of C3 or higher symmetry, the remaining Janiso


ij;T


contribution does not lead to serious errors, because small
deviation of rij from the magic angle leads to significant
change of the dipolar coupling. Therefore, the fitted angle is
insensitive to small errors that typically arise from the ignored
Janiso


ij;T . However, for less symmetric molecules, the property
surface of the observed coupling with respect to a geometry
parameter may be relatively flat. The situation arises occa-
sionally from a suitable combination of the molecular
geometry and orientation. In this case, even a small ignored
contribution leads to significant errors. The possibility for the
occurrence of the depicted situation is reduced significantly
by carrying out measurements at several orientations and by
fitting the free parameters simultaneously to the complete
data set.


Conclusions


We have performed multiconfiguration self-consistent-field
linear response (MCSCF LR) calculations and liquid crystal
(LC) NMR experiments in order to examine the spin ± spin
coupling tensors for CH3F, CH2F2, and CHF3 molecules. The
experimental tensorial data is found to be reproduced to a
reasonable accuracy by the MCSCF calculations. The iso-
tropic coupling constants are in excellent mutual agreement.
The differences between the theoretical results and the
experimentally very accurately determinable isotropic spin ±
spin coupling constants, J, are maximally only a few percent.
Consistency in the anisotropies proves that both the theoret-
ical and experimental methods used are able to produce
reliable tensorial properties of the indirect couplings.


Table 14. Experimental and theoretical 1�2Janiso contributions relative to the
corresponding direct coupling, Deq.[a]


Molecule Method CF CH HF HH FF


CH3F ab initio ÿ 0.7 0.02 0.2 ÿ 0.03 ±
Exp. ÿ 1.1


CH2F2
[b] ab initio ÿ 1.2 0.02 0.6 ÿ 0.02 ÿ 0.02


Exp. ÿ 1.6
CHF3 ab initio ÿ 1.6 0.04 ÿ 0.2 ± ÿ 1.5


Exp. ÿ 1.3


[a] The relative contributions, 1�2Janiso/Deq, are given in%. [b] The values
are orientation-dependent. The present values correspond to the data
taken from ZLI 1132 solvent at 290 K.
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The present successful comparison of experimental and
theoretical results strongly suggests that MCSCF calculations
are able to produce qualitatively correct indirect contribu-
tions to the experimental dipolar couplings also for other
small probe molecules containing fluorine. However, the
convergence of the J tensors necessitates very large MCSCF
active spaces. Comparison of different theoretical results re-
emphasizes that ab initio methods, such as the present one, are
to be preferred over present density-functional theory in
calculating couplings to fluorine, as anticipated for an atom
containing lone pairs. The present theoretical data for the J
tensors are the best reported so far for these molecules.


The indirect contributions to the corresponding dipolar
couplings due to 1JCF (CH3F and CH2F2) and 2JFF (CHF3)
tensors are found both theoretically and experimentally to be
negligible to a reasonable accuracy with the observed
molecular orientations. However, especially the 2JFF tensor
possesses low symmetry in the internuclear FF direction,
which may lead to artificial effects on the apparent geometry
and orientation of the molecule in the case of vanishing or
nearly vanishing direct dipolar coupling. The relative indirect
contribution to the 1Dexp


CF coupling from the 1JCF tensor is
found to be rather similar in different structural surroundings
and, therefore, it is partially removed by an average relative
correction, ÿ1 % of the corresponding dipolar coupling.
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Elucidating the Mode of Action of a Corrosion Inhibitor for Iron


Marcus Frey,[a] Steven G. Harris,[b] Jeremy M. Holmes,[b] David A. Nation,[b]


Simon Parsons,[b] Peter A. Tasker,*[b] and Richard E. P. Winpenny[b]


Abstract: Two polymetallic iron(iii)
complexes 1 and 2 have been synthes-
ised from the known corrosion inhibitor
3-(4-methylbenzoyl)-propionic acid HL1


and their crystal structures determined.
Coordination geometries extracted from
these structures have been used as the
basis for molecular modelling onto ide-
alised iron(iii) oxide surfaces as an aid to
understanding the efficacy of inhibitors
of the 4-keto acid type. The proposed


mode of action involves 1,3-bridging
didentate coordination of the carboxy-
late function of L1 to two FeIII ions,
hydrogen-bond formation between the
4-keto group of L1 and a bridging surface


hydroxy group, as well as close packing
of the aromatic end groups, which
should generate a hydrophobic barrier
on the surface. Adsorption isotherm
experiments have been used to compare
the strengths of binding of related car-
boxylic acids onto iron(iii) oxide surfa-
ces and indicate that the presence of the
4-keto function leads to the formation of
significantly more stable surface com-
plexes.


Keywords: coordination modes ´
corrosion inhibition ´ iron ´ molec-
ular modelling ´ polynuclear com-
plexes


Introduction


The design of ligands to bind strongly to metal oxide surfaces
is likely to involve very different criteria from those needed to
ensure stable complex formation in solution. For the latter
situation, a multidentate ligand (Scheme 1) which defines
most or all of the coordination sites on a single metal ion in a
strain-free, and preferably preorganised form of the ligand,
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Scheme 1. Diagram showing the difference between a ligand designed to
address one metal ion (sequestering) or several metal ions in a surface array
(polynucleating).


will give high thermodynamic stability on both enthalpic and
entropic grounds and thus lead to encapsulation of the metal
ion. Such an approach cannot be used to design a good surface
ligand because many of the coordination sites of surface metal
ions are imbedded in the oxide substructure. To enhance the
strength of binding in such a system it will be beneficial to use
a sufficiently rigid multidentate, polynucleating ligand that
will address as many metal ions as possible in the surface array
but not lead to sequestration of the metal into solution.
Formation of such a polynuclear complex with an unstrained
form of the ligand will be associated with favourable free
energy terms similar to those of the chelate or macrocyclic
effect.[1]


Modification of surface properties to generate a range of
useful effects has been approached[2] by functionalising the
polynucleating ligand. Whilst such an approach has been
demonstrably effective in ªsurface engineeringº, there have
been few studies to define the nature of complexes formed at
the metal(oxide) surfaces. Herein we consider the mode of
action of a known corrosion inhibitor for iron and a range of
structurally related molecules in an attempt to establish
whether efficacy can be related to complex formation at the
oxidised metal surface.


The protection of metal surfaces against wear and corrosion
is an important area of industrial application.[3] In the case of
steel, metallic pretreatments incorporating chromium(vi)[4]


and other metals[5] have proved effective in reducing the
activity of the surfaces. However, the potential carcinogenic
and ecotoxic hazards posed by solutions of chromium(vi)
employed in the manufacturing process have led to a greater
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impetus for their replacement by more benign substances.[6, 7]


Surface treatments based on organic ligands have demon-
strated a range of desired effects including adhesion promo-
tion, corrosion resistance, antiwear and mould-release proper-
ties.[2] Therefore, by suitable design, a particular organic
ligand should be able to supply the desired surface effect
without the ecological risk associated with heavy metal
treatments. The corrosion inhibitor for iron, 3-(4-methylben-
zoyl)-propionic acid, HL1 (Scheme 2), produced by Ciba
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Scheme 2. Structures of the ligands HL1, HL2 and HL3.


Specialty Chemicals for use in water-borne coatings, meets
this criterion. Testing of this compound and the related
derivatives HL2 and HL3 has shown[8] that the presence of
both the methyl group in the para position of the aromatic
ring and the carbonyl group gives rise to a greater effective-
ness as a corrosion inhibitor in protective coatings. An
understanding of the mode of action of such an inhibitor on
the iron oxide surface will facilitate the design of more
effective anticorrosion agents. In practice, obtaining such an
understanding under the conditions of use of the corrosion
inhibitor is an extremely difficult task. Most surface-analytical
techniques give a wealth of information concerning compo-
sition, but few can supply de-
tails of surface structure, and
hence of the binding mode of
the ligand to the metal. This
information, and in particular a
knowledge of the types and
structures of complexes formed
at the metal(oxide) surface, will
be needed for rational design of
surface ligands. In order to
acquire this information, use
can be made of the tools avail-
able to the inorganic chemist,
such as the preparation of metal
complexes and their study by
single-crystal X-ray diffraction.
In a preliminary communica-
tion[9] we described an ap-
proach to this complex problem
based on the synthesis and
structural characterisation of
polynuclear iron(iii) complexes
of known corrosion inhibitors
(for example, HL1) and the use
of the defined structural motifs


to model potential binding sites on iron(iii) oxide surfaces. We
now report fully our earlier work and present further evidence
in the form of adsorption isotherm studies that support our
model for the mode of action of HL1.


Results and Discussion


Synthesis and structures : Central to the understanding of how
ligands may bind to metal oxide surfaces is knowledge of their
metal coordination chemistry. X-ray structure determinations
of polynuclear complexes formed from solution can provide
an understanding of how the ligands address the coordination
requirements of the metal. Relating these requirements to the
situation of addressing an array of metal ions in an oxide
surface can provide insight into how ligands such as HL1


achieve their remarkable surface-protective qualities. To this
end we have prepared and characterised a number of
polynuclear iron(iii) complexes of HL1. Two of relevance to
this work are described below. The synthesis of these
complexes is based on methods previously reported[10, 11] by
Lippard and co-workers.


Reaction of hydrated iron(iii) nitrate with one equivalent of
Na(L1) and two equivalents of sodium methoxide in methanol
gave a yellow powder that was analysed to be Fe(L1)(OCH3)2.
Slow diffusion of methanol into a solution of this powder in
DMF yielded yellow needles that were suitable for X-ray
single-crystal diffraction. Structure solution and refinement
showed the complex to be a decanuclear ªferric wheelº of
formula [Fe(OCH3)2(L1)]10 (1) (Figure 1). The structure
consists of a centrosymmetric ring of ten iron(iii) atoms held
together by twenty m2-methoxide ligands and ten 1,3-bridging
carboxylate ligands. Each iron(iii) atom is surrounded by six
oxygen donors in a slightly distorted octahedral geometry.


Figure 1. The structure of 1 in the crystal, showing the bonding of the carboxylate head-group to the Fe centres,
and the non-involvement of the ketone function of L1. (Fe: green; O: red; C: grey; H: light brown. These colours
are also used in Figures 2, 4, 7, 8, 9, and 10.) Bond length ranges [�]: FeÿO(methoxide) 1.962 ± 2.000, FeÿO(L1)
2.004 ± 2.064 (esd 0.012). Bond angle ranges [8]: cis at Fe, 77.3 ± 99.9; trans at Fe, 168.0 ± 175.5 (esd 0.5).
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The iron ± oxygen bond lengths are typical and, except for its
aesthetic appeal, the structure is unremarkable because
similar decanuclear iron(iii) wheels have been reported with
both chloroacetate[10] and acetate[12] ligands in preparations
that also used methanol as the solvent. In this work we found
that to prepare polynuclear complexes other than 1, the use of
methanol in all stages of complex preparation and purification
had to be avoided. In contrast to the ligands employed in these
earlier reports, L1 has the possibility of further interaction
with the iron(iii) centres through the carbonyl oxygen of the
keto function, but, in the case of 1, this potential is not realised
and the ligand is merely dinucleating, spanning the apical sites
of two edge-shared pseudo-octahedral iron(iii) atoms.


The function of the keto carbonyl group of HL1, in its role as
a corrosion inhibitor, was hinted at from the structural
determination of a second complex formed between iron(iii)
and L1. Treatment of a solution of Na(L1) in water with an
aqueous solution of iron(iii) nitrate (0.43 equivalents) afford-
ed a light orange powder. The material was analysed as the
trinuclear species [Fe3(O)(L1)6(H2O)3] ´ L1 and its identity was
supported by FAB mass spectrometric measurements. Several
oxo-centred trinuclear iron(iii) complexes have been reported
in the literature with carboxylate[13] and other ligands[14] and
many have been crystallised.[15] Diffusion of diethyl ether
vapour into a solution of the orange powder in acetonitrile
afforded orange ± brown crystals in very low yield which were
suitable for X-ray diffraction. Structure determination and
refinement indicated that hydrolytic oligomerisation of the
oxo-centred trimer had occurred, resulting in an undecanu-
clear cage of formula [Fe11(O)6(OH)6(L1)15] (2) (Figure 2).
Oligomerisations of this nature have been described in the
literature. The formation of a similar undecanuclear iron(iii)
cage containing benzoate ligands has been ascribed[11] to
hydrolytic oligomerisation of dinuclear {Fe2O}4� units, whilst
the fusion of two of these undecanuclear iron(iii) benzoate
complexes into a heptadecanuclear complex has been sug-
gested[16] to involve the loss of {Fe3O}7� fragments.


The structure of 2 is more complex than that of 1 and can be
described as a distorted trigonal prism (defined by Fe3, Fe4,
Fe6, Fe7, Fe9 and Fe10) with two iron atoms (Fe1 and Fe2)
capping the triangular faces and three iron atoms (Fe5, Fe8
and Fe11) capping the rectangular faces. Holding the metal
cluster together are six m3-oxide ions lying within the
polyhedron, and six m3-hydroxide ions lying on its surface
diagonally spanning the square faces with ÿOH ± Fe ± OHÿ
bridges. The m3-oxide ions bridge between one iron on a
vertex, one capping a triangular face and one capping a square
face (for example, Fe2, Fe9 and Fe11), whereas the m3-
hydroxide ions bridge two metal atoms at the vertices and one
capping a rectangular face (such as Fe9, Fe10 and Fe11).
Completing the coordination requirements of the iron(iii) ions
are the carboxylate oxygen atoms of fifteen L1 ligands that
each span pairs of adjacent edge-sharing pseudo-octahedral
iron atoms. The iron ± oxygen(oxido) bond lengths are much
shorter (av 1.909(17) �) than the iron ± oxygen(hydroxido)
bond lengths (av 2.096(40) �), which allows clear distinction
between these two ligand types. In complex 2, as in 1, L1 binds
to adjacent iron(iii) atoms through its carboxylate function in
a 1,3-bridging mode. Although the 3-keto oxygen atoms of L1


Figure 2. The structure of 2 in the crystal, viewed along the pseudo-
trigonal axis of the metal polyhedron. The organic tail group of eleven of
the L1 ligands is excluded for clarity. The four L1 ligands depicted have
hydrogen bonds, shown as dotted lines, to hydroxides bridging the metal
core. Bond length ranges [�]: FeÿO(oxide) 1.878 ± 1.941, FeÿO(hydroxide)
2.049 ± 2.176, FeÿO(L1) 1.936 ± 2.158 (esd 0.008). Bond angle ranges [8]: cis
at Fe, 75.9 ± 109.3; trans at Fe, 154.6 ± 177.4 (esd 0.3).


ligands are not coordinated to metal ions in 2, they act as
hydrogen-bond acceptors for four of the six m3-hydroxide ions
on the surface of the iron(iii) ± oxo cluster (Figure 2). The
reason why two of the six bridging hydroxide ions are not
involved in a similar interaction with a nearby L1 ligand is
unclear; they are however hydrogen-bonded to solvent (not
shown).


The change in stretching frequency of the carbonyl group of
L1 upon hydrogen bonding to the bridging hydroxide of the
metal cluster in 2 is clearly evident in the Raman spectrum
(Figure 3). Four of the fifteen L1 ligands in 2 are engaged in
hydrogen bonding with the cluster, which results in an
asymmetric doublet for the n(CÿO) vibrational mode. The
frequency of vibration of the hydrogen-bonded carbonyl
group would be expected to be lower than that of the non-
interacting carbonyl groups, and this is evident in the
spectrum. The higher frequency peak, located at 1685 cmÿ1


in 2, matches closely that of the cyclic complex 1, where the
ten L1 ligands are equivalent and a single peak for the
carbonyl stretching vibration is expected, as well as the
carbonyl vibration in the spectrum of uncomplexed HL1


(1684 cmÿ1).
Three of the four L1 molecules that are hydrogen-bonded to


the surface of the cluster have very similar geometries
(Figure 4), and the associated Fe2(OH)L1 unit can be consid-
ered as a potential model for docking on to the surfaces of
known iron(iii) oxides (see below). The 1,3-bridging carbox-
ylate group has a geometry similar to that in the non-
hydrogen-bonded ligands and to that observed for L1 in the
decanuclear complex 1 (Table 1).


The combination of the conventional dinucleating mode of
coordination of the carboxylate group with the secondary
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Figure 4. The conformation of the hydrogen-bonded ligand L1 observed in
complex 2 and in models for attachment to the (021) plane of lepidocrocite.
(Hydrogen atoms of L1 have been omitted for clarity.)


bonding of the 3-keto group in L1 may provide a partial
explanation for its efficacy as a corrosion inhibitor. Evidence
that such a ªmultisite attachmentº to iron(iii) oxides leads to
an increase in strength of binding beyond that for simple
carboxylates was sought by carrying out adsorption isotherm
measurements.


Adsorption isotherms : In order
to investigate the effects of
structural changes in HL1 on
its ability to bind to an iron
oxide surface we have conduct-
ed solution adsorption isotherm
experiments. The adsorbent
chosen was a pigmentary iron-
(iii) oxide purchased from
Bayer AG. The oxide was iden-
tified by X-ray powder diffrac-
tion to be goethite (a-FeO-
(OH)). Solutions of HL1, HL2


and HL3 in methanol/water
(95:5 v/v), with concentrations
in the range 6.0� 10ÿ5 to 3.0�
10ÿ3 molLÿ1, were allowed to
equilibrate at 25 8C with known
amounts of the oxide. Measure-
ment of the concentration of
the remaining ligand in solution


by UV spectroscopy allowed the amount of ligand adsorbed
onto the iron oxide surface to be calculated. Plots of amount
adsorbed versus equilibrium concentration are given in
Figure 5.


Figure 5. Adsorption isotherms for HL1 (*, ÐÐ), HL2 (*, - - - -) and HL3


(~, ****). The lines through the data points represent best fits to the
Langmuir adsorption equation.


Figure 3. Raman spectra of a) complex 1 and b) complex 2, showing the splitting of the carbonyl stretching
frequency in the latter complex. The intensity axes have arbitrary units.


Table 1. Selected bond lengths [�] and torsion angles [8] for the ligand L1 observed[a] in the three unique ligands with a similar gauche conformation at the
methylene ± methylene bond in complex 1, in four hydrogen-bonded units in complex 2, and in two models, A and B, for attachment to the (021) plane of
lepidocrocite.


Complex 1 Complex 2 [a] Complex 2 [b] Complex 2 [c] Complex 2[h] Model A Model B


FeLFe [�] 3.021(5)[b] 3.132(3) 3.160(3) 3.166(3) 3.015(3) 3.060 3.060
FeÿO [�] 2.032(19)[b] 2.048(9) 2.050(8) 2.068(8) 2.069(8) 2.015 2.072
FeÿO [�] 2.032(19)[b] 2.005(9) 2.013(8) 2.009(8) 2.010(8) 2.015 1.935
(C�)OLO [�] N/A 2.870(12) 2.879(12) 2.908(12) 3.233(12) 2.929 2.86(3)[d]


C�OLO(H) [8] N/A 124.4(10) 129.4(10) 126.3(10) 137.5(10) 129.7 143(3)[d]


ace [8] 184(3)[c] 156.0(19) 158.1(8) 158.9(9) 151.4(9) 166.7 177.6
bde [8] ÿ 183(3)[c] ÿ 151.5(8) ÿ 146.8(9) ÿ 149.9(9) ÿ 162.6(8) ÿ 166.9 ÿ 175.6
cef [8] ÿ 161(5)[c] ÿ 135.9(12) ÿ 139.2(12) ÿ 140.9(12) ÿ 148.0(12) ÿ 115.9 ÿ 6.7
def [8] 26(8)[c] 45.4(15) 37.2(16) 38.2(16) 30.9(17) 59.7 175.6
efg [8] 67(4)[c] 58.0(15) 57.7(15) 53.7(16) 52.4(17) 49.4 71.6
fgh [8] 0(8)[c] ÿ 3.8(19) ÿ 1.5(17) 4.8(19) ÿ 1.6(21) ÿ 8.7 ÿ 17.6


[a] The labelling scheme for bonds is shown in Figure 4. [b] Average values with their associated standard deviations, s, for the five crystallographically unique
ligands. [c] Average values with their associated standard deviations, s, for the three unique ligands with gauche conformations at efg. [d] Average values for
three trifurcated hydrogen bonds.
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The data for each ligand can be fitted satisfactorily to a
Langmuir adsorption model [Eq. (1)], where q is the fraction


q� K�HL�
�1 � K�HL�� and q� nA


nM


(1)


of surface sites occupied, that is, the measured amount of
ligand (nA) adsorbed on the oxide surface divided by the
theoretical amount of ligand (nM) needed to provide mono-
layer coverage, and K is the equilibrium adsorption constant.
The results of curve fitting to this model are given in Table 2
and, along with the raw data, are shown in Figure 5. The
differences between equilibrium adsorption constants (K) for
the ligands, as determined by the fitting procedure (Table 2),
do not appear to be significant whereas examination of


Figure 5 clearly reveals that the ligands do exhibit different
binding strengths. The numerical fits have been performed for
all the data points, some of which, it could be argued, should
be discarded as being outside the expected limits of exper-
imental error. For this reason a qualitative description only of
binding strengths will be given, which is based on comparison
of the slopes of the essentially linear portions of the curves
that are to be found at low equilibrium concentrations (less
than 5� 10ÿ4 mol Lÿ1). In this region surface coverage is low
and binding strength is proportional to the slope of the
isotherm. In this regard therefore it can be seen that HL1 and
HL2 follow essentially the same isotherm and have similar
slopes in the concentration region 0 to 5� 10ÿ4 mol Lÿ1,
whereas HL3 behaves quite differently and has a lesser slope
in the low concentration region. This indicates that HL1 and
HL2 have similar adsorption binding strengths that are both
greater than that of HL3. In view of the structural differences
between the three ligands the presence of the keto function in
HL1 and HL2 must be the cause of the enhanced binding that
is observed with the iron oxide surface over that achieved by
HL3. We suggest that this could be a result of a favourable
hydrogen-bonding interaction between the keto oxygen and a
terminal hydroxide group on the oxide surface.


Despite the clear distinction between hydrogen-bonded
and non-hydrogen-bonded carbonyl groups in the Raman
spectra of 1 and 2 (Figure 3) attempts to probe the interaction
of HL1 and HL2 directly on the oxide surface by both SERRS
and DRIFT spectroscopy have to date been inconclusive. In
other work,[17] DRIFT spectroscopy has been used to dem-
onstrate the 1,3-bridging mode of coordination of a carbox-
ylate ligand to the surface of goethite.


Within experimental error there is no difference between
the fitted curves for HL1 and HL2. This suggests that the
presence or absence of the p-methyl substituent in the
aromatic ring has little or no influence on the adsorption of
the ligands onto this oxide. Such a structural difference
between HL1 and HL2 would certainly be expected to become


important at higher concentration where steric effects be-
tween molecules packing on the surface need to be consid-
ered. For this particular batch of oxide the specific surface
area has been determined by BET methods to be 18.8 m2 gÿ1.
If we assume that monolayer coverage is occurring and we
take into account the value of nM determined from the fitted
Langmuir equation (1.26� 10ÿ5 mol gÿ1), we can calculate the
surface area on the oxide occupied by a single molecule of
HL1 to be 248 �2. This is approximately five times larger than
the theoretical amount calculated for a single molecule of HL1


bound to an idealised oxide surface (see below) and may
therefore reflect a low density of suitable binding sites per
unit area on the real oxide. With such a large area available to
each individual HL1 or HL2 molecule the effects of steric
interactions between adjacent ligands are unlikely to be
observed in this experiment.


The efficacy of HL1 in protective coatings is adversely
affected by the presence of inorganic anions such as sulfate,
chloride and perchlorate. At pH values below the point of
zero charge, pHpzc, (8.1 for goethite[18]) the oxide surface will
carry a net positive charge and inorganic anions will be
attracted to the surface where they are able to compete with
the organic inhibitors for binding sites. Isotherm measure-
ments have been used to investigate the competition between
these anions and HL1 for surface sites on goethite (Figure 6).
In the presence of perchlorate (0.01 mol Lÿ1) the adsorption of


Figure 6. Adsorption isotherms for HL1 alone (*, ÐÐ) and in the presence
of 0.01 mol Lÿ1 perchlorate (*, - - - -), chloride (~, ****) and sulfate
(~, ****).


HL1 onto goethite does not seem to be affected and the
isotherms for both HL1 alone and with added perchlorate are
identical within experimental error. The presence of chloride
(0.01 mol Lÿ1) however causes the adsorption of HL1 to be
significantly reduced, which indicates that chloride is able to
block some of the binding sites on the oxide surface. The
effect of sulfate is even more dramatic with HL1 only able to
provide a fraction of its original surface coverage. This
observed order of SO4


2ÿ>Clÿ>ClO4
ÿ as competitors for


displacement of L1 agrees with that expected on the grounds
of stability constants[19] of FeIII ± anion complexes with per-
chlorate either being non-coordinating or at best forming a
very weak complex. The greater effectiveness of sulfate over
chloride may be aided by the ability of sulfate ion to
coordinate to goethite surfaces in a dinuclear bridging


Table 2. Adsorption isotherm constants (standard deviations in parenthe-
ses).


HL1 HL2 HL3


nM 105 [mol gÿ1] 1.26(2) 1.32(5) 0.87(4)
K 10ÿ3 [Lmolÿ1] 1.4(1) 1.1(1) 1.4(1)
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mode[20] thus offering a thermodynamically more stable
surface complex. The order of effectiveness of these inorganic
anions as competitors for surface binding agrees with that
found for promotion of corrosion by electrochemical meas-
urements,[21] illustrating the importance of adsorption phe-
nomena in the protection of metals.


Molecular modelling : An explanation of structure ± activity
relationships for the carboxylate ligands L1 ± L3 and evidence
for the ªmultisite attachmentº to iron(iii) oxide surfaces was
sought from molecular modelling. The first step was to
compare different iron oxide surfaces and select one for
detailed study. It has been shown that the predominant oxide
formed on lightly corroded iron surfaces is lepidocrocite (g-
FeO(OH)).[22] Bravais ± Friedel ± Donnay ± Harker theory
predicts[23] that the {020}, {021} and {110} Miller planes are
responsible for 94 % of the total surface area of lepidocrocite.
Layers coplanar with the (021) plane of lepidocrocite contain
iron(iii) and hydroxide ions in a very similar disposition to that
found in 2, namely edge-shared FeIII octahedra, and for this
reason this particular surface orientation was chosen initially
as the model surface over the other two candidates. Depend-
ing on the conditions under which the iron has been corroded,
magnetite and goethite may also be present in rust samples.[24]


Very similar edge-shared FeIII octahedra can be identified on
the (001) plane of magnetite and the (110) plane of goethite.


The generation of the model surface requires cleavage of
the lattice and breaking of FeÿO bonds. In order to satisfy the
coordination requirements of the iron and oxide ions left
exposed, the elements of water were added. For each hydroxy
group that was terminally attached to a five-coordinate
surface iron atom, a proton was attached to a surface m3-oxide.


We examined how dinuclear fragments from both 1 and 2,
consisting of L1 with two iron(iii) octahedra, could be mapped
onto the generated surface in a periodic way to obtain the best
overlap between the edge-shared octahedra of the fragment
and those identified on the surface cell. One molecule of L1


was attached to each (021) surface cell in an h2 mode,
displacing two terminal surface hydroxy groups. In reality this
process would lead to a build-up of positive charge on the
surface and would be compensated by a corresponding
negative charge in the electric double layer.


The conformation of the ligand L1 was allowed to change by
energy minimisation with the Universal force field. The
hydrogen-bonded L1 in 2 has a gauche arrangement about the
methylene ± methylene bond with a torsion angle efg of about
608 (Figure 4). Such an arrangement should allow hydrogen-
bond formation between the keto oxygen atom of L1 and a
bridging hydroxyl ligand in the (021) surface of lepidocrocite.
For this reason the (C�)O ´´´ (H)O distance was restrained to
2.9 � and the C�O ´´´ O angle was restrained to 1308.
Resultant structural parameters are shown in Table 1 in the
column headed ªmodel Aº. These parameters are very similar
to those found in the four hydrogen-bonded ligands in
complex 2. The energy minimised surface structure (model
A) is shown in Figure 7.


While these modelling results confirm that L1 can be
attached to an iron(iii) oxide surface by a combination of
normal coordinate bonds to two iron centres and a hydrogen


Figure 7. The bonding of a single molecule of L1 to the 021 surface of
lepidocrocite by the ªmultisite attachmentº mode found in the complex 2,
with an intramolecular hydrogen bond in the dinuclear unit (model A).
(Bond lengths and torsion angles in the complex are given in Table 1.)


bond to surface hydroxide, they do not rule out other
geometrical arrangements which can also give such ªmultisite
attachmentº.


An alternative mode of attachment is shown in model B
(Figure 8). In this model the keto oxygen atom forms hydro-
gen bonds to hydroxyl units in adjacent rows of iron atoms.
Because of the high density of hydroxyl groups on the surface,
the keto group may be able to interact with several of these at
once. In an energy minimisation similar to that described for
model A but without any geometry restraints, the keto O
atom simultaneously forms three (weak) contacts with surface
hydroxy groups (O ´´´ O distances 3.06 �, 3.30 �, 3.40 �).


Figure 8. An alternative ªmultisite attachmentº mode (model B) for
bonding of a single molecule of L1 to the (021) surface of lepidocrocite,
involving hydrogen bonding to an array of hydroxy groups adjacent to the
dinuclear unit. (Bond lengths and torsion angles in the complex are given in
Table 1.)
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When distance and angle restraints are applied as defined for
model A, a viable trifurcating arrangement can be identified.


The geometrical parameters for the resultant model B are
contained in Table 1. The major conformational difference
between L1 in models A and B is a rotation around bond e
which joins the carboxylate and methylene groups. Respective
values of torsions cef and def differ by approximately 1108 in
the two models. All other torsions lie within 108 of parameters
observed in crystal structures. A gauche conformation is
retained between methylene groups in each model. As in
complex 2, an X-ray structure determination of the free ligand
HL1 has shown this to adopt a gauche conformation between
the methylene groups in the solid state (Figure 9). This implies
that very little strain energy in the ligand will be involved in
coordinating in either model A or B. It is also apparent that
only minor conformational changes might be required to
provide L1 with the ability to interact with up to three
hydrogen-bond donors at once.


Figure 9. The dimeric structure of the free ligand HL1 (aromatic rings
viewed edge-on) showing the gauche conformation in the CH2CH2 unit.


The energy-minimised structures for models A and B have
the aromatic ring lying at angles to the metal-oxide surface of
488 and 748, respectively. Both of these periodic models have
all of the surface binding sites occupied by L1 ligands. Very
good surface coverage is obtained with efficient packing
(Figure 10). The area occupied by a single molecule is the


Figure 10. The packing of nine L1 ligands on the (021) surface of
lepidocrocite based on the bonding mode found in the structure of 2. For
each L1 the carboxylate group is at the bottom left of the molecule as
viewed, and the methyl group is at the top right.


same in both models and is equal to that of the surface cell,
45 �2. A very hydrophobic surface will result with very few
gaps between the ligand molecules. This should provide a
barrier to aggressive water-borne species such as oxygen and
electrolytes, and hence provide an explanation for the efficacy
as a corrosion inhibitor. The ligand HL2 appears to bind
equally strongly to iron(iii) oxide surfaces according to the
isotherm studies, but the lack of para-methyl substituent
results in larger ªholesº in the monomolecular surface film
and hence could account for it being inferior[8] to HL1 in
protection of iron surfaces. Other types and positions of
aromatic substitution make it difficult to retain both the
bifunctional mode of attachment of the ligand to the surface
as well as close packing of the aromatic end groups. Of course,
the surface of corroded iron is not composed of just one face
of one oxide, and modelling of HL1 onto other candidates
does not provide as good a surface coverage, but it just may be
the case that the presence of HL1, or indeed any surface active
ligand, could influence the nature of the oxide surface that is
formed in such a way as to favour its passivation. This has
been demonstrated in a recent study on the hydrolysis and
oxidation of iron(ii), which has shown that the presence of
sulfate salts leads to pure goethite, whereas chloride salts give
a mixed product of goethite and lepidocrocite.[25]


It is perhaps particularly significant that the mode of
application of HL1 as the anticorrosive Irgacor 419 is in water-
borne polymer coatings. The period involved in the curing and
drying of these coatings will allow access of HL1 to the iron
oxide surface and permit reorganisation to form stable
complexes of the types described above. An important feature
of HL1 is that it appears to be able to address different binding
sites by the combination of the ªclassicalº coordination bonds
involved in dinuclear complex formation by carboxylates and
secondary bonding of the 3-keto function to surface hydroxy
groups.


These studies have drawn attention to the importance of
ligand-to-surface hydrogen bonding as a method of enhancing
the stability of surface complex formation. The design of
ligands to exploit this and other forms of secondary bonding,
including interligand interactions, is the subject of current
work at Edinburgh.


Experimental Section


The ligands HL1, HL2 and HL3 were supplied by Ciba Specialty Chemicals
Inc., Basle, Switzerland. All other reagents were of analytical grade and
were used as received.


Preparation of iron(iiiiii) complexes:


Complex 1: A solution of Fe(NO3)3 ´ 9H2O (0.93 g, 2.3 mmol) in MeOH
(10 mL) was added to a solution of Na(L1) (0.49 g, 2.3 mmol) in MeOH
(20 mL). NaOCH3 (5.0 mmol) in MeOH (5 mL) was added to the resulting
orange-red solution, causing the precipitation of a yellow powder (0.60 g,
85%) which was crystallised by the slow diffusion of MeOH into a solution
in DMF to give a small quantity of yellow needles of [Fe(OCH3)2(L1)]10 , 1;
C130H170Fe10O30: calcd: C 50.51, H 5.54; found: C 50.30, H 5.53.


Complex 2 : A solution of Fe(NO3)3 ´ 9 H2O (3.23 g, 8.0 mmol) in H2O
(25 mL) was added to a solution of Na(L1) (4.01 g, 18.7 mmol) in H2O
(75 mL). The resulting light orange powder was collected, washed with
H2O, and dried under vacuum (3.83 g, 90 %). This material was identified as
the trinuclear species [Fe3(O)(L1)6(H2O)3] ´ L1; C77H83Fe3O25: calcd: C
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58.68, H 5.31; found: C 59.69, H 5.23. Slow crystallisation by dissolution in
MeCN and subsequent diffusion of diethyl ether into the solution produced
a tiny amount of orange-brown crystals after several weeks (m.p. 165 ±
167 8C). Characterisation by single-crystal X-ray diffraction identified the
material as [Fe11(O)6(OH)6(L1)15], 2.


Crystal structure determinations : Data for 1, 2 and HL1 were collected with
a Stoe Stadi-4 diffractometer equipped with an Oxford Cryosystems low-
temperature device (Table 3). Absorption corrections were applied with y


scan data for 1 (min/max transmission for 1� 0.455/0.585). All structures
were solved by direct methods[26] and completed by iterative cycles of DF
syntheses and full-matrix, least-squares refinement against F 2 (SHELXTL,
Bruker AXS). Hydrogen atoms were included in the structures in
calculated positions, riding on parent C atoms, with U(H)� 1.2Ueq(C) for
aromatic H atoms and U(H)� 1.5 Ueq(C) for methyl H atoms. For the
structures of 1 and 2, disordered and part-weight solvate molecules were
found in the lattice which were modelled as MeOH in 1, and as Et2O,
MeCN and H2O in 2. No solvent was present in the lattice of HL1. All non-
hydrogen atoms within the cages were refined with anisotropic displace-
ment parameters: for 1, 564 parameters, wR2� 0.3773 for 9265 unique data
(2q� 458), R1� 0.1257 for 3919 observed reflections with Fo> 4s(F),
largest residual peak and hole were respectively 0.596 and ÿ0.589 e �ÿ3 ;
for 2, 2160 parameters, wR2� 0.2501 for 19121 unique data (2q� 428),
R1� 0.0872 for 10180 observed reflections with Fo> 4s(F), largest residual
peak and hole were respectively 0.907 and ÿ0.627 e�ÿ3 ; for HL1, 130
parameters, wR2� 0.1600 for 1278 unique data (2q� 458), R1� 0.0673 for
555 observed reflections with Fo> 4s(F), largest residual peak and hole
were respectively 0.156 and ÿ0.206 e�ÿ3. Crystallographic data (excluding
structure factors) for the structures have been deposited with the Cam-
bridge Crystallographic Data Centre as supplementary publication nos.
CCDC-102414, 102415 and 134655 for 1, 2 and HL1, respectively. Copies of
these 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).


Adsorption isotherm measurements : Preweighed quantities of goethite
(0.40 g) in polycarbonate centrifuge tubes were stirred with the desired
concentration of ligand in methanol/water (10 mL, 95:5 v/v) for 2 h at 25 8C.
For studying the anion effects, tetrabutylammonium perchlorate, chloride,
or hydrogensulfate was added to each tube in order to obtain a 0.01 mol Lÿ1


solution of the anion. The suspensions were centrifuged and filtered, and
the supernatant diluted if necessary, for absorbance measurement by UV
spectrometry at 252, 242 and 213 nm for HL1, HL2 and HL3, respectively
(Unicam UV-2 spectrophotometer). The measured absorbance was related
to the concentration of the ligand remaining in solution by reference to
calibration curves. The amount of ligand adsorbed was then calculated
from the difference between initial and final concentration. The data for
each ligand were fitted to the Langmuir adsorption equation (see text) with
Origin V5.0. The calculated equilibrium adsorption constants K and
maximum amounts adsorbed (nM) are given in Table 2.


Molecular modelling : All calculations were performed on a Silicon
Graphics Indigo2 work-station equipped with the Cerius2 molecular
modelling package from MSI. Bravais ± Friedel ± Donnay ± Harker calcu-
lations predicted that for a single crystal of lepidocrocite the surface would


comprise four sets of Miller planes: {020} (occupying 42.61 % of total
surface area); {021} (29.04 %); {110} (22.83 %); {111} (5.52 %). No suitable
carboxylate binding sites were found on the (020) plane, therefore
calculations were carried for the (021) plane. The resulting surface cell
had dimensions u� 6.52 �, v� 7.51 �, q� 101.88. The ligand HL1 was then
attached to neighbouring ferric sites, with the result that the carbonyl group
came into hydrogen-bonding proximity of a nearby m3-hydroxide. The
surface structures were minimised with the Universal force field. This is not
equipped with hydrogen-bond parameterisation so harmonic restraints
were applied to treat those aspects of the structure. The tolyl group (with
the exception of methyl H atoms) could be treated as a rigid body since
crystal structure analyses showed this fragment to be planar. Positional and
lattice parameters of the lepidocrocite were fixed. The retention of two-
dimensional periodicity avoids so-called ªedge effectsº, with an infinite
number of surface cells implicitly inferred in both the u and v directions.
The force field includes parameterisation for intermolecular contacts, so
the energy minimisation procedure takes into consideration the surface
packing arrangement. Resultant structural parameters are shown in
Table 1.
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Table 3. Crystallographic data for 1, 2, and HL1.


1 ´ MeOH 2 ´ C4H6O ´ 3C2H3N ´ 0.5H2O HL1


empirical formula C131H174Fe10O51 C175H191Fe11N3 O58.5 C11H12O3


Mw 3123.2 3886.7 192.21
space group triclinic, P1Å triclinic, P1Å monoclinic, P21/c
a [�] 10.537(4) 19.534(8) 5.837(1)
b [�] 18.856(6) 21.320(11) 5.295(1)
c [�] 19.392(7) 22.821(14) 31.613(9)
a [8] 101.23(2) 83.71(4) 90
b [8] 105.36(2) 74.13(4) 90.75(2)
g [8] 94.96(2) 80.67(3) 90
V [�3] 3605(2) 9000(8) 976.8(4)
Z 1 2 4
T [K] 150.0(2) 220.0(2) 220.0(2)
crystal dimensions [mm] 0.49� 0.16� 0.16 0.39� 0.27� 0.12 0.43� 0.23� 0.12
m(MoKa) [mmÿ1] 1.06 0.94 0.095
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Cationic Lipids for Gene Therapy, Part III[=]


Synthesis of High-Mannose Type Neoglycolipids: Active Targeting of
Liposomes to Macrophages in Gene Therapy


Arno Düffels,[a] Luke G. Green,[a] Steven V. Ley,*[a] and Andrew D. Miller[b]


Abstract: The concise synthesis of five
biantennary oligomannose neoglycoli-
pids is presented. Employing a strategy
based on the principles of reactivity
tuning and orthogonal activation, the
oligomannose moieties, isolated from
the glycoprotein 63 of the parasite
Leishmania mexicana amazonensis,
were rapidly assembled taking advant-


age of common structural motifs found
in these N-glycans. Deprotection of all
structures was achieved in high yield by
hydrogenolysis. The deprotected glyco-


conjugates were subsequently coupled
to a cholesteroldiamine derivative using
diethylsquarate as a linker. The resulting
neoglycolipids will be used as additives
to cationic liposome formulations in the
active targeting of liposomes to macro-
phages.


Keywords: cationic liposomes ´
gene therapy ´ glycosidation ´ neo-
glycolipids ´ synthesis design


Introduction


While a great number of therapeutic agents are discovered
every year, the clinical application of these is often limited by
their failure to reach the site of action. A further problem is
the toxicity of drugs at non-target sites. Selective drug
targeting would not only reduce systemic toxicity but would
also potentiate drug action by concentrating the drug in target
cells or tissues. The delivery of active drug moieties specif-
ically to their site of action is therefore of great interest in
pharmaceutical science.


Gene therapy is a novel form of drug delivery that enlists
the synthetic machinery of the patient�s cells to produce a
therapeutic agent.[1] An important advantage in gene therapy
is that DNA need not be delivered to target tissues at a very
high concentration since each gene can potentially express
multiple copies of its polypeptide product. However, to
employ their full potential as therapeutic agents, genes have
to be delivered in a very specific and efficient way to their
cellular targets. Both viral and non-viral approaches are being
developed to achieve this.[2] Of the current range of non-viral
vectors, cationic liposomes show particular promise and


potential as clinically useful vector systems for the delivery
of therapeutic nucleic acids to patients.[3] Previously it has
been demonstrated that cationic liposomes formulated from
3b-[N-(N',N'-dimethylaminoethane)carbamoyl]-cholesterol
(DC-Chol) and the neutral phospholipid dioleyl l-a-phos-
phatidylethanolamine (DOPE) were able to transfect the
lungs of mice in vivo.[4] In continuation of this work novel
polyamine analogues of DC-Chol were synthesised that in
formulations with DOPE were 100 times more efficient than
DC-Chol/DOPE liposomes at gene delivery in vivo.[5] As part
of a research program concerning the cell-specific delivery of
liposome/DNA complexes we became interested in the
targeting of macrophages with cationic liposomes.


It is known that liposomes injected into the bloodstream do
not mediate active targeting but instead are readily recog-
nized as foreign particles by reticuloendothelial cells (e.g.
macrophages).[6] This characteristic can be used for the
treatment of certain parasitic infections in macrophages like
Leishmaniasis.[7] However, active targeting can be accom-
plished by attaching ligands to the surface of liposomes that
mediate cell ± cell recognition.[8] It has been shown that
mannosylation of polylysine/DNA complexes resulted in an
increase in macrophage uptake;[9] this suggests that molecular
recognition of mannose residues by the well characterized
macrophage mannosyl/fucosyl receptor[10] may occur prior to
endocytosis. It was therefore anticipated that high-mannoside
derived glycolipids, as part of cationic liposome formulation,
should lead to an increase in cell-specific delivery of liposome/
DNA complexes. For this reason we became interested in the
mannosides of gp 63, the major surface glycoprotein of Leish-
mania mexicana amazonensis as means for the active target-
ing of macrophages with cationic liposomes (Figure 1).[11]
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Figure 1. The N-glycans of gp 63 of Leishmania mexicana amazonensis.


Leishmania are digenetic parasites that are transmitted to
man as a flagellated extracellular single-cell organism by the
vector sandfly. Once inside the host the parasite loses its
flagellum and becomes resident within macrophages.[12] Evi-
dence exists that cell-surface oligosaccharides of this parasite
play a role in the infection of human macrophages by
Leishmania promastigotes, presumably by interaction with
the macrophage mannosyl receptor.[13] To mimic this inter-
action and thereby increase the cellular uptake of cationic
liposomes by macrophages was the aim of this project.


Synthetic strategy


In order to test the gp 63 derived high mannosides in the
active targeting of macrophages it was decided to synthesise a
new class of cholesterol-based neoglycolipids. Since the di-N-
acetylchitobiose (GlcNAcb(1!4)GlcNAc) moiety of the
natural occurring N-glycans was not considered important
for the binding to the macrophage mannose receptor it was
replaced by a b-linked spacer.[14]


Seleno[15] and thio glycosides[16] have proven to be versatile
building blocks for the stereoselective construction of com-
plex mannosides as has been demonstrated in the synthesis of
a high-mannose type nonasaccharide of the glycoprotein gp
120 of HIV by our group.[17] Based on this result and our
continuing work in the area of protecting group mediated
reactivity tuning in oligosaccharide synthesis,[18] the synthesis
of the high-mannose glycoconjugates was addressed by
stepwise addition of the respective mono- and disaccharide
precursors 1 ± 5 to the central b-mannoside 6[19] (Figure 2).
This convergent approach allowed the rapid assembly of the
complete set of biantennary target molecules in a minimum
number of steps from a common set of building blocks.[20] The
resulting 8-methoxycarbonyloctyl glycosides were to be con-
verted to primary amines by reaction with neat ethylenedi-
amine and then coupled to a cholesterol amine using
diethylsquarate as the linker, a method that has been
introduced by Tietze et al. for the coupling of amines,[21] and
that was further successfully employed by Hindsgaul et al. in
the synthesis of neoglycoproteins.[22]


The design of the cholesterol amine was based upon the
known behaviour of cholesterol in bilayer membranes[23] and
a liposome model for DC-Chol/DOPE liposomes proposed by
Felgner et al. (Figure 3).[24] According to this model, carbon
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Figure 2. The building blocks 1 ± 6.


Figure 3. Putative alignment of DC-Chol and DOPE in cationic liposome
bilayer.


atoms C1 to C9 of the oleoyl side chains of DOPE pack
against the four fused cholesterol rings of DC-Chol so that the
phosphate ester group of DOPE and the protonated tertiary
amine functionality of DC-Chol are aligned and neutralise
each other. The positive charge of the liposome then derives
from the protonated ethanolamine side chain of DC-Chol.
The model indicates that the methylene-group spacing
between carbamoyl and the first amine functional group of
a given DC-Chol polyamine analogue should be two or three
carbon atoms to maintain charge complementation with
DOPE.


Synthesis of the building blocks


The disaccharides 1 ± 4 were synthesised in single steps from
known precursors employing the principles of orthogonal
activation and reactivity tuning (Scheme 1). Orthogonal
activation of mannopyranosyl fluoride 5[25] and glucopyrano-
syl fluoride 7[25] employing HfCp2Cl2/AgClO4 as the activation
system in the presence of alcohol 8[26] gave the a-1,3-linked
disaccharides 1 (74%) and 2 (72 %) as single anomers.


The a-1,2-linked disaccharides 3 and 4 were prepared using
the selectively acetylated seleno and thio mannosides 10 and
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Scheme 1. i) AgClO4, HfCp2Cl2, 4 � MS, Et2O, 74%; ii) AgClO4,
HfCp2Cl2, 4 � MS, Et2O, 72%.


12, derived from the known orthoester precursor 9[27]


(Scheme 2). Following a protocol of SinayÈ et al.[28] orthoester
9 reacted with phenylselenol or ethanethiol in the presence of
catalytic amounts of HgBr2 to yield the seleno and thio
mannosides 10 and 11 in excellent 96 % and 94 % yield,
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Scheme 2. i) HgBr2 (cat.), PhSeH, MeCN, 4 � MS, 5 � MS, 60 8C, 96%;
ii) HgBr2 (cat.), EtSH, MeCN, 4 � MS, 5 � MS, 60 8C, 94%; iii) K2CO3,
MeOH, 85 %; iv) NIS, TfOH (cat.), 4 � MS, CH2Cl2/Et2O 1:1, 75 %; v) NIS,
TfOH (cat.), 4 � MS, CH2Cl2/Et2O 1:1, 78 %.


respectively. Deacetylation of 11 under standard conditions
furnished the glycosyl acceptor 12 which was subsequently
reacted with the selenoglycosyl donors 10 and 13 using NIS/
TfOH activation conditions.[29] Owing to their inherent higher
reactivity[15] the selenoglycosyl
donors 10 and 13 were selec-
tively activated in the presence
of the thioglycosyl donor 12
resulting in the stereoselective
formation of the disaccharides
3 and 4 in 75 % and 78 % yield,
respectively.


Coupling of the fragments


With building blocks 1 ± 6 in
hand the target high-mannose
oligosacchrides were prepared
in four to six steps. Synthesis of
heptasaccharide 20 and hexa-
saccharide 21 was accomplished
via the common intermediary
trisaccharide 15. According to
Scheme 3 the dimannoside 3
reacted with the selectively pro-
tected central b-mannoside 6


under NIS/TfOH activation conditions to give the fully
protected product trisaccharide 14 in 81 % yield on a gram
scale. Standard deacetylation of 14 gave the desired glycosyl
acceptor 15. Glycosidation of the acceptor saccharide 15 with
the seleno glycosides 2 and 13 under NIS/TfOH conditions
yielded the desired penta- and tetrasaccharides 16 and 17 in
81 % and 83 %, respectively and completed the construction
of the 3-antenna of the target compounds 20 and 21
(Scheme 3). Desilylation of the fully protected glycoconju-
gates 16 and 17 with buffered tetrabutylammonium fluoride
(TBAF) in THF proceeded smoothly and was followed by the
coupling of the resulting glycosyl acceptors 18 and 19 with
seleno glycoside 1 to complete the synthesis of the fully
protected target molecules 20 and 21 (Scheme 4).


As for the preparation of the hepta- and hexasaccharide 20
and 21, a common trisaccharide intermediate was chosen in
the synthesis of the high-mannose type saccharides 24 and 25,
taking advantage of the common structural motifs in both
target molecules (Scheme 5). Thus, stereoselective glycosida-
tion of the central b-mannoside 6 with the a-1,2-linked seleno
glycoside 4 under NIS-TfOH conditions gave trimannoside 22
in 68 % yield. Subsequent desilylation with TBAF in THF
gave the key glycosyl acceptor 23 which underwent glyco-
sidation reactions with seleno dimannoside 1 and fluoro
mannoside 5. The resulting high mannosides 24 and 25 were
isolated as single anomers in 70 % and 67 % yield, respec-
tively. When the perbenzylated seleno mannoside 13 reacted
with the primary alcohol of trisaccharide 23 an anomeric
mixture at the newly formed glycosidic linkage was observ-
ed.


The synthesis of the N-glycans of Leishmania mexicana
amazonensis was completed with the three-step preparation
of tetramannoside 28 (Scheme 6). Thus NIS/TfOH-mediated
coupling of the perbenzylated seleno mannoside 13 with the
free secondary alcohol of the central b-mannoside 6 resulted
in the a-stereoselective formation of dimannoside 26 in
84 % yield. Standard desilylation followed by glycosidation of
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Scheme 6. i) NIS, TfOH (cat.), 4 � MS, CH2Cl2/Et2O 1:1, 84 %; ii) TBAF/
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64%.


the resulting primary alcohol
with the a-1,3-linked dimanno-
side 1 furnished the fully pro-
tected tetrasaccharide 28 in
64 % yield.


Deprotection


The saccharides 20, 21, 24, 25
and 28 were deprotected by
hydrogenation in a homogene-
ous mixture of dichlorome-
thane, methanol and water
(3:3:1) using Pd(OH)2/C as a
catalyst as shown for heptaman-
noside 20 (Scheme 7).[30] The
solvent system was chosen to
keep both the starting material
and the product in solution. The
deprotections were carried out
on a 150 mg scale and the
resulting saccharides were iso-
lated as colourless amorphous
solids after size-exclusion chro-
matography on Sephadex G-15
(H2O/nPrOH 95:5) in be-
tween 84 % and 99 % yield
(Table 1).


Synthesis of the cholesterol-
based neoglycolipids


The synthetic high mannosides
used in our neoglycolipid syn-
thesis contained the 8-methox-
ycarbonyloctyl aglycone intro-
duced by Lemieux as a linking
arm for the attachment to pro-


teins and solid supports.[14b] Couplings of oligosaccharides to
proteins have previously been achieved by a sequence of
reactions involving the reaction with hydrazine to form acyl
hydrazides which were then oxidized by nitrous acid,[14b] or
more conveniently, N2O4


[31] to give the labile acyl azides. The
acyl azides couple to proteins by acylation of amino groups,
typically lysine residues. These procedures are effective for
large scales, but on smaller scales it is difficult to obtain
reproducible coupling yields.[31] The diethyl squarate method
employed by Hindsgaul et al. on the other hand has been
shown to be reliable for the coupling of very small amounts of
oligosaccharides to proteins.[21] In accordance with this
method the high mannosides 29 ± 33 were dissolved in
anhydrous ethylenediamine and heated at 70 8C for two days
as shown for heptamannoside 29 (Scheme 8). The resulting
amine amides were purified by size-exclusion chromatogra-
phy on a Sephadex G-15 column (Table 2).


The high yielding synthesis of a diamine analogue of DC-
Chol is shown in Scheme 9. In the first step cholesteryl
chloroformate 39 was reacted with ethanolamine.[5] The
resulting alcohol was mesylated to give the protected amino
alcohol 41. Displacing the mesylate with butanolamine and
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Scheme 4. i) NIS, TfOH (cat.), 4 � MS, CH2Cl2/Et2O 1:1, 51%; ii) NIS, TfOH (cat.), 4 � MS, CH2Cl2/Et2O 1:1, 53%.
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(trimethylsilyl)ethoxycarbonyl (Teoc) protection of the sec-
ondary amine formed gave intermediate 43 in 64 % yield over
four steps. Transformation of the primary alcohol to an amine
was achieved in three steps via mesylation, displacement of


OHO
OH


O[CH2]8CONH[CH2]2NH2


OHOO


HO


O


OHO
HO


HO


O


OH
OHO


HO


HO


O


OHOO


HO


O


OH


OHO
HO


HO OH


OHO
HO


HO


HO


OHO
OH


O[CH2]8CO2Me


OHOO


HO


O


OHO
HO


HO


O


OH
OHO


HO


HO


O


OHOO


HO


O


OH


OHO
HO


HO OH


OHO
HO


HO


HO


34


i


29


Scheme 8. i) Ethylenediamine, 70 8C, 2 d, 96 %.


the mesylate with NaN3 and Staudinger reduction of the
resulting azide to give diamine 46 which in turn was trans-
formed to the corresponding squaric acid amide ester 47 by
reaction with diethyl squarate in CH2Cl2/MeOH (1:1).


Table 1. Deprotection of high mannosides.


Starting material Reaction product Yield [%]


20 29 84
21 30 98
24 31 99
25 32 98
28 33 96


Table 2. Synthesis of high-mannoside amines.


Starting material Reaction product Yield [%]


29 34 96
30 35 89
31 36 99
32 37 96
33 38 97
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Scheme 9. i) Ethanolamine, CH2Cl2, 0 8C to rt, 90 %; ii) MeSO2Cl, NEt3, CH2Cl2; iii) butanolamine, NaI, DMF, 76 % over two steps; iv) Teoc-Suc, NEt3,
dioxane, 93%; v) MeSO2Cl, NEt3, CH2Cl2; vi) NaN3, NaI, DMF, 86% over two steps; vii) PPh3, THF, 95%; viii) diethyl squarate, CH2Cl2/MeOH, 87%.
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Coupling of cholesterol squarate 47 with the deprotected
high-mannoside amines 34 ± 38 was achieved in a homogenous
mixture of CH2Cl2, MeOH and H2O (Scheme 10 and Table 3).
Reactions were monitored by MALDI-TOF spectrometry


and concentrated upon completion. In a final step depro-
tection of the Teoc-protected amine functionality was ach-
ieved by treatment of a suspension of the crude coupling
product in CH3CN with aqueous HF.


Biological uses of the cholesterol-based neoglycolipids


The neoglycolipids, whose synthesis has been described
above, are currently being incorporated into cationic lip-
osome systems to facilitate targeted gene delivery into
macrophages as part of our ongoing gene therapy stragtegy
for the treatment of rheumatoid arthritis (RA). Although the
aetiology of RA is unknown, it is evident that macrophages
are critical for the development of RA in animal disease
models such as the collagen induced arthritis (CIA) mouse
model. Therefore, the targeting of therapeutic genes to active
macrophages represents a potentially useful therapeutic
aproach for the treatment of RA.


In our first set of in vivo experiments using CIA mice, we
found that cationic liposomes containing 3-aza-N1-cholester-
yloxycarbonylhexane-1,6-diamine (ACHx), which are formu-
lated ACHx/DC-Chol/DOPE (4.5:1.5:4 w/w/w) (0.72 mg per
animal), we were able to mediate the partial transfection of
macrophages with a human IL-10 expression plasmid (0.3 mg
per animal), when the cationic liposome/DNA complex
mixture was introduced by intra-peritoneal (i/p) administra-
tion.[34] Furthermore, this was followed by the distal delivery
of IL-10 gene to the arthritic limbs of the animals resulting in
up to 30 d suppression of CIA disease activity in these same
affected areas. These results suggested that treatment of CIA


by gene therapy could be viable provided that IL-10 plasmid
could be more specifically targeted to the active macrophages
involved. Consequently, specific experiments are now on-
going to incorporate the neoglycolipids into ACHx/DC-Chol/
DOPE cationic liposomes for the targeted transfection of
macrophages with the human IL-10 expressing plasmid.
Provided that neoglycolipid targeting will lower the required
dose of plasmid by two or more orders of magnitude whilst
still maintaining the therapeutic effect, then the clinical
treatment of RA by gene therapy should become a very real
possibility.


Experimental Section


1H-NMR spectra were recorded in CDCl3, CD3OD or D2O on a Bruker
DRX-600, DRX-500 and AC-400 spectrometers at 300 K. Residual protic
solvent CHCl3 (dH� 7.26) was used as the internal reference. 13C-NMR
spectra were recorded in CDCl3, CD3OD or D2O at 150, or 100 MHz on
Bruker DRX-600 and AC400 spectrometers, respectively using the central
resonance of CDCl3 (dC� 77.0) as the internal reference. DQF-COSY,
HMQC, decoupled-HMQC, HMBC, TOCSY and 1-D TOCSY experi-
ments were used to assist assignment of the products. NMR assignments are
as indicated in Scheme 10. Mass spectra were obtained on Micromass
Platfrom LC-MS and Q-Tof, Kratos MS890MS and Kompact 4, Bruker
Daltonics Bio-Apex II (FT-ICR) spectrometers at the Department of
Chemistry, University of Cambridge and on a Voyager STR spectrometer
at M-Scan, Silwood Park, Ascot.


Flash column chromatography was carried out using Merck Kieselgel
(230 ± 400 mesh). Analytical thin-layer chromatography (tlc) and prepara-
tive tlc was performed using silica gel precoated glass-backed plates (Merck
Kieselgel 60 F254) and visualised by UV and acidic ammonium molybdate
(iv). PE refers to petroleum ether b.p. 40 ± 60 8C, which was distilled prior to
use.


All reactions were carried out under an argon atmosphere in oven-dried
glassware unless otherwise stated. Diethyl ether was distilled from sodium
benzophenone ketyl; dichloromethane and toluene from calcium hydride.
Other reagents and solvents were purified using standard procedures.
Aqueous solutions are saturated unless otherwise specified.


General procedure for the glycosidation of glycosyl fluorides


Glycosyl donor, glycosyl acceptor and AgClO4�H2O were dried sepa-
rately by azeotropic distillation with toluene and left under vacuum for 18 h
prior to use. HfCp2Cl2 was dried under vacuum for 18 h. A suspension of
AgClO4 and 4 � molecular sieves in Et2O was stirred for 40 min. HfCp2Cl2


was added followed by a mixture of glycosyl donor and glycosyl acceptor.
Upon completion of the reaction, as judged by tlc, the reaction mixture was
diluted with Et2O, filtered through Celite and washed with NaHCO3. The
organic phase was dried (MgSO4), concentrated and the residue was
purified by column chromatography.
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Scheme 10. i) CH2Cl2/MeOH/H2O 3:3:1; ii) HF (48 % in H2O), CH3CN.


Table 3. Synthesis of neoglycolipids. The yields of the coupling reactions
were estimated to be >90% prior to purification.


High mannoside Reaction product Yield [%]


34 48 78
35 49 65
36 50 52
37 51 42
38 52 53
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General procedure for the glycosidation with glycosyl sulfides and glycosyl
selenides


Glycosyl donor and glycosyl acceptor were dried separately by azeotropic
distillation with toluene and left under vacuum for 18 h. A suspension of
glycosyl donor, glycosyl acceptor and powdered 4 � molecular sieves in
CH2Cl2/Et2O (1:1) was stirred for 30 min. A suspension of NIS in CH2Cl2/
Et2O (1:1) activated by a rapid addition of a 10 mL solution of 10 mL TfOH
in CH2Cl2 (1 mL). Upon completion of the reaction, as judged by tlc, it was
diluted with Et2O, filtered through Celite, washed with Na2S2O3 and
NaHCO3, dried (MgSO4) and concentrated. The residue was purified by
column chromatography.


General procedure for the desilylation


The TBDPS-ether was treated with TBAF (1m in THF containing 3%
AcOH). Upon completion of the reaction, as judged by tlc, the mixture was
partitioned between NaHCO3 and CH2Cl2. The organic layer was
separated and dried (MgSO4). It was concentrated and purified by column
chromatography.


General procedure for the debenzylation


The fully protected saccharide was dissolved in CH2Cl2/MeOH/H2O
(3:3:1). After addition of Pd(OH)2/C the reaction flask was flushed with
hydrogen (10� ) and the reaction mixture was stirred under an atmosphere
of hydrogen. Upon completion of the reaction as judged by MALDI-TOF
the mixture was centrifuged and decanted. The concentrate (2 mL) was
purified on Sephadex G-15 gel (H2O/nPrOH 95:5). The column fractions
were analysed by MALDI-TOF spectrometry and the product containing
fractions were lyophilised.


General procedure for the amidation of methyl esters with ethylenedi-
amine


The deprotected saccharide was stirred in dry ethylenediamine at 70 8C for
48 h. The reaction mixture was cooled to room temperature, diluted with
water (3 mL), placed in an ice bath and concentrated in vacuo until 0.5 mL
solvent was left. The concentrate was purified on Sephadex G-15 (H2O/
nPrOH/NH3 94:5:1). The column fractions were analysed by MALDI-TOF
spectrometry and the product containing fractions were lyophilised.


General procedure for the coupling of neoglycolipids and their final
deprotection


A mixture of high-mannose amine and cholosterol squarate was dissolved
in CH2Cl2, MeOH and H20 under sonication. The reaction mixture was
stirred at room temperature and concentrated upon completion of the
reaction, as judged by MALDI-TOF. The concentrate was suspended in
CH3CN (1 mL) containing HF (0.1 mL, 48% in H2O) and stirred for 16 h.
Upon completion of the reaction as judged by MALDI-TOF the reaction
mixture was azeotroped with methanol (5� ) and concentrated. The
reaction product was purified by repeated suspension in CH2Cl2 and
decanting of the organic solvent.


Phenyl 2,3,4,6-tetra-O-benzyl-a-dd-mannopyranosyl-(1!3)-2-O-benzyl-
4,6-O-benzylidene-1-seleno-a-dd-mannopyranoside (1): This compound
was synthesised according to the general procedure for the glycosidation
of glycosyl fluorides. Activation of glycosyl donor 5 (500 mg, 1.08 mmol)
with AgClO4 (691 mg, 3.07 mmol) and HfCp2Cl2 (582 mg, 1.53 mmol) in the
presence of glycosyl acceptor 8 (363 mg, 900 mmol) in Et2O (20 mL) gave
seleno dimannoside 1 as a colourless oil (696 mg, 670 mmol, 74 %). Rf� 0.30
(PE/Et2O 2:1); 1H NMR (600 MHz, CDCl3): d� 3.75 ± 3.78 (m, 3H, H-5b,
2H-6b), 3.88 ± 3.94 (m, 3 H, Ha-6a, H-2b, H-3b), 3.98 (t, 1 H, J� 9.2 Hz, H-4b),
4.18 (d, 1H, J� 2.1 Hz, H-2a), 4.23 ± 4.29 (m, 3 H, H-4a, H-5a, Hb-6a), 4.38 ±
4.43 (m, 2H, H-3a, CH2Ph), 4.52 ± 4.70 (m, 8H, CH2Ph), 4.94 (d, 1H, J�
11.0 Hz, CH2Ph), 5.47 (d, 1 H, J� 1.3 Hz, H-1b), 5.63 (s, 1 H, CHPh), 5.80 (s,
1H, H-1a), 7.12 ± 7.56 (m, 35 H, Harom); 13C NMR (150 MHz, CDCl3): d�
67.0 (C-5a), 68.4 (C-6a), 69.4 (C-6b), [271.8, 72.7, 73.4, 75.0 (CH2Ph)], 72.6
(C-5b), 73.4 (C-3a), 74.0 (C-2b), 74.9 (C-4b), 79.1 (C-4a), 79.7 (C-3b), 79.9 (C-
2a), 84.6 (C-1a), 98.8 (C-1b), 102.0 (CHPh), [126.3, 127.4, 127.6, 127.7, 127.8,
127.9, 128.2, 128.3, 128.6, 129.3, 134.0, 137.5, 138.4, 138.5, 138.7 (Carom)]; m/z
(FAB): found [M�Na]� 1043.3283; C60H60O10Se calcd for [M�Na]�


1043.3249.


Phenyl 2,3,4,6-tetra-O-benzyl-a-dd-glucopyranosyl-(1!3)-2-O-benzyl-4,6-
O-benzylidene-1-seleno-a-dd-mannopyranoside (2): This compound was
synthesised according to the general procedure for the glycosidation of
glycosyl fluorides. Activation of glycosyl donor 7 (500 mg, 1.08 mmol) with
AgClO4 (691 mg, 3.07 mmol) and HfCp2Cl2 (582 mg, 1.53 mmol) in the


presence of glycosyl acceptor 8 (363 mg, 900 mmol) in Et2O (20 mL) gave
seleno dimannoside 2 as a colourless oil (677 mg, 650 mmol, 72 %). Rf� 0.28
(PE/Et2O 2:1); 1H NMR (600 MHz, CDCl3): d� 3.54 ± 3.62 (m, 2H, H-2b,
H-4b), 3.68 (s, 2 H, 2H-6b), 3.77 ± 3.81 (m, 1 H, H-5b), 3.92 (t, 1H, J�
10.0 Hz, Ha-6a), 4.02 (t, 1 H, J� 9.1 Hz, H-3b), 4.20 (s, 1H, H-2a), 4.22 ±
4.30 (m, 2H, H-5a, Hb-6a), 4.36 (d, 1 H, J� 12.3 Hz, CH2Ph), 4.42 ± 4.50 (m,
3H, H-3a, H-4a, CH2Ph), 4.53 (d, 1 H, J� 12.1 Hz, CH2Ph), 4.62 (d, 1 H, J�
12.3 Hz, CH2Ph), 4.65 (d, 1 H, J� 12.1 Hz, CH2Ph), 4.76 ± 4.89 (m, 4H,
CH2Ph), 5.01 (d, 1 H, J� 10.9 Hz, CH2Ph), 5.53 (1s, H, CHPh), 5.55 (s, 1H,
H-1b), 5.85 (s, 1 H, H-1a), 7.02 ± 7.54 (m, 35 H, Harom); 13C NMR (100 MHz,
CDCl3): d� 67.1 (C-5a), 68.5 (C-6a), 68.6 (C-6b), [70.7, 73.1, 73.5, 75.1. 75.6
(CH2Ph)], 71.0 (C-5b), 73.1 (C-4a), 77.4 (C-4b), 78.8 (C-2b), 79.4 (C-3a), 79.9
(C-2a), 81.4 (C-3b), 85.1 (C-1a), 97.1 (C-1b), 102.5 (CHPh), [126.5, 127.3,
127.6, 127.7, 127.9, 128.0, 128.1, 128.2 128.3, 128.4, 128.6, 129.3, 133.9, 137.4,
137.7, 138.0, 138.2, 138.5 (Carom)]; m/z (FAB): found [M�Na]� 1043.3318,
C60H60O10Se calcd for [M�Na]� 1043.3249.


Ethyl 2-O-acetyl-3,4,6-tri-O-benzyl-a-dd-mannopyranosyl-(1!2)-3,4,6-tri-
O-benzyl-thio-a-dd-mannopyranoside (3): This compound was synthesised
according to the general procedure for glycosyl sulfide and glycosyl
selenide coupling. Activation of glycosyl donor 10 (1.38 g, 2.18 mmol) with
NIS (490 mg, 2.18 mmol) in CH2Cl2/Et2O (14 mL:14 mL) in the presence of
glycosyl acceptor 12 (978 mg, 1.98 mmol) in CH2Cl2/Et2O (11 mL:11 mL)
gave thio dimannoside 3 as a colourless oil (1.44 g, 1.49 mmol, 75%). Rf�
0.46 (PE/Et2O 1:1); 1H NMR (600 MHz, CDCl3): d� 1.24 (t, 3 H, J�
7.3 Hz, SCH2CH3), 2.17 (s, 3H, OC(O)CH3), 2.55 (m, 2 H, SCH2CH3),
3.72 (dd, 1 H, J� 1.3, 11.0 Hz, Ha-6b), 3.75 (dd, 1H, J� 1.7, 10.7 Hz, Ha-6a),
3.81 (dd, 1H, J� 4.9 10.7 Hz, Hb-6a), 3.84 (dd, 1H, J� 4.6 11.0 Hz, Hb-6b),
3.86 ± 4.84 (m, 2 H, H-4a, H-3b), 3.93 (t, 1H, J� 9.4 Hz, H-4b), 4.03 (dd, 1H,
J� 3.3 9.3 Hz, H-3a), 4.04 ± 4.07 (m, 1 H, H-5a), 4.09 ± 4.11 (m, 1H, H-2b),
4.13 ± 4.17 (m, 1 H, H-5b), 4.44 (d, 1 H, J� 10.8 Hz, CH2Ph), 4.49 (d, 1H, J�
10.8 Hz, CH2Ph), 4.54 (d, 1H, J� 12.2 Hz, CH2Ph), 4.55 (d, 1H, J�
12.2 Hz, CH2Ph), 4.60 (d, 1 H, J� 10.8 Hz, CH2Ph), 4.67 ± 4.73 (m, 5H,
CH2Ph), 4.87 (d, 1H, J� 10.8 Hz, CH2Ph), 4.89 (d, 1 H, J� 10.8 Hz,
CH2Ph), 5.09 (s, 1 H, H-1a), 5.43 (s, 1H, H-1b), 5.56 ± 5.58 (m, 1H, H-2a),
7.17 ± 7.40 (m, 30H, Harom); 13C NMR (125 MHz, CDCl3): d� 15.0
(SCH2CH3), 21.2 (OC(O)CH3), 25.5 (SCH2CH3), 68.8 (C-2a), 69.1 (C-6a),
69.2 (C-6b), [71.9, 72.1, 73.2, 73.4, 75.1, 75.2 (CH2Ph)], 72.0 (C-5a), 72.2 (C-
5b), 74.4 (C-4a), 74.8 (C-4b), 77.0 (C-2b), 78.1 (C-3a), 80.1 (C-3b), 83.6 (C-1b),
99.7 (C-1a), [127.4, 127.5, 127.6, 127.7, 127.8, 128.0, 128.2, 128.3, 128.5, 138.0,
138.2, 138.5, 138.6 (Carom)], 170.2 (C�O); m/z (FAB): found [M�Na]�


991.4078, C58H65O11S calcd for [M�Na]� 991.4062.


Ethyl 2,3,4,6-tetra-O-benzyl-a-dd-mannopyranosyl-(1!2)-3,4,6-tri-O-ben-
zyl-thio-a-dd-mannopyranoside (4): This compound was synthesised ac-
cording to the general procedure for glycosyl sulfide and glycosyl selenide
coupling. Activation of glycosyl donor 13 (796 mg, 1.17 mmol) with NIS
(263 mg, 1.17 mmol) in CH2Cl2/Et2O (8.0 mL:8.0 mL) in the presence of
glycosyl acceptor 12 (570 mg, 1.06 mmol) in CH2Cl2/Et2O (7.0 mL:7.0 mL)
gave dimannoside 4 as a colourless oil (780 mg, 827 mmol, 78 %). Rf� 0.32
(PE/Et2O 2:1); 1H NMR (500 MHz, CDCl3): d� 1.22 (t, 3 H, J� 7.4 Hz,
CH2CH3), 2.48 ± 2.60 (m, 2H, CH2CH3), 3.70 (d, 1H, J� 10.9 Hz, Ha-6b),
3.78 (d, 2 H, J� 3.5 Hz, H-6a), 3.81 ± 3.88 (m, 4 H, H-3a, H-2b, H-4b, Hb-6b),
3.92 ± 3.96 (m, 2 H, H-4a, H-3b), 3.98 ± 4.04 (m, 1 H, H-5a), 4.10 ± 4.17 (m,
2H, H-2a, H-5b), 4.49 ± 4.72 (m, 12H, CH2Ph), 4.84 ± 4.90 (m, 2H, CH2Ph),
5.18 (s, 1H, H-1b), 5.42 (s, 1 H, H-1a), 7.17 ± 7.40 (m, 35 H, Harom); 13C NMR
(125 MHz, CDCl3): d� 15.0 (SCH2CH3), 25.6 (SCH2CH3), 69.3 (C-6b), 69.6
(C-6a), 72.3 (C-5a, C-5b), [72.3, 72.5, 73.3, 75.0 (CH2Ph)], [75.1, 80.4 (C-3a,
C-2b, C-4b)], 75.2 (C-4a), 76.5 (C-2a), 79.8 (C-3b), 83.9 (C-1a), 99.8 (C-1b),
[127.4, 127.5, 127.6, 127.7, 127.8, 127.9, 128.2, 128.3, 128.4, 128.5 (Carom)]; m/z
(FAB): found [M�Na]� 1039.4442, C63H68O10S calcd for [M�Na]�


1039.4425.


Phenyl 2-O-acetyl-3,4,6-tri-O-benzyl-1-seleno-a-dd-mannopyranoside (10):
Orthoester 9 (5.06 g, 10.0 mmol) was dissolved in dry MeCN (35 mL) and
powdered molecular sieves were added (4 �, 3.0 g; 5 �, 3.0 g). The mixture
was stirred for 60 min before phenylselenol (5.20 mL, 33.0 mmol) and
HgBr2 (180 mg, 500 mmol) were added. The suspension was stirred at 60 8C
for 6 h, diluted with CH2Cl2, filtered through Celite, washed with 5%
NaOH, dried (MgSO4) and concentrated. The residue was purified by
column chromatography (PE/Et2O 3:1) to give 10 as a colourless oil (6.05 g,
9.60 mmol, 96%). Rf� 0.43 (PE/Et2O 2:1); 1H NMR (400 MHz, CDCl3):
d� 2.14 (s, 3 H, OC(O)CH3), 3.72 (dd, 1H, J� 1.1, 10.9 Hz, Ha-6), 3.88 (dd,
1H, J� 4.3, 10.9 Hz, Hb-6), 3.91 (dd, 1 H, J� 3.1, 9.4 Hz, H-3), 3.99 (t, 1H,
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J� 9.4 Hz, H-4), 4.23 (dd, 1H, J� 3.0, 9.5 Hz, H-5), 4.48 (d, 1H, J�
12.0 Hz, CH2Ph), 4.52 (d, 1H, J� 10.6 Hz, CH2Ph), 4.57 (d, 1H, J�
11.1 Hz, CH2Ph), 4.67 (d, 1H, J� 12.0 Hz, CH2Ph), 4.73 (d, 1 H, J�
11.1 Hz, CH2Ph), 4.89 (d, 1 H, J� 10.6 Hz, CH2Ph), 5.68 (m, 1 H, H-2),
5.81 (s, 1 H, H-1), 7.18 ± 7.60 (m, 20H, Harom); 13C NMR (100 MHz, CDCl3):
d� 21.1 (OC(O)CH3), 68.8 (C-6), [71.1, 74.3, 74.4 (C-3, C-4, C-5)], [71.9,
73.4, 75.4 (CH2Ph)], 78.9 (C-2), 83.8 (C-1), [127.6, 127.8, 128.0, 128.2, 128.3,
128.4, 128.5, 129.2, 134.0, 127.6, 138.2, 138.3 (Carom)], 170.3 (C�O); m/z
(FAB): found [M�Na]� 655.1554, C35H36O6Se calcd for [M�Na]� 655.1569.


Ethyl 2-O-acetyl-3,4,6-tri-O-benzyl-1-thio-a-dd-mannopyranoside (11): Or-
thoester 9 (2.80 g, 5.53 mmol) was dissolved in dry MeCN (20 mL) and
powdered molecular sieves were added (4 �, 2.0 g; 5 �, 2.0 g). The mixture
was stirred for 60 min before ethanethiol (1.35 mL, 18.2 mmol) and HgBr2


(100 mg, 265 mmol) were added. The suspension was stirred at 60 8C for
24 h, diluted with CH2Cl2, filtered through Celite, washed with 5 % NaOH,
dried (MgSO4) and concentrated. The residue was purified by column
chromatography (PE/Et2O 3:1) to give 11 as a colourless oil (2.78 g,
5.20 mmol, 94%). Rf� 0.35 (PE/Et2O 2:1); 1H NMR (400 MHz, CDCl3):
d� 1.28 (t, 3H, J� 7.3 Hz, CH2CH3), 2.15 (s, 3H, OC(O)CH3), 2.52 ± 2.70
(m, 2 H, CH2CH3), 3.68 (dd, 1H, J� 2.4, 12.6 Hz, Ha-6), 3.84 (dd, 1 H, J�
4.1, 10.8 Hz, Hb-6), 3.89 ± 3.98 (m, 2H, H-3, H-4), 4.13 ± 4.18 (m, 1 H, H-5),
4.44 ± 4.54 (m, 3H, CH2Ph), 4.68 (m, 2H, CH2Ph), 4.85 (d, 1 H, J� 10.8 Hz,
CH2Ph), 5.32 (s, 1H, H-1), 5.44 (d, 1H, J� 1.5 Hz, H-2), 7.12 ± 7.38 (m, 15H,
Harom); 13C NMR (100 MHz, CDCl3): d� 14.9 (CH2CH3), 21.2
(OC(O)CH3), 25.5 (CH2CH3), 68.9 (C-6), [70.6, 71.8, 74.6 (C-3, C-4,
C-5)], [71.9, 73.4, 75.2 (CH2Ph)], 78.6 (C-2), 82.5 (C-1), [127.6, 127.7, 127.8,
127.9, 128.2, 128.3, 128.5, 137.7, 138.2, 138.4, (Carom)], 170.5 C�O); m/z
(FAB): found [M�Na]� 559.2135, C31H36O6S calcd for [M�Na]� 559.2125.


Ethyl 3,4,6-tri-O-benzyl-1-thio-a-dd-mannopyranoside (12): Thiomanno-
side 11 (1.02 g, 1.90 mmol) was dissolved in MeOH (15 mL) and K2CO3


(cat.) was added. After 2 h the reaction mixture was filtered, concentrated
and purified by column chromatography (PE/Et2O 1:2) to give 12 as a
colourless oil (795 mg, 1.62 mmol, 85 %). Rf� 0.49 (PE/Et2O 1:2); 1H NMR
(400 MHz, CDCl3): d� 1.28 (t, 3H, J� 7.4 Hz, CH2CH3), 2.50 ± 2.71 (m,
3H, CH2CH3, OH), 3.67 (dd, 1 H, J� 1.9, 10.8 Hz, Ha-6), 3.79 (dd, 1 H, J�
4.5 10.8 Hz, Hb-6), 3.84 (dd, 1H, J� 3.1, 9.2 Hz, H-3), 3.90 (t, 1 H, J�
9.2 Hz, H-4), 4.09 (m, 1H, H-2), 4.16 (ddd, 1 H, J� 1.9, 4.5, 9.2 Hz, H-5),
4.50 (d, 2 H, J� 11.4 Hz CH2Ph), 4.65 (m, 3H, CH2Ph), 4.82 (d, 1 H, J�
10.9 Hz, CH2Ph), 5.39 (d, 1 H, J� 1.1 Hz, H-1), 7.14 ± 7.30 (m, 15H, Harom);
13C NMR (100 MHz, CDCl3): d� 14.8 (CH2CH3), 24.9 (CH2CH3), 68.9 (C-
6), [69.9, 71.5, 74.6 (C-3, C-4, C-5)], [72.1, 73.4, 75.1 (CH2Ph)], 80.5 (C-2),
83.4 (C-1), [127.6, 127.7, 127.8, 127.9, 128.0, 128.3, 128.4, 128.6, 137.7, 138.3,
138.4 (Carom)]; m/z (FAB): found [M�Na]� 517.2026, C29H34O5S calcd for
[M�Na]� 517.2019.


8-Methoxycarbonyloctyl 2-O-acetyl-3,4,6-tri-O-benzyl-a-dd-mannopyrano-
syl-(1!2)-3,4,6-tri-O-benzyl-a-dd-mannopyranosyl-(1!3)-2,4-di-O-ben-
zyl-6-O-tert-butyldiphenylsilyl-b-dd-mannopyranoside (14): This compound
was synthesised according to the general procedure for glycosyl sulfide and
glycosyl selenide coupling. Activation of glycosyl donor 3 (474 mg,
488 mmol) with NIS (150 mg, 666 mmol) in CH2Cl2/Et2O (6.0 mL:6.0 mL)
in the presence of glycosyl acceptor 6 (341 mg, 443 mmol) in CH2Cl2/Et2O
(11 mL:11 mL) gave the trimannoside 14 as a colourless oil (160 mg,
359 mmol, 81 %). Rf� 0.41 (PE/Et2O 1:1); 1H NMR (600 MHz, CDCl3): d�
1.04 (s, 9H, C[CH3]3), 1.28 ± 1.38 (m, 8 H, CH2-linker), 1.58 ± 1.65 (m, 4H,
CH2-linker), 2.14 (s, 3H, OC(O)CH3), 2.29 (t, 2 H, J� 7.5 Hz,
CH2CO2CH3), 3.19 ± 3.24 (m, 1 H, H-5a), 3.36 (dt, 1H, J� 6.8 Hz, 15.5,
CHaHb-linker), 3.45 (d, 1 H, J� 10.7 Hz, Ha-6c), 3.64 ± 3.70 (m, 7H,
CH2CO2CH3 , H-3a, 2 H-6b, Hb-6c), 3.81 (t, 1H, J� 9.5 Hz, H-4b), 3.84 ±
3.95 (m, 6H, OCHaHb-linker, 2H-6a, H-5b, H-4c, H-5c), 3.96 ± 4.00 (m, 4H,
H-2a, H-2b, H-3b, H-3c), 4.02 (t, 1 H, J� 9.6 Hz, H-4a), 4.32 (d, 1 H, J�
10.9 Hz, CH2Ph), 4.34 (s, 1 H, H-1a), 4.41 (d, 1H, J� 10.9 Hz, CH2Ph), 4.45
(d, 1 H, J� 10.9 Hz, CH2Ph), 4.49 ± 4.75 (m, 10H, CH2Ph), 4.83 (d, 1 H, J�
10.9 Hz, CH2Ph), 4.87 (d, 1 H, J� 11.7 Hz, CH2Ph), 5.02 (s, 1H, H-1c), 5.09
(d, 1H, J� 11.7 Hz, CH2Ph), 5.21 (s, 1H, H-1b), 5.52 (s, 1H, H-2c), 7.13 ± 7.79
(m, 50 H, Harom); 13C NMR (150 MHz, CDCl3): d� 19.3 (C[CH3]3), 21.1
(OC(O)CH3), [24.9, 26.2, 29.1, 29.2, 29.3, 29.8 (CH2-linker)], 26.7
(C[CH3]3), 34.1 (CH2CO2CH3), 51.4 (CH2CO2CH3), 63.1 (C-6a), 68.7 (C-
2c), 68.8 (C-6c), 69.4 (OCH2-linker), 69.5 (C-6b), [71.8, 72.3, 73.2, 73.3, 74.0,
74.7, 75.0 (CH2Ph)], 72.0 (C-5c), 72.5 (C-5b), 74.0 (C-4c), 74.6 (C-4b), 74.9
(C-4a), 75.6 (C-2b), 76.6 (C-5a), [78.1, 78.2 (C-2a, C-3c)], 79.4 (C-3b), 81.9 (C-
3a), 99.4 (C-1c), 101.0 (C-1b), 101.6 (C-1a), [126.9, 127.3, 127.4, 127.5, 127.6,


127.7, 127.8, 128.0, 128.1, 128.2, 128.3, 128.4, 129.4, 133.4, 134.0, 135.6, 135. 9,
138.1, 138.3, 138.4, 138.5, 138.6, 138.7, 139.4 (Carom)], 170.1 (C�O), 174.2
(C�O); m/z (FAB): found [M�Na]� 1697.7787, C102H118O19Si calcd for
[M�Na]� 1697.7929.


8-Methoxycarbonyloctyl 3,4,6-tri-O-benzyl-a-dd-mannopyranosyl-(1!2)-
3,4,6-tri-O-benzyl-a-dd-mannopyranosyl-(1!3)-2,4-di-O-benzyl-6-O-tert-
butyldiphenylsilyl-b-dd-mannopyranoside (15): Trimannoside 14 (1.08 g,
645 mmol) was dissolved in dry MeOH/CH2Cl2 (40 mL:10 mL) and
K2CO3 (cat.) was added. After 12 h the reaction mixture was filtered,
concentrated and purified by column chromatography (PE/Et2O 1:1) to
give 15 as a colourless oil (925 mg, 567 mmol, 88%). Rf� 0.42 (PE/Et2O
1:2); 1H NMR (600 MHz, CDCl3): d� 1.07 (s, 9H, C[CH3]3), 1.30 ± 1.39 (m,
8H, CH2-linker), 1.60 ± 1.65 (m, 4H, CH2-linker), 2.32 (t, 2 H, J� 7.6 Hz,
CH2CO2CH3), 3.20 ± 3.24 (m, 1 H, H-5a), 3.35 ± 3.40 (m, 1H, CHaHb-linker),
3.52 (d, 1H, J� 10.2 Hz, Ha-6c), 3.64 (dd, 1 H, J� 4.0, 10.2 Hz, Hb-6c), 3.67 ±
3.71 (m, 6H, CH2CO2CH3, H-3a, 2 H-6b), 3.82 (t, 1H, J� 9.2 Hz, H-4b),
3.86 ± 3.97 (m, 7H, OCHaHb-linker, 2H-6a, H-5b, H-3c, H-4c, H-5c), 3.97 ±
3.99 (m, 3 H, H-2a, H-2b, H-3b), 4.03 (t, 1H, J� 9.6 Hz, H-4a), 4.13 (s, 1H,
H-2c), 4.35 (s, 1 H, H-1a), 4.38 (d, 1H, J� 12.2 Hz, CH2Ph), 4.48 ± 4.66 (m,
10H, CH2Ph), 4.71 (d, 1 H, J� 12.2 Hz, CH2Ph), 4.74 (d, 1 H, J� 11.2 Hz,
CH2Ph), 4.82 (d, 1 H, J� 11.2 Hz, CH2Ph), 4.87 (d, 1H, J� 11.2 Hz,
CH2Ph), 5.09 (s, 1H, H-1c), 5.12 (d, 1H, J� 12.2 Hz, CH2Ph), 5.25 (s, 1H,
H-1b), 7.15 ± 7.80 (m, 50H, Harom); 13C NMR (150 MHz, CDCl3): d� 19.3
(C[CH3]3), [24.9, 26.2, 29.1, 29.2, 29.3, 29.8 (CH2-linker)], 26.7 (C[CH3]3),
34.1 (CH2CO2CH3), 51.4 (CH2CO2CH3), 63.1 (C-6a), 68.7 (C-2c), 68.8 (C-
6c), 69.4 (OCH2-linker), 69.5 (C-6b), [71.8, 72.3, 73.2, 73.3, 74.0, 74.7, 75.0
(CH2Ph)], 72.0 (C-5c), 72.5 (C-5b), 74.0 (C-4c), 74.6 (C-4b), 74.9 (C-4a), 75.6
(C-2b), 76.6 (C-5a), [78.1, 78.2 (C-2a, C-3c)], 79.4 (C-3b), 81.9 (C-3a), 99.4 (C-
1c), 101.0 (C-1b), 101.6 (C-1a), [126.9, 127.3, 127.4, 127.5, 127.6, 127.7, 127.8,
128.0, 128.1, 128.2, 128.3, 128,4, 129.4, 133.4, 134.0, 135.6, 135. 9, 138.1,
138.3, 138.4, 138.5, 138.6, 138.7, 139.4 (Carom)], 170.4 (C�O); m/z (FAB):
found [M�Na]� 1632.7930, C100H116O18Si calcd for [M�Na]� 1632.7046.


8-Methoxycarbonyloctyl 2,3,4,6-tetra-O-benzyl-a-dd-glucopyranosyl-(1!3)-
2-O-benzyl-4,6-O-benzylidene-a-dd-mannopyranosyl-(1!2)-3,4,6-tri-O-ben-
zyl-a-dd-mannopyranosyl-(1!2)-3,4,6-tri-O-benzyl-a-dd-mannopyranosyl-
(1!3)-2,4-di-O-benzyl-6-O-tert-butyldiphenylsilyl-b-dd-mannopyranoside
(16): This compound was synthesised according to the general procedure
for glycosyl sulfide and glycosyl selenide coupling. Activation of glycosyl
donor 2 (174 mg, 171 mmol) with NIS (53 mg, 233 mmol) in CH2Cl2/Et2O
(2.0 mL:2.0 mL) in the presence of glycosyl acceptor 15 (254 mg, 156 mmol)
in CH2Cl2/Et2O (11 mL:11 mL) gave pentasaccharide 16 as a colourless oil
(315 mg, 126 mmol, 81%). Rf� 0.39 (PE/Et2O 1:1); 1H NMR (600 MHz,
CDCl3): d� 1.06 (s, 9 H, C[CH3]3), 1.28 ± 1.39 (m, 8 H, CH2-linker), 1.58 ±
1.66 (m, 4H, CH2-linker), 2.32 (t, 2 H, J� 7.5 Hz, CH2CO2CH3), 3.17 (d, 1H,
J� 7.9 Hz, H-5a), 3.33 ± 3.38 (m, 1 H, OCHaHb-linker), 3.51 (d, 1H, J�
10.3 Hz, Ha-6e), 3.56 ± 3.57 (m, 1 H, H-2e), 3.59 ± 3.61 (m, 2H, 2 H-6c),
3.63 ± 3.67 (m, 3H, H-3a, Ha-6b, Hb-6e), 3.69 (s, 3 H, CH2CO2CH3), 3.70 ±
3.71 (m, 1H, Hb-6b), 3.72 ± 3.78 (m, 2 H, H-4e, H-5e), 3.79 ± 3.85 (m, 3H,
H-4b, H-4c, Ha-6d), 3.86 ± 3.95 (m, 6H, OCHaHb-linker, 2H-6a, H-2b, H-3c,
H-2d), 3.95 ± 4.00 (m, 5 H, H-2a, H-4a, H-3b, H-5b, H-5c), 4.03 (t, 1 H, J�
9.2 Hz, H-3e), 4.05 ± 4.10 (m, 1 H, H-5d), 4.12 ± 4.16 (m, 1H, Hb-6d), 4.18 (d,
1H, J� 12.2 Hz, CH2Ph), 4.21 (s, 1H, H-2c), 4.28 (s, 1H, H-1a), 4.36 (d, 1H,
J� 12.2 Hz, CH2Ph), 4.38 ± 4.43 (m, 2 H, CH2Ph, H-4d), 4.45 ± 4.70 (m, 18H,
CH2Ph, H-3d), 4.75 ± 4.81 (m, 3H, CH2Ph), 4.86 (d, 1H, J� 10.9 Hz, CH2Ph),
5.00 (d, 1H, J� 10.9 Hz, CH2Ph), 5.10 (d, 1 H, J� 11.1 Hz, CH2Ph), 5.16 (s,
1H, H-1c), 5.24 (s, 1H, H-1d), 5.28 (s, 1 H, H-1b), 5.48 (s, 1H, CHPh), 5.63 (s,
1H, H-1e), 7.06 ± 7.80 (m, 80 H, Harom); 13C NMR (150 MHz, CDCl3): d�
19.3 (C[CH3]3), [25.0, 26.2, 29.1, 29.3, 29.4, 29.8 (CH2-linker)], 26.7
(C[CH3]3), 34.1 (CH2CO2CH3), 51.5 (CH2CO2CH3), 63.1 (C-6a), 64.6 (C-
5d), 68.1 (C-6e), 68.8 (C-6d), 69.3 (C-6c), 69.4 (OCH2-linker, C-6b), [70.7,
72.4, 72.6, 73.1, 73.6, 73.9, 74.6, 74.9, 75.0, 75.5 (CH2Ph)], 70.8 (C-5e), 72.2
(C-5c), 72.3 (C-3d), 72.5 (C-5b), 74.5 (C-4a), 74.7 (C-4b, C-2c), 75.1 (C-4c),
76.3 (C-2b), 76.5 (C-5a), 77.1 (C-4e), 77.7 (C-2d), 78.1 (C-3b), 78.8 (C-2a), 79.0
(C-2e), 79.8 (C-4d), 79.9 (C-3c), 81.4 (C-3e), 82.7 (C-3a), 96.8 (C-1e), 100.6 (C-
1d), 100.9 (C-1c), 101.1 (C-1b), 101.5 (C-1a), 102.4 (CHPh), [126.5, 126.8,
127.3, 127.4, 127.5, 127.6, 127.8, 127.9, 128.0, 128.1, 128.2, 128.3, 128.4, 128.5,
129.1, 129.5, 133.4, 134.0, 135.6, 136.0, 137.5, 137. 9, 138.0, 138.1, 138.3, 138.4,
138.5, 138.6, 139.5 (Carom)], 174.4 (C�O); m/z (FAB): found [M�Na]�


2518.1515, C154H170O28Si calcd for [M�Na]� 2518.1540.


8-Methoxycarbonyloctyl 2,3,4,6-tetra-O-benzyl-a-dd-mannopyranosyl-
(1!2)-3,4,6-tri-O-benzyl-a-dd-mannopyranosyl-(1!2)-3,4,6-tri-O-benzyl-
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a-dd-mannopyranosyl-(1!3)-2,4-di-O-benzyl-6-O-tert-butyldiphenylsilyl-
b-dd-mannopyranoside (17): This compound was synthesised according to
the general procedure for glycosyl sulfide and glycosyl selenide coupling.
Activation of glycosyl donor 13 (126 mg, 186 mmol) with NIS (52.0 mg,
232 mmol) in CH2Cl2/Et2O (2.0 mL:2.0 mL) in the presence of glycosyl
acceptor 15 (253 mg, 156 mmol) in CH2Cl2/Et2O (2.0 mL:2.0 mL) gave
tetramannoside 17 as a colourless oil (277 mg, 129 mmol, 83%). Rf� 0.50
(PE/Et2O 1:1); 1H NMR (600 MHz, CDCl3): d� 1.08 (s, 9H, C[CH3]3),
1.32 ± 1.40 (m, 8H, CH2-linker), 1.60 ± 1.68 (m, 4 H, CH2-linker), 2.33 (t, 2H,
J� 7.6 Hz, CH2CO2CH3), 3.21 ± 3.25 (m, 1H, H-5a), 3.37 ± 3.42 (m, 1H,
OCHaHb-linker), 3.53 (d, 1 H, J� 10.2 Hz, Ha-6c), 3.56 (d, 1 H, J� 9.2 Hz,
Ha-6d), 3.66 ± 3.73 (m, 8 H, CH2CO2CH3, H-3a, 2 H-6b, Hb-6c, Hb-6d), 3.82 (t,
1H, J� 9.6 Hz, H-4b), 3.84 ± 3.88 (m, 2 H, H-4c, H-2d), 3.89 ± 3.98 (m, 9H,
OCHaHb-linker, 2 H-6a, H-3b, H-5b, H-3c, H-5c, H-3d, H-5d), 3.98 ± 4.01 (m,
3H, H-2a, H-4a, H-2b), 4.10 (t, 1H, J� 9.6 Hz, H-4d), 4.19 (s, 1H, H-2c), 4.33
(d, 1 H, J� 12.2 Hz, CH2Ph), 4.35 (s, 1 H, H-1a), 4.36 (d, 1 H, J� 12.2 Hz,
CH2Ph), 4.46 ± 4.60 (m, 15H, CH2Ph), 4.65 (d, 1H, J� 12.2 Hz, CH2Ph),
4.72 ± 4.78 (m, 2 H, CH2Ph), 4.84 ± 4.94 (m, 3H, CH2Ph), 5.12 (d, 1H, J�
12.2 Hz, CH2Ph), 5.21 (s, 1 H, H-1c), 5.24 (s, 1H, H-1d), 5.31 (s, 1H, H-1b),
7.10 ± 7.81 (m, 70H, Harom); 13C NMR (150 MHz, CDCl3): d� 19.3
(C[CH3]3), [25.0, 26.2, 29.1, 29.3, 29.4, 29.8 (OCH2-linker)], 26.8
(C[CH3]3), 34.1 (CH2CO2CH3), 51.4 (CH2CO2CH3), 63.2 (C-6a), 69.2 (C-
6d), 69.4 (OCH2-linker, C-6b), 69.5 (C-6c), [72.1, 72.4, 73.2, 73.4, 74.0, 74.4,
75.1, 75.2 (CH2Ph)], [72.5, 72.6 (C-5b, C-5c, C-5d)], [74.9, 75.0, 75.1 (C-4a,
C-4b, C-2c, C-4c, C-2d, C-4d)], 76.0 (C-2b), 76.6 (C-5a), 78.2 (C-2a), 79.2 (C-
3b), 79.8 (C-3d), 79.9 (C-3c), 82.1 (C-3a), 99.5 (C-1d), 101.0 (C-1c), 101.1 (C-
1b), 101.6 (C-1a), [127.4, 127.6, 127.7, 127.8, 127.9, 128.0, 128.2, 128.3, 128,4,
134.1, 135.6, 136.0, 138.3, 138.4, 138.6, 138.7, 138.8 (Carom)], 174.2 (C�O);
m/z (FAB): found [M�Na]� 2178.0255, C134H150O23Si calcd for [M�Na]�


2178.0229.


8-Methoxycarbonyloctyl 2,3,4,6-tetra-O-benzyl-a-dd-glucopyranosyl-(1!3)-
2-O-benzyl-4,6-O-benzylidene-a-dd-mannopyranosyl-(1!2)-3,4,6-tri-O-
benzyl-a-dd-mannopyranosyl-(1!2)-3,4,6-tri-O-benzyl-a-dd-mannopyrano-
syl-(1!3)-2,4-di-O-benzyl-b-dd-mannopyranoside (18): This compound
was synthesised according to the general procedure for the desilylation.
Treatment of silylether 16 (740 mg, 297 mmol) with TBAF/AcOH (3%)
(3.6 mL) gave pentasaccharide 18 as a colourless oil (590 mg, 261 mmol,
88%). Rf� 0.27 (PE/Et2O 1:2); 1H NMR (600 MHz, CDCl3): d� 1.27 ± 1.36
m, (m, 8 H, CH2-linker), 1.56 ± 1.66 (m, 4H, CH2-linker), 2.30 (2 t, H, J�
7.6 Hz, CH2CO2CH3), 3.11 ± 3.15 (m, 1 H, H-5a), 3.29 ± 3.34 (m, 1 H,
OCHaHb-linker), 3.47 ± 3.51 (m, 1 H, Ha-6e), 3.55 (dd, 1 H, J� 3.6, 9.7 Hz
H-2e), 3.58 ± 3.66 (m, 7 H, H-3a, Ha-6a, 2 H-6b, 2H-6c, Hb-6e), 3.68 (s, 3H,
CH2CO2CH3), 3.70 (t, 1 H, J� 8.9 Hz, H-4e), 3.73 ± 3.79 (m, 4 H, Hb-6a,
H-4b, H-4c, H-5e), 3.80 ± 3.85 (m, 4 H, OCHaHb-linker, H-4a, H-5b, Ha-6d),
3.89 ± 3.93 (m, 5 H, H-2a, H-2b, H-3b, H-3c, H-2d), 3.94 ± 3.98 (m, 1 H, H-5c),
4.01 (t, 1H, J� 9.2 Hz, H-3e), 4.03 ± 4.07 (m, H, H-5d), 4.12 (dd, 1 H, J� 4.8,
10.0 Hz, Hb-6d), 4.17 (d, 1H, J� 12.2 Hz, CH2Ph), 4.20 (s, 1H, H-2c), 4.26 (s,
1H, H-1a), 4.33 ± 4.63 (m, 18 H, CH2Ph, H-3d, H-4d), 4.67 ± 4.86 (m, 7H,
CH2Ph), 4.89 (d, 1H, J� 10.9 Hz, CH2Ph), 4.99 (d, 1 H, J� 12.4 Hz,
CH2Ph), 5.15 (s, 1 H, H-1c), 5.23 (s, 1 H, H-1d), 5.28 (s, 1H, H-1b), 5.48 (s,
1H, CHPh), 5.62 (d, 1H, J� 3.5 Hz, H-1e), 7.04 ± 7.42 (m, 70 H, Harom);
13C NMR (150 MHz, CDCl3): d� [24.9, 26.0, 29.1, 29.2, 29.3, 29.7 (CH2-
linker)], 34.1 (CH2CO2CH3), 51.2 (CH2CO2CH3), 63.3 (C-6a), 64.6 (C-5d),
68.1 (C-6e), 68.7 (C-6d), 69.4 (C-6b, C-6c), 70.2 (OCH2-linker), [70.7, 72.1,
72.2, 72.6, 73.1, 73.2, 73.3, 73.6, 74.1, 74.7, 74.9, 75.1, 75.5 (CH2Ph)], 70.8 (C-
5e), 72.3 (C-5c), 72.5 (C-5b), 74.4 (C-4a), 74.5 (C-3d), 74.6 (C-2c), [74.8, 75.0
(C-4b, C-4c)], 75.6 (C-5a), 75.9 (C-2b), 77.1 (C-4e), [77.6, 77.9, 78.7 (C-2a,
C-3b, C-2d)], 79.0 (C-2e), 79.8 (C-3c, C-4d), 81.4 (C-3a, C-3e), 96.7 (C-1e),
100.6 (C-1d), 100.8 (C-1c), 101.0 (C-1b), 101.1 (C-1a), 102.4 (CHPh), [127.2,
127.4, 127.6, 127.8, 127.8, 128.1, 138.0, 138.3, 138.6, 138.8 (Carom)], 174.3
(C�O); m/z (FAB): found [M�Na]� 2280.0284, C138H152O28 calcd for
[M�Na]� 2280.0362.


8-Methoxycarbonyloctyl 2,3,4,6-tetra-O-benzyl-a-dd-mannopyranosyl-
(1!2)-3,4,6-tri-O-benzyl-a-dd-mannopyranosyl-(1!2)-3,4,6-tri-O-benzyl-
a-dd-mannopyranosyl-(1!3)-2,4-di-O-benzyl-b-dd-mannopyranoside (19):
This compound was synthesised according to the general procedure for
the desilylation. Treatment of silylether 17 (472 mg, 219 mmol) with TBAF/
AcOH (3%) (1.4 mL) gave tetramannoside 19 as a colourless oil (385 mg,
200 mmol, 92 %). Rf� 0.37 (PE/Et2O 1:2); 1H NMR (600 MHz, CDCl3): d�
1.28 ± 1.35 (m, 8H, CH2-linker), 1.56 ± 1.65 (m, 4 H, CH2-linker), 2.30 (t, 1H,
J� 7.6 Hz, CH2CO2CH3), 3.13 ± 3.17 (m, 1H, H-5a), 3.30 ± 3.34 (m, 1H,


OCHaHb-linker), 3.49 ± 3.53 (m, 2H, Ha-6b, Ha-6d), 3.58 ± 3.70 (m, 9H,
CO2CH3 , H-3a, Ha-6a, Hb-6b, 2 H-6c, Hb-6d), 3.72 ± 3.76 (m, 2 H, Hb-6a,
H-4c), 3.78 ± 3.94 (m, 11 H, OCHaHb-linker, H-2a, H-4a, H-3b, H-4b, H-5b,
H-3c, H-5c, H-2d, H-3d, H-5d), 4.02 (s, 1H, H-2c), 4.06 (t, 1 H, J� 9.6 Hz,
H-4d), 4.16 (s, 1 H, H-2b), 4.28 ± 4.31 (m, 2 H, H-1a, CH2Ph), 4.35 (d, 1H, J�
12.4 Hz, CH2Ph), 4.43 ± 4.57 (m, 16H, CH2Ph), 4.70 (d, 1H, J� 12.4 Hz,
CH2Ph), 4.75 (d, 1H, J� 11.5 Hz, CH2Ph), 4.81 ± 4.90 (m, 3 H, CH2Ph), 4.98
(d, 1 H, J� 12.4 Hz, CH2Ph), 5.17 (s, 1H, H-1b), 5.19 (s, 1 H, H-1d), 5.28 (s,
1H, H-1c), 7.12 ± 7.38 (m, 60H, Harom); 13C NMR (150 MHz, CDCl3): d�
[24.9, 26.0, 29.0, 29.1, 29.2, 29.7 (OCH2-linker)], 34.1 (CH2CO2CH3), 51.4
(CO2CH3), 62.3 (C-6a), [69.1, 69.5 (C-6b, C-6c, C-6d)], [72.0, 72.1, 72.3, 73.1,
73.2, 74.2, 74.6, 74.7 (CH2Ph)], [72.4, 72.5 (C-5b, C-5c, C-5d)], [74.8,
74.9, 75.0, 75.1 (C-4a, C-2b, C-4b, C-4c, C-2d, C-4d)], 75.6 (C-5a), 75.7
(C-2c), 77.9 (C-2a), [79.0, 79.7, 79.8 (C-3b, C-3c, C-3d)], 81.4 (C-3a), 99.4
(C-1d), 101.0 (C-1b, C-1c), 101.6, (C-1a), [127.3, 127.4, 127.5, 127.6, 127.7, 127.9,
128.0, 128.1, 128.2, 128.3, 138.3, 138.5, 138.6, 138.7 (Carom)], 174.2 (C�O);
m/z (FAB): found [M�Na]� 1939.9042, C118H132O23 calcd for [M�Na]�


1939.9052.


8-Methoxycarbonyloctyl 2,3,4,6-tetra-O-benzyl-a-dd-glucopyranosyl-(1!3)-
2-O-benzyl-4,6-O-benzylidene-a-dd-mannopyranosyl-(1!2)-3,4,6-tri-O-
benzyl-a-dd-mannopyranosyl-(1!2)-3,4,6-tri-O-benzyl-a-dd-mannopyrano-
syl-(1!3)-[2,3,4,6-tetra-O-benzyl-a-dd-mannopyranosyl-(1!3)-2-O-ben-
zyl-4,6-O-benzylidene-a-dd-mannopyranosyl-(1!6)]-2,4-di-O-benzyl-b-dd-
mannopyranoside (20): This compound was synthesised according to the
general procedure for glycosyl sulfide and glycosyl selenide coupling.
Activation of glycosyl donor 1 (107 mg, 105 mmol) with NIS (36 mg,
158 mmol) in CH2Cl2/Et2O (1.0 mL:1.0 mL) in the presence of glycosyl
acceptor 18 (198 mg, 87.7 mmol) in CH2Cl2/Et2O (2.0 mL:2.0 mL) gave
heptasaccharide 20 as a colourless oil (140 mg, 45.2 mmol, 51%). Rf� 0.29
(PE/Et2O 1:1); 1H NMR (600 MHz, CDCl3): d� 1.24 ± 1.29 (m, 8 H, CH2-
linker), 1.45 ± 1.50 (m, 2H, CH2-linker), 1.54 (t, 2H, J� 7.2 Hz, CH2-linker),
2.25 (t, 2H, J� 7.6 Hz, CH2CO2CH3), 3.14 ± 3.17 (m, 1H, H-5a), 3.27 ± 3.32
(m, 1H, OCHaHb-linker), 3.47 (d, 1H, J� 10.0 Hz, Ha-6e), 3.53 ± 3.82 (m,
23H, CH2CO2CH3 , H-3a, H-4a, 2 H-6a, H-4b, 2 H-6b, H-4c, 2H-6c, Ha-6d,
H-2e, H-4e, H-5e, Hb-6e, H-2b' , Ha-6b' , H-5c' , 2H-6c'), 3.84 ± 3.95 (m, 11H,
OCHaHb-linker, H-2a, H-2b, H-3b, H-5b, H-3c, H-5c, H-2d, H-5b' , H-2c' ,
H-3c'), 3.97 ± 4.04 (m, 3 H, H-3e, H-5d, H-4c'), 4.07 ± 4.11 (m, 2H, Hb-6d,
H-4b'), 4.13 ± 4.20 (m, 4 H, CH2Ph, H-1a, H-2c, Hb-6b'), 4.25 ± 4.39 (m, 6H,
CH2Ph, H-4d, H-3b'), 4.41 ± 5.02 (m, 33 H, CH2Ph, H-3d, H-1b'), 5.13 (s, 1H,
H-1c), 5.20 (s, 1 H, H-1d), 5.27 (s, 1 H, H-1b), 5.39 (s, H-1c'), 5.46 (s, 1H,
CHPh), 5.55 (s, 1H, CHPh), 5.60 (d, 1 H, J� 3.3 Hz, H-1e), 7.02 ± 7.45 (m,
100 H, Harom); 13C NMR (150 MHz, CDCl3): d� [25.0, 26.1, 29.2, 29.4, 29.7,
29.8 (CH2-linker)], 34.1 (CH2CO2CH3), 51.5 (CH2CO2CH3), 63.8 (C-5b'),
65.6 (C-5d), 66.4 (C-6a), 68.1 (C-6e), 68.7 (C-6d), 68.8 (C-6b'), [69.1, 69.4, 69.9
(C-6b, C-6c, C-6c')], 70.7 (OCH2-linker), 70.8 (C-5c'), [71.6, 71.7, 72.3, 72.6,
73.2, 73.3, 73.4, 73.6, 73.9, 74.9, 75.0, 75.5 (CH2Ph)], [72.2, 72.4, 72.5 (C-5b,
C-5c, C-5e)], 73.7 (C-3d), [74.3, 74.6, 74.7, 75.1 (C-4a, C-5a, C-2c, C-2b' , C-2c' ,
C-4c')], 76.0 (C-2b), 77.1 (C-4e), [77.3, 77.7, 77.8, 77.9 (C-2a, C-4b, C-4c, C-2d)],
79.0 (C-3b, C-2e), 79.4 (C-4b'), 79.6 (C-3c'), 79.8 (C-3c, C-4d), 81.4 (C-3e), 82.5
(C-3a), 96.6 (C-1e), 98.5 (C-1b'), 98.6 (C-1c'), 100.5 (C-1d), 100.8 (C-1c), 101.1
(C-1b), 101.3 (C-1a), 101.9 (CHPh), 102.4 (CHPh), [126.3, 126.5, 127.1, 127.3,
127.4, 127.5, 127.6, 127.8, 128.1, 128.2, 128.3, 128.4, 128.5, 128.6, 129.1, 129.2,
137.9, 138.0, 138.3, 138.4, 138.5, 138.7, 138.9, 139.0 (Carom)] 174.3 (C�O); m/z
(FAB): found [M�Na]� 3142.4056. C192H206O38Na calcd for [M�Na],
3142.4079.


8-Methoxycarbonyloctyl 2,3,4,6-tetra-O-benzyl-a-dd-mannopyranosyl-(1!2)-
3,4,6-tri-O-benzyl-a-dd-mannopyranosyl-(1!2)-3,4,6-tri-O-benzyl-a-dd-man-
nopyranosyl-(1!3)-[2,3,4,6-tetra-O-benzyl-a-dd-mannopyranosyl-(1!3)-
2-O-benzyl-4,6-O-benzylidene-a-dd-mannopyranosyl-(1!6)]-2,4-di-O-ben-
zyl-b-dd-mannopyranoside (21): This compound was synthesised according
to the general procedure for glycosyl sulfide and glycosyl selenide coupling.
Activation of glycosyl donor 1 (191 mg, 207 mmol) with NIS (70.0 mg,
310 mmol) in CH2Cl2/Et2O (2.0 mL:2.0 mL) in the presence of glycosyl
acceptor 19 (198 mg, 103 mmol) in CH2Cl2/Et2O (2.0 mL:2.0 mL) gave
hexamannoside 21 as a colourless oil (152 mg, 54.6 mmol, 53%). Rf� 0.29
(PE/Et2O 1:1); 1H NMR (600 MHz, CDCl3): d� 1.18 ± 1.26 (m, 8 H, CH2-
linker), 1.46 ± 1.54 (m, 4H, CH2-linker), 2.24 (t, 2 H, J� 7.6 Hz,
CH2CO2CH3), 3.15 ± 3.19 (m, 1H, H-5a), 3.27 ± 3.31 (m, 1H, OCHaHb-
linker), 3.47 (d, 1H, J� 10.6 Hz Ha-6d), 3.49 (d, 1H, J� 10.9 Hz, Ha-6c),
3.54 ± 3.69 (m, 12H, CO2CH3 , H-3a, H-4a, 2 H-6a, 2H-6b, Hb-6c, Hb-6d, Ha-
6c'), 3.71 ± 3.92 (m, 18 H, OCHaHb-linker, H-2a, H-3b, H-4b, H-5b, H-3c,
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H-4c, H-5c, H-2d, H-3d, H-5d, H-2b' , H-5b' , Ha-6b' , H-2c' , H-3c' , H-5c' , Hb-6c'),
4.00 ± 4.06 (m, 3H, H-2b, H-4d, H-4c'), 4.09 (t, 1 H, J� 9.8 Hz, H-4b'), 4.14 (s,
1H, H-2c), 4.17 ± 4.21 (m, 2 H, H-1a, Hb-6b'), 4.25 ± 4.70 (m, 29 H, CH2Ph,
H-3b'), 4.76 ± 4.90 (m, 6 H, CH2Ph, H-1b'), 4.99 (d, 1 H, J� 12.5 Hz, CH2Ph),
5.15 (s, 1H, H-1c), 5.19 (s, 1 H, H-1d), 5.26 (s, 1 H, H-1b), 5.28 (s, 1 H, H-1c'),
5.55 (s, 1 H, CHPh), 7.04 ± 7.42 (m, 90 H, Harom); 13C NMR (150 MHz,
CDCl3): d� [24.9, 26.1, 29.1, 29.3, 29.7, 29.8 (CH2-linker)], 34.1
(CH2CO2CH3), 51.4 (CO2CH3), 63.7 (C-5b'), 66.4 (C-6a), [66.8, 68.9, 69.0,
69.1, 69.4 (C-6b, C-6c, C-6d, C-6b' , C-6c')], 69.9 (OCH2-linker), [71.6, 71.7,
72.0, 72.1, 72.6, 73.1, 73.2, 73.3, 73.4, 74.0, 74.9, 75.1, 75.2 (CH2Ph)], [72.3,
72.4, 72.5 (C-5b, C-5c, C-5d, C-5c')], 73.6 (C-3b'), [74.4, 74.5, 74.6, 74.7, 74.8,
75.0 (C-4a, C-5a, C-2b, C-4b, C-2c, C-4c, C-4d, C-4c')], 77.8 (C-2a, C-2b'), [79.2,
79.3, 79.6, 79.7, 79.8 (C-3b, C-3c, C-2d, C-3d, C-4b' , C-2c' , C-3c')], 81.9 (C-3a),
98.7 (C-1b'), 98.8 (C-1c'), 99.3 (C-1d), 100.9 (C-1c), 101.2 (C-1b), 101.4, (C-1a),
101.9 (CHPh), [127.4. 127.5, 127.6, 127.8, 128.0, 128.1, 128.2, 128.3, 138.0,
138.3, 138.4, 138.5, 138.7 (Carom)], 174.2 (C�O); m/z (FAB): found
[M�2Na]2� 1412.6225, C172H186O33Na calcd for 1�2[M�2 Na] 1412.6336.


8-Methoxycarbonyloctyl 2,3,4,6-tetra-O-benzyl-a-dd-mannopyranosyl-(1!2)-
3,4,6-tri-O-benzyl-a-dd-mannopyranosyl-(1!3)-2,4-di-O-benzyl-6-O-tert-
butyldiphenylsilyl-b-dd-mannopyranoside (22): This compound was syn-
thesised according to the general procedure for glycosyl sulfide and
glycosyl selenide coupling. Activation of glycosyl donor 4 (515 mg,
507 mmol) with NIS (132 mg, 585 mmol) in CH2Cl2/Et2O (2.5 mL:2.5 mL)
in the presence of glycosyl acceptor 6 (300 mg, 390 mmol) in CH2Cl2/Et2O
(5.0 mL:5.0 mL) gave trimannoside 22 as a colourless oil (457 mg,
345 mmol, 68 %). Rf� 0.50 (PE/Et2O 1:1); 1H NMR (500 MHz, CDCl3):
d� 1.15 (s, 9H, C[CH3]3), 1.37 ± 1.50 (m, 8 H, CH2-linker), 1.68 ± 1.75 (m,
4H, CH2-linker), 2.38 (t, 2 H, J� 7.6 Hz, CH2CO2CH3), 3.27 ± 3.32 (m, 1H,
H-5a), 3.46 (dt, 1H, J� 9.2, 6.5 Hz, OCHaHb-linker), 3.62 (d, 1 H, J�
10.0 Hz, Ha-6c), 3.73 ± 3.80 (m, 7H, CH2CO2CH3 , H-3a, 2 H-6b, Hb-6c),
3.84 (t, 1H, J� 9.6 Hz, H-4b), 3.93 (m, 1H, H-2c), 3.96 ± 4.04 (m, 5H,
OCHaHb-linker, 2H-6a, H-5c, H-3c), 4.05 (m, 2 H, H-3b, H-5b), 4.09 (d, 1H,
J� 2.7 Hz, H-2a), 4.10 ± 4.15 (3m, H, H-4a, H-2b, H-4c), 4.42 (s, 1H, H-1a),
4.46 (d, 1H, J� 12.2 Hz, CH2Ph), 4.57 ± 4.73 (m, 12 H, CH2Ph), 4.82 (d, 1H,
J� 12.2 Hz, CH2Ph), 4.88 (d, 1 H, J� 11.3 Hz, CH2Ph), 4.94 (d, 1H, J�
11.3 Hz, CH2Ph), 4.97 (d, 1H, J� 11.3 Hz, CH2Ph), 5.21 (d, 1H, J�
12.2 Hz, CH2Ph), 5.24 (s, 1 H, H-1c), 5.34 (s, 1 H, H-1b), 7.24 ± 7.88 (m,
55H, Harom); 13C NMR (125 MHz, CDCl3): d� 19.4 (C[CH3]3), [25.0, 26.3,
29.2, 29.3, 29.4, 29.9 (CH2-linker)], 26.8 (C[CH3]3), 34.2 (CH2CO2CH3), 51.5
(CH2CO2CH3), 63.2 (C-6a), [69.3, 69.5, 69.6 (OCH2-linker, C-6b, C-6c)],
[72.3, 72.5 (C-5b, C-5c)], [72.3, 72.7, 73.3, 73.5, 74.1, 75.0, 75.1 (CH2Ph)],
75.0 (C-2b, C-4b, C-2c), 75.1 (C-4a, C-4c), 76.7 (C-5a), 78.3 (C-2a), 79.8 (C-3b,
C-3c), 82.2 (C-3a), 99.7 (C-1c), 101.3 (C-1b), 101.7 (C-1a), [127.0, 127.5, 127.6,
127.7, 127.8, 127.9, 128.0, 128.1, 128.3, 128.4, 128.5, 128.6, 129.6, 133.6, 134.1,
135.7, 136.1, 138.4, 138.6, 138.7, 138.8 (Carom)], 174.2 (C�O); m/z (FAB):
found [M�Na]� 1723.8516. C107H122O18Si calcd for [M�Na]� 1723.8473.


8-Methoxycarbonyloctyl 2,3,4,6-tetra-O-benzyl-a-dd-mannopyranosyl-(1!2)-
3,4,6-tri-O-benzyl-a-dd-mannopyranosyl-(1!3)-2,4-di-O-benzyl-b-dd-man-
nopyranoside (23): This compound was synthesised according to the
general procedure for the desilylation. Treatment of silylether 22 (1.66 g,
964 mmol) with TBAF/AcOH (3%) (3.0 mL) gave the trimannoside 23 as a
colourless oil (1.32 g, 887 mmol, 92 %). Rf� 0.34 (PE/Et2O 1:2); 1H NMR
(500 MHz, CDCl3): d� 1.27 ± 1.35 (m, 8H, CH2-linker), 1.55 ± 1.65 (m, 4H,
CH2-linker), 2.04 (t, 1 H, J� 6.7 Hz, OH), 2.28 (t, 2 H, J� 7.5 Hz,
CH2CO2CH3), 3.13 ± 3.19 (m, 1H, H-5a), 3.29 ± 3.37 (m, 1H, OCHaHb-
linker), 3.51 (d, 1 H, J� 10.5 Hz, Ha-6b), 3.57 ± 3.62 (m, 3 H, Ha-6a, Hb-6b,
Ha-6c), 3.63 ± 3.69 (m, 6H, CH2CO2CH3, H-3a, H-4b, Hb-6c), 3.72 ± 3.77 (m,
1H, Hb-6a), 3.78 ± 3.83 (m, 3H, OCHaHb-linker, H-5b, H-2c), 3.83 ± 3.89 (m,
4H, H-4a, H-3b, H-3c, H-5c), 3.90 (d, 1H, J� 2.5 Hz, H-2a), 3.97 ± 4.02 (m,
2H, H-2b, H-4c), 4.30 (s, 1 H, H-1a), 4.37 (d, 1H, J� 12.3 Hz, CH2Ph), 4.45 ±
4.58 (m, 12H, CH2Ph), 4.69 (d, 1H, J� 12.3 Hz, CH2Ph), 4.76 ± 4.86 (m, 3H,
CH2Ph), 4.99 (d, 1H, J� 12.3 Hz, CH2Ph), 5.12 (1s, H, H-1c), 5.23 (s, 1H,
H-1b), 7.15 ± 7.39 (m, 45 H, Harom); 13C NMR (100 MHz, CDCl3): d� [25.0,
26.1, 29.1, 29.2, 29.3, 29.7 (CH2-linker)], 34.1 (CH2CO2CH3), 51.5
(CH2CO2CH3), 63.3 (C-6a), [69.3, 69.5 (C-6b, C-6c)], 70.2 (OCH2-linker),
[72.2, 72.5, 73.2, 73.3, 74.3, 74.7, 74.9 (CH2Ph)], 72.4 (C-5c), 72.7 (C-5b), 74.8
(C-4a, C-4b, C-2c), 75.2 (C-2b, C-4c), 75.7 (C-5a), 78.0 (C-2a), 79.7 (C-3b,
C-3c), 81.4 (C-3a), 99.6 (C-1c), 101.1 (C-1b), 101.7 (C-1a), [127.2, 127.4, 127.5,
127.6, 127.8, 127.9, 128.0, 128.2, 128.3, 128.5, 128.6, 133.6, 138.2, 138.5, 138.6,
138.8, 138.9 (Carom)], 174.3 (C�O); m/z (FAB): found [M�Na]� 1507.7076,
C91H104O18 calcd for [M�Na]� 1507.7115.


8-Methoxycarbonyloctyl 2,3,4,6-tetra-O-benzyl-a-dd-mannopyranosyl-(1!2)-
3,4,6-tri-O-benzyl-a-dd-mannopyranosyl-(1!3)-[2,3,4,6-tetra-O-benzyl-a-
dd-mannopyranosyl-(1!3)-2-O-benzyl-4,6-O-benzylidene-a-dd-mannopyr-
anosyl-(1!6)]-2,4-di-O-benzyl-b-dd-mannopyranoside (24): This com-
pound was synthesised according to the general procedure for glycosyl
sulfide and glycosyl selenide coupling. Activation of glycosyl donor 1
(92.0 mg, 90.5 mmol) with NIS (31.0 mg, 136 mmol) in CH2Cl2/Et2O
(1.0 mL:1.0 mL) in the presence of glycosyl acceptor 23 (112 mg,
75.4 mmol) in CH2Cl2/Et2O (2.0 mL:2.0 mL) gave pentamannoside 24 as a
colourless oil (124 mg, 52.8 mmol, 70%). Rf� 0.33 (PE/Et2O 1:1); 1H NMR
(500 MHz, CDCl3: d� 1.20 ± 1.35 (m, 8H, CH2-linker), 1.50 ± 1.63 (m, 4H,
CH2-linker), 2.30 (t, 2 H, J� 7.6 Hz, CH2CO2CH3), 3.21 ± 3.26 (m, 1H,
H-5a), 3.31 ± 3.37 (m, 1H, OCHaHb-linker), 3.52 (d, 1H, J� 10.5 Hz, Ha-6c),
3.58 ± 3.63 (m, 3H, Ha-6a, 2H-6b), 3.64 ± 3.74 (m, 8 H, CH2CO2CH3 , H-3a,
Hb-6a, H-4b, Hb-6c, Ha-6c'), 3.75 ± 3.79 (m, 3 H, H-4a, H-5c' , Hb-6c'), 3.80 ± 3.82
(m, 2H, Ha-6b' , H-2c), 3.83 ± 3.85 (m, 2H, H-5b, H-2b'), 3.87 ± 3.93 (m, 8H,
OCHaHb-linker, H-2a, H-3b, H-5b' , H-3c, H-5c, H-2c' , H-3c'), 4.01 ± 4.10 (3m,
H, H-2b, H-4c, H-4c'), 4.12 (t, 1H, J� 9.6 Hz, H-4b'), 4.20 ± 4.25 (m, 2H,
H-1a, Hb-6b'), 4.31 ± 4.35 (m, 2H, H-3b' , CH2Ph), 4.40 (m, 2 H, CH2Ph),
4.47 ± 4.66 (m, 19H, CH2Ph), 4.74 (d, 1 H, J� 12.4 Hz, CH2Ph), 4.84 ± 4.94
(m, 5 H, H-1b' , CH2Ph), 5.03 (d, 1H, J� 12.4 Hz, CH2Ph), 5.15 (s, 1H, H-1c),
5.27 (s, 1 H, H-1b), 5.43 (s, 1H, H-1c'), 5.59 (s, 1 H, CHPh), 7.06 ± 7.50 (m,
75H, Harom); 13C NMR (100 MHz, CDCl3): d� [25.0, 26.2, 29.2, 29.4, 29.8,
29.9 (CH2-linker)], 34.2 (CH2CO2CH3), 51.5 (CH2CO2CH3), 63.8 (C-5b'),
66.3 (C-6a), 68.9 (C-6b'), 69.1 (C-6c'), 69.2 (C-6c), 69.5 (C-6b), 70.0 (OCH2-
linker), [71.6, 71.8, 72.2, 73.4, 74.1, 74.7, 75.0, (CH2Ph)], 72.4, (C-5c, C-5c'),
72.5 (C-5b), 73.6 (C-3b), 74.3 (C-2c'), 74.6 (C-4c'), 74.8 (C-4a, C-4b), 74.9 (C-
2c), 75.1 (C-5a), 75.2 (C-2b, C-4c), 77.8 (C-2a, C-2b'), 79.4 (C-4b'), [79.5, 79.6
(C-3c, C-3c')], 79.8 (C-3b'), 81.8 (C-3a), 98.8 (C-1b' ,1c'), 99.6 (C-1c), 101.2 (C-
1b), 101.5 (C-1a), 102.0 (CHPh), [126.3, 127.2, 127.3, 127.5, 127.6, 127.7, 127.8,
128.0, 128.1, 128.2, 128.3, 128.5, 128.7, 129.2, 137.8, 138.0, 138.2, 138.3, 138.4,
138.5, 138.6, 138.7, 138.9, 139.0 (Carom)], 174.4 (C�O); m/z (FAB): found
[M�Na]� 2370.0888, C145H158O28 calcd for [M�Na]� 2370.0832.


8-Methoxycarbonyloctyl 2,3,4,6-tetra-O-benzyl-a-dd-mannopyranosyl-(1!2)-
3,4,6-tri-O-benzyl-a-dd-mannopyranosyl-(1!3)-[2,3,4,6-tetra-O-benzyl-a-
dd-mannopyranosyl-(1!6)]-2,4-di-O-benzyl-b-dd-mannopyranoside (25):
This compound was synthesised according to the general procedure for
the glycosidation of glycosyl fluorides. Activation of glycosyl donor 5
(60.1 mg, 114 mmol) with AgClO4 (67.2 mg, 298 mmol) and HfCp2Cl2


(57.1 mg, 149 mmol) in the presence of glycosyl acceptor 23 (130 mg,
87.6 mmol) in Et2O (20 mL) gave the tetramannoside 25 as a colourless oil
(118 mg, 76.4 mmol, 67 %). Rf� 0.38 (PE/Et2O 1:1); 1H NMR (500 MHz,
CDCl3): d� 1.24 ± 1.34 (8m, H, CH2-linker), 1.50 ± 1.56 (m, 2H, CH2-
linker), 1.59 ± 1.66 (2m, H, CH2-linker), 2.30 (t, 1 H, J� 7.6 Hz,
CH2CO2CH3), 3.18 ± 3.22 (m, 1H, H-5a), 3.28 ± 3.33 (m, 1H, OCHaHb-
linker), 3.50 (d, 1 H, J� 10.6 Hz, Ha-6c), 3.62 ± 3.73 (m, 9 H, CH2CO2CH3 ,
H-3a, Ha-6a, 2H-6b, Hb-6c, Ha-6b'), 3.74 ± 3.78 (m, 3 H, H-4b, H-5b' , Hb-6b'),
3.80 ± 3.85 (m, 3H, OCHaHb-linker, Hb-6a, H-2c), 3.87 ± 3.95 (m, 5H, H-4a,
H-5b, H-3c, H-5c, H-3b'), 3.96 ± 3.99 (m, 3 H, H-2a, H-3b, H-2b'), 4.02 ± 4.07
(m, 2H, H-4c, H-4b'), 4.10 (s, 1H, H-2b), 4.29 (s, 1H, H-1a), 4.41 (d, 1H, J�
12.2 Hz, CH2Ph), 4.44 (d, 1H, J� 12.2 Hz, CH2Ph), 4.47 ± 4.79 (m, 20H,
CH2Ph), 4.84 ± 4.95 (m, 3 H, CH2Ph), 5.08 (d, 1 H, J� 12.2 Hz, CH2Ph), 5.14
(s, 1H, H-1b'), 5.17 (s, 1 H, H-1c), 5.18 (s, 1 H, H-1b), 7.17 ± 7.45 (m, 65H,
Harom); 13C NMR (100 MHz, CDCl3): d� [25.0, 26.1, 29.1, 29.2, 29.8, 29.9
(CH2-linker)], 34.1 (CH2CO2CH3), 51.5 (CH2CO2CH3), 66.2 (C-6a), 69.2
(C-6c, C-6b'), 69.4 (C-6b), 70.0, (OCH2-linker), [71.1, 72.1, 72.2, 72.3, 72.5,
73.2, 73.3, 73.4, 74.7, 75.0, 75.1 (CH2Ph)], 71.7 (C-5b'), 72.4 (C-5c), 72.7 (C-
5b), 74.5 (C-4a), 74.7 (C-4b), 74.8 (C-2c, C-4c, C-2b' , C-4b'), 75.1 (C-2b), 75.3
(C-5a), 78.3 (C-2a), 79.1 (C-3b'), 79.6 (C-3c), 79.9 (C-3b), 82.0 (C-3a), 98.4 (C-
1b'), 99.5 (C-1c), 101.2 (C-1b), 101.7 (C-1a), [127.2, 127.3, 127.4, 127.5, 127.6,
127.7, 127.8, 128.0, 128.2, 128.3, 128.4, 128.5, 128.9, 138.1, 138.3, 138.4, 138.5,
138.7, 138.8, 139.1 (Carom)], 174.3 (C�O); m/z (FAB): found [M�Na]�


2029.9477, C125H138O23 calcd for [M�Na]� 2029.9521.


8-Methoxycarbonyloctyl 2,3,4,6-tetra-O-benzyl-a-dd-mannopyranosyl-(1!3)-
2,4-di-O-benzyl-6-O-tert-butyldiphenylsilyl-b-dd-mannopyranoside (26):
This compound was synthesised according to the general procedure for
glycosyl sulfide and glycosyl selenide coupling. Activation of glycosyl
donor 13 (326 mg, 480 mmol) with NIS (124 mg, 554 mmol) in CH2Cl2/Et2O
(2.0 mL:2.0 mL) in the presence of glycosyl acceptor 6 (284 mg, 369 mmol)
in CH2Cl2/Et2O (4.0 mL:4.0 mL) gave the thio dimannoside 26 as a
colourless oil (400 mg, 310 mmol, 84 %). Rf� 0.54 (PE/Et2O 1:1); 1H NMR
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(500 MHz, CDCl3): d� 1.05 (s, 9H, C[CH3]3), 1.28 ± 1.40 (m, 8H, CH2-
linker), 1.58 ± 1.66 (m, 4H, CH2-linker), 2.30 (t, 2 H, J� 7.6 Hz,
CH2CO2CH3), 3.27 ± 3.31 (m, 1 H, H-5a), 3.38 (dt, 1 H, J� 9.1, 6.6 Hz,
OCHaHb-linker), 3.67 (s, 3H, CH2CO2CH3), 3.68 ± 3.70 (m, 2 H, 2H-6b),
3.74 (s, 1H, H-2b), 3.78 (dd, 1H, J� 2.6, 9.7 Hz, H-3a), 3.87 ± 3.97 (m, 7H,
OCHaHb-linker, H-2a, 2H-6a, H-3b, H-4b, H-5b), 4.04 (t, 1H, J� 9.6 Hz,
C-4a), 4.40 (s, 1H, H-1a), 4.41 ± 4.66 (m, 9H, CH2Ph), 4.78 (d, 1H, J�
12.2 Hz, CH2Ph), 4.91 (d, 1 H, J� 11.2 Hz, CH2Ph), 5.05 (d, 1 H, J�
12.2 Hz, CH2Ph), 5.24 (s, 1 H, H-1b), 7.13 ± 7.79 (m, 40 H, Harom); 13C NMR
(100 MHz, CDCl3): d� 19.4 (C[CH3]3), [25.0, 26.2, 29.2, 29.3, 29.4, 29.8
(CH2-linker)], 26.8 (C[CH3]3), 34.1 (CH2CO2CH3), 51.5 (CH2CO2CH3),
63.1 (C-6a), 69.5 (OCH2-linker, C-6b), [72.5, 73.4, 74.0, 74.7 (CH2Ph)], [72.6,
75.0, 78.0, 80.0 (C-2a, C-3b, C-4b, C-5b)], 75.2 (C-4a), 75.9 (C-2b), 76.8 (C-5a),
80.7 (C-3a), 100.1 (C-1b), 101.7 (C-1a), [127.0, 127.1, 127.3, 127.4, 127.5, 127.6,
127.7, 127.9, 128.0, 128.2, 128.3, 128.4, 129.5, 133.4, 134.0, 135.6, 136.0, 138.5,
138.6, 138.9, 139.3 (Carom)], 174.3 (C�O); m/z (FAB): found [M�Na]�


1313.6343, C80H94O13Si calcd for [M�Na]� 1313.6356.


8-Methoxycarbonyloctyl 2,3,4,6-tetra-O-benzyl-a-dd-mannopyranosyl-(1!3)-
2,4-di-O-benzyl-b-dd-mannopyranoside (27): This compound was synthes-
ised according to the general procedure for the desilylation. Treatment of
silylether 26 (795 mg, 629 mmol) with TBAF/AcOH (3%) (1.9 mL) gave
the dimannoside 27 as a colourless oil (619 mg, 598 mmol, 95%). Rf� 0.30
(PE/Et2O 1:2); 1H NMR (500 MHz, CDCl3): d� 1.28 ± 1.40 (m, 8 H, CH2-
linker), 1.58 ± 1.67 (m, 4 H, CH2-linker), 2.11 ± 2.15 (s, 1H, OH), 2.30 (t, 2H,
J� 7.6 Hz, CH2CO2CH3), 3.28 ± 3.33 (m, 1H, H-5a), 3.37 (dt, 1 H, J� 9.1,
6.6 Hz, OCHaHb-linker), 3.65 ± 3.68 (m, 5H, CH2CO2CH3 , 2 H-6a), 3.70 ±
3.74 (m, 1 H, Ha-6b), 3.75 ± 3.77 (m, 1H, H-2b), 3.78 ± 3.85 (m, 3H, H-3a,
H-4b, Hb-6b), 3.85 ± 3.88 (m, 1H, OCHaHb-linker), 3.90 ± 3.92 (m, 3H, H-2a,
H-3b, H-5b), 3.93 (t, 1 H, J� 9.6 Hz, H-4a), 4.40 ± 4.67 (m, 9 H, CH2Ph), 4.42
(s, 1 H, H-1a), 4.78 (d, 1 H, J� 12.2 Hz, CH2Ph), 4.90 (d, 1 H, J� 12.4 Hz,
CH2Ph), 4.97 (d, 1H, J� 12.4 Hz, CH2Ph), 5.27 (d, 1H, J� 1.2 Hz, H-1b),
7.15 ± 7.44 (m, 30H, Harom); 13C NMR (100 MHz, CDCl3): d� [25.0, 26.1,
29.1, 29.2, 29.3, 29.7 (CH2-linker)], 34.1 (CH2CO2CH3), 51.5
(CH2CO2CH3), 62.2 (C-6a), 70.2 (OCH2-linker, C-6b), [72.4, 72.5, 73.3,
74.3, 74.7, 74.8 (CH2Ph)], 72.6 (C-4b), [75.0, 75.3 77.7, 79.9 (C-2a, C-4a, C-3b,
C-5b)], 75.7 (C-2b), 75.9 (C-5a), 80.1 (C-3a), 100.1 (C-1b), 101.7 (C-1a), [127.2,
127.5, 127.6, 127.7, 127.8, 127.9, 128.2, 128.3, 128.4, 128.5, 138.1, 138.3 138.4,
138.5, 138.7, 138.8 (Carom)], 174.3 (C�O); m/z (FAB): found [M�Na]�


1075.5189. C64H76O13 calcd for [M�Na]� 1075.5178.


8-Methoxycarbonyloctyl 2,3,4,6-tetra-O-benzyl-a-dd-mannopyranosyl-(1!3)-
[2,3,4,6-tetra-O-benzyl-a-dd-mannopyranosyl-(1!3)-2-O-benzyl-4,6-O-
benzylidene-a-dd-mannopyranosyl-(1!6)]-2,4-di-O-benzyl-b-dd-manno-
pyranoside (28): This compound was synthesised according to the general
procedure for glycosyl sulfide and glycosyl selenide coupling. Activation of
glycosyldonor 1 (201 mg, 197 mmol) with NIS (70.9 mg, 315 mmol) in
CH2Cl2/Et2O (1.6 mL, 1.6 mL) in the presence of glycosyl acceptor 27
(157 mg, 151 mmol) in CH2Cl2/Et2O (2.2 mL:2.2 mL) gave the tetrasac-
charide 28 as a colourles oil (189 mg, 96.6 mmol, 64 %). Rf� 0.30 (PE/Et2O
1:1); 1H NMR (500 MHz, CDCl3): d� 1.23 ± 1.33 (m, 8H, CH2-linker),
1.53 ± 1.63 (m, 4 H, CH2-linker), 2.28 (t, 2 H, J� 7.6 Hz, CH2CO2CH3),
3.30 ± 3.34 (m, 1 H, H-5a), 3.37 (m, 1 H, OCHaHb-linker), 3.67 ± 3.71 (m, 7H,
CH2CO2CH3 , Ha-6a, Ha-6b, 2H-6c'), 3.77 ± 3.85 (m, 8 H, H-3a, H-4a, Hb-6a,
H-2b, H-4b, Hb-6b, Ha-6b' , H-5c'), 3.87 ± 3.95 (m, 8 H, OCHaHb-linker, H-2a,
H-3b, H-5b, H-2b' , H-5b' , H-2c' , H-3c'), 4.05 (t, 1H, J� 9.2 Hz, H-4c'), 4.15 (t,
1H, J� 9.6 Hz, H-4b'), 4.24 (dd, H, J� 4.5, 10.0 Hz, Hb-6b'), 4.32 (s, 1H,
H-1a), 4.35 (m, 1H, H-3b'), 4.42 (d, 1H, J� 11.5 Hz, CH2Ph), 4.46 ± 4.67 (m,
16H, CH2Ph), 4.71 (d, 1 H, J� 12.4 Hz, CH2Ph), 4.81 (d, 1 H, J� 12.4 Hz,
CH2Ph), 4.89 ± 5.01 (m, 3 H, CH2Ph), 4.97 (s, 1H, H-1b'), 5.28 (s, 1H, H-1b),
5.43 (s, 1 H, H-1c'), 5.59 (s, 1H, CHPh), 7.08 ± 7.35 (m, 60 H, Harom); 13C NMR
(100 MHz, CDCl3): d� [25.0, 26.2, 29.2, 29.4, 29.8, 29.9 (CH2-linker)], 31.2
(CH2CO2CH3), 51.5 (CH2CO2CH3), 64.0 (C-5b), 66.5 (C-6a), 68.9 (C-6b'),
69.2 (C-6b), 69.5 (C-6c'), 70.1 (OCH2-linker), [71.7, 71.8, 72.4, 73.3, 74.1, 74.7,
74.8 (CH2Ph)], 72.5 (C-4b, C-5c'), 73.6 (C-3b'), 74.3 (C-2b'), 74.6 (C-4c'), 75.0,
(C-5b'), 75.3 (C-5a), 75.6 (C-4a), 75.8 (C-2b), 77.4 (C-2a), 77.9 (C-2c'), 79.4 (C-
4b'), 79.7 (C-3c'), 80.1 (C-3b), 80.3 (C-3a), 98.9 (C-1c'), 99.0 (C-1b'), 100.3 (C-
1b), 101.6 (C-1a), 102.0 (CHPh), [126.3, 127.1, 127.3, 127.5, 127.6, 127.7, 127.8,
128.0, 128.1, 128.2, 128.3, 128.4, 128.5, 128.6, 129.2, 137.8, 138.0, 138.1, 138.4,
138.6, 138.7, 138.8, 138.9 (Carom)], 174.3 (C�O); m/z (FAB): found
[M�2Na]2� 980.4382, C118H130O23 calcd for 1�2[M�2 Na] 980.4394.


8-Methoxycarbonyloctyl a-dd-glucopyranosyl-(1!3)-a-dd-mannopyrano-
syl-(1!2)-a-dd-mannopyranosyl-(1!2)-a-dd-mannopyranosyl-(1!3)-[a-


dd-mannopyranosyl-(1!3)-a-dd-mannopyranosyl-(1!6)]-b-dd-mannopyra-
noside (29): This compound was synthesised according to the general
procedure for the debenzylation. Treatment of the fully protected
heptasaccharide 20 (152 mg, 48.0 mmol) with Pd(OH)2/C (182 mg) in
CH2Cl2/MeOH/H2O (10 mL:10 mL:3.3 mL) under an atmosphere of
hydrogen gave the heptasaccharide 29 as a colourless amorphous solid
(53.9 mg, 40.3 mmol, 84 %). 1H NMR (600 MHz, D2O): d� 1.24 ± 1.31 (m,
8H, CH2-linker), 1.48 ± 1.55 (m, 4H, CH2-linker), 2.32 (t, 2 H, J� 7.4 Hz,
CH2CO2CH3), 3.33 (t, 1 H, J� 9.6 Hz, H-4e), 3.45 ± 3.47 (m, 1 H, H-5a), 3.49
(dd, 1 H, J� 3.8, 9.9 Hz, H-2e), 3.55 ± 3.84 (m, 33H, OCH2-linker,
CH2CO2CH3 , H-3a, H-4a, Ha-6a, H-4b, H-5b, 2H-6b, H-3c, H-4c, H-5c, Ha-
6c, H-4d, H-5d, 2 H-6d, H-3e, H-5e, 2 H-6e, H-4b' , H-5b' , 2 H-6b' , H-3c' , H-4c' ,
H-5c' , 2H-6c'), 3.86 ± 3.90 (m, 4 H, Hb-6a, Hb-6c, H-3d, H-3b'), 3.94 (dd, 1H,
J� 3.1, 9.7 Hz, H-3b), 4.00 (s, 1H, H-2c'), 4.02 (s, 1 H, H-2b), 4.04 ± 4.06 (m,
2H, H-2a, H-2c), 4.07 (s, 1H, H-2b'), 4.17 (s, 1H, H-2d), 4.59 (s, 1H, H-1a),
4.83 (s, 1H, H-1b'), 4.97 (s, 1H, H-1d), 5.08 (s, 1 H, H-1c'), 5.20 (d, 1H, J�
3.8 Hz, H-1e), 5.23 (s, 1H, H-1c), 5.28 (s, 1H, H-1b); 13C NMR (150 MHz,
D2O): d� [24.3, 25.0, 28.2, 28.3, 28.6, 28.7 (CH2-linker)], 33.7
(CH2CO2CH3), 52.1 (CH2CO2CH3), [60.7, 60.8, 60.9, 61.0 (C-6b, C-6c,
C-6d, C-6e, C-6b' , C-6c')], 65.7 (C-6a), [66.0, 66.1 (C-4a, C-4b' , C-4d)], [66.8,
66.9, 67.0 (C-4b, C-4c, C-4c')], 69.6 (C-2b'), 69.7 (C-4e), 69.8 (C-2d), [70.0,
70.1, 70.4 (C-2a, C-3b, C-3c, C-5e, C-2c')], 70.2 (OCH2-linker), 70.3 (C-3c'),
71.8 (C-2e), [72.4, 72.8, 72.9, 73.2, 73.3, 73.4 (C-5b, C-5c, C-5d, C-3e, C-5b' ,
C-5c')], 74.2, (C-5a), [78.2, 78.4 (C-3d, C-3b')], 78.5 (C-2c), 78.7 (C-2b), 80.9
(C-3a), 99.4 (C-1b'), 99.8 (C-1a), 100.4 (C-1e), 100.6 (C-1b, C-1c), 102.1 (C-1d),
102.2 (C-1c'), 177.9 (C�O); m/z (FAB): found [M�Na]� 1345.4962,
C52H90O38 calcd for [M�Na]� 1345.5007.


8-Methoxycarbonyloctyl a-dd-mannopyranosyl-(1!2)-a-dd-mannopyrano-
syl-(1!2)-a-dd-mannopyranosyl-(1!3)-[a-dd-mannopyranosyl-(1!3)-a-
dd-mannopyranosyl-(1!6)]-b-dd-mannopyranoside (30): This compound
was synthesised according to the general procedure for the debenzylation.
Treatment of the fully protected hexasaccharide 21 (150 mg, 53.9 mmol)
with Pd(OH)2/C (180 mg) in CH2Cl2/MeOH/H2O (10 mL:10 mL:3.3 mL)
under an atmosphere of hydrogen gave the hexasaccharide 30 as a
colourless amorphous solid (61.5 mg, 52.8 mmol, 98%). 1H NMR
(600 MHz, D2O): d� 1.30 ± 1.39 (m, 8 H, CH2-linker), 1.57 ± 1.62 (m, 4H,
CH2-linker), 2.30 (2t, H, J� 7.4 Hz, CH2CO2CH3), 3.31 ± 3.35 (m, 1H,
H-5a), 3.49 ± 3.53 (m, 1 H, OCHaHb-linker), 3.54 ± 3.63 (m, 5H, H-3a, H-4b,
H-4c, H-4d, H-4c'), 3.64 (s, 3 H, CH2CO2CH3), 3.65 ± 3.73 (m, 9H, Ha-6b,
H-5c, Ha-6c, H-5d, 2 H-6d, H-5b' , Ha-6b' , Ha-6c'), 3.74 ± 3.83 (m, 7H, H-4a, Ha-
6a, H-5b, H-3c, H-4b' , H-5c' , Hb-6c'), 3.85 ± 3.89 (m, 7H, OCHaHb-linker,
H-3b, H-3d, H-3b' , Hb-6b' , H-3c'), 3.91 ± 3.96 (m, 2 H, Hb-6a, Hb-6b), 3.97 (s,
2H, H-2d, H-2c'), 4.01 ± 4.04 (m, 2H, H-2b, H-2c), 4.07 (d, 1 H, J� 2.7 Hz,
H-2a), 4.09 (m, 1 H, H-2b'), 4.47 (s, 1 H, H-1a), 4.83 (s, 1 H, H-1b'), 4.98 (s, 1H,
H-1d), 5.08 (s, 1 H, H-1c'), 5.28 (s, 1 H, H-1c), 5.38 (s, 1 H, H-1b); 13C NMR
(150 MHz, D2O): d� [24.6, 25.7, 28.7, 28.9, 29.0, 29.3 (CH2-linker)], 34.4
(CH2CO2CH3), 50.6 (CH2CO2CH3), [61.4, 61.5, 61.7, 61.8, 61.9 (C-6b, C-6c,
C-6d, C-6b' , C-6c')], 65.9 (C-6a), [66.1, 66.2 (C-4a, C-4b')], [67.4, 67.5, 67.7 67.9
(C-4b, C-4c, C-4d, C-4c')], 69.3 (OCH2-linker), 69.9 (C-2b'), 70.4 (C-2a), [70.5,
70.6, 70.7, 71.0, 71.1, 73.2, 73.4, 73.5, 73.6 (C-3b, C-5b, C-3c, C-5c, C-2d, C-3d,
C-5d, C-5b' , C-2c' , C-3c' , C-5c')], 75.5 (C-5a), 78.7 (C-2c), 78.9 (C-3b'), 79.0 (C-
2b), 81.3 (C-3a), 100.2 (C-1a, C-1b'), 100.6 (C-1b), 101.0 (C-1c), 102.3 (C-1c'),
102.7 (C-1d), 174.7 (C�O); m/z (FAB): found [M�Na]� 1183.4465.
C46H80O33 calcd for [M�Na]� 1183.4479.


8-Methoxycarbonyloctyl a-dd-mannopyranosyl-(1!2)-a-dd-mannopyrano-
syl-(1!3)-[a-dd-mannopyranosyl-(1!3)-a-dd-mannopyranosyl-(1!6)]-
2,4-di-O-benzyl-b-dd-mannopyranoside (31): This compound was synthes-
ised according to the general procedure for the debenzylation. Treatment
of the fully protected pentasaccharide 24 (185 mg, 79.0 mmol) with
Pd(OH)2/C (222 mg) in CH2Cl2/MeOH/H2O (12 mL:12 mL:4.0 mL) under
an atmosphere of hydrogen gave the pentasaccharide 31 as a colourless
amorphous solid (78.0 mg, 78.2 mmol, 99 %). 1H NMR (600 MHz, D2O):
d� 1.28 ± 1.40 (m, 8 H, CH2-linker), 1.57 ± 1.63 (m, 4 H, CH2-linker), 2.32 (t,
2H, J� 7.4 Hz, CH2CO2CH3), 3.33 ± 3.37 (m, 1 H, H-5a), 3.50 ± 3.54 (m, 1H,
OCHaHb-linker), 3.55 ± 3.61 (m, 4 H, H-3a, H-4b, H-4c, H-4c'), 3.62 ± 3.66 (s,
4H, CH2CO2CH3, Ha-6b), 3.67 ± 3.76 (m, 6 H, Ha-6b' , H-5c, 2 H-6c, H-5b' , Ha-
6c'), 3.77 ± 3.83 (m, 6 H, H-4a, Ha-6a, H-5b, H-4b' , H-3c' , H-5c'), 3.84 ± 3.89 (m,
6H, OCHaHb-linker, H-3b, H-3c, H-3b' , Hb-6b' , Hb-6c'), 3.93 ± 3.97 (m, 2H,
Hb-6a, Hb-6b), 3.98 (s, 2H, H-2c, H-2c'), 4.03 (1s, H, H-2b), 4.07 (s, 1 H, H-2a),
4.11 (s, 1H, H-2b'), 4.49 (s, 1H, H-1a), 4.89 (s, 1 H, H-1b'), 5.00 (s, 1 H, H-1c),
5.10 (s, 1H, H-1c'), 5.48 (s, 1 H, H-1b); 13C NMR (150 MHz, D2O): d� [24.6,
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25.6, 28.7, 28.9, 29.0, 29.3 (CH2-linker)], 34.4 (CH2CO2CH3), 50.6
(CH2CO2CH3), [61.4, 61.5, 61.8 (C-6b, C-6c, C-6b' , C-6c')], 65.9 (C-6a),
[66.0, 66.2 (C-3c, C-4b')], [67.3, 67.4, 67.9 (C-4b, C-4c, C-4c')], 69.3 (OCH2-
linker), 69.9 (C-2b'), 70.4 (C-2c), 70.5 (C-2a), 70.6 (C-3b), 70.7 (C-2c'), [71.0,
73.2, 73.4, 73.6 (C-4a, C-5b, C-5c, C-5b' , C-5c')], 71.1 (C-3c'), 75.4 (C-5a), 78.7
(C-2b), 78.9 (C-3b'), 81.3 (C-3a), 100.2 (C-1b'), 100.3 (C-1a), 100.8 (C-1b),
102.3 (C-1c'), 102.7 (C-1c), 174.7 (C�O); m/z (FAB): found [M�Na]�


1021.3988, C40H70O28 calcd for [M�Na]� 1021.3951.


8-Methoxycarbonyloctyl a-dd-mannopyranosyl-(1!2)a-dd-mannopyrano-
syl-(1!3)-[a-dd-mannopyranosyl-(1!6)]-b-dd-mannopyranoside (32): This
compound was synthesised according to the general procedure for the
debenzylation. Treatment of the fully protected tetrasaccharide 25 (106 mg,
52.8 mmol) with Pd(OH)2/C (127 mg) in CH2Cl2/MeOH/H2O
(7.0 mL:7.0 mL:2.3 mL) under an atmosphere of hydrogen gave the
tetrasaccharide 32 as a colourless amorphous solid (43.2 mg, 51.7 mmol,
98%). 1H NMR (600 MHz, D2O): d� 1.30 ± 1.39 (m, 8H, CH2-linker),
1.56 ± 1.63 (m, 4 H, CH2-linker), 2.30 (t, 2 H, J� 7.4 Hz, CH2CO2CH3),
3.31 ± 3.35 (m, 1H, H-5a), 3.49 ± 3.53 (m, 1H, OCHaHb-linker), 3.55 ± 3.58
(m, 3 H, H-3a, H-4b, H-4c), 3.63 ± 3.80 (m, 14H, CH2CO2CH3 , Ha-6a, H-5b,
Ha-6b, H-5c, 2 H-6c, H-3b' , H-4b' , H-5b' , 2H-6b'), 3.81 ± 3.88 (m, 5 H,
OCHaHb-linker, H-4a, H-3b, H-3c, H-2b'), 3.90 ± 3.93 (m, 2 H, Hb-6a, Hb-
6b), 3.97 (s, 1 H, H-2c), 4.03 (s, 1 H, H-2b), 4.06 (d, 1H, J� 2.8 Hz, H-2a), 4.47
(s, 1 H, H-1a), 4.83 (s, 1 H, H-1b'), 4.99 (s, 1H, H-1c), 5.37 (s, 1H, H-1b);
13C NMR (150 MHz, D2O): d� [24.6, 25.6, 28.7, 28.8, 28.9, 29.3 (CH2-
linker)], 34.4 (CH2CO2CH3), 50.7 (CH2CO2CH3), [61.5, 61.7, 61.8 (C-6b,
C-6c, C-6b')], 65.7 (C-4a), 66.1 (C-6a), [67.2, 67.3, 67.9 (C-4b, C-4c, C-4b')],
69.3 (OCH2-linker), [70.4, 70.5, 70.6, 71.0, 71.2 (C-2a, C-2c, C-3b, C-3c, C-2b' ,
C-3b')], [72.9, 73.6 (C-5b, C-5c, C-5b')], 75.4 (C-5a), 78.7 (C-2b), 81.4 (C-3a),
100.0 (C-1b'), 100.2 (C-1a), 100.8 (C-1b), 102.8 (C-1c), 175.0 (C�O); m/z
(FAB): found [M�Na]� 859.3452, C34H60O23 calcd for [M�Na]� 859.3429.


8-Methoxycarbonyloctyl a-dd-mannopyranosyl-(1!3)-[a-dd-mannopyrano-
syl-(1!3)-a-dd-mannopyranosyl-(1!6)]-2,4-di-O-benzyl-b-dd-mannopyra-
noside (33): This compound was synthesised according to the general
procedure for the debenzylation. Treatment of the fully protected
tetrasaccharide 28 (104 mg, 54.1 mmol) with Pd(OH)2/C (124 mg) in
CH2Cl2/MeOH/H2O (7.0 mL:7.0 mL:2.3 mL) under an atmosphere of
hydrogen gave the tetrasaccharide 33 as a colourless amorphous solid
(43.5 mg, 51.9 mmol, 96 %). 1H NMR (600 MHz, D2O): d� 1.30 ± 1.40 (m,
8H, CH2-linker), 1.57 ± 1.63 (m, 4H, CH2-linker), 2.30 (t, 2 H, J� 7.4 Hz,
CH2CO2CH3), 3.33 ± 3.37 (m, 1H, H-5a), 3.51 ± 3.54 (m, 1H, OCHaHb-
linker), 3.56 ± 3.64 (m, 3 H, H-3a, H-4b, H-4c'), 3.65 (s, 3H, CH2CO2CH3),
3.67 ± 3.75 (m, 4 H, Ha-6b, H-5b' , Ha-6b' , Ha-6c'), 3.77 ± 3.90 (m, 11 H,
OCHaHb-linker, H-4a, Ha-6a, H-3b, H-5b, Hb-6b, H-3b' , H-4b' , Hb-6b' , H-3c' ,
H-5c' , Hb-6c'), 3.93 (dd, 1H, J� 5.2, 11.1 Hz, Hb-6a), 3.97 (s, 1H, H-2b), 3.98
(s, 1 H, H-2c'), 4.08 ± 4.11 (m, 2 H, H-2a, H-2b'), 4.49 (s, 1 H, H-1a), 4.83 (s,
1H, H-1b'), 5.07 (s, 1 H, H-1b), 5.08 (s, 1H, H-1c'); 13C NMR (150 MHz,
D2O): d� [24.6, 25.6, 28.7, 28.8, 28.9, 29.3 (CH2-linker)], 34.4
(CH2CO2CH3), 50.6 (CH2CO2CH3), [61.4, 61.5, 61.7 (C-6b, C-6b' , C-6c')],
65.9 (C-6a), [66.0, 66.2 (C-4a, C-4b')], [67.4, 67.5 (C-4b, C-4c')], 69.3 (OCH2-
linker), 69.9 (C-2b'), 70.5 (C-2a), 70.6 (C-2c'), 70.7 (C-2b), [71.0, 71.1, 73.1,
73.8, 73.5 (C-3b, C-5b, C-5b' , C-3c' , C-5c')], 75.4 (C-5a), 78.9 (C-3b'), 81.4 (C-
3a), 100.1 (C-1b'), 100.2 (C-1a), 102.3 (C-1c'), 102.5 (C-1b), 174.7 (C�O); m/z
(FAB): found [M�Na]� 859.3420, C34H60O23 calcd for [M�Na]� 859.3423.


8-[N1-Ethylen-1,2-diamino]-carbonyloctyl a-dd-glucopyranosyl-(1!3)-a-
dd-mannopyranosyl-(1!2)-a-dd-mannopyranosyl-(1!2)-a-dd-mannopyra-
nosyl-(1!3)-[a-dd-mannopyranosyl-(1!3)-a-dd-mannopyranosyl-(1!6)]-
b-dd-mannopyranoside (34): This compound was synthesised according to
the general procedure for the amidation of methyl esters with ethylenedi-
amine. The fully deprotected heptasaccharide 29 (19.3 mg, 14.6 mmol) was
reacted in dry ethylenediamine (1 mL) to give the amine 34 as a light brown
amorphous solid (18.9 mg, 14.0 mmol, 96 %). 1H NMR (600 MHz, D2O):
d� 1.20 ± 1.28 (m, 8 H, CH2-linker), 1.48 ± 1.55 (m, 4 H, CH2-linker), 2.20 (t,
2H, J� 7.4 Hz, CH2CONH), 3.04 (t, 2 H, J� 6.1 Hz, CH2NH2), 3.41 (t, 2H,
J� 6.1 Hz, CONHCH2), 3.33 (t, 1H, J� 9.6 Hz, H-4e), 3.45 ± 3.50 (m, 2H,
H-5a, H-2e), 3.55 ± 3.84 (m, 30 H, OCH2-linker, H-3a, H-4a, Ha-6a, H-4b,
H-5b, 2H-6b, H-3c, H-4c, H-5c, Ha-6c, H-4d, H-5d, 2 H-6d, H-3e, H-5e, 2 H-6e,
H-4b' , H-5b' , 2H-6b' , H-3c' , H-4c' , H-5c' , 2 H-6c'), 3.85 ± 3.90 (m, 4H, Hb-6a,
Hb-6c, H-3d, H-3b'), 3.93 (dd, 1H, J� 2.8, 9.7 Hz, H-3b), 4.00 (s, 1H, H-2c'),
4.01 (s, 1H, H-2b), 4.03 ± 4.05 (m, 2H, H-2a, H-2c), 4.07 (s, 1H, H-2b'), 4.16 (s,
1H, H-2d), 4.59 (s, 1H, H-1a), 4.82 (s, 1H, H-1b'), 4.97 (s, 1 H, H-1d), 5.08 (s,
1H, H-1c'), 5.18 (d, 1 H, J� 3.7 Hz, H-1e), 5.23 (s, 1H, H-1c), 5.28 (s, 1H,


H-1b); 13C NMR (150 MHz, D2O): d� [25.0, 25.1, 28.1, 28.3, 28.6, (CH2-
linker)], 35.7 (CH2NH2), 37.2 (CH2CONH), 39.2 (CONHCH2), [60.7, 60.8,
60.9, 61.0 (C-6b, C-6c, C-6d, C-6e, C-6b' , C-6c')], 65.7 (C-6a), [65.9, 66.1 (C-4a,
C-4b' , C-4d)], [(66.8, 66.9, 67.0 (C-4b, C-4c, C-4c')], 69.5 (C-2b'), 69.7 (C-4e),
69.8 (C-2d), [70.0, 70.1, 70.3, 70.4 (C-2a, C-3b, C-3c, C-5e, C-2c' , C-3c')], 70.2
(OCH2-linker), 71.8 (C-2e), [72.3, 72.7, 72.8, 73.2, 73.3, 73.4 (C-5b, C-5c,
C-5d, C-3e, C-5b' , C-5c')], 74.2, (C-5a), [78.2, 78.4 (C-3d, C-3b')], 78.5 (C-2c),
78.7 (C-2b), 80.8 (C-3a), 99.4 (C-1b'), 99.7 (C-1a), 100.4 (C-1e), 100.6 (C-1b,
C-1c), 102.1 (C-1d), 102.2 (C-1c'), 178.3 (C�O); m/z (FAB): found [M�H]�


1351.5652, C53H94N2O37 calcd for [M�H]� 1351.5614.


8-[N1-Ethylen-1,2-diamino]-carbonyloctyl a-dd-mannopyranosyl-(1!2)-a-
dd-mannopyranosyl-(1!2)-a-dd-mannopyranosyl-(1!3)-[a-dd-mannopyra-
nosyl-(1!3)-a-dd-mannopyranosyl-(1!6)]-b-dd-mannopyranoside (35):
This compound was synthesised according to the general procedure for
the amidation of methyl esters with ethylenediamine. The fully deprotected
hexasaccharide 30 (18.8 mg, 16.2 mmol) was reacted in dry ethylenediamine
(1 mL) to give the amine 35 as a light brown amorphous solid (17.2 mg,
14.4 mmol, 89%). 1H NMR (600 MHz, D2O): d� 1.21 ± 1.29 (m, 8H, CH2-
linker), 1.50 ± 1.56 (m, 4H, CH2-linker), 2.20 (t, 2H, J� 6.4 Hz,
CH2CONH), 2.97 (t, 2H, J� 6.1 Hz, CH2NH2), 3.37 (t, 2H, J� 6.1 Hz,
CONHCH2), 3.45 ± 3.48 (m, 1H, H-5a), 3.55 ± 3.65 (m, 6 H, OCHaHb-linker,
H-3a, H-4b, H-4c, H-4d, H-4c'), 3.67 ± 3.74 (m, 12 H, H-5b, Ha-6b, H-5c, Ha-6c,
H-5d, Ha-6d, H-4b' , H-5b' , Ha-6b' , H-5c' , 2H-6c'), 3.75 ± 3.79 (m, 5H, H-4a, Ha-
6a, H-3c, H-3d, Hb-6d), 3.80 ± 3.83 (m, 3H, H-3b, H-3b' , H-3c'), 3.83 ± 3.90 (m,
4H, OCHaHb-linker, Hb-6a, Hb-6c, Hb-6b'), 3.93 (dd, 1 H, J� 3.3, 9.8 Hz, Hb-
6b), 3.99 ± 4.02 (m, 3 H, H-2b, H-2d, H-2c'), 4.03 ± 4.05 (m, 2H, H-2c, H-2b'),
4.07 (s, 1H, H-2a), 4.59 (s, 1 H, H-1a), 4.83 (s, 1H, H-1b'), 4.97 (s, 1H, H-1d),
5.07 (s, 1 H, H-1c'), 5.23 (s, 1 H, H-1c), 5.37 (s, 1 H, H-1b); 13C NMR
(150 MHz, D2O): d� [25.0, 25.1, 28.1, 28.3, 28.6 (CH2-linker)], 35.7
(CH2NH2), 37.8 (CH2CONH), 39.3 (CONHCH2), [60.9, 61.0, 61.1 (C-6b,
C-6c, C-6d, C-6b' , C-6c')], 65.9 (C-6a), [66.1, 66.2 (C-4a, C-4b')], [66.7, 66.8,
66.9, 67.0 (C-4b, C-4c, C-4d, C-4c')], 69.5 (C-2a), [69.9, 70.0, 70.1, 70.3, 70.4
(C-3b, C-3c, C-2d, C-3d, C-2b' , C-2c' , C-3c')], 70.2 (OCH2-linker), [72.8, 72.1,
73.2, 73.3, 73.4 (C-5b, C-5c, C-5d, C-5b' , C-5c')], 74.2 (C-5a), 78.2 (C-3b'), 78.5
(C-2c), 78.7 (C-2b), 80.9 (C-3a), 99.4 (C-1b'), 99.8 (C-1a), 100.6 (C-1b, C-1c),
102.2 (C-1d), 102.3 (C-1c'), 178.2 (C�O); m/z (FAB): found [M�H]�


1189.5082, C47H84N2O32 calcd for [M�H]� 1189.5085.


8-[N1-Ethylen-1,2-diamino]-carbonyloctyl a-dd-mannopyranosyl-(1!2)-a-
dd-mannopyranosyl-(1!3)-[a-dd-mannopyranosyl-(1!3)-a-dd-mannopyra-
nosyl-(1!6)]-2,4-di-O-benzyl-b-dd-mannopyranoside (36): This compound
was synthesised according to the general procedure for the amidation of
methyl esters with ethylenediamine. The fully deprotected pentasaccharide
31 (14.7 mg, 14.7 mmol) was reacted in dry ethylenediamine (1 mL) to give
the amine 36 as a light brown amorphous solid (15.0 mg, 14.6 mmol, 99%).
1H NMR (600 MHz, D2O): d� 1.20 ± 1.28 (m, 8 H, CH2-linker), 1.50 ± 1.57
(m, 4 H, CH2-linker), 2.10 (t, 2 H, J� 7.4 Hz, CH2CONH), 2.84 (t, 2 H, J�
6.2 Hz, CH2NH2), 3.31 (t, 2H, J� 6.1 Hz, CONHCH2), 3.45 ± 3.49 (m, 1H,
H-5a), 3.58 ± 3.90 (m, 25 H, OCH2-linker, H-3a, H-4a, 2H-6a, H-3b, H-4b,
H-5b, Ha-6b, H-3c, H-4c, H-5c, 2H-6c, H-3b' , H-4b' , H-5b' , 2H-6b' , H-3c' , H-4c' ,
H-5c' , 2H-6c'), 3.92 (dd, 1 H, J� 3.1, 9.6 Hz, Hb-6b), 3.99 ± 4.01 (m, 2 H, H-2c,
H-2c'), 4.03 ± 4.08 (m, 3H, H-2a, H-2b, H-2b'), 4.58 (s, 1 H, H-1a), 4.82 (s, 1H,
H-1b'), 4.98 (s, 1 H, H-1c), 5.07 (s, 1 H, H-1c'), 5.28 (s, 1 H, H-1b); 13C NMR
(150 MHz, D2O): d� [25.0, 25.1, 28.1, 28.3, 28.7 (CH2-linker)], 35.7
(CH2CONH), 38.8 (CONHCH2), 39.4 (CH2NH2), [60.9, 61.0, 61.8 (C-6b,
C-6b' , C-6c, C-6c')], 65.7 (C-6a), [66.0, 66.1 (C-3c, C-4b' ,)], [66.7, 66.8, 67.0 (C-
4b, C-4c, C-4c')], 69.5 (OCH2-linker), [69.9, 70.0, 70.1, 70.2, 70.3, 70.4, 72.8,
73.2, 73.3 (C-2a, C-4a, C-3b, C-5b, C-2b' , C-5b' , C-2c, C-5c, C-2c' , C-3c' , C-5c')],
74.2 (C-5a), 78.2 (C-3b'), 78.4 (C-2b), 80.9 (C-3a), 99.4 (C-1b'), 99.8 (C-1a),
100.7 (C-1b), 102.2 (C-1c' , C-1c), 178.0 (C�O); m/z (FAB): found [M�H]�


1027.4581, C41H74N2O27 calcd for [M�H]� 1027.4557.


8-[N1-Ethylen-1,2-diamino]-carbonyloctyl a-dd-mannopyranosyl-(1!2)-a-
dd-mannopyranosyl-(1!3)-[a-dd-mannopyranosyl-(1!6)]-b-dd-mannopyr-
anoside (37): This compound was synthesised according to the general
procedure for the amidation of methyl esters with ethylenediamine. The
fully deprotected tetrasaccharide 32 (25.7 mg, 30.7 mmol) was reacted in dry
ethylenediamine (1 mL) to give the amine 37 as a light brown amorphous
solid (26.0 mg, 29.5 mmol, 96%). 1H NMR (600 MHz, D2O): d� 1.21 ± 1.32
(m, 8 H, CH2-linker), 1.50 ± 1.57 (m, 4H, CH2-linker), 2.19 (t, 2 H, J�
7.3 Hz, CH2CONH), 2.86 (t, 2H, J� 6.1 Hz, CH2NH2), 3.30 (t, 2H, J�
6.1 Hz, CONHCH2), 3.45 ± 3.49 (m, 1 H, H-5a), 3.56 ± 3.60 (m, 3 H, H-4b,
H-4c, H-4b'), 3.62 ± 3.65 (m, 2 H, H-3a, H-5b'), 3.67 ± 3.73 (7m, H, H-4a, Ha-
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6a, H-5b, Ha-6b, H-5c, Ha-6c, Ha-6b'), 3.74 ± 3.80 (m, 3 H, H-3c, Hb-6c, H-3b'),
3.81 ± 3.84 (m, 2 H, H-3b, Hb-6b'), 3.88 (dd, 1H, J� 5.1, 11.1 Hz, Hb-6a),
3.92 ± 3.95 (m, 2 H, Hb-6b, H-2b'), 4.00 (s, 1H, H-2c), 4.04 (s, 1 H, H-2b), 4.05
(d, 1 H, J� 3.0 Hz, H-2a), 4.59 (s, 1 H, H-1a), 4.84 (s, 1H, H-1b'), 4.98 (s, 1H,
H-1c), 5.27 (s, 1 H, H-1b); 13C NMR (150 MHz, D2O): d� [25.0, 25.2, 28.1,
28.2, 28.3, 28.6 (CH2-linker)], 35.7 (CH2NH2), 39.1 (CONHCH2), 39.5
(CH2CONH), [60.9, 61.0 (C-6b, C-6c, C-6b')], 65.6 (C-6a), 65.9 (C-4a), [66.7,
67.0 (C-4b, C-4c, C-4b')], [69.9, 70.0, 70.1, 70.3, 70.6 (C-2a, C-3b, C-2c, C-3c,
C-2b' , C-3b')], 70.1 (OCH2-linker), 72.7 (C-5b'), [73.2, 73.3 (C-5b, C-5c)], 74.1
(C-5a), 78.4 (C-2b), 80.9 (C-3a), 99.4 (C-1b'), 99.8 (C-1a), 100.7 (C-1b), 102.3
(C-1c), 178.0 (C�O); m/z (FAB): found [M�Na]� 887.3890, C35H64N2O22


calcd for [M�Na]� 887.3849.


8-[N1-Ethylen-1,2-diamino]-carbonyloctyl a-dd-mannopyranosyl-(1!3)-[a-
dd-mannopyranosyl-(1!3)-a-dd-mannopyranosyl-(1!6)]-2,4-di-O-benzyl-
b-dd-mannopyranoside (38): This compound was synthesised according to
the general procedure for the amidation of methyl esters with ethylenedi-
amine. The fully deprotected tetrasaccharide 33 (21.2 mg, 25.4 mmol) was
reacted in dry ethylenediamine (1 mL) to give the amine 38 as a light brown
amorphous solid (21.3 mg, 22.9 mmol, 97%). 1H NMR (600 MHz, D2O):
d� 1.20 ± 1.30 (m, 8 H, CH2-linker), 1.49 ± 1.57 (m, 4 H, CH2-linker), 2.19 (t,
2H, J� 7.3 Hz, CH2CONH), 2.86 (t, 2 H, J� 6.0 Hz, CH2NH2), 3.31 (t, 2H,
J� 6.0 Hz, CONHCH2), 3.46 ± 3.49 (m, 1 H, H-5a), 3.56 ± 3.62 (m, 3H,
OCHaHb-linker, H-4b, H-4c'), 3.65 ± 3.79 (m, 10H, H-3a, H-4a, Ha-6a, H-5b,
Ha-6b, H-4b' , H-5b' , Ha-6b' , H-5c' , Ha-6c'), 3.80 ± 3.89 (m, 8H, OCHaHb-linker,
Hb-6a, H-3b, Hb-6b, H-3b' , Hb-6b' , H-3c' , Hb-6c'), 4.00 (s, 2H, H-2b, H-2c'), 4.07
(s, 2H, H-2a, H-2b'), 4.60 (s, 1H, H-1a), 4.83 (s, 1 H, H-1b'), 5.03 (s, 1H, H-1c'),
5.07 (s, 1H, H-1b); 13C NMR (150 MHz, D2O): d� [25.0, 25.2, 28.1, 28.2,
28.6 (CH2-linker)], 35.7 (CH2CONH), 39.1 (CONHCH2), 39.5 (CH2NH2),
[60.9, 61.0 (C-6b, C-6b' , C-6c')], 65.7 (C-6a), 65.9 (C-4a), 66.1 (C-4b'), 66.8 (C-
4b, C-4c'), 69.5 (C-2a), [70.1, 70.3, 70.4, (C-2b, C-3b, C-2b' , C-2c' , C-3c')], 70.1
(OCH2-linker), [72.8, 73.3 (C-5b, C-5b' , C-5c')], 74.2 (C-5a), 78.2 (C-3b'), 80.7
(C-3a), 99.4 (C-1b'), 99.8 (C-1a), 102.2 (C-1b), 102.3 (C-1c'), 178.0 (C�O); m/z
(FAB): found [M�H]� 865.4037, C35H64N2O22 calcd for [M�H]� 865.4029.


N1-Cholesteryloxycarbonyl-1-amino-2-methylsulfonyl ethane (41): Alco-
hol 40 (2.00 g, 4.21 mmol) was dissolved in CH2Cl2 (12 mL) and cooled to
0 8C. After addition of NEt3 (1.76 mL, 12.6 mmol), MeSO2Cl (846 mL,
10.5 mmol) was added dropwise. The reaction mixture was allowed to
warm to room temperature and was stirred for 60 min. It was quenched
with ice water, extracted with Et2O and the combined organic phases were
washed with NH4Cl, H2O and brine. It was dried (MgSO4) and the solvent
evaporated under reduced pressure. The crude product was used without
further purification (2.31 g, quant.). Rf� 0.50 (Et2O); 1H NMR (600 MHz,
CDCl3): d� 0.67 (s, 3 H, H-18'), 0.85 (d, 3 H, J� 2.7 Hz, H-26'/H-27'), 0.87
(d, 3 H, J� 2.7 Hz, H-26'/H-27'), 0.91 (d, 3H, J� 6.5 Hz, H-21'), 0.93 ± 1.60
(m, 24H), 1.79 ± 2.03 (m, 5 H), 2.25 ± 2.37 (m, 2H, H-4'), 3.03 (s, 3H,
CH3SO3), 3.50 ± 3.52 (m, 2 H, H-2), 4.28 ± 4.30 (m, 2H, H-1), 4.46 ± 4.53 (m,
1H, H-3'), 5.01 (s, 1H, Chol-OC(O)NH), 5.35 ± 5.37 (m, 1H, H-6');
13C NMR (125 MHz, CDCl3): d� 11.8 (C-18'), 18.7 (C-21'), 19.3 (C-19'),
21.0, [22.5, 22.8 (C-26', C-27')], 23.8, 24.3, 28.0, 28.1, 28.2, 31.8, 31.9, 35.7,
36.2, 36.5 (Cq), 36.9, 37.5 (CH3SO3), 38.4, 39.5, 39.7, 40.3 (C-2), 42.3 (Cq),
50.0, 56.1, 56.6, 68.7 (C-1), 74.9 (C-3'), 122.6 (C-6'), 139.6 (C-5'), 156.0
(C�O); m/z (ESI): found [M�Na]� 574.3564, C31H53NO5S calcd for
[M�Na]� 574.3542.


N1-Cholesteryloxycarbonyl-3-aza-1-aminoheptan-7-ol (42): Mesylate 41
(2.00 g, 3.62 mmol) was dissolved in DMF (20 mL) and NaI (543 mg,
3.62 mmol) and butanolamine (3.34 mL, 36.2 mmol) were added. The
mixture was heated to 80 8C and stirred for 18 h. The reaction mixture was
cooled to room temperature, diluted with Et2O and washed with H2O. The
layers were separated and the aqueous layer extracted with Et2O. The
combined organic phases were washed with NH4Cl, H2O and brine, dried
(MgSO4) and the solvent removed under reduced pressure. The residue was
purified by column chromatography to give 42 as a yellow amorphous solid
(1.49 g, 2.75 mmol, 76%). Rf� 0.16 (CH2Cl2/MeOH/NH3 92:7:1); 1H NMR
(600 MHz, CDCl3): d� 0.66 (s, 3H, H-18'), 0.84 (d, 3 H, J� 2.7 Hz, H-26'/
H-27'), 0.85 (d, 3 H, J� 2.7 Hz, H-26'/H-27'), 0.90 (d, 3H, J� 5.9 Hz, H-21'),
0.92 ± 1.67 (m, 29H), 1.78 ± 2.01 (m, 5 H), 2.24 ± 2.36 (m, 2 H, H-4'), 2.64 (t,
2H, J� 5.8 Hz, H-4), 2.73 (t, 2 H, J� 5.5 Hz, H-2), 3.24 ± 3.30 (m, 2H, H-1),
3.57 (t, 2H, J� 5.3 Hz, H-7), 4.43 ± 4.51 (m, 1 H, H-3'), 5.19 (s, 1H, Chol-
OC(O)NH), 5.35 ± 5.38 (m, 1 H, H-6'); 13C NMR (125 MHz, CDCl3): d�
11.8 (C-18'), 18.7 (C-21'), 19.3 (C-19'), 21.0, [22.5, 22.8 (C-26', C-27')], 23.8,
24.3, 28.0, 28.1, 28.2, 28.3, 31.8, 31.9, 32.1, 35.8, 36.2, 36.5 (Cq), 37.0, 38.5,


39.5, 39.7, 40.4 (C-1), 42.3 (Cq), 48.9 (C-2), 49.3 (C-4), 50.0, 56.1, 56.7, 62.5
(C-7), 74.4 (C-3'), 122.4 (C-6'), 139.8 (C-5'), 156.4 (C�O); m/z (ESI): found
[M�H]� 545.4655, C34H60N2O3 calcd for [M�H]� 545.4682.


N1-Cholesteryloxycarbonyl-3-aza-N3-trimethylsilylethoxycarbonyl-1-ami-
noheptan-7-ol (43): NEt3 (242 mL, 1.74 mmol) and TeocSuc (321 mg,
1.24 mmol) was added at room temperature to a solution of amine 42
(743 mg, 1.36 mmol) in dioxane (10 mL)s and the resulting reaction
mixture was stirred for 18 h. The reaction mixture was diluted with
CH2Cl2, H2O was added and the organic phase was washed with NH4Cl,
H2O and brine, dried (MgSO4) and the solvent removed under reduced
pressure. The residue was purified by column chromatography to give 43
(817 mg, 1.27 mmol, 93%). Rf� 0.28 (Et2O); 1H NMR (600 MHz, CDCl3):
d� 0.04 (s, 9H, Si[CH3]3), 0.67 (s, 3H, H-18'), 0.85 (d, 3H, J� 2.7 Hz, H-26'/
H-27'), 0.86 (d, 3 H, J� 2.7 Hz, H-26'/H-27'), 0.90 (d, 3H, J� 6.5 Hz, H-21'),
0.91 ± 1.68 (m, 28H), 1.78 ± 2.01 (m, 6H), 2.22 ± 2.35 (m, 2 H, H-4'), 3.23 ±
3.40 (m, 6 H), 3.65 (t, 2H, J� 6.0 Hz), 4.16 (t, 2H, J� 8.7 Hz), 4.44 ± 4.51
(m, 1 H, H-3'), 5.17 (s, 1 H, Chol-OC(O)NH), 5.37 (m, 1H, H-6'); 13C NMR
(125 MHz, CDCl3): d�ÿ1.5 (Si[CH3]3), 11.8 (C-18'), 17.9, 18.7 (C-21'), 19.3
(C-19'), 21.0 [22.5, 22.8 (C-26', C-27')], 23.8, 24.2, 24.8, 28.0, 28.1, 28.2, 29.6,
31.8, 31.9, 35.7, 36.1, 36.5 (Cq), 36.9, 38.5, 39.5, 39.7, 39.9, 42.3 (Cq), 46.6, 47.5,
50.0, 56.1, 56.6, 62.3, 63.7, 74.4 (C-3'), 122.4 (C-6'), 139.8 (C-5'), 156.3
(C�O), 156.4 (C�O); m/z (ESI): found [M�Na]� 711.5109, C40H72N2O5Si
calcd for [M�Na]� 711.5108.


N1-Cholesteryloxycarbonyl-3-aza-N3-trimethylsilylethoxycarbonyl-1-ami-
no-7-methylsulfonyl heptane (44): Alcohol 43 (500 mg, 775 mmol) was
dissolved in CH2Cl2 (3 mL) and cooled to 0 8C. After addition of NEt3


(324 mL, 2.33 mmol), MeSO2Cl (156 mL, 1.94 mmol) was added dropwise.
The reaction mixture was allowed to warm to room temperature and was
stirred for 2 h. It was quenched with ice water, extracted with Et2O and the
combined organic phases were washed with NH4Cl, H2O and brine. It was
dried (MgSO4) and the solvent evaporated under reduced pressure. The
crude product was used without further purification (558 mg, quant.). Rf�
0.53 (Et2O); 1H NMR (600 MHz, CDCl3): d� 0.04 (s, 9 H, Si[CH3]3), 0.67 (s,
3H, H-18'), 0.85 (d, 3H, J� 2.7 Hz, H-26'/H-27'), 0.86 (d, 3H, J� 2.7 Hz,
H-26'/H-27'), 0.91 (d, 3 H, J� 6.5 Hz, H-21'), 0.92 ± 2.02 (m, 34 H), 2.13 ±
2.17 (m, 1H), 2.23 ± 2.36 (m, 2 H, H-4'), 3.01 (s, 3 H, CH3SO3), 3.24 ± 3.38 (m,
6H), 4.16 (t, 2H, J� 8.7 Hz), 4.22 ± 4.27 (m, 2 H), 4.43 ± 4.51 (m, 1H, H-3'),
5.10 (s, 1H, Chol-OC(O)NH), 5.36 (m, 1 H, H-6'); 13C NMR (125 MHz,
CDCl3): d�ÿ1.5 (Si[CH3]3), 11.8 (C-18'), 17.9, 18.7 (C-21'), 19.3 (C-19'),
21.0, [22.5, 22.8 (C-26', C-27')], 23.8, 24.2, 24.8, 26.3, 26.4, 28.0, 28.1, 28.2,
31.8, 31.9, 35.8, 36.2, 36.5 (Cq), 36.9, 37.3, 38.5, 39.5, 39.7, 42.3 (Cq), 46.7, 50.0,
56.1, 56.6, 63.8, 74.4 (C-3'), 122.5 (C-6'), 139.7 (C-5'), 156.2 (C�O), 156.4
(C�O); m/z (ESI): found [M�Na]� 789.4913, C41H74N2O7SSi calcd for
[M�Na]� 789.4884.


N1-Cholesteryloxycarbonyl-3-aza-N3-trimethylsilylethoxycarbonyl-1-ami-
no-7-azido-heptane (45): Mesylate 44 (470 mg, 651 mmol) was dissolved in
DMF (6 mL) and NaI (98 mg, 651 mmol) and NaN3 (128 mg, 1.95 mmol)
were added. It was slowly heated to 80 8C and stirred for 4 h. The reaction
mixture was concentrated under reduced pressure and the residue was
diluted with Et2O, washed with NaHCO3, the aqueous layer reextracted
with Et2O and the combined organic phases washed with NaHCO3, H2O
and brine. The organic phase was dried (MgSO4) and the solvent removed
under reduced pressure. Purification by column chromatography gave 45
(380 mg, 560 mmol, 86 %). Rf� 0.30 (PE/Et2O 1:1); 1H NMR (600 MHz,
CDCl3): d� 0.03 (s, 9 H, Si[CH3]3), 0.66 (s, 3H, H-18'), 0.84 (d, 3 H, J�
2.7 Hz, H-26'/H-27'), 0.85 (d, 3 H, J� 2.7 Hz, H-26'/H-27'), 0.88 (d, 3 H, J�
6.5 Hz, H-21'), 0.90 ± 1.63 (m, 30 H), 1.79 ± 2.01 (m, 5 H), 2.22 ± 2.36 (m, 2H,
H-4'), 3.22 ± 3.37 (m, 8 H), 4.14 ± 4.18 (m, 2 H), 4.43 ± 4.50 (m, 1H, H-3'),
5.12 (s, 1H, Chol-OC(O)NH), 5.36 (m, 1 H, H-6'); 13C NMR (125 MHz,
CDCl3):�ÿ1.6 (Si[CH3]3), 11.8 (C-18'), 17.9, 18.7 (C-21'), 19.3 (C-19'), 21.0,
[22.5, 22.8 (C-26', C-27')], 23.8, 24.2, 25.6, 26.0, 28.0, 28.1, 28.2, 31.8, 31.9,
35.8, 36.1, 36.5 (Cq), 36.9, 38.5, 39.5, 39.7, 42.3 (Cq), 46.5, 47.1, 50.0, 51.1, 56.1,
56.6, 63.8, 74.4 (C-3'), 122.5 (C-6'), 139.8 (C-5'), 156.3 (C�O), 156.4 (C�O);
m/z (ESI): found [MÿN2�3H]� 688.5492, C40H74N5O4Si calcd for [Mÿ
N2�3H] 688.5448.


N1-Cholesteryloxycarbonyl-3-aza-N3-trimethylsilylethoxycarbonyl-1,7-di-
aminoheptane (46): A mixture of azide 45 (420 mg, 613 mmol) and PPh3


(194 mg, 735 mmol) in THF (1.4 mL) was stirred at room temperature for
2 h after which time an additional PPh3 (485 mg, 1.84 mmol) was added.
After 12 h conc. NH3 (0.4 mL) was added and the resulting mixture allowed
stirring for 2 h. Extraction of the reaction mixture with CH2Cl2, washing
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with H2O, concentration under reduced pressure and purification by
column chromatography (CH2Cl2/MeOH/NH3 92:7:1) gave amine 46
(400 mg, 582 mmol, 95%). Rf� 0.41 (CH2Cl2/MeOH/NH3 92:7:1);
1H NMR (600 MHz, CDCl3): d� 0.04 (s, 9 H, Si[CH3]3), 0.67 (s, 3H,
H-18'), 0.85 (d, 3 H, J� 2.7 Hz, H-26'/H-27'), 0.86 (d, 3 H, J� 2.7 Hz, H-26'/
H-27'), 0.90 (d, 3H, J� 6.5 Hz, H-21'), 0.92 ± 1.60 (m, 32 H), 1.79 ± 2.02 (m,
5H), 2.22 ± 2.36 (m, 2H, H-4'), 3.20 ± 3.38 (m, 6H), 4.14 ± 4.18 (m, 2H),
4.44 ± 4.52 (m, 1H, H-3'), 5.17 (s, 1 H, Chol-OC(O)NH), 5.36 (m, 1H, H-6');
13C NMR (125 MHz, CDCl3): d�ÿ1.5 (Si[CH3]3), 11.8 (C-18'), 17.9, 18.7
(C-21'), 19.3 (C-19'), 21.0, [22.5, 22.8 (C-26', C-27')], 23.8, 24.2, 25.8, 28.0,
28.1, 28.2, 30.7, 31.8 31.9, 35.7, 36.1, 36.5 (Cq), 36.9, 38.5, 39.5, 39.7, 39.9, 41.8,
42.3 (Cq), 46.6, 47.5, 50.0, 51.1, 56.1, 56.6, 63.8, 74.4 (C-3'), 122.4 (C-6'), 139.8
(C-5'), 156.3 (C�O), 156.4 (C�O); m/z (ESI): found [M�Na]� 688.5416,
C40H73N3O4Si calcd for [M�Na]� 688.5448.


N1-Cholesteryloxycarbonyl-3-aza-N3-trimethylsilylethoxycarbonyl-N7-2-
ethoxy-3,4-dioxo-1-cyclobuten-1-yl-1,7-diaminoheptane (47): A solution of
amine 46 (100 mg, 145 mmol) and diethylsquarate (27.2 mg, 160 mmol) in
CH2Cl2/MeOH (0.3 mL, 0.3 mL) was stirred at room temperature for 12 h,
concentrated under reduced pressure and purified by column chromatog-
raphy to give 47 as a colourless amorphous solid (103 mg, 126 mmol, 87%).
Rf� 0.23 (Et2O); 1H NMR (600 MHz, CDCl3): d� 0.04 (s, 9H, Si[CH3]3),
0.67 (s, 3H, H-18'), 0.86 (d, 3H, J� 2.7 Hz, H-26'/H-27'), 0.87 (d, 3H, J�
2.7 Hz, H-26'/H-27'), 0.91 (d, 3 H, J� 6.5 Hz, H-21'), 0.92 ± 1.64 (m, 33H),
1.79 ± 1.86 (m, 3 H), 1.94 ± 2.01 (m, 2H), 2.23 ± 2.37 (m, 2H, H-4'), 3.23 ± 3.51
(m, 7H), 4.14 ± 4.19 (m, 2 H), 4.43 ± 4.48 (m, 1H, H-3'), 4.73 ± 4.77 (m, 2H),
4.79 (s, 1H, NH-Teoc), 5.01 (s, 1H, Chol-OC(O)NH), 5.30 (m, 1H, H-6');
13C NMR (125 MHz, CDCl3): d�ÿ1.5 (Si[CH3]3), 11.8 (C-18'), 17.9, 18.7
(C-21'), 19.3 (C-19'), 21.0, [22.5, 22.8 (C-26', C-27')], 23.8, 24.3, 28.0, 28.1,
28.2, 29.6, 31.8 31.9, 35.8, 36.2, 36.5 (Cq), 36.9, 38.5, 39.5, 39.7, 39.9, 42.3 (Cq),
46.6, 47.5, 50.0, 56.7, 63.9, 69.6, 70.5, 74.4 (C-3'), 122.4 (C-6'), 139.8 (C-5'),
156.3 (C�O), 156.4 (C�O); m/z (ESI): found [M�Na]� 834.5416,
C46H77N3O7Si calcd for [M�Na]� 834.5429.


N1-Cholesteryloxycarbonyl-3-aza-N3-trimethylsilylethoxycarbonyl-N7 ± 2-
(a-dd-glucopyranosyl-(1!3)-a-dd-mannopyranosyl-(1!2)-a-dd-mannopyra-
nosyl-(1!2)-a-dd-mannopyranosyl-(1!3)-[a-dd-mannopyranosyl-(1!3)-
a-dd-mannopyranosyl-(1!6)]-b-dd-mannopyranosyl-8-[N1-ethylen-1,2-di-
amino]-carbonyloctyl)-3,4-dioxo-1-cyclobuten-1-yl-1,7-diaminoheptane
(48): High-mannose amine 34 (17.0 mg, 12.6 mmol) and cholesterol squarate
47 (10.2 mg, 12.6 mmol) were stirred in CH2Cl2/MeOH/H2O (0.4 mL,
0.4 mL, 0.2 mL) for 6 d. Deprotection gave the neoglycolipid 48 as a
colourless amorphous solid (17.9 mg, 9.1 mmol,72 %); 1H NMR (600 MHz,
MeOD, selected data): d� 0.72 (s, H-18'), 0.87 (d, J� 2.0 Hz, H-26'/H-27'),
0.88 (d, J� 2.0 Hz, H-26'/H-27'), 0.94 (d, J� 6.5 Hz, H-21'), 2.22 (t, J�
7.5 Hz, CH2CONH), 4.22 (s, H-2), 4.47 (s, H-1), 4.81 (s, H-1), 4.96 (s, H-1),
5.08 (s, H-1), 5.14 (d, J� 3.8 Hz, H-1e), 5.29 (s, H-1), 5.39 (H-1); 13C NMR
(150 MHz, MeOD, selected data according to HMQC): d� 10.9 (C-18'),
17.7 (C-21'), 21.5 (C-26', C-27'), 35.4 (CH2CONH), 69.6 (C-2), 100.1 (C-1),
100.2 (C-1), 100.3 (C-1), 100.6 (C-1), 100.9 (C-1), 102.3 (C-1), 102.7 (C-1);
C60H60O10Se calcd for [M�Na]� 1043.3249; m/z (ESI): found [M�Na]�


1995.37, C91H153N5O41 calcd for [M�Na]� 1994.99.


N1-Cholesteryloxycarbonyl-3-aza-N3-trimethylsilylethoxycarbonyl-N7 ± 2-
(a-dd-mannopyranosyl-(1!2)-a-dd-mannopyranosyl-(1!2)-a-dd-manno-
pyranosyl-(1!3)-[a-dd-mannopyranosyl-(1!3)-a-dd-mannopyranosyl-
(1!6)]-b-dd-mannopyranosyl-8-[N1-ethylen-1,2-diamino]-carbonyloctyl)-
3,4-dioxo-1-cyclobuten-1-yl-1,7-diaminoheptane (49): High-mannose
amine 35 (15.4 mg, 13.0 mmol) and cholesterol squarate 47 (10.5 mg,
13.0 mmol) were stirred in CH2Cl2/MeOH/H2O (0.6 mL, 1.0 mL, 0.2 mL)
for 7 d. Deprotection gave the neoglycolipid 49 as a colourless amorphous
solid (16.0 mg, 8.8 mmol, 68%); 1H NMR (600 MHz, MeOD, selected
data): d� 0.72 (s, H-18'), 0.87 (s, H-26'/H-27'), 0.88 (s, H-26'/H-27'), 0.94 (d,
J� 6.0 Hz, H-21'), 3.96 (s, H-2), 4.01 (s, H-2), 4.08 (s, H-2), 4.41 (s, H-3'),
4.48 (s, H-1), 4.83 (s, H-1), 4.97 (s, H-1), 5.08 (s, H-1), 5.28 (s, H-1), 5.39 (s,
H-1, H-6'); 13C NMR (125 MHz, MeOD, selected data according to
HMQC): d� 10.2 (C-18'), 17.1 (C-21'), 20.9 (C-26', C-27'), 37.6 (C-4'), 69.6
(C-2), 69.9 (C-2), 74.3 (C-3'), 78.3 (C-2), 99.5 (C-1), 99.6 (C-1), 99.9 (C-1),
100.3 (C-1), 101.8 (C-1), 103.1 (C-1), 121.6 (C-6'); m/z (ESI): found
[M�Na]� 1833.57, C85H143N5O36 calcd for [M�Na]� 1832.94.


N1-Cholesteryloxycarbonyl-3-aza-N3-trimethylsilylethoxycarbonyl-N7 ± 2-
(a-dd-mannopyranosyl-(1!2)-a-dd-mannopyranosyl-(1!3)-[a-dd-manno-
pyranosyl-(1!3)-a-dd-mannopyranosyl-(1!6)]-2,4-di-O-benzyl-b-dd-man-
nopyranosyl-8-[N1-ethylen-1,2-diamino]-carbonyloctyl)-3,4-dioxo-1-cyclo-


buten-1-yl-1,7-diaminoheptane (50): High-mannose amine 36 (11.7 mg,
11.4 mmol) and cholesterol squarate 47 (9.3 mg, 11.4 mmol) were stirred in
CH2Cl2/MeOH/H2O (0.6 mL, 0.4 mL, 0.2 mL) for 5 d. Deprotection gave
the neoglycolipid 50 as a colourless amorphous solid (9.8 mg,
5.9 mmol,52 %); 1H NMR (600 MHz, MeOD, selected data): d� 0.70 (s,
H-18'), 0.85 (s, H-26'/H-27'), 0.86 (s, H-26'/H-27'), 0.92 (d, J� 6.4 Hz,
H-21'), 4.51 (s, H-1), 4.74 (s, H-1), 4.83 (s, H-1), 4.99 (s, H-1), 5.11 (s, H-1),
5.37 (s, H-6'); 13C NMR (125 MHz, MeOD): d� 18.0 (C-21'), 21.8 (C-26',
C-27'), 100.0 (C-1), 100.2 (C-1), 102.0 (C-1), 102.3 (C-1), 125.0 (C-6'); m/z
(ESI): found [M�Na]� 1671.47, C79H133N5O31 calcd for [M�Na]� 1670.89.


N1-Cholesteryloxycarbonyl-3-aza-N3-trimethylsilylethoxycarbonyl-N7 ± 2-
(a-dd-mannopyranosyl-(1!2)a-dd-mannopyranosyl-(1!3)-[a-dd-manno-
pyranosyl-(1!6)]-b-dd-mannopyranosyl-8-[N1-ethylen-1,2-diamino]-car-
bonyloctyl)-3,4-dioxo-1-cyclobuten-1-yl-1,7-diaminoheptane (51): High-
mannose amine 37 (12.7 mg, 14.7 mmol) and cholesterol squarate 47
(11.9 mg, 14.7 mmol) were stirred in CH2Cl2/MeOH/H2O (1.2 mL, 1.2 mL,
0.2 mL) for 7 d. Deprotection gave the neoglycolipid 51 as a colourless
amorphous solid (9.3 mg, 6.2 mmol, 42 %); 1H NMR (600 MHz, MeOD,
selected data): d� 0.72 (s, H-18'), 0.87 (s, H-26'/H-27'), 0.88 (s, H-26'/H-
27'), 0.94 (d, J� 6.0 Hz, H-21'), 2.22 (t, J� 7.5 Hz, CH2CONH), 2.33 (m,
H-4'), 4.47 (d, J� 6.2 Hz, H-1a), 4.82 (s, H-1), 4.98 (s, H-1), 5.36 ± 5.38 (m,
H-1, H-6'); 13C NMR (125 MHz, MeOD, selected data according to
HMQC): d� 10.8 (C-18'), 17.7 (C-21'), 21.6 (C-26', C-27'), 35.4
(CH2CONH), 38.1 (C-4'), 100.0 (C-1), 100.3 (C-1a), 100.8 (C-1), 102.7 (C-
1), 122.2 (C-6'); m/z (ESI): found [M�Na]� 1509.37, C75H123N5O26 calcd for
[M�Na]� 1508.84.


N1-Cholesteryloxycarbonyl-3-aza-N3-trimethylsilylethoxycarbonyl-N7 ± 2-
(a-dd-mannopyranosyl-(1!3)-[a-dd-mannopyranosyl-(1!3)-a-dd-manno-
pyranosyl-(1!6)]-2,4-di-O-benzyl-b-dd-mannopyranosyl-8-[N1-ethylen-
1,2-diamino]-carbonyloctyl)-3,4-dioxo-1-cyclobuten-1-yl-1,7-diaminohep-
tane (52): High-mannose amine 38 (15.2 mg, 17.6 mmol) and cholesterol
squarate 47 (14.3 mg, 17.6 mmol) were stirred in CH2Cl2/MeOH/H2O
(1.2 mL, 1.2 mL, 0.2 mL) for 7 d. Deprotection gave the neoglycolipid 52
as a colourless amorphous solid (14.1 mg, 9.3 mmol, 53 %); 1H NMR
(600 MHz, MeOD, selected data) d� 0.72 (s, H-18'), 0.87 (s, H-26'/H-27'),
0.88 (s, H-26'/H-27'), 0.94 (d, J� 6.5 Hz, H-21'), 4.50 (s, H-1), 4.81 (s, H-1),
5.08 (s, 2 H-1), 5.38 (s, H-6'); 13C NMR (125 MHz, MeOD, selected data
according to HMQC): d� 10.8 (C-18'), 17.8 (C-21'), 21.6 (C-26', C-27'),
100.1 (C-1), 100.3 (C-1), 102.3 (C-1), 102.7 (C-1), 122.2 (C-6'); m/z (ESI):
found [M�Na]� 1509.45, C75H123N5O26 calcd for [M�Na]� 1508.84.
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Diagnostic Organometallic and Metallodendritic Materials for SO2
Gas Detection: Reversible Binding of Sulfur Dioxide to
Arylplatinum(ii) Complexes


Martin Albrecht,[a] Robert A. Gossage,[a] Martin Lutz,[b]


Anthony L. Spek,[b] and Gerard van Koten*[a]


Abstract: A series of square-planar
platinum(ii) complexes of the N,C,N'-
terdentate-coordinating monoanionic
ªpincerº ligand, [PtX(4-E-2,6-
{CH2NRR'}2-C6H2)] (X�Cl, Br, I, tolyl;
R, R'�Et, Me; E�H, OH, OSiMe2-
tBu) has been prepared. In the presence
of sulfur dioxide, these complexes spon-
taneously adsorb this gas to form penta-
coordinated adducts. Solid-state crystal-
structure analyses of the SO2 adducts 8 c
(X� I, R�R'�Me, E�OSiMe2tBu)
and 11 (X�Cl, R�R'�Me, E�OH)
show a square-pyramidal geometry
around the metal center with SO2 in
the apical position. Most interestingly,
the adduct 11 forms similar PtÿCl ´´´
HÿO hydrogen-bonded a-type networks
as the corresponding SO2-free complex
5. The conservation of the supramolec-


ular information (hydrogen-bonded self-
assembly) throughout a reaction (SO2


adsorption) is unprecedented in crystal
engineering. Adduct formation in the
solid state or in solution is fast and
reversible and is indicated by a charac-
teristic color change of the material
from colorless to bright orange. Since
facile methods have been developed to
remove SO2 from the adducts and to
regenerate the square-planar starting
complexes, these complexes fulfill sev-
eral essential prerequisites of sensor
materials for repeated diagnostic SO2


detection. The platinum sensors have


been found to be highly selective for
sulfur dioxide and particularly sensitive
for submilimolar to molar gas quantities.
Their response capacity is tuneable by
electronic and steric modifications of the
ligand array by introduction of, for
example, different substituents on the
nitrogen donors. The periphery of den-
drimers is shown to be an appropriate
macromolecular support for anchoring
the detection-active sites, thus allowing
full recovery of the sensor materials for
repeated use. By using this concept,
metallo-dendrimers 3 and 15 have been
prepared. Owing to the dendritic con-
nectivity, these sensors are suitable for
repetitive qualitative and quantitative
detection of small amounts of SO2.


Keywords: ligand design ´ metallo-
dendrimers ´ platinum ´ sensors ´
sulfur dioxide


Introduction


A major environmental concern is the emission of sulfur-con-
taining compounds during, for example, the combustion of fossil


fuels, the extraction of sulfide ores, or from natural sources
(e.g., volcanoes or oceanic phytoplankton).[1] In particular,
sulfur dioxide (SO2) is thought to contribute significantly to
the production of smog and/or acid rain.[2] In the presence of
hydrogen peroxide (H2O2) or (sun-) light and ozone, SO2


rapidly oxidizes to SO3, which spontaneously reacts with
water to form sulfuric acid. Therefore, the detection (with a
suitable sensor[3]), concentration and subsequent removal of
even minute levels of SO2 is evidently desirable.[4]


Since the synthesis of the first transition metal complexes of
sulfur dioxide,[5] SO2 has been shown to be a versatile ligand in
inorganic and organometallic chemistry, as it can act as both a
Lewis base or acid.[6] Various binding modes of sulfur dioxide
to a metal center have been realized, making this ligand a very
useful probe of the electronic character of a metal center. The
bonding principles of sulfur dioxide to transition metals has
been subject of various investigations.[7]


With transition metals of a formal d6 or d8 electronic
configuration, the bonding of sulfur dioxide mainly originates
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from an interaction of the dz2 orbital of the metal with the non-
bonding 4a1 orbital of SO2. This overlap is constructive in the
case of d6 metal centers and, consequently, transition-metal-
SO2 complexes have been found in which the metal ± sulfur
vector is coplanar with the sulfur dioxide molecule (planar
binding mode).[8] With d8 metal centers, however, this primary
interaction is unfavorable, since both the metal dz2 and the
ligand 4a1 orbitals are filled. The resulting repulsion becomes
less important upon bending of the SO2 molecule, and a new
interaction involving both the HOMO and LUMO (2b1) of
sulfur dioxide with either the filled metal dxz or dyz orbital is
possible. This theory is supported by the isolation of SO2


complexes with a number of d8 transition metals (NiII, RhI, IrI)
that contain sulfur dioxide in a bent binding mode (i.e., the
metal ± sulfur vector crosses the plane formed by the sulfur
dioxide molecule by an angle between 1808 and 90o).[9]


It has been previously shown that platinum complexes
containing the terdentate-coordinating monoanionic [2,6-


(CH2NMe2)2-C6H3]ÿ (i.e., NCN) ªpincerº ligand reversibly
bind SO2 gas.[10] Reversibility is generally not observed in
transition-metal-SO2 adducts,[7e, 11] but is an inherent prereq-
uisite for the design of carrier and sensor materials. Further-
more, a characteristic color change of the platinum complexes
has been observed upon coordination to SO2. These facts,
namely reversibility and macroscopic change of the materials
properties, suggest that these compounds may be useful as
diagnostic materials for SO2 detection.[12, 13] Modification of
the coordination sphere of the metal center by tuning the
ligand properties can be applied as a methodology to optimize
the (optical) response of these materials to SO2. Fine-tuning
of the system predominantly occurs through change of the
electrophilicity of the metal center either by the introduction
of electron-withdrawing or -releasing para-substituents on the
aryl ring or by changing the basicity of the nitrogen donor
atoms. In addition, this latter method enables the adjustment
of the steric bulk in close proximity to the metal center, thus
strongly influencing the accessibility of this atom to coordi-
nation.[14] On the other hand, fragments that have only a
marginal effect on the binding sensitivity of the metal center
to sulfur dioxide offer potential anchoring points for the
attachment of the sensor to (in)organic supports. Platinum
complexes containing a modified pincer ligand have been
fixed onto dendritic molecules and these organometallic
materials represent the first ªdendrimer sensorsº for toxic
SO2 gas.[12, 15]


Herein, we report on the fundamental factors that influence
the formation of sulfur dioxide adducts with platinum
complexes containing the NCN ªpincerº skeleton (Fig-
ure 1).[16] Particularly intriguing is the response of the sensor
capacity of these platinum complexes to various ligand


Figure 1. Potential sites for tuning the steric and electronic impact of the
N,C,N terdentate-coordinating ªpincerº ligand; this offers a suitable
strategy to modify the physico-chemical properties of the metal center.


modifications (i.e. , E, R, R' and X, see Figure 1). As a result of
these studies, we present arylplatinum complexes with
optimized affinity of the metal center towards sulfur dioxide.
Appropriate immobilization of these diagnostic sites allows
the development of the first metallo-dendrimers[17] for
application as fully reversible sensor materials for the
selective and quantitative detection of low levels of SO2 gas.


Results and Discussion


Synthesis : The new arylplatinum(ii) complexes 2 b and 2 c
were prepared following the synthetic protocol previously
established for the corresponding analogues 1 (Scheme 1).[18]


Abstract in Dutch: De synthese wordt beschreven van een
reeks vlak-vierkante platina(ii)-complexen, die alle een mo-
noanionisch drietandig-gecoördineerd tangligand bevatten,
[PtX(4-E-2,6-{CH2NRR'}2-C6H2)] (X�Cl, Br, I, tolyl; R,
R'�Et, Me; E�H, OH, OSiMe2tBu). Deze complexen
reageren spontaan met zwaveldioxide onder vorming van
adducten met een vijf-gecoördineerd platina-centrum. Uit
kristalstructuuranalyse van twee van deze adducten, 8c (X�
I, R�R'�Me, E�OSiMe2tBu) en 11 (X�Cl, R�R'�Me,
E�OH), blijkt dat SO2 de top-positie van een vierkante
pyramide bezet. Adduct 11 vormt waterstofbruggen door
middel van PtÿCl ´´ ´ HÿO interacties; dit zelfde bindings-
patroon wordt ook in het SO2-vrije complex 5 gevonden. Dit
behoud van supramoleculaire informatie (self-assemblage
door waterstofbruggen) voor en na een reactie is uniek en
geeft interessante mogelijkheden voor het bewerken van
kristallijn materiaal (crystal engineering). De selectieve binding
van SO2 aan de platina-complexen vindt zowel in oplossing als
in de vaste toestand plaats en is snel en reversibel. Bij de
adsorptie van SO2 treedt een karakteristieke kleurverandering
op van kleurloos naar oranje. Zelfs zeer lage concentraties SO2


(tot millimolaire hoeveelheden) kunnen door detectie van deze
kleurverandering specifiek worden aangetoond. Milde metho-
den voor de verwijdering van SO2 en het regenereren van de
platina-complexen zijn ontwikkeld. Hiermee wordt aan de
belangrijkste eisen voor het gebruik van deze platina-com-
plexen als efficieÈnte sensormaterialen voor de detectie van SO2


voldaan. De detectiegrens kan worden beïnvloed door het
veranderen van de electronische en/of sterische eigenschappen
van het tangligand (ligand tuning). Het gebruik van dendri-
meren als dragermateriaal van deze SO2 detectoren wordt
beschreven. Aangezien metallodendritische macromoleculen
gemakkelijk af te scheiden en terug te winnen zijn is herhaald
gebruik van deze sensormaterialen voor zowel de kwalitatieve
als kwantitatieve detectie van SO2 mogelijk. Het principe van
het gebruik van dendrimeren als efficieÈnte gas-sensoren wordt
geïllustreerd met de synthese van de metallo-dendrimeren 3 en
15 en hun SO2 adducten.
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Halide abstraction in [PtCl(4-OSiMe2tBu-2,6-{CH2NMe2}2-
C6H2)] (2 a, [PtCl(4-OSiMe2tBu-Me,Me-NCN)]) with silver
trifluoromethane sulfonate (AgSO3CF3) in wet acetone yields
the cationic aqua-complex [Pt(4-OSiMe2tBu-Me,Me-NCN)-
(OH2)][SO3CF3]. Nucleophilic substitution of the aqua ligand
by a halide anion affords the corresponding neutral complexes
[PtX(4-OSiMe2tBu-Me,Me-NCN)] 2 b and 2 c (X�Br or I,
respectively) in high yields. An asymmetric PtII complex 4 b,
[PtCl(4-H-Et,Me-NCN)] was also prepared. The nitrogen
centers in 4 b are stereogenic provided that PtÿN coordination
occurs. Lithiation of the diaminoaryl ligand precursor 1,3-
(CH2NEtMe)2-C6H4 afforded the 2-lithio derivative,[16b] which
was subsequently transmetallated with [PtCl2(SEt2)2] to give
4 b as a pale-yellow air-stable solid. This compound exists as a
mixture of rac and meso forms (ratio 2:3). Attempts to
separate the diastereomers by column chromatography or
repeated recrystallization were not successful. Prolonged
heating of a toluene solution of 4 b (100 8C) does not change
the meso :rac isomer distribution. This suggests either that
racemization is prevented by a large kinetic barrier of the
process involving reversible PtÿN bond dissociation or that
the initially observed diastereomeric ratio represents the
thermodynamic distribution.


The hexametallic arylester dendrimer 15 was prepared by
using a convergent synthetic approach.[19] Coupling of two
equivalents of 5 (as the peripheral end group) with the oxo-
protected bis(acyl chloride)phenol 13 (as AB2 branching
unit)[21] yieldsÐby double esterificationÐthe dimetallated Pt2


building block 14 (Scheme 2). Deprotection of the phenolic
hydroxy functionality of the platinum dimer 14 and in situ
esterification with the trifurcate core 1,3,5-benzenetricarbox-


ylic acid chloride affords the
hexaplatinated dendrimer 15
(first-generation dendrimer).
This method is similar to the
one applied for the preparation
of the trimetallic complex 3
(zero-generation dendri-
mer).[22] Note that all difficul-
ties associated with periphery-
functionalization and end-
group determination of the
dendritic materials have ele-
gantly been encompassed by
using a convergent approach
starting from organometallic
platinum(ii) building blocks.
The identity of both the orga-
noplatinum dendron 14 and the
dendrimer 15 was unambigu-
ously confirmed by elemental
analysis (14), mass spectrome-
try (FAB-MS for 14, MALDI-
TOF for 15), and 1H and
13C{1H} NMR spectroscopy.


Adduct formation with sulfur
dioxide : The exposure of the
square-planar PtII complexes


1 ± 6 to an atmosphere of SO2 leads to the formation of the
corresponding five-coordinate SO2 adducts 7 ± 12. Platinum(ii)
centers in square-planar complexes that contain the mono-
anionic pincer ligand demonstrate an enhanced nucleophilic-
ity when compared with other d8 metal centers.[23] Conse-
quently, they react with Lewis acids (e.g., SO2) to form
adducts. These reactions occur if the NCN-Pt complexes are in
the solid state or dissolved in an appropriate solvent. Product
formation is instantaneous on the laboratory timescale and is
accompanied by an immediate color change from colorless to
bright orange. When stored in an atmosphere devoid of excess
sulfur dioxide, all these adducts slowly loose SO2 with
regeneration of the corresponding starting materials over a
period of several weeks. Neither oxidation of the SO2 ligand
to sulfate nor insertion products have been found, except for
complex 6 (vide infra). Changing back to an SO2-rich
environment leads again to quantitative adduct formation.
These facts unambiguously demonstrate that the adsorption
reaction is an equilibrium process between free and bound
SO2 complexes [Eq. (1)].


[PtX(NCN)]�n(SO2)> [PtX(NCN)SO2)n] (1)


This equilibrium is shifted towards the four-coordinate SO2-
free complexes, if the sulfur dioxide atmosphere is removed.
Desorption of SO2 from the adducts 7 ± 10 is accelerated by
exposure to air, to solvents free of SO2, or by reducing the
atmospheric pressure, which again quantitatively regenerates
complexes 1 ± 4, respectively. Heating can also be used to
remove SO2 from these platinum complexes. An increase in
temperature (to 40 8C) leads to the formation of the SO2-free
starting materials within a few minutes. For this latter method
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Scheme 2. Synthetic procedure for the convergent preparation of metallo-
dendrimer 15.


to be effective and quantitative, the Pt complexes must be in
solution. In the solid state, thermogravimetric analyses have
shown that they do not loose sulfur dioxide at these temper-
atures. With solid complex 7 c, for example, slow desorption
starts at 75 8C, which becomes faster with increasing temper-
ature. At 150 8C, no additional weight is lost; this indicates
complete removal of SO2. This is confirmed by a reduction of
the initial mass to 88 %, which clearly corresponds to the
reversion of 7 c to 1 c (theoretical weight loss: 89 %).


Various chemical methods can be used to regenerate the
PtII complexes 1 ± 4 from the SO2 adducts (7 ± 10). These
include the addition of a tertiary amine (e.g., NEt3), a basic
aqueous solution (e.g., 1n NaOH), or a halide source, such as
Bu4NI, to a solution containing the sulfur dioxide adducts.


The SO2 adduct of the 4-hydroxy platinum complex 5 shows
deviating properties with respect to these regeneration
methods. Several of the procedures for removing sulfur
dioxide developed for the other adducts have been found to
be much slower (evaporation in vacuo requires hours rather
than minutes to be complete) or ineffective (refluxing a
solution of [PtCl(4-OH-Me,Me-NCN)(SO2)] 11 in THF for
several hours did not lead to decolorization and reformation
of [PtCl(4-OH-Me,Me-NCN)] 5).


Finally, adsorption of SO2 greatly enhances the solubility
characteristics of all the platinum complexes studied here.
This fact is most prominently demonstrated by the solubility
behavior of 5, which contains a polar organometallic site and a
phenolic hydroxy group. As a four-coordinate complex, it is
virtually insoluble in most common organic and chlorinated
solvents. For example, in benzene, the solubility is lower than
0.2 g Lÿ1. In SO2-saturated solution, however, dissolved con-
centrations of adduct 11 higher than 20 g Lÿ1 may be obtained.
This increased solubility becomes particularly important for
macromolecular diagnostic materials that contain several gas-
adsorption-active centers. Whereas most of the monomeric
complexes are soluble in THF, the tri- and hexa-organo-
platinum complexes 3 and 15 fail to dissolve in this solvent
and only solubilize as the corresponding sulfur dioxide
adducts 9 and 16, respectively. This is probably due to the
change of the coordination geometry of the platinum center
from square planar to square pyramidal; this changes the
lattice energy of the solid material and reduces the impact of
the phenyl factor.[24]


The reactivity of related PtII complexes such as [PtCl(2-
{CHN(Me)CH2CH2NMe2}-C6H4],[25] (nitrogen donors in cis
positions) and the ionic complexes [Pt(4-E-Me,Me-
NCN)(OH2)][SO3CF3] (with E�H, OH, OSiMe2tBu) with
SO2 were also briefly examined. However, neither NMR nor
UV-visible spectroscopy indicate any change comparable with
that found for the PtÿSO2 adsorption products described
above. This suggests that no adduct formation takes place.
The reason for this lack of reactivity may be the result of a
reduced nucleophilicity of these platinum centers relative to
that of the neutral sensor sites in complexes 1 ± 6 and 15. It is
another indication of the special binding properties of the
[MÿX]� entity held in the h3-mer NCN ligand manifold (cf.
the role of [NiÿX] unit in the [NiX(NCN)]-catalyzed atom-
transfer reaction of CCl4 with methyl methacrylate).[26]


Spectroscopic properties : The characteristic orange color
found for all the SO2 adducts studied here originates from two
Pt!S metal-to-ligand charge-transfer bands that are located
in the UV-visible absorbance region. The observed maxima
for the adducts 7 ± 12 all lie at approximately 350 nm with a
broad shoulder (except complexes 10) at longer wavelength
that is primarily dependent on the metal-bound halide
(Table 1). The series of SO2 complexes that contain the
unsubstituted NCN ligand (complexes 7 a ± c) strictly obeys
the spectroscopic series upon change of the Pt-bound halide,
that is, the absorption maximum shifts towards higher wave-
length with increasing electron release of the halide (I>Br>
Cl). Surprisingly, this tendency is not seen in the series of
complexes that contain the siloxy group (i.e., OSiMe2tBu) as
the substituent in the position para to the metal-bound carbon
atom (8 a ± c). The bromide complex 8 b has a remarkably high
energy gap for the corresponding electronic transition with a
maximum at 333 nm, whereas the maxima of 8 a (X�Cl) and
8 c (X� I) were found at 350 nm and 368 nm, respectively. A
similar halide dependence is found in the series of complexes
free of SO2 (2 a ± c); in contrast to the chloride and iodide
species, the absorption spectrum of the bromide complex 2 b
differs considerably from its unsubstituted analogue 1 b.
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Time-resolved UV-visible spectroscopic measurements
(stopped flow; benzene solution) indicate that the reaction
of arylplatinum complexes with SO2 is complete within 50 ms.
Decreasing the mixing temperature from ambient temper-
ature to 7 8C did not significantly slow down the process and,
hence, no definite mechanistic conclusions on the adsorption
reaction (pre-equilibria, site of initial attack) can be drawn
from these measurements.


Infrared spectroscopic investigations have concentrated on
the assignment of the symmetric and asymmetric stretching
vibrations of the bound SO2 molecule (Table 1). In all the
adducts the signals assigned to these vibrations were found
between 1238 and 1214 cmÿ1 (ns) and 1080 and 1064 cmÿ1 (nas)
(measured in CHCl3 saturated with SO2). These regions are
characteristic for sulfur dioxide bound to d8 metal centers.[7b]


However, complexes 10 a and 10 b, which contain ethyl
substituents on the metal-bound amines, do not clearly exhibit
an absorbance at lower wavenumber, probably because of the
overlap with the very strong nas band from free sulfur
dioxide.[7c] Furthermore, the values obtained for complexes
7 a ± c in this study corroborate well with the frequencies
found earlier from Nujol measurements of the solid materi-
als.[10]


The NMR characteristics of the square-planar complexes
1 ± 6 have been discussed earlier.[10, 14] For the SO2 adducts 7 ±
12, comparison of the NMR resonance data with those of the
corresponding starting materials 1 ± 6 is illustrative. The
1H NMR spectra of the SO2 adducts 7 ± 9, 11, and 12, reveal
a characteristic down-field shift of the resonance signals of the
NCH3 and CH2N protons (Dd� 0.14 and 0.23 ppm, respec-
tively, in SO2 saturated solutions of CDCl3, with Dd�
d(adduct)ÿ d(free complex) , Table 2) when compared with the
corresponding SO2 free complexes.[27] The same chemical


shifts of the two benzylic CH2N protons and of both the
nitrogen-bound methyl groups of the (NCN) ligand moiety in
7 have been demonstrated.[10] In an environment which is
subsaturated with sulfur dioxide, one single set of signals is
observed which is positioned between that found for the SO2-
free complex and the adduct.[28] Similar conclusions can be
drawn from the analyses of the 13C{1H} NMR spectroscopic
data (Table 3); adduct formation is pronounced by a notable
shift of the nitrogen-bound methyl carbons towards higher
field, which indicates an enhanced shielding of these nuclei.
The position of the relevant signals in the 1H or 13C{1H} NMR
spectrum is directly dependent on the total concentration of
sulfur dioxide and can therefore be used to indicate and
quantify the presence of dissolved SO2 (Figure 2). Remark-
ably, the trifurcate organoplatinum complex 9 shows one set
of signals only, regardless of the concentration of SO2. This
unambiguously indicates that all three PtII centers are equally
coordinating to SO2.


A particular NMR behavior has been found for the
platinum compounds 4 a and 4 b with prochiral CH2 groupings
at the nitrogen-bound carbons because of the presence of
ethyl- instead of methyl-amino substituents.[29] In the case of
the diethylamino compound 4 a, the multiplets that result
from the NCH2Me protons at d� 3.69 and 2.92 (ABX3


pattern) undergo a shift of 0.06 ppm (high field) and
0.01 ppm (down field), respectively, upon addition of SO2.
Also the benzylic protons do not show a characteristic change
as observed for the adducts 7 ± 9 and, hence, the resonance
signals of 10 a appear at virtually the same position as found
for SO2-free 4 a. This indicates that coordination of SO2 to 4 a
is, if it occurrs at all, very weak. A different situation accounts
for 10 b and 4 b ; from the benzylic protons, which are split into
two sets of AB doublets (assigned to the rac and meso isomers,


Table 1. UV-visible[a] and relevant IR[b] spectroscopic data for complexes 1 ± 12.


Complex UV-visible IR nÄ [cmÿ1] Ref.
lmax [nm] (e) nÄs(SO2) nÄas(SO2)


[PtX(4-E-R,R''-NCN)]
1a R�R'�Me, E�H, X�Cl 279 (9.7) [18b]
1b R�R'�Me, E�H, X�Br 281 (9.8) [18b]
1c R�R'�Me, E�H, X� I 285 (12.8) [18b]
2a R�R'�Me, E�OSiMe2tBu, X�Cl 278 (14.2) [22]
2b R�R'�Me, E�OSiMe2tBu, X�Br 259 (16.5)
2c R�R'�Me, E�OSiMe2tBu, X� I 283 (16.5)
3 [C6H3-{C(O)-O-NCN-PtCl}3] 276 (26.5) [22]
4a R�R'�Et, E�H, X� I 277 (12.2)
4b R�Me, R'�Et, E�H, X�Cl 277 (7.2)
5 R�R'�Me, E�OH, X�Cl[c] 277 (10.9)
6 R�R'�Me, E�H, X� 4-tolyl 338 (1.0)


[PtX(4-E-R,R''-NCN)(SO2)]
7a R�R'�Me, E�H, X�Cl 352 (6.5), 408 (1.7) 1076 1238
7b R�R'�Me, E�H, X�Br 356 (6.9), 410 (1.9) 1076 1230
7c R�R'�Me, E�H, X� I 364 (6.8), 410 (1.4) 1076 1226
8a R�R'�Me, E�OSiMe2tBu, X�Cl 350 (7.8), 421 (2.3) 1074 1226
8b R�R'�Me, E�OSiMe2tBu, X�Br 333 (9.3), 395 (2.4) 1074 1215
8c R�R'�Me, E�OSiMe2tBu, X� I 368 (9.4), 422 (2.2) 1074 1215
9 [C6H3-{C(O)-O-NCN-PtCl}3(SO2)3] 351 (14.8), 402 (4.3) 1075 (sh) 1226


10a R�R'�Et, E�H, X� I 368 (sh; 1.5) 1067 (sh) 1219
10b R�Me, R'�Et, E�H, X�Cl 353 (6.3), 401 (1.5) 1078 1234
11 R�R'�Me, E�OH, X�Cl[d] 350 (8.7), 419 (2.0) 1072 1236
12 R�R'�Me, E�H, X� 4-tolyl 357 (4.1), 410 (1.3) 1063 1215


[a] From CH2Cl2 solution, e [103mÿ1cmÿ1]. [b] In CHCl3. [c] n(OÿH) 3304 cmÿ1 ; [d] n(OÿH) 3306 cmÿ1.







FULL PAPER G. van Koten et al.


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000 0947-6539/00/0608-1436 $ 17.50+.50/0 Chem. Eur. J. 2000, 6, No. 81436


Table 2. 1H NMR data for complexes 1 ± 12.[a]


Complex Caryl-H ArCH2N (3J(H,Pt)) NCH3 (3J(H,Pt)) Other H Ref.


[PtX(4-E-R,R''-NCN)]
1a R�R'�Me, E�H, X�Cl 6.99 (t), 6.80 (d) 4.02 (46) 3.07 (38)
1b R�R'�Me, E�H, X�Br 7.03 (t), 6.80 (d) 4.02 (46) 3.11 (38)
1c R�R'�Me, E�H, X� I 7.03 (t), 6.83 (d) 4.03 (46) 3.18 (39)
2a R�R'�Me, E�OSiMe2tBu, X�Cl 6.35 3.96 (46) 3.07 (38) 0.96, 0.16 [22]
2b R�R'�Me, E�OSiMe2tBu, X�Br 6.33 3.96 (45) 3.11 (38) 0.96, 0.16
2c R�R'�Me, E�OSiMe2tBu, X� I 6.73 3.96 (45) 3.16 (39) 0.96, 0.16
3 [C6H3-{C(O)-O-NCN-PtCl}3] 6.73 4.05 (41) 3.11 (36) 9.15 [22]
4a R�R'�Et, E�H, X� I 6.97 (t), 6.70 (d) 4.06 (37) 3.69,[b,c] 2.92 (22)[c] 1.52 [29a]
4b R�Me, R'�Et, E�H, X�Cl


major isomer 6.96 (t), 6.78 (d) 4.24 (29), 3.81 (56) 3.13 (39), 3.33 ± 2.80 (m)[b,c] 1.47
minor isomer 6.96 (t), 6.78 (d) 4.21 (38), 3.83 (53) 3.11 (39), 3.33ÿ 2.80 (m)[b,c] 1.50


5 R�R'�Me, E�OH, X�Cl 6.39 3.98 (45) 3.07 (30)
6 R�R'�Me, E�H, X� 4-tolyl 6.9 4.16 (43) 2.95 (43) 7.64, 7.02, 2.33 [18b]


[PtX(4-E-R,R''-NCN)(SO2)]
7a R�R'�Me, E�H, X�Cl 7.08 (t), 6.88 (d) 4.25 (41) 3.22 (32)
7b R�R'�Me, E�H, X�Br 7.08 (t), 6.88 (d) 4.25 (41) 3.26 (33)
7c R�R'�Me, E�H, X� I 7.11 (t), 6.87 (d) 4.25 (42) 3.33 (36)
8a R�R'�Me, E�OSiMe2tBu, X�Cl 6.43 4.19 (41) 3.22 (32) 0.98, 0.18
8b R�R'�Me, E�OSiMe2tBu, X�Br 6.42 4.18 (42) 3.25 (33) 0.97, 0.18
8c R�R'�Me, E�OSiMe2tBu, X� I 6.41 4.20 (41) 3.32 (35) 0.97, 0.18
9 C6H3-(C(O)-O-NCN-PtCl)3(SO2)3 6.84 4.27 (41) 3.24 (31) 9.13


10a R�R'�Et, E�H, X� I 6.96 (t), 6.69 (d) 4.06 (37) 3.63,[b,c] 2.93 (21)[c] 1.50
10b R�Me, R'�Et, E�H, X�Cl


major isomer 6.99 (t), 6.79 (d) 4.24 (17), 4.01 (25) 3.14 (36), 3.48,[b,c] 3.15[b,c] 1.33
minor isomer 6.98 (t), 6.79 (d) 4.17,[b] 4.06 (18) 3.13 (36), 3.34,[b,c] 3.08[b,c] 1.38


11 R�R'�Me, E�OH, X�Cl 6.44 4.21 (41) 3.22 (31)
12 R�R'�Me, E�H, X� 4-tolyl 7.05 (t), 6.89 (d) 4.41 (37) 3.34 (36) 7.70, 7.12, 2.38


[a] Singlet signals from CDCl3 solutions unless stated otherwise; doublet (d), triplett (t), multiplett (m); d (J [Hz]). [b] 3J(Pt,H) not resolved/observed.
[c] NCH2Me; ABX3 pattern of NCHAHBMe; 2J(H,H)� 12.3 Hz, 3J(H,H)� 7.2 Hz.


Table 3. 13C NMR data for complexes 1 ± 12.[a]


Complex Cipso Cortho Cmeta Cpara ArCH2N R, R' Other C Ref.


[PtX(4-E-R,R''-NCN)]
1a R�R'�Me, E�H, X�Cl 144.5 142.7 122.6 118.6 77.1 53.7 [18b]
1b R�R'�Me, E�H, X�Br 145.7 142.7 122.8 118.7 76.8 54.5 [18b]
1c R�R'�Me, E�H, X� I 149.6 143.4 123.4 119.2 76.9 56.3
2a R�R'�Me, E�OSiMe2tBu, X�Cl 152.6 143.8 136.2 111.4 77.7 54.5 25.7, 18.1, ÿ4.4 [22]
2b R�R'�Me, E�OSiMe2tBu, X�Br 152.6 143.7 137.5 111.3 77.4 55.0 25.6, 18.0, ÿ4.5
2c R�R'�Me, E�OSiMe2tBu, X� I 152.6 144.0 141.1 111.3 76.9 56.4 25.5, 18.0, ÿ4.5
3 C6H3-(C(O)-O-NCN-PtCl)3 147.3 144.1 143.1 112.8 77.6 54.5 163.7, 135.8, 131.3 [22]
4a R�R'�Et, E�H, X� I 146.2 145.4 122.8 117.4 69.0 61.7[c] 13.5 [29a]
4b R�Me, R'�Et, E�H, X�Cl


major isomer 144.1 143.9 122.8 118.6 73.3 59.4,[c] 53.7 12.9
minor isomer 144.2 143.8 122.8 118.7 73.8 59.7,[c] 53.5 13.0


5 R�R'�Me, E�OH, X�Cl [b] 154.3 143.4 133.1 106.7 77.3 54.0 [20]
6 R�R'�Me, E�H, X� 4-tolyl 172.0 145.1 122.4 118.1 81.1 54.9 179.2, 138.9, 129.6, [18b]


127.4, 21.0
[PtX(4-E-R,R''-NCN)(SO2)]


7a R�R'�Me, E�H, X�Cl 147.4 142.4 125.4 120.5 75.9 53.8
7b R�R'�Me, E�H, X�Br 150.1 142.5 125.6 120.6 75.6 54.4
7c R�R'�Me, E�H, X� I 151.9 142.7 125.5 120.4 75.1 55.4
8a R�R'�Me, E�OSiMe2tBu, X�Cl 154.3 142.9 138.7 112.6 75.7 53.5 25.5, 18.0, ÿ4.5
8b R�R'�Me, E�OSiMe2tBu, X�Br 154.3 142.9 140.3 112.5 75.5 54.3 25.5, 18.0, ÿ4.5
8c R�R'�Me, E�OSiMe2tBu, X� I 154.3 143.4 141.4 112.4 75.2 55.5 25.6, 18.1, ÿ4.5
9 [C6H3-{C(O)-O-NCN-PtCl}3(SO2)3] 148.7 144.7 143.4 114.0 75.9 54.0 163.4, 135.9, 131.2


10a R�R'�Et, E�H, X� I 146.3 145.0 123.0 117.6 68.0 61.7[c] 13.4
10b R�Me, R'�Et, E�H, X�Cl


major isomer 145.4 143.5 124.2 119.3 72.4 59.5,[c] 51.7 12.0
minor isomer 145.5 143.4 124.1 119.2 72.8 59.9,[c] 51.8 12.5


11 R�R'�Me, E�OH, X�Cl 154.7 143.0 138.0 108.3 75.7 53.9
12 R�R'�Me, E�H, X� 4-tolyl [d] 142.8 124.9 120.5 75.4 55.0 [d] 138.3, 129.0


126.2, 22.0


[a] CDCl3 solutions unless stated otherwise. [b] In CDCl3/[D6]DMSO. [c] NCH2Me. [d] Cipso not observed.
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Figure 2. Diagnostic characteristics of the ligand resonance signals in
1H NMR spectroscopy. The chemical-shift dependence on the concen-
tration of SO2 is shown for the benzylic (top, circles) and methyl (bottom,
triangles) protons of a mixture of 2c and 8c.


respectively), the resonances at lower frequency are shifted
characteristically upon addition of SO2, whereas the signals
around d� 4.2 are unaffected. A similar behavior is found for
the NCH2Me protons. Additional evidence for sulfur dioxide
bonding and a concomitant change of the geometry around
the metal center in 10 b is gained from consideration of the
coupling constants, which decrease substantially when SO2 is
present in solution. These results indicate that in contrast to
4 a (which contains two NEt2 groupings), coordination of SO2


to 4 b (which bears two NEtMe groupings) occurs for both
isomers. Apparently, one methyl group on the nitrogen donor
already gives space enough for coordination, while two larger
substituents (e.g., NEt2) prevent bonding to SO2, unless their
steric impact is reduced (as, for example, in N(CH2)4).[9e] This
effect is best understood by considering the puckering of the
two five-membered metallacycles Pt-N-C-C-Cipso with the aryl
plane of the NCN ligand in the square-planar PtX(NCN)
complexes (CS symmetry).[14, 29a] Owing to this puckering, the
two alkyl substituents on each nitrogen are positioned
pseudo-axially and pseudo-equatorially, and the two axial
substituents are anti-planar to each other (see Newman
projection in Scheme 3). Coordination of SO2 forces one
metallacycle to invert this relative axial-equatorial orientation
of the substituents (Cv symmetry). Such a structure is
minimized when only little repulsion of the two syn-planar,
co-axially positioned substituents occurs, that is, when at least
one of these substituents is a CH3 group.[14] In the case of 4 a,
no such configuration is possible and, as a consequence of the
steric repulsion of the mutually co-axial ethyl groups, the
nitrogen atom is continuously forced to adopt a coplanar


C6 C2Pt


N


N


C6 C2Pt


NN


SO2


+ SO2


- SO2


steric interference


Scheme 3. Newman projection along the PtÿCipso axis, illustrated at the
equilibrium of meso-4 b and meso-10b ; because of the repulsion of the axial
substituents on nitrogen in the adduct (syn-orientation), only the product is
formed that contains the bulky substituents in equatorial positions.


position with respect to the aryl ring. Hence, the puckering
diminishes and strong coordination of SO2 is hampered. This
conclusion is corroborated by the observation that crystal-
lization from SO2-saturated solutions afforded 4 a instead of
10 a (vide infra). In 4 b, however, axial orientation of the
methyl groups is possible in both the rac and the meso isomers.
In the latter case, two diastereotopic adducts may form in
princple, namely those with either axial or equatorial methyl
groups. However, only one adduct, meso-10 b, is observed
spectroscopically (along with rac-10 b), which contains the
methyl groupings in pseudo-axial and the ethyl substituents in
equatorial orientation (see 13C NMR data, Table 3). Such a
site-selective bonding of SO2 is expected to occur, when steric
repulsion of large substituents in co-axial positions is domi-
nant.


When sulfur dioxide is added to the tolyl-complex [Pt(4-
C6H4Me)(NCN-Me,Me)] 6, a set of signals appears, which
points to the formation of a SO2 adduct 12. Besides 12,
another compound is formed gradually that is characterized
by two new AB doublets in the aromatic region (d� 7.93 and
7.25) of the 1H NMR spectrum, together with shifted signals
assigned to the protons of the NCN ligand. In contrast to the
AB patterns for 6 and 12, these new signals, which are due to
the para-tolyl ligand, do not contain characteristic 195Pt ± 1H
couplings. This suggests the formation of a product that results
from the irreversible insertion of SO2 into the metal-carbon
bond.[30] No attempts have been made to isolate and further
identify this product.


Based on these NMR investigations, it becomes evident
that for all [PtX(NCN)] complexes with X�Cl, Br, and I,
adduct formation with SO2 occurs, provided that the ligating
nitrogen atoms contain at least one methyl substituent. Ethyl
substituents are already bulky enough to prevent significant
coordination of SO2 to the metal center. Moreover, complexes
with X� p-tolyl form adducts that bind SO2 as strong as the
corresponding halide complexes, since the chemical shift
differences of the diagnostic protons are in a similar range.
This implies that steric repulsion of the tolyl ligand with
respect to the SO2 molecule is negligible and the oxygen
atoms of SO2 are probably directed towards the NCN-aryl p-
system.


Solid-state studies : In order to unambiguously establish the
nature of 11 and the SO2 complex of 4 a, crystal structure
determinations were carried out for complex 11 and attempt-
ed for 10 a. Generally, crystals were grown by slow diffusion of
pentane into a SO2-saturated CH2Cl2 solution of the arylpla-
tinum species; this afforded orange needles of 11 and colorless
blocks of 4 a suitable for X-ray analysis. For comparison, the
structures of 8 c[12] and 7 b[10] will also be discussed.


The molecular structure of 8 c is shown in Figure 3a (for
selected bond lengths and angles, see Table 4). The sulfur
dioxide molecule is coordinated through S in a h1-bonding
mode to the platinum center. Platinum is in a pseudo-square-
pyramidal environment with SO2 in the apical position. The
angles to the four basal atoms are between 91.4(2)8 and
98.1(1)8. No disorder in the position of SO2 has been detected
that could rise from partial coordination to iodide. This
selective bonding to Pt is remarkable with respect to the
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Figure 3. Perspective diagrams (50 % probability) and numbering schemes
of the structures of the adducts a) 8c [PtI(4-OSiMe2tBu-Me,Me-
NCN)(SO2)] and b) 11 [PtCl(4-OH-Me,Me-NCN)(SO2)] and of the SO2-
free complexes c) 5 [PtCl(4-OH-Me,Me-NCN)] and d) 4a [PtI(Et,Et-
NCN)]. Hydrogen atoms and the second independent molecule in the unit
cell of 4 a are omitted for clarity.


expected competitive behavior of iodide in nucleophilicity
and size.[31] Related structures of organometallic PtII-iodide
complexes are known that contain the SO2 molecule coordi-
nated to iodide such as in [Pt(Me)(I-SO2)L2] (L�PPh3).[32]


Nevertheless, the predictions of the geometry for complexes
of the type [ML{SO2}][8] derived from extended Hückel
calculations are clearly demonstrated.[7a] These include
i) selective h1 coordination of sulfur dioxide (note that both
SÿO bonds are statistically equal in length within experimen-
tal error), ii) a pyramidal geometry of the SO2 plane with
respect to the PtÿS axis (q of the plane defined by SO2 with
the PtÿS axis is approximately 1168), and iii) bending of the
oxygen atoms away from iodide (p donor) and towards the
aryl unit of the NCN ligand (p acceptor). This last point is
evident in the structure of 8 c, whereas in the bromide


complex 7 b the orientation of the sulfur dioxide ligand is less
predictable (the vector of one SÿO bond being nearly
collinear with that of the PtÿBr bond). This may rise from a
more prominent p-donor ± acceptor relationship in complex
8 c, induced by the halide and the oxo substituent on the aryl
ligand. Probably this is also the reason for the shorter metal-
to-sulfur bond length in 8 c (2.479(2) �) relative to this bond
in 7 b (2.613(7) �). An energy profile of the rotation of the
SO2 ligand around the PtÿS bond axis (analysis of the steric
factors by CAChe techniques[33]) does not exceed a maximal
difference of 6.0 kJ molÿ1. This emphasizes the importance of
electronic arguments and crystal-packing effects in the orien-
tation of the sulfur dioxide molecule in the apical position, as
demonstrated by the crystal structures of 8c and 7b.


The molecular structure of the adduct [PtCl(4-OH-Me,Me-
NCN)(SO2)] 11 displays similar features as described for the
4-OSiMe2tBu complex 8 c (Figure 3b; selected bond lengths
and angles in Table 4). Compared with its SO2-free 4-OH
analogue 5 (Figure 3c),[20] only slight differences in bond
lengths and angles are found. Remarkably, even the hydro-
gen-bond motif,[34] which interconnects the single molecules to
linear chains through strong PtÿCl ´´´ HÿO bonds, is con-
served in the sulfur dioxide adduct 11 (see Table 5). An


Table 4. Selected bond lengths [�] and angles [8] for 4a and 5,[a] and the
SO2 complexes 8 c[b] and 11.


4a (X� I) 8 c 5 11
molecule 1 molecule 2 X� I X�Cl X�Cl


bond lengths
PtÿC1 1.929(7) 1.928(6) 1.946(6) 1.915(9) 1.923(10)
PtÿX 2.7328(6) 2.7300(6) 2.718(1) 2.434(2) 2.423(3)
PtÿN1 2.089(5) 2.095(5) 2.112(4) 2.094(8) 2.106(8)
PtÿN2 2.089(5) 2.103(4) 2.113(5) 2.082(8) 2.096(8)
PtÿS ± ± 2.479(2) ± 2.531(3)
SÿO1 ± ± 1.443(4) ± 1.444(9)
SÿO2 ± ± 1.433(6) ± 1.430(9)


bond angles
N1-Pt-N2 165.37(17) 164.7(2) 156.7(2) 163.9(3) 160.5(3)
C1-Pt-X 180.00(8) 178.15(13) 174.4(2) 177.4(4) 173.1(3)
C1-Pt-N1 82.68(12) 82.1(2) 81.2(2) 81.6(4) 82.3(4)
C1-Pt-N2 82.68(12) 82.6(2) 81.5(2) 82.4(4) 81.5(4)
X-Pt-N1 97.32(12) 98.54(16) 98.15(13) 97.9(2) 97.2(2)
X-Pt-N2 97.32(12) 96.70(12) 97.58(15) 98.2(2) 97.7(2)
X-Pt-S ± ± 94.14(4) ± 96.90(11)
C1-Pt-S ± ± 91.44(18) ± 90.0(3)
N1-Pt-S ± ± 98.1(1) ± 93.2(3)
N2-Pt-S ± ± 97.8(2) ± 97.6(2)
O1-S-Pt ± ± 103.3(2) ± 105.6(4)
O2-S-Pt ± ± 105.9(2) ± 103.6(4)
O1-S-O2 ± ± 113.6(3) ± 113.4(6)
C4-O-E ± ± 132.5(4) 113(9) 109.5


(E� Si) (E�H) (E�H)


[a] From ref. [20]. [b] From ref. [12].


Table 5. Hydrogen-bond characteristics for compound 5 and the corre-
sponding SO2 complex 11.


OÿH H ´´´ Cl O ´´´ Cl OÿH ´´´ Cl


5[a] 0.84(13) 2.32(13) 3.127(8) 161(15)
11[b] 0.84 2.31 3.126(8) 163.9


[a] The hydrogen atom was located on the difference Fourier map and
further refined (from ref. [20]). [b] Located on the difference Fourier map
and refined with a rotating model.
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intriguing feature of the crystal structure of 11 is the
considerably short distance between the sulfur nucleus and
the metal-bound chloride of a neighboring molecule
(3.253(4) �).[35] This gives rise to a b-type network with
Pt ´´´ S ´´ ´ Cl interactions that are perpendicular to the (for-
mer) a-type network induced by PtÿCl ´´ ´ HÿO hydrogen
bonding. The result is a two-dimensional supramolecular
assembly as depicted in Figure 4, due to molecular recognition


Figure 4. The crystal structure of 11 [PtCl(4-OH-Me,Me-NCN)(SO2)].
The view along the y axis shows the supramolecular self-assembly of 11 in
the solid state by directional PtÿCl ´´´ HÿO hydrogen bonding and super-
imposed Pt ´´ ´ S ´´ ´ Cl interactions, which results in the formation of a b-type
network.


(hydrogen-bonded network) and substrate-mediated (SO2)
interlocking of these chains. Materials such as 11 are
particularly attractive for crystal engineering, since they
combine the directional properties of the a-type interaction
and the self-organization through reversibly formed b-type
interactions.


Attempts to crystallize 10 b failed. In all cases, crystals of 4 a
were obtained exclusively. However, the structural details of
the molecular geometry of 4 a in the solid state gives valuable
information concerning the weak tendency of 4 a to form SO2


complexes. Two inequivalent molecules of 4 a were found in
the crystal lattice; one is C2v symmetric (4 a-C2) and the
second is asymmetric (4 a-C1). The molecular structure (Fig-
ure 3d) is characterized by a platinum(ii) metal center in a
slightly distorted square-planar geometry, bound to the h3-
mer-coordinating NCN ligand and an iodide ion. Bond lengths
and angles (Table 4) are closely related to the values found for
similar complexes.[9e, 18b, 36] The puckering of the five-mem-
bered metallacycles with the plane of the aryl ring, charac-
terized by the torsion angle of N1-Pt-C1-C2, does not exceed
4.3(3)8. This is significantly smaller than the values found
typically in the corresponding NMe2 complexes (around 108).
This increased coplanarity of the aryl plane and the square
plane around the platinum center probably originates from
steric repulsion of the four ethyl substituents and results in a
flattening of the five-membered chelate rings, that is, in a less
pronounced axial/equatorial orientation of these ethyl groups.
Consequently, replacment of both nitrogen-bound methyl by
ethyl groups gives rise to an increased hindrance of the
potential coordination sites at the platinum center.[9e] Note
that the NMR studies already indicated that 4 a did not show
any notable interaction with SO2 in solution (vide supra).


Thermodynamics : To get further information concerning the
nature and the stability of the PtÿSO2 binding in the
complexes 7 ± 11 in solution, UV-visible spectrophotometric
measurements at varying concentrations of SO2 were carried
out (Figure 5). The overlapping spectra do not show an
isosbestic point, probably because of the coinciding strong
absorbance of free SO2 (relevant below 320 nm), which
entirely covers the absorption bands of the SO2-free com-
plexes 1 ± 5. Increasing the concentration of sulfur dioxide
leads to a higher absorbance at lmax (Figure 5).


Figure 5. The response of the complex 2a on changes in the concentration
of SO2, monitored by UV-visible spectroscopy. The spectra correspond to
2a (dashed line) and to mixtures of 2 a and 8 a at 40, 80, 160, 300, 540,
1000 mm, and saturated solutions of SO2. Inset: Variation of the extinction
at 350 nm.


Equilibrium constants Kf of the equilibrium between the
SO2 adducts 7 ± 11 and their four-coordinate starting materials
were determined by titration of solutions of complexes 1 ± 5,
respectively, with SO2 (dissolved in benzene). The constants
Kf were evaluated by recording Ac (absorbance lmax of the
adduct at a SO2 concentration c, relative to A1 , the
absorbance in SO2-saturated benzene solution) versus the
concentration of sulfur dioxide. These plots are shown
in Figure 6 for the reactions of sulfur dioxide with
[PtI(4-OSiMe2tBu-Me,Me-NCN)] 2 c (as representative for


Figure 6. Titration curves for various mono- (2 c, circles; 4 b, triangles) and
multimetallic sensor materials (3, bars) against SO2.


the monometallic NMe2 complexes 1, 2, and 5), the dendritic
Pt3 species 3, and [PtI(4-H-Et,Me-NCN)] 4 b. The molarity in
SO2 was adjusted to be always at least ten times higher than
the actual concentration of the platinum complexes.[37] This
allows us to neglect the change in concentration of SO2 due to
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adduct formation. Hence, from Equation (2), Equation (3)
can be deduced and was applied to fit the obtained data
points.


Kf�
�PtX�NCN��SO2�n�
�PtX�NCN���SO2�n


(2)


�PtX�NCN��SO2�n�c
�PtX�NCN�SO2�n�1


� Kf �SO2�n
Kf �SO2�n � 1


(3)


The values for the formation constants Kf and the
corresponding Gibbs free energies DG8 are summarized in
Table 6. For the reactions starting with monoplatinum species
[PtX(4-H-Me,Me-NCN)] 1 or the corresponding 4-substitut-


ed complexes 2 or 5, these data are entirely consistent with the
formation of a 1:1 adduct with SO2 in solution and, hence, are
in agreement with the Dd data obtained by 1H NMR
spectroscopy. Despite an earlier hypothesis,[10] no indication
for the formation of an octahedral product containing two
coordinated molecules of SO2 has been found. Neither the
substituent H or OR on the aryl ligand nor the metal-bound
halide seem to affect the equilibrium constant substantially,
and, thus, the values found for Kf are all in the same range.


The equilibrium between the trimetallic species 3 and 9 is of
a different nature and is best described by a 1:3 complex
between 3 and SO2. The similarity of the titration curves of
the monometallic and trimetallic sensors suggests that in 3,
the diagnostic platinum centers are virtually independent
from each other and behave similar to monomers.[38] This
emphasizes the applicability of dendritic materials as useful
sensor materials.


Compared with the complexes that contain the pincer
ligand with two methyl substituents on the amine donor, for
example, complexes 1 or 2, a significantly lower equilibrium
constant has been found for complex 4 b, which contains a
bulkier substituent on the amine ligand. The titration
measurements still point to a 1:1 adduct with SO2, whereas
in the corresponding NEt2 complex 4 a a linear relationship
between the spectroscopic absorbance and the concentration
of SO2 has been found; this points to a very small equilibrium
constant. These observations are remarkable in terms of
electronic factors, since the basicity of the nitrogen donor is
increased upon changing the substituents in the order
Me<Et(< iPr). As a consequence, the nucleophilicity on
the metal center and, therefore, its affinity to Lewis acids
(e.g., SO2) is increased. Evidence for the predomination of the


steric rather than the electronic arguments in these platinu-
m(ii) complexes has arisen from closely related work that
includes I2 as Lewis acid.[39] Data from the X-ray structure
determination of platinum complexes with pincer derivatives
similar to 4 b, but with NtBuMe instead of NEtMe donors,
confirmed that the metal center is still accessible by I2.
Adducts that display a square-pyramidal geometry were
isolated only when the methyl groups were in pseudo anti-
conformation with respect to the iodine ligand (pseudo-axial
position). A different isomer containing both the tBu groups
in the pseudo anti-position (methyl groups equatorial) is not
stable, probably owing to steric repulsion of the large amine
substituents. Hence, the meso-conformer of 4 b is supposed to
coordinate SO2 selectively on one site, thus forming a product
with axially positioned methyl groups, whereas in rac-4 b, no
such site-discrimination is expected. This model is further
confirmed by comparison of the spectroscopic data of 10 a and
10 b (vide supra).


Sensor capacity of the square-planar PtII complexes : The
platinum compounds 1, 2, 4 b, and 5 and the dendritic Pt3


complex 3 are all very sensitive towards the presence of low
concentrations of sulfur dioxide. Sulfur dioxide coordination
is fast (less than 50 ms at room temperature) and can be
monitored by various analytical techniques like UV-visible or
NMR spectroscopy. No pretreatment of the sensor materials
is necessary to activate the platinum complexes. Their
selectivity for sulfur dioxide is illustrated by the fact that no
evidence for the formation of either adducts with oxygen or
with other gases present in the atmosphere (e.g., N2, CO,
CO2) has been found. Consequently, these platinum-based
sensor materials do not need particular protection (e.g., from
humidity or air) or pre-activation. None of the frequently
observed reactions occur that follow sulfur dioxide coordina-
tion on organometallic complexes [e.g., insertion of SO2 into a
metal-carbon (NCN-aryl) bond,[30] oxidation of SO2 to sulfate
in the presence of air or oxygen[40]] . Evident exceptions are
complexes that contain unstabilized metal ± carbon bonds,
like the PtÿCtolyl bond in intermediate complex 12, in which
slow insertion of sulfur dioxide and formation of Pt-S(O)2-
Ctolyl bonds most probably takes place. A similar insertion into
the metal ± carbon bond of the Pt(NCN) unit is inhibited,
owing to the h3-mer-N,C,N chelation of the NCN ligand that
stabilizes the platinum ± carbon bond to a large extent.[16]


A variety of facile and non-destructive methods have been
elaborated to recycle the sensor materials, including chemical
(e.g., competitive sulfur dioxide transfer to halide ions[41] or
amines[42]) and physical (e.g., heating, pressure reduction)
removal of sulfur dioxide. This broad choice of procedures
underlines the suitability of these compounds as sensor
devices for repeated and efficient use in various environ-
mental situations.


Even traces of sulfur dioxide gas are sufficient to induce the
characteristic color change. By using a solution of 2 a in
CH2Cl2 (40 mm), it is possible to detect SO2 concentrations as
low as 200 mm by means of UV-visible spectroscopy; this
results in a Pt/SO2 ratio of 1:5. In contrast to these
observations, the threshold value for detecting SO2 has been
found to be higher when the sensors are used in the solid state.


Table 6. Equilibrium constants Kf and DG8.[a]


Kf [mÿ1] DG8 [kJ molÿ1]


1a 10.42 (0.42) ÿ 5.71 (0.10)
1b 9.97 (0.93) ÿ 5.60 (0.22)
1c 9.80 (1.36) ÿ 5.56 (0.32)
2a 14.81 (0.35) ÿ 6.57 (0.06)
2b 8.48 (0.34) ÿ 5.21 (0.10)
2c 9.51 (1.53) ÿ 5.49 (0.36)
3 9.90 (1.26) ÿ 5.59 (0.29)
4b 2.16 (0.09) ÿ 1.88 (0.10)
5 9.70 (0.63) ÿ 5.54 (0.15)


[a] Esds in parantheses; for platinum complex 4a : see text.







Metallodendritic Materials 1431 ± 1445


Chem. Eur. J. 2000, 6, No. 8 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000 0947-6539/00/0608-1441 $ 17.50+.50/0 1441


A cellulose surface coated with dendritic macromolecule 3 in
a density of 20 nmol mmÿ2 is enough for the detection of an
SO2 concentration of 8.5(�0.5) mg Lÿ1.[12] Interestingly, the
threshold values reported here have been determined by
routine measurements with common laboratory equipment.
This implies that the sensitivity of these sensors must be
considerably higher and that threshold limits can be lowered
when signal detection is performed on dedicated instruments.
Moreover, improvement of the sensor capacity may be
achieved by means of signal (light) amplification techni-
ques.[43]


The full reversibility of the SO2 adsorption is demonstrated
by time-resolved photospectroscopic monitoring of a solution
of 2 c in dependence of the gaseous environment. Saturation
of a solution of 2 c in CH2Cl2 (0.1 mm) with SO2 results in full
conversion of the complex into its SO2 adduct 8 c, which is
visualized by maximal absorbance at 368 nm. Continuous
addition of air to this solution (slowly) regenerates the four-
coordinate starting complex 2 c, which does not absorb at this
wavelength. Repetition of this adsorption-desorption cycle by
saturating the solution with sulfur dioxide and air, respec-
tively, does not cause a decrease of the observed extinction
coefficients, even after several cycles. Figure 7 shows these
spectral changes of the detector sites at a fixed wavelength
(lmax of the corresponding adduct 8 c, E�OSiMe2tBu, X� I)
as a diagnostic response on variation of the atmospheric
constitution. These results further provide evidence that there
is no loss of SO2 binding activity, a result which demonstrates
the resistance of the Pt-NCN unit towards the applied
sensoring conditions. Moreover, the fast response of the
detector device to the presence of SO2 is emphasized by an
instantaneous signal transmission.


Another major characteristic of the sensor materials
presented here is their activity towards sulfur dioxide both
as solid materials or in liquid (in solution or as suspension).


Dendrimer-supported sensor devices : Complete recovery of
the diagnostic materials requires a suitable support for the
active sites of the sensor. Dendritic supports have an out-
standing potential for such purposes, since they combine all
advantages of the monomeric complexes with those typically
found for heterogeneous or polymeric materials (e.g., easy
recovery). Nanofiltration techniques have been successfully
used to separate dendritic materials from (reaction) solu-


tions.[44] Most importantly, the presence of well-defined
connectivity patterns and exact number of functional (sensor)
sites in dendrimers allows qualitative and quantitative sub-
strate detection without preceding calibration. This is partic-
ularly desirable for solution measurements and contrasts with
heterogenous and polymeric sensors, for which the loading of
the sensor units must be determined for each batch.


By using this principle,[15] the nanosize dendrimer 15, which
contains six peripheral sensor units, has been tested in the
reaction with sulfur dioxide (Scheme 4).[45] When this metallo-
dendrimer 15 is exposed to an atmosphere of SO2, an
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Scheme 4. The activity of multimetallic sensors towards sulfur dioxide
adsorption.


instantaneous color change is likewise observed and spectro-
scopic analyses are consistent with the formation of the hexa-
adduct 16. The shift difference of the characteristic protons in
the 1H NMR spectrum (Dd� 0.12 and 4.20 ppm for the NCH3


and the benzylic CH2N protons, respectively) and the
extinction coefficient of 16 reveal that all platinum centers
in the macromolecule are active on SO2 binding. Reformation
of the SO2-free material is easily achieved by any of the
desorption methods described above. The shape-persistence
of the core[46] of these nanosize metallo-dendrimers makes


them good candidates for suc-
cessful recovery from solutions
by nanofiltration.


Conclusion


Multimetallic metallo-dendri-
mers and monometallic organo-
platinum complexes that con-
tain bis-chelating diaminoaryl
pincer ligands are efficient sen-
sor materials for the detection
of minute levels of sulfur diox-
ide. Any presence of this gas is


Figure 7. Change of the absorbance of a solution of 2 c at a fixed wavelength (368 nm, lmax of 8c) as a direct
response on the change of the atmosphere. Repetitive cycles do not decrease the activity of the sensor materials.
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indicated by various analytical techniques, most prominently
by a characteristic color change of the initially colorless sensor
devices to orange. Adsorption of SO2 is fully reversible and is
fast on the NMR and UV-visible timescale, as the equilibrium
of the adsorption reaction is reached within less than 50 ms at
temperatures above 5 8C. Further characteristics of these
sensor devices comprise facile quantification of the amount of
SO2 present and excellent chemical resistance properties (e.g.,
towards acids).The diagnostic platinum sites demonstrate
outstanding selectivity for SO2-gas binding. Sensoring of these
organometallic bases (the [PtX(NCN)] systems) occurs by a
highly specific molecular recognition process of a single acid
(SO2), even in the presence of other (stronger) acids such as
HCl, CO2, or H2O.


Sensor-active metallo-dendrimers, detector materials which
can be recycled easily and quantitatively, are accessible when
detection-insensitive sites of the sensor device are coupled to
a dendritic framework. Suitable ligand functionalization has
been used as the methodology to anchor organoplatinum sites
to dendritic cores. This afforded multimetallic sensor materi-
als that are highly efficient and recoverable as exemplified by
the metallo-dendrimers 3 and 15. The well-defined structures
of these macromolecules makes them useful for repetitive
qualitative and quantitative diagnostic gas sensor applications


Moreover, a new synthon for organometallic crystal
engineering has been developed. In the solid state, the SO2


molecule in complex 11, which contains a metal-bound
chloride, binds to the metal center in a classical bonding
mode (i.e. , through h1-PtÿS bond formation) and, in addition,
is stabilized by bridging coordination of sulfur to a metal-
bound chloride nucleus of a different molecule, hence
inducing b-type network formation of 11. This novel supra-
molecular synthon has potential application for directing the
self-assembly of organometallic building blocks in the solid
state.


Experimental Section


General comments : All reactions were performed by using standard
Schlenk techniques unless stated otherwise. Sulfur dioxide, PtCl2, SEt2,
Bu4NF (1 M in THF), HNEtMe, and a,a'-dibromo-m-xylene were obtained
commercially and used without further purification; 1,3,5-benzenetricar-
boxylic acid chloride was recrystallized from hot hexane prior to use.
Benzene, pentane, and Et2O were distilled from Na/benzophenone, and
CH2Cl2 from CaH2. Elemental analyses were performed by Kolbe,
Mikroanalytisches Laboratorium (Mülheim, Germany). 1H and 13C{1H}
NMR spectra were recorded on a Bruker AC300 or a Varian Inova 300
spectrometer. All spectra were recorded in CDCl3 solution at 25 8C, unless
otherwise stated, and referenced to external TMS (d� 0.00 ppm, J in Hz;
see Tables 2 and 3). Spectroscopic studies (UV-visible) were carried out on
a Varian Cary 1 spectrophotometer with degassed benzene or CH2Cl2 as
solvent and standard quartz cuvettes (Table 1). Infrared measurements
were performed on a Perkin ± Elmer FT-IR spectrometer with CH2Cl2 as
solvent. Thermogravimetric analyses were carried out in platinum contain-
ers (under a continuous flow of nitrogen) on a Perkin ± Elmer TGS-2
apparatus using a heating rate of 5 8C minÿ1. The PtII complexes 1,[18b] 2a,[22]


3,[22] 4 a,[29a] 5,[20] and 6[18b] and the AB2 branching unit 13[21] were prepared as
described.


[Pt(Cl2)(SEt2)2]: According to a modified literature procedure,[47] SEt2


(40 mL, 440 mmol) was poured to a suspension of PtCl2 (10.6 g, 39.9 mmol)
in benzene (100 mL). Within 0.5 h, all solids had dissolved. The solution
was stirred for an additional 0.5 h and subsequently filtered through Celite
and evaporated to dryness. The yellow solid was washed with cold pentane


(3� 50 mL) and dried in vacuo for 4 h, to afford 17.6 g of a yellow solid
(99 %). Spectroscopic analyses (IR, 13C{1H} NMR) indicated a mixture of
trans- and cis-[PtCl2(SEt2)2] and were consistent with literature values.[48]


[PtBr(4-OSiMe2tBu-2,6-{CH2NMe2}2-C6H2] (2 b): A modified literature
procedure was used.[18b] AgCF3SO3 (76 mg, 0.30 mmol) was added to a
solution of 2a (165 mg, 0.30 mmol) in acetone (5 mL) and water (0.2 mL).
After stirring for 0.5 h under strict exclusion of light, the suspension was
filtered through a short pad of Celite. All volatiles were removed in vacuo,
and the residue was taken up in water (8 mL). Solid NaBr (87 mg,
0.85 mmol) was added to this suspension and stirring maintained for 0.5 h.
The precipitate was collected by filtration, washed with Et2O (4 mL) and
extracted with small portions of CH2Cl2 (12 mL total). The combined
organic layers were then dried in vacuo, leaving a white solid. Yield: 156 mg
(87 %); elemental analysis calcd (%) for C18H33BrN2OPtSi (596.6): C 36.24,
H 5.58, N 4.70; found C 36.39, H 5.51, N 4.78.


[PtI(4-OSiMe2tBu-2,6-{CH2NMe2}2-C6H2] (2c): This compound was pre-
pared in a similar way as described for 2b by using NaI (141 mg,
0.94 mmol). Yield: 176 mg (91 %); elemental analysis calcd (%) for
C18H33IN2OPtSi (643.6): C 33.59, H 5.17, N 4.35, I 19.72; found C 33.65,
H 5.08, N 4.26, I 19.59.


1,3-(CH2NEtMe)2-C6H4 : HNEtMe (5.00 g, 83 mmol) was added to a,a'-
dibromo-m-xylene (5.28 g, 20 mmol) dissolved in Et2O (30 mL) at 0 8C. The
suspension was stirred for 3 h at 0 8C and 12 h at ambient temperature, then
poured into NaOH (1m, 100 mL). Extraction with pentane (3� 100 mL)
and subsequent drying of the combined organic fractions over K2CO3


yielded, after solvent evaporation in vacuo, a colorless oil, which was
purified by bulb-to-bulb distillation. Yield: 3.74 g (84 %); 1H NMR: d�
7.23 (t, 3J(H,H)� 7 Hz, 1H; ArH), 7.22 (s, 1H; ArH), 7.19 (d, 3J(H,H)�
7 Hz, 2 H; ArH), 3.47 (s, 4H; ArCH2N), 2.44 (q, 3J(H,H)� 7.2 Hz, 4H;
NCH2Me), 2.18 (s, 6 H; NCH3), 1.09 (t, 3J(H,H)� 7.2 Hz, 6 H; NCH2CH3);
13C{1H} NMR (75 MHz): d� 139.0, 129.8, 128.0, 127,7 (all Ar), 61.9
(ArCH2N), 51.2 (NCH2Me), 41.7 (NCH3), 12.4 (NCH2CH3); MS (70 eV,
EI): m/z (%): 220 (9) [M]� , 163 (100) [MÿNEtMe]� ; elemental analysis
calcd (%) for C14H24N2 (220.4): C 76.31, H 10.98, N 12.71; found C 76.17, H
11.09, N 12.63.


[PtCl(2,6-{CH2NEtMe}2-C6H3)] (4 b): A solution of n-BuLi (1.6 mL, 1.66m
in hexane, 2.7 mmol) was added dropwise to a solution of 1,3-
(CH2NEtMe)2-C6H4 (0.59 g, 2.7 mmol) in pentane (8 mL) at ÿ78 8C. The
reaction mixture was allowed to warm to room temperature overnight, and
all volatiles were removed in vacuo. The residue was redissolved in Et2O
(10 mL), added to a suspension of [PtCl2(SEt2)2] (1.20 g, 2.7 mmol) in Et2O
(30 mL) and stirred for 16 h. All volatiles were then removed in vacuo, and
the residue was washed with pentane (3� 30 mL) and extracted with
CH2Cl2 (3� 30 mL). Concentration of the combined chlorinated fractions
to 5 mL followed by the addition of pentane (70 mL) afforded a colorless
precipitate, which was isolated by centrifugation and dried in vacuo. Yield:
0.79 g (66 %); elemental analysis calcd (%) for C14H23N2ClPt (449.9): C
37.38, H 5.15, N 6.23; found C 37.20, H 5.09, N 6.12.


Synthesis of 14 (see Scheme 2): NEt3 (5 mL, excess) was added dropwise to
a suspension of 5 (1.32 g, 3.0 mmol) and 13 (0.50 g, 1.5 mmol) in CH2Cl2


(30 mL) over a period of 30 minutes. The reaction mixture slowly became
clear and was stirred for additional 24 h before adding H2O (20 mL). The
aqueous phase was separated and extracted with CH2Cl2 (2� 30 mL). The
combined organic layers were dried (Na2SO4) and evaporated to dryness.
The crude product was purified by column chromatography (SiO2; CH2Cl2/
acetone 5:1) to afford 14 as an off-white solid (1.05 g, 62 %). 1H NMR: d�
8.53 (t, 3J(H,H)� 1.4 Hz, 1H; ArH), 7.83 (d, 3J(H,H)� 1.4 Hz, 2 H; ArH),
6.69 (s, 4H; ArH), 4.03 (s, 8 H; 3J(Pt,H)� 38 Hz, ArCH2N), 3.09 (s, 24H;
3J(Pt,H) broad, not resolved, NCH3), 1.01 (s, 9 H; SiCCH3), 0.26 (s, 6H;
SiCH3); 13C{1H} NMR (75 MHz): d� 164.4 (C�O), 156.2 (CÿO), 147.5,
144.0, 142.6 (CÿPt), 131.6, 126.2 (CÿH), 124.4 (CÿH), 112.9(CÿH) (all
ArC), 77.4 (CH2N), 54.4 (NCH3), 25.6 (SiCCH3), 18.2 (SiCMe3), ÿ4.4
(SiCH3); FAB-MS: m/z : found 1135.24 (calcd 1135.04); elemental analysis
calcd (%) for C38H53Cl2N4O5Pt2Si (1135.0): C 40.21, H 4.79, N 4.94; found C
40.37, H 4.97, N 4.85.


Synthesis of 15 (see Scheme 2): Bu4NF (0.75 mL, 1m in THF, 0.75 mmol)
was added to a solution of 14 (0.85 g, 0.75 mmol) in CH2Cl2 (10 mL). After
stirring for 30 minutes, 1,3,5-benzenetricarboxylic acid chloride (58 mg,
0.22 mmol) was added and the mixture stirred for 3 days. All volatiles were
then removed in vacuo, and the residue washed with THF (2� 20 mL).
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Then the residual solid was dissolved in CH2Cl2 (5 mL) and THF was added
(20 mL), which caused precipitation of a fluffy solid after 1 h. The residue
was collected and precipitated once more by the same procedure, to afford
an off-white solid (0.28 g, 39%). 1H NMR: d� 9.25 (s, 3 H; ArH), 8.82 (br s,
3H; ArH), 8.26 (br s, 6H; ArH), 6.71 (s, 12H; ArH), 4.04 (s, 24H; 3J(Pt,H)
broad, not resolved, ArCH2N), 3.08 (s, 72H; 3J(Pt,H) broad, not resolved,
NCH3); 13C{1H} NMR (75 MHz): d� 166.5, 166.4 (both C�O), 159.5, 155.1
(both CÿO), 147.5, 143.8, 141.9, 132.3, 113.1, 108.2, 106.5 (all ArC ; CÿPt not
observed), 77.5 (CH2N), 54.4 (NCH3); Maldi-TOF: m/z : found 3188.1 [Mÿ
Cl]� ; calcd 3185.9.


Preparation of the SO2 adducts (7 ± 12, 16): Bubbling SO2 (g) over or
through a CH2Cl2 solution of the corresponding platinum(ii) complex 1 ± 6
or 15 afforded an instantaneous color change from colorless to orange
(yellowish, when 4a is used). The adducts precipitate readily upon addition
of pentane or Et2O. Filtration yielded quantitatively the title compounds
7 ± 12, and 16 as orange solids (10a : yellowish). Drying of any of these SO2


adducts in vacuo is not possible, because removal of SO2 immediately takes
place, thus regenerating starting complexes 1 ± 6 and 15, respectively. The
spectroscopic characteristics of the adducts 7 ± 12 can be found in Tables 1,
2 and 3. Analytical data for 16 : 1H NMR: d� 9.26 (s, 3H; ArH), 8.81 (br s,
3H; ArH), 8.32 (br s, 6H; ArH), 6.79 (s, 12H; ArH), 4.24 (s, 24H; 3J(Pt,H)
broad, not resolved, ArCH2N), 3.20 (s, 72H; 3J(Pt,H) broad, not resolved,
NCH3); UV/Vis (CH2Cl2): lmax (e)� 354 nm (sh, 42 000mÿ1cmÿ1), 405 nm
(11 000mÿ1cmÿ1).


When a SO2 saturated solution of 10a or 11 in CH2Cl2 was exposed to
pentane, crystals were obtained that were suitable for single-crystal X-ray
structure determination. The crystals of 10a, however, were colorless and
not orange, as expected from the other sulfur dioxide adducts (11: orange
needles). Indeed, no SO2 molecules were found in the unit cell, which
contains two independent molecules. The crystals, although grown in the
presence of excess sulfur dioxide, contained exclusively compound 4 a.


Recovery of the starting complexes 1 ± 6 or 15 in solution is achieved by
i) continuous bubbling of N2, O2, or air through a solution of 7 ± 12 or 16,
respectively, in CH2Cl2 for 0.5 h (3 h for 11); ii) heating of a solution to
40 8C for 0.5 h (not suitable for 11); iii) addition of 30 mol equiv NEt3 or
Bu4NX (X�Cl, Br, I) to a solution containing the SO2 adducts; iv)
extraction with aqueous NaOH (1m); v) washing the adducts with hexane
or Et2O; vi) evacuation.


Solution measurements : Measurements for the determination of the
equilibrium constants Kf were performed by two different methods.


Method A : By UV-visible photospectroscopy: A solution of the appro-
priate PtII complex (1 ± 6) in degassed benzene (typically 80 mM) was
titrated with a solution of SO2 of well-defined concentration (benzene).[37]


The absorption spectrum was measured by using standard quartz cuvettes
in the wavelength range of 700 to 320 nm at typically ten different
concentrations of SO2. From the absorbance at lmax the concentration of
the corresponding SO2 adduct was calculated (relative to the total
concentration of platinum complexes) and compared with the actual
concentration of sulfur dioxide. Correlation of the measured curve with an
idealized 1:1 adduct of SO2 and Pt was higher than 0.99 for all recorded
equilibria except for 4a.


Method B : By 1H NMR spectroscopy: Aliquots of gaseous SO2 (portions of
1 mL, 45 mmol, typically) were added to a well-defined amount of the
appropriate PtII complex (<0.1 mmol) dissolved in CDCl3 (0.7 mL). The
shifts of the resonance signals for the CH2N and the NCH3 groups were
recorded in relation to those of the SO2-free complexes and plotted against
the actual concentration of SO2; this resulted in curves that correspond well
with the data obtained by method A.


Kinetic measurements were carried out by using routine stopped-flow
techniques. The very first UV/Vis spectrum, obtained 0.5 ms after mixing a
solution of 1 a with a solution of SO2 (both in benzene), was identical with
the final spectrum of 7 a. The reverse reaction, that is, mixing of a solution
of 7 a with 1a (which has to be ca. 10 times slower, see values of Kf) did not
show any kinetic trace and only the final spectrum has been observed.


Structure determination and refinement of 4 a and 11: Crystals suitable for
X-ray structure analysis were glued onto the tip of a glass fiber, and
transferred into the cold nitrogen stream of a Nonius k-CCD (4a) or an
Enraf-Nonius CAD4-T diffractometer (11). Reduced-cell calculations did
not indicate higher lattice symmetry.[49] Crystal data and details on data
collection and refinement are collected in Table 7. Data were collected at


293 K (4a) or 150 K (11), with graphite-monochromated MoKa radiation
(l� 0.71073 �). Absorption corrections (DIFABS/PLATON[50]) were
applied for both complexes. The structures were solved by using automated
Patterson methods and subsequent difference Fourier techniques (DIR-
DIF-92[51]). The structures were refined on F 2 using full-matrix least-
squares techniques (SHELXL-96[52]); no observance criterion was applied
during refinement. Hydrogen atoms were included in the refinement on
calculated positions, riding on their carrier atoms, except the oxygen-bound
hydrogen in 11, which was located on the difference Fourier map and
subsequently refined with a rotating model. All non-hydrogen atoms were
refined with anisotropic thermal parameters. Neutral atomic scattering
factors and anomalous dispersion corrections were taken from the Interna-
tional Tables of Crystallography. Geometrical calculations and illustrations
were performed with PLATON.[50] Crystallographic data (excluding
structure factors) for the structures reported in this paper have been
deposited with the Cambridge Crystallographic Data Centre as supple-
mentary publication nos. CCDC-133528 (4 a) and CCDC-133527 (11).
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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A Valence Bond Study of the Bergman Cyclization: Geometric Features,
Resonance Energy, and Nucleus-Independent Chemical Shift (NICS) Values
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Abstract: The Bergman cyclization of
(Z)-hex-3-ene-1,5-diynes (1, enediynes),
which produces pharmacologically im-
portant DNA-cleaving biradicals (1,4-
benzyne, 2), was studied by using Har-
tree ± Fock (HF) and density-functional
theory (DFT) based valence bond (VB)
methods (VB-HF and VB-DFT, respec-
tively). We found that only three VB
configurations are needed to arrive at
results not too far from complete active
space {CASSCF(6� 6)} computations,
while the quality of VB-DTF utilizing
the same three configurations improves
upon CASSCF(6� 6) analogous to
CASPT2. The dominant VB configura-
tion in 1 contributes little to 2, while the


most important biradical configuration
in 2 plays a negligible role in 1. The
avoided crossing of the energy curves of
these two configurations along the re-
action coordinate leads to the transition
state (TS). As a consequence of the
shape and position of the crossing sec-
tion, the changes in geometry and in the
electronic wavefunction along the reac-
tion coordinate are non-synchronous;
the TS is geometrically �80 % product-


like and electronically �70 % reactant-
like. While the p resonance in the TS is
very small, it is large (64.4 kcal molÿ1)
for 2 (cf. benzene� 61.5 kcal molÿ1). As
a consequence, substituents operating
on the s electrons should be much more
effective in changing the Bergman reac-
tion cyclization barrier. Furthermore,
additional s resonance in 2 results in
unusually high values for the nucleus-
independent chemical shift (NICS, a
direct measure for aromaticity). Simi-
larly, the high NICS value of the TS is
due mostly to s resonance to which the
NICS procedure is relatively sensitive.


Keywords: aromaticity ´ Bergman
cyclization ´ computer chemistry ´
density functional calculations ´ va-
lence-bond theory


Introduction


Enediyne natural products such as calicheamicin, dynemicin,
and esperamicin are pharmacologically active through their
ability to undergo Bergman cyclizations leading to the
formation of p-benzyne biradical intermediates. These are
able to abstract hydrogen atoms from DNA phosphodiester


strands leading to cell death. Unfortunately, toxic side effects
of enediyne-carrying drugs are severe so that an understand-
ing of the factors governing the generation of these biradicals
is essential for further drug development.[1] Chen and co-
workers[2] have taken promising steps toward greater selec-
tivity by modifications in the enediyne precursors. This type of
approach requires a detailed knowledge of the reaction
mechanism in order to engineer p-benzyne derivatives with
the desired properties. However, uncovering such detail is not
so straightforward; this is one of the aims of the present work.


The experimentally[2±19] and theoretically[8, 20±33] well-stud-
ied Bergman cyclization presents a prime example of a
reaction in which the progression of the changes in the
geometry and in the wavefunction along the reaction coor-
dinate do not seem to coincide.[34±37] Thus, the geometry of the
transition state (TS) for this endothermic (8.5�
1 kcal molÿ1,[38] Scheme 1) ring closure of (Z)-hex-3-ene-1,5-
diyne (enediyne 1) appears from Scheme 1 to be product-like
as generally expected from the Hammond postulate;[39]


therefore, one might have expected also a significant biradical
character in the TS. However, the activation barriers can be
reproduced quite well with restricted single-determinant
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Scheme 1. The experimentally determined potential energy hypersurface
for the Bergman cyclization from reference [27]; energies in kcal molÿ1.


wavefunctions[27] which suggests that while the TS may
resemble the product (p-benzyne 2) in geometry, it lacks the
associated diradical character electronically. This disparity
belongs to the general phenomenon of ªnon-perfect synchro-
nizationº[34±37, 40±42] observed, for example, in proton transfer
between localized bases where resonance development in the
TS appears to lag behind. The non-perfect synchronicity in the
Bergman cyclization poses one problem we wish to address
herein. This problem is also linked to the developing aromatic
character[43, 44] in the transition structure which is expected to
be small when considering energies, but reasonably large
when one recognizes the geometric resemblance of the
transition state to the aromatic product.


Further methodological difficulties arise because some of
the enediyne p bonds transform into the p-benzyne s


framework perpendicular to the resulting aromatic p system.
Thus, the electronic reorganization occurs in two planes (s


and p) and this complexity merits also some elucidation. The
only means of resolving difficulties of this nature is through a
balanced theoretical treatment that allows a clean separation
of the in-plane development of the biradical character and the
extent of out-of-plane p aromaticity. These and related
problems of non-perfect synchronicity have not yet been
addressed in detail and are the main focus of the present
valence bond (VB) [45±49] treatment of the Bergman cyclization
using traditional VB and a newly developed combination of
VB[50] with density functional theory[51, 52] (VB-DFT).


Computational Methods


VB methods and AO basis sets : All VB calculations in the
present work utilized the self-consistent field valence bond
(VBSCF) approach in which all active orbitals participating in
VB configurations are optimized in the field of doubly
occupied inactive orbitals, by analogy to the complete active
space self-consistent field (CASSCF)[53] procedure. In the
usual application, the inactive orbitals are treated as doubly
occupied molecular orbitals (MOs) taken from a Hartree ±
Fock (HF) calculation. Therefore, this procedure will be
designated VB-HF.


Owing to the stringent computational requirements for the
TS and 2, we utilized the recently developed VB-DFT
approach[50] based on the paired-permanent-determinant
algorithm. [54] In VB-DFT the inactive orbitals are derived


Abstract in German: Die Bergman-Cyclisierung von (Z)-Hex-
3-en-1,5-diin (1, Endiin), die pharmakologisch aktive, DNA-
spaltende Biradikale (1,4-Benzin, 2) liefert, wurde mit Hilfe
der Valenzbindungstheorie (VB-Theorie) auf dem Hartree-
Fock- (HF) und Dichtefunktionaltheorie- (DFT) Niveau (VB-
HF bzw. VB-DFT) untersucht. Man benötigt nur drei VB-
Konfigurationen, um Ergebnisse zu erzielen, die denen von
¹complete active spaceª {CASSCF(6� 6)} Rechnungen nur
wenig nachstehen. Die dominante VB-Konfiguration in 1 trägt
nur wenig zu 2 bei. Umgekehrt spielt die Biradikalkonfigura-
tion von 2 in 1 eine untergeordnete Rolle. Das ¹avoided
crossingª der Energiekurven dieser beiden Konfigurationen
entlang der Reaktionskoordinate führt zum Übergangszustand
(TS). Bedingt durch die Form und Lage der Überlappungs-
region sind die ¾nderungen der Geometrie und der elektro-
nischen Wellenfunktion nicht synchron; der TS ist geometrisch
�80 % Produkt- elektronisch aber �70 % Edukt-artig. Wäh-
rend die p-Resonanz im TS sehr klein ist, ist sie in 2 groû
(64.4 kcal molÿ1; zum Vergleich: Benzol� 61.5 kcal molÿ1).
Folglich sollten Substituenten, welche auf die s-Elektronen
wirken, die Cyclisierungsbarriere der Bergman-Reaktion stär-
ker beeinflussen als p-aktive Substituenten. Bedingt durch die
erhöhte s-Resonanz in 2 ergeben sich ungewöhnlich hohe
¹nucleus-independent chemical shift-ª Werte (NICS, ein direk-
tes Maû für Aromatizität). In ähnlicher Weise ist der hohe
NICS-Wert des TS hauptsächlich auf s-Resonanz zurück-
zuführen, worauf das NICS-Verfahren besonders empfindlich
anspricht.


Abstract in Hebrew:
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from any chosen variant of DFT, for example, BLYP in this
study,[55±57] and their energy includes the exchange and
correlation contributions defined over the density of the
inactive subshell. The active orbitals are then treated in a VB
manner and optimized in the field of the DFT sub-shell. We
shall refer to this situation as VB-DFT.


The VB orbitals can be kept strictly localized on their
respective fragments corresponding to the traditional VB
approach,[58] or can have small delocalization tails thus
forming Coulson ± Fischer (CF) orbitals.[59] This is similar to
the approach taken in the generalized valence bond (GVB)[60]


and spin-coupled valence bond (SCVB)[61±64] methods. In this
manner, many of the contributions from classic ionic struc-
tures can be included in a single covalent-like configura-
tion.[65, 66] The use of CF orbitals is more complete due to the
inclusion of ionic terms; therefore, unless noted otherwise, all
results reported herein utilized CF orbitals. The combination
of localized (l) orbitals along with the VB-DFT approach
leads to a description of the reaction potential energy surface
most in line with experimental values. As a result, this
combination was used for all energy evaluations and is
designated as l-VB-DFT.


The 6-311G* basis set previously employed[27] for final
energy evaluations proved to be computationally intractable
for the VB methods used. Therefore, all VB-DFT computa-
tions utilized the 6-31G* basis set. However, this basis set was
also found to be very demanding and led to no obvious
improvement. As a result all VB-HF results were obtained
with the 6-31G basis set. All VBSCF calculations were
performed with the XIAMEN[67] program at the previously
determined BLYP/6-31G* optimized geometries whereas all
BLYP, CASSCF, and NICS calculations were computed with
the GAUSSIAN94 suite of programs.[68]


For comparative purposes, we also computed the absolute
magnetic shieldings, termed the ªnucleus-independent chem-
ical shiftsº (NICS)[70] at selected points in space as a function
of the electron density using the GIAO approach.[69, 70] The
geometrical center of the ring�s heavy atoms served as the
most easily defined reference point. These isotropic chemical
shifts yield information about ring currents and aromatic
properties of molecules.[70] Following the convention, aromat-
ic molecules have negative isotropic NICS, while antiaromatic
molecules have positive values. The absolute magnitude of a
negative NICS is approximately proportional to the aromatic
stabilization energy. NICS values may also be computed for
open-shell species and are thus justified in their application to
apparent multi-determinant cases.[71]


VB configuration set : One set of active VB orbitals was
created from the three in-plane molecular orbitals (MOs)
involved in bond forming/breaking throughout the reaction
resulting in the pairing patterns depicted in Scheme 2. While
this pairing of electrons represents the possibility of in-plane s


as well as p bonding, for the sake of clarity all VB
configurations in the plane of the molecule will carry the
designation s. The s pairing between C1 ± C2, C3 ± C4, and C5 ±
C6 is expected to be the dominant configuration in the
reactant and therefore configurations of this type will be
designated FsR. On the other hand, the s pairing between


ΦσR


1 TS 2
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ΦσΙ


ΦσP


Scheme 2. VB pairing schemes for in-plane orbitals and bonds. Part
a) shows two representations of 1, TS, and 2 (Scheme 1): i) Lewis structures
and ii) the active VB orbitals which participate in the s bonding along the
reaction coordinate. Both i) and ii) are depicted in the plane of the page. In
b) we show the electron-pairing schemes of the active orbitals as depicted
in ii) of part a) which were used herein.


C1 ± C6, C2 ± C5, and C3 ± C4 represents the singlet diradical
character of the p-benzyne product 2 and thus will be
designated FsP. The pairing of C1 ± C6, C2 ± C3, and C4 ± C5


designated FsI is included from symmetry considerations, as it
is necessary in order to properly describe the p-benzyne 2 but
is expected to play only an intermediary role in the reaction
(hence the subscript I). Thus, in the product 2, FsR and FsI


must be equivalent by symmetry, and both account for the
through-bond delocalization of the diradical whose localized
form is FsP.


The possible p-pairing configurations are depicted in
Scheme 3 in an analogous nomenclature to the s configura-
tions. The total wavefunction, designated as s�p is a product
of the Fs and Fp configurations. The inactive orbitals were
held frozen after having been determined initially at the
Hartree ± Fock (HF) or BLYP levels for VB-HF or VB-DFT,
respectively.


It should be noted that a complete description of a six-
electron ± six-center singlet system requires five unique VB
configurations[72] and therefore, the above pairing schemes are
incomplete. The missing s configurations are the two addi-
tional cross-molecule Dewar-type pairings C1 ± C4, C2 ± C3,
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Scheme 3. VB pairing schemes for out-of-plane p electrons. Part a) shows
two representations of 1, TS, and 2 (Scheme 1): i) Lewis structures, and ii)
the active VB orbitals which participate in p bonding along the reaction
coordinate. In ii) only the top lobe of the p orbitals on each carbon is
shown. In b) the molecule is represented in the plane of the page and all
electron pairings involve only the p active orbitals as depicted in ii) of part
a).


C5 ± C6 and C1 ± C2, C3 ± C6, C4 ± C5 (Scheme 4). Trial calcu-
lation of 2 where the Dewar structures would make the most
difference show that FsD1 and FsD2 (Scheme 4a) contribute
less than 0.3 kcal molÿ1 when included in the s-VB-HF
calculation, thus justifying their exclusion.


On the other hand, the corresponding p-Dewar-type
pairings FpD1 and FpD2 (Scheme 4b) are expected to be more


ΦσD1 ΦσD2 ΦπD1 ΦπD2


a) b)


Scheme 4. Extra Dewar-type configurations of p-benzyne (2). a) active s


VB orbitals followed by pairings; b) active p VB orbitals (upper lobe only)
followed by pairings. In each case the molecule is in the plane of the page.


important. However, including every possible s and p


combination from Schemes 2 and 3 along with the two
additional p-Dewar-type configurations is exceedingly cum-
bersome (15 configurations). Neglect of FsR and FsI from the
s�p-VB-HF calculation costs only 0.2 kcal molÿ1. Thus, by
inclusion of all p configurations listed in Scheme 3 along with
FpD1 and FpD2 (Scheme 4b) combined with only the major s


contributor, FsP, for a total of five configurations, it was
possible to estimate the effect of the Dewar structures FpD1


and FpD2 as 2.5 kcal molÿ1.


Computing resonance energies : VB methods provide a means
of calculating the resonance energy (RE) by comparing the
energy of the lowest configuration to the energy when all
configurations are mixed together. Thus, the total resonance
energy RET can be determined as in Equation (1) where Es�p


refers to the adiabatic (orbitals re-optimized) energy of the


RET�Es�pÿEfull (1)


combination of the dominant s and p configurations (FsR�
FpR for 1 and TS, and FsP�FpR for 2 ; labeled as in Schemes 2
and 3). Efull is the total energy for the full configuration set.
RET was found at the s�p-VB-HF level. It is advantageous
to consider the p RE alone for the p-benzyne product 2 due to
the similarity to benzene. In analogy to Equation (1), the
expression for REp is shown in Equation (2) where Ep


represents the energy of the localized p configuration, FpR.


REp�EpÿEfull (2)


For the determination of REp of 2, the more stringent
requirements of the p system prompted the addition of FpD1


and FpD2 in the manner discussed above. In each case, Efull was
treated with CF orbitals which were allowed to delocalize over
all nearest neighbors, while the reference configuration
utilized constrained CF orbitals which were only allowed to
delocalize over paired neighbors. This approach gives REp


values in line with other methods (i.e., �60 kcal molÿ1 for
benzene). If REp is taken as the difference between the total
energy and the diabatic state energy of the dominant
configuration with the same CF orbitals delocalized freely,
REp values of 21.5 and 20.2 kcal molÿ1 are obtained for 2 and
benzene, respectively, in line with the value of 22.0 kcal molÿ1


for benzene determined in a similar manner by Cooper,
Stuart, Gerratt, and Raimondi.[73]


Results


Energetics : The energetic relations between 1, the TS, and 2
(relative to 1) are shown in Table 1. Weights of VB config-
urations in accordance with Schemes 2 and 3 are shown
graphically in Figure 1. It can be seen from Table 1 that the
Bergman rearrangement surface is highly variable depending
on the method used.[27] While s-VB-HF (entry 1) yields the
correct ordering of the surface, the barrier associated with the
TS and overall the DE are overestimated by �15 kcal molÿ1.
Inclusion of the p system (entry 2) slightly improves the
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Figure 1. Weights of VB configurations. The plot is valid for all levels of
theory employed herein (for s�p methods, configuration labels refer to
the s pairing indicated as in Scheme 2 along with all p pairings from
Scheme 3) Weights are ordered from 1.0 to 0.0 in order to complement
Scheme 5.


energy of the TS, while the relative energy of 2 goes up.
Regardless of whether only s or s�p orbitals are included in
the configuration space, the barrier and overall reaction
energy remain too high. Treating the p system of 2 in a
delocalized manner results in further improvement. When
only the s system is treated by VB while the p system is kept
delocalized as part of the HF MO core, the energy of 2 relative
to 1 is lower than when the p system is treated by VB. In the
language of classical VB theory, delocalization is achieved by
adding ionic configurations which can also be accomplished
by the use of CF orbitals.[65, 66] A further improvement can be
made by including the other two Dewar-type structures
(entry 2 in parentheses) which brings the relative energy of
2 down to 25.7 kcal molÿ1. On the other hand, the TS does not
show such a preference for a delocalized treatment of the p


system indicating the localized p nature of the TS as will be
discussed below.


s-l-VB-DFT (Table 1, entry 3) produces the best overall
potential energy hypersurface due to inclusion of dynamic
electron correlation which is essential for this type of
problem.[21±27, 33, 74, 75] For VB-DFT the 6-31G* basis set was
used, while for VB-HF we only utilized the 6-31G basis. The
effect of adding polarization functions to the heavy atoms is
relatively modest (3.1 kcal molÿ1; entries 6 and 7, Table 1)
indicating that the improvement of s-l-VB-DFT over VB-HF


is not merely a basis set effect but is due to the advantage of
the VB-DFT method.[50]


The VB-HF method is analogous to a CASSCF treatment
in which the active space is chosen to include all MOs which
can be constructed from every combination of the active VB
orbitals.[65, 66] Thus a CASSCF(6� 6) wavefunction should be
similar to the s-VB-HF wavefunction of the same dimension.
s-VB-HF yields a barrier which is slightly above the
CASSCF(6� 6) barrier, while the disagreement in the relative
energies of 2 is more significant (6.7 kcal molÿ1). In fact, with
such a small VB configuration set (only three configurations),
it is remarkable that VB-HF performs roughly the same as
CASSCF(6� 6). One might say that VB-HF, like CASSCF,
provides a qualitatively correct surface which still requires
extensive dynamic correlation to give quantitative results.


This dynamic correlation is commonly included by some
sort of perturbative addition to the CASSCF wavefunction by
means of CASPT2[76, 77] or CASSCF(MP2).[78] Alternatively,
some dynamic correlation effects can be introduced by VB-
DFT which is only slightly more computationally demanding
than VB-HF. As with s-VB-HF, TS in s-VB-DFT is slightly
above the CASSCF(6� 6) results, while 2 is 23.8 kcal molÿ1


below those with CASSCF(6� 6). Although employing a
different active space, the CASPT2 results of Cramer[25] are
similar in overstabilizing 2 relative to 1. The advantage of the
VB-DFT procedure lies in treating as much of the molecule as
possible with DFT. Therefore, p orbitals were not included in
the VB active space (i.e., s�p-VB-DFT calculations). In
addition, the results obtained with s�p-VB-HF show that
there is little advantage to including p electrons in the active
space.


Weights of VB configurations : Despite the variation in
relative energies among different methods, the weights of
the VB configurations remain constant to within 0.05. Thus,
the VB weights of all methods used herein can be represented
uniformly as in Figure 1.


Discussion


The remarkable uniformity of the VB structural weights (even
when the energetics vary considerably between methods,
Table 1) makes it possible to draw conclusions about the
origins of the barrier and the structure of the transition state.
As expected, Figure 1 reveals that FsR is the dominant
configuration in 1, while FsP dominates 2. A plot of the
energies of these two VB configurations along the C1 ± C6


distance leads to an avoided crossing giving rise to the TS as
per the Shaik ± Pross reactivity model[45±49] (Scheme 5). The
crossing point is the point where these two configurations are
in perfect resonance (have equal weights) and therefore has
been termed the perfectly resonating state (PRS).[79] If there
were no other configurations involved, the TS would be right
at the PRS. However, Figure 1 and Table 2 indicate that the
TS is approximately 0.70 FsR and 0.30 FsP. The TS can be
shifted away from the PRS by mixing in additional config-
urations such as FsI and associated ionic contributions. In
addition, there are two other Dewar-type configurations
which are not included in the VB manifold. Although these


Table 1. Energies (in kcal molÿ1) relative to the enediyne reactant 1 on the
Bergman cyclization PES.


Entry Level Reactant 1 TS Product 2


1 s-VB-HF 0.0 44.8 23.1
2 s�p-VB-HF 0.0 43.1 28.2


(25.7)[a]


3[b] s-l-VB-DFT 0.0 46.6 10.1
4 s-VB-DFT 0.0 44.4 ÿ 7.4
5 CASSCF(6x6) 0.0 40.4 16.4
6 BLYP/6 ± 31G 0.0 27.1 14.9
7 BLYP/6 ± 31G*[27] 0.0 25.3 11.8
8 expt. [38] 0.0 28.2 8.5


[a] s�p-VB-HF which includes all combinations of FsP and all Fp


configurations depicted in Scheme 3 and the Dewar-type pairings FpD1


and FpD2 as shown in Scheme 4b. [b] Using strictly localized VB orbitals.
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Scheme 5. VB curve crossing diagram showing the crossing of FsR and FsP


(see Scheme 2b). Actual surface after mixing is shown as the continuous
curve connecting FsR of 1 with FsP of 2. Energies are in kcal molÿ1 relative
to the ground state of 1 at the s-l-VB-DFT level. Mixing FsP with FsR and
FsI results in the s-l-VB-DFT energy of 2 as reported in entry 3 of Table 1.


two configurations are not explicitly involved in the VB
calculation, the geometric placement of the TS was deter-
mined by the BLYP/6-31G* optimization procedure and
therefore implicitly has the effects of all VB configurations
built in.


This effect of the TS shifting away from the PRS has been
discussed before,[79±81] and it was shown that small displace-
ments from the crossing point may be accompanied by
significant changes in the relative weights of the contributing
configurations, depending on the shape of the curves in the
avoided crossing region. Shaik et al. also pointed out that the
region of the potential energy hypersurface (PES) including
the TS and the PRS is extremely flat and therefore the PRS
can be used as a chemically significant description of the TS.


Figure 2 shows a detailed portion of Scheme 5 in the
avoided crossing region which was created by displacing the
C1 ± C6 distance from the TS geometry and optimizing all
other parameters at the BLYP/6-31G* level. A s-l-VB-DFT
energy point was then calculated to determine energies and
weights of VB configurations. Figure 2 indicates that the
potential energy hypersurface in the avoided crossing region
is indeed very flat with the PRS located at a C1 ± C6 distance of
1.94 �, 85.2 % along the way from 1 to 2 according to


Figure 2. Details of the avoided crossing region at the s-l-VB-DFT level.
%D C1 ± C6 distance determined by Equation (3). C1 ± C6 distance is 2.08 �
at the TS (80.7 % DC1 ± C6) and 1.94 � at the PRS (85.2 % D C1 ± C6). All
energies in kcal molÿ1 relative to the enediyne reactant 1.


Equation (3) (vide infra), and very close to TS which is at
80.7 %. The s-l-VB-DFT energy at the PRS is actually higher
than at TS by <2 kcal molÿ1 indicating that while TS was
determined at the BLYP/6-31G* level, the s-l-VB-DFT TS
may lie closer to the PRS. However, the PRS lies along the
BLYP/6-31G* reaction coordinate and is not optimized for s-
l-VB-DFT. This along with the extreme flatness of the surface
in the avoided crossing region precludes a definite conclusion
concerning the precise relative energy of the PRS to the TS.
Certainly, the PRS is a good approximation to the TS, and that
the avoided crossing region defines also the TS region.


The BLYP/6-31G* geometries (for the coordinates see
Supplementary Materials of ref.[27] at http://pubs.acs.org)
reveal that the geometric parameters which undergo the
greatest change throughout the reaction areaC1-C2-C3 (52.88)
aC2-C3-C4 (7.98), and the C1 ± C6 distance (3.06 �) where the
numbering refers to that in Scheme 1. These parameters can
be applied to the simple reaction progress formula shown in
Equation (3),[82] where n is the progress variable, 1 is the


n1� (1rÿ 1TS)/(1rÿ1p)� 100 % (3)


geometric parameter in question; r, TS and p generically refer
to the reactant, TS, and product, respectively. Accordingly, for
these geometric parameters, the TS is �81 % product-like
(Table 2). However, the C1 ± C2, C2 ± C3, and C3 ± C4 bond
lengths, which are associated with much higher force con-
stants (than the above angle bending modes) and thus
contribute a higher portion to the overall energy, are only
about one-third product-like.


The extreme product-like character of the TS would appear
to be in discord with Hammond�s postulate[39] which states
that when reactants and products are nearly equal in energy as
in the present case (mildly endothermic with DH� 8.5�
1 kcal molÿ1)[38] the TS should be geometrically only slightly
product-like. Moreover, the product-like geometry of the TS
is in contrast with the VB weights in Figure 1 which show the
TS to be only about 30 % of the way towards the product
(Table 2). While this is in accord with the C1 ± C2 (entry 5),
C2 ± C3 (entry 6), and C3 ± C4 (entry 7) bond lengths, these


Table 2. Progress of TS towards product 2.


Entry Property Variable Value[a]


1 electronic structure wp� 100 � 30
2 geometry[b] %DaC1-C2-C3 79.9
3 %DaC2-C3-C4 84.8
4 %DC1 ± C6 80.7
5 %DC1 ± C2 35.7
6 %DC2 ± C3 20.0
7 %DC3 ± C4 33.3


[a] Percentages (except for weights of VB configurations) are calculated
from Equation (3). [b] BLYP/6 ± 31G* geometries from reference[27].







FULL PAPER P. R. Schreiner, S. Shaik et al.


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000 0947-6539/00/0608-1452 $ 17.50+.50/0 Chem. Eur. J. 2000, 6, No. 81452


parameters do not undergo major changes along the reaction
coordinate and therefore are not good measures of the extent
of reaction. Careful consideration of energetics associated
with the geometric changes during reaction resolves this
dilemma. Considering the fate of FsR on moving from
reactant to product, for example, the energy curve of this
state will rise very slowly at first, gradually becoming steeper
and steeper (Scheme 5). This gradual energetic increase is due
to the low cost of bending the aC1-C2-C3 angle. However,
following FsP from product to reactant, the energy curve will
climb steeply at first and taper off due to the initial high
energy cost of breaking the C1 ± C6 bond. The result of such
curved surfaces will weight the geometry of the FsR ± FsP


crossing point in favor of the product 2.
A further consequence of such a curvature among config-


urational energy surfaces is that a slight deviation from the
crossing point due to mixing in of higher states will cause a
dramatic separation of VB weights. In the present case, the
crossing point of FsR and FsP which defines the PRS lies far
towards the products in a geometric sense. Mixing of higher
energy states moves the actual TS only slightly toward the
reactant so that it remains geometrically predominantly
product-like and close to the PRS. However, the sharp
deviation in FsR and FsP in the vicinity of the crossing point
leads to VB weights which show that the TS is electronically
reactant-like. It is not uncommon to have a transition state
which is geometrically similar to either reactant or product
while electronically similar to the other.[83] In fact, as
mentioned in the introduction, the imperfect synchronization
of the progress parameters in the TS is quite a general
phenomenon.[34±37] Our VB calculations show that the under-
lying electronic reason for this nonsynchronicity is the
adjacency of the TS and the PRS and the curvature of the
VB configurations which participate in the formation of the
avoided crossing region.


Resonance energies : The p system can be considered
separately from the s system in order to gauge the extent of
p aromaticity throughout the reaction (Table 3). In 2 FpR and
FpI (Scheme 3) are equal while in TS one configuration will
dominate over the other. The overall contribution from FpR


obtained by summing the weights of FpR combined with all Fs


configurations is 0.95, showing that the p system is over-
whelmingly reactant-like in the TS with little delocalization of
p electrons. On the other hand, p delocalization in 2 is large.
The REp of 2 as determined by Equation (2) is 64.4 kcal molÿ1,
whereas that of benzene is only 61.5 kcal molÿ1.


To elucidate this point further, we assessed the relative
aromatic character of 1, the TS, 2, and benzene by computing


the NICS values at BLYP/6-31G*. In agreement with the REp


analysis above, the NICS values (ÿ28.8 for 2 and ÿ9.3 for
benzene at BLYP/6-31G*) also indicate that the product 2 is
actually more aromatic than benzene. While the smaller
average radius of the p-benzyne ring to that of benzene
(1.40 � versus 1.41 �) would lead to a slightly larger NICS
value, this does not account for such a large calculated
discrepancy. In addition, the difference in REp [Eq. (2)] is
smaller than NICS would indicate. This disagreement may
originate from s effects which certainly influence the NICS
value. Indeed, our calculations reveal that there is consid-
erable s RE in 2 due to the mixing of FsR and FsI into FsP


resulting in an RET value of 107.5 kcal molÿ1, determined by
Equation (1). In MO parlance, the six electrons of the
diradical, C1 ± C6, and C3 ± C4 bonds can be considered as a
4n�2 s aromatic system thus, endowing 2 with excess
aromaticity and a larger NICS value than benzene. Consid-
ering the product 2 as a combination of fragments located on;
a) C1 ± C6 and C3 ± C4 and b) C2 and C5 (Scheme 6) highlights
the through-bond coupling interaction which mixes into the
diradicaloid orbitals aAS (where ªaº refers to fragment a and
ªASº refers to antisymmetry or symmetry with respect to
planes through the C1 ± C6 and C3 ± C4 bonds and C2 and C5,
respectively).[84] The resulting MO is bonding between C1, C2,
and C3 and C4, C5, and C6 leading to shortened bond lengths
(1.36 � as compared to 1.41 � in benzene). Furthermore, this
bond length is similar to the 1.37 � C3 ± C4 bond length in 1. In
addition, this MO is antibonding between C1 ± C6 and C3 ± C4


leading to bonds which are long for a benzene-type system
(1.49 �) and on the order of a CÿC single bond length.


Despite the dominance of a single p configuration in the TS,
RET [Eq. (1)] is substantial (53.6 kcal molÿ1) and mostly due
to the large REs from the mixing of FsR and FsP. Thus, the
large NICS value for the TS (ÿ18.8 kcal molÿ1) is due to s


rather than p aromaticity. The large p aromaticity of the
product does not develop until a very advanced stage of the
reaction despite the geometric similarities of the TS to 2. It
may seem contradictory that the TS has a higher NICS value
than benzene when the REp of benzene is 61.5 kcal molÿ1 and


SS


SA


AS


AA


SS


AS


a b


Scheme 6. Through-bond coupling in the p-benzyne product 2. S and A
refer to symmetry and antisymmetry with respect to planes bisecting the
C1 ± C6 and C3 ± C4 bonds and going through C2 and C5, respectively.


Table 3. Resonance energies (in kcal molÿ1) on the potential energy
hypersurface of the Bergman cyclization.[a]


1 TS 2 Benzene


s 21.8 29.8 43.1 ±
p 14.0 23.8 64.4 61.5
Total 35.8 53.6 107.5 ±
NICS ± ÿ 18.8 ÿ 28.8 ÿ 9.3


[a] Determined by using Equations (1) and (2) at the s�p-VB-HF level.
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the RET of the TS is only 53.6 kcal molÿ1. However, the point
at which NICS is calculated is somewhat arbitrary and while
the geometrical center of the heavy atom ring is the most
easily definable as well as being the most transferable from
system to system, this point will underestimate the p relative
to s ring current. Schleyer et al.[70, 85, 86] noted that this is due to
the local paramagnetic contributions of the s bonds which
counteract the diamagnetic p-ring current effects. As the s-
system is not yet fully developed in the TS, the NICS value
must be larger because of a smaller paratropic effect of the s


bonds.
The present example points out one of the dangers of


indiscriminately using NICS as a gauge of aromaticity. Based
on NICS alone, one might conclude that the Bergman
cyclization goes through a transition state which is consid-
erably more aromatic than benzene and due to geometric
similarities to the p-benzyne product, this aromaticity must be
a result of the p system. The true situation is quite different.
The resonance stabilization in the TS is due mainly to the s


electrons and is actually less than the p-resonance energy in
benzene. This is not to say that the NICS criterion is not useful
to identify aromaticity but it is less suitable for a quantifica-
tion of the relative degree of aromaticity.


Another aspect which demonstrates the electronic similar-
ity of enediyne 1 and the transition structure is evident from
the HOMO ± LUMO gaps (DE). While the change in DE
values from 1 to the TS is only 0.34 eV, the DE values of the TS
and 1,4-didehydrobenzene (2) differ by 1.87 eV. Although the
extrapolation of the orbital energies to the ionization energies
is not straightforward in DFT,[87] the HOMO ± LUMO gap is
quantitatively related to chemical hardness and aromaticity.
This analysis shows that the TS is essentially nonaromatic in
the p sense, but has substantial s-aromaticity. Strong aroma-
ticity in conjunction with high polarizability and hence
chemical softness[88] is observed in the biradical product 2.


Conclusions


The ring closure of (Z)-hex-3-ene-1,5-diyne to 1,4-didehydro-
benzene (the Bergman cyclization) is a reaction in which the
out-of-plane p electrons play only a subsidiary role. The
lowest energy p-electron configuration in the reactant devel-
ops smoothly to the products without crossing another
configuration and is therefore barrierless. In this regard the
Bergman cyclization is a [2� 2] cycloaddition which is a
symmetry-forbidden process. However, the through-bond
coupling of the out-of-phase combination of the biradical
centers makes this ªforbiddenº process allowed, but is
associated with a considerable barrier.


The details of the Bergman cyclization TS are determined
by the avoided crossing of the in-plane diyne, FsR, and
biradical, FsP, electronic configurations. The shape of the
energy curves for FsR and FsP along the reaction coordinate
dictates the geometric placement of the crossing point (the
perfectly resonating state, PRS) �85 % towards the products.
The shape of these curves also shows how even a slight shift
away from the crossing point due to the mixing in of higher
energy electron configurations leads to a TS which is


electronically �30 % product-like and �70 % reactant-like,
while remaining geometrically �80 % product-like. This
disparity between geometric and electronic changes along
the reaction coordinate falls under the previously document-
ed category of ªnon-perfect synchronization.º[34±37, 40±42]


While the PRS and the TS do not lie at exactly the same
point, they are within 0.2 � of each other. In addition, the
potential energy hypersurface is extremely flat in the avoided
crossing region which therefore qualifies as the TS region.
Shaik et al.[79±81] have proposed that the PRS can be taken as a
chemically significant gauge of the transition state. The wealth
of chemical information derived from the crossing point
herein clearly supports this idea.


Total and p-resonance energies have been determined and
compared to NICS values showing that the large discrepancy
between the geometrically and electronically similar p-
benzyne product and benzene is due to s resonance in the
p-benzyne. In addition, the transition state has a higher NICS
value than benzene but lower p-resonance energy. Nearly all
of the resonance energy in the transition state is attributed to the
strong mixing of FsR and FsP in the avoided crossing region
making the transition state ªs-aromaticº. As a consequence,
substituents operating on the s framework should be most
effective in altering the relative energies for the Bergman
cyclization. While the total resonance energy of the transition
state is smaller than the p-resonance energy of benzene, the
NICS value is larger due to the underestimation of p-ring
current when NICS is determined at the ring center which is a
node in the p system. This example points out the arbitrary
nature of the point at which NICS is calculated and calls for
caution in using NICS as a gauge of aromaticity for structures
that exhibit significant s-ring currents.
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Biomimetic Synthesis of Lantibiotics
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Abstract: The lantibiotics are a class of
highly posttranslationally modified
small peptide antibiotics containing nu-
merous lanthionine and dehydroamino
acid residues. We have prepared pepti-
des containing multiple dehydroamino
acids and cysteine residues in order to
probe the biomimetic synthesis of the
lantibiotics from their precursor pepti-
des. A novel synthetic methodology was


developed to allow the synthesis of
multiple dehydroamino acid containing
peptides. Cyclisations were rapid, quan-
titative and regiospecific. Remarkably
the peptide sequences alone appear to


contain sufficient information to direct a
series of stereo- and regiospecific ring
closures. Thus both the two linear pep-
tides for the B and E-rings closed
stereoselectively. In the case of the
A-ring precursor peptide which con-
tained two dehydroamino acids, cyclisa-
tion was again totally regioselective,
although not totally stereoselective.


Keywords: biomimetic synthesis ´
lantibiotics ´ peptides ´ solid-phase
synthesis


Introduction


The lantibiotics are a family of polycyclic peptides produced
by a broad range of bacteria, including Bacillus, Lactococcus,
Streptomyces and Staphylococcus.[1] The first lantibiotic to be
discovered was nisin in 1928,[2] with its structure being
determined some 40 years later.[3] This was followed by the
structural assignment of subtilin, a related lantibiotic.[4] Since
this time many more lantibiotics have been discovered,
isolated and characterised (Figure 1). These bacteriocins
typically contain unusually high proportions of nonproteino-
genic amino acids often accounting for one third of the total
residues. Thus nisin and subtilin[5, 6] each contain eight
unnatural amino acids, including two dehydroalanines, one
dehydroaminobutyrate and five lanthionine residues. De-
tailed NMR studies on some of the lantibiotics have been
reported,[7] while elegant total or partial synthesis of some
members of this family has been achieved.[8]


Biosynthetically, the lantibiotics are ribosomally derived
peptides which have been subjected to extensive posttransla-


tional modifications.[9] Their direct ribosomal origin was first
indicated by the inhibition of lantibiotic production by
inhibitors of both RNA and protein synthesis. Ingram,
inspired by the structures of the lantibiotics, proposed that
certain serine and threonine residues were initially dehydrat-
ed to dehydroalanines and dehydroaminobutyrates, respec-
tively. He further postulated that a series of subsequent
stereospecific Michael additions yielded meso-(2S,6R)-lan-
thionines and (2S,3S,6R)-3-methyllanthionines (Figure 2),[10] a
prediction that was confirmed some 20 years later when the
primary transcripts of the structural genes were determined.[9]


The dehydration of serine/threonine residues is thought to
occur immediately after the primary transcript is released
from the ribosome; indeed the existence of a multiply
dehydrated precursor has been confirmed by ion-spray mass
spectrometry[11] and amino acid analysis in the case of Pep5. It
is proposed that nucleophilic addition of the cysteine thiol
onto the a,b-unsaturated amino acid produces an ªenol(ate)º
intermediate which is selectively protonated affording the
observed (2S,6R) stereochemistry.


Lanthionine formationÐregio- and stereospecificity : Since
the mature forms of the lantibiotics contain dehydroamino
acids and multiple lanthionines, the rationality of both regio-
and stereospecificities of cyclisation is raised. In addition, the
relative stereochemical orientation of the meso-lanthionine
varies within the lantibiotic family. The regio- and stereo-
selectivities observed may be the product of enzyme catalysis,
or could simply result from the natural conformation of the
peptide. The work reported here was aimed at unravelling this
process and involved the synthesis of peptides containing
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Figure 2. Ingram�s proposal for the formation of the unusual amino acids.


single and multiple dehydroalanine and cysteine residues for
biomimetic cyclisation studies. Evaluation of the cyclic
products would give valuable information concerning the
actual biosynthetic route to the lanthionine residues.


The B- and E-rings of subtilin and nisin (Figure 3) were
selected as the first targets for cyclisation studies for a number
of reasons. Firstly, regiochemistry was not an issue because the
precursor peptides contain only one dehydroamino acid.
Secondly, the central residues of the B-ring (Pro ± Gly) are
known to promote b-turns possibly favouring cyclisation. The
B-ring has also been previously studied[12] and would allow us
to determine if solid-phase based cyclisations would mimic
those in solution, an important future issue with regards to the
synthesis of these complex precursor peptides. The E-ring
peptide would allow us to determine if the turn element was
essential for cyclisation, as well as giving a competing lysine
residue of interest in a number of lantibiotics which contain
the lysinoalanine motif.
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Figure 3. Proposed biomimetic B- and E-ring closures.


Having developed the synthetic methodology to make
these relatively simple mono-dehydroamino acid containing
peptides, the methodology could then be extended to prepare
the A-ring precursor (Figure 4), containing two dehydroami-
no acids and a single thiol. This would allow monitoring of
both the regio- and stereoselectivity of cyclisation, and could
result in the formation of up to four possible cyclic products
(two regioisomers each containing either d,l or l,l-lanthio-
nines).
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Figure 4. Proposed biomimetic A-ring cyclisation.


Synthetic routes to dehydroamino acid containing peptides :
The chemistry of dehydroamino acids is well documented and
has been extensively reviewed.[13] Methods of synthesis often
rely on the activation of serine or threonine residues for
example with dichloroacetyl chloride or tosyl chloride fol-
lowed by elimination with triethylamine or DABCO, respec-
tively.[14, 15] They also include phosphonium activation of
serine and elimination (Ph3P/DEAD)[16] or EDC activation
followed by CuCl-mediated elimination.[17] On the solid phase
fewer methods have been reported. Of principal importance
are the coupling of preformed dehydroamino acid N-carbox-
yanhydrides (NCA�s),[18] the solid-phase Hofmann elimina-
tion of quaternary amines[19] and the attachment of peptides
by a cysteine side chain followed by oxidation to the sulfone
and elimination.[20] The stepwise incorporation of dehydroa-
mino acids residues into peptides by either a solid-phase or
solution route is also often difficult. Dehydroamino acids
couple very poorly[13, 21] and are inherently reactive towards
nucleophiles (including amines). Protected peptides contain-
ing dehydroamino acid residues are always prone to decom-
position, although they appear much more robust when
unprotected, while N-terminal dehydroamino acids decom-
pose to give the keto amide and ammonia.[13] Clearly, if such
residues are to be incorporated into peptides they should be
introduced as masked residues which can be converted to the
a,b-unsaturated amino acids as late as possible in the
synthetic scheme, or inserted within small peptide fragments
such that the exposed termini couple efficiently.


Results and Discussion


Synthesis of dehydroamino acid containing peptides : The
dehydroamino acid and thiol containing peptides synthesised
for this study were:


H-Leu-Dha-Pro-Gly-Cys-Val-Gly-OR (1)
H-Leu-Dha-Ala-Asn-Cys-Lys-Ile-OH (2)
H-Lys-Dha-Glu-Dha-Leu-Cys-Ala-OH (3)
(R�H or linker-resin) (1)�B-ring precursor


(2)�E-ring precursor
(3)�A-ring precursor


Peptides 1 and 2 were prepared by a fragment coupling
procedure as outlined in Schemes 1 and 2. The crucial
dehydroamino acid containing peptide Boc-Leu-Dha-Pro-
OH (7) was synthesised in 23 % yield from the tripeptide Boc-
Leu-Ser(Bzl)-Pro-OMe,[22] by hydrogenation, followed by
dehydration (CuCl/EDC)[15] and ester hydrolysis.[22] Using a
similar approach the tripeptide Boc-Leu-Dha-Ala-OH (8)


was prepared in 14 % yield from Boc-Leu-Ser-Ala-OMe. In
this case the serine residue was used without side chain
protection throughout the synthesis without mishap. The
dehydroamino acid containing peptides 7 and 8 were then
available for coupling to the solid-phase linked peptides 9 and
10, which were synthesised with standard solid-phase Fmoc
chemistry,[23, 24] to give the full length linear protected peptides
11 and 12. Following deprotection, peptides 1, 2 and 13 were
ready for solution and solid-phase cyclisation studies.
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Scheme 1. Subtilin B-ring biomimetic synthesis. i) PyBrop, DMAP, DI-
PEA, CH2Cl2; ii) 2% TFA, 2 % TIS, CH2Cl2; iii) 95% TFA, CH2Cl2;
iv) pH 8.0, 50mm NEt3 ´ AcOH or 5% NMM, DMF for (13).
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Scheme 2. Subtilin E-ring biomimetic synthesis. i) DIC, HOBt, CH2Cl2/
DMF (9:1); ii) 50% TFA, 5%TIS, CH2Cl2; iii) pH 8.0, 50mm NEt3 ´ AcOH.


Peptide 3 (see Figure 4) containing two dehydroamino
acids and one cysteine residue was prepared by a novel
method, developed for the incorporation of multiple dehy-
droamino acids into peptides.[25] This was achieved by the
synthesis of peptides containing S-methylcysteine and the
pyrolytic elimination of the S-methylcysteine sulfoxides.[25]


The use of S-methylcysteine obviated the need for side chain
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protection, and if desired, Fmoc/tBu orthogonality could be
maintained throughout the synthesis. It was envisaged that
oxidation and elimination would be performed immediately
prior to global deprotection. As an initial trial study the
tripeptide Boc-Leu-Cys(Me)-Pro-OMe (14) was assembled in
solution with standard Boc chemistry in 34 % overall yield.
Addition of peptide 14 to a solution of cold sodium
metaperiodate in dioxane (1.1 equiv) gave the diastereomeric
sulfoxides 15 in excellent yield and purity. Pyrolytic elimi-
nation was found to be solvent dependent; the best results
were obtained by refluxing the sulfoxides 15 overnight in
dioxane. Purification by column chromatography led to
isolation of the protected tripeptide 16 in 88 % yield
(Scheme 3). Elimination also occurred on treatment of the
Boc protected sulfoxide tripeptide 15 with DBU in MeOH,
whilst simultaneous elimination and saponification was ac-
complished in high yield by 1m NaOH.
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Scheme 3. Thioether approach to dehydroamino acids. i) NaIO4 (aq),
dioxane (99 %); ii) dioxane, reflux (88 %) or DBU, MeOH (96 %); iii) 1m
NaOH, MeOH (95 %).


This methodology was extended to the synthesis of peptide
3 (Scheme 4) which contains two dehydroamino acids. Thus
the desired precursor peptide Boc-Lys(Boc)-Cys(Me)-
Glu(OtBu)-Cys(Me)-Leu-OMe (17) was obtained by frag-
ment condensation of Boc-Lys(Boc)-Cys(Me)-OH (18) with
the tripeptide H-Glu(OtBu)-Cys(Me)-Leu-OMe (19) medi-
ated by EDC and HOBt in an overall yield of 36 % from the
starting amino acids. Peptide 17 was oxidised to give 20 which
was treated with 1m NaOH in MeOH to facilitate two
eliminations and ester hydrolysis in under 2 h to give 21.
Subsequent coupling of 21 to H-Cys(Trt)-Ala-OtBu gave 22


which was deprotected to give the desired peptide 3. It was
important that oxidation, elimination, deprotection and
coupling was accomplished in a single day due to the observed
lability of the protected dehydoamino acid containing pep-
tides.


Biomimetic cyclisations


Synthesis of the B-ring (Scheme 1): The linear peptide 1 was
analysed by HPLC following cleavage from the solid phase
and was shown to be essentially pure (>95 %) by HPLC
thereby giving confidence for the subsequent solid-phase and
solution based cyclisations. Thus the trityl group was removed
from 11 by repeated washes with 2 % TFA/2 % TIS/96 %
CH2Cl2 to give 13. Quantification of the thiol in peptide 13
was attempted by the Ellman test.[26] However, this assay gave
a much lower substitution than expected (0.05 mmol per g cf.
0.25 mmol per g), and lead to the development of a new test
which was designed to monitor the consumption of the
dehydroamino acid during cyclisation. This was based on the
very well known addition of thiols onto dehydroamino acids.
Thus the peptidyl resin 13 was treated with a large excess of b-
mercaptoethylamine allowing the rapid addition of the thiol
to the a,b-unsaturated amino acid. (A small portion of the
resin was treated with TFA and the addition confirmed by ES-
MS and HPLC). A quantitative ninhydrin assay was then
carried out allowing solid-phase monitoring of the cyclisa-
tion.[27] Cyclisation was carried out with 5 % NMM in DMF
and monitored as described above. The reaction was complete
within 1.5 h furnishing the cyclic peptide 4 a. This was cleaved
and purified by RP-HPLC to give 4 which was fully
characterised by NMR (see below).


The cyclisation of the B-ring in solution was undertaken to
confirm the results above. The synthesis was identical to that
above and peptide 9 was cleaved and deprotected from the
resin prior to cyclisation to give 1. Cyclisation to give 4 was
carried out in 50 mm triethylammonium acetate (pH 8) and
was monitored by RP-HPLC by using a C8 column (C18


columns did not separate the product and starting peptide).
The cyclisation was found to proceed cleanly with complete
consumption of starting material in under 10 min as deter-
mined by UV/Vis analysis of the cyclisation reaction and
HPLC analysis, following removal of aliquots and quenching


with acid. A single product,
identical to that observed in
the solid-phase cyclisation was
observed by RP-HPLC. The
cyclisation was also performed
in deuterated buffer and incor-
poration of a single nonex-
changeable deuteron was ob-
served by ES-MS confirming
that cyclisation had occurred
with deuterium inclusion at the
newly generated alpha centre.


Synthesis of the E-ring
(Scheme 2): The E-ring cyclisa-
tion was similarly investigated.
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Scheme 4. Synthesis of a pentapeptide containing two dehydroalanine residues. i) EDC, HOBt, NEM, CH2Cl2,
75%; ii) NaIO4 (aq), dioxane (99 %); iii) a) DBU, MeOH (86 %), 1m NaOH, MeOH (92 %) or b) 1m NaOH,
MeOH (93 %); iv) H-Cys(Trt)-Ala-OtBu (21), EDC, HOBt (72 %); v) 50 % TFA, 2% TIS, CH2Cl2.
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The linear peptide 2 was prepared in an analogous manner to
the B-ring precursor. Cyclisation gave a single product 5
which was fully characterised by NMR studies (see below)
and was determined to be the desired lanthionine cyclic
peptide, clearly demonstrating that the turn element in the
B-ring is unnecessary for cyclisation to take place. Again
cyclisation was rapid and experiments in deuterated buffer
showed the expected incorporation of a single deuterium
atom into the cyclic product.


Synthesis of the A-ring (Figure 4): The linear A-ring pre-
cursor peptide 3 was produced in good yield and purity (86 %
by RP-HPLC) (Scheme 4). Considering the problems of
stability, the peptide was cyclised crude. The reaction was
again found to be complete within 10 min but this time
produced two products in a 3:1 ratio (RP-HPLC). These were
separated by RP-HPLC and their structures determined by
NMR, as detailed below, to be the stereo- rather than
regioisomers of the natural A-ring.


NMR and modelling studies


The B-ring : The samples of cyclic peptide produced both on
the solid phase and in solution were identical by RP-HPLC
and NMR. The presence of the Lan-Hb at d� 2.96, 2.86 and
2.60 could be clearly detected (Figure 5). The appearances of
resonances corresponding to the amide NHs and the loss of
the olefinic resonances as well as a full spectral assignment
confirmed that cyclisation had occurred. Two ring conformers
were observed which interconverted on the NMR timescale,
but which coalesced when recorded at 310 K. NOE studies
were performed on the B-ring sample. Most importantly an
NOE was observed between the Pro-Ha and the Lan1-Ha


indicating that the proline amide bond was cis configured as
expected. Modelling indicated that the distance between
these protons was about 2.4 �. The lanthionine stereochem-


istry was determined as meso from these studies in accordance
with the literature.[12]


The E-ring : 1-D NMR analysis verified the presence of only
one compound and further 2-D NMR analysis enabled a full
assignment of the cyclic product to be obtained. The loss of
the olefinic protons, the splitting of the NH resonance
(dehydroamino acid NH�s are singlets) and the gain of a
CHa proton were all observed as expected. In contrast to the
B-ring, only a single conformer was observed. A detailed
examination of the ring was undertaken by COSY, TOCSY
and ROESY NMR spectroscopy, allowing the sequential
assignment of the amino acids (also confirmed by Edman
sequencing). The stereochemistry of the lanthionine residue
was examined by using the modified distance geometry
program DIANA[28] and the NOE constraints obtained above
measured from the spectrum. The best structure gave the
expected meso-lanthionine, although there was not a sub-
stantial difference between the two target functions (4.9
versus 3.8). The pattern of coupling constants (3JNH±CHa) was
also analysed but again no concrete conclusions could be
made with regard to the lanthionine stereochemistry. Model-
ling studies (MacroModel 5.0[29]) on the enolate suggested
that protonation from the surrounding solvent would be most
likely to give the d-amino acid with protonation taking place on
the less hindered face opposite to that of the attacking sulfur.


The A-rings : A series of 1-D and 2-D NMR experiments
showed that both of the new compounds were cyclic. Assign-
ment was facilitated by TOCSY experiments and confirmed
that each was a single diastereoisomer. The existence of a
cyclic peptide in both cases was confirmed by a number of
features in the 1-D NMR spectra, notably one set of
resonances corresponding to Dha-Hb protons and Dha-NH
were missing and there was the expected resonance for the
Lan-NH. There were also signals corresponding to the


Figure 5. 500 MHz NMR spectrum ([D6]DMSO, 310 K) of the B-ring 4 of subtilin.
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presence of only a single dehydroalanine residue and the
characteristic ABX resonances observed for the Lan-Hb were
found just below d� 3.0, clearly displaying the presence of
four protons (Figure 6).


Regiochemical assignment of the major product


Having confirmed cyclisation had occurred the regio- and
stereoselectivity of the process was then established. The
observation of an NOE between Lan6-NH and Leu5-Ha


allowed the identification of the resonances associated with
Lan6 (Figure 7). In conjunction with the TOCSY experiments
it was therefore possible to distinguish between the two
lanthionine halves and fully assign the resonances.
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Figure 7. The major product H-Lys1-Lan2-Glu3-Dha4-Leu5-Lan6-Ala7-OH
formed as a result of cyclisation of peptide 3 showing the regiochemistry of
the isomer formed as deduced from the depicted NOEs.


Cyclisation could have resulted in the formation of
lanthionines at either residue 2 or 4. A series of NOEs were
recorded which indicated that Michael addition had occurred
at position 2. Considering first the NOEs associated with
Lan2, there was a strong correlation between Lan2-NH and
Lys1-Ha and a medium NOE observed between Lan2-NH and
Lys-Hb. A medium NOE was observed between Lan2-Hb and
the Glu3-NH supporting the hypothesis that cyclisation had
occurred at position 2. The NOEs related to the dehydroa-
lanine residue further validated the regiochemical assign-
ment. Strong correlations were found between Dha-NH and


both Glu-Ha and Glu-NH.
These NOEs again can only
arise from a Dha at position 4.
A strong NOE was observed
between Dha-Hb and Leu-NH,
confirming that dehydroalanine
was at position 4 in the peptide.
In summary, the presence of
several NOEs including those
between Lan2-NH and Lys1-Ha


and Dha4-Hb' and Leu5-NH al-
lowed the regiochemical assign-
ment of the major product of
cyclisation.


Regiochemistry of the minor
product


The minor product was also
analysed by a NOESY experi-
ment. The NOE observed be-
tween the Lan-NH and Leu-Ha


again facilitated the full assign-
ment of the lanthionine protons. A larger number of NOEs
were observed for this peptide than for the major isomer,
including one between the Lan2-Hb and Lan6-NH which
indicated that a cyclic peptide had been formed. Investigation
of the NOEs associated with Lan2-NH showed a strong
correlation with Lys-Ha and a medium correlation with Lys-
Hb as a result of cyclisation at position 2. The regiochemical
assignment was confirmed by the NOEs which arose from the
dehydroalanine residue. Again strong NOEs were observed
between Dha4-NH and both Glu-Ha and Glu-NH, indicating
that cyclisation had occurred at position 2. Strong correlations
were found between the Leu5-NH and both the Dha4-Hb


verifying that Dha was at position 4 in the peptide. The
evidence described above supports the conclusion that
cyclisation had occurred at position 2. The A-ring cyclisation
was found to occur regiospecifically in the absence of
enzymes. The results imply that the peptide conformation is
sufficient to induce Michael addition only at position 2 since
no cyclisation onto position 4 was detected. Interestingly,
whilst the cyclisation appears to be regioselective in the
absence of catalysis both possible stereoisomers at position 2
were obtained. However, there was some degree of stereo-
specificity since the isomers were produced in a 3:1 ratio.


Molecular modellingÐE-ring


Unfortunately it was not possible to assign the stereochem-
istry of the newly generated alpha centre using the recorded
NOEs directly. The correlations observed were very similar
for both peptides and hence an unambiguous assignment
could not be made.


In order to determine the absolute stereochemistry at
residue 2, molecular modelling studies were undertaken. Both
d,l-lanthionine and l,l-lanthionine were modelled and it was
hoped that assignment would be possible by comparison of
the experimentally observed NOEs with the calculated
interproton distances. The A-ring was constructed with both


Figure 6. 500 MHz NMR spectrum ([D6]DMSO, 303 K) of the major product formed by cyclisation of peptide
H-Lys1-Lan2-Glu3-Dha4-Leu5-Lan6-Ala7-OH (3)ÐA-ring of subtilin.
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a d and an l centre at residue 2. The lowest energy
conformation of the rings was obtained by a two step
procedure involving potential energy minimisation followed
by molecular dynamics simulated annealing. The latter
process constituted heating the molecules to a very high
temperature (600 K) and then slow cooling over 1000 ps, thus
furnishing them with sufficient energy to overcome local
maxima and resulting in a conformation situated at an energy
minimum. This was carried out using MacroModel 5.0[29] and
was repeated three times to ensure that a true low energy
conformer had been found. The OPLS force field was used
throughout this work together with the GB/SA solvent model
for water. For the l isomer, each anneal resulted in the
generation of the same structure indicating a definite energy
minimum that presumably is the global energy minimum.
However, from the three anneals for the d isomer three
different structures were obtained. The conformations result-
ing from the second (II) and third (III) anneal were both
utilised in the subsequent simulations since both may
represent the lowest energy conformation. A molecular
dynamics simulation was then performed at 300 K so as to
reproduce the molecular environment present in the NMR
experiments. The simulation was run for 5000 ps with distance
measurements recorded every 1 ps. From this data set the
useful interatomic distances were selected, that is those where
the proton ± proton separation differed by >0.5 � between
the two isomers. These values were averaged to produce an
effective interproton distance in Angstroms using Equa-
tion (1).


rav�hrij
ÿ6iÿ1/6 (1)


rav is the final average simulation distance for atom pairs i, j,
rij is the instantaneous value of this distance and indicates that
an average is calculated over the course of the molecular
dynamics trajectory (Table 1).[30]


The intensity of an NOE is affected not only by proton
separation but also by a number of other factors, including the
timescale of the relative motions of the atoms involved.
Therefore the assignment of strong, medium or weak to an
observed NOE contact cannot simply be made by comparison
with the above distance criteria. For example, the molecular
modelling indicated that the separation between Glu-Hg and
Dha-NH is 5.2 � in the l isomer and 2.7/2.6 � in the d isomer.
A weak NOE was observed for the major product and no


NOE for the minor compound. However, assignment of the
weak NOE to the l isomer, since it falls around the upper
distance range, cannot be made from this information. It
follows that conclusions regarding which isomer is the natural
one (d isomer) can only be drawn from examples where an
NOE was observed for each compound. In the case of the
Lan2-Hb and Glu-NH there was a significant difference in the
interatomic distance (4.1 � in the l isomer cf. 3.5/3.34 � in
the d isomer) and a difference in the NOEs observed
(medium for the major product and strong for the minor
one). However, an assignment of the major product as the l
isomer would be incorrect since neither interproton distance
falls within the boundary for a strong NOE. The NOEs also
observed between the Glu-Ha and Glu-NH are weak in the
major product and strong in the minor compound. The
proton ± proton separation was found by modelling to be
2.2 � for the l isomer and 2.9/2.9 � for the d isomer. This
implies that the major product has d stereochemistry. Further
evidence to support this can be gained from the Leu-Ha and
Lan-NH example. Here the interproton distance is 3.6 � for
the l isomer and 3.0/2.8 � for the d isomer and a strong and a
medium NOE observed in the major and minor products,
respectively, again suggesting that the major product is the d
isomer. Fewer NOEs were also observed for the major
product further supporting the tentative assignment of the
major product of cyclisation as the d isomer. The simulated
annealing studies of the d isomer failed to produce a single
lowest energy conformer. If the molecule does not have a
single preferred lowest energy conformer and is constantly
changing conformation then the number of NOEs observed
would diminish. However, this cannot be used as proof of the
stereochemistry at residue 2. Therefore, whilst the data
obtained suggests that a d centre is present at residue 2 in
the major product of cyclisation, it is not conclusive and
cannot be used to generate a definite assignment of absolute
stereochemistry.


Conclusion


Three biomimetic cyclisations have been studied based on the
biosynthesis of the A-, B- and E-rings of subtilin. The required
dehydroamino acid and cysteine containing peptides were
synthesised by using both solid-phase and solution method-
ology. All cyclisations were found to be rapid and quantita-
tive. In the case of the B- and E-rings single stereoisomers
were produced. Although the stereochemistry was not
determined beyond doubt the lanthionines in both of these
cases are probably meso in accord with natures precedent.
Numerous desulfurisation trials with Raney nickel were
unsuccessful with the small amounts of compound available
to us, nor was Edman sequencing in comparison with modified
nisin conclusive. In the case of the A-ring two products were
formed, in a 3:1 ratio. These were found to be cyclic with
Michael addition having occurred regioselectively but not
stereoselectively onto Dha2, resulting in the isolation of the
natural regioisomer of the subtilin A-ring. No addition onto
the other dehydroamino acid could be detected. Unfortu-
nately the assignment of absolute stereochemistry at this point


Table 1. Average interproton distances from molecular modelling studies. Only
the results which gave a predicted difference of over 0.5 � between the d and l
forms and where a difference in NOEs is observed are listed.[a]


l Isomer d Isomer (II) d Isomer (III) Major
product


Minor
product


Lan-Hb Glu-NH 4.1 3.5 3.4 m s
Glu-NH Glu-Ha 2.2 2.9 2.9 w s
Glu-NH Dha-NH 2.4 1.8 1.9 ± m
Glu-Ha Glu-Hg 2.9 3.9 3.9 m ±
Glu-Hg Dha-NH 5.2 2.7 2.6 w ±
Dha-NH Leu-NH 2.4 1.7 1.7 ± m
Leu-Ha Lan-NH 3.6 3.0 2.8 s m


[a] NOEs are given as strong (s), medium (m) or weak (w).







FULL PAPER M. Bradley et al.


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000 0947-6539/00/0608-1462 $ 17.50+.50/0 Chem. Eur. J. 2000, 6, No. 81462


was not possible either by NOE studies, by desulfurisation or
comparison with a d,l-lanthionine residue obtained from
nisin. Molecular modelling however in conjunction with the
NOE work indicated that the stereochemistry of the major
product corresponded to the natural d,l-lanthionine. In
peptides containing both cysteine and lysine residues the
cysteine residue was not unexpectedly the only residue to
cyclise. It is fascinating to begin to understand how these
linear peptides contain sufficient information to direct both
regio- and stereospecific ring closures. To further these aims
linear peptides containing the precursors to the combined
ABC rings are now being prepared.


Experimental Section


General information : NMR spectra were recorded on Bruker AC300 or
Bruker DRX 500 spectrometers. ESI mass spectra were recorded by using a
VG platform quadrupole electrospray ionisation mass spectrometer. High
resolution accurate mass measurements were carried out at 10000
resolution by using mixtures of polyethylene glycols and/or polyethylene
glycol methyl ethers as mass calibrants for FAB. Infrared spectra were
recorded on a BioRad Golden Gate FTS 135. All samples were run as neat
solids or oils. UV/Vis spectra were measured on a Hewlett Packard 8452A
diode array spectrophotometer. RP-HPLC was carried out with a Hewlett
Packard HP1100 Chemstation. 1) column: C18 ODS, i.d. 150 mm� 3 mm
(0.5 mL minÿ1), gradient: 0.1 %TFA/H2O to 0.04 % TFA/MeCN over
20 min; 2) column: C8 Techsphere, i.d. 250 mm� 4.6 mm (1 mL minÿ1),
gradient: 0.1 %TFA/H2O to 0.04 % TFA/MeCN over 20 min; 3) column:
C18 ODS, i.d. 250 mm� 10 mm (2.5 mL minÿ1), gradient : 0.1%TFA/H2O
to 0.04 % TFA/MeCN over 45 min.


Abbreviations : DABCO: 1,4-diazabicyclo[2.2.2]octane, DBU: 1,8-diazabi-
cyclo[5.4.0]undec-7-ene, DCC: dicyclohexyl carbodiimide, DEAD: diethyl
azodicarboxylate, DIC: diisopropyl carbodiimide, DMAP: 4-dimethylami-
nopyridine, DMF: N,N-dimethyl formamide, EDC: dimethylaminopropy-
lethyl carbodiimide hydrochloride, HOBt: 1-hydroxybenzotriazole, NEM:
N-ethyl morpholine, NMM: N-methyl morpholine, TIS: triisopropyl silane;
resin: HMPB: 4-hydroxymethyl-3-methoxyphenoxybutyric acid.


General resin handling procedures (all reactions were performed man-
ually): Manipulations using resin were carried out with 10 mL of solvent
per gram of resin.


Solid-phase peptide synthesis:[23, 24]


i) Couplings: The resin was swollen in a minimum amount of CH2Cl2 for
30 min. N-Fmoc amino acid (2 equiv) and HOBt (2 equiv) were dissolved
in CH2Cl2 with a few drops of DMF and stirred at room temperature for
10 min. DIC (2.2 equiv) was added and the mixture stirred for a further
10 min before addition to the resin. The resin was agitated at room
temperature for 2 h to effect coupling. The resin was washed with DMF
(3� ), CH2Cl2 (3� ), MeOH (3� ) and Et2O (2� ). The resin was dried
under vacuum for 30 min. For ester formation DMAP (0.3 equiv) was
included in the coupling step.


ii) Fmoc removal: The resin was treated with 20% piperidine in DMF with
sequential treatments of 5 and 15 min. The resin was then filtered and
washed with DMF (3� ), CH2Cl2 (3� ), MeOH (3� ) and Et2O (2� ) and
dried under vacuum.


iii) Cleavage: The resin (100 mg) was swollen in a minimum amount of
CH2Cl2 (0.3 mL). TFA (9.5 mL)/TIS (0.2 mL) was added and the resin
agitated at room temperature for 90 min. The resin was removed by
filtration through a glass wool plug, washed with TFA, the filtrate
concentrated to ca. 1 mL and Et2O (25 mL) added. The resulting
precipitate was collected by centrifugation and washed with Et2O (4�
25 mL).


Boc-Leu-Cys(Me)-Pro-OMe (14): TFA ´ H-Cys(Me)-Pro-OMe (2.0 g,
6 mmol, 1.0 equiv), Boc-Leu-OH (1.4 g, 1.0 equiv), HOBt (0.92 g,
1.0 equiv) and NMM (3.0 g, 3.3 mL, 5 equiv) were dissolved in CH2Cl2


and the mixture cooled on an ice bath whilst DCC (1.36 g, 1.1 equiv) was
added portionwise. Stirring was continued on ice for 1 h and at room


temperature for 16 h. The reaction mixture was then heated to 40 8C for
2.5 h. The reaction mixture was cooled, filtered and concentrated in vacuo.
The resulting oil was dissolved in EtOAc (100 mL) and washed with sat.
NaHCO3 (100 mL), 10% citric acid (100 mL), sat. NaHCO3 (100 mL),
water (100 mL) and brine (100 mL). The organic phases were dried
(MgSO4) and concentrated in vacuo to give an orange oil. Purification by
column chromatography on silica gel (eluting with 1:1 EtOAc/hexane)
yielded the title compound as a colourless foam (2.1 g, 76% yield). Rf�
0.27 (EtOAc/hexane 1:1); IR: nÄmax� 3286 (m), 2957 (m), 2369 (w), 1745 (m,
ester, C�O), 1712 (s, urethane, C�O), 1638 (s, amide, C�O), 1514 (m), 1438
(m), 1366 (w), 1248 (w), 1212 (s), 1171 (s), 1041 (m), 1016 cmÿ1 (m);
1H NMR (300 MHz, CDCl3): d� 0.92 (2d, 6 H, J� 6, 6 Hz; Leu-6Hd), 1.45
(s, 9H; C(CH3)3), 1.65 ± 1.69 (m, 2 H; Leu-2Hb), 1.96 ± 2.02 (m, 4 H; Pro-
2Hb�Pro-2Hg), 2.15 (s, 3 H; Cys-CH3), 2.15 ± 2.18 (m, 1H; Leu-Hg), 2.72
(ABX, 1 H, J� 14, 7 Hz; Cys-Hb), 2.94 (ABX, 1H, J� 14, 6 Hz; Cys-Hb),
3.73 ± 3.79 (s�m, 4H; CO2CH3�Pro-Hd), 4.10 ± 4.14 (m, 1 H; Pro-Hd), 4.49
(dd, 1H, J� 7, 6 Hz; Cys-Ha), 4.93 ± 4.99 (m�dd, 2H, J� 6, 8 Hz; Leu-
Ha�Pro-Ha), 6.82 (d, 1H, J� 9 Hz; CONH), 6.99 (d, 1 H, J� 8 Hz;
CONH); 13C NMR (75.5 MHz, CDCl3): d� 16.5 (Cys-CH3), 23.1 (Leu-Cd),
24.8 (Leu-Cg), 25.0 (Pro-Cg), 28.4 (C(CH3)3), 29.2 (Pro-Cb), 36.7 (Cys-Cb),
41.6 (Leu-Cb), 47.3 (Pro-Cd), 49.8 (Ca), 52.4 (Ca), 52.3 (Ca), 59.1 (CO2CH3),
80.2 (C(CH3)3), 155.7 (OCONH), 169.5 (CONH), 172.3 (CONH), 172.6
(CO2CH3); ES-MS: m/z : 460.3 [M�H]� ; HR-MS: [M�H]�: C21H38N3O6S
calcd 460.2481, found 460.2492; HPLC 1) (l220): 18.0 min.


Boc-Leu-Cys((O)Me)-Pro-OMe (15): Sodium metaperiodate (1.05 g,
1.1 equiv) was dissolved in water (20 mL) and cooled to 0 8C. Boc-Leu-
Cys(Me)-Pro-OMe (2.1 g, 4.6 mmol, 1.0 equiv) was dissolved in dioxane
(40 mL) and added dropwise to the oxidant. Stirring was continued for 1 h.
The reaction mixture was concentrated to remove organic solvent and the
product extracted with CH2Cl2 (2� 100 mL). The combined organic phases
were washed with water (2� 150 mL), brine (150 mL) and dried (MgSO4).
Concentration of the organic phases in vacuo yielded both diastereoisom-
ers of the title compound as a colourless glass (2.15 g, 99% yield). Rf� 0.38
(MeOH/EtOAc 1:9); IR: nÄmax� 3281 (w), 2958 (w), 1743 (m, ester, C�O),
1705 (s, urethane, C�O), 1642 (s, amide, C�O), 1515 (m), 1437 (m), 1365
(w), 1247 (w), 1165 (s), 1042 (m), 1017 cmÿ1 (m); HPLC (l220):
12.3�12.5 min; (gradient 1); 1H NMR (300 MHz, CDCl3): d� 0.89 ± 0.94
(m, 6 H; Leu-6Hd), 1.45 (s, 11 H; C(CH3)3�Leu-2Hb), 1.64 ± 1.67 (m, 1H;
Leu-Hg), 1.96 ± 2.03 (m, 3 H; Pro-Hb�Pro-2Hg), 2.20 ± 2.24 (m, 1H; Pro-
Hb), 2.65�2.75 (2s, 3 H; Cys-(O)CH3), 2.96 ± 3.11 (m, 2H; Cys-Hb), 3.75 ±
3.82 (s�m, 5 H; CO2CH3�Pro-2Hd), 4.08 ± 4.10 (m, 1 H; Ha), 4.48 ± 4.52 (m,
1H; Ha), 5.01 ± 5.08 (m, 2 H; Ha�CONH), 7.36 (bd, 1 H, J� 8 Hz; CONH);
13C NMR (75.5 MHz, CDCl3): d� 21.8 (Leu-Cg), 23.2�24.7 (Leu-Cd), 24.9
(Pro-Cg), 28.3 (C(CH3)3), 29.1 (Pro-Cb), 39.3�39.4 (Cys-(O)CH3), 41.3
(Leu-Cb), 46.3 (Pro-Cd), 52.5 (Ca), 53.1 (Ca) 53.4 (Ca), 57.9 (CO2CH3),
59.1�59.2 (Cys-Cb), 80.0 (C(CH3)3), 155.8 (OCONH), 168.2 (CONH),
172.3 (CONH), 172.8 (CO2CH3); ES-MS: m/z : 498.4 [M�Na]� ; HR-MS
[M�H]�: C21H38N3O7S calcd 476.2430, found 476.2445; HPLC 1) (l220): 12.2
and 12.4 min.


Boc-Leu-Dha-Pro-OMe (16): Boc-Leu-Cys((O)Me)-Pro-OMe (1.45 g,
3.1 mmol, 1.0 equiv) was dissolved in MeOH (15 mL), DBU (1.11 g,
1.10 mL, 2 equiv) added and the reaction mixture stirred at room temper-
ature for 1.5 h. The reaction mixture was evaporated to dryness. The
resulting glass was purified by column chromatography on silica gel
(eluting with EtOAc/hexane 1:1) yielding the title compound as a
colourless glass (1.22 g, 96 % yield). Rf� 0.58 (EtOAc); IR: nÄmax� 3285
(w), 1957 (w), 2873 (w), 1744 (m, ester, C�O), 1679 (m, urethane, C�O),
1625 (s, amide, C�O), 1507 (m, alkene, C�C), 1365 (w), 1281 (w), 1163 (s),
1046 (w), 1021 cmÿ1 (w); 1H NMR (300 MHz, [D6]DMSO): d� 0.86 (2 d,
6H, J� 6, 6 Hz; Leu-6Hd), 1.45 ± 1.52 (s�m, 11 H; C(CH3)3�Leu-2Hb),
1.60 ± 1.64 (m, 1H; Leu-Hg), 1.95 ± 2.01(m, 3H; Pro-Hb�Pro-2Hg), 2.20 ±
2.23 (m, 1 H; Pro-Hb), 3.35 (s, 3 H; CO2CH3), 3.52 ± 3.65 (m, 2H; Pro-2Hd),
4.02 (d, 1H, J� 9 Hz; Ha), 4.29 (dd, 1H, J� 5, 3 Hz; Ha), 4.80 (s, 1 H; Dha-
Hb), 5.47 (s, 1 H; Dha-Hb), 7.04 (d, 1 H, J� 8 Hz; Leu-CONH), 9.77 (s, 1H;
Dha-CONH); 13C NMR (75.5 MHz, [D6]DMSO): d� 21.3�22.9 (Leu-Cd),
24.2 (Leu-Cg), 24.7 (Pro-Cg), 28.1 (C(CH3)3), 28.8 (Pro-Cb), 40.2 (Leu-Cb),
48.9 (Pro-Cd), 51.8 (Ca), 52.7 (Ca), 58.4 (CO2CH3), 78.2 (C(CH3)3), 102.6
(Dha-Cb), 137.7 (Dha-Ca), 155.5 (OCONH), 164.9 (CONH), 171.9
(CONH), 172.3 (CO2CH3); ES-MS: m/z : 412.4 [M�H]� , 434.4 [M�Na]� ,
450.3 [M�K]� ; HR-MS [M�H]�: C20H34N3O6 calcd 412.2448, found
412.2463; HPLC 1) (l220): 14.6 min.
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Boc-Leu-Dha-Pro-OMe (16): Boc-Leu-Cys((O)Me)-Pro-OMe (250 mg,
0.52 mmol) was dissolved in dioxane (5 mL) and the reaction mixture
was refluxed. After the solution was heated under reflux for 18 hours,
concentration of the reaction mixture yielded an orange oil which was
purified by column chromatography on silica gel (eluting with EtOAc/
hexane 1:1) giving the title compound as a colourless glass (210 mg, 88%
yield).


Boc-Leu-Dha-Pro-OH (7):[12] Boc-Leu-Dha-Pro-OMe (750 mg, 1.8 mmol)
was dissolved in MeOH (15 mL) and cooled on an ice bath whilst 1m NaOH
(10 mL) was added dropwise. The reaction was allowed to warm to room
temperature over 1.5 h. The reaction mixture was concentrated to ca.
15 mL, acidified to pH 4 with 2m KHSO4 and the product extracted into
CH2Cl2 (2� 30 mL). The combined organics were washed with water
(50 mL), brine (50 mL), dried (MgSO4) and concentrated in vacuo yielding
the desired material as a colourless glass (680 mg, 95 % yield). Rf� 0.26
(EtOAc); IR: nÄmax� 3283 (w), 2959 (w), 2933 (w), 1674 (s, urethane, C�O),
1643 (s, amide, C�O), 1619 (s, acid, C�O), 1515 (m), 1448 (m), 1367 (w),
1283 (w), 1162 (s), 1047 cmÿ1 (w); 1H NMR (300 MHz, [D6]DMSO): d�
0.87 (2 d, 6 H, J� 6, 6 Hz; Leu-6Hd), 1.45 ± 1.51 (s�m, 11H; C(CH3)3)�Leu-
2Hb), 1.78 ± 1.89 (m, 4H; Pro-2Hg�Pro-Hb�Leu-CHg), 2.20 (m, 1 H; Pro-
Hb), 3.32 ± 3.45 (m, 2H; Pro-2Hd), 4.04 (bdd, 1 H, J� 9, 5 Hz; Ha), 4.23 (dd,
1H, J� 5, 6 Hz; Ha), 4.80 (s, 1 H; Dha-Hb), 5.48 (s, 1 H; Dha-Hb), 7.03 (d,
1H, J� 8 Hz; Leu-CONH), 9.65 (s, 1 H; Dha-CONH); 13C NMR
(75.5 MHz, [D6]DMSO): d� 21.4�23.1 (Leu-Cd), 24.5 (Leu-Cg), 28.2
(C(CH3)3), 29.0 (Pro-Cg), 33.4 (Pro-Cb), 40.4 (Leu-Cb), 49.0 (Pro-Cd), 52.8
(Ca), 58.6 (Ca), 102.4 (Dha-Cb), 138.0 (Dha-Ca), 155.5 (OCONH), 164.8
(CONH), 171.9 (CONH), 173.2 (CO2H); ES-MS: m/z : 342.2 [(Mÿ
tBu)�H]� , 398.3 [M�H]� .


Boc-Leu-Dha-Pro-Gly-Cys(Trt)-Val-Gly-Wang linker-resin (11): H-Gly-
Cys(Trt)-Val-Gly-Wang-resin (9) (100 mg, 0.024 mmol, 1.0 equiv) was
swollen in CH2Cl2 for 30 min. Boc-Leu-Dha-Pro-OH (7) (40 mg,
0.096 mmol, 4 equiv), PyBroP (50 mg, 4.4 equiv) and DMAP (7 mg,
2.4 equiv) were dissolved in a minimum amount of CH2Cl2 (ca. 1 mL)
and DIPEA (12 mg, 17 mL, 4 equiv) added. This solution was added to the
resin and the reaction mixture shaken at room temperature for 1.5 h. A
ninhydrin test showed that the coupling was incomplete, therefore the
coupling was repeated using Boc-Leu-Dha-Pro-OH (20 mg, 2 equiv),
PyBroP (25 mg, 2.2 equiv), DMAP (3.5 mg, 1.2 equiv) and DIPEA (6 mg,
8 mL, 2 equiv). After the mixture had been shaken for 30 min at room
temperature, a negative ninhydrin test was obtained. The resin was washed
with DMF (3� 5 mL), CH2Cl2 (3� 5 mL), MeOH (3� 5 mL), Et2O (2�
5 mL) and dried under high vacuum for 2 h.


TFA ´ H-Leu-Dha-Pro-Gly-Cys-Val-Gly-OH (1): Boc-Leu-Dha-Pro-Gly-
Cys(Trt)-Val-Gly-HMPB-resin (11) (100 mg) was treated with 95 % TFA/
CH2Cl2 as described above. The resulting peptide was obtained as a white
powder (18 mg, 75 % yield). 1H NMR (360 MHz, D2O): d� 0.99 (2 d, 12H,
J� 8, 7 Hz; Leu-6Hd�Val-6Hg), 1.75 ± 1.83 (m�d, 3 H, J� 7 Hz; Pro-
2Hg�Leu-Hg), 2.00 ± 2.12 (m, 3H, Leu-2Hb�Pro-Hb), 2.18 (dq, 1H, J� 7,
7 Hz; Pro-Hb), 2.44 (dd, 1H, J� 8, 7 Hz; Val-Hb), 2.96 (t, 2 H, J� 6 Hz; Cys-
2Hb), 3.70 ± 3.74 (m, 1H, Pro-Hd), 3.85 ± 3.88 (m, 1 H, Pro-Hd), 4.02�4.04
(2s, 4 H, 2Gly-2Ha), 4.13 (t, 1H, J� 8 Hz; Leu-Ha), 4.24 (d, 1H, J� 7 Hz;
Val-Ha), 4.52 (t, 1 H, J� 7 Hz; Pro-Ha), 4.60 (dd, 1 H, J� 6, 5 Hz; Cys-Ha),
5.38 (d, 1H, J� 2 Hz; Dha-Hb), 5.52 (d, 1 H, J� 2 Hz; Dha-Hb); 13C NMR
(90 MHz, D2O): d� 18.5�19.3 (Val-Cg), 21.8�22.7 (Leu-Cd), 24.8 (Pro-Cg),
25.7 (Leu-Cg), 26.2 (Val-Cb), 30.5 (Pro-Cb), 31.1 (Cys-Cb), 40.8 (Leu-Cb),
42.1�43.5 (2Gly-Ca), 51.5 (Pro-Cd), 52.7 (Ca), 56.8 (Ca), 60.5 (Ca), 62.0
(Ca), 110.1 (Dha-Cb), 136.1 (Dha-Ca), 167.8 (CONH), 169.8 (CONH), 172.4
(CONH), 172.8 (CONH), 174.0 (CONH), 174.5 (CONH), 175.8 (CO2H);
ES-MS: m/z : 614.3 [M�H]� , 636.4 [M�Na]� ; HR-MS [M�H]�:
C26H44N7O8S calcd 614.2972, found 614.2992; HPLC 1) (l220): 7.6 min.


Boc-Leu-Lan-Pro-Gly-Lan-Val-Gly-Wang linker-resin (4a): Boc-Leu-
Dha-Pro-Gly-Cys(Trt)-Val-Gly-Wang-resin (95 mg, 0.023 mmol, 1.0 equiv)
was shaken in 2%TFA/2 %TIS/96%CH2Cl2 (3 mL) for 15 min at room
temperature, filtered and the process repeated four more times. After five
15 min exposures the resin was washed with CH2Cl2 (2� 5 mL), DMF (2�
5 mL), CH2Cl2 (2� 5 mL), MeOH (2� 5 mL), Et2O (2� 5 mL) and dried.
The resin (95 mg, 0.023 mmol, 1.0 equiv) was swollen in DMF (1 mL).
5%NMM in DMF (5 mL) was added and the mixture shaken at room
temperature for 3 h. The resin was washed with DMF (3� 5 mL), CH2Cl2


(3� 5 mL), MeOH (3� 5 mL), Et2O (2� 5 mL) and dried. Boc-Leu-Lan-
Pro-Gly-Lan-Val-Gly-Wang-resin (50 mg, 0.25 mmol per g resin) was


treated with 95 % TFA as desribed above. The title compound was
precipitated with Et2O and isolated as a white powder (6 mg, 75 % yield);
RP-HPLC (3): 9.4 min; data as below.


H-Leu-Lan-Pro-Gly-Lan-Val-Gly-OH (4) B-ring : H-Leu-Dha-Pro-Gly-
Cys-Val-Gly-OH (10 mg, 0.016 mmol) was dissolved in water (9 mL) and
triethylammonium acetate buffer (5 mm, pH 8, 1 mL) added. Aliquots were
removed from the reaction every 30 s for 10 min and then every minute for
a further 5 min. Analysis by RP-HPLC 2) (C8 Techsphere column) showed
the reaction to be complete after 10 min. The reaction mixture was
lyophilised yielding the pure material (10 mg, 100 % yield); 1H NMR
(500 MHz, [D6]DMSO): d� 0.68 ± 0.85 (m, 12H, Leu-6Hd�Val-6Hg),
1.25 ± 1.35 (m, 2H, Leu-2Hb), 1.65 ± 1.90 (m, 1 H, Leu-Hg), 1.71 ± 1.76 (m,
1H, Pro-Hg), 1.95 ± 2.04 (m, 3H, Pro-2Hb�Val-Hb), 2.23 ± 2.27 (m, 1 H, Pro-
Hg), 2.60 (ddd, 2 H, J� 16, 6, 5 Hz; Lan-2Hb), 2.86 (dd, 1H, J� 16, 9 Hz;
Lan-Hb), 2.98 (dd, 1 H, J� 16, 9 Hz; Lan-Hb), 3.33 ± 3.48 (m, 2 H; Pro-2Hd),
3.65 ± 3.75 (m, 4H; 2Gly-2Ha), 4.10 (2d, 2H, J� 8, 7 Hz; Leu-Ha�Val-Ha),
4.55 ± 4.58 (m, 1H; Lan-Ha), 4.64 ± 4.68 (m, 1 H; Lan-Ha), 4.90 (dd, 1H, J�
8, 4 Hz; Pro-Ha), 7.58 (s, 1H, J� 7 Hz, Lan-NH), 7.86 (d, 1 H, J� 8 Hz, Val-
NH), 8.23 (t, 1 H, J� 6 Hz; Gly-NH), 8.77 (t, 1H, J� 7 Hz; Gly-NH), 8.98
(d, 1H, J� 8 Hz; Lan-NH); 13C NMR (125 MHz, [D6]DMSO): d�
18.5�19.3 (Leu-Cd), 22.3�22.5 (Val-Cg), 23.2 (Pro-Cg), 24.9 (Pro-Cb), 31.4
(Leu-Cg), 32.7 (Val-Cb), 35.8 (Leu-Cb), 40.9 (2Gly-Ca), 42.1 (Lan-Cb), 45.0
(Lan-Cb), 52.4 (Pro-Cd), 52.8 (Ca), 53.8 (Ca), 60.3 (Ca), 61.4 (Ca), 64.4 (Ca),
171.2 (CONH), 171.4 (CONH), 172.0 (CONH), 172.8 (CONH), 174.0
(CONH), 174.3 (CONH), 175.8 (CO2H); ES-MS: m/z : 614.2 [M�H]� ,
636.2 [M�Na]� ; HR-MS [M�H]�: C26H44N7O8S calcd 614.2972, found
614.3126; HPLC 1) (l220): 9.5 min.


H-Leu-[2-2H]Lan-Pro-Gly-Lan-Val-Gly-OH (4) B-ring : The above reac-
tion was repeated with a solution of H-Leu-Dha-Pro-Gly-Cys-Val-Gly-OH
(0.1 mg) in D2O (900 mL). Deuterated phosphate buffer (100 mL, 5 mm,
pD 8) was added and the reaction progress assessed (by UV) every 30 s for
10 min. The sample was then lyophilised, redissolved in water and
lyophilisation repeated twice and the sample analysed by mass spectrom-
etry. ES-MS: m/z : 615.3 [M�H]� .


Boc-Leu-Dha-Ala-OH (8): Boc-Leu-Ser-OH (3 g, 9.4 mmol) was dissolved
in freshly distilled THF (20 mL) together with Et3N (0.95 g, 9.4 mmol) and
cooled to ÿ15 oC for 15 min, under N2. Isobutylchloroformate (1.28 g,
9.4 mmol) was added and the mixture stirred at ÿ15 oC for 30 min under
N2. To this mixture, HCl ´ H-Ala-OMe (1.45 g, 14.1 mmol) in water (18 mL)
and Et3N (1.42 g, 14.1 mmol) were added rapidly in one portion. The
mixture was vigorously stirred at room temperature for 3 h. The reaction
mixture was concentrated to approx. 20 mL and the product extracted with
Et2O (3� 20 mL). The combined organic extracts were washed with water
(50 mL), brine (50 mL), dried (MgSO4), filtered and the solvent removed in
vacuo to give the crude tripeptide. Purification by column chromatography
(silica gel, hexane/EtOAc 80:20) gave the title compound as a white
crystalline solid (1.65 g, 44% yield). Rf� 0.1 (EtOAc/hexane 20:80); m.p.:
123 ± 125 oC; IR: nÄmax� 3425 (s, broad, urethane, amide, NH), 1744 (s, ester,
C�O), 1654, 1508 cmÿ1 (s, urethane, amide, C�O); 1H NMR (300 MHz,
[D6]DMSO): d� 0.97�1.00 (2d, 6H, J� 6.5, 6.5 Hz; CH(CH3)2), 1.44 (d,
3H, J� 7 Hz; CHCH3), 1.49 (s, 9H; C(CH3)3), 1.55 ± 1.62 (br m, 2H;
CH2CH(CH3)2), 1.69 ± 1.83 (br m, 1H; CH2CH(CH3)2), 3.76 (s, 3H;
CO2CH3), 3.83 (dd, 2H, J� 6 Hz; CH2OH), 4.08 ± 4.18 (m, 1 H; CHa),
4.43 ± 4.53 (m, 2 H; 2 CHa); 13C NMR (75 MHz, DEPT analysis,
[D6]DMSO): d� 17.5 (CHCH3), 21.7�23.4 (CH(CH3)2), 25.8 (CH(CH3)2),
28.6 (C(CH3)3), 41.8 (CH2(CH3)2), 49.5, 52.8, 54.7, 56.3 (CO2CH3)�(3 CHa),
63.0 (CH2OH), 80.7 (C(CH3)3), 158.1 (OCONH), 171.8, 174.4, 175.7
(2CONH)�(CO2CH3); ES-MS: m/z : 829 [2 M�Na]� , 426 [M�Na]� ; HR-
MS [M�H]� C18H34O7N3 calcd 404.2397, found 404.2412.


CuCl (0.08 g, 0.77 mmol) and EDC (0.48 g, 2.5 mmol) was added at room
temperature to a stirred solution of Boc-Leu-Ser-Ala-OMe (1 g, 2.5 mmol)
in dry MeCN (50 mL). The reaction was stirred for 3 h following which an
equal volume of EtOAc was added and the precipitated urea removed by
filtration. The organic product was washed with water (50 mL), brine
(50 mL), dried over MgSO4 and the solvent removed in vacuo. The title
compound was obtained as a pale yellow oil after column chromatography
(silica gel, hexane/EtOAc 7:3; 0.54 g, 57% yield). Rf� 0.18 (hexane/EtOAc
7:3); IR: nÄmax� 3449 (s, urethane, amide, NH), 1736 (s, ester, C�O), 1695 (s,
urethane, C�O), 1663 cmÿ1 (urethane, amide, C�O); 1H NMR (300 MHz,
CDCl3): d� 0.93�0.95 (2d, 6H, J� 6.5, 6.5 Hz; CH(CH3)2), 1.44 (s, 9H;
C(CH3)3), 1.37 ± 1.56 (m, 4H; CHCH2CH(CH3)2�CHCH3), 1.57 ± 1.69
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(br m, 2H; CHCH2CH(CH3)2), 3.78 (s, 3H; CO2CH3), 4.06 ± 4.23 (br m, 1H;
CHa), 4.61 (dq, 1H, J� 7.5, 7.5 Hz, CHa), 4.98 (d, 1H, J� 7.5 Hz,NH),
5.35�6.47 (2s, 2H; C�CH2), 6.97 (br d, 1 H, J� 9 Hz, NH), 8.61 (br s, 1H;
NH); 13C NMR (75 MHz, DEPT analysis, CDCl3): d� 18.23, 21.85, 23.14,
24.93 (CHCH3)�(CH(CH3)2)�(CH(CH3)2), 28.40 (C(CH3)3), 41.59
(CH2(CH3)2), 48.76, 52.82, 54.12 (CO2CH3)�(2 CHa), 80.38 (C(CH3)3),
102.77 (C�CH2), 133.80 (C�CH2), 155.78 (OCONH), 163.42, 171.96, 173.37
(2CONH)�(CO2CH3); ES-MS: m/z : 1178 [3M�Na]� , 793 [2M�Na]� , 408
[M�Na]� ; HR-MS [M�H]� C18H32O6N3 calcd 386.2291, found 386.2322.


Boc-Leu-Dha-l-Ala-OMe (0.39 g, 1.02 mmol) was dissolved in THF
(2 mL), 2.5m NaOH (50 mL) was added and the mixture stirred at room
temperature for 2 h. The aqueous mixture was washed with EtOAc
(100 mL) and subsequently acidified to pH 1 ± 2 (2m HCl). The precipitate
was extracted with EtOAc (2� 100 mL) and the combined organic extracts
washed with water (100 mL), brine (100 mL), dried (MgSO4) and the
solvent removed in vacuo. The title compound was obtained as a colourless
oil after purification by column chromatography (silica gel, hexane/EtOAc/
AcOH 50:50:2; 0.31 g, 82% yield). Rf� 0.26 (hexane/EtOAc/AcOH
50:50:2); IR: nÄmax� 3329 (m, urethane, amide, NH), 1719 (s, acid, C�O),
1656 (s, urethane, C�O), 1630 (s, amide, C�O), 1508 cmÿ1 (s, urethane,
amide, C�O); 1H NMR (300 MHz, CDCl3): d� 0.89�0.92 (2d, 6H, J� 6.5,
6.5 Hz, CH(CH3)2), 1.40 (s, 9 H; C(CH3)3), 1.41 (d, 3H, J� 7 Hz; CHCH3),
1.50 ± 1.70 (2m, 3H; CH2CH(CH3)2), 3.96 ± 4.12 (br m, 1 H; CHa), 4.41 (d q,
1H, J� 7, 7.5 Hz; CHa), 5.46�6.29 (2s, 2H; C�CH2), 5.76 (br d, 1 H, J�
9 Hz; NH), 7.29 (d, 1 H, J� 7 Hz; NH), 8.69 (s, 1 H; NH); 13C NMR
(75 MHz, CDCl3): d� 17.8 (CHCH3), 21.7�23.2 (CH(CH3)2), 24.9
(CH2CH(CH3)2), 28.4 (C(CH3)3), 41.8 (CH2CH(CH3)2), 48.9�53.9
(2CHa), 80.3 (C(CH3)3), 104.2 (C�CH2), 133.8 (C�CH2), 156.3 (OCONH),
163.9, 172.6, 175.8 (2CONH)�(CO2H); ES-MS: m/z : 765 [2M�Na]� , 394
[M�Na]� , 372 [M�H]� ; HR-MS [M�H]� C17H30O6N3 calcd 372.2135,
found 372.2110.


Boc-Leu-Dha-Ala-Asn-Cys(Trt)-Lys(Boc)-Ile-HMPB-linker-resin (12):
Boc-Leu-Dha-Ala-OH (8) was coupled to the H-Asn-Cys(Trt)-Lys(Boc)-
Ile-HMPB-resin (10) (0.2 g, 0.038 mmol) as described above and the
reaction followed by the ninhydrin test until negative. The peptide resin
was then filtered, washed with DMF (1� 15 mL), CH2Cl2 (4� 5 mL) and
MeOH (2� 5 mL) and dried under vacuum. MALDI-TOF (DHB matrix,
TFA cleavage in situ):m/z : 731.8 [M�H]� (H-Leu-Dha-Ala-Asn-Cys-Lys-
Ile-OH).


H-Leu-Dha-Ala-Asn-Cys-Lys-Ile-OH (2): Boc-Leu-Dha-Ala-Asn-
Cys(Trt)-Lys(Boc)-Ile-HMPB-resin (12) (0.21 g, 0.038 mmol) was shaken
in 50 % TFA/CH2Cl2 containing 5% TIS v/v for 10 min. The resin was
filtered through a glass wool plug, the solvent was removed in vacuo and
the residue redissolved in the minimum amount of methanol (0.5 mL). The
peptide was precipitated into cold ether (10 mL) and isolated by
centrifugation. The supernatant was discarded and the pellet resuspended
in ether (10 mL), again pelleted by centrifugation and dried (N2) (20.5 mg,
73% yield). ES-MS: m/z : 730.7 [M�H]� , 366.1 [M� 2H]� ; HR-MS
[M�H]� C31H56O9N9S calcd 730.3922, found 730.3888.


H-Leu-Lan-Ala-Asn-Lan-Lys-Ile-OH (E-ring) (5): H-Leu-Dha-Ala-Asn-
Cys-Lys-Ile-OH (1 mg, 0.0014 mol) was cyclised as previously described.
RP-HPLC 1): One major product observed, cyclic 7-mer (E-ring); ES-MS:
m/z : 730.4 [M�H]� , 366.1 [M� 2H]2� (cyclic 7-mer); HR-MS [M�H]�


C31H56O9N9S calcd 730.3922, found 730.3932; 1H NMR (500 MHz,
H2O�one drop D2O): d� (residue, NH, aH, bH, others, JNH,CHa), Leu1


4.13, 1.73, 1.73 gH: 1.66 dCH3: 0.95, 0.95; Lan2 9.49, 5.15, 3.00, 3.00, J�
8.5 Hz; Ala3 8.60, 4.25, 1.46, J <2 Hz; Asn4 8.68, 5.06, 2.98, 2.62 gNH2: 7.61,
6.93, J� 9.3 Hz; Lan5 7.50, 4.11, 3.62, 2.83, J� 5.3 Hz; Lys6 8.49, 4.42 1.88,
1.88 gCH2: 1.45, 1.45 dCH2: 1.82, 1.82, eCH2: 3.04, 3.04, J� 7.5 Hz; Ile7 8.13,
4.27 1.94 gCH2: 1.45, 1.25, gCH3: 0.90, dCH3: 0.87, J� 8.1 Hz.


H-Leu-Lan-Ala-Asn-Lan-Lys-Ile-OHÐcyclisation in deuterated buffer :
ES-MS: m/z : 731.4 [M�H]� (deuterated cyclic 7-mer).


Boc-Lys(Boc)-Cys(Me)-Glu-(OtBu)-Cys(Me)-Leu-OMe (17): Boc-Lys-
(Boc)-Cys(Me)-OH (2.3 g, 1.1 equiv), HOBt (882 mg, 1.2 equiv), EDC
(1.03 g, 1.2 equiv) and NEM (1.04 g, 1.1 mL, 2 equiv) were dissolved in
CH2Cl2 (150 mL). H-Glu(OtBu)-Cys(Me)-Leu-OMe (2.0 g, 4.5 mmol,
1.0 equiv) was dissolved in CH2Cl2 (20 mL) and added to the reaction
mixture. The reaction was stirred at room temperature overnight. The
reaction mixture was diluted with CH2Cl2 (150 mL) and washed with sat.
NaHCO3 (250 mL), 5 % citric acid (250 mL), sat. NaHCO3 (250 mL), water


(250 mL) and brine (250 mL). The organics were dried (MgSO4), filtered
and the filtrate concentrated in vacuo to give a pale yellow foam.
Purification by column chromatography on silica gel (eluting with EtOAc/
hexane 1:1) produced the desired compound as a white solid (3.0 g, 75%
yield). Rf� 0.16 (EtOAc/hexane 1:1); IR: nÄmax� 3271 (m), 2973 (w), 2932
(w), 1714 (m, ester, C�O), 1689 (m, urethane, C�O), 1634 (s, amide, C�O),
1515 (m), 1391 (w), 1365 (w), 1245 (m), 1154 (s); m.p.: 132 ± 135 8C;
1H NMR (400 MHz, [D6]DMSO): d� 0.85 (2d, 6H, J� 6, 6 Hz; Leu-6Hd),
1.25 ± 1.30 (m, 2H; Lys-2Hb), 1.40 (s, 27H; 3C(CH3)3), 1.45 ± 1.55 (m, 7H;
Leu-Hg�Leu-2Hb�Lys-2Hg�Lys-2Hd), 1.70 ± 1.73 (m, 1 H; Glu-Hb), 1.80 ±
1.85 (m, 1H; Glu-Hb), 2.05 (2 s, 6 H; 2Cys-CH3), 2.15 (t, 2 H, J� 8 Hz; Glu-
2Hg), 2.60 (ABX, 2H, J� 14, 7 Hz; 2Cys-Hb), 2.75 (ABX, 2 H, J� 14, 6 Hz;
2Cys-Hb), 2.90 ± 2.98 (m, 2H; Lys-2He), 3.60 (s, 3H; CO2CH3), 3.90 ± 3.96
(m, 1 H; Lys-Ha), 4.25 ± 4.30 (m, 2 H; Leu-Ha�Glu-Ha), 4.50 (ABX, 2H,
J� 7, 6 Hz; 2Cys-Ha), 6.70 (br t, 1 H, J� 7 Hz; OCONH), 6.90 (d, 1H, J�
7 Hz; Lys-CONH), 7.90 (d, 1H, J� 6 Hz; Cys-CONH), 8.05 (d, 1H, J�
7 Hz; Cys-CONH), 8.20 (d, 1H, J� 8 Hz; Glu-CONH), 8.40 (d, 1H, J�
7 Hz; Leu-CONH); 13C NMR (75.5 MHz, [D6]DMSO): d� 15.8 (Cys-
CH3), 15.9 (Cys-CH3), 21.6�21.8 (Leu-Cd), 23.1 (Lys-Cg), 24.8 (Leu-Cg),
28.2�28.6�28.7 (3C(CH3)3), 29.1 (Lys-Cb), 29.8 (Glu-Cb), 30.5 (Lys-Cd),
31.4 (Glu-Cg), 38.8 (Cys-Cb), 40.9 (Cys-Cb), 48.0 (Lys-Ce), 50.6 (Ca), 51.8
(Ca), 52.3 (Ca), 52.6 (Ca), 68.3 (CO2CH3), 77.7�78.3�80.8 (3C(CH3)3),
155.7 (2OCONH), 169.4 (CONH), 170.1 (CONH), 170.7 (CONH), 171.4
(CONH), 171.7 (CO2CH3), 173.0 (CO2tBu); ES-MS: m/z : 893.4 [M�H]� ,
915.4 [M�Na]� .


Boc-Lys(Boc)-Cys((O)Me)-Glu-(OtBu)-Cys((O)Me)-Leu-OMe (20): So-
dium metaperiodate (265 mg, 2.2 equiv) was dissolved in water (10 mL)
and cooled on an ice bath. Boc-Lys(Boc)-Cys(Me)-Glu-(OtBu)-Cys(Me)-
Leu-OMe (500 mg, 0.56 mmol, 1.0 equiv) was dissolved in dioxane (20 mL)
and added dropwise to the oxidant. The reaction was stirred on ice for 1 h
and at 40 8C for 4 h. The reaction mixture was concentrated to ca. 10 mL,
water (20 mL) added and the product extracted into CH2Cl2 (2� 30 mL).
The combined organic phases were washed with water (50 mL), brine
(50 mL), dried (MgSO4) and concentrated in vacuo to give a colourless
glass (510 mg, 99 % yield). Rf� 0.53 (10 % MeOH/CH2Cl2); IR: nÄmax� 3286
(m), 2962 (w), 2933 (w), 1733 (m, ester, C�O), 1684 (m, urethane, C�O),
1638 (s, amide, C�O), 1514 (s), 1453 (w): 1366 (w), 1248 (w), 1158 (s),
1018 cmÿ1 (w); 1H NMR (400 MHz, [D6]DMSO): d� 0.90 (d�m, 6 H, J�
7 Hz; Leu-6Hd), 1.17 ± 1.28 (m, 2 H, Lys-2Hg), 1.42 (3s, 27H; 3C(CH3)3),
1.52 ± 1.64 (m, 7H; Leu-Hg�Leu-2Hb�Lys-2Hb�Lys-2Hd), 1.84 ± 1.93 (m,
2H; Glu-2Hb), 2.22 ± 2.27 (m, 2H; Glu-2Hg), 2.61 (2s, 6 H; 2Cys-(O)CH3),
2.94 (dd, 2H, J� 8, 7 Hz; Lys-2He), 3.14 ± 3.35 (m, 4H; 2 Cys-2Hb),
3.62�3.67 (2 s, 3 H; CO2CH3), 3.98 ± 4.03 (m, 1 H; Lys-Ha), 4.33 ± 4.46 (m,
2H; Leu-Ha�Glu-Ha), 4.71 ± 4.78 (m, 2 H; 2 Cys-Ha), 6.75 (br s, 1H;
OCONH), 6.90 ± 6.96(m, 1H; Lys-CONH), 8.21 ± 8.27 (m, 3 H; 3CONH);
13C NMR (75.5 MHz, CDCl3): d� 21.3�21.4 (Leu-Cd , 22.8 (Lys-Cg), 24.2
(Leu-Cg), 26.9 (Lys-Cb), 27.8�28.3�28.4 (3C(CH3)3), 29.3 (Glu-Cb), 30.9
(Lys-Cd), 31.4 (Glu-Cg), 46.1�47.6 (2Cys-(O)CH3), 48.0 (Lys-Ce), 50.6 (Ca),
52.2 (Ca), 52.4 (Ca), 54.5 (Ca), 55.0 (CO2CH3), 55.4�55.5 (2Cys-Cb), 55.9
(Ca), 77.4�78.3�79.7 (3C(CH3)3), 155.7 (2OCONH), 169.4 (CONH), 169.9
(CONH), 170.0 (CONH), 170.9 (CONH), 171.7 (CO2CH3), 172.6 (CO2-
tBu); ES-MS: m/z : 925.4 [M�H]� , 947.4 [M�Na]� ; HR-MS: [M�H]�


C40H73N6O14S2 calcd 925.4626 found 925.4709.


Boc-Lys(Boc)-Dha-Glu(OtBu)-Dha-Leu-OH (21): Boc-Lys(Boc)-Cys-
((O)Me)-Glu(OtBu)-Cys((O)Me)-Leu-OMe (475 mg, 0.51 mmol,
1.0 equiv) was dissolved in MeOH (22.5 mL) and cooled on an ice-salt
bath. 1m NaOH (103 mg, 2.5 mL, 5 equiv) was added dropwise and the
reaction allowed to warm to room temperature over 1.5 h. The reaction
mixture was concentrated in vacuo to ca. 3 mL and acidified to pH 4 with
2m KHSO4. The product was extracted into CH2Cl2 (3� 40 mL) and
washed with water (100 mL), brine (100 mL), dried (MgSO4) and
concentrated in vacuo to give a colourless foam (370 mg, 93 % yield).
Rf� 0.29 (MeOH/EtOAc 1:9); IR: nÄmax� 3302 (m), 2962 (w), 2934 (w),
1681 (s, urethane, C�O), 1652 (s, amide, C�O), 1630 (s, acid, C�O), 1504
(s), 1392 (w), 1367 (w), 1249 (w), 1161 (s), 1120 (w), 1020 cmÿ1 (w); 1H NMR
(400 MHz, [D6]DMSO): d� 0.91 (2d, 6 H, J� 6, 6 Hz; Leu-6Hd), 1.17 ± 1.26
(m, 2 H; Lys-2Hg), 1.42 (br s, 27H; 3C(CH3)3), 1.52 ± 1.64 (m, 7 H; Leu-
Hg�Leu-2Hb�Lys-2Hb�Lys-2Hd), 1.92 ± 2.03 (2m, 2H; Glu-2Hb),
2.21 ± 2.28 (m, 2H; Glu-2Hg), 2.88 ± 2.93 (m, 2 H; Lys-2He), 3.98 ± 4.02 (m,
1H; Lys-Ha), 4.34 ± 4.37 (m, 1H; Leu-Ha), 4.42 ± 4.45 (m, 1H; Glu-Ha), 5.61
(2s, 2H; Dha-Hb), 6.20 (br s, 2 H; Dha-Hb), 6.83 (br t, 1 H, J� 6 Hz;
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OCONH), 7.31 (br d, 1H, J� 7 Hz; Lys-CONH), 8.45 (br d, 1H, J� 7 Hz;
Glu-CONH), 8.62 (br d, 1 H, J� 8 Hz; Leu-CONH), 9.05�9.10 (2 s, 2H;
2Dha-CONH); 13C NMR (75.5 MHz, [D6]DMSO): d� 21.3 (Leu-Cd), 23.0
(Lys-Cg), 24.6 (Leu-Cg), 26.5 (Lys-Cb), 27.9�28.3�28.4 (3C(CH3)3), 29.3
(Glu-Cb), 30.9 (Lys-Cd), 31.7 (Glu-Cg), 40.6 (Leu-Cb), 48.7 (Lys-Ce), 51.1
(Ca), 53.8 (Ca), 55.5 (Ca), 77.5�78.6�79.9 (3C(CH3)3), 103.5 (2 Dha-Cb),
134.6 (2Dha-Ca), 155.7 (OCONH), 163.8 (CONH), 164.3 (CONH), 170.5
(CONH), 171.7 (CONH), 171.9 (CO2tBu), 173.8 (CO2H); ES-MS: m/z :
683.3 [(MÿBoc)�H]� , 783.3 [M�H]� ; HR-MS: [M�H]� C37H63N6O12


calcd 783.4504, found 783.4559.


Boc-Lys(Boc)-Dha-Glu(OtBu)-Dha-Leu-Cys(Trt)-Ala-OtBu (22): Boc-
Lys(Boc)-Dha-Glu(OtBu)-Dha-Leu-OH (21) (370 mg, 0.47 mmol,
1.0 equiv) and H-Cys(Trt)-Ala-OtBu (230 mg, 1.0 equiv) were dissolved
in CH2Cl2 (15 mL) and cooled on an ice-salt bath under an inert
atmosphere. HOBt (80 mg, 1.1 equiv) was added followed by EDC
(110 mg, 1.2 equiv). The reaction was allowed to warm to room temper-
ature over 3 h. The reaction mixture was diluted with CH2Cl2 (50 mL) and
washed with sat. NaHCO3 (50 mL), 10% citric acid (50 mL), sat. NaHCO3


(50 mL), water (50 mL), brine (50 mL), dried (MgSO4), and concentrated
in vacuo yielding a yellow foam. Purification by column chromatography
on silica gel (MeOH/CH2Cl2 3:97) followed by crystallisation with EtOAc/
hexane gave the title compound as a colourless foam (423 mg, 72 % yield).
Rf� 0.22 (EtOAc/hexane 1:2); 1H NMR (360 MHz, [D6]DMSO): d� 0.95
(2d, 6H, J� 7, 7 Hz; Leu-6Hd), 1.30 (d, 3 H, J� 7 Hz; Ala-3Hb), 1.34 ± 1.45
(m, 38H; 4 C(CH3)3�Lys-2Hb), 1.60 ± 1.75 (m, 7H; Leu-Hg�Leu-2Hb�Lys-
2Hg�Lys-2Hd), 1.98 ± 2.10 (m, 2 H; Glu-2Hb), 2.30 ± 2.35 (m, 2 H; Glu-2Hg),
2.42 (ABX, 1 H, J� 14, 8 Hz; Cys-Hb), 2.53 (ABX, 1 H, J� 14, 7 Hz; Cys-
Hb), 3.02 ± 3.09 (m, 2 H; Lys-2He), 4.00 ± 4.04 (m, 1H; Lys-Ha), 4.14 (d q,
1H, J� 7, 7 Hz; Ala-Ha), 4.45 ± 4.49 (dd�m, 3H, J� 8, 7 Hz; Cys-Ha�Leu-
Ha�Glu-Ha), 5.68 (s, 1 H; Dha-Hb), 5.73 (s, 1H; Dha-Hb), 6.20 (s, 1H; Dha-
Hb), 6.30 (s, 1H; Dha-Hb), 6.80 (br t, 1 H, J� 7 Hz; Lyse-OCONH), 7.32 ±
7.45 (m, 15 H; Trt-H), 8.15 (d, 1H, J� 9 Hz; CONH), 8.17 (d, 1H, J� 7 Hz;
CONH), 8.53 (d, 1H, J� 8 Hz; CONH), 8.68 (d, 1 H, J� 7 Hz; CONH),
9.70 (d, 1 H, J� 7 Hz; CONH), 9.18 (s, 1 H; Dha-CONH), 9.25 (s, 1 H; Dha-
CONH); 13C NMR (75.5 MHz, CDCl3): d� 18.1 (Ala-Cb), 21.9�22.5 (Leu-
Cd), 23.0 (Lys-Cb), 24.8 (Leu-Cg), 26.5 (Lys-Cg), 27.3 (Glu-Cb), 27.9
(C(CH3)3), 28.1 (C(CH3)3), 28.3 (C(CH3)3), 28.5 (C(CH3)3), 29.7 (Lys-Cd),
31.8 (Glu-Cg), 33.3 (Cys-Cb), 41.1 (Leu-Cb), 49.0 (Lys-Ce), 52.5 (Ca), 54.8
(Ca), 55.2 (Ca), 7.6 (Ca), 57.7 (Ca), 67.1 (C-Ph3), 79.2 (C(CH3)3), 80.4
(C(CH3)3), 81.4 (C(CH3)3), 81.8 (C(CH3)3), 106.3�107.3 (Dha-Cb), 126.8
(para-C(Trt)), 128.0 (ortho-C(Trt)), 129.6 (meta C-(Trt)), 134.0 (Dha-Ca),
134.7 (Dha-Ca), 144.5 (ipso-C (Trt)), 156.2 (OCONH), 156.3 (OCONH),
163.8 (CONH), 164.4 (CONH), 169.1 (CONH), 170.4 (CONH), 171.5


(CONH), 171.7 (CONH), 173.1 (2CO2tBu); ES-MS: m/z : 1255.6 [M�H]� ,
1277.6 [M�Na]� .


H-Lys-Dha-Glu-Dha-Leu-Cys-Ala-OH (3): Boc-Lys(Boc)-Dha-Glu-
(OtBu)-Dha-Leu-Cys(Trt)-Ala-OtBu (22) (250 mg, 0.2 mmol) was dis-
solved in CH2Cl2 (9.6 mL) and TFA (10 mL) added to give a bright yellow
solution. TIS (0.4 mL) was added dropwise, removing the yellow colour.
The reaction was stirred at room temperature for 1 h. The reaction mixture
was concentrated to ca. 1 mL and Et2O (40 mL) added. The resulting
precipitate was collected by centrifugation, washed with Et2O (3� 40 mL)
and dried (135 mg, 96% yield). Rf� 0.25 (CH2Cl2/MeOH/AcOH/H2O
40:18:3:2); 1H NMR (360 MHz, [D6]DMSO): d� 0.94 (2d, 6H, J� 6, 6 Hz;
Leu-6Hd), 1.22 (d, 3H, J� 8 Hz; Ala-3Hb), 1.33 ± 1.75 (m, 9 H; Leu-
Hg�Leu-2Hb�Lys-2Hb�Lys-2Hg�Lys-2Hd), 1.98 ± 2.05 (m, 2 H; Glu-2Hb),
2.40 ± 2.65 (m, 2H; Glu-2Hg), 2.83 (m, 3 H; Lys-2He�Cys-Hb), 2.90 (ABX,
1H, J� 14, 6 Hz; Cys-Hb), 3.55 ± 3.59 (m, 1H; Ha), 3.96 (s, 1H; Ha), 4.28 (t,
1H, J� 6 Hz; Ha), 4.34 (dd, 1H, J� 8, 4 Hz; Ha), 4.47 (dd, 1H, J� 6, 4 Hz;
Ha), 5.67 (s, 1H; Dha-Hb), 5.83 (s, 1 H; Dha-Hb), 6.02 (s, 1 H; Dha-Hb), 6.28
(s, 1 H; Dha-Hb); ES-MS: m/z : 701.2 [M�H]� ; HR-MS [M�H]�:
C29H48N8O10S calcd 701.3214, found 701.3480; HPLC 1) (l220): 8.6 min.


A-ring cyclisation of (3): H-Lys-Dha-Glu-Dha-Leu-Cys-Ala-OH (25 mg,
0.036 mmol) was dissolved in H2O (22.5 mL) and pH 8.0 triethylammo-
nium acetate buffer (50 mm, 2.5 mL) added. Small aliquots (100 mL) were
removed every 30 s for 10 min then at 20 and 30 min, quenched with 2%
TFA in water (20 mL). The reaction was complete within 10 min and was
lyophilised. The peptides were purified by HPLC 3) (13 mg, 52% (major),
4 mg, 16% (minor)).


Major isomer H-Lys-Lan-Glu-Dha-Leu-Lan-Ala-OH (A-ring) (6 a):
1H NMR (500 MHz, [D6]DMSO): d� 0.84�0.88 (2d, J� 6, 6 Hz; Leu-
6Hd), 1.23 (d, J� 8 Hz; Ala-3Hb), 1.30 ± 1.39 (m, Lys-2Hg), 1.48 ± 1.53 (m,
Lys-2Hd), 1.60 ± 1.64 (m, Leu-2Hb�Leu-Hg), 1.67 ± 1.70 (m, Lys-2Hb�Glu-
Hb), 2.07 ± 2.11 (m, Glu-Hb), 2.18 ± 2.29 (m, Glu-2Hg), 2.71 ± 2.74 (m, Lys-
2He), 2.80 (dd, J� 15, 6 Hz; Lan-Hb), 2.87 (d, J� 10 Hz; Lan-Hb), 2.98 (dd,
J� 10, 6 Hz; Lan-Hb), 3.03 (dd, J� 15, 5 Hz; Lan-Hb), 3.79 ± 3.83 (m, Lys-
Ha), 4.20 (dq; J� 8, 7 Hz; Ala-Ha), 4.22 ± 4.28 (m, Leu-Ha), 4.30 ± 4.41 (m,
Lan-Ha�Glu-Ha), 4.48 ± 4.50 (m, Lan-Ha), 5.50 (s, Dha-Hb), 6.03 (s, Dha-
Hb), 7.58 ± 7.80 (br s, Lys-NH3


�), 7.88 (d, J� 7 Hz; Lan2-NH), 8.05 (d, J�
8 Hz; Ala-NH), 8.05 ± 8.20 (br s, Lys-NH3


�), 8.51 (s, Dha-NH), 8.74 (d, J�
6 Hz; Lan-NH), 8.77 (d, J� 7 Hz; Leu-NH), 8.50 (d, J� 8 Hz; Glu-NH);
ES-MS: m/z : 700.8 [M�H]� , 723.3 [M�Na]� ; HPLC 1) (l220): 11.0 min.


Minor product H-Lys-Lan-Glu-Dha-Leu-Lan-Ala-OH (A-ring isomer)
(6b): 1H NMR (500 MHz, [D6]DMSO): d� 0.85�0.89 (2d, J� 6, 6 Hz;
Leu-6Hd), 1.23 (d, J� 8 Hz; Ala-3Hb), 1.33 ± 1.38 (m, Lys-2Hg), 1.50 ± 1.65


Table 2. NOEs found for the major product of cyclisation.[a]


Lys Lan1 Glu Dha Leu Lan2 Ala
a b N a b N a b g N b b' N a b N a b N a b


Lys a s s
b s m


Lan1 N s m m s
a m s s
b s s m w


Glu N s m w m m m
a w s m m
b m s
g m m w


Dha N w m m w w w w w
b w s m w w
b' w s s w w


Leu N w m s m s m
a w w m s s
b w w s s w
N m s w m m m


Lan2 a m s w
b w m s w


Ala N m w w w m
a w s
b m s


[a] NOEs are given as strong (s), medium (m) or weak (w).







FULL PAPER M. Bradley et al.


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000 0947-6539/00/0608-1466 $ 17.50+.50/0 Chem. Eur. J. 2000, 6, No. 81466


(m, Lys-2Hd�Leu-Hg�Leu-2Hb�Lys-2Hb), 1.84 ± 1.89 (m, Glu-Hb), 2.15 ±
2.33 (m, Glu-Hb�Glu-2Hg), 2.68 ± 2.80 (m, Lys-2He�Lan1-Hb�Lan-Hb),
2.98 (dd, J� 14, 6 Hz; Lan-Hb), 3.08 (dd, J� 15, 5 Hz; Lan-Hb), 3.81 ± 3.84
(m, Lys-Ha), 4.12 ± 4.19 (m, Glu-Ha�Ala-Ha), 4.39 ± 4.44 (m, Leu-Ha),
4.49 ± 4.54 (m, Lan-Ha�Lan-Ha), 5.52 (s, Dha-Hb), 6.00 (s, Dha-Hb), 7.58 ±
7.80 (br s, Lys-NH3


�), 7.98 (d, J� 7 Hz; Lan-NH), 8.12 ± 8.20 (br s�d, J�
8 Hz; Lys-NH3


��Ala-NH), 8.44 (d, J� 7 Hz; Leu-NH), 8.51 (d, J� 8 Hz;
Glu-NH), 8.68 (s, Dha-NH), 8.65 (d, J� 6 Hz; Lan-NH); ES-MS: m/z :
700.8 [M�H]� , 723.3 [M�Na]� ; HPLC 1) (lmax): 11.3 min.
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Table 3. NOEs observed for the minor product of cyclisation.[a]


Lys Lan Glu Dha Leu Lan Ala
a b g N a b N a b g N b b' N a b N a b N a b


Lys a s m s
b s m
g m w


Lan N s m w m m m
a m s s w
b m s s w w w


Glu N m s s s m w m
a s s m m
b m s w
g w m


Dha N w w m m w w w m w
b w s m w w
b' w s s w w


Leu N w m m s m s m
a w w m m
b w w s w


Lan N w w m m w m m m
a m s s
b m s m


Ala N m s m w s
a w s
b s s


[a] NOEs are given as strong (s), medium (m) or weak (w).








Ring Opening of 1-Methylcyclopropene and Cyclopropene: Matrix Infrared
Spectroscopic Identification of 2-Butene-1,3-diyl and Propene-1,3-diyl


Günther Maier,* Christian Lautz, and Stefan Senger[a]


Abstract: Triplet 2-butene-1,3-diyl (T-11) was generated on irradiation of 1-meth-
ylcyclopropene (10) in a bromine-doped xenon matrix and was characterized by
means of IR spectroscopy for the first time. Experimental results suggest that triplet
propene-1,3-diyl (T-3) is formed from cyclopropene (1) under similar conditions. In
accordance with theoretical calculations, the experimental data indicate that the
reactions 1!3 and 10!11 are the lowest energy ground-state pathways for the ring
opening of 1 and 10, respectively.


Keywords: cyclopropenes ´ IR spec-
troscopy ´ matrix isolation ´ photo-
chemistry ´ ring opening


Introduction


The matrix isolation technique[1] is ideally suited for the
generation and spectroscopic characterization of highly
reactive molecules. We especially use this technique to study
reactive intermediates that play a pivotal role in chemical
reactions. By doing this, we hope to gain a better under-
standing of the underlying reaction mechanisms.


In the last few years, we have investigated several ring-
opening reactions of cyclic hydrocarbons.[2±7] Only recently,
we reported on our attempts to detect the IR spectrum of the
diradical tetramethyleneethane (2,3-dimethylenebutane-1,4-
diyl), the primary ring-opening product of 1,2-dimethylene-
cyclobutane.[7] Irradiations in halogen-doped xenon matri-
cesÐa new method for the generation of reactive species
which has been developed by us[2±8]Ðproved to be particularly
useful for the formation of intermediates with triplet ground
states. For example, we were able to use IR spectroscopy to
characterize the diradicals trimethylenemethane[2] and
4-methylene-2-pentene-1,5-diyl[5] (an intermediate in the
2-vinylmethylenecyclopropane/3-methylenecyclopentene re-
arrangement), which we generated on irradiation of methyl-


enecyclopropane and 2-vinylmethylenecyclopropane, respec-
tively, in bromine-doped xenon matrices.


The experimental study of the ring opening of cyclopropene
(1) represents a special challenge. Neither of the two
conceivable primary products of a C1ÿC3 bond cleavage,
methylvinylidene (2) and propene-1,3-diyl (3) (Scheme 1),


Scheme 1. Thermal isomerization of cyclopropene (1) to propyne (4) and
allene (5). [The numbers in bold italic typeface are the barriers (kcal molÿ1)
for the ring opening of 1; these were calculated with B3-LYP/6 ± 31G(d).]


have been detected spectroscopically.[9] In the course of our
studies of the photochemically induced ring opening of
cyclopropane in halogen-doped xenon matrices, we have
already examined the behaviour of cyclopropene (1) under
similar conditions.[3] Irradiation of 1 in argon matrices,
undoped xenon, and bromine-doped xenon matrices showed
that the matrix material has a significant influence on the
observed product distribution and the photolysis rate. How-
ever, it was not possible in our previous experiments to gain
any spectroscopic information about a reactive intermediate


[a] Prof. Dr. G. Maier, Dipl.-Chem. C. Lautz, Dr. S. Senger
Institut für Organische Chemie
Justus-Liebig-Universität Giessen
Heinrich-Buff-Ring 58, D-35392 Giessen, Germany
Fax: (49) 641-99-34309


Supporting information for this article is available on the WWW under
http://www.wiley-vch.de/home/chemistry/ or from the author. It con-
tains a) the calculated structures of 1, 2, 8, 9, 10, T-12 t, and T-12c, and
the transition structures of the ring-opening reactions 1!2, 1!3,
10!8, 10!9, 10!11 and 10!12, b) the calculated IR spectra of 2, 8,
9, T-12c and T-12 t and c) the calculated energies of the structures
mentioned under a) and those depicted in Figure 3.
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in the isomerization of 1 to propyne (4) and allene (5) (cf.
Scheme 1).


Ab initio studies of Yoshimine et al.[12] suggest that 2 is not a
stable intermediate on the C3H4 potential-energy surface. The
hydrogen migration coupled with linearization of the carbon
skeleton, which leads to the formation of 4, requires
essentially no energy. The situation is different for dimethyl-
vinylidene (9), the analogue of 2 in the the ring-opening
reaction of 1-methylcyclopropene (10 ; Scheme 2). In the


Scheme 2. Ring-opening reactions of 1-methylcyclopropene (10). [The
numbers in bold italic typeface are the barriers (kcal molÿ1) for the primary
reaction step, calculated with B3-LYP/6 ± 31G(d)].


isomerization of 9 to 2-butyne (7) the migration of a methyl
group is required, for which a theoretical barrier (B3-LYP/6 ±
31G(d)) of approximately 11.1 kcal molÿ1 was predicted.[13]


Therefore, 9 should be a stable intermediate on the C4H6


potential-energy surface, and spectroscopic characterization
of 9 should, in principle, be possible. Since we could not find
any matrix isolation studies of 1-methylcyclopropene (10) in
the literature, we decided to study the behaviour of matrix-
isolated 10 experimentally. Additionally, we repeated our
previous experiments with 1 in order to make a direct
comparison with the experimental data obtained for 10. In
both cases we focussed on the IR-spectroscopic detection of
the primary ring-opening products of the cyclopropenes.


Since the experimental results are more convincing in the
case of 10 than they are for the parent cyclopropene (1), we
begin the discussion with the methylated derivative 10.


Results


Matrix experiments


1-Methylcyclopropene (10): Substrate 10 was exposed to light
of different wavelengths in undoped as well as bromine-doped
argon and xenon matrices at 10 K. On irradiation at 313 nm,
10 was photostable except in a bromine-doped xenon matrix
(ratio 10/Br2/Xe� 7:2.5:1000), in which it isomerized to a
mixture of 1,3-butadiene (13) and methylallene (14) (Scheme 2).


On irradiation at 254 nm (or at 248 nm with a KrF excimer
laser), 10 was again photostable in doped or undoped argon
matrices. However, in undoped or bromine-doped xenon
matrices, isomerization of 10 to compounds 13 and 14 was
again observed. In addition to the absorptions belonging to 13
and 14, we also located some product bands in the bromine-
doped xenon matrix that we could not readily assign. On
subsequent irradiation at 313 or 366 nm, the intensities of six
of these unassigned absorptions decreased rapidly. These
absorptions were positioned at 767.1 (s), 874.6 (m), 1354.4
(vw), 1402.8 (w), 1421.5 (m) and 1454.6 (m) cmÿ1. As the
discussion in the next section will show, these bands can be
assigned to T-11. The difference spectrum of the secondary
photolysis at 366 nm is depicted in Figure 1. The products of
the secondary photolyis are exclusively hydrocarbons with the
elemental composition C4H6, namely 10, 13 and 14. There was
a large variation in the relative intensities of the product
absorptions in our experimental IR spectra, so that it was not
possible to determine a reliable product ratio 10 :13 :14.


Cyclopropene (1): In undoped argon and xenon matrices, 1
was photostable on irradiation at 313 nm. On the other hand,
isomerization occurred when 1 was exposed to light of the
same wavelength in a xenon matrix additionally doped with
bromine (ratio 1/Br2/Xe� 1:1:1000). We identified allene (5)
as the sole product; propyne (4) could not be detected.


Irradiation of 1 at 254 nm in undoped argon and xenon
matrices induced a photorearrangement which led to 4 and 5.
The observed reaction rate showed a strong dependence on
the matrix material. Whereas in a xenon matrix approximate-
ly 50 % of substrate 1 had reacted after an exposure time of


Abstract in German: Triplett-2-Buten-1,3-diyl (T-11) konnte
in einer mit Brom dotierten Xenon-Matrix durch die Belich-
tung von 1-Methylcyclopropen (10) erzeugt und zum ersten
Mal infrarotspektroskopisch nachgewiesen werden. Die expe-
rimentellen Ergebnisse lassen weiterhin vermuten, daû unter
den gleichen Bedingungen Triplett-Propen-1,3-diyl (T-3) aus
Cyclopropen (1) entsteht. In Übereinstimmung mit theoreti-
schen Berechnungen lassen die experimentellen Ergebnisse den
Schluû zu, daû die Reaktionen 1!3 und 10!11 die ener-
getisch günstigsten Reaktionspfade der Ringöffnung von 1
bzw. 10 darstellen.
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Figure 1. Comparison of the experimental (bottom) and calculated (UB3-
LYP/6 ± 31G(d)) IR spectra of the cis (T-11 c, top) and trans isomer (T-11 t,
middle) of triplet 2-butene-1,3-diyl (T-11). The experimental spectrum
(bromine-doped xenon matrix, 10 K) is a difference spectrum [irradiation
at 366 nm, when matrix-isolated 10 has initially been exposed to the light of
a KrF excimer laser (l� 248 nm)]. The bands with positive values are
diminished, while those with negative values are enhanced upon 366 nm
irradiation (#� 833.8 cmÿ1, *� 994.2 cmÿ1, see text).


24 h, only 10 % of 1 rearranged within the same period of time
in an argon matrix.


A dramatic change in the product ratio was observed if the
xenon matrix was additionally doped with bromine. On
irradiation of 1 in a bromine-doped xenon matrix at 254 nm,
the main product was 5 (Figure 2b). Propyne (4), which was


Figure 2. IR difference spectra (750 ± 850 cmÿ1) of the 254 nm photolysis
of cyclopropene (1) in a) an undoped xenon matrix and b) a bromine-
doped xenon matrix. The bands with positive values are enhanced, while
those with negative values are diminished upon irradiation. The absorption
marked with # is due to the formation of the allyl radical.


an additional product in the undoped xenon matrix, was only
formed in minor amounts. Apart from this significant change
in the product ratio, we observed a further effect of the
presence of bromine in the xenon matrix. In the IR spectrum,
which we detected after irradiating 1 in a bromine-doped
xenon matrix (ratio 1/Br2/Xe� 6:2:1000) at 254 nm, we
observed a small absorption at 786.6 cmÿ1, which we could
not readily assign. As the discussion in the next section will
show, this band can be tentatively assigned to T-3. This
absorption was absent in the experiments in undoped xenon
matrices (Figure 2a). A secondary photolysis at 366 nm led to
a rapid decrease of the intensity of the new absorption.
Because the absorption at 786.6 cmÿ1 had only a very low
intensity, we were not able to identify the products of the
secondary photolysis. The use of a KrF excimer laser (l�
248 nm) instead of a low-pressure mercury lamp (l� 254 nm)
did not lead to an increase in the intensity of this absorption.


IR spectra


If not otherwise noted, we performed geometry optimizations
and frequency calculations with the hybrid DFT method B3-
LYP and the basis set 6 ± 31G(d). Our previous studies have
shown that this combination yields accurate theoretical IR
spectra (for examples see below).[5, 7] All calculated B3-LYP/
6 ± 31G(d) relative energies were corrected by the zero-point
vibrational energies at the same level of theory.


Spectra originating from irradiation of 1-methylcyclopropene
(10): In Scheme 2, the four conceivable primary products of
the ring opening of 10 and the corresponding final reaction
products are shown. On the basis of results of extensive
theoretical[12, 13] and experimental[14±16] studies, we propose
that the alkynes are generated via vinylidene intermediates.


In our matrix experiments, we detected 1,3-butadiene (13)
and methylallene (14) as reaction products of 10. As can be
seen in Scheme 2, the only intermediate which can account for
the simultaneous formation of 13 and 14 is 2-butene-1,3-diyl
(11). A hydrogen migration from the methyl group to the
adjacent carbon atom in 11 leads to 13, whereas 14 is the
product of the analogous hydrogen shift from the methyne
group to the carbenic center. Therefore, it is very reasonable
to assume that the unassigned experimental absorptions are
due to the presence of 11 in the matrix.


Hutton, Manion, Roth and Wasserman[10] have shown by
ESR spectroscopy that propene-1,3-diyl (3) has a triplet
ground state. Yoshimine et al.[17] calculated (MRCI*(DZP))
that the lowest singlet state of 3 (1A') should be approximately
14 kcal molÿ1 higher in energy than the ground state (3A'').
2-Butene-1,3-diyl (11) should therefore also have a triplet
ground state. Substituted triplet vinylmethylenes, which close
to form the corresponding cyclopropenes under normal
conditions, have been studied by Arnold et al.[18] .


In Figure 1 and Table 1, the experimental band positions
are compared with the calculated IR spectra of triplet trans-2-
butene-1,3-diyl (T-11 t) and triplet cis-2-butene-1,3-diyl
(T-11 c). By far the most intense absorptions of T-11 t and
T-11 c in the calculated IR spectra are due to wagging
vibrations of the methylene groups (w-CH2) at 760.2 cmÿ1
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and 747.7 cmÿ1, respectively. The theoretical band positions of
the w-CH2 vibrations correspond very well with the position
of the most intense absorption in the experimental difference
spectrum (767.1 cmÿ1, cf. Figure 1). That B3-LYP/6 ± 31G(d)
yields such good results for w-CH2 vibrations is known from
several other examples [e.g., 4-methylene-2-pentene-1,5-diyl:
752.6 cmÿ1 (xenon matrix),[5] 742.9 cmÿ1 (calcd); trimethyl-
enemethane: 755.5 cmÿ1 (xenon matrix),[2] 747.3 cmÿ1 (calcd);
allyl radical : 797.0 cmÿ1 (xenon matrix),[6, 19] 797.0 cmÿ1


(calcd)]. In view of this, the slightly better match between
the calculated and experimental band position for the most
intense vibration of T-11 t may be taken as an indication for
the presence of the trans isomer of triplet 2-butene-1,3-diyl
(T-11) in the matrix. A similar conclusion may be drawn from
the assignment of the experimental absorption at 874.6 cmÿ1.
Whereas the corresponding vibration in the theoretical IR
spectrum of T-11 t is shifted by 25 cmÿ1 to higher wave-
numbers, the deviation from the experimental value would be
50 cmÿ1 for T-11 c.


No experimental absorption could be assigned to the
vibration located in the calculated IR spectra of T-11 t and
T-11 c at 853.8 cmÿ1 and 850.0 cmÿ1, respectively. The small
band at 833.8 cmÿ1, which is marked with # in the exper-
imental difference spectrum (Figure 1), is an artefact. It is
most likely that the absorption of T-11 in this spectral region
cannot be detected due to the intense absorption of 14 at
836.0/842.8 cmÿ1. The small absorption at 994.2 cmÿ1 in the
experimental difference spectrum (marked with * in Figure 1)
has not been assigned to T-11, because on photolysis at 366 nm
its intensity decreases much more slowly than the intensities
of the six absorptions that have been attributed to the
presence of T-11.


Based on the good correspondence between the theoretical
and experimental IR spectrum and the fact that all products of


the secondary photolysis at 366 nm have the elemental
composition C4H6 (see above), we assign the observed IR
absorptions (Table 1) to triplet 2-butene-1,3-diyl (T-11). The
above comparison slightly favours the assignment to the trans
isomer T-11 t. The experimental band positions did not
correspond to the calculated IR spectra of the other three
primary ring-opening products of 1-methylcyclopropene (10)
(cf. Scheme 2; for the calculated IR spectra of 8, 9, T-12c and
T-12 t see the Supporting Information). In particular, there
was no IR-spectroscopic indication that dimethylvinylidene
(9) was formed in our matrix experiments.


The calculated structures of T-11 c and T-11 t together with
the transition structure 15(TS) for the cis ± trans isomerization
are shown in Figure 3a. As can be seen from the calculated
CÿC bond lengths, T-11 is not a localized carbene with single
and double CÿC bonds, but can best be described as a
delocalized carbene with an allylic p structure. Previous


Figure 3. Calculated structures (UB3-LYP/6 ± 31G(d)) of the cis and trans
isomers and the transition states of the cis ± trans isomerization of a) triplet
2-butene-1,3-diyl (T-11) and b) triplet propene-1,3-diyl (T-3). Relevant
bond lengths are given in �, relative energies in kcal molÿ1 (numbers in
parentheses). All structures have Cs symmetry.


experimental[10] and theoretical studies[17] came to the same
conclusion for T-3.


The two isomers T-11 c and T-11 t are nearly isoenergetic.
Our calculations predict that the trans isomer T-11 t is only
favoured by 0.7 kcal molÿ1. The calculated barrier (B3-LYP/
6 ± 31G(d)) for the isomerization T-11 c!T-11 t is
4.4 kcal molÿ1.


Spectra originating from irradiation of cyclopropene (1): The
unassigned absorption at 786.6 cmÿ1 in the difference spec-
trum of the photolysis of 1 at 254 nm (Figure 2b) is located
very close to the absorption of triplet 2-butene-1,3-diyl (T-11)
in this spectral region at 767.1 cmÿ1. Therefore, it seems
reasonable to assume that the absorption at 786.6 cmÿ1 can be
assigned to triplet propene-1,3-diyl (T-3), formed on photol-
ysis of 1 in a bromine-doped xenon matrix. The calculated IR
absorptions and relative intensities of the trans and cis isomers
of T-3 are grouped together in Table 2. As can be seen, there is
excellent agreement between the experimental absorption at
786.6 cmÿ1 and the calculated band position for the w-CH2


vibration in T-3t at 783.2 cmÿ1. We take this as a strong
indication that T-3 did actually form in our matrix experi-
ments.


The correspondence between the experimental band posi-
tion at 786.6 cmÿ1 and the theoretical result for the wCH2


Table 1. Comparison between the experimental (xenon matrix,10 K) band
positions and relative intensities (int) of triplet 2-butene-1,3-diyl (T-11) and
the calculated IR spectra (UB3-LYP/6 ± 31G(d), 450 ± 3500 cmÿ1) of the cis
and trans isomers T-11c and T-11 t.


UB3-LYP/6 ± 31G(d)
Experiment T-11 t T-11 c


nÄ [cmÿ1] int nÄ [cmÿ1] int nÄ [cmÿ1] int


474.3 0.01 539.2 0.07
549.9 0.06 574.3 0.05


767.1 1.00 760.2 1.00 747.7 1.00
853.8 0.10 850.0 0.13


874.6 0.22 899.2 0.21 924.2 0.31
1003.6 0.03 1009.4 0.01
1030.1 0.11 1035.3 0.01
1110.4 0.03 1084.3 0.06
1232.5 0.02 1217.0 0.02
1336.6 0.02 1359.2 0.02


1354.4 0.05 1425.6 0.06 1421.5 0.13
1402.8 0.09 1480.1 0.13 1477.8 0.13
1421.5 0.13 1494.6 0.16 1482.5 0.11


1512.7 0.04 1508.3 0.02
1454.6 0.15 1528.4 0.07 1522.4 0.10


2982.9 0.73 2991.5 0.44
3036.9 0.54 3054.2 0.52
3047.2 0.68 3068.2 0.37
3060.2 0.46 3120.4 0.30
3176.7 0.20 3170.9 0.17
3269.2 0.31 3261.4 0.35







Ring Opening of Cyclopropenes 1467 ± 1473


Chem. Eur. J. 2000, 6, No. 8 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000 0947-6539/00/0608-1471 $ 17.50+.50/0 1471


vibration of the cis isomer T-3 c (773.8 cmÿ1) is not as good as
it is for the trans isomer T-3t (783.2 cmÿ1). Although we are
well aware that it is not possible to unequivocally characterize
a chemical species on the basis of only one IR-active
vibration, this may be taken as an indication in favour of
the assignment of the IR absorption at 786.6 cmÿ1 to the trans
isomer of T-3.


In the IR spectra of our experiments with bromine-doped
xenon matrices, high optical scattering occurred in the
spectral regions below 600 cmÿ1 and above 3000 cmÿ1. There-
fore, we have not been able to locate and assign experimental
absorptions in this spectral regions.


The calculated structures of T-3t, T-3 c, and the transition
structure 16(TS) for the cis ± trans isomerization can be seen
in Figure 3b. Our calculations predict that the trans isomer
T-3 t is favoured by 0.4 kcalmolÿ1. This is in good agreement
with the results of Yoshimine et al.[17] , whose calculations
predicted that the two isomers of T-3 should be isoenergetic.
They had calculated a barrier of 5.7 kcal molÿ1 for the cis ±
trans isomerization of the triplet molecules, in reasonable
agreement with the B3-LYP/6 ± 31G(d) barrier of 4.0 kcal
molÿ1.


Discussion


As we have shown by comparison of our experimental and
calculated IR-spectroscopic data, the reactive intermediates,
2-butene-1,3-diyl (11) and propene-1,3-diyl (3) can be gen-
erated from matrix-isolated 1-methylcyclopropene (10) and
cyclopropene (1), respectively. In our matrix experiments 11
and 3 could only be detected when the corresponding
cyclopropenes, 10 or 1, were irradiated in bromine-doped
xenon matrices. Neither diradical could be detected in our
experiments in undoped xenon and argon matrices or in
bromine-doped argon matrices. Therefore, these results are
another example (cf. refs. [2 ± 8]) that clearly demonstrates
the powerful potential of irradiations in bromine-doped
xenon matrices as a technique for the formation of reactive
intermediates.


A characteristic feature of irradiations in halogen-doped
xenon matrices is the possibility to induce chemical reactions
on irradiation with wavelengths which the organic precursor
does not absorb. The energy of the irradiation is first absorbed
by the halogen atoms, which are embedded in the xenon
matrix, and subsequently transferred to the organic mole-
cules. It has to be emphasized that both the halogen atoms as
well as the organic molecules are matrix isolated. As a
consequence, the energy transfer cannot proceed by direct
interaction between the molecules and the halogen atoms,
rather, the solid xenon acts as the medium for the transfer of
the absorbed energy. Thus, the reactions that can be observed
are not the result of direct photolysis; they are only photo-
chemically induced. For example, in an undoped xenon
matrix, 2-vinylmethylenecyclopropane is photostable if ex-
posed to light of 313 nm, but it isomerizes to 3-methylenecy-
clopentene if exposed to the same wavelength in a bromine-
doped xenon matrix.[5] Cyclopropene (1) and 1-methylcyclo-
propene (10) show similar behaviour. Whereas both are
photostable on irradiation at 313 nm in undoped xenon
matrices, isomerizations occur if 1 and 10 are irradiated with
the same wavelength in bromine-doped xenon matrices. That
T-3 or T-11 could not be detected under these conditions can
be explained by the fact that both species undergo secondary
photoreactions when irradiated at 313 nm.


In the matrix experiments with 254 nm light, the distinction
between direct photolysis and indirect photochemically in-
duced reactions is not as clear-cut as for the irradiations at
313 nm. Since both 10 and 1 are not photostable in an
undoped xenon matrix on irradiation at 254 nm, it is more
difficult to differentiate between the two alternatives in the
bromine-doped xenon matrices when this wavelength is used.
For 1, a distinction between the two types of reactions is
possible because different reaction products are formed. The
direct photolysis of 1 (l� 254 nm, undoped xenon matrix,
10 K) yields propyne (4) and allene (5) as the photoproducts,
whereas the indirect photochemically induced reaction (l�
254 nm, bromine-doped xenon matrix, 10 K) leads preferen-
tially to the formation of allene (5). Since only a minor
amount of 4 is formed in the bromine-doped xenon matrix, we
conclude that direct photolysis does not contribute signifi-
cantly to the product formation, and that the dominating
process under these experimental conditions is the photo-
chemically induced reaction. This conclusion implies that
propene-1,3-diyl (3) is the initial product of the photochemi-
cally induced ring opening of 1. For 10, it is not possible to
differentiate between the two processes on the basis of the
reaction products, because 1,3-butadiene (13) and methylal-
lene (14) are formed both in the undoped as well as in the
bromine-doped xenon matrix on irradiation of 10 at 254 nm.
Nevertheless, we conclude that, in analogy to the formation of
3 from 1, 2-butene-1,3-diyl (11) is also generated primarily
from 10 in the indirect photochemically induced reaction.


Although we do not know exactly how the radiation energy
is transferred from the bromine atomsÐwhich initially absorb
the light in the bromine-doped xenon matrixÐto the matrix-
isolated organic substrate molecules, our previous experi-
mental studies[5, 6] indicate that the product formation in the
observed photochemically induced reactions occur from


Table 2. Calculated band positions and relative intensities (int) (UB3-
LYP/6 ± 31G(d)) of the cis and trans isomers (T-3 c and T-3t, respectively)
of triplet propene-1,3-diyl (T-3).


T-3 t T-3 c
nÄ [cmÿ1] int nÄ [cmÿ1] int


421.4 0.08 399.9 0.05
531.5 0.71 515.0 0.46
557.4 0.04 641.5 0.08
783.2 1.00 773.8 1.00
844.7 0.39 866.7 0.39
904.7 0.16 954.5 0.46


1022.1 0.01 1034.3 0.08
1224.9 0.04 1221.0 0.02
1254.3 0.07 1247.4 0.02
1431.1 0.04 1427.1 0.01
1528.2 0.03 1520.4 0.02
3055.5 0.33 3123.2 0.22
3177.6 0.15 3170.1 0.16
3259.4 0.06 3244.0 0.06
3271.5 0.24 3263.2 0.27
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vibrationally excited substrate molecules. This conclusion is
mainly based on the fact that the observed reaction products
are identical with those of the corresponding thermal
reactions.


At first glance, our present results seem to be in direct
contradiction to these earlier results. The main product of the
pyrolysis of 1 is propyne (4)[20, 21] , whereas allene (5) is formed
nearly exclusively on irradiation (l� 254 nm or 313 nm) of 1
in the bromine-doped xenon matrix. The situation is similar
for 10. 2-Butyne (7) is the main product of the pyrolysis of
10[20, 22] , but 1,3-butadiene (13) and methylallene (14) are
formed on irradiation (l� 254 nm or 313 nm) of 10 in
bromine-doped xenon matrices, where no alkyne could be
detected. Does this necessarily imply that the ring cleavage of
1 and 10 in the halogen-doped xenon matrices does not start
from vibrationally excited substrate molecules? Not at all,
since the contradiction is resolved if the rate-determining first
reaction step, the ring cleavage, instead of the overall reaction
barrier that governs the pyrolysis of 1 and 10[12, 20±22] is
considered. Schemes 1 and 2 show (the numbers in bold italic
typeface in these schemes) the calculated barriers (B3-LYP/
6 ± 31G(d)) for the different ring-opening reactions of 1 and
10, respectively. The calculated barriers indicate that for a hot
ground-state reaction the pathways 1!3 and 10!11 should
be energetically preferred. This is in total accordance with our
experimental results. This is also in good agreement with the
results of Bergman and co-workers,[23] who found that
racemization of 1,3-diethylcyclopropene on pyrolysis in the
gas phase occurs considerably faster than its conversion to the
ring-opening products does. The authors explain this race-
mization through the intermediacy of a ªvinylcarbeneº
analogous to 3 and 11.


In Scheme 3, our postulated mechanism for the reaction in
the bromine-doped xenon matrix is shown for 10. In the first
step, substrate 10 reacts in a hot ground-state reaction to form


Scheme 3. Survey of the proposed mechanism for the isomerization of
1-methylcyclopropene (10) on irradiation in a bromine-doped xenon
matrix.


S-11 t. Subsequently, S-11 t is stabilized by intersystem cross-
ing (ISC) to the triplet species T-11 t. It is well known that
chemical reactions that are carried out in the presence of
xenon have an enhanced intersystem-crossing rate.[24, 25] This
effect is caused by the external heavy-atom effect of xenon. In


the third step, light is absorbed by T-11 t and products 13 and
14 are eventually formed. Our experimental results do not
allow us to be more specific on the mechanism of the
transformation of T-11 t to the final products 13 and 14.


Conclusion


The reactive intermediates propene-1,3-diyl (3) and 2-butene-
1,3-diyl (11) have been identified as the primary products of
the ring-opening reactions of cyclopropene (1) and 1-meth-
ylcyclopropene (10), respectively, on irradiation of these
substrates at 254 nm in bromine-doped xenon matrices.
Under the experimental conditions, the reactive intermedi-
ates are not produced by direct photolysis, but via an indirectly
achieved vibrationally excited state of the substrate. There-
fore, we can conclude that the reactions 1!3 and 10!11
(Schemes 1 and 2) are the lowest energy ground-state
pathways for the ring opening of 1 and 10, respectively.


Experimental Section


The cryostat for matrix isolation was a closed-cycle compressor unit RW2
with coldhead base unit 210 and extension module ROK from Leybold.
The matrix window was CsI and the spectrometer was an FTIR
spectrometer, IFS 85 from Bruker. The light sources used were a mercury
high-pressure lamp, HBO 200 (Osram) with monochromator (Bausch and
Lomb), a mercury low-pressure spiral lamp with a vycor filter (Gräntzel)
and an excimer laser, LPX 105 MC from Lambda Physics.


1-Methylcyclopropene (10) was prepared according to the procedure of
Fisher and Applequist,[26] from 3-chloro-2-methylpropene. Cyclopropene
(1) was prepared according to the analogous procedure of Closs and
Krantz.[27] An authentic sample of methylallene (14) was prepared from
1,2,3-tribromobutane.[28] Compounds 1 and 10 were condensed onto the
matrix window at 10 K as gas mixtures with argon or xenon (ratio 8:1000
and 10:1000, respectively).


The bromine-doped matrices were prepared by co-condensation of 1 (or
10)/rare gas mixtures with bromine/rare gas mixtures (ratio 6:1000) in the
ratio of approximately 2:1. The IR spectra of 1 and 10 in undoped and
bromine-doped xenon matrices were identical, so that we could exclude the
presence of bromine adducts with 1 (cf. ref. [29]) or 10 in significant
amounts.


Prominent IR absorptions (xenon matrix, 10 K)
Cyclopropene (1): 574.2, 774.8, 905.4, 1003.8, 1035.1, 1647.0, 1655.6, 2888.0/
2892.3, 2962.2, 2983.4 cmÿ1.
Propyne (4): 625.8, 1240.0, 3310.3 cmÿ1.
Allene (5): 352.0, 834.6/837.5, 994.6, 1385.2, 1674.9, 1949.3, 1992.2 cmÿ1.
1-Methylcyclopropene (10): 693.3, 920.9, 957.0, 1028.9, 1056.8, 1150.4,
1394.7, 1440.1, 1476.3, 1780.0, 2884.1, 2912.1, 2964.8 cmÿ1.
s-trans-1,3-Butadiene (13): 901.5, 1018.0, 1588.3 cmÿ1.[30]


Methylallene (14): 517.9, 549.2/552.2, 836.0/842.8, 857.7, 867.4, 1067.9, 1369.7,
1432.9, 1440.6, 1459.0, 1956.5/1962.9/1967.6, 2899.5, 2919.3, 2931.8,
2984.9 cmÿ1.


Ab Initio Calculations : All calculations were performed with the Gaus-
sian 94 package of programs.[31] The basis set 6 ± 31G(d) and the DFT
method B3-LYP were used throughout. For all stationary points, frequency
calculations were performed and the stability of the wavefunction was
tested. Relative energies were corrected with the B3-LYP/6 ± 31G(d) zero-
point vibrational energies.
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Abstract: The major complex formed in
solution from {[Pd0(dba)2]� 1 P ± N}
mixtures is [Pd0(dba)(P ± N)] (dba�
trans,trans-dibenzylideneacetone; P ± N�
PhPN, 1-dimethylamino-2-diphenyl-
phosphinobenzene; FcPN, N,N-dimeth-
yl-1-[2-(diphenylphosphino)ferrocenyl]-
methylamine; OxaPN, 4,4'-dimethyl-2-
(2-diphenylphosphinophenyl)-1,3-oxa-
zoline). Each complex consists of a
mixture of isomers involved in equili-
bria: two 16-electron rotamer complexes
[Pd0(h2-dba)(h2-P ± N)] and one 14-elec-
tron complex [Pd0(h2-dba)(h1-P ± N)]
observed for FcPN and OxaPN.
[Pd0(dba)(PhPN)] and [SPd0(PhPN)]
(S� solvent) react with PhI in an oxida-
tive addition; [SPd0(PhPN)] is intrinsi-


cally more reactive than [Pd0(dba)-
(PhPN)]. This behavior is similar to that
of the bidentate bis-phosphane ligands.
When the PhPN ligand is present in
excess, it behaves as a monodentate
phosphane ligand, since [Pd0(h2-
dba)(h1-PhPN)2] is formed first by pref-
erential cleavage of the PdÿN bond
instead of the Pdÿolefin bond. [Pd0(h1-
PhPN)3] is also eventually formed.
[Pd0(dba)(FcPN)] and [Pd0(dba)(Oxa-
PN)] are formed whatever the excess
of ligand used. [SPd0(FcPN)] and
[SPd0(OxaPN)] are not involved in the


oxidative addition. The 16-electron
complexes [Pd0(h2-dba)(h2-FcPN)] and
[Pd0(h2-dba)(h2-OxaPN)] are found to
react with PhI via a 14-electron complex
as has been established for [Pd0(h2-
dba)(h1-OxaPN)]. Once again, the
cleavage of the PdÿN bond is favored
over that of Pdÿolefin bond. This work
demonstrates the higher affinity for
[Pd0(P ± N)] of dba compared with the
P ± N ligand, and emphasizes once more
the important role of dba, which
either controls the concentration of the
most reactive complex, [SPd0(PhPN)],
or is present in the reactive com-
plexes, [Pd0(dba)(FcPN)] or [Pd0(dba)-
(OxaPN)], and thus contributes to their
intrinsic reactivity.


Keywords: kinetics ´ oxidative
addition ´ palladium ´ P,N ligands


Introduction


[Pd0(dba)2] (dba� trans,trans-dibenzylideneacetone) together
with phosphane ligands is frequently used as a source of
palladium(0) complexes in catalytic reactions. We have
established that the dba ligand plays a crucial role in both
the structure and the reactivity of the palladium(0) complexes
generated in situ from [Pd0(dba)2] and phosphane ligands.[1]


Whatever the monodentate phosphane[1, 2] ligand L under
investigation, two main complexes, [Pd0(dba)L2] and [SPd0L3]
(S� solvent), are formed from {[Pd0(dba)2] � n L} when n�
3.[3] The major complex is [Pd(dba)L2], but the most reactive


species in the oxidative addition to phenyl iodide is the lowest
ligated complex [SPdL2], which is involved in two equilibria
with [Pd0(dba)L2] and [SPd0L3] (Scheme 1).


Scheme 1. Equilibria involving the complex [SPdL2].


Whatever the nature of the bidentate phosphane ligand
L ± L under investigation (1,2-bis(diphenylphosphino)ethane
(dppe), 1,3-bis(diphenylphosphino)propane (dppp), 4,5-bis-
(diphenylphosphinomethyl)-2,2-dimethyl-2,2-dimethyl-1,3-
dioxolane (diop), 1,1'-bis(diphenylphosphino)ferrocene
(dppf), [1,1'-binaphthalene]-2,2'-diylbis(diphenylphosphine)
(binap)), the major complex formed from {[Pd0(dba)2]�
nL ± L} when n� 1 is [Pd(dba)(L ± L)], but the most reactive
species in the oxidative addition is again the low-ligated
complex [SPdL2] which is involved in an endergonic equili-
brium with [Pd0(dba)(L ± L)] (Scheme 2).[1, 4] However, in
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Scheme 2. Reaction of [Pd(dba)(L ± L)] with PhI.


contrast to the monophosphanes, [Pd(dba)(L ± L)] also reacts
with phenyl iodide. When n� 2, the unreactive [Pd(L ± L)2]
complex is formed (except for with binap).[4]


The overall reactivity is jointly governed by the intrinsic
reactivity of [SPdL2] or [SPd(L ± L)] in the oxidative addition
step and by their concentration, which is controlled by
equilibria involving dba. This is why dba plays such a crucial
role by tuning the concentration of the most reactive Pd0


complex.
P ± N ligands are considered as bidentate ligands. The


phosphorus atom coordinates the palladium(0) center more
strongly than does the nitrogen atom. Such P ± N ligands may
thus behave as either bidentate or monodentate ligands
(Scheme 3 in which the other ligands of Pd0 are omitted) with


Scheme 3. Bi- or monodentate nature of the P ± N ligand.


kinetic and structural consequences since they may contribute
to the enantioselectivity observed in organic reactions cata-
lyzed by palladium ligated to chiral P ± N ligands.[5±10]


We report here our results on the characterization of
palladium(0) complexes generated from [Pd(dba)2] and P ± N
ligands, and also their reactivity in oxidative addition. Phenyl
iodide was chosen as a model compound for the oxidative
addition to allow comparison with our previous work. Three
ligands were selected for study: PhPN, FcPN, and OxaPN.


FcPN and OxaPN are models for the aminoferrocenyl-
phosphane[11] and phosphinooxazoline[12] ligands, respectively,
that are used in enantioselective cross-coupling reactions,[5]


allylic nucleophilic substitutions,[6±8] and Heck reactions.[9]


Both of these ligands form six-membered-ring palladium(0)
complexes. PhPN[13] was selected because of its more rigid
structure which leads to five-membered-ring palladium(0)
complexes.


Results and Discussion


Identification of the palladium(0) complexes generated from
{[Pd(dba)2] � nP ± N} (n� 1) in THF


Cyclic voltammetry was used to determine the quantity of dba
released when n equivalents of P ± N were added to [Pd(dba)2]
in THF. This technique takes advantage of 1) the character-
istic cyclic voltammogram of dba (it exhibits one reversible
one-electron reduction peak R1 at ÿ1.27 V vs. SCE followed
by a one-electron irreversible reduction peak R2 at ÿ1.90 V
vs. SCE)[1] and 2) the fact that the reduction peak current at R1


is proportional to the concentration of free dba. The
palladium(0) complexes were also investigated by 31P NMR
and UV spectroscopy. As already reported, palladium(0)
complexes ligated by two phosphane ligands and dba exhibit
one absorption band at around 350 ± 400 nm, which is
characteristic of the ligated dba.[1, 14]


[Pd(dba)2] � 1 P ± N : With any of the P ± N ligands (PhPN,
FcPN, and OxaPN), [Pd(dba)(P ± N)] complexes were formed
after addition of one equivalent of the ligand to [Pd(dba)2] in
THF [Eq. (1)]. Indeed, one equivalent of free dba was


[Pd0(dba)2] � P ± N ÿ! [Pd0(dba)(P ± N)] � dba (1)


Abstract in French: Les complexes [Pd0(dba)(P ± N)] (P ±
N�PhPN, 1-dimØthylamino-2-diphØnylphosphinobenz�ne;
FcPN, N,N-dimØthyl-1-[2-(diphØnylphosphino)ferrocØnyl]mØ-
thylamine; OxaPN, 4,4'-dimØthyl-2-(2-diphØnyl-phosphino-
phØnyl)-1,3-oxazoline) sont les complexes majoritaires formØs
en solution à partir de {[Pd0(dba)2] � 1 P ± N}. Il se forme
plusieurs complexes isom�res en Øquilibre: deux rotam�res
[Pd0(h2-dba)(h2-P ± N)] (complexes à 16 Ølectrons) et un
complexe à 14 Ølectrons, [Pd0(h2-dba)(h1-P ± N)] seulement
observØ pour les ligands FcPN et OxaPN. [Pd0(dba)(PhPN)]
et [SPd0(PhPN)] rØagissent avec PhI dans une rØaction
d�addition oxydante, [SPd0(PhPN)] est intrins�quement plus
rØactif que [Pd0(dba)(PhPN)]. Ce comportement est similaire
à celui dØjà dØcrit pour les ligands bisphosphanes. Quand le
ligand PhPN ligand est en large exc�s, il se comporte comme un
ligand phosphane monodentØe puisque [Pd0(h2-dba)(h1-
PhPN)2] est d'abord formØ par suite de la rupture prØfØrentielle
de la liaison Pd ± N, le palladium(0) restant liØ à la double
liaison du ligand dba. [Pd0(h1-PhPN)3] est ensuite formØ.
[Pd0(dba)(FcPN)] et [Pd0(dba)(OxaPN)] se forment quel que
soit l�exc�s de ligand. [SPd0(FcPN)] et [SPd0(OxaPN)] ne sont
pas impliquØs dans la rØaction d'addition oxydante. Les
complexes à 16 Ølectrons, [Pd0(h2-dba)(h2-FcPN)] et [Pd0(h2-
dba)(h2-OxaPN)] rØagissent avec PhI via les complexes à
14 Ølectrons comme cela a ØtØ Øtabli pour [Pd0(h2-dba)(h1-
OxaPN)]. Une fois de plus, la rupture de la liaison Pd ± N est
plus facile que celle de la liaison Pd ± olØfine. Ces rØsultats
mettent en Øvidence une plus grande affinitØ du ligand dba pour
[Pd0(P ± N)] que celle du ligand P ± N et confirment une fois de
plus le roÃle important du ligand dba qui soit controÃle la
concentration du complexe le plus rØactif, [SPd0(PhPN)], ou
est prØsent dans les complexes rØactifs, [Pd0(dba)(FcPN)] et
[Pd0(dba)(OxaPN)], et donc contribue à leur rØactivitØ
intrins�que.
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detected by cyclic voltammetry (Figure 1a), which proves that
the resulting palladium(0) complex contains only one ligated
dba. That the oxidation peak of [Pd0(dba)2] at� 1.26 V was no
longer observed shows that a stoichiometric reaction took


Figure 1. Cyclic voltammograms of a solution of [Pd(dba)2] (2 mmol dmÿ3)
and one equivalent of PhPN in THF (containing nBu4NBF4,
0.3 mmol dmÿ3) at a stationary gold disk electrode (0.5 mm diameter) with
a scan rate of 0.5 V sÿ1. a) Reduction first. b) Oxidation first.


place in which one Pd0 center coordinates one P ± N ligand
[Eq. (1)]. Consequently the new oxidation peak present in the
voltammogram (Figure 1b, Table 1) can safely be assigned to
[Pd0(dba)(P ± N)]. The presence of one ligated dba was also
confirmed by UV spectroscopy (Figure 2, Table 1).


Since dba usually participates in h2 ligation in palladium(0)
complexes,[1] two different 16-electron complexes Pd(h2-
dba)(h2-P-N) may be formed (Scheme 4).[15] Similar com-
plexes have been isolated and characterized in which the


Figure 2. UV spectra of a solution of [Pd(dba)2] (1 mmol dmÿ3) and n (n�
1, 2, 4, 8, 20) equivalents of PhPN in THF in a 1 mm path cell at 20 8C.


Scheme 4. Formation of [Pd0(h2-dba)(h2-P ± N)].


palladium(0) center is ligated by a P ± N ligand and a
symmetrical olefin such as dimethyl fumarate or maleic
anhydride.[16]


[Pd0(dba)(PhPN)] formed in situ from {[Pd(dba)2] �
1 PhPN} exhibited a single 31P NMR signal d1 at room
temperature (Table 2), but this signal decoalesced with
decreasing temperature. Two signals of different magnitude
could then be observed at 260 K (Table 2) which were not
affected by addition of dba. This indicates that two isomers of


Table 1. Oxidation peak potential and UV spectroscopy of Pd0 complexes
generated from {[Pd(dba)2] � 1P ± N} in THF.


P ± N [Pd(h2-dba)(h2-P ± N)]
E P


Ox [V][a] UV [lmax nm]


PhPN � 0.52 386
OxaPN � 0.47 387
FcPN � 0.50, �0.85[b] 387


[a] Potentials are relative to SCE electrode. They were determined in THF
containing nBu4NBF4, 0.3 mol dmÿ3, at a gold disk electrode (i. d.�
0.5 mm) with a scan rate of 0.5 Vsÿ1 at 20 8C. [b] Reversible oxidation
peak of the ferrocenyl ligand of the palladium(ii) complex formed after
oxidation of [Pd0(dba)(FcPN)].


Table 2. 31P NMR chemical shifts of palladium(0) complexes generated from {[Pd(dba)2] � nP ± N} (n� 1, 2) and of [PhPdI(P ± N)] complexes formed in the
oxidative addition with PhI in THF when n� 1.


P ± N [Pd(h2-dba)(h2-P ± N)] [Pd(h2-dba)(h1-P ± N)] [Pd(h2-dba)(h1-P ± N)2] [PhPdI(P ± N)]
d0


[a] d1 d2 d3
[a] d4


[a] d5
[a]


PhPN ÿ 12.10 16.21[a] n. o.[b] 20.11 (br d), 24.83 (br d) 25.30
15.77,[c] 16.75[c]


OxaPN ÿ 4.82 18.94 (br s 80%)[a] 18.55 (s 20 %)[a] n. o.[b] 19.95
17.33,[c] 20.02[c] 18.22 (s)[c]


(50 %, 50%)
FcPN ÿ 22.82 11.63 (94 %)[d] 12.30 (6%)[d] n. o.[b] 15.96


10.88,[e] 11.57[e] 12.90[e]


(4%, 96%)


[a] In ppm vs. H3PO4 at 293 K. [b] n. o.: not observed. [c] At 260 K. [d] At 280 K. [e] At 230 K.
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[Pd(h2-dba)(h2-PhPN)] are formed as postulated in Scheme 4
and are involved in a fast equilibrium at room temperature.
The 1H NMR spectrum of free PhPN exhibited one unique
singlet for the two methyl groups at d� 2.44. In
[Pd0(dba)(PhPN)], four singlets were observed at d� 3.07,
2.55, 2.31, and 2.15 that correspond to diastereotopic methyl
groups. This is evidence for the ligation of the palladium(0)
center by the nitrogen atoms of the P ± N ligand in two
different [Pd0(h2-dba)(h2-PhPN)] isomers (as in Scheme 4)
which are interconverted by a fast olefin rotation (Scheme 5).


Scheme 5. Interconversion of the two [Pd0(h2-dba)(h2-PhPN)] isomers by
fast olefin rotation.


At 293 K, the 31P NMR spectrum of [Pd0(dba)(OxaPN)]
exhibited two 31P NMR signals d1 and d2 with different
magnitudes thus demonstrating the existence of two different
palladium(0) complexes (Table 2). At lower temperatures, the
broad signal (Dn1/2� 52 Hz) at d1� 18.94 split into two signals
of almost equal magnitude (Table 2). Two isomeric complexes
[Pd0(h2-dba)(h2-OxaPN)] coexist, which are rapidly intercon-
verted at room temperature (Scheme 4). The exchange rate
constant k between the two [Pd0(h2-dba)(h2-OxaPN)] isomers
has been determined from 31P NMR spectroscopy,[17] and the
Arrhenius plot provides an activation energy of 51 kJ molÿ1


(Figure 3). This relatively low value suggests that the fast
isomerization of [Pd0(h2-dba)(h2-OxaPN)] complexes ob-
served at room temperature involves a fast intramolecular
rotation of dba around the C�C bond.[16, 18] Decoordination ±
recoordination of dba is excluded because the isomerization
process was not affected by the dba concentration.


The signal at d2� 18.55 (Table 2) did not decoalesce with
decreasing temperature. Kinetic investigations into the oxi-


Figure 3. Arrhenius plot for the exchange reaction between the two
isomers [Pd0(h2-dba)(h2-OxaPN)] (Scheme 4) determined from 31P NMR
measurements (162 MHz) performed at various temperatures on a solution
of [Pd(dba)2] (14 mmol dmÿ3) and OxaPN (1 equiv) in THF (3 mL) with
[D6]acetone (0.2 mL) (H3PO4 as external reference).


dative addition reaction (vide infra) suggest that it be-
longs to the 14-electron complex [Pd0(h2-dba)(h1-OxaPN)]
(Scheme 6). Analogous complexes formed by PdÿN bond
cleavage have been characterized in palladium(0) complexes
ligated by a P ± N ligand and a symmetrical olefin such
dimethyl fumarate or maleic anhydride.[16a±b] As will be
established later, this 14-electron complex is involved in an
equilibrium with [Pd0(h2-dba)(h2-OxaPN)] complexes at
room temperature (Scheme 6).


Scheme 6. Isomers involved in equilibria for [Pd0(h2-dba)(FcPN)] and
[Pd0(h2-dba)(OxaPn)].


At 313 K, [Pd0(h2-dba)(FcPN)] displayed one 31P NMR
signal at d� 11.82, whereas at 280 K, two signals appeared at
d1 and d2 (Table 2). At 230 K, the signal at d1 split into two
signals (Table 2), while d2 remained unaltered. This indicates
that three isomers are formed, two of them being involved in a
fast equilibrium as for OxaPN (Scheme 6).


[Pd(dba)2] � nP ± N (n� 2): In [Pd0(dba)(FcPN)] and
[Pd0(dba)(OxPN)], the dba ligand was displaced by an excess
of P ± N ligand [n� 2, Eq. (2)]. The 31P NMR spectra


[Pd0(dba)2] � n P ± N ÿ!
[Pd0(dba)(P ± N)] � dba � (nÿ 1)P ± N (n� 2)


(2)


remained similar to those described above on addition of the
P ± N ligand (Table 2). The cyclic voltammograms also
remained unaltered by addition of an excess of P ± N ligand.
Consequently, neither the 18-electron complexes [Pd0(h2-
FcPN)2] and [Pd0(h2-OxaPN)2] nor the 16-electron complexes
[Pd0(h2-FcPN)(h1-FcPN)] and [Pd0(h2-OxPN)(h1-OxaPN)]
were formed, which demonstrates the higher affinity of the
dba ligand for [Pd0(P ± N)] than that of the P ± N ligand.


A more complex situation was encountered for the PhPN
ligand. For n� 2, the d1 signal of [Pd0(h2-dba)(h2-PhPN)]
became broader and a group of two signals d3 and d4 of equal
integration (Table 2) appeared as broad doublets, character-
izing two different 31P atoms on the same molecule. Some free
PhPN ligand was observed as shown by the presence of its
broad signal d0 (Table 2). Addition of four equivalents of
PhPN per [Pd(dba)2] resulted in the complete disappearance
of [Pd0(h2-dba)(h2-PhPN)]. Only the new complex (d3, d4)
could be observed together with the free ligand. All this
evidence suggests that a new complex with two nonequivalent
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31P atoms is formed with a large excess of PhPN, and that it is
involved in an equilibrium with the P ± N ligand and [Pd0(h2-
dba)(h2-PhPN)]. Two 16-electron complexes with two PhPN
ligands with nonequivalent 31P atoms may be formed: either
[Pd(h2-dba)(h1-PhPN)2] or [Pd(h1-PhPN)(h2-PhPN)].


Discrimination between the two structures was achieved
with UV spectroscopy. The UV spectrum of {[Pd(dba)2] �
4 PhPN} exhibited an absorption band at lmax� 393 nm,


which is slightly shifted to higher wavelengths than that of
[Pd0(h2-dba)(h2-PhPN)] (lmax� 387 nm) (Figure 2). More-
over, since [Pd0(h2-dba)(h2-PhPN)] was no longer visible in
the 31P NMR spectrum, this established that the new
palladium(0) complex (which contains two different 31P
atoms) also contains one dba ligand[14] as in [Pd0(h2-dba)(h1-
PhPN)2][19] and that PhPN (when n� 4) cannot displace dba
from [Pd0(h2-dba)(h2-PhPN)] [Eq. (3)]. Cleavage of the
Pd ± N bond is thus preferred to Pdÿolefin bond cleavage.


�Pd0�h2-dba��h2-PhPN��
d1


� PhPN
d0


)*
K �Pd0�h2-dba��h1-PhPN�2�


d3 ; d4


(3)


The 31P NMR spectrum of the {[Pd(dba)2] � 2 PhPN}
mixture was not modified by addition of dba (10 equivalents),
which indicates that dba is not involved in the equilibrium
[Eq. (3)]. The equilibrium constant K was calculated from the
magnitude of the 31P NMR signals of the {[Pd(dba)2] �
2 PhPN} mixture (Table 2) as in Equation (4), such that


K� �Pd0�dba��PhPN�2�
��Pd0�dba��PhPN�� � �PhPN�� �


�Sd0
� Sd3


�
�Sd3
� C0�


(4)


KC0� 1.4 (�0.1), where C0 is the initial concentration of
[Pd(dba)2]. The absorbance of [Pd0(h2-dba)(h1-PhPN)2] at
393 nm quickly decreased and reached a constant value upon
successive additions of an excess of PhPN (n> 4) (Figure 2).
This shows that [Pd0(h2-dba)(h1-PhPN)2] is involved in an
equilibrium with the ligand [Eq. (5); step a�Eq. (3)] and that


[Pd0(h2-dba)(h2-PhPN)] ) *
�PhPN


K
step a


[Pd0(h2-dba)(h1-PhPN)2] ) *
�PhPN; ÿdba


K'
step b


[Pd0(h1-PhPN)3]


(5)


dba is progressively released from [Pd0(h2-dba)(h1-PhPN)2] by
incorporation of a third molecule of PhPN. This affords a 16-
electron complex [Pd0(h1-PhPN)3] in which PhPN acts as a
monodentate ligand [Eq. (5)].


When four equivalents of PhPN were added to [Pd(dba)2]
(1 mmol dmÿ3), the equilibrium of Equation (3) was totally


shifted towards [Pd0(h2-dba)(h1-PhPN)2] since the 31P NMR
signal d1 of [Pd0(h2-dba)(h2-PhPN)] was no longer visible. The
decay of the absorption band of [Pd0(h2-dba)(h1-PhPN)2] at
393 nm, when more than four equivalents of PhPN were
added, allowed an estimation of K'� 2.7� 10ÿ2 [Eq. (5)]. The
low value of K' indicates that dba remains a better ligand for
[Pd0(h1-PhPN)2] than PhPN, so that a large amount of PhPN is
required to displace the dba completely from [Pd0(h2-dba)(h1-
PhPN)2] to generate [Pd0(h1-PhPN)3] (n� 20).


Identification of the reactive palladium(0) complexes gener-
ated from {[Pd(dba)2] � 1 P ± N} in the oxidative addition to
PhI


For every P ± N ligand investigated here, the oxidative
addition of PhI to palladium(0) complexes generated in situ
from {[Pd(dba)2] � 1 P ± N} quantitatively afforded a single
arylpalladium(ii) complex characterized by its 31P NMR signal
[Table 2, Eq. (6) ]. The same [PhPdI(P ± N)] complexes were
formed independently by substitution of PPh3 by P ± N ligands
in trans-[PhPdI(PPh3)2] complexes [Eq. (7)] .


{[Pd0(dba)2] � 1 P ± N} � PhI ÿ! [PhPdI(P ± N)] � 2dba (6)


trans-[PhPdI(PPh3)2] � P ± N ÿ! [PhPdI(P ± N)] � 2PPh3 (7)


The 31P NMR signal of [PhPdI(P ± N)] did not decoalesce
with decreasing temperature, which suggests that only one
isomer was formed and that the structure of the final
arylpalladium(ii) complex does not depend on the nature of
the palladium(0) mixture that reacts in the oxidative addition.


With all the P ± N ligands investigated here, all of the 31P
NMR signals for palladium(0) complexes disappeared in the
presence of PhI. This indicates either that all the palladium(0)
complexes react with PhI in parallel or that one complex is
more reactive and pulls all the other palladium(0) complexes
through the continuous displacement of the equilibria descri-
bed above. The kinetics of the oxidative addition to PhI were
investigated in THF at 40 8C by two different analytical
techniques: either UV spectroscopy[14] by measuring the
decay of the absorption band of [Pd0(dba)(P ± N)] versus
time (Figure 4a) or steady amperometry[2] by recording the
decay of the oxidation current of [Pd0(dba)(P ± N)] complexes
versus time (Figure 4c). The plot of either ln [(D0ÿDinf)/(Dÿ
Dinf)] or ln(i0/i) versus time [Eq. (8)] afforded straight lines
with similar slopes kapp (Figure 4b, 4d).


ln
i0


i


� �
� ln


D0 ÿDinf


DÿDinf


� �
� ln


�Pd0�0
�Pd0�


 !
� kappt (8)


Both methods afford similar results, but amperometry is
more appropriate for fast reactions. In all cases [Pd0(dba)(P ±
N)] was found to be the major complex in solution (see
above). In order to identify the true reactive palladium(0)
complex involved in the oxidative addition, the reaction order
in PhI was determined by plotting the apparent rate constant
kapp versus the PhI concentration (Figure 5a ± c).


With the PhPN ligand the reaction order in PhI is not
strictly one (Figure 5a) as had been established for the
bidentate P ± P ligand[4] (Scheme 2), kapp�A � B[PhI]. The
rate of the oxidative addition was slower in the presence of
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dba (Figure 5a). This indicates that the more reactive species
is [SPd0(PhPN)], which is involved in an equilibrium with
[Pd0(dba)(PhPN)] complexes and dba. However, the
[Pd0(dba)(PhPN)] complexes also react with PhI (Scheme 7).
Equation (9) has been established for P ± P ligands.[4]


kapp�k0[PhI] � k1k2�PhI�
kÿ1�dba� � k2�PhI� (9)


One may assume that when the dba concentration is low
(that is, when no excess of dba is present) kÿ1[dba]� k2[PhI],
so that Equation (9) simplifies to kapp� k1 � k0[PhI], which is
identical to the experimental equation (Figure 5a). The values
of k0 and k1 are thus determined from the slope and intercept
of this plot: k0� 3.4� 10ÿ2 molÿ1 dm3 sÿ1 and k1� 1.3�
10ÿ2 sÿ1.


The 16-electron complex [Pd0(h2-dba)(h2-PhPN)] is in fact
a mixture of two isomers (Scheme 4) involved in a fast
equilibrium at room temperature. From the kinetic data it is
thus impossible to determine which is the reactive isomer.[20]


For the FcPN ligand, the reaction order in PhI is strictly one
within experimental precision (Figure 5b) and kapp�A[PhI].
Moreover the rate of the oxidative addition was not affected
when the dba concentration was increased, which is quite


unusual for a monodentate or bidentate phosphane ligand.[1]


This establishes that the reactive species is a
[Pd0(dba)(FcPN)] complex and not [SPd0(FcPN)] as usually
observed (Scheme 8). These two complexes are probably
involved in a very endergonic equilibrium so that the
concentration of [Pd0(FcPN)] is so low that it does not react
appreciably with PhI in comparison with the direct reaction of
[Pd0(h2-dba)(FcPN)].


Three [Pd0(dba)(FcPN)] complexes are present: two ro-
tamers [Pd0(h2-dba)(h2-FcPN)] and [Pd0(h2-dba)(h1-FcPN)]
involved in equilibria (Scheme 6). The reaction order in PhI is
one, which means that the equilibria that provide the reactive
complex are always faster than the oxidative addition step.
Consequently the more reactive species cannot be identified
from kinetic investigations even if the 14-electron complex
[Pd0(h2-dba)(h1-FcPN)] is probably the most reactive com-
plex (although less electron rich, it is less hindered for the PhI
approach). The rate constant k0 of the overall reaction
(Scheme 8) was nevertheless determined from the linear plot
in Figure 5b with kapp� k0[PhI] to give k0� 1.7�
10ÿ2 molÿ1 dm3 sÿ1.


When starting from {[Pd0(dba)2] � 1 OxaPN}, the reaction
order in PhI is one at low PhI concentration (Figure 5c), but a


Figure 4. Oxidative addition of PhI to the palladium(0) complex generated in situ from a {[Pd(dba)2] � 1 OxaPN} mixture in THF at 40 8C. a) and b) Kinetics
monitored by UV spectroscopy of a solution of [Pd(dba)2] (1 mmol dmÿ3) and OxaPN (1 mmol dmÿ3); a) UV spectrum of [Pd0(dba)(OxaPN)] recorded
versus time in the presence of PhI (0.3 mol dmÿ3); b) plot of ln [(D0ÿDinf)/(DÿDinf)]� ln ([Pd0]0/[Pd0]) versus time (D0� initial absorbance of
[Pd0(dba)(OxaPN)], D� absorbance of [Pd0(dba)(OxaPN)] at t, Dinf� absorbance of [Pd0(dba)(OxaPN)] at infinite time). c) and d) Kinetics monitored by
amperometry at a rotating gold disk electrode (i. d.� 2 mm, w� 105 rad sÿ1) with a solution of [Pd(dba)2] (2 mmol dmÿ3) and OxaPN (2 mmol dmÿ3);
c) variation of the oxidation current of [Pd0(dba)(OxaPN)] at �0.6 V versus time in the presence of PhI (0.3 mol dmÿ3); d) plot of ln(i0/i)� ln ([Pd0]0/[Pd0])
versus time (i� oxidation current of [Pd0(dba)(OxaPN)] at t, i0� initial oxidation current of [Pd0(dba)(OxaPN)]).
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Scheme 7. Reaction of [Pd0(dba)(PhPN)] with PhI.


Scheme 8. Reaction of [Pd0(dba)(FcPN)] with PhI.


saturation effect was observed
at high PhI concentrations
([PhI]� 0.3 mol dmÿ3). The
rate of the oxidative addition
rate was not sensitive to varia-
tion of the dba concentration
when [PhI] is sufficiently small
(<0.1 mol dmÿ3) to correspond
to the linear portion of the
variations of kapp versus PhI


concentration. This establishes that [SPd0(OxaPN)] is not
the reactive complex, so that the whole reaction proceeds
through [Pd0(dba)(OxaPN)] complexes as observed above for
the FcPN ligand (Scheme 9).


At high PhI concentrations, the saturation effect shows that
the kinetics are no longer controlled by the oxidative addition
step but by an earlier reaction which is independent of [PhI]
and which provides the reactive palladium(0) complex. Since
three different [Pd0(h2-dba)(OxaPN)] complexes were char-
acterized by 31P NMR spectroscopy (Scheme 6), we are
inclined to conclude that the reactive palladium(0) complex
is the 14-electron complex [Pd0(h2-dba)(h1-OxaPN)] which is
slowly released from the 16-electron complexes [Pd0(h2-
dba)(h2-OxaPN)] by cleavage of the PdÿN bond (Scheme 9).


Figure 5. Oxidative addition of PhI to the palladium(0) complex generated in situ from a {[Pd(dba)2] � 1P ± N} mixture in THF at 40 8C. Variation of kapp


(see text) as a function of PhI concentration: a) PhPN (*), PhPN in the presence of added dba (10 mmol dmÿ3)(&); b) FcPN; c) OxaPN; d) plot of 1/kapp


versus 1/[PhI] for OxaPN.


Scheme 9. Equilibria involved in the reactions of [Pd0(dba)(OxaPN)].
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Equation 10 may be derived from Scheme 9. This formula is
supported by the linear plot of 1/kapp versus 1/[PhI] (Fig-
ure 5d). The values of k2 and k2k0/kÿ2�K2k0 are then
determined from the intercept and the slope, respectively. A
value of K2� 0.25 is available from the ratio of the 31P NMR
signals at d1 and d2 (Table 2), so that all the key rate constants
have been determined as k2� 2.8� 10ÿ3 sÿ1, kÿ2� 1.1�
10ÿ2 sÿ1 and k0� 7.6� 10ÿ2 molÿ1 dm3 sÿ1.


kapp�
k2k0�PhI�


kÿ2 � k0�PhI� so that
1


kapp


� kÿ2


k2k0�PhI� �
1


k2


(10)


As seen above, the exchange between [Pd0(h2-dba)(h2-
OxaPN)] complexes was found to be fast at 40 8C (>104 sÿ1).
From the value of k2� 2.8� 10ÿ3 sÿ1, it is proved that [Pd0(h2-
dba)(h1-OxaPN)] is involved in a much slower equilibrium
with [Pd0(h2-dba)(h2-OxaPN)] complexes than their intrinsic
equilibrium, as observed in NMR spectroscopy (see above).


The following order of reactivity has been observed
(Table 3): {[Pd(dba)2] � 1 PhPN}> {[Pd(dba)2] � 1 FcPN}>
{[Pd(dba)2] � 1 OxaPN}. The reactivity of palladium(0) com-
plexes generated from [Pd0(dba)2] and P ± N ligands has been


compared with that of bidentate phosphane ligands already
reported (Table 3).[4] Systems involving [SPd0(P ± P)] or
[SPd0(P ± N)] as the true reactive species in oxidative addition
are found to be more reactive (diop, PhPN, dppf, except for
binap) than those which involve [Pd0(dba)(P ± N)] complexes
(FcPN, OxaPN) as the true reacting center. This is not
surprising since [SPd0(P ± P)] or [SPd0(P ± N)] are more
electron rich than the corresponding [Pd0(dba)(P ± P)] or
[Pd0(dba)(P ± N)] complexes, so that their enhanced reactivity
compensates largely for their endergonic formation from the
major species present in solution.


For OxaPN, the actual oxidative addition step involves
[Pd0(dba)(h1-OxaPN)] with a pseudo-first-order rate constant
k0[PhI] and is in competition with the complexation reaction
that yields [Pd0(h2-dba)(h2-OxaPN)] and whose rate constant
is kÿ2 (Scheme 9). On the other hand, [Pd0(h2-dba)(h1-
OxaPN)] is constantly reformed by decoordination of
[Pd0(h2-dba)(h2-OxPN)] with a rate constant k2. A saturating
effect is observed when kÿ2�k0[PhI] and corresponds to
kinetic control by the formation of [Pd0(h2-dba)(h1-OxaPN)]
from [Pd0(h2-dba)(h2-OxaPN)]. In this situation, the rate of
the overall oxidative addition is then controlled by k2 and does
not depend on the PhI concentration (Figure 5c). When


considering FcPN, kÿ2� k0[PhI], so that a dynamic equili-
brium occurs between [Pd0(h2-dba)(h2-FcPN)] and [Pd0(h2-
dba)(h1-FcPN)]. The oxidation step is then rate-determining
and the overall reaction remains apparently first order in PhI
(Figure 5b). Both [Pd0(h2-dba)(h2-FcPN)] and [Pd0(h2-
dba)(h2-OxaPN)] are six-membered rings and are thus subject
to similar geometric constraints, although the bond lengths
slightly differ in both complexes. Electronic effects also
appear to be more important. Indeed, the NMe2 amino group
in FcPN has more s-donor and less p-acceptor character than
the oxazoline group of OxaPN, which favors a weaker
coordination of the Pd0 center by NMe2 in [Pd0(dba)(h2-
FcPN)] than by the oxazoline in [Pd0(dba)(h2-OxaPN)].
Consequently, k2 for OxaPN is less than k2 for FcPN. One has
also to consider the intrinsic reactivity of [Pd0(h2-dba)-
(h1-P ± N)] (k0) defined by the basicity of the ligand as well
as by its bulkiness. Once the Pd ± N bond is cleaved, the P ± N
ligands behave as monophosphane ligands with FcPN having
greater electron-donor properties than OxaPN. All these
arguments would explain why {[Pd(dba)2] � 1 FcPN} is
slightly more reactive than {[Pd(dba)2] � 1 OxaPN} (Ta-
ble 3).


Conclusion


For all the P ± N ligands considered in this study,
[Pd0(dba)(P ± N)] is the major complex formed in solution
from [Pd0(dba)2] � 1 P ± N. The following isomers in equili-
brium are generated: two 16-electron complexes [Pd0(h2-
dba)(h2-P ± N)] differing by a rotation of dba around the
palladium(0) center, and one 14-electron complex [Pd0(h2-
dba)(h1-P ± N)] as observed for OxaPN and FcPN.


The behavior of PhPN is similar to that which we reported
previously for bidentate bis-phosphane ligands in the sense
that both [Pd0(dba)(PhPN)] and [SPd0(PhPN)] react with
PhI, [SPd0(PhPN)] being nevertheless more reactive than
[Pd0(dba)(PhPN)] because it is more electron rich. In the
presence of extra PhPN ligand, [Pd0(h2-dba)(h1-PhPN)2] and
[Pd0(h1-PhPN)3] are formed in which PhPN behaves as a
monodentate phosphane ligand, so that the situation becomes
formally identical to that which we have reported for
monodentate phosphanes.


With FcPN and OxaPN ligands, only [Pd0(dba)(FcPN)] and
[Pd0(dba)(OxaPN)] are formed whatever the excess of
ligand, which establishes that dba has a higher affinity for
[Pd0(P ± N)] than the P ± N ligand. Moreover, [SPd0(FcPN)]
and [SPd0(OxaPN)] are not involved at all in the oxidative
addition. The reactive palladium(0) complexes remain ligated
by dba. [Pd0(h2-dba)(h2-FcPN)] and [Pd0(h2-dba)(h2-OxaPN)]
are found to react with PhI via a 14-electron complex as
established for [Pd0(h2-dba)(h1-OxaPN)].


Once more, the dba ligand is found to play a crucial
role in the kinetics of the oxidative addition of PhI to the
palladium(0) complexes generated in situ from {[Pd0(dba)2]�
1 P ± N} mixtures. It may control the concentration of the dba-
free, most reactive complex (such as with PhPN) or in fact be
on the reactive complex (for FcPN and OxaPN).


Table 3. Comparative reactivity of Pd0 complexes in the oxidative addition
to PhI (0.2 mol dmÿ3) as a function of the ligand associated with [Pd0(dba)2]
in THF at 40 8C.


Entry [Pd0]� 2 mmol dmÿ3 t1/2 [s]


1 [Pd(dba)2] � 1 diop[4] 34
2 [Pd(dba)2] � 1 PhPN 50
3 [Pd(dba)2] � 1 dppf [4] 110
4 [Pd(dba)2] � 1 FcPN[a] 312
5 [Pd(dba)2] � 1 OxaPN[a] 555
6 [Pd(dba)2] � 1 binap[4] 16300


[a] When [PhI]� 0.04 mol dmÿ3, t1/2 was respectively 1060 s for FcPN and
1200 s for OxaPN.
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Experimental Section


31P NMR spectra were recorded in THF on a Bruker spectrometer
(162 MHz) with H3PO4 as an external reference. UV spectra were recorded
on a DU 7400 Beckman spectrophotometer. Cyclic voltammetry was
performed with a home-made potentiostat and a wave form generator
Tacussel GSTP4. The cyclic voltammograms were recorded on a Nicolet
oscilloscope. All experiments were performed under argon. THF (Janssen)
was distilled from sodium/benzophenone. The solvent was transferred to
the cells according to standard Schlenk procedures. Phenyl iodide (Janssen)
was filtered on neutral alumina and stored under argon. The syntheses of
[Pd(dba)2],[21] PhPN,[13] and FcPN,[11] are reported in the literature. OxaPN
was synthesized according to a published procedure. [12]


Characterization of OxaPN : Yield: 63 %; white crystals, m.p. 96 8C;
1H NMR (200 MHz, CDCl3): d� 7.9 ± 6.7 (m, 14 H; aromatic H of PPh2),
3.74 (s, 2H; CH2), 1.04 (s, 6 H, CH3); 13C NMR (63 MHz, CDCl3): d� 163,
139.5 ± 127.9 (Ar), 78.8, 67.5, 27.9; 31P NMR (163 MHz, CDCl3): d�ÿ4.4;
MS (CI�, NH3): m/z : 360 ([MH]�); C23H22NOP: calcd C 76.85, N 3.90, H
6.17; found C 76.82, N 3.95, H 6.17.


Electrochemical set-up for voltammetry : Electrochemical experiments
were carried out in a three-electrode cell connected to a Schlenk line. The
cell was equipped with a double envelope to maintain a constant
temperature (Lauda RC20 thermostat). The working electrode consisted
of a gold disk of 0.5 mm diameter. The counter electrode was a platinum
wire of about 1 cm2 apparent surface area. The reference was a saturated
calomel electrode separated from the solution by a bridge filled with a
solution of nBu4NBF4 (0.3 mol dmÿ3) in THF (3 mL). THF (15 mL)
containing the same concentration of supporting electrolyte was poured
into the cell. Addition of [Pd(dba)2] (17 mg, 0.03 mmol) was followed by a
suitable amount of the P ± N ligand. Cyclic voltammetry was performed at a
scan rate of 0.5 V sÿ1. The kinetic measurements were performed with a
rotating gold disk electrode (i.d.� 2 mm, Tacussel EDI 65109) with an
angular velocity of 105 rad sÿ1 (Tacussel controvit). The potential of the
rotating disk electrode was set on the oxidation plateau wave of the
palladium(0) complex (wave O1). An appropriate amount of phenyl iodide
was added and the decay of the oxidation current was then monitored as a
function of time.
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Benzoylformate Decarboxylase from Pseudomonas putida as Stable Catalyst
for the Synthesis of Chiral 2-Hydroxy Ketones**
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Petra Siegert,[a] Joachim Grötzinger,[d] Ayhan S. Demir,[b] and Martina Pohl*[a]


Abstract: The thiamin diphosphate-
and Mg2�-dependent enzyme benzoyl-
formate decarboxylase (BFD) from
Pseudomonas putida was characterized
with respect to its suitability to catalyze
the formation of chiral 2-hydroxy ke-
tones in a benzoin-condensation type
reaction. Carboligation constitutes a
side reaction of BFD, whereas the pre-
dominant physiological task of the en-
zyme is the non-oxidative decarboxyla-
tion of benzoylformate. For this purpose
the enzyme was obtained in sufficient
purity from Pseudomonas putida cells in
a one-step purification using anion-ex-
change chromatography. To facilitate
the access to pure BFD for kinetical
studies, stability investigations, and syn-


thetical applications, the coding gene
was cloned into a vector allowing the
expression of a hexahistidine fusion
protein. The recombinant enzyme shows
distinct activity maxima for the decar-
boxylation and the carboligation beside
a pronounced stability in a broad pH
and temperature range. The enzyme
accepts a wide range of donor aldehyde
substrates which are ligated to acetalde-
hyde as an acceptor in mostly high
optical purities. The enantioselectivity


of the carboligation was found to be a
function of the reaction temperature,
the substitution pattern of the donor
aldehyde and, most significantly, of the
concentration of the donor aldehyde
substrate. Our data are consistent with
a mechanistical model based on the
X-ray crystallographic data of BFD.
Furthermore we present a simple way
to increase the enantiomeric excess of
(S)-2-hydroxy-1-phenyl-propanone from
90 % to 95 % by skillful choice of the
reaction parameters. Enzymatic synthe-
sis with BFD are performed best in a
continuously operated enzyme mem-
brane reactor. Thus, we have established
a new enzyme tool comprising a vast
applicability for stereoselective synthesis.


Keywords: decarboxylation ´ en-
zyme catalysis ´ enzyme membrane
reactors ´ stereoselective synthesis ´
thiamin diphosphate


Introduction


Benzoylformate decarboxylases (BFD, E.C. 4.1.1.7)** have
been found in bacteria such as Pseudomonas putida, Acine-
tobacter calcoaceticus, and Pseudomonas aeruginosa.[1±3] The
enzyme is involved in the degradation of aromatic compounds
of the mandelate catabolism. Only BFD from P. putida has
been examined in detail so far. The coding gene was cloned[4]


and the crystal structure was published recently.[5] The spatial
arrangement of the four subunits in the crystal is similar to
pyruvate oxidase from Lactobacillus plantarum[6] and to
pyruvate decarboxylase (PDC) from Zymomonas mobilis.[7]


The main enzymatic reaction catalyzed by BFD is the non-
oxidative decarboxylation of benzoylformate to benzalde-
hyde. There are many evidences that the reaction me-
chanism (Scheme 1) is similar to that of pyruvate decarboxy-
lases.[8, 9]


Initial studies found the substrate range of the decarboxy-
lation reaction to be restricted to aromatic 2-keto acids.[8, 9]


We focused our interest on the ability of the enzyme to
catalyze the enantioselective CÿC-bond formation, which
constitutes a side reaction of hitherto unknown physiological
function. Besides thiamin diphosphate (ThDP) depen-
dent[10, 11] decarboxylases,[12, 13] only a few synthetically useful
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enzymes are able to catalyze CÿC-bond formation.[14] Among
these are oxynitrilases, aldolases, and transketolases.[15]


ThDP-dependent decarboxylases catalyze a benzoin-con-
densation type reaction resulting in chiral 2-hydroxy ketones.
The mechanistic aspects of ThDP-mediated reactions have
been discussed by Kluger[16] and Kern and co-workers.[17] The
enzymatically catalyzed reaction should be a versatile stereo-
selective alternative to the classical benzoin condensation.[18]


Some chemical methods have been evolved using non-
chiral[19] and chiral[20] thiazolium and triazolium salts for
catalysis of this CÿC-bond forming reaction. 2-Hydroxy
ketones in general are important structural subunits in many
biologically active natural products and are also important
synthons for stereoselective syntheses.[21] Several methods
have been developed for the preparation of such optically
active compounds. Among them are the stereoselective
oxidation of titanium enolates with dimethyldioxirane,[22] of
silyl enol ethers with chiral salen complexes,[23] or fructose
derived dioxirane,[24] and the stereoselective dihydroxylation
of enolates with N-sulfonyloxaziridines.[25] As an alternative
to chemical methods enantiomerically pure 2-hydroxy ke-
tones are prepared enzymatically by reduction of the dike-
tone[26] or kinetic resolution of the racemate of either
2-peroxo,[27] 2-hydroxy,[28] or 2-acetoxy ketones.[29] A well-
known industrial example for a chemoenzymatic reaction
pathway comprising the formation of the 2-hydroxy ketone
(R)-phenylacetylcarbinol ((R)-PAC) as chiral precursor in the
synthesis of l-ephedrine is mediated by yeast or isolated
PDC.[12, 30]


Although the synthetical potential of PDC has been
characterized in detail,[13] only little is known on the substrate
and product range of BFD. Wilcocks and co-workers[31, 32]


described the formation of (S)-2-hydroxy-1-phenyl-propa-
none ((S)-2-HPP) and the corresponding derivatives, when
BFD-catalyzed decarboxylation of benzoylformate or ben-
zoylformate derivatives is performed in the presence of
acetaldehyde. However, the finding that (S)-2-HPP was
formed with an optical purity of only 91 ± 92 % in batch
experiments[31] suggests that BFD from P. putida is a less
useful catalyst for enantioselective syntheses than PDC.


The aim of this study was to characterize the synthetic
potential of BFD from P. putida. In detail we focused on:
i) the characterization of the substrate and product range of
the enzyme, ii) factors influencing the optical purity of the
2-hydroxy ketones formed, iii) investigations of the enzyme
stability and kinetic parameters, and iv) the evaluation of a
continuous process for the formation of chiral 2-hydroxy
ketones.


We describe a simple method to obtain the biocatalyst from
P. putida or from a recombinant Escherichia coli strain in high
amounts, free of interfering side activities. Further, we present
an effective method to increase the optical purity of the
desired 2-hydroxy ketones by a skillful choice of the reaction
temperature and the substrate concentration. Our results
show that BFD is a powerful catalyst for the enantioselective
formation of various aromatic and even aliphatic (S)-2-
hydroxy ketones using aldehydes instead of 2-keto acids as
sole substrates.


Results


Preliminary remarks : Since the main catalytic activity of
BFD, the decarboxylation of benzoylformate, is by a factor of


Scheme 1. Reaction mechanism of the BFD-mediated decarboxylation of benzoylformate and the carboligation of the activated benzaldehyde with
acetaldehyde yielding (S)-2-HPP. A common intermediate of both reaction pathways is the enamine-carbanion species 3 consisting of benzaldehyde bound to
ThDP (ªUmpolungº of benzaldehyde). The release of benzaldehyde from hydroxybenzyl-ThDP is a reversible step. Thus, carboligation does not require a
previous decarboxylation step. BFD mediates carboligation, if the ThDP-bound ªactive aldehydeº (acyl donor) is ligated to a further aldehyde (here:
acetaldehyde) acting as an acyl acceptor.







Benzoylformate Decarboxylase 1483 ± 1495


Chem. Eur. J. 2000, 6, No. 8 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000 0947-6539/00/0608-1485 $ 17.50+.50/0 1485


40 higher than the carboligase reaction, and easy to determine
in a continuous photometric assay, we used the decarboxyla-
tion of benzoylformate as a measure for the catalytic activity
during purification und stability investigations.


Fermentation and purification of BFD from P. putida : P.
putida strain ATCC 12 633 was grown in a medium containing
d-/l-mandelic acid as the only carbon source. A 200 L
fermentation yielded about 150 000 U BFD with a specific
decarboxylase activity of 2.2 U mgÿ1 in the crude cell extract
(Table 1). The purification procedures reported so far re-
quired a joint action of an ammonium sulfate precipitation
and various chromatographic steps,[1, 4, 31, 33] resulting in BFD
preparations with specific decarboxylase activities in the
range of 17 to 193 Umgÿ1, depending on the addition of
cofactors to the purification buffers. We omitted the ammo-
nium sulfate precipitation step from the purification protocol
and reduced the procedure to an anion-exchange chromato-
graphy and a subsequent desalting step. This purification
resulted in a ten-fold increase of the specific activity (Table 1)
and yielded the enzyme sufficiently pure for the application in
biotransformations, since interfering enzyme activities (e.g.
oxidoreductases) were efficiently removed. Pure enzyme with
a specific decarboxylase activity of 230 Umgÿ1 was obtained
by affinity chromatography on an affi-blue column.[33] How-
ever, this method is limited to small-scale purifications.


Cloning, expression, and purification of BFD ± His : The
availability of the cloned BFD-gene[4] offered an easier way
to purify BFD for enzymological and protein chemical
investigations. The protein sequence revised upon analysis
of the crystallographic data[5] is depicted in Figure 1. Using the
vector pBFD/trc[4] as a template, the gene was elongated by
six codons for histidine at the 3'-end. Expression of the
modified gene encoding BFD with a C-terminal hexahistidine
tail (BFD ± His) in E. coli SG13 009 yielded about 10 ± 15 %
BFD ± His among the total soluble cell protein. The enzyme
was purified to homogenity in one chromatographic step on a
Ni ± NTA-agarose resin. The resulting specific decarboxylase
activity of 320 Umgÿ1 is significantly higher than that of wt-
BFD obtained by affinity chromatography on affi-blue
agarose (230 U mgÿ1) (Table 1). Both protein fractions ap-
peared to be homogenous in a silver-stained PAGE (data not
shown). A possible interpretation of the discrepancy might be
partial protein inactivation during the dye-affinity chroma-
tography.


Studies on the decarboxylation reaction and the enzyme
stability


i) pH Dependence of the decarboxylation reaction : The ThDP-
mediated decarboxylation of 2-keto acids includes various
protonation and deprotonation steps (Scheme 1).[8, 9] Thus, the
pH dependence of the reaction was investigated under initial
rate conditions using the direct decarboxylase assay. The
results are summarized in Figure 2. BFD exhibits a relative
decarboxylase activity of 80 ± 100 % in the range of pH 5.5 ±
7.0, with a distinct maximum at pH 6.2. The lower activity at
pH< 5.5 is likely due to the low stability of the enzyme in the
acidic pH range. The deactivation kinetic of BFD ± His is
almost linear with 0.3 % minÿ1 at pH 5.5, whereas at pH 3
deactivation is exponential. However, BFD is stable at pH 8
and is slowly deactivated at pH 10 (0.1 % minÿ1).


ii) Temperature dependence of the decarboxylation reaction :
Increase of the temperature from 30 8C to 68 8C increased the
decarboxylase activity by a factor of 4.5 (Figure 3). From
these data the activation energy of the decarboxylase reaction
has been calculated to 38 kJ molÿ1 using the Arrhenius
equation. The enzyme is stable up to a temperature of 60 8C
for 2 h, but is inactivated rapidly at 80 8C (half-life period:
15 ± 20 min).


Kinetic constants and substrate range of the decarboxylation
reaction : BFD shows a hyperbolic velocity versus substrate
concentration (v/S) plot with a KM value of 0.7 mm for
benzoylformate (data not shown). Vmax varied between
230 U mgÿ1 for the wt-enzyme purified by dye-affinity chro-
matography and 320 U mgÿ1 for BFD ± His (Table 1). The
substrate range of the decarboxylation reaction using purified
enzyme is shown in Table 2. Although BFD is highly specific
for benzoylformate, it exhibits low activities with some
aliphatic 2-keto acids. Among these, best results were
obtained with 2-oxo-hexanoate. Since decarboxylation and
carboligation take place at the same active site and have a
common transition state (Scheme 1), this result indicates that
aliphatic aldehydes may bind as acyl donors to the active
center.


Stability of the cofactor binding : In ThDP- and Mg2�-
dependent decarboxylases cofactors are bound non-covalent-
ly which makes addition of the cofactors to the reaction buffer
necessary.[12] Thus, we studied the stability of the cofactor
binding in BFD. ThDP-free BFD is easily obtained by elution
of BFD ± His from the Ni ± NTA-matrix during purification


Table 1. Purification of wt-BFD from 1360 g P. Putida cells (200 L culture volume) and BFD ± His from 98 g E. coli SG13 009 cells carrying the pBFD ± His
plasmid (20 L culture volume).[a]


Purification step Total activity/U Specific activity/U mgÿ1 Purification Yield per step/%
factor


crude extract (P. putida) 150 000 2.2 1 100
anion-exchange chromatography/desalting 142 500 22 10 70
dye-affinity chromatography[a] 7.5 230 105 15


crude extract (E. coli) 175 000 60 1 100
Ni ± NTA chromatography/desalting (gel filtration) 140 000 320 5 80


[a] 2.3 mg of BFD (50 U) purified by anion-exchange chromatography were subjected to dye-affinity chromatography.
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Figure 2. Determination of pH optima: (~) Decarboxylation of benzoyl-
formate using the direct decarboxylase assay, (^) carboligation yielding
(S)-2-HPP using benzoylformate and acetaldehyde as substrates, and (&)
carboligation yielding (S)-2-HPP using benzaldehyde and acetaldehyde as
substrates.


using ThDP-free buffer, whereas Mg2� is bound tightly to the
enzyme. Even incubation in the presence of 10 mm EDTA for
16 h at 40 8C resulted in only slight removal (20 %) of bound
Mg2�. Demonstrating the significant stabilizing effect of
ThDP and Mg2�, the inactivation of BFD in the absence of


Figure 3. Temperature dependence of the BFD-mediated decarboxylation
of benzoylformate. Data were obtained using the direct decarboxylase
assay. An activation energy (Ea) of 38 kJ molÿ1 was calculated according to
Arrhenius for the decarboxylation of benzoylformate using the following
equation: log Vmax� log AÿEa/(2.303 RT).


cofactors in comparison to a cofactor containing enzyme
preparation is shown in Table 3 by means of the half-life of the
enzyme activity. Additionally, the inactivating effects of
benzaldehyde and acetaldehyde on the enzyme are inves-
tigated.


Figure 1. Protein and DNA sequence of BFD ± His from P. putida revised upon structural analysis.[5] The restriction sites used for cloning are indicated
(grey). The wt-sequence is terminated with K528. BFD ± His is elongated by eight amino acid residues at the C-terminus.
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Reconstitution of ThDP-free BFD ± His was studied by
incubating the apo-enzyme with increasing amounts of ThDP.
The regained decarboxylase activity was determined after
24 h (data not shown). Half-maximal activity is obtained with
<1 mm ThDP. A similar K0.5 value (0.7 mm) has been reported
for PDC from Z. mobilis.[34]


Substrate and product range of the carboligation : The
potential of BFD to catalyze CÿC-bond formation was first
reported by Wilcocks an co-workers.[31] They observed the
formation of (S)-2-HPP if benzoylformate was decarboxy-
lated in the presence of acetaldehyde. A detailed analysis of
2-hydroxy ketones available from benzoylformate, benzalde-
hyde, and acetaldehyde as substrates resulted in the formation
of three different products, (S)-2-HPP, (R)-benzoin, and (S)-
acetoin. Among these, the heterologous carbinol (S)-2-HPP is
formed with a specific carboligase activity of about 7 Umgÿ1


BFD (1 U carboligase activity equals the amount of enzyme
which catalyzes the formation of 1 mmol of the respective
2-hydroxy ketone per min at 25 8C, pH 7.0), whereas the
specific activity of the enzyme with respect to the formation of
the homologous products (R)-benzoin (0.25 U mgÿ1) and (S)-
acetoin (<0.01 U mgÿ1) is significantly lower. Nevertheless, all
carbinols, except acetoin, are obtained with high enantiomeric
excess (Table 4). These results demonstrate that BFD has a
potential for application in stereoselective synthesis to form
enantiomerical pure and high enantiomerically enriched
2-hydroxy ketones. One advantage is the possibility to use
aldehydes without a previous decarboxylation step instead of
the corresponding high-priced a-keto acids. Thus, further


studies were undertaken to determine the characterization of
the substrate range, the steric and electronic influences of
substituents both on the benzene moiety of the donor


Table 2. Relative decarboxylase activity of BFD ± His towards various
2-keto acids. The activity was obtained using the coupled decarboxylase
assay.


2-Keto acid Relative activity/%


2-Oxo-2-phenylacetate (benzoylformate) 100
2-Oxo-3-phenyl-propanoate (phenylpyruvate) 0
3-Cyclohexyl-2-oxo-pentanoate 0.07
4,4-Dimethyl-2-oxo-pentanoate 0.05
4-Methyl-2-oxo-pentanoate 0.43
3-Methyl-2-oxo-pentanoate 0.88
2-Oxo-octanoate 0.66
2-Oxo-hexanoate 1.93
2-Oxo-pentanoate 0.98
2-Oxo-butanoate 0.32
2-Oxo-propanoate (pyruvate) 0.03


Table 3. Inactivation of BFD in 50 mm phosphate buffer (pH 7) in the
absence of cofactors ThDP and Mg2� in comparison to cofactor containing
buffer (0.5 mm ThDP, 0.5 mm Mg2�). The influence of benzaldehyde (BA)
and acetaldehyde (AA) is also investigated.


Cofactors Temperature/8C BA /mmol Lÿ1 AA/mmolLÿ1 Half-life /d


� 4 ± ± 139� 60


� 20 ± ± 36� 7
� 20 ± 100 1.8� 0.1
� 20 ± 200 1.5� 0.1
� 20 25 ± 5.3� 0.7


ÿ 20 ± ± 3� 0.4


Table 4. Substrate and product range of BFD. Reactions were studied in batch
syntheses and stopped after 20 h. If not stated otherwise the absolute
configuration of the 2-hydroxy ketone is (S). All reactions[a] used acetaldehyde
as an acyl acceptor.


Acyl donor 2-Hydroxy
ketone


No. Con-
version/%


ee/%


4 a 99 92


5[a] 0.4[b] > 99 (R)


6 n.d. 13


X�Cl, Br, OMe 0 ±
4 b Me 4 n.d.
4 c F 91 89


4 d X�F 100 87
4 e Cl 94 94
4 f Br 68 96
4 g Me 99 97
4 h OMe 94 96
4 i OEt 91 97
4 j OiPr 62 > 99
4 k OMOM 88 > 99
4 l OAc 80 > 99
4 m OH 62 92
4 n CN 95 92


4 o X�F 69 87
4 p Cl 85 82
4 q Br 42 83
4 r Me 65 88
4 s OMe 23 92
4 t OH 11 86
4 u CN 89 74


4 v X, Y�F 93 81
4 w OMe 11 > 99


X�NH 0 ±


7 a O 56 45


7 b S 50 83


8 65 87


9 21 61


10 50 94


[a] Except for the synthesis of benzoin. [b] Conditions for batch synthesis, see
Experimental Section.
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aldehyde as well as on acetaldehyde, acting as acyl acceptor.
As depicted in Table 4, BFD is able to bind a broad range of
different aromatic, heteroaromatic, and even cyclic aliphatic
and conjugated olefinic aldehydes to ThDP (3) prior to
ligation to acetaldehyde. Best results with respect to optical
purity of the resulting 2-hydroxy ketones were obtained with
meta-substituted benzaldehydes. Using these substrates, the
enantiomeric excess (ee) increased to more than 99 %. With
the corresponding para-substituted substrates a significant
decrease of both the conversion rate and, in most cases, the
enantioselectivity was observed. Thus, the optical purity of the
ligation product depends on structural variation of the donor
aldehyde. Our studies demonstrate that the sterical demand of
the substituent plays a decisive role in both conversion rate
and ee. The ee increases with bulky groups attached to the
benzene ring (cf. the series of 3-alkoxy substituents, Table 4),
but simultaneously the conversion rate decreases. Further-
more, for the first time we could demonstrate the BFD-
mediated stereoselective coupling of two aliphatic substrates,
cyclohexane carbaldehyde, and acetaldehyde. The significant
lower conversion rate of cyclohexane carbaldehyde compared
with cyclohexene and aromatic carbaldehydes to the corre-
sponding 2-hydroxy ketones might be a consequence of
missing stabilizing interactions in the active site of the
enzyme. Aromatic edge-to-face interactions and, perhaps, a
more favorable conformation and better delocalisation of the
negative charge in state 3 (see Scheme 1, see Discussion) favor
the plain aromatic substrates in the cavity of the active site in
comparison to aliphatic ones. In contrast, ortho-substituted
benzaldehyde derivatives, except 2-fluorobenzaldehyde, are
only poorly accepted, probably due to sterical hinderance.


In a second approach we focused on the influences of
electronic properties of the substrate affecting the biotrans-
formation. Applying benzaldehyde substituted with groups
exhibiting strong electron withdrawing effect, we found a
slight decrease of conversion rate and ee (cf. F, CN). More-
over, amino- and nitrosubstituted substrates as well as
pentafluorobenzaldehyde are not accepted by BFD (data
not shown).


Apart from acetaldehyde, which is the most efficient acyl
acceptor in the series tested, BFD shows low activity with
benzaldehyde forming optically pure (R)-benzoin (Table 4).
However, the synthesis of acetoin proves that acetaldehyde
may also bind to the active center (Scheme 1), which is
consistent with weak decarboxylase activity towards pyruvate
(Table 2). Nevertheless, in the presence of benzaldehyde no
ligation was observed with propionaldehyde, 2-chloro-acetal-
dehyde, glycolaldehyde, acrolein or propinal.


Studies on the formation of (S)-2-HPP (4 a)


i) Kinetic constants of the carboligation reaction : Results of
kinetic investigations of the (S)-2-HPP formation using
aldehydes as substrates are shown in Figure 4. The enzyme
activity as a function of the benzaldehyde concentration is in
accord with a Michaelis ± Menten type kinetic, restricted by
the solubility of benzaldehyde in aqueous solution (�50 mm).
For acetaldehyde the initial rates were fitted by the Michae-
lis ± Menten equation up to the maximum velocity at a


concentration of about 750 mm. Higher acetaldehyde concen-
trations lead to a decrease of the initial reaction rate which
might be interpreted in terms of substrate inhibition or, more
likely, rapid enzyme inactivation. The kinetic parameters of
the following double substrate Michaelis ± Menten model
were fitted to the data measured under initial reaction
condition by means of non-linear regression.


v � Vmax��benzaldehyde���acetaladhyde�
�KM; benzaldehyde � �benzaldehyde����KM; acetaldehyde � �acetaldehyde�� (1)


The kinetic parameters calculated from Equation (1) are
KM values of 310 mm (�80 mm) for acetaldehyde and 77 mm
(�19 mm) for benzaldehyde. Vmax was calculated to 48 Umgÿ1


(�10 U mgÿ1). The model represents the experimental data
with a reasonable correlation higher than 96 % (Figure 4).
However, in this case Vmax is only of theoretical value using
aqueous buffer for biotransformation because of the limited
solubility of benzaldehyde (KM is greater than the maximal
solubility of about 50 mm).


Figure 4. Determination of kinetic constants of BFD ± His for the carbo-
ligation of benzaldehyde and acetaldehyde to (S)-2-HPP: v/[benzalde-
hyde]-plot obtained in the presence of 500 mm acetaldehyde (top);
v/[acetaldehyde]-plot obtained in the presence of 10mm (~) and 25 mm
(*) benzaldehyde, respectively (bottom). Data were fitted according to
Michaelis ± Menten as double substrate kinetics (dashed line). Best
correlation with the experimental data was obtained by including terms
for substrate-excess inhibition into the kinetic model (straight line).


ii) Influence of temperature and pH value on the enzymatic
carboligation : As demonstrated for the decarboxylation
reaction (Figure 3), carboligation strongly depends on the
temperature (Figure 5). The carboligation activity is en-
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Figure 5. Influence of the reaction temperature on the carboligase activity
of BFD ± His. Benzaldehyde (25 mm) and acetaldeyde (500 mm) were
incubated with 6.4 U BFD in standard buffer at the given temperatures.
Reactions were stopped at equivalent conversion points. The plot is
assimilated to Arrhenius up to 30 8C (*). The appreciation at higher
temperatures (*) is minor as implicated by the Arrhenius plot.


hanced by a factor of about 2 by raising the temperature from
25 8C to 40 ± 50 8C. However, the ee of the resulting (S)-2-HPP
depends on the temperature in an inverse manner, as
demonstrated in Figure 6. It has to be mentioned that the
lower optical purity obtained at higher reaction temperatures
is a function of the enzyme selectivity rather than of the
stability of (S)-2-HPP. The pH optimum of the carboligation
reaction is different for benzaldehyde or benzoylformate as
primary substrates (Figure 2). In the first case, the formation
of the carbanion-enamine 3 (Scheme 1) is a result of the
nucleophilic attack of the ThDP-ylide on the carbonyl C-atom
of benzaldehyde. The pH optimum for the carboligation of
benzaldehyde and acetaldehyde to yield (S)-2-HPP was
determined to pH� 8. Using benzoylformate and acetalde-
hyde as substrates the pH optimum for the carboligation is
shifted to pH 7.0, since a previous decarboxylation step with a
pH optimum at pH 6.2 is required.


iii) Influences on the enantioselectivity of (S)-2-HPP (4a)
formation : The enantioselectivity of the carboligation to (S)-
2-HPP was found to be a function of temperature, and
benzaldehyde concentration. The results are shown in Fig-
ure 6. Highest ee values (>94 %) were obtained using a low


Figure 6. Influences on the enantiomeric excess of (S)-2-HPP: Influences
on the ee with respect to the benzaldehyde concentration and reaction
temperature were studied in batch experiments with 500 mm acetaldehyde
and the depicted benzaldehyde concentrations at 4 8C (*), 20 8C (~), and
30 8C (&).


concentration of the donor substrate benzaldehyde (<1 mm)
and performing the enzymatic coupling at low temperatures
(4 8C). Similar high ee values (�95 %) for (S)-2-HPP can also
be obtained using benzoylformate as primary substrate, but at
low temperatures (�5 8C) and with low decarboxylation
conversion rates, which coincides with a low benzaldehyde
concentration (initial rate conditions, data not shown).
Another fact favors a low concentration of benzaldehyde to
obtain best results in the formation of (S)-2-HPP: In the
presence of high concentration of benzaldehyde a competitive
reaction yielding (R)-benzoin becomes more important (see
Discussion).


Continuous synthesis of (S)-2-HPP (4 a) in the enzyme
membrane reactor : To establish a low benzaldehyde concen-
tration during the reaction, which is needed to reach a high ee
(see above), a continuously operated stirred tank reactor
(CSTR) equipped with an ultrafiltration membrane (enzyme
membrane reactor) was used.[35] BFD is retained by the
ultrafiltration membrane, whereas the substrates, products
and cofactors can pass the membrane. The enzyme membrane
reactor works under product efflux conditions, meaning that
the concentrations in each volume element are the same as at
the outlet of the reactor. If steady state conditions are
reached, the concentrations are independent of time and
place. This enables the application of a high benzaldehyde
concentration (10 mm) at the inlet, which in case of 90 %
conversion results in an actual concentration of 1 mm in the
reactor. The conversion is controlled by enzyme concentra-
tion and residence time. The enzyme membrane reactor was
operated continuously over a period of 180 h (Figure 7, data


Figure 7. Progression of the conversion (*) of benzaldehyde and acetal-
dehyde to (S)-2-HPP (4a) using a continuously operated stirred tank
reactor. Additionally, the progression of ee (~) and the residence times t,
which are adjusted to the conversion rate, are shown.


shown 0 ± 70 h). (S)-2-HPP was produced with an enantio-
meric excess of 92.5 % and a space ± time yield of 34.2 g Lÿ1 dÿ1


(220 mmol Lÿ1 dÿ1). By changing the reaction temperature of
the CSTR from 25 8C to 10 8C the influence of the temper-
ature on the ee could be verified.


Discussion


BFD [E.C. 4.1.1.7] is a stable biocatalyst which is available in
large scale quantities by fermentation of either P. putida or a
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recombinant E. coli strain carrying the BFD-gene. BFD is the
most active ThDP-dependent 2-keto acid decarboxylase
known so far which catalyzes both the decarboxylation (main
reaction) and the carboligation (side reaction) with high
specific activities. As an example 1 mg BFD ± His catalyzes
the decarboxylation of 320 mmol benzoylformate per minute
or the formation of 7 mmol (S)-2-HPP by the coupling of
benzaldehyde and acetaldehyde under standard conditions,
respectively.


In earlier investigations the substrate range of the decar-
boxylation reaction was found to be limited to meta- and para-
substituted benzoylformate derivatives.[1, 8, 9] In the present
study, we found low decarboxylase activity even with some
aliphatic 2-keto acids (Table 2). However, among these BFD
exhibited maximal activity of only 2 % (related to benzoyl-
formate) with 2-oxo hexanoate. These results suggest that the
binding of aromatic substrates is preferred through stabiliza-
tion by specific supramolecular interactions in the active site
of the enzyme (e.g. optimal steric fit of planar aromatic
substrates, edge-to-face interactions of the phenyl ring of the
substrate with Phe397 and Phe464). Scheme 2 shows the
amino acid residues surrounding the active site as deduced
from the crystal structure of BFD.[5] In order to visualize
preferential or unfavorable contacts during the transition
state of the catalytic reaction, benzaldehyde was bound to the
C2-atom of the thiazolium ring by means of computer
modeling[36] based on X-ray crystallographic data.[5] The
spatial arrangement of the phenyl ring and the thiazole ring
in the carbanion-enamine 3, which constitutes a common
transition state of both the decarboxylation and the carboli-


gation (Scheme 1), is probably coplanar. Under these con-
ditions delocalisation of the negative charge is possible. In
addition, the phenyl ring of benzaldehyde as shown in
conformation A (Scheme 2) is probably arranged between
the two phenyl rings of Phe464 and Phe397, which are directed
approximately perpendicular, a stabilizing edge-to-face con-
formation frequently found in proteins.[37] Due to the partial
single bond character of the CÿC bond in the transition state,
3 may exist in many conformations differing in the binding
angle between phenyl ring and thiazolium ring and in their
orientation relative to the surrounding amino acid side chains.
The conformations A and B given in Scheme 2 represent two
extremes, both exhibiting a coplanar arrangement of phenyl
ring and thiazolium ring. However, conformation B is
unfavored since the edge-to-face interactions of the phenyl
moiety of the substrate with Phe464 and Phe397, which are
probably stabilizing conformation A, are missing and, in
addition, the phenyl ring gets in close proximity to His70
which is discussed to be mechanistically important.[5]


Based on this central thesis of two different conformations
of state 3, which are in a kinetically controlled equilibrium
(see below), we developed a model which explains the
substrate range and the different effects on the enantioselec-
tivity of the carboligation reaction which we have observed.


Assuming this model, there are four theoretically possible
transition states during carboligation, which result from Re-
and Si-attack on an acceptor aldehyde (e.g. acetaldehyde or
benzaldehyde, Scheme 2), respectively. This model implies
that catalytic processes occur only in the cavity restricted by
Ala460, Phe464, His70, the protein backbone, and ThDP. In


principle, four more possible
transition states are conceiva-
ble assuming that A and B
attack the acceptor aldehyde
from the contrary site (direc-
tion of Phe397). However, this
alternative seems to be implau-
sible because of the shielding
effect of the ThDP-pyrimidine
moiety on the nucleophilic cen-
ter in 3 due to the V-conforma-
tion of the cofactor.


Depending on the conforma-
tion of 3 and the structure of the
acceptor aldehyde, different fa-
vorable orientations relative to
each other can be deduced.
Based on this model we will
first explain the different enan-
tioselectivities depending on
the acceptor aldehyde, resulting
in (S)-2-hydroxy ketones with
acetaldehyde and (R)-benzoin
with benzaldehyde as an ac-
ceptor. As demonstrated in
Scheme 2, in principle, two dif-
ferent possibilities for the for-
mation of (S)- and (R)-products
assuming Re- and Si-attack of A


Scheme 2. Two possible orientations of the donor substrate-ThDP complex at the active site of BFD are shown:
Computer modeled complex based on X-ray crystallographic data (top) and schematic representation of the Re-
and Si-attack of carbanion-enamines A and B (bottom). Preferred orientation ARe leads to (S)-2-HPP, whereas
the unfavored orientations ASi and BSi are proposed to result in the formation of the minor enantiomer (R)-2-
HPP and the by-product (R)-benzoin. (abbreviations: A: alanine, H: histidine, F: phenylalanine).
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and B on the acceptor aldehyde are possible. However, the
structural environment of the active site limits these possibil-
ities to one favored orientation for acetaldehyde (ARe) and
two less preferred for benzaldehyde (ASi, BSi).


Both transition states, Re-attack of A and Si-attack of B on
the acceptor aldehyde, have the relative orientation of the
functional groups of acceptor and 3 in common. In both cases
the carbonyl group of the acceptor approaches the phenyl
moiety of 3, whereas the methyl or phenyl group approaches
the former carbonyl-O-atom of the ThDP-bound aldehyde.
Re-Attack of A on the acceptor aldehyde implies that the
methyl group of acetaldehyde is located in the small cavity
defined by Phe464, His70, the protein backbone, and ThDP.
Since this cavity is only accessible for acetaldehyde an
absolute configuration of (S) of the corresponding 2-hydroxy
ketones is explainable. On the other hand, acceptor aldehydes
with a major steric demand, like benzaldehyde, do not fit into
this cavity and are thus being attacked by 3 from the Si-face.
Thus, all 2-hydroxy ketones obtained with larger acceptor
aldehydes than acetaldehyde shall have an absolute config-
uration of (R), which is in accord with our experimental
results (Table 4).


Furthermore, we proved (R)-benzoin to be formed enan-
tiomerically pure, whereas the ee of (S)-2-HPP was found to
be a function of the reaction temperature and, suprisingly, of
the benzaldehyde concentration (Figure 6). As we have
already pointed out, benzaldehyde has only one possibility
to fit into the cavity of the active site and the carboligation
must be a consequence of a Si-attack of B or, alternatively, Si-
attack of A, which implies an approximation of the phenyl
moiety of the donor and acceptor aldehyde. Both cases result
in the formation of (R)-benzoin which explaines the high
optical purity (ee> 99 %). However, ASi seems to be dis-
advantageous in the case of the formation of (R)-benzoin
because of an unfavored arrangement to each other of the
acceptor- and donor-carbonyl moieties. Re-Attack of A or B
seems to be improbable since the cavity restricted by Phe464,
His70, the protein backbone, and ThDP is appropriate only
for small molecules like acetaldehyde.


The situation is different for 2-HPP, since acetaldehyde can
be attacked from the Re- and Si-face by A and, additionally,
from the Si-face by B. Si-Attack of A on acetaldehyde
demands that the acceptor aldehyde is orientated with the
carbonyl group towards the cavity restricted by Phe464,
His70, the protein backbone, and ThDP. This orientation (ASi)
is vigorously unfavored in comparison to ARe due to a
repulsive arrangement of the participating groups of the
acceptor and the ThDP-bound donor aldehyde. Assuming a
kinetically controlled equilibrium between both A and B, the
unusual concentration dependency of ee can be explained.
Higher concentration of the donor aldehyde results in an
enrichment of species B and thus the Si-attack (BSi) on
acetaldehyde yielding (R)-2-HPP gains a major relevance.
These two aspects give the rationale for the incomplete and
concentration dependent chiral induction (highest ee ob-
tained: 95 %) of BFD in the case of the formation of (S)-2-
HPP (4 a). The formation of (R)-benzoin, which depends also
on the benzaldehyde concentration, can be explained in the
same way.


Re-Attack of B cannot occur, since the described cavity is
shielded by the phenyl moiety of 3 and, thus, the methyl group
of the acceptor aldehyde is restricted from fitting into it.
However, highest enantioselectivities were obtained at low
temperature (4 8C) with small benzaldehyde concentration
(<1 mm) (Figure 6), a substrate concentration significantly
lower than KM (77� 19 mm) (Figure 4). Accordingly, an
increase of the kinetic energy by elevation of the reaction
temperature would influence the rate-determining step be-
tween orientations A and B and thus increase the formation of
(R)-2-HPP via both the ASi- or BSi-attack of acetaldehyde.
The fact that the catalytic activity with respect to the
formation of (R)-benzoin is significantly lower than for (S)-
2-HPP can be taken as a proof for the lower concentration of
B compared with A.


The last observation to be explained is the preference of
aromatic donor aldehydes and the influence of their structure
on the enantioselectivity of the carboligation. If we assume
that orientation A is the most likely one, the preference for
aromatic substrates is reasonable since they allow delocalisa-
tion of p-electrons and they can profit from the stabilizing
edge-to-face interactions with Phe464 and Phe397. Also, their
plain structure is sterically preferable for an optimal fit into
the cavity between the two phenyl rings of the phenylalanine
residues.


Donor aldehyde substrates larger than benzaldehyde
should increase the energy barrier between A and B.
Furthermore, the Si-attack (ASi) described above of such a
bulkier species 3 (e.g. ThDP-bound 4 j, Table 4) in conforma-
tion A becomes less plausible, since this orientation of the
acceptor (acetaldehyde) is sterically hindered by the sub-
stituents attached to the benzene moiety. The high enantio-
selectivity obtained with various meta-substituted benzalde-
hyde derivatives (Table 4) may be taken as a confirmation of
this hypothesis. In contrast, para-substituted donor substrates
did not show such a distinct effect on the ee of the desired
substituted (S)-2-HPP derivatives. This result seems to be due
to the more stretched geometry of para-substituted aromatic
molecules resulting in a less effective shielding of the ASi-
attack. On the other hand ortho-substituted donor aldehyde
substrates showed an extreme effect. Only ortho-fluorobenz-
aldehyde can react to the desired product 4 c with high yields,
but substrates with bulkier groups attached to the ortho-
position are not accepted by BFD. This observation is in
accordance with an approximation of the ortho-substituent to
the activated carbonyl moiety of 3 (cf. Scheme 2) and, thus, a
strong steric shielding protects those substrates from reaction.


The presented model is fully consistent with our achieved
experimental observations. It further implies that only
substrates which generate carbanion-enamines 3 with a high
kinetic barrier between orientation A and B can be trans-
formed enantioselectively to the corresponding 2-hydroxy
ketones in common batch synthesis (e.g. bulky substituents in
meta-position). Less enantioselective transformations given in
Table 4 are likely to be a consequence of the described
mechanism. The diminished optical purity of these products
obtained seems to reflect an intrinsic property of BFD.


However, our studies in batch and continuous reaction
systems have demonstrated that the performance of batch
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experiments is not the most useful way to obtain enantiomeri-
cally pure 2-hydroxy ketones with this enzyme. During batch
synthesis, the concentrations of substrates and products
change continuously,[38] which significantly influences the
optical purity of the product and the amount of (R)-benzoin
formed by a competiting reaction. Additionally, BFD is
inactivated by high concentrations of benzaldehyde (Table 3).
We demonstrated that these problems can be circumvented by
using a continuously operated stirred tank reactor (CSTR)
with a high influx concentration of benzaldehyde maintaining
a low concentration in the reactor itself, while working under
product efflux conditions. These conditions are a prerequisite
to obtain a high enantiomeric excess for (S)-2-HPP (4 a) and a
high space-time yield.


Conclusion


We have established a new enzyme tool for enantioselective
CÿC-bond formation comprising an expandable applicability
for stereoselective synthesis. BFD-mediated carboligation of
two aldehydes represents an efficient method leading to chiral
2-hydroxy ketones with a high synthetic potential. Our results
open the way for the application of BFD in organic synthesis
by offering highly enantiomerically enriched starting materi-
als.


Experimental Section


General methods : All reagents used were analytical grade. Cyclohexene-1-
carboxaldehyde,[39] 3-ethoxybenzaldehyde,[40] 3-isopropoxybenzalde-
hyde,[40] 3-acetoxybenzaldehyde,[40] and 3-(methoxymethoxy)-benzalde-
hyde[41] were synthesized according to published procedures. If not
specified, the enzymatical experiments have been performed in a buffer
consisting of potassium phosphate (50 mm, pH 6.0) containing MgSO4


(2.5 mm), and ThDP (0.1 mm). If not otherwise stated BFD activity is
related to the decarboxylation of benzoylformate. 1 U is defined as the
amount of enzyme that decarboxylates 1 mmol benzoylformate per minute
at 30 8C in potassium phosphate buffer at pH 6.0. Cell disintegration was
performed by using a disintegrator S (Euler, Germany). Thin-layer
chromatography was carried out on aluminium sheets precoated with silica
gel 60 F254 (Merck). Chromatograms were inspected by UV-light (l�
254 nm). Preparative isolation of 2-hydroxy ketones was carried out by
column chromatography on silica gel 60 (mesh size 40 ± 63 mm). Analysis of
2-hydroxy ketones was performed using HPLC (HP series 1100, Hewlett
Packard), fitted with a diode array detector, and equipped with a RP-C18
column (Hypersil, 250� 3 mm, C&S, Germany; acetonitrile/water 40:60,
flow 0.3 mL minÿ1, 25 8C) or a chiral phase column Chiralcel OB (Daicel
Ltd., 250� 4 mm, equipped with a precolumn, 80� 4 mm; n-heptane/
isopropanol 9:1, flow 0.75 mL minÿ1, 25 8C). Gas chromatography (GC) was
carried out on a Chrompack CP9002 using a column packed with Cyclodex
b-I/P (Hewlett Packard, 50 m� 320 mm, Tinjector� 200 8C, Tcolumn� 150 8C,
isotherm). Optical rotation was measured on a polarimeter 241 (Perkin ±
Elmer). NMR spectra were recorded on a AMX 300 (Bruker Physik AG,
Germany), the chiral shift reagent Eu(tfc)3 (Fluka) was used for determi-
nation of ee. GC-MS spectra were determined on a HP 6890 series GC-
system fitted with a HP 5973 mass selective detector (Hewlett Packard;
column HP-5MS, 30 m� 250 mm; TGC(injector)� 250 8C, TMS(ion
source)� 200 8C, time program (oven): T0 min� 60 8C, T3 min� 60 8C,
T14 min� 280 8C (heating rate 20 8Cminÿ1), T19 min� 280 8C).


Fermentation and storage of P. putida : P. putida ATCC 12 633 was stored in
an aqueous nutrient medium (Difco) containing meat extract (3 %) and
peptone (5 %) at ÿ80 8C. The strain was grown in the same medium in
shaking flasks (500 mL) and stored on nutrient medium agar plates. One


agar colony was loop inoculated into a tube filled with mandelate medium
(5 mL),[42] consisting of:


91.2 vol% potassium phosphate buffer (50 mm, pH 7.0), containing
ammonium sulfate (7.5 mm), 1 vol % nutrient element solution, containing
ZnSO4 ´ 7 H2O (4.22 gLÿ1), CaCl2 ´ 2 H2O (67 g Lÿ1), FeSO4 ´ 7H2O
(4.48 gLÿ1), MnSO4 ´ H2O (4 g Lÿ1), Na2MoO4 ´ 2 H2O (9.25 gLÿ1),
CuSO4 ´ 5 H2O (39.2 gLÿ1), Co(NO3)2 ´ 6H2O (2.5 mgLÿ1), citric acid
(10 gLÿ1), Titriplex III (250 g Lÿ1), and H3BO3 (2 g Lÿ1), 2 vol%
d-/l-mandelic acid/NaOH solution (1m, pH 7.0), 5.8 vol% MgSO4 (0.4m),
in citric acid (0.1 g Lÿ1).


An overnight culture was used to inoculate a 1 L-shaking culture in a 5 L-
Erlenmeyer flask, containing the same medium. After further 12 h at 30 8C
a 30 L-fermentor, containing mandelate medium (20 L), was inoculated
with this culture (1 L). As fermentation conditions we used 500 rpm, 30 8C,
inlet air 0.34 volumes/fermentor volume/min (VVM). After 6 h with a
continuous supply of mandelic acid (10 mm) the optical density (OD,
600 nm) reached a level of 3 ± 4. The whole fermentor content was used to
inoculate a 200 L-fermentor. Fermentation was carried out as described
above except for inlet air (1.5 VVM). The fermentation progress was
controlled using the pO2 and the redox potential as a measure for the
mandelate concentration, which was continuously supplied. The 200 L-fed-
batch fermentation was carried out for 5.5 h until an OD� 4 was reached.
Subsequently, cells were harvested by a chamber separator and stored at
ÿ20 8C.


Cell disintegration and purification of BFD : A cell suspension (40 %) was
prepared in potassium phosphate buffer (50 mm, pH 6.0), containing
MgSO4 (2.5 mm) and ThDP (0.5 mm). Cells were disrupted mechanically
with glass beads (ù� 0.3 mm). After centrifugation (10 000 rpm, 4 8C) the
supernatant was collected. BFD was isolated from the crude extract by
anion exchange column chromatography (Q-Sepharose FF (Pharmacia),
ù� 5 cm, V� 180 mL, flow 2.5 mL minÿ1). The column was equilibrated
with potassium phosphate buffer (50 mm, pH 6.0), containing ThDP
(0.15 mm), MgSO4 (2.5 mm), and NaCl (0.2m). After the elution of non-
bound proteins was completed, a linear gradient of NaCl (0.2m to 0.4m) in
the same buffer was started. BFD was eluted in the range of 275 ± 315 mm
NaCl. Desalting by gel-filtration on Sephadex G 25 (Pharmacia) yielded
BFD with a specific activity of 22 U mgÿ1.


Dye-affinity chromatography was performed on Cibacron blue agarose
(Biorad). The column (45 mL, ù� 1.6 cm) was equilibrated with potassium
phosphate buffer (10 mm, pH 6.0), containing MgSO4 (0.2 mm). Enzyme-
bound ThDP was partially removed from the enzyme by a further desalting
step. Elution of BFD (230 U mgÿ1) was achieved with ThDP (5 mm) in the
same buffer.


Cloning of BFD ± His : The original plasmid pBFD/trc[4] was used as a
template for the polymerase chain reaction (PCR) to introduce a new BglII
site into the BFD-gene, thereby deleting the stop codon (Figure 1). The
following primers were used:


5'-GGG CCATGG CTT CGG TACACG G-3' (includes the NcoI site)


5'-CCCAGATCT CTT CAC CGG GCT TAC-3' (includes the BglII site)


The PCR-fragment was ligated into pMOSBlue-T-vector (Amersham) and
the resulting vector was restricted with NcoI and BglII (Boehringer). The
gene coding for BFD was ligated to the equally restricted vector pQE60
(Qiagen). Since the expression of recombinant BFD was not possible in this
vector, it was restricted with BclI and HindIII and the fragment containing
the 3'-end of the BFD-gene including six histidine codons was ligated into
the equally restricted pBFD/trc vector. The resulting vector pBFD ± his was
transformed into E. coliSG13 009/prep4 (Qiagen).


Expression and purification of BFD ± His : Expression and purification of
BFD ± His was performed as described for PDC[43] using potassium
phosphate buffer (50 mm, pH 7.0) for Ni ± NTA-chromatography and
potassium phosphate buffer (50 mm, pH 6.0), containing ThDP (0.15 mm)
and MgSO4 (2.5 mm) as elution buffer for the subsequent gel chromatog-
raphy. Lyophilized BFD ± His stored at ÿ20 8C was stable for several
months.


Direct decarboxylase assay : The assay was performed by addition of BFD
solution (50 mL, 0.25 U) to the substrate buffer (950 mL) consisting of
potassium phosphate (150 mm, pH 6.0), MgSO4 (2.5 mm), ThDP (0.5 mm),
and benzoylformate (25 mm), and previously equilibrated at 30 8C. The
specific extinction coefficient of benzoylformate at 340 nm was determined
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in the same buffer as e� 0.032 L mmolÿ1 cmÿ1. The reaction was examined
at 30 8C for 90 s.


Coupled decarboxylase assay : The assay mixture was prepared from
following stock solutions prepared in standard buffer: benzoylformate
solution (100 mL, 50mm, adjusted to pH 6.0), NADH (100 mL, 3.5 mm),
HLADH (50 mL, 10 U, Sigma) and potassium phosphate buffer (700 mL,
50mm, pH 6.0). The components were mixed in a 1.7 mL cuvette, incubated
for 3 min at 30 8C, and the reaction was started by addition of BFD solution
(50 mL, 0.05 U). The descending curve was examined at 340 nm and the
linear slope was calculated from 15 ± 90 s.


Decarboxylation of other 2-keto acids : To detect low activities towards
unnatural substrates in the coupled assay, the substrate and enzyme
concentrations were increased to 20mm and 0.5 U, respectively. Further,
the reaction time was extended to 3 min. A control containing all assay
components except BFD was performed in order to detect any non-
catalytic decarboxylation effects.


pH influence on the enzyme stability and activity : i) stability : The stability
of BFD towards pH modifications was investigated in 2 mL batches by
adjusting the standard buffer to the desired pH value. After addition of
BFD ± His (50 mL, 1 U), samples were taken in time intervals of 5 ± 10 min
and analyzed for residual activity using the coupled decarboxylase assay.
ii) decarboxylase activity : The direct decarboxylase assay was performed at
various pH values between 4.0 and 8.0 by adjusting the standard buffer
solution to the desired pH values with H3PO4 (0.1m) or KOH (0.1m).
iii) carboligase activity : The pH optimum of the carboligation reaction was
measured in 1.5 mL batches. Benzoylformate (100 mm), MgSO4 (2.5 mm),
ThDP (0.15 mm), and acetaldehyde (500 mm) were dissolved in potassium
phosphate buffer (1.5 mL, 200 mm), adjusted to the respective pH, and
BFD ± His (17 U) was added. The reaction was stopped after 3 h at 25 8C by
heating the mixture to 95 8C. Subsequently, the amount of 2-HPP formed
was determined by HPLC (RP-C18 column; see below).


Temperature influence on enzyme stability and activity : i) stability : The
stability of BFD ± His towards elevated temperatures was studied in 2 mL
batches with BFD ± His (1 U) in standard buffer at 25 8C, 40 8C, 60 8C, and
80 8C. In intervals of 5 ± 10 min aliquots (50 mL) were taken and analyzed
for residual activity using the coupled decarboxylase assay. ii) decarboxy-
lase activity : The dependence of the decarboxylase activity on the reaction
temperature was determined using the direct decarboxylase assay by
stepwise increasing the assay temperature from 25 8C to 68 8C. iii) carbo-
ligase activity : The carboligase activity was measured using 1 mL batches
containing benzaldehyde (50 mm) and acetaldehyde (500 mm) in standard
buffer, pH 6.9. After addition of BFD ± His (6.4 U) samples were incubated
at various temperatures between 10 8C and 50 8C. The reactions were
stopped at conversions between 5 and 10% (starting conditions) by heat
inactivation of the enzyme. Benzaldehyde and 2-HPP were assayed by
HPLC on a RP-C18 column (see below).


Synthesis of 2-hydroxy ketones : Analytical scale synthesis of the 2-hydroxy
ketones given in Table 4 were carried out in 1.5 mL batches using potassium
phosphate buffer (50 mm, pH 7.0), containing the acyl donor aldehyde
(10 mm, or the maximum soluble amount), and acetaldehyde (500 mm) as
an acceptor. Reactions were performed with wt-BFD (6.75 U) for 20 h at
room temperature without shaking or stirring. Subsequently, the reaction
mixture was extracted with n-heptane (0.3 mL) or trichloromethane
followed by phase separation by centrifugation (13 000 rpm). The organic
layer was dried over MgSO4 and 2-hydroxy ketones were analyzed by GC-
MS and chiral phase HPLC or GC. Synthesis and analysis of acetoin was
performed as described elsewhere.[43]


(S)-2-Hydroxy-1-(2-methylphenyl)-propanone (4 b): Conversion 4 %; ee
n.d.; GC-MS: tR� 8.4 min; m/z (%): 164 (0.8) [M]� , 119 (100) [Mÿ
C2H5O]� , 91 (38) [C7H7]� , 65 (13) [C5H5]� , 51 (2.4) [C4H3]� .


(S)-1-(2-Fluorophenyl)-2-hydroxy-propanone (4c): Conv. 91 %; ee 89%;
HPLC (Chiralcel OB): tR(S)� 10.8 min, tR(R)� 15.2 min; GC-MS: tR�
7.5 min; m/z (%): 168 (0.5) [M]� , 123 (100) [MÿC2H5O]� , 95 (47)
[C6H4F]� , 75 (16) [C6H3]� , 51 (4.8) [C4H3]� .


(S)-1-(3-Fluorophenyl)-2-hydroxy-propanone (4d): Conv. 100 %; ee 87%;
HPLC (Chiralcel OB): tR(S)� 10.7 min, tR(R)� 14.6 min; GC-MS: tR�
7.5 min; m/z (%): 168 (0.4) [M]� , 123 (100) [MÿC2H5O]� , 95 (55)
[C6H4F]� , 75 (22) [C6H3]� , 51 (4.1) [C4H3]� .


(S)-1-(3-Chlorophenyl)-2-hydroxy-propanone (4e): Conv. 94%; ee 94%;
HPLC (Chiralcel OB): tR(S)� 10.9 min, tR(R)� 17.2 min; GC-MS:


tR� 8.9 min; m/z (%): 184 (1.5) [M]� , 139 (100) [MÿC2H5O]� , 111 (44)
[C6H4Cl]� , 75 (26) [C6H3]� , 50 (9.8) [C4H2]� .


(S)-1-(3-Bromophenyl)-2-hydroxy-propanone (4 f): Conv. 68 %; ee 96%;
HPLC (Chiralcel OB): tR(S)� 12.5 min, tR(R)� 19.0 min; GC-MS: tR�
9.5 min; m/z (%): 232 (1.6) [M]� , 185 (100) [MÿC2H5O]� , 157 (40)
[C6H4Br]� , 75 (23) [C6H3]� , 51 (8.1) [C4H3]� .


(S)-2-Hydroxy-1-(3-methylphenyl)-propanone (4g): Conv. 99 %; ee 97%;
HPLC (Chiralcel OB): tR(S)� 9.9 min, tR(R)� 19.3 min; GC-MS: tR�
8.1 min; m/z (%): 164 (0.5) [M]� , 119 (100) [MÿC2H5O]� , 91 (77)
[C7H7]� , 65 (29) [C5H5]� , 51 (4.8) [C4H3]� .


(S)-2-Hydroxy-1-(3-methoxyphenyl)-propanone (4h): Conv. 94 %; ee 96%;
HPLC (Chiralcel OB): tR(S)� 17.8 min, tR(R)� 32.7 min; GC-MS: tR�
9.3 min; m/z (%): 180 (26) [M]� , 135 (100) [MÿC2H5O]� , 107 (59)
[C7H7O]� , 92 (31) [C6H4O]� , 77 (45) [C6H5]� , 64 (17) [C5H4]� , 51 (4.8)
[C4H3]� .


(S)-1-(3-Ethoxyphenyl)-2-hydroxy-propanone (4 i): Conv. 91%; ee 97%;
HPLC (Chiralcel OB): tR(S)� 14.6 min, tR(R)� 35.0 min; GC-MS: tR�
9.7 min; m/z (%): 194 (25) [M]� , 149 (100) [MÿC2H5O]� , 121 (60)
[C8H9O]� , 95 (19) [C5H3O2]� , 92 (12) [C6H4O]� , 77 (23) [C6H5]� , 65 (27)
[C5H5]� , 50 (3.2) [C4H2]� .


(S)-2-Hydroxy-1-(3-(isopropoxy)-phenyl)-propanone (4 j): Conv. 62 %;
ee> 99%; HPLC (Chiralcel OB): tR(S)� 11.9 min, tR(R)� n.d.; GC-MS:
tR� 9.9 min; m/z (%): 208 (31) [M]� , 163 (100) [MÿC2H5O]� , 121 (99)
[C8H9O]� , 93 (42) [C6H5O]� , 77 (11) [C6H5]� , 65 (26) [C5H5]� , 50 (3.2)
[C4H2]� .


(S)-2-Hydroxy-1-(3-methoxymethoxyphenyl)-propanone (4k): Conv. 88%;
ee> 99%; HPLC (Chiralcel OB, iso-hexane/isopropanol� 85:15, flow
0.75 mL minÿ1, 25 8C): tR(S)� 25.7 min, tR(R)� n.d.; GC-MS: tR�
10.1 min; m/z (%): 210 (7.6) [M]� , 165 (100) [MÿC2H5O]� , 135 (22)
[MÿC3H7O2]� , 121 (15) [C7H5O2]� , 107 (10) [C7H7O]� , 93 (3.5) [C6H5O]� ,
77 (9.5) [C6H5]� , 65 (3.4) [C5H5]� , 50 (2.3) [C4H2]� .


(S)-1-(3-Acetoxyphenyl)-2-hydroxy-propanone (4l): Conv. 80%; ee> 99%;
HPLC (Chiralcel OB): tR(S)� 38.1 min, tR(R)� n.d.; GC-MS: tR�
10.1 min; m/z (%): 208 (1.2) [M]� , 165 (34) [MÿC2H3O]� , 163 (44)
[MÿC2H5O]� , 121 (100) [C8H9O]� , 95 (23) [C5H3O2]� , 93 (21) [C6H5O]� ,
77 (8.1) [C6H5]� , 65 (13) [C5H5]� , 50 (1.6) [C4H2]� .


(S)-2-Hydroxy-1-(3-hydroxyphenyl)-propanone (4 m): Conv. 62%; ee 92%;
HPLC (Chiralcel OB): tR(S)� 12.9 min, tR(R)� 14.4 min; GC-MS: tR�
10.0 min; m/z (%): 166 (9.7) [M]� , 121 (100) [MÿC2H5O]� , 95 (42)
[C5H3O2]� , 93 (35) [C6H5O]� , 77 (25) [C6H5]� , 65 (26) [C5H5]� , 51 (4.0)
[C4H3]� .


(S)-1-(3-Cyanophenyl)-2-hydroxy-propanone (4n): Conv. 95 %; ee 92%;
HPLC (Chiralcel OB): tR(S)� 39.8 min, tR(R)� 56.59 min; GC-MS: tR�
9.8 min; m/z (%): 175 (1.9) [M]� , 147 (39) [MÿCO]� , 130 (87) [Mÿ
C2H5O]� , 103 (100) [C7H5N]� , 76 (22) [C6H4]� , 51 (11) [C4H3]� .


(S)-1-(4-Fluorophenyl)-2-hydroxy-propanone (4 o): Conv. 69%; ee 87%;
HPLC (Chiralcel OB): tR(S)� 11.6 min, tR(R)� 18.1 min; GC-MS: tR�
7.6 min; m/z (%): 168 (0.4) [M]� , 123 (100) [MÿC2H5O]� , 95 (31)
[C6H4F]� , 75 (9.7) [C6H3]� , 51 (1.6) [C4H3]� .


(S)-1-(4-Chlorophenyl)-2-hydroxy-propanone (4 p): Conv. 85 %; ee 82%;
HPLC (Chiralcel OB): tR(S)� 10.9 min, tR(R)� 14.7 min; GC-MS: tR�
8.9 min; m/z (%): 184 (1.0) [M]� , 139 (100) [MÿC2H5O]� , 111 (27)
[C6H4Cl]� , 75 (14) [C6H3]� , 51 (3.5) [C4H3]� .


(S)-1-(4-Bromophenyl)-2-hydroxy-propanone (4 q): Conv. 42 %; ee 83%;
HPLC (Chiralcel OB): tR(S)� 11.5 min, tR(R)� 14.4 min; GC-MS: tR�
9.6 min; m/z (%): 232 (0.4) [M]� , 185 (100) [MÿC2H5O]� , 157 (38)
[C6H4Br]� , 75 (22) [C6H3]� , 50 (15) [C4H2]� .


(S)-2-Hydroxy-1-(4-methylphenyl)-propanone (4r): Conv. 65 %; ee 88%;
HPLC (Chiralcel OB): tR(S)� 10.8 min, tR(R)� 19.6 min; GC-MS: tR�
8.6 min; m/z (%): 164 (0.4) [M]� , 119 (100) [MÿC2H5O]� , 91 (77)
[C7H7]� , 65 (32) [C5H5]� , 51 (4.8) [C4H3]� .


(S)-2-Hydroxy-1-(4-methoxyphenyl)-propanone (4 s): Conv. 23 %; ee 92%;
HPLC (Chiralcel OB): tR(S)� 20.2 min, tR(R)� 30.2 min; GC-MS: tR�
9.7 min; m/z (%): 180 (7.3) [M]� , 135 (100) [MÿC2H5O]� , 107 (19)
[C7H7O]� , 92 (21) [C6H4O]� , 77 (30) [C6H5]� , 64 (10) [C5H4]� , 51 (4.8)
[C4H3]� .


(S)-2-Hydroxy-1-(4-hydroxyphenyl)-propanone (4 t): Conv. 11%; ee 86%;
HPLC (Chiralcel OB): tR(S)� 15.6 min, tR(R)� 21.2 min; GC-MS:
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tR� 10.3 min; m/z (%): 166 (3.1) [M]� , 121 (100) [MÿC2H5O]� , 93 (16)
[C6H5O]� , 77 (5.0) [C6H5]� , 65 (13) [C5H5]� , 51 (1.5) [C4H3]� .


(S)-1-(4-Cyanophenyl)-2-hydroxy-propanone (4u): Conv. 89 %; ee 74%;
HPLC (Chiralcel OB): tR(S)� 37.9 min, tR(R)� 52.4 min; GC-MS: tR�
9.7 min; m/z (%): 175 (0.2) [M]� , 130 (100) [MÿC2H5O]� , 103 (74)
[C7H5N]� , 76 (22) [C6H4]� , 51 (14) [C4H3]� .


(S)-1-(3,5-Difluorophenyl)-2-hydroxy-propanone (4 v): Conv. 93 %; ee
81%; HPLC (Chiralcel OB): tR(S)� 8.7 min, tR(R)� 10.5 min; GC-MS:
tR� 7.1 min; m/z (%): 186 (1.8) [M]� , 141 (100) [MÿC2H5O]� , 113 (70)
[C6H3F2]� , 95 (11) [C6H4F]� , 63 (29) [C5H3]� , 51 (1.1) [C4H3]� .


(S)-2-Hydroxy-1-(3,5-dimethoxyphenyl)-propanone (4w): Conv. 11 %;
ee> 99%; HPLC (Chiralcel OB): tR(S)� 21.1 min, tR(R)� n.d.; GC-MS:
tR� 10.6 min; m/z (%): 210 (27) [M]� , 165 (100) [MÿC2H5O]� , 137 (30)
[MÿC3H5O2]� , 122 (23) [C7H6O2]� , 107 (13) [C6H3O2]� , 77 (10) [C6H5]� ,
63 (6.4) [C5H3]� , 51 (3.4) [C4H3]� .


(S)-1-(Furan-2-yl)-2-hydroxy-propanone (7a): Conv. 56%; ee 45%; HPLC
(Chiralcel OB): tR(S)� 19.7 min, tR(R)� 27.1 min; GC-MS: tR� 6.4 min;
m/z (%): 140 (3.7) [M]� , 95 (100) [MÿC2H5O]� , 68 (15) [C4H4O]� , 51 (1.6)
[C4H3]� .


(S)-2-Hydroxy-1-(thiophene-2-yl)-propanone (7 b): Conv. 50 %; ee 83%;
HPLC (Chiralcel OB): tR(S)� 23.1 min, tR(R)� 30.7 min; GC-MS: tR�
7.9 min; m/z (%): 156 (1.9) [M]� , 111 (100) [MÿC2H5O]� , 83 (9.8)
[C4H3S]� , 50 (1.5) [C4H2]� .


(S)-2-Hydroxy-1-(pyridine-3-yl)-propanone (8): Conv. 65 %; ee 87 %;
HPLC (Chiralcel OB): tR(S)� 20.1 min, tR(R)� 23.0 min; GC-MS: tR�
8.0 min; m/z (%): 151 (0.7) [M]� , 106 (97) [MÿC2H5O]� , 79 (100)
[C5H5N]� , 51 (38) [C4H3]� .


(S)-1-Cylohexyl-2-hydroxy-propanone (9): Conv. 21%; ee 61%; GC
(Cyclodex b-I/P): tR(S)� 17.4 min, tR(R)� 17.9 min; GC-MS: tR� 7.4 min;
m/z (%): 156 (0.6) [M]� , 111 (33) [MÿC2H5O]� , 95 (21) [C5H3O2]� , 83
(100) [C6H11]� , 55 (42) [C4H7]� .


(S)-1-(Cyclohex-1-enyl)-2-hydroxy-propanone (10): Conv. 50%; ee 94%;
HPLC (Chiralcel OB): tR(S)� 11.0 min, tR(R)� 19.9 min; GC-MS: tR�
8.0 min; m/z (%): 154 (7.3) [M]� , 109 (100) [MÿC2H5O]� , 81 (62)
[C6H9]� , 53 (11) [C4H5]� .


(S)-2-Hydroxy-1-phenyl-propanone (4a): A typical experiment was per-
formed in a 50 mL batch with benzaldehyde (50 mm) or benzoylformate
(100 mm) and acetaldehyde (500 mm) in standard buffer. Depending on the
substrate, the pH value was adjusted to 6.5 (benzoylformate) or 7.0
(benzaldehyde). In the case of benzoylformate pH control was required.
The reaction was started by addition of BFD (50 U) and subsequently
stopped after adequate conversion by extracting the crude product as
described above. The solvent was removed in vacuo, and the crude product
purified by column chromatography (SiO2, diethyl ether/n-hexane 3:1 v/v,
Rf� 0.49). Using benzaldehyde as substrate the reaction was stopped after
5 h (150 mg, 40 % yield, ee 90 %). The reaction using benzoylformate was
stopped after 18 h (74 mg, 10 % yield, ee 92 %). Under optimized reaction
conditions the ee increased to 95%. [a]25


D �ÿ79.2 (c� 0.016 in trichloro-
methane). 1H NMR (300 MHz, CDCl3, 20 8C): d� 1.47 (d, 3H, 3J(H,H)�
7.0 Hz; CH3), 3.81 (br, 1 H; OH), 5.19 (q, 1H, 3J(H,H)� 7.0 Hz; CHOH),
7.52 (ªtº, 2 H, 3J(H,H)� 7.5 Hz; Ar-H), 7.64 (tt, 1H, 3J(H,H)� 7.5 Hz,
4J(H,H)� 1.3 Hz; Ar-H), 7.95 (dd, 2H, 3J(H,H)� 7.5 Hz, 4J(H,H)� 1.3 Hz;
Ar-H); 13C NMR (75.5 MHz, CDCl3, 20 8C): d� 22.74 (CH3), 69.73
(CHOH), 129.09, 129.31 (CH), 133.71 (Cq), 134.44 (CH), 202.82 (CO);
GC-MS: tR� 7.7 min; m/z (%): 150 (0.2) [M]� , 135 (1.3) [MÿCH3]� , 105
(100) [C7H5O]� , 77 (57) [C6H5]� , 51 (17) [C5H3]� ; HPLC (RP-C18): tR�
12.2 min (2-HPP); tR� 18.3 min (benzaldehyde); HPLC (Chiralcel OB):
tR(S)� 13.4 min; tR(R)� 21.4 min;[44] GC (Cyclodex b-I/P): tR(S)�
22.1 min; tR(R) 22.7 min.


(R)-Benzoin (5): A typical fed-batch reaction was performed in a 100 mL
batch equipped with a magnetic stirrer. Benzaldehyde (50 mm) was
dissolved in potassium phosphate buffer (100 mL, 50 mm, pH 7.0), contain-
ing MgSO4 (2.5 mm) and ThDP (0.15 mm). After addition of BFD (150 U)
the reaction was stirred slowly for 7 h at room temperature. (R)-Benzoin
was extracted as described above. The crude product was dissolved in
diethyl ether/n-hexane (1:1 v/v) and pure (R)-benzoin precipitated at
ÿ20 8C with n-hexane. The product was collected by filtration, washed with
ice-cold n-hexane and dried in vacuo. Optical purity was examined by
1H NMR using tris[3-(trifluoromethyl-hydroxy-methylene-(�)-camphora-


to]-europium as a shift reagent and by chiral phase HPLC. With both
methods only the (R)-enantiomer was detectable which is in accord with
the optical purity determined in the crude product (4.3 mg, 0.4 % yield).
M.p.: 133 8C; ee> 99%; [a]25


D � 109.8 (c� 0.007 in acetone); 1H NMR
(300 MHz, CDCl3, 20 8C, TMS): d� 4.56 (br, 1H; OH), 5.95 (s, 1H;
CHOH), 7.5 (m, 6 H; Ar-H), 7.9 (m, 4 H; Ar-H); GC-MS: tR� 11.3 min; m/z
(%): 212 (0.5) [M]� , 105 (100) [C7H5O]� , 77 (40) [C6H5]� , 51 (9.8) [C4H3]� ;
HPLC (Chiralcel OB, isohexane/isopropanol 95:5, flow 0.75 mL minÿ1,
20 8C): tR(S)� 37.4 min; tR(R)� 50.3 min (only the (R)-enantiomer was
detected in the enzymatic preparation[45]).


Continuous synthesis of (S)-2-HPP (4a) in the enzyme membrane reactor :
The substrate solution (10 mm benzaldehyde, 100 mm acetaldehyde, 4 mm
ThDP, 0.5mm MgCl2, 50 mm potassium phosphate buffer pH 7) was
pumped through a continuously operated stirred tank reactor (reactor
volume 10 mL) containing a hydrophilic ultrafiltration membrane (Diaflo
YM20, cut off 20000 Da, Amicon, Frankfurt, Germany). Prior to use, the
membrane was equilibrated with water. To prevent adsorption of the BFD
on the membrane, the membrane was precoated with 50 mg bovine serum
albumin. Since benzaldehyde is absorbed by the reactor material poly-
propylene, the reactor was flushed with substrate solution until influx and
efflux showed the same benzaldehyde concentration. The reaction was
started by injecting 300 U BFD. The residence time was controlled by the
flow of the subtrate solution. The resulting product was isolated
using standard methods (see above). Space-time yield: 34.2 gLÿ1 dÿ1


(220 mmol Lÿ1 dÿ1); conv. 90%; ee 92.5 %.
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Application of P-Stereogenic Aminophosphine Phosphinite Ligands in
Asymmetric Hydroformylation


Regine Ewalds,[b] Eva B. Eggeling,[a] Alison C. Hewat,[a] Paul C. J. Kamer,[c]


Piet W. N. M. van Leeuwen,[c] and Dieter Vogt*[a]


Abstract: New chiral aminophosphine phosphinite ligands with a stereogenic center
at the aminophosphine phosphorus atom were prepared based on (R,S)-ephedrine as
the chiral auxiliary and backbone. Substituents at the chiral aminophosphine as well
as at the phosphinite phosphorus atom were varied. These new ligands were applied
to the rhodium-catalyzed asymmetric hydroformylation of vinyl arenes. The
enantiomeric excess reached up to 77 %. 1H and 31P NMR studies of the Rh
complexes under syngas pressure reveal that [HRh(CO)2(P^P)] complexes with the
NP* moiety in an axial position are responsible for enantioselectivity.


Keywords: aminophosphine ´ asym-
metric hydroformylation ´ catalysts
´ P ligands ´ phosphinite ´ rhodium


Introduction


Aldehydes are among the most versatile building blocks in
synthetic organic chemistry. A huge variety of functionalized
compounds are available on this basis. Access to enantiomeri-
cally pure aldehydes from cheap olefinic substrates through
asymmetric catalysis has therefore attracted enormous inter-
est, spurred by the recent achievements made in this field.[1, 2]


For many years, the platinum catalyst systems activated with
tin chloride and modified by diphosphine ligands, as described
by Stille,[3] were the only systems to give high enantiomeric
excess (ee). These systems, however, suffer from low regio-
selectivity and large amounts of undesired byproducts as well
as from racemization of the product due to the Lewis acidity
of the promoter. In the rhodium-catalyzed reaction, the
standard C2-symmetrical diphosphine ligands lead to moder-
ate to low enantioselectivity, but high regio- and chemo-
selectivity. The breakthrough in this field came with the work
reported by Takaya and Nozaki,[4] and the results of Babin and
van Leeuwen.[2, 5] In the first case the ligands are CS-sym-


metrical phosphine phosphites based on a chiral binaphtha-
lene backbone. The ligands used by Babin and van Leeuwen
are C2-symmetrical diphosphites based on a chiral 2,4-
pentanediol backbone.


At a first glance, these two types of ligands seem to be quite
different, since the phosphine phosphite (R,S)-BINAPHOS 1
adopts an equatorial ± axial coordination in the catalytically


active hydrido-rhodiumcarbonyl complex (structure a),[4]


whereas the diphosphite 2 coordinates in a bis-equatorial
fashion (structure b).[2]


In situ NMR studies reveal that in both cases there is just
one active hydridocarbonyl species present in solution under
syngas pressure. This seems to be the key feature in control-
ling efficient chirality transfer, resulting from the conforma-
tionally more flexible rhodium systems compared with
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platinum catalysts. Only the combination of controlling the
coordination mode of the ligand and differentiation between
the two remaining possible coordination sites will give rise to
high enantioselectivity. The coordination mode is efficiently
controlled by the preferred chelation bite angle of the ligand.
For BINAPHOS this is about 908, while larger bite angles
>1008 result for the diphosphites.


Once the coordination mode of the ligand as well as the
complex geometry and conformation are defined, efficient
differentiation of the possible coordination sites is crucial. In
order to accomplish this, it should be helpful to bring the
center of chirality as close to the metal as possible. After our
success with P-chiral ligands in the asymmetric hydrovinyla-
tion reaction,[6] we decided to design new P-chiral chelating
ligands for use in asymmetric hydroformylation.


We report here on the synthesis of new diastereomerically
pure aminophosphine phosphinites 6 that possess a stereo-
genic center at the nitrogen bound phosphorus atom and their
application in the asymmetric hydroformylation of vinyl-
arenes. Changing the electronic nature of the substituents in
the phosphinite and aminophosphine moieties results in dif-
ferent coordination behavior of the ligands. This was studied
by in situ high-pressure NMR techniques. The results obtained
illustrate the power of a stereogenic phosphorus atom to
control enantioselectivity in the hydroformylation reaction.


Results and Discussion


Ligand synthesis : Following a route described by JugeÂ et al.,[7]


the borane-protected hydroxy aminophosphines 4 were
prepared in high diastereomeric purity.[8] Starting from
bis(diethylamino)phenyl phosphine with (ÿ)-(R,S)-ephedrine
as auxiliary, the borane-protected 1,3,2-oxazaphospholidines
3 can be obtained in high yields and diastereoselectivities
(Scheme 1). Ring opening of the oxazaphospholidines with an
organolithium reagent results in exclusive cleavage of the
PÿO bond to give the hydroxy compounds 4. These inter-
mediates represent ideal starting materials to produce a whole
series of chelating ligands by conversion with a chlorophos-
phine in the presence of a base. The final products are
obtained in good yields and with a high degree of diastereo-


meric purity. Deprotection is accomplished by refluxing the
borane adduct in diethylamine. The products can be purified
by simple flash chromatography over basic alumina
(Scheme 1).


The absolute configuration of the aminophosphine phos-
phorus atom could not be assigned, but the diastereomeric
excess was shown to be �92 % de by 31P{1H} NMR spec-
troscopy. The route presented here allows the very variable
synthesis of a large number of P-chiral ligands of this type. As
was already shown by Petit and Mortreux, the aminophos-
phine phosphinite ligand family provides an enormous
potential for variation and ligand fine-tuning for a number
of transition metal catalyzed reactions.[9, 10] With the intro-
duction of a stereogenic center at the phosphorus atom, the
possibilities for variation are even larger. On the basis of
(ÿ)-ephedrine the ligands 6 a ± 6 i listed in Table 1 were
prepared.[11]


Hydroformylation experiments : The diastereomerically pure
P-chiral aminophosphine phosphinite ligands have been used
in the rhodium-catalyzed asymmetric hydroformylation of
styrene, other vinyl arenes, and vinyl acetate. The catalysts


were prepared in situ by adding
the chelating ligands L to
[(acac)Rh(CO)2] as the catalyst
precursor. By converting the
precursor complex with the
chelating ligands, the CO was
immediately replaced and
bright yellow solutions formed.
Under hydroformylation condi-
tions the active catalyst
[HRh(L)(CO)2] was formed
readily. In all experiments an
excess of the ligand was used
to avoid the formation of
[HRh(CO)4], which is a highly
active but achiral hydroformy-
lation catalyst.


Scheme 1. Diastereoselective route to aminophosphine phosphinite and phosphite ligands containing a
stereogenic P atom.


Table 1. Prepared aminophosphine phosphinite and phosphite ligands.


Ligand R Ar


6a CH3 Ph
6b CH3 4-CH3-C6H5


6c CH3 3,5-(CF3)2C6H3


6d CH3


6e n-Bu Ph
6 f n-Bu 4-CH3-C6H5


6g n-Bu 3,5-(CF3)2C6H3


6h Ph Ph
6 i 1-naphth Ph
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The results obtained in the asymmetric hydroformylation of
styrene are summarized in Table 2. The substituents on the
phosphorus atoms of the phosphinite and aminophosphine
moieties were varied in order to study their influence on the
catalyst activity and selectivity. The highest enantioselectiv-
ities are obtained with ligands bearing no substituent or an
electron-donating group on the phenyl groups in theÿOPAr2


moiety (Entries 1, 2, 5, and 6). Lowering the electron density
on the ÿOPAr2 phosphorus atom by introducing electron-
withdrawing groups or changing the phosphinite into a
phosphite group significantly decreases the enantioselectivity
(Entries 3, 4, and 7).


For the electron-withdrawing CF3 substituents, the activity
increased by a factor of 2 ± 5 (Entries 3 and 7). Changing the R
substituent on the chiral phosphorus atom from methyl to n-
butyl did not change the stereoselectivity or activity of the
catalyst. The introduction of a 1-naphthyl group resulted in a
considerable decrease in enantioselectivity to only 10 %,
which was also observed for ligand 6 h without a stereogenic
center at the phosphorus atom (Entries 8 and 9). Apart from
ligand 6 i (Entry 9) the regioselectivity to the branched
aldehyde 2-phenylpropanal always exceeds 90 % as is ex-
pected for styrene and similar kind of substrates.[12] In all cases
the configuration of the major stereoisomer of the 2-phenyl-
propanal was determined to be S. This was accomplished by
comparing the retention times from gas chromatography
(GC) with a sample obtained with the ligand (R,S)-BINA-
PHOS, for which the absolute configuration of the product is
described to be always R. Under our reaction conditions (see
footnotes in Table 2) the enantiomeric excess (ee) obtained
with (R,S)-BINAPHOS is 92 %.


For ligand 6 a the influence of different reaction parameters
on the performance of the catalyst system was examined.
Lowering the reaction temperature from 60 8C to 40 8C
increases the ee from 50 % to 77 %. On the other hand, the
activity decreases by a factor of 10. Temperatures higher than
60 8C caused deterioration of the catalyst system and the ee
was reduced to almost zero at 80 8C. The brown color of the
reaction mixture after reaction indicated that rhodium
carbonyl clusters had been formed, probably due to decom-
position of the ligand. However, at 60 8C the ligand is stable.
Conversion can be completed by applying longer reaction
times without loss of enantioselectivity.


Increasing the syngas pressure from 20 to 60 bar CO/H2


(1:1) had a negative effect both on activity and enantioselec-
tivity. It was expected that increasing the pressure would have
a negative effect on the activity, since dissociation of CO and
coordination of the olefin is commonly regarded as the rate-
determining step.[13] It was shown by Buisman et al. for the
asymmetric hydroformylation of styrene using diphosphite
ligands, that an increased hydrogen partial pressure has a
negative influence on the enantioselectivity.[2c] However, this
effect is not very pronounced in the systems studied here.


In order to obtain high enantiomeric excess, it is essential to
apply a larger excess of ligand (4 equiv with respect to Rh).
Also at lower L/Rh ratios, [HRh(CO)4] can be formed.


In contrast to the results obtained with diphosphites, the
preformation time of the catalyst with the new AMPP ligands
had only little or no influence on the catalyst performance.
This is in accordance with our NMR studies, which indicate
that the active species, [HRh(L)(CO)2], is formed rapidly in
the presence of syngas.


After the promising results we obtained in the hydro-
formylation of styrene, which gave an ee of up to 77 % in
2-phenylpropanal and high selectivity to the branched alde-
hyde (98:2), we applied the new P-chiral AMPP ligands in the
hydroformylation of other vinyl derivatives (see Table 3).


The 4-bromo-styrene derivative shows a considerably high-
er reactivity, even when the temperature is 10 8C lower
(Entry 11). The ee obtained is also slightly higher than for the
other substrates and is comparable with that found for
styrene.


Structures of hydroformylation catalysts in solution : The
catalysts were prepared in situ by treating the precursor
complex [Rh(acac)(CO)2] with the appropriate amount of
ligand (Scheme 2).


On mixing solutions of [Rh(acac)(CO)2] and ligands 6 a ±
6 i, displacement of CO was observed immediately. Bright
yellow solutions were formed, and IR and 31P NMR spec-
troscopy showed that both carbonyl ligands had been removed
and the phosphorus ligands formed a chelate with the
rhodium center. In the 31P{1H} NMR spectra of the complexes,
a doublet of doublets occurred in addition to the signals of the
free ligand. Spectra of the solutions prepared with a 1:1 ratio


Table 2. Hydroformylation of styrene with [HRh(L)(CO)2], L� 6a ± 6 i.[a]


Entry Ligand TON iso:n [%][b] ee [%][c]


1 6 a 39 98:2 75
2 6 b 41 98:2 71
3 6 c 104 95:5 32
4 6 d 12 97:3 58
5 6 e 71 98:2 75
6 6 f 44 98:2 73
7 6 g 244 95:5 46
8 6 h 302 92:8 10
9 6 i 151 80:20 10


[a] 17.4 mmol styrene; 20 mL toluene; styrene /Rh� 500; p(CO/H2)� 20 bar;
CO/H2� 1:1; T� 50 8C; t� 20 h; L:Rh� 3:1; [Rh]� 1.74 mmol Lÿ1.
[b] Selectivity to branched and linear aldehyde. [c] Determined by chiral
GC after reduction of the aldehyde and conversion to the trifluoroacetate.


Table 3. Hydroformylation of vinylic substrates with [HRh(L)(CO)2], L�
6a.[a]


Entry Substrate TON iso:n [%][b] ee [%]


10 20 92:8 58


11[c] 76 98:2 71


12 20 98:2 64


13 23 82:18 62


[a] 17.4 mmol styrene; 20 mL toluene; styrene/Rh� 500; p(CO/H2)�
20 bar; CO/H2� 1:1; T� 50 8C; t� 20 h; L:Rh� 3:1; [Rh]�
1.74 mmol Lÿ1. [b] Selectivity to branched and linear aldehyde. [c] T�
40 8C.
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Scheme 2. In situ preparation of catalysts.


of [Rh(acac)(CO)2] and ligand only contain the signals of the
[(L)Rh(acac)] complex indicating that the complex formation
is quantitative.


Characterization of [HRh(L)(CO)2] complexes : The
[HRh(L)(CO)2] complexes were generated in situ by treating
[Rh(acac)(CO)2] with two equivalents of ligand at 40 8C under
a syngas pressure of 50 bar (CO/H2� 1:1) over three hours.
The resulting complexes were characterized by 1H and 31P
NMR, and IR spectroscopy. The NMR spectra were recorded
at 303 K under a syngas pressure of 20 bar CO/H2 (1:1).


In principle, three different isomeric mononuclear hydrido
rhodium complexes A ± C with a trigonal bipyramidal struc-
ture can be formed.


It turned out that in the case of ligands giving rise to high
enantiomeric excesses (6 a, 6 b, 6 e, and 6 f), only two species
are formed under these conditions. In addition to a catalyti-
cally inactive dinuclear carbonyl-bridged complex D, only
species C with the PN moiety in the axial position and the PO
moiety bound in the equatorial position is observed. Figure 1
shows the 31P{1H} NMR and the 31P,1H NMR spectra for
ligand 6 a. The two singlets at d� 50.7 (PN) and 113.9 (PO)


Figure 1. 31P{1H} NMR (lower trace) and 31P,1H NMR spectra (upper
trace) of [HRh(L)(CO)2], L� 6a, at 20 bar (CO:H2� 1:2) and 303 K;
L:Rh� 2:1.


are the signals of the free ligand, which is present in excess.
Two broad double doublets at d� 82.1 (PN, 1J(NP-Rh)� 123 Hz,
2J(NP-PO)� 15 Hz), and 121.1 (PO, 1J(OP-Rh)� 216 Hz) are as-
signed to the dinuclear complex D.[14]


Complex C gives rise to a doublet of doublets at d� 94.5
(PN, 1J(NP-Rh)� 112 Hz, 2J(NP-PO)� 17 Hz), and 130.4 (PO,
1J(OP-Rh)� 157 Hz). These assignments are confirmed by cor-
relation of the peak integration areas of the signals. In the
31P,1H NMR spectrum, only the signal of the PN moiety of the
hydrido complex shows further splitting, due to a large
coupling 2J(NP-H)� 118 Hz with the axial hydride in a trans
position. Large J(P-H) constants have been reported before for
hydrogen and phosphorus with a trans relation at a rhodium
center.[4a, 15] In the coupled spectrum, there is no indication of
a species with a PO moiety trans to the hydride. The signal of
the PO is slightly broadened due to the small cis coupling
(2J(OP-H)� 12 Hz). In the 1H NMR spectrum, the hydride
signal is a doublet of pseudo triplets resulting from the large
118 Hz 2J(H-PN) coupling and two couplings 1J(H-Rh) and
2J(H-PO) both with a value of 12 Hz (Figure 2).


Figure 2. Hydride region of the 1H NMR spectrum of [HRh(L)(CO)2],
L� 6a.


Similar results have been described by Pottier with the
EPHOS ligand 6 h. They also showed that there is only one
hydride species present in solution containing NP in axial and
OP in equatorial positions, as well as a dinuclear complex.[16]


The important point is that both ligands 6 a and 6 h show the
same coordination mode, while in 9 a the aminophosphine
phosphorus atom represents an additional homochiral stereo-
genic center. Complex 9 h gives an ee of only 10 % under our
reaction conditions, whereas 9 a gives 77 %.


This clearly demonstrates the importance of the additional
chirality at the phosphorus atom. From this point of view, the
chiral phosphorus atom bearing one relatively small and one
larger group gives rise to efficient stereodifferentiation of the
two possible coordination sites. This also explains why the
P-chiral ligand 6 i with two substituents similar in shape gives
poor enantioselectivity.
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The catalytically inactive dinuclear complex D is in
equilibrium with the hydrido complex C under the NMR
experimental conditions. This was shown by varying the
hydrogen partial pressure as well as by lowering the rhodium
complex concentration during the measurements.


Increasing the hydrogen partial pressure from 10 bar
(P(CO/H2)� 20 bar, CO:H2� 1:1) to 20 and 40 bar caused the
ratio of complexes D :C to vary from 17:1 to 2.5:1 and 2:1,
respectively. A similar effect was observed by lowering the
complex concentration from 51 mmol Lÿ1 to 33 mmol Lÿ1 at a
syngas pressure of 20 bar (CO:H2� 1:1).[14] This increased the
amount of the active hydride from the initial 17:1 ratio to 3.5:1
D :C. After releasing the syngas pressure from the NMR tube,
only the dinuclear complex D remained as could be seen from
the 31P NMR spectrum and no hydride was observed in the
1H NMR spectrum. The IR spectrum of this solution shows a
band at 1788 cmÿ1 that results from the bridging CO groups
and a band at 1988 cmÿ1, which is typical for a terminal CO
group. This is also in agreement with the C2-symmetrical
structure we assigned for D from the 31P NMR data.


Since the rhodium concentrations for the NMR experi-
ments were about 30 times higher than those of the catalytic
reactions (51 mmol Lÿ1 versus 1.74 mmol Lÿ1), we also per-
formed high pressure in situ IR spectroscopy. At a rhodium
concentration of 1.74 mmol Lÿ1 under a syngas pressure of
20 bar (CO:H2� 1:1) at 323 K there was no indication for
bridging CO groups. The spectrum shows three bands in the
carbonyl and hydride region at 2021, 1994, and 1943 cmÿ1


(Figure 3).


Figure 3. In situ IR spectrum of [HRh(L)(CO)2], L� 6a (L:Rh� 2:1),
323 K. A) 20 bar (CO:H2� 1:1). B) 20 bar (CO:D2� 1:1).


The band at 2021 cmÿ1 could be assigned to the RhÿH
vibration by replacing CO/H2 with CO/D2. The two bands at
1994 and 1943 cmÿ1 remained unchanged, while the band at
2021 cmÿ1 disappeared. This underlines the results of the
NMR experiments, that there is no bis-equatorial complex
present because these would lead to frequency shifts of the
carbonyl bands upon the exchange.[17]


In contrast to the behavior described for the ligands 6 a, 6 b,
6 e, and 6 f that gives rise to high enantiomeric excess, the


ligands bearing electron-withdrawing groups in the phosphin-
ite part show a mixture of several different species in solution.
The signals obtained in the 31P NMR under syngas pressure
are very broad, indicative of a fluctional behavior of the
complexes.[5c] By using ligand 6 g, however, four sets of signals
were obtained that were interpreted as a mixture of all four
possible complexes A ± D present in solution under these
conditions. Signals remained broad and unresolved for ligands
6 c, 6 d, and 6 g on cooling down to 223 K. By introducing
electron-withdrawing groups in the phosphinite part, the
donor character is decreased and the acceptor ability is
increased. When the two different phosphorus atoms in the
ligand have similar electronic properties, there is no longer a
preference for either an axial or an equatorial mode of
coordination.


Conclusions


Aminophosphine phosphinite ligands derived from
(ÿ)-ephedrine with a stereogenic center at the aminophos-
phine phosphorus atom are successful ligands in the asym-
metric hydroformylation of styrene and other vinylic sub-
strates. High enantioselectivity (up to 77 %) and high
selectivity to the branched aldehydes (up to 98 %) is obtained
under mild reaction conditions (40 ± 50 8C, 20 bar CO/H2).
The results highlight that the presence of the additional
stereogenic center at the aminophosphine phosphorus atom
increases the enantioselectivity significantly. Investigation of
the hydrido rhodium complexes under syngas pressure by
NMR and IR spectroscopy showed that the actual structure of
these complexes has a great influence on the enantioselectiv-
ity. Ligands that give high ee�s coordinate in a stable axial/
equatorial manner, with the aminophosphine moiety in the
axial position of the trigonal bipyramidal complex. We assign
this species to be responsible for good enantioselection. The
ligands, which form seven-membered ring chelates with a
flexible ligand backbone, prefer bite angles of about 908 and
hence equatorial/axial coordination. By changing the elec-
tronic properties of the phosphinite part to become more
electron-accepting, the complexes become fluctional and the
ee�s drop considerably. It is therefore evident that in order to
control the complex configuration and conformation, the two
phosphorus atoms must have different donor/acceptor prop-
erties. This is the case for the ligands 6 a, 6 b, 6 e, and 6 f. Once
the complex configuration is defined, differentiation between
the two remaining coordination sites should be brought about.
For the new AMPP ligands, this task is achieved by the chiral
phosphorus atom bearing two different substituents. It is
evident that these should be different in size and shape. In the
case of the (R,S)-BINAPHOS ligand, the differentiation is
achieved by the fixed conformation of the (S)-binaphthalene
part of the phosphite, which efficiently shields one coordina-
tion site.


So far, the activity of the catalyst systems with our P-chiral
AMPP ligands is too low for practical purposes. Based on the
encouraging results obtained by using this new type of ligands,
work is in progress to make use of this concept for more active
and stable catalysts.
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Experimental Section


General: All manipulations were carried out under an atmosphere of dry
argon using standard Schlenk techniques. The argon was deoxygenated by
BASF catalyst R-3-11 and dried over molecular sieves (Linde 4 �).
Solvents were freshly distilled under argon atmosphere and dried by
standard procedures. Air and moisture sensitive solutions and reagents
were handled by using syringe techniques. Catalytic experiments under
pressure were carried out in 75 mL stainless steel autoclaves equipped with
a magnetic stirring bar. NMR spectra were acquired on Bruker AC 300 and
Bruker DPX 300 spectrometer. Chemical shifts are referenced to internal
or external TMS (1H, 13C, respectively), or external 85% H3PO4 (31P). 31P
and 13C NMR spectra were measured 1H decoupled unless otherwise
stated. IR spectra were recorded on a Nicolet 5130-FT-IR spectrometer
and processed with the OMNIC software. Chemicals were purchased from
Fluka and Aldrich. Styrene was distilled under argon atmosphere after
drying over CaH2. All other substrates were distilled prior to use and stored
under argon at ÿ30 8C. 2-Methoxy-6-vinylnaphthalene was dissolved in
toluene and filtered over neutral alumina. The syngas used was mixed in
house in a 1:1 ratio from 3.0 quality CO and H2. The phosphorus
compounds PhP(NEt2)2,[18] Cl2P(NEt2),[18] ClP(3,5-(CH3)2-C6H3)2,[19] and
ClP(4-CH3-C6H3)2


[19] were prepared by literature procedures. Elemental
analyses were performed on a Carlo Erba CHN-Analyzer 1106. Gas
chromatographic analyses for styrene, 4-methoxy styrene, 2-methoxy-6-
vinylnaphthalene, and 4-bromo styrene were run on a Siemens Sichromat 2
apparatus (split/splitless injector, 25 m Ultra 2 column, carrier gas
101.3 kPa N2, FID detector). The analyses for vinyl acetate were run on
the same apparatus, but with a different capillary column (50 m Pona (HP),
carrier gas 152 kPa He). The integration system HP 3359 was used for all
GC analyses. Enantiomeric excess for styrene, 4-methoxy styrene, and
4-bromo styrene was determined after reduction of the aldehydes and
conversion to the corresponding trifluoroacetates. For styrene and 4-bromo
styrene the trifluoro acetates are analyzed on a 25 m Lipodex E cyclo-
dextrin column (carrier gas 50.6 kPa H2). For 4-methoxy styrene a 25 m FS-
Cyclodex b I/P column (carrier gas 81 kPa H2) was used, and for
2-acetoxypropanal from vinyl acetate, which was analyzed without
derivatization, a 50 m b I/P (7 %) column (carrier gas 141.8 kPa H2) was
used. For the enantiomer analyses in all cases a Carlo Erba 2300 apparatus
was used (split/splitless injector, FID detector). For 2-methoxy-6-vinyl-
naphthalene the enantiomeric excess was determined from the alcohol
after reduction with LiAlH4 using HPLC on a (S,S)-Whelk-O 1 (4�
250 mm) column with cyclohexane/iso-propanol (95:5) as eluent (303 K,
UV detector).


Hydroformylation experiments : In a typical experiment, the autoclave was
heated to 60 8C, dried under reduced pressure for about 1 h, and filled with
argon. The catalyst precursor [Rh(acac)(CO)2] (0.035 mmol) and the ligand
(0.104 mmol, P/Rh ratio of 3) were each dissolved in toluene (5 mL). After
mixing and stirring for 15 min the solution was transferred into the
autoclave by syringe. The autoclave was purged three times with syngas
(CO/H2� 1:1), pressurized to the appropriate initial pressure, and put into
a preheated bath. In runs with separate catalyst preformation the mixture
was stirred for the appropriate time (1 h or 15 h). Styrene (2.0 mL,
17.4 mmol in 5 mL of toluene, total solvent volume 20 mL) was introduced
into the autoclave and the reaction mixture was stirred for the desired time.
The autoclave was then cooled, depressurized, and vented with argon. A
weighed amount of standard (1.50 g) was added and the reaction mixture
was directly distilled under high vacuum into a dry ice trap to remove the
catalyst. A sample was analyzed by GC. For measuring the enantiomeric
excess a sample of the distilled reaction mixture was dropped to a
suspension of LiAlH4 in diethyl ether under ice cooling. This reaction
mixture was stirred at room temperature for additional 3 h and quenched
with water. The mixture was extracted three times with diethyl ether. The
combined organic layers were dried over sodium sulfate, and the solvent
was removed under reduced pressure. The residue was dissolved in
dichloromethane and trifluoroacetic acid anhydride was added at room
temperature. After removing the solvent, the resulting trifluoroacetate was
distilled in vacuum and analyzed on a chiral GC column.


Preparation of [HRhL(CO)2] complexes and NMR measurements : In a
typical experiment a dried 13 mL autoclave was filled with [Rh(acac)-
(CO)2] (0.0922 mmol), ligand (0.191 mmol, ligand to Rh ratio of 2), and
[D8]toluene (1.8 mL). The autoclave was purged three times with syngas


(CO/H2� 1:1) and pressurized to 50 bar. After 3 h at 40 8C the autoclave
was cooled and depressurized and the solution was transferred into the
NMR tube, which was immediately pressurized again to the appropriate
pressure and analyzed.


Ligand Preparation


(XP,4S,5R)-2,5-Diphenyl-3,4-dimethyl-1,3,2-oxazaphospholidine-2-borane
(3): This compound was prepared according to a procedure reported by
JugeÂ.[7] (R,S)-Ephedrin (37 mmol, 6.08 g) was azeotropically dried by three
cycles of dissolving in toluene and evaporating. It was then dissolved in
toluene (180 mL) together with fresh distilled PhP(NEt2)2. The mixture
was refluxed for 18 h, during which the diethylamine was removed from the
top of the reflux condenser. To assure complete conversion, the reaction
mixture was degassed three times in between by means of vacuum. The
mixture was allowed to cool to room temperature and a solution of BH3 ´
CS2 (0.074 mmol, 36.8 mL of a 2m solution in toluene) was added. After
stirring at room temperature for 12 h, the solvent was removed in vacuum
to yield a viscous oil. The crude product was recrystallized from methanol
(30 mL) at ÿ20 8C. Yield: 82% (30.3 mmol, 8.58 g). Mp: 98 8C; de� 95%
(31P{1H} NMR); 31P NMR (CDCl3): d� 133.4 (q, 1J(P-B)� 65.8 Hz);
13C NMR (CDCl3): d� 136.8 ± 127.2 (C arom), 84.8 (OCHPh), 59.2
(NCH(CH3)), 29.8 (NCH3), 14.1 (CHCH3); 1H NMR (CDCl3): d� 7.78 ±
7.19 (m, 10H; arom), 5.52 (dd, 3J� 3.0 Hz, 3J(H-P)� 6.0 Hz, 1H; OCHPh),
3.64 ± 3.57 (m, 1 H; NCH(CH3), 2.60 (d, 3J(H-P)� 11.0 Hz, 3H; NCH3), 0.75
(d, 3J� 6.5 Hz, CH(CH3)), 1.6 ± 0.4 (br m, 3H; BH3).


(XP,1R,2S)-2-N-Methyl-N-(methylphenylphosphinoborane)-2-amino-1-
phenylpropane-1-ol (4a): The oxazaphospholidine 3 (18 mmol, 5.02 g) was
dissolved in THF (60 mL) in a Schlenk flask equipped with a rubber
septum. At ÿ78 8C MeLi (20 mmol, 25.1 mL of a 0.8 m solution in diethyl
ether) was introduced dropwise through a syringe. After complete addition
the mixture was stirred for an additional 2 h at ÿ78 8C and was allowed to
warm to room temperature overnight. The reaction was monitored by TLC
(5% EtOAc/toluene (v/v), Rf� 0.20, starting material Rf� 0.55). The
reaction mixture was hydrolyzed with water (20 mL) and the THF was
removed in vacuum. The mixture was taken up in CH2Cl2 (20 mL) and
separated, and the aqueous phase was extracted with CH2Cl2. The
combined and dried (MgSO4) organic phases were evaporated to dryness.
Yield: 97 % (17.5 mmol, 5.30 g) of a white powder; de� 95% (31P{1H}
NMR); 31P NMR (CDCl3): d� 66.7ÿ 66.0 (m); 13C NMR (CDCl3): d�
141.6 ± 125.8 (C arom), 76.5 (OCHPh), 57.0 (NCH(CH3)), 27.9 (NCH3), 13.1
(CH(CH3)), 10.2 (d, 1J(C-P)� 41.0 Hz, PCH3); 1H NMR (CDCl3): d� 7.42 ±
7.00 (m, 10H; arom), 4.67 (d, 3J� 7.2 Hz, 1 H; OCH(Ph)), 3.98 (dq, 3J�
7.2 Hz, 3J� 6.7 Hz, 1H; NCH(CH3)), 2.40 (d, 3J(H-P)� 7.8 Hz, 3 H; NCH3),
2.32 (br s, 1H; OH), 1.45 (d, 2J(H-P)� 8.9 Hz, 3 H; PCH3), 1.17 (d, 3J� 6.7 Hz,
3H; CH(CH3)), 2.0 ± 0.1 (br m, 3H; BH3).


(XP,1R,2S)-2-N-Methyl-N-(n-butylphenylphosphinoborane)-2-amino-1-
phenylpropane-1-ol (4b): This compound was prepared by the procedure
described for 4a. The oxazaphospholidine 3 (5.30 mmol, 1.51 g) in THF
(40 mL) was converted with n-BuLi (5.83 mmol, 2.8 mL of a 2.1m solution
in hexane). The reaction was monitored by TLC (5 % EtOAc/toluene (v/v),
Rf� 0.29). Yield: 97 % (5.14 mmol, 1.77 g) of a colorless oil; de� 95%
(31P{1H} NMR); 31P NMR (CDCl3): d� 71.4 ± 70.7 (m); 13C NMR (CDCl3):
d� 141.5 ± 124.2 (C arom), 77.4 (OCH(CH3)), 57.0 (NCH(CH3)), 28.1
(C(CH3)), 24.2 ± 23.0 ((CH2)3), 12.6 (NCH3), 11.9 (H3C(CH2)3); 1H NMR
(CDCl3): d� 7.40 ± 7.23 (m, 10 H; arom), 4.80 (d,3J� 6.0 Hz, 1 H;
OCH(Ph)), 4.02 ± 3.90 (dq, 3J� 6.0 Hz, 3J� 6.9 Hz, 1H; NCH(CH3)), 2.53
(d, 3J(H-P)� 7.8 Hz, 3 H; NCH3), 1.80 ± 1.34 (m, 7H; P(CH2)3, OH), 1.15 (d,
3J� 6.9 Hz, 3 H; CH(CH3)), 0.91 (t, 3J� 6.9 Hz, 3H; CH2CH3), 1.80 ± 0.32
(br m, 3 H; BH3).


(XP,1R,2S)-2-N-Methyl-N-(1-naphthylphenylphosphinoborane)-2-amino-
1-phenylpropane-1-ol (4 c): In a 100 mL Schlenk flask equipped with a
rubber septum, sec-BuLi (19 mmol, 16.56 mL of a 1.165m solution in
diethyl ether) in diethyl ether (10 mL) was cooled to ÿ78 8C. A solution of
1-bromonaphthalene (23 mmol, 4.79 g) in diethyl ether (10 mL) was added
dropwise by using syringe. During addition, the naphthyllithium precipi-
tated as a white solid. The reaction was monitored by TLC (5 % EtOAc/
toluene (v/v), Rf (bromonaphthalene)� 0.65) and upon complete conver-
sion of the bromonaphthalene, THF (20 mL) was added to the mixture. The
oxazaphospholidine 3 (17 mmol, 5.00 g) was dissolved in THF (30 mL) in a
second flask and cooled to ÿ78 8C. The suspension of naphthyllithium
was transferred by using syringe and added slowly in order to keep the
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temperature at ÿ78 8C. After the addition was complete, the mixture was
allowed to warm to room temperature overnight. The mixture was
hydrolyzed with water (30 mL), and the THF was removed in vacuum.
The remaining suspension was mixed with CH2Cl2 (20 mL) and separated,
and the aqueous layer was extracted with CH2Cl2 (3� 10 mL). The
combined organic layers were washed with brine and dried over Na2SO4.
Evaporation of the solvent gave the product 4 c as a pale yellow, highly
viscous oil, which was further purified by column chromatography (5%
EtOAc/toluene (v/v), Rf� 0.31). Yield: 61% (10.37 mmol, 4.42 g) of a
colorless viscous oil; de� 95 % (31P{1H} NMR); 31P NMR (CDCl3): d� 71.5
(m); 13C NMR (CDCl3): d� 143.7 ± 124.5 (C arom), 78.5 (OCHPh), 57.0
(NCH(CH3)), 28.1 (NCH3), 13.9 (CH(CH3)); 1H NMR (CDCl3): d� 7.40 ±
7.23 (m, 10H; arom), 5.01 (d, 3J� 3.7 Hz, 1H; OCH(Ph)), 4.53 (dq, 3J�
3.7 Hz, 3J� 6.6 Hz, 1 H; NCH(CH3)), 2.65 (d, 3J(H-P)� 7.5 Hz, 3 H; NCH3),
1.97 (br s, 1H; OH), 1.33 (d, 3J� 6.6 Hz, 3H; CH(CH3)), 2.36 ± 0.91 (br m,
3H; BH3).


(XP,1R,2S)-2-N-Methyl-N-(methylphenylphosphino)-2-amino-1-phenyl-1-
(diphenylphosphinoxy)propane (6 a): In a 50 mL Schlenk flask equipped
with a rubber septum, compound 4a (3.5 mmol, 1.06 g) and triethylamine
(7.34 mmol, 0.78 g) were dissolved in toluene (15 mL) and cooled to
ÿ20 8C. A solution of freshly distilled ClPPh2 in toluene (5 mL) was slowly
added by using syringe. The resulting suspension was allowed to warm to
room temperature overnight and the ammonium salt was filtered off over a
3 cm pad of Celite. The solvent was evaporated, and the residue dried in
high vacuum. Yield: 92 % (3.22 mmol, 1.57 g) of 5a as a highly viscous
colorless oil; de� 95% (31P{1H} NMR); 31P NMR (C6D6): d� 113.8 (s, PO),
68.3 (m, PN); 13C NMR (C6D6): d� 142.7 ± 125.7 (C arom), 86.4 (OCHPh),
58.3 (NCH(CH3)), 28.3 (CH(CH3)), 15.6 (NCH3), 11.1 (PCH3); 1H NMR
(C6D6): d� 7.67 ± 6.80 (m, 20 H; arom), 4.88 (dd, 3J� 8.7 Hz, 3J(H-PO)�
8.7 Hz, 1 H; OCH(Ph)), 4.72 (dq, 3J� 8.7 Hz, 3J� 8.7 Hz, 1H; NCH(CH3)),
1.96 (d, 3J(H-PN)� 8.4 Hz, 3 H; NCH3), 1.30 (d, 3J(H-PN)� 6.6 Hz, 3H; PCH3),
1.14 (d, 3J� 8.7 Hz, 3H; CH(CH3)), 2.27 ± 0.76 (br m, 3H; BH3).


For deprotection the borane adduct 5 a (0.68 mmol, 0.33 g) was dissolved in
diethylamine (20 mL) and heated to 55 8C for 15 h. The reaction was
monitored by 31P NMR. After quantitative removal of the BH3 the mixture
was evaporated to dryness and the residue was taken up in a hexane/
toluene mixture (2 mL, 1:1). The amine ± borane adduct was removed by
filtration over basic alumina. Evaporation and drying in high vacuum
afforded the product 6 a. Yield: 84% (0.57 mmol, 0.27 g) of a colorless
highly viscous oil; de� 95 % (31P{1H} NMR); 31P NMR (C6D6): d� 113.9 (s,
PO), 50.7 (s, PN); 13C NMR (C6D6): d� 143.2 ± 126.3 (C arom), 85.4
(OCHPh), 63.9 (NCH(CH3)), 28.9 (NCH3), 16.0 (CH(CH3)), 11.3 (PCH3);
1H NMR (C6D6): d� 7.75 ± 6.77 (m, 20H; arom), 4.94 (dd, 3J� 8.7 Hz,
3J(H-PO)� 8.7 Hz, 1H; OCH(Ph)), 3.97 (dq, 3J� 8.7 Hz, 3J� 6.0 Hz, 1H;
NCH(CH3)), 2.05 (d, 3J(H-PN)� 3.6 Hz, 3H; NCH3), 1.45 (d, 3J(H-PN)� 6.6 Hz,
3H; PCH3), 1.16 (d, 3J� 6.0 Hz, 3H; CH(CH3)).


(XP,1R,2S)-2-N-Methyl-N-(methylphenylphosphino)-2-amino-1-phenyl-1-
[di-(4-methyl-phenyl)phosphinoxy]propane (6b): This compound was
prepared by the procedure described for 6 a. Compound 4 a (3.8 mmol,
1.15 g) and ClP(4-CH3C6H4)2 (4.2 mmol, 1.04 g) were converted in the
presence of triethylamine (8.4 mmol, 0.85 g). Yield: 82 % (3.12 mmol,
1.60 g) of 5b as a highly viscous colorless oil; de� 95 % (31P{1H} NMR); 31P
NMR (C6D6): d� 114.4 (s, PO), 68.4 (m, PN); 13C NMR (C6D6): d� 141.1 ±
125.6 (C arom), 86.3 (OCHPh), 58.4 (NCH(CH3)), 28.4 (NCH3), 21.2
(PhCH3), 15.6 (CH(CH3)), 11.1 (PCH3); 1H NMR (C6D6): d� 7.68 ± 6.86
(m, 18 H; arom), 4.93 (dd, 3J� 8.4 Hz, 3J(H-PO)� 8.4 Hz, 1H; OCH(Ph)),
4.60 (dq, 3J� 8.4 Hz, 3J� 6.6 Hz, 1 H; NCH(CH3)), 2.08 (s, 3H; PhCH3),
2.01 (d, 3J(H-PN)� 8.4 Hz, 3 H; NCH3), 2.00 (s, 3 H; PhCH3), 1.33 (d, 3J�
6.6 Hz, 3 H; CH(CH3)), 1.15 (d, 3J(H-PN)� 8.7 Hz, 3 H; PCH3), 2.00 ± 0.80
(br m, 3 H; BH3).


Deprotection of the borane adduct 5 b (0.7 mmol, 0.38 g) in triethylamine
(15 mL) afforded 6b as a viscous colorless oil. Yield: 62 % (0.43 mmol,
0.23 g); de� 95% (31P{1H} NMR); 31P NMR (C6D6): d� 114.3 (s, PO), 52.1
(s, PN); 13C NMR (C6D6): d� 140.6 ± 126.3 (C arom), 85.3 (OCHPh), 64.1
(NCH(CH3)), 28.9 (NCH3), 19.9 (PhCH3) 16.0 (CH(CH3)), 11.3
(PCH3); 1H NMR (C6D6): d� 7.08 ± 6.65 (m, 18 H; arom), 5.29 (dd, 3J�
7.5 Hz, 3J(H-PO)� 9.6 Hz, 1 H; OCH(Ph)), 3.57 (dq, 3J� 6.6 Hz, 3J� 9.6 Hz,
1H; NCH(CH3)), 2.02 (s, PhCH3), 2.01 (d, 3J(H-PN)� 3.9 Hz, 3 H;
NCH3), 1.30 (d, 3J(H-PN)� 6.6 Hz, 3 H; CH(CH3)), 1.08 (d, 3J� 6.3 Hz, 3H;
PCH3).


(XP,1R,2S)-2-N-Methyl-N-(methylphenylphosphino)-2-amino-1-phenyl-1-
(di-{[3,5-bis-(trifluoromethyl)phenyl]}phosphinoxy)propane (6 c): This
compound was prepared by the procedure described for 6a. Compound
4a (1.7 mmol, 0.50 g) and ClP(3,5-(CF3)2C6H3)2 (1.9 mmol, 0.91 g) were
converted in the presence of triethylamine (5.0 mmol, 0.51 g). Yield: 96%
(1.63 mmol, 1.21 g) of 5 c as a highly viscous pale yellow oil; de� 95%
(31P{1H} NMR); 31P NMR (C6D6): d� 106.6 (s, PO), 69.1 (m, PN); 19F NMR
(C6D6): d�ÿ63.2 (d, J� 13.5 Hz); 13C NMR (C6D6): d� 144.4 ± 121.5 (C
arom), 87.8 (OCHPh), 57.2 (NCH(CH3)), 28.1 (NCH3), 15.9 (CH(CH3)),
11.1 (PCH3); 1H NMR (CDCl3): d� 7.85 ± 6.59 (m, 16 H; arom), 4.76 (dd,
3J� 8.0 Hz, 3J(H-PO)� 9.3 Hz, 1H; OCH(Ph)), 4.38 (m, 1H; NCH(CH3)),
2.25 (d, 3J(H-PN)� 8.1 Hz, 3 H; NCH3), 1.46 (d, 3J� 8.8 Hz, 3H; CH(CH3)),
1.31 (d, 3J(H-PN)� 6.5 Hz, 3H; PCH3), 2.00 ± 0.50 (br m, 3H; BH3).


Deprotection of the borane adduct 5c (1.6 mmol, 1.20 g) in triethylamine
(20 mL) afforded 6c as a viscous colorless oil. Yield: 96% (1.54 mmol,
1.13 g); de� 92 % (31P{1H} NMR); 31P NMR (C6D6): d� 104.9 (s, PO), 51.3
(s, PN); 19F NMR (C6D6): d�ÿ63.2 (d, J� 13.5 Hz); 13C NMR (C6D6): d�
144.1 ± 122.1 5 (C arom), 87.7 (OCHPh), 57.2 (NCH(CH3)), 28.2 (NCH3),
15.9 (CH(CH3)), 10.8 (PCH3); 1H NMR (C6D6): d� 7.95 ± 6.65 (m, 16H;
arom), 4.87 (dd, 3J� 7.9 Hz, 3J(H-PO)� 8.6 Hz, 1H; OCH(Ph)), 3.93 (dq, 3J�
7.9 Hz, 3J� 7.2 Hz, 1H; NCH(CH3)), 2.19 (d, 3J(H-PN)� 3.3 Hz, 3 H; NCH3),
1.38 (d, 3J� 7.2 Hz, 3 H; CH(CH3)), 1.31 (d, 3J(H-PN)� 6.3 Hz, 3 H; PCH3).


(XP,1R,2S)-2-N-Methyl-N-(methylphenylphosphino)-2-amino-1-phenyl-1-
(1,3,2-dioxa-[d,f]-dibenzo-phosphepinoxy)propane (6d): This compound
was prepared by the procedure described for 6 a. Compound 4 a (1.3 mmol,
0.40 g) and 2,2'-biphenylphosphorchloridite (1.5 mmol, 0.37 g) were con-
verted in the presence of triethylamine (3.0 mmol, 0.41 g). Yield: 81%
(1.05 mmol, 0.55 g) of 5d as a white solid; de� 95% (31P{1H} NMR); 31P
NMR (C6D6): d� 145.4 (s, PO), 68.1 ± 67.5 (m, PN); 13C NMR (C6D6): d�
149.4 ± 121.2 (C arom), 79.5 (OCHPh), 63.7 (NCH(CH3)), 30.3 (NCH3),
15.3 (CH(CH3)), 12.0 (PCH3); 1H NMR (C6D6): d� 7.48 ± 6.76 (m, 18H;
arom), 5.48 (dd, 3J� 6.6 Hz, 3J(H-PO)� 9.6 Hz, 1H; OCH(Ph)), 4.33 (dq,
3J� 6.6 Hz, 3J� 8.1 Hz, 1 H; NCH(CH3)), 2.19 (d, 3J(H-PN)� 8.7 Hz, 3H;
NCH3), 1.15 (d, 3J� 8.1 Hz, 3H; CH(CH3)), 1.13 (d, 3J(H-PN)� 6.1 Hz, 3H;
PCH3), 2.00 ± 0.80 (br m, 3H; BH3).


Deprotection of the borane adduct 5 d (1.1 mmol, 0.55 g) in triethylamine
(20 mL) afforded 6 d as a white solid. Yield: 82% (0.90 mmol, 0.44 g); de�
95% (31P{1H} NMR); 31P NMR (C6D6): d� 149.2 (s, PO), 49.9 (s, PN);
13C NMR (C6D6): d� 149.3 ± 121.1 (C arom), 79.2 (OCHPh), 63.8
(NCH(CH3)), 29.9 (NCH3), 14.9 (CH(CH3)), 11.2 (PCH3); 1H NMR
(C6D6): d� 7.19 ± 6.66 (m, 18 H; arom), 5.27 (dd, 3J� 8.5 Hz, 3J(H-PO)�
8.5 Hz, 1 H; OCH(Ph)), 3.56 (dq, 3J� 8.5 Hz, 3J� 6.6 Hz, 1H; NCH(CH3)),
2.01 (d, 3J(H-PN)� 3.9 Hz, 3 H; NCH3), 1.29 (d, 3J� 6.6 Hz, 3H; CH(CH3)),
1.08 (d, 3J(H-PN)� 6.3 Hz, 3H; PCH3).


(XP,1R,2S)-2-N-Methyl-N-(n-butylphenylphosphino)-2-amino-1-phenyl-1-
(diphenylphosphinoxy)propane (6 e): This compound was prepared by the
procedure described for 6a. Compound 4 b (1.5 mmol, 0.50 g) and ClPPh2


(1.7 mmol, 0.37 g) were converted in the presence of triethylamine
(3.4 mmol, 0.34 g). Yield: 78 % (1.33 mmol, 0.60 g) of 5 e as a colorless,
highly viscous oil; de� 95 % (31P{1H} NMR); 31P NMR (C6D6): d� 112.1 (s,
PO), 71.1 (m, PN); 13C NMR (C6D6): d� 141.9 ± 126.4 (C arom), 85.8
(OCHPh), 64.0 (NCH(CH3)), 28.3 (NCH3), 27.05 (CH2CH2CH3), 26.7
(PCH2CH2), 23.3 (CH(CH3)), 15.5 (CH2CH3), 12.7 (PCH2); 1H NMR
(C6D6): d� 7.50 ± 6.92 (m, 20 H; arom), 4.83 (dd, 3J� 8.0 Hz, 3J(H-PO)�
8.0 Hz, 1 H; OCH(Ph)), 4.17 (dq, 3J� 8.0 Hz, 3J� 6.6 Hz, 1H; NCH(CH3)),
2.39 (d, 3J(H-PN)� 7.8 Hz, 3H; NCH3), 1.89 ± 1.31 (m, 6 H; (CH2)3), 1.26 (d,
3J� 6.6 Hz, 3 H; CH(CH3)), 0.90 (t, 3J� 7.1 Hz, 3H; CH2CH3), 1.89 ± 0.30
(br m, 3 H; BH3).


Deprotection of the borane adduct 5 e (1.14 mmol, 0.60 g) in triethylamine
(20 mL) afforded 6 e as a colorless highly viscous oil. Yield: 84%
(0.96 mmol, 0.49 g); de� 95% (31P{1H} NMR); 31P NMR (C6D6): d�
112.6 (s, PO), 62.2 (s, PN); 13C NMR (C6D6): d� 141.8 ± 126.3 (C arom),
85.8 (OCHPh), 64.1 (NCH(CH3)), 28.3 (NCH3), 27.1 (CH2CH2CH3), 26.6
(PCH2CH2), 23.3 (CH(CH3)), 15.5 (CH2CH3), 12.7 (PCH2); 1H NMR
(C6D6): d� 7.75 ± 6.77 (m, 20 H; arom), 4.98 (dd, 3J� 8.7 Hz, 3J(H-PO)�
8.7 Hz, 1 H; OCH(Ph)), 4.05 (dq, 3J� 8.7 Hz, 3J� 5.7 Hz, 1H; NCH(CH3)),
2.16 (d, 3J(H-PN)� 3.6 Hz, 3 H; NCH3), 1.52 (d, 3J� 5.7 Hz, 3H; CH(CH3)),
1.85 ± 1.20 (m, 6 H; (CH2)3), 0.92 (t, 3J� 6.9 Hz, 3 H; CH2CH3).


(XP,1R,2S)-2-N-Methyl-N-(n-butylphenylphosphino)-2-amino-1-phenyl-1-
[di-(4-methyl-phenyl)phosphinoxy]propane (6 f): This compound was
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prepared by the procedure described for 6a. Compound 4 b (3.8 mmol,
1.30 g) and ClP(4-CH3C6H4)2 (4.2 mmol, 1.04 g) were converted in the
presence of triethylamine (8.4 mmol, 0.85 g). Yield: 76 % (2.89 mmol,
1.60 g) of 5 f as a pale yellow, highly viscous oil; de� 95% (31P{1H} NMR);
31P NMR (C6D6): d� 114.1 (s, PO), 68.3 (m, PN); 13C NMR (C6D6): d�
141.2 ± 125.6 (C arom), 86.3 (OCHPh), 58.4 (NCH(CH3)), 28.4 (NCH3),
27.05 (CH2CH2CH3), 26.7 (PCH2CH2), 23.3 (CH(CH3)), 15.5 (CH2CH3),
12.7 (PCH2); 1H NMR (C6D6): d� 7.50 ± 6.92 (m, 18H; arom), 4.83 (dd,
3J� 8.0 Hz, 3J(H-PO)� 8.0 Hz, 1 H; OCH(Ph)), 4.17 (dq, 3J� 8.0 Hz, 3J�
6.6 Hz, 1 H; NCH(CH3)), 2.33 (d, 3J(H-PN)� 6.0 Hz, 3H; NCH3), 2.26 (s,
3H; PhCH3), 2.20 (s, 3 H; PhCH3), 1.89 ± 1.31 (m, 6 H; (CH2)3), 1.26 (d, 3J�
6.6 Hz, 3H; CH(CH3)), 1.16 (d, 3J� 9.0 Hz, 3 H; CH(CH3)), 0.83 (t, 3J�
6.0 Hz, 3 H; CH2CH3), 2.00 ± 0.20 (br m, 3 H; BH3).


Deprotection of the borane adduct 5 f (0.7 mmol, 0.39 g) in triethylamine
(15 mL) afforded 6 f as a pale yellow, highly viscous oil. Yield: 70%
(0.49 mmol, 0.26 g); de� 95 % (31P{1H} NMR); 31P NMR (C6D6): d� 113.4
(s, PO), 62.2 (s, PN); 13C NMR (C6D6): d� 142.8 ± 121.7 (C arom), 87.1 (m,
OCHPh), 65.6 (m, NCH(CH3)), 29.6 (NCH3), 28.4 (CH2CH2CH3), 28.1
(PCH2CH2), 24.7 (CH(CH3)), 21.2 (PhCH3), 16.8 (CH2CH3), 14.1 (PCH2);
1H NMR (C6D6): d� 7.74 ± 6.84 (m, 18H; arom), 5.03 (dd, 3J� 8.7 Hz,
3J(H-PO)� 8.7 Hz, 1H; OCH(Ph)), 4.07 (dq, 3J� 8.7 Hz, 3J� 6.7 Hz, 1H;
NCH(CH3)), 2.18 (d, 3J(H-PN)� 3.4 Hz, 3H; NCH3), 2.09 (s, 3 H; PhCH3),
2.00 (s, 3 H; PhCH3), 1.49 (d, 3J� 6.7 Hz, 3 H; CH(CH3)), 1.95 ± 1.20 (m,
6H; (CH2)3), 0.91 (t, 3J� 6.9 Hz, 3H; CH2CH3).


(XP,1R,2S)-2-N-Methyl-N-(n-butylphenylphosphino)-2-amino-1-phenyl-1-
(di-{[3,5-bis-(trifluoromethyl)phenyl]}phosphinoxy)propane (6 g): This
compound was prepared by the procedure described for 6a. Compound
4b (1.3 mmol, 0.45 g) and ClP(3,5-(CF3)2C6H3)2 (1.5 mmol, 0.71 g) were
converted in the presence of triethylamine (2.9 mmol, 0.29 g). Yield: 96%
(1.25 mmol, 1.01 g) of 5 g as a pale yellow, highly viscous oil; de� 95%
(31P{1H} NMR); 31P NMR (C6D6): d� 107.1 (s, PO), 72.5 (m, PN); 13C NMR
(C6D6): d� 144.7 ± 121.2 (C arom), 87.0 (OCHPh), 59.3 (NCH(CH3)), 28.3
(NCH3), 27.05 (CH2CH2CH3), 26.7 (PCH2CH2), 23.3 (CH(CH3)), 15.9
(CH2CH3), 14.6 (PCH2); 1H NMR (C6D6): d� 7.95 ± 6.65 (m, 16H; arom),
4.84 (dd, 3J� 8.4 Hz, 3J(H-PO)� 8.4 Hz, 1H; OCH(Ph)), 4.37 (dq, 3J� 8.4 Hz,
3J� 6.6 Hz, 1 H; NCH(CH3)), 2.40 (d, 3J(H-PN)� 7.3 Hz, 3 H; NCH3), 1.93 ±
1.26 (m, 6H; (CH2)3), 1.37 (d, 3J� 6.6 Hz, 3H; CH(CH3)), 0.91 (t, 3J�
7.0 Hz, 3H; CH2CH3), 2.00 ± 0.20 (br m, 3H; BH3).


Deprotection of the borane adduct 5 g (1.30 mmol, 1.01 g) in triethylamine
(20 mL) afforded 6g as a pale yellow, highly viscous oil. Yield: 81%
(1.05 mmol, 0.80 g); de� 94 % (31P{1H} NMR); 31P NMR (C6D6): d� 104.9
(s, PO), 60.8 (s, PN); 19F NMR (C6D6): d�ÿ63.2 (s); 13C NMR (C6D6): d�
143.6 ± 120.2 (C arom), 87.1 (OCHPh), 62.9 (NCH(CH3)), 28.8 (NCH3), 27.1
(CH2CH2CH3), 26.6 (PCH2CH2), 23.3 (CH(CH3)), 15.9 (CH2CH3), 12.7
(PCH2); 1H NMR (C6D6): d� 7.85 ± 6.66 (m, 16 H; arom), 4.73 (dd, 3J�
8.4 Hz, 3J(H-PO)� 8.4 Hz, 1 H; OCH(Ph)), 3.78 (dq, 3J� 8.4 Hz, 3J� 6.6 Hz,
1H; NCH(CH3)), 1.95 (d, 3J(H-PN)� 3.0 Hz, 3H; NCH3), 1.26 (d, 3J� 6.6 Hz,
3H; CH(CH3)), 1.63 ± 1.00 (m, 6H; (CH2)3), 0.78 (t, 3J� 7.2 Hz, 3H;
CH2CH3).


(XP,1R,2S)-2-N-Methyl-N-(diphenylphosphino)-2-amino-1-phenyl-1-(di-
phenylphosphinoxy)propane (6h, EPHOS): The azeotropically dried (3�
10 mL toluene) ephedrine (13.7 mmol, 2.27 g) and triethylamine
(40.9 mmol, 4.14 g) were dissolved in toluene (100 mL). At ÿ78 8C a
solution of ClPPh2 (30.1 mmol, 6.65 g) in toluene (10 mL) was slowly added
by a syringe. The mixture was allowed to warm to room temperature
overnight, and the ammonium salt was filtered off. Evaporation of the
solvent yielded raw 6h 94 % (12.9 mmol, 6.8 g) as a yellow, highly viscous
oil. The product was purified by dissolving in hexane/toluene (2:1) and
filtration over carefully dried basic alumina. Evaporation of the solvents
gave 6 h as colorless, highly viscous oil. Yield: 84 % (11.5 mmol, 5.7 g); 31P
NMR (C6D6): d� 111.1 (s, PO), 65.3 (s, PN); 13C NMR (C6D6): d� 141.8 ±
126.3 (C arom), 85.8 (OCHPh), 64.3 (NCH(CH3)), 30.5 (NCH3), 15.8
(CH(CH3)); 1H NMR (C6D6): d� 7.75 ± 6.77 (m, 20H; arom), 4.94 (dd, 3J�
8.7 Hz, 3J(H-PO)� 8.7 Hz, 1 H; OCH(Ph)), 3.97 (dq, 3J� 8.7 Hz, 3J� 6.0 Hz,
1H; NCH(CH3)), 2.05 (d, 3J(H-PN)� 3.6 Hz, 3 H; NCH3), 1.45 (d, 3J(H-PN)�
6.6 Hz, 3 H; PCH3), 1.16 (d, 3J� 6.0 Hz, 3 H; CH(CH3)).


(XP,1R,2S)-2-N-Methyl-N-(1-naphthylphenylphosphinoborane)-2-amino-
1-phenyl-1-(diphenylphosphinoxy)propane (6 i): This compound was pre-
pared by the procedure described for 6a. Compound 4c (2.2 mmol, 0.92 g)
and ClPPh2 (2.4 mmol, 0.54 g) were converted in the presence of triethyl-


amine (4.9 mmol, 0.50 g). Yield: 83 % (1.83 mmol, 1.10 g) of 5 i as a highly
viscous, colorless oil. It turned out that during synthesis a scrambling of the
BH3 group occurred between the PN and the newly introduced PO
terminus. 31P NMR (C6D6): d� 111.2 (s, POÞNP(BH3)), 107.0
((BH3)POÞNP), 71.8 (m, POÞNP(BH3)), 58.7 (s, (BH3)POÞNP). The
13C NMR and 1H NMR spectra show a mixture of compounds.


Deprotection of the borane adduct 5 i (1.8 mmol, 1.07 g) in triethylamine
(20 mL) afforded 6 i as a highly viscous, colorless oil. Yield: 95 %
(1.71 mmol, 0.99 g); de� 93% (31P{1H} NMR); 31P NMR (C6D6): d�
111.8 (s, PO), 57.6 (s, PN); 13C NMR (C6D6): d� 141.8 ± 124.1 (C arom),
85.7 (OCHPh), 64.4 (NCH(CH3)), 30.5 (NCH3), 15.8 (CH(CH3)); 1H NMR
(C6D6): d� 8.22 ± 6.60 (m, 27H; arom), 4.85 (dd, 3J� 7.5 Hz, 3J(H-PO)�
7.5 Hz, 1H; OCH(Ph)), 4.12 (dq, 3J� 7.5 Hz, 3J� 6.0 Hz, 1H; NCH(CH3)),
2.29 (d, 3J(H-PN)� 3.0 Hz, 3 H; NCH3), 1.43 (d, 3J(H-PN)� 6.0 Hz, 3 H;
CH(CH3)).
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