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In the paper by N. Maezaki, T. Tanaka et al. published in Chem. Eur. J. 2003, 9, 4980±4990, there are errors in Figure 1 in the
units and scale of the y axis. The corrected figure is shown below. The authors apologise for these errors. Please see the origi-
nal figure for the color coding of the different spectra.


Figure 1. CD spectral data for 36±39a and 36±39b.
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Introduction


Despite the rapid developments in synthetic methodology
during the last ten years, whether they have been achieved
in catalysis, asymmetric synthesis, combinatorial chemistry
and other fields, organic synthesis is still being carried out in
a very traditional way. In fact, reactions are typically per-
formed in standardized glassware, which in essence have
been known since Justus Liebig×s time and even in the age
of the alchemists. Due to this very characteristic equipment
compounds are synthesized batchwise regardless of the kind
of chemistry to be chosen. Until recently, the keywords ™in-
dustrialization and automation∫–which can be considered
as major driving forces in most of the modern branches of
industry–did not belong to the chemist×s dictionary. As
combinatorial chemistry started its triumphant progress in
drug discovery, a bit more than ten years ago,[1] chemists
learned new ways of thinking as time and costs determined
daily laboratory work more and more. Today combinatorial
and parallel-synthetic methods are a widely accepted tool in
organic chemistry. However, in terms of automation there is
a strong discrepancy between laboratories in pharmaceutical
industry and more common research laboratories. Despite
this strong trend for automation in pharmaceutical research,
high-throughput chemistry is still carried out in batches,
whereas flow-through processes are restricted to production
processes. This is a curious fact, since the main advantages
of that approach are facile automation, reproducibility,
safety, and process reliability, because constant reaction pa-
rameters (temperature, time, amount of reagents, solvent,
etc.) can be assured. Moreover, continuous-flow processes
are paralleled by current trends in modern synthetic chemis-
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Abstract: As part of the dramatic changes associated
with the need for preparing compound libraries in phar-
maceutical and agrochemical research laboratories, the
search for new technologies that allow automation of
synthetic processes has become one of the main topics.
Despite this strong trend for automation high-through-
put chemistry is still carried out in batches, whereas
flow-through processes are rather restricted to produc-
tion processes. This is far from understandable because
the main advantages of that approach are facile automa-
tion, reproducibility, safety, and process reliability, be-
cause constant reaction parameters can be assured.
Indeed, methods and technologies are missing that
allow rapid transfer from the research level to process
development without time-consuming adaptation and
optimization of methods from the laboratory scale to
production plant scale. Continuous-flow processes are
considered as a universal lever to overcome these re-
strictions and, only recently, joint efforts between syn-
thetic and polymer chemists and chemical engineers
have resulted in the first continuous-flow devices and
microreactors; these allow rapid preparation of com-
pounds with minimum workup. Many of these ap-
proaches use immobilized reagents and catalysts, which
are embedded in a structured flow-through reactor. It is
generally accepted, that for achieving best reaction and
kinetic parameters for convective-flow processes mono-
lithic materials are ideally suited as solid phases or poly-
mer supports. In addition, immobilization techniques
have to be developed that allow facile regeneration of
the active species in the reactor.


Keywords: automated synthesis ¥ combinatorial
chemistry ¥ flow-through processes ¥ monolithic
materials ¥ polymers ¥ reactors
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try as they can be performed most advantageously by using
immobilized reagents or catalysts (Figure 1).[2] Indeed, these
insoluble materials can be adopted to continuous-flow proc-
esses by using fixed beds. Concerning large-scale processes
the door is particularly opened for repeated use of the re-
agents and catalysts. Ideally, the flow rates are slow enough
to guarantee full conversion of the starting material, and
only the desired product(s) are gained at the end of the re-
actor. Thus, reaction and filtration operations are carried
out simultaneously, whereas in corresponding batch reac-
tions both processes have to be performed separately. Sim-
plified reaction workup is the result, and in some cases only
the evaporation of the solvent is needed as a single work up
step.


Regardless of the discussions whether automation in
drug discovery has really led to more efficiency and quality
of compound libraries, including the chemistry that has been
employed to obtain these libraries, it is sensible to note that
automation is still in its infancy. In particular, methods and
technologies are missing that allow rapid transfer from the
research level to process development without time-consum-
ing adaptation and optimization of methods from laboratory
scale to production plant scale. Continuous-flow processes
are considered as a universal lever to overcome these re-
strictions.


The goal of this literature survey is to give an almost
comprehensive and critical overview on the concept of con-
tinuous-flow processes that have already been established in
modern synthetic chemistry and to direct the reader×s inter-
est to recent developments that add new facets to flow-
through processes. The latter include microwave-assistance
and the use of immobilized reagents and catalysts. Times are
changing dramatically and the future of chemistry might lie
in flow-through processes as was recently stated by S. Ley.[2]


First Flow-Through Processes Based on
Merrifield×s Original Concept


Evidently, the work of Merrifield set the stage for solid-
phase-assisted synthesis and thus had a strong impact on
laboratory automation. The highly repetitive character of
coupling reactions and protecting groups, and the small
amounts of product required in peptide and oligonucleotide
synthesis ideally fit the demands of automation. Not surpris-
ingly the first synthesis machines were developed for the
synthesis of these biomolecules. Due to a much higher com-


plexity of chemistry and the need for carefully optimized re-
action protocols, only recently a standardized methodology
for the automated synthesis of oligosaccharides has been de-
veloped.[3]


At first glance, solid-phase-supported peptide synthesis
might not be considered as a typical process that takes ad-
vantage from continuous-flow methods. However, it is for-
gotten that Merrifield originally envisaged a flow-through
system for peptide synthesis as can be read in his autobiog-
raphy from 1993.[4] Nevertheless, it took another 20 years
until a reliable continuous-flow protocol for peptides was at
hand.[5] The intrinsic disadvantages (particularly swelling of
the support) were overcome by polymerizing the support
within the pores of a rigid macroporous matrix. In a compa-
rative study it was shown that peptides can be synthesized
quicker and easier by a flow-through approach,[6] reducing
the time for the whole process by a maximum factor of
ten.[7]


Surprisingly, even well-established methods give rise to
new exciting developments. Recently, Wikberg[8] et al. re-
ported on the synthesis of a library of hexapeptides by
means of continuous-flow methods. They employed
common peptide synthesizers and varied their use according
to the original approach of Frank and Doering.[9] The au-
thors presented the simultaneous, multiple peptide synthesis
on paper disks by a continuous-flow approach (Scheme 1).


This new technique is based on labeled cotton-disks as sup-
porting material, which was manually premanipulated and
preactivated for introduction of an Fmoc-protected linker.
Piled up in a common synthesis column, the disks were used
for the synthesis of a library of hexapeptides according to
the Merrifield protocol (Fmoc-strategy). They took advant-
age of a split and pool strategy, which was realized through
individual labeling and spatial encoding of the disks by their
assembly in the column.


Figure 1. Concept of flow-through reactors that contain a functionalized
solid phase. A: starting material B: product C: immobilized reagent or
catalyst.


Scheme 1. Wikberg×s approach for continuous-flow synthesis of peptides
using cotton disks in a split and pool strategy.
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Starting with the C-terminal amino acid, 16 peptides
were synthesized (3 to 4 mg scale; about 30% yield and
80% purity). Washing steps as well as individual reactions
were carried out at flow rates of about 30 mLmin�1 and the
reaction times were found to be between 30 and 60 min.
The authors estimated that with a typical commercial con-
tinuous-flow peptide synthesizer, it should be possible to ac-
complish six different amino acid couplings per day on
50 disks resulting in 300 amino acid couplings per day. This
rather classical but very straightforward and efficient ap-
proach can be envisioned to be utilized in conventional syn-
thesis of compound libraries by using other supports. This
would combine continuous-flow techniques with traditional
solid-phase-supported chemistry.


Peptide-synthesis continuous-flow approaches for con-
ventional synthesis were neglected for a long time. Only in
1988 did Venturello and co-workers report the use of amino-
propyl-functionalized silica gel as a suitable catalyst in
Knoevenagel condensations under continuous-flow condi-
tions (Scheme 2). Good yields were obtained when aromatic


aldehydes, cyclohexanone, and acetophenone were con-
densed with ethylacetoacetate, ethyl cyanoacetate, or malo-
nonitrile.[11,12] The concept was based on a conventional
column strategy and the reactor consisted of a vertical
double-jacket-thermostated glass column, which was loaded
with the catalysts. The reactants were placed on the top of
the column, toluene was passed through the column, and
the products were conveniently obtained by evaporation of
the solvent.


The Quest for Monolithic Materials in Flow-
Through Processes


Flow-through processes relying on solid phases that are
functionalized with reagents or catalysts are commonly de-
signed by adapting the reaction conditions to the equipment
available. Commonly, reactors are equipped with randomly
packed catalytic beds and thus have uncontrolled fluid dy-
namics. This concept results in various disadvantages from a
chemical-reaction-engineering standpoint. These can be
stagnation zones and hot-spot formation, broad residence
time distribution, low selectivity, and in essence low process
efficiency. The development of structured beds that are de-
signed on a nanoscale up to the macro-geometry is highly
desirable for overcoming these drawbacks. A monolith is
the best structured material known for this purpose and in a
broad sense is defined as a block of structured material that
consists of continuous substructures, or regular or irregular


channels.[13] To date, these materials have found wide use in
automobile business as supports for catalysts. In addition,
they have been most often used as separation media in vari-
ous chromatographic modes, in solid-phase extraction, and
for the fabrication of thermally controlled valve- or gatelike
devices.


Monolithic materials have a high void volume and a
large geometric surface area. This results in a low pressure
drop during the passage of a fluid and a large contact area
of the reagent or the catalyst with the fluid.[14]


Therefore, various groups have been involved in design-
ing novel monolithic materials for flow-through reactor sys-
tems. In many cases, these developments were directed to-
wards polymeric phases. Among others, three important
concepts towards monolithic polymers with regular or irreg-
ular channels and which are incorporated into a flow system
can be listed:
1. Copolymerization of different monomers in the presence


of porogens.
2. Preparation of diblock copolymers, in which a well-de-


fined cylindrical and degradable polymer is embedded
inside the second polymer. After selective removal of
the degradable polymer, nanotubes are regenerated
within the stable matrix.


3. Polymerization of a monolithic polymeric phase wedged
inside the microchannel pore system of an inert support,
such as glass and other preformed inorganic materials.
The first concept is particularly associated with the


names of Frÿchet, Svec, and Sherrington.[15,16] These groups
prepared monolithic porous polymers of virtually any shape
within a column housing or mold by copolymerization of
polystyrene, divinyl benzene, and polymethylacrylate in the
presence of a porogen. No suspending medium, as is nor-
mally required in suspension polymerization processes, is
needed. The resulting rod can be used as a reactor or may
be cut into disks. This material was functionalized with an
azlactone moiety, which allows the scavenging of amines
from solution as depicted Scheme 3. The authors note that
this monolithic porous structure shows superior properties
to conventional beads because of improved diffusion rates.
In addition, they found that in contrast to the direct copoly-
merization of reactive monomers, grafting increases the ac-
cessibility of the reactive groups.


Scheme 2. Venturello×s concept of a Knoevenagel condensations in a
flow-through reactor.


Scheme 3. Scavenging of amines with monolithic materials inside a flow
system.
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Luis and co-workers[17] used the monolithic Frÿchet ma-
terials[18] and studied the influence of the mode of prepara-
tion of the polystyrene backbone functionalized with
TADDOL (a,a,a’a’-tetraaryl-1,3-dioxolane-4,5-dimethanol)
and loaded with Ti (2) on the topicity of an asymmetric
transformation. In their case, the Diels±Alder reaction of cy-
clopentadiene (4) with 3-crotonyl-1,3-oxazolidin-2-one (5)
was chosen as model reaction. The TADDOL-ligands were
incorporated into the polymeric backbone either by poly-
merization with a functionalized styrene derivative (1) or by
grafting and coupling of phenol 3 to Merrifield-type resins
(Scheme 4).


Although the diastereo- and enantioselectivities ob-
served for this model reaction were poor, a remarkable ob-


servation was made by the authors (Scheme 5). The topicity
of this process was reversed when changing from the grafted
polymer (which equals soluble catalysts) to the monolithic
material (prepared from 1). At this point a rationale can not
be given, but it is a clear indication that the nature of the
matrix has an influence on the course of metal-catalyzed re-
actions.


The so-called convective interaction media (CIM) are re-
lated monolithic supports. They are block polymers pre-
pared by radical copolymerization of glycidyl methacrylate
and ethylene dimethylacrylate in the presence of a poro-
gen.[19] These monolithic materials are rigid, macroporous
materials which contain epoxy groups as functional groups


that can be activated to allow immobilization of various li-
gands. They have been used as chromatographic supports[20]


and in biocatalysis.[21] For example, it was shown that these
monolithic materials can also be applied as matrixes in ap-
plications of affinity chromatography. Solid-phase peptide
synthesis was performed on a glycidyl methacrylate-co-eth-
ylene dimethacrylate monolithic column.[22] The resulting
immobilized peptide (directed against human blood coagula-
tion factor VIII) showed good properties as a peptide affini-
ty chromatography matrix and did not adsorb proteins un-
specifically.


Buchmeiser and co-workers[23] followed a transition-
metal-based approach to yield monolithic materials. The
continuous matrix was prepared by ring-opening metathesis


copolymerization of norbornen
in the presence of a porogen
within a glass column. The
™living∫ ruthenium±carbene ter-
mini were treated in situ with
norbornene. which itself had
been functionalized with a
modified second-generation
Grubbs catalyst to yield a
porous monolithic metathesis
catalyst 9 (Figure 2).


The second concept for the
generation of monolithic poly-
mers was recently disclosed by
the Hillmyer group.[24] They
prepared a diblock copolymer
containing oriented nanoscopic
cylinders of the degradable pol-
ymer polylactide (PLA) embed-
ded in polystyrene. Polystyrene
served as an inert thermoplastic
matrix, while PLA was selec-
tively removed under well-de-
fined conditions by using
sodium hydroxide in aqueous
methanol. This treatment re-
sulted in a mesoporous mono-
lithic polystyrene containing
nanochannels with defined pore
size. However, the polystyrene
material shows reduced me-


Scheme 4. Preparation of monolithic and grafted materials functionalized with TADDOL ligands.


Scheme 5. Applications of Ti-TADDOL catalysts 2 in Diels±Alder cycloadditions.


Figure 2. Buchmeiser×s concept of monolithic Grubbs catalysts.
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chanic and chemical stability as no cross-linker was em-
ployed.


The third solution to the design of monolithic matrices
was developed by Kunz and Kirschning. The concept is
based on the design of a novel type of monolithic block that
contains a chemically functionalized highly porous polymer/
glass composite. It was prepared by precipitation polymeri-
zation of vinyl benzene or other monomers in the pore
volume of highly porous glass rods to yield a polymeric
matrix inside the rod.[25,26] The polymeric structures obtained
consist of small beads (1±5 mm diameter) that are cross-
linked with polymeric bridges (Figure 3). This results in a
monolithic polymeric phase, with a high surface area, that is
wedged inside the microchannel pore system of the inert, in-
organic support. As will be shown later these materials can
be functionalized and become part of a flow-through reactor
system.


Finally, it should not be forgotten that inorganic materi-
als based on silica gel or carbon can ideally be prepared as
monoliths with uniform mesopores and tunable microchan-
nels.[27]


Applications of Reactions and Multistep Syntheses
in Flow-Through Modes


The switch from a synthetic batch-mode protocol to a flow-
through concept has various consequences. It opens oppor-
tunities that rarely can be achieved with similar simplicity in
batch reactors. Scale-up can be conducted by use of parallel
reactors. By assembling a line of reactors multistep synthe-
ses can be achieved with minimum or no purification in be-
tween two reaction steps. Divergent as well as convergent
multistep syntheses, which either create compound libraries
or complex target molecules, are also feasible with flow sys-
tems (Scheme 6). The concept can beneficially be extended
by incorporating separation and analytical techniques into


the flow system (which is also important if metal-based cata-
lysts are employed that tend to release traces of metals into
solution). This demand is easily achieved with HPLC equip-
ment in conjunction with detector devices like mass spec-
trometry or diode-array detection (Scheme 7).


However, a critical look on flow systems reveals that var-
ious difficulties must be encountered. Thus, the realization
of reaction sequences by flow-through processes is ham-
pered by some general difficulties. These include a) limita-
tions in the maximum number of sequential reaction steps,
b) inert properties of all materials in the flow-through
system towards a large variety of different organic solvents,
c) the necessity to switch the solvent for selected reaction
steps, d) efficient regeneration of reaction columns, and e)
facilities to purify intermediates.


In addition, the reaction times for transformation should
be similar in order to avoid complex valve technique for
controlling flow rates. If reaction times are too long to ach-
ieve complete transformation of the reactants by a single
pass through the chemically functionalized reactor, the reac-
tion stream will have to be led in a circular mode through
the flow system until a valve directs the products into the
next reactor system. From this brief discussion it is already
evident that even on a laboratory scale, technical aspects
have to be considered besides chemical considerations.


Figure 3. REM view into the monolithic glass/polymer composite materi-
al.


Scheme 6. Concepts for assembling flow-through reactors for different
synthetic demands.
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Lately, the utility of flow-through processes has exten-
sively been studied in the field of asymmetric transforma-
tions by using immobilized chiral ligands or enzymes (see
also previous section). The demand for enantiopure building
blocks in fine chemical and pharmaceutical industries is still
hampered by the need for simple asymmetric processes that
can be scaled up, as well as by the stability, recyclability,
and, hence, the price of most chiral catalysts. Immobilization
of effective and robust catalytic systems and their applica-
tion in flow-through reactor systems is regarded to be a key
for success in this field.


In a simple example, Yamamoto and co-workers studied
the use of super Br˘nsted acids loaded on polystyrene beads
10 for use in a single-pass column system.[28] It was shown


that these columns are suited for the acetylation of alcohols,
acetalization of carbonyl compounds, Sakurai±Hosomi ally-
lation reactions, and Mukaiyama aldol reactions.


By immobilization of optically active a or b-amino aco-
hols on cross-linked polystyrenes as in 11a±d, access to
chiral borane complexes is possible; these can be employed
in enantioselective reductions of aldehydes and ketones. For
example, reduction of acetophenone with a borane complex
prepared from 11d yielded optical active (�)1-phenyl-2-
propanol in optical yields up to 100%.[29] Based on this en-
couraging result a flow system was developed with continu-


ous regeneration of the immo-
bilized complex. In a typical
procedure borane and valero-
phenone were injected in a
column loaded with polymer
11a. Fractions were collected
every 30 minutes leading to 1-
phenylpentanol batches with
enantiomeric excess of 87, 93,
and 91%, respectively.[30]


Similarly, diethylzinc was
immobilized on resins contain-
ing amino alcohol groups and
were used in continuous-flow
additions to aromatic alde-
hydes.[31] Thus, diethylzinc and
p-chlorobenzaldehyde were
added simultaneously with slow
rate under nitrogen into an ice-
cooled column containing the
chiral polymer 11a and 1-(p-
chlorophenyl)propanol was iso-
lated in 94% ee. The authors


note that 58 mmol of the optically active alcohol were pre-
pared in a continuous process by employing only 0.7 mmol
of the polymer-attached catalyst. In view of similar results
obtained with immobilized ephedrine the conclusion can be
drawn that continuous flow processes are often superior in
efficiency and practicability to batch processes. In a closely
related approach the polystyrene ephedrine- or polystyrene
camphor-catalyzed diethyl zinc addition to benzaldehyde
was carried out in a simple bench-top flow system.[32] A
round-bottomed tube sealed with a septum cap and filled
with low cross-linked polymeric beads 11b or 11c was flush-
ed with an aldehyde and a solution of diethylzinc in toluene
under nitrogen. Peristaltic pumps were employed to accom-
plish a flow of the two solutions through the reactor. For
this purpose long syringe needles were positioned close to
the bottom of the tubes before the solutions containing the
reactants passed through the catalyst bed and were released
into a flask containing a biphasic solvent system (toluene,
dil. HCl) for workup. Yields were commonly good, while
the enantiomeric excess was determined to be moderate to
very good. It is worth noting that the latter values were
found to be higher for the flow-through mode relative to the


Scheme 7. Combinations of synthetic flow systems with purification and analytical components.
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corresponding batch systems. The authors ascribed this
result to the fact that the flow system principally creates the
effect of a high molar concentration of the catalyst, because
the initial alkoxide reaction product, which also can act as a
catalyst and which would lead to low enantiomeric excess, is
continuously removed from the reaction system.


A closely related flow-through approach was pursued by
Luis, Martens, and co-workers.[33] Here, polymeric monoliths
were prepared according to the work originally disclosed by
Frÿchet and Svec,[34] and azabicyclo[3.3.0]octane-3-carboxyl-
ic acid 12 was immobilized by grafting and polymerization.


The column was incorporated into a flow system in which it
was attached to a pump, and the addition of diethylzinc to
benzaldehyde was studied. The monolithic catalyst prepared
by polymerization proved to be superior to a catalyst pre-
pared by grafting (compare Schemes 4 and 5) and even to
the homogeneous case. High ee values up to 99% were ob-
tained, and the authors claimed to have the best supported
catalyst to date for this reaction. Differences in appropriate
chiral cavities in the polymer is one of the possible explana-
tions for this result, the other one being differences in reac-
tion conditions and most probably the avoidance of diffu-
sional problems in the monolithic catalyst at high flow rates.


From an industrial point of view, particularly in pharma-
ceutical research and fine chemical synthesis, chiral salen-
based catalysts are among the most appealing ones. Indeed,
they are useful in synthesis of a plethora of chiral intermedi-
ates starting from easy accessable epoxides and they have
proven to efficiently work even in large scale. Jacobsen and
co-workers[35] developed a synthetic protocol for the immo-
bilization of salen complexes on polystyrene and silica resins
by employing unsymmetrically substituted salen ligands 13.
The work opened the door for the application of these cata-
lysts in continuous-flow processes (Scheme 8). The driving
force was to ease catalyst recovery. In a model reaction–
the hydrolytic kinetic resolution of racemic 4-hydroxy-1-
butene oxide (14)–it was demonstrated that the reaction


mixture can simply be pumped through a HPLC column
that was loaded with the catalyst. This setup generated the
triol 15 with high enantiomeric excess. In this approach, ad-
vantage was taken from the fact that complete conversion of
the starting material was not required and a single pass
through the column was sufficient to generate the enantio-
merically pure ring-opened triol.


As was demonstrated in this example, inorganic materi-
als are ideally suited for flow-through processes in column-
like reactors. Another illustrative example is the covalent
immobilization of NH-benzyl-(1R,2S)-(�)-norephedrine
(16) onto silica, which after incorporation into a column and
doping with ruthenium can take part in continuous asym-
metric transfer hydrogenation reactions (Scheme 9).[36] Re-
markably, no catalyst deactivation occurred over a period of
one week; the authors ascribed this to the successful site iso-
lation on the support.


Continuous-flow processes have traditionally been ap-
plied in enzyme-mediated transformations. Particularly
when the enzymes are available in an immobilized form, en-
zymatic transformation can be efficiently performed in a
continuous way in a tubular reaction vessel. Other intrinsic
advantages are simplified isolation of the enzymes from the
reaction mixture, stability and reuse of the enzymes, and, in
some cases, improved reaction kinetics.[37]


Based on this knowledge, a solution of aldehydes and
HCN in isopropyl ether doped with water were pumped
through columns filled with defatted almond meal
(Scheme 10). The cyanohydrins were isolated in yields
above 90% and stereochemical purity between 97 to
>99% ee with high substrate/catalyst ratio.[38] The output of
3.653 g of product per liter of almond meal per day could be


achieved, and an equivalent to
66.7 molg�1 pure enzyme was
produced. Remarkably, the
column retained its high cata-
lytic activity after 2 mol of sub-
strates had been passed
through. The authors empha-
size that no purification step
was needed and the crude
products could be used for fur-
ther transformations. Flow
rates do have an influence on
yields and enantioselectivity ofScheme 8. Kinetic resolution of butane oxide 14 in the flow mode.


Scheme 9. Asymmetric transfer hydrogenation in the flow mode.
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the process. A simple rule of thumbs was presented by the
authors for calculating optimized flow rates for this process.


Recently, Wang and co-workers[39] reported a flow-
through approach for the efficient and practical gram-scale
synthesis of UDP-galactose from inexpensive starting mate-
rials. The synthesis was guided by a proposed biosynthetic
pathway. Remarkably, they applied no less than seven over-
expressed enzymes, each of them immobilized by histidine
tags on nickel agarose beads (Scheme 11). The reaction mix-
ture, which contained all starting materials, was continually
circulated through a column loaded with all enzyme-charged
beads. The space/time yield of the on-column reaction was
superior to the classical solution-phase approach, although


the reactions proceeded with slower kinetics than in solu-
tion. The immobilized enzymes could be reused at least four
times with only slight loss of activity. The authors noted that
this approach allows the production of UDP-galactose at
very attractive costs in gram amounts compared to very ex-
pensive commercially available material.


New Trends in Continuous-Flow Processes by
Combining Different Technologies


The examples listed in the previous section concentrate on
the immobilized catalytic system and its performance in syn-
thetic applications. Little attention, however, has been de-
voted to the optimization of the solid support in these appli-
cations, the ideal linkage which allows easy regeneration,
and the reactor design necessary to promote continuous-
flow processes. In addition, reaction parameters can be im-
proved by implementing new technologies such as micro-
wave assistance, which will be discussed in this section, or
new solvent systems (ionic liquids, and super critical CO2)
into the flow process.


As described above, we
were the first to develop a
chemically functionalized mon-
olithic material based on a
glass/polymer composite.[25, 26]


After its chemical functionaliza-
tion (e.g., substitution of the
benzylic chlorine by trimethyl
amine) these rods were first
embedded in a solvent resistant
and shrinkable PTFE tube. This
was followed by encapsulation
with a pressure-resistant, fiber-
reinforced, epoxy-resin housing
with two standard HPLC-fit-
tings which created a micro-
reactor (Figure 4). This PASS-
flow reactor (about 110 mm in
length, about 5 mm diameter)
loaded with the strongly basic
ion exchange resin (about 10 to
20 mass% polymer) can be
functionalized with various
anions. The synthetic properties
of these chemically functional-
ized flow-through reactors 17±
20 were first tested for basic
transformations, such as substi-
tution, oxidation,[40] reduction,
and Horner±Wadsworth±Em-
mons (HWE) olefination
(Scheme 12).[25, 41] Due to gener-
al slow reaction kinetics the re-
actor was operated with exter-
nal recycle loop and no optimi-
zation was done towards single
pass operations (Figure 4). In


Scheme 11. Multistep enzymatic preparation of UDP-galactose in the flow-through mode. GalK (Galactoki-
nase; EC2.7.7.6), GalT (galactose-1-phosphate uridylyl transferase; EC 2.7.7.12), GalU (UDP-glucose pyro-
phosphorylase; EC 2.7.7.9); PPA (inorganic pyrophosphatase; EC3.6.1.1), UMK (UMP kinase; EC2.7.4.14),
NDK (nucleotide diphosphate kinase; EC2.7.4.6), PpK (polyphosphate kinase; EC2.7.4.1).


Scheme 10. Enzymatic cyanhydrine formation in a flow-through reactor.
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all cases, complete transformation of the starting material
was observed; byproducts and excess of immobilized re-
agents, such as bromide, phenolate, phosphonate, and
others, remained ionically bound to the polymeric phase.
The products were isolated in excellent yield by simple re-
moval of the solvent.


In addition, catalytic transformations like transfer hydro-
genations,[42] Suzuki cross-coupling reactions and the Heck
reaction can routinely be conducted in these PASSflow reac-
tors as summarized in Scheme 13.


All these reactions were conducted in the flow-through
mode by immobilizing microdispersed palladium (21) next
to polymer-bound ammonium cations. This was achieved
after ionic attachment of Pd as palladate, followed by reduc-
tion to Pd0 by pumping a solution of borohydride or hydra-
zine through the reactor. Besides benzyl ether cleavage,
transfer hydrogenations were utilized for the reduction of al-
kenes, alkynes, and aromatic nitro groups. According to the
protocol developed by Vaultier and co-workers, the Suzuki
reaction can alternatively be conducted by in situ immobili-
zation of an excess of boronic acid to a strongly ionic ex-
change resin 20 in the presence of the aryl halide and a ho-
mogeneous palladium catalyst.[43] All three components are
pumped through the PASSflow reactor, and the boronic acid
is spontaneously transformed into the boronate anion and
bound to the solid phase.


The first example of an asymmetric transformation in a
PASSflow reactor was achieved with the known dynamic ki-
netic resolution of racemic bromohydrine in the presence of
water and an unsymmetrical salen±cobalt complex 22


(Scheme 14).[44] This complex
was bound to a Merrifield sur-
face through a glutaric acid
linker. The yield and the
enantiopurity of the resulting
1,2-diol are similar to those
reported for the solution
phase.[45] However, workup
and isolation of the product
are highly simplified, which
makes this approach attractive
for use in fine chemical syn-
thesis of enantiomerically
pure building blocks.


Reaction rates for the
flow-through processes were
compared with analogous
batch-mode reactions by using
the commercial resin IRA-
900. In general, these rates
were considerably higher
when the reaction mixture
was pumped through the ir-
regular microchannels of the
monolithic structured reactor.
This clearly indicates that the
monolithic and functionalized
material guarantees short dif-
fusion path lengths for the


Figure 4. Cross-sectional view through the PASSflow reactor (PTFE=po-
lytetrafluoroethylene) and setup of the flow system. PASSflow reactor
Flow system: 1 microreactor, 2 oven, 3 pump, 4 valve unit, 5 chiller,
6 flask used for circulating the reaction components, 7 solvents/reagents,
8 reagent for loading the microreactor, 9 waste.


Scheme 12. PASSflow syntheses with immobilized stoichiometric reagents.
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soluble organic reactants and products and, in addition, ena-
bles good convective flow.[46]


The power of columnlike reactors that are employed in
a flow-through environment lies in the possibility to sequen-
tially link them up in order to carry out multistep syntheses
in solution in one run (see also Schemes 6 and 7). Lectka
and co-workers employed conventional fritted and jacketed
columns and filled them with conventional functionalized
polymer beads.[47] The continuous flow was forced by gravi-
ty. En route to b-lactams like 25, polymer beads were em-
ployed that were functionalized (Scheme 15) either with 1)
the Schwesinger base A for the generation of phenyl ketene
from phenylacetyl chloride 23, 2) a cinchona alkaloid deriva-
tive B as a chiral catalysts for achieving the [2+2] cycloaddi-
tion in the presence of imine 24, or 3) a primary amine C to
scavenge traces of intermediate ketene and phenyl acetyl
chloride 23.[48] b-Lactam 25 was isolated in 65% yield
(91% ee). It has to be noted that this single pass concept is
only feasible when fast reactions are chosen; this is not nec-


essarily guaranteed when em-
ploying immobilized reagents
and catalysts. Furthermore,
each of the three reactions has
to proceed with similar rate.


First introduced by Giguere
in 1986[49] microwave-assisted
synthesis has evolved as a ver-
satile tool in organic chemistry.
Particularly, in the drug discov-
ery approach it has found wide-
spread acceptance due to dra-
matic shortening of reaction
times.[50] With the current mi-
crowave equipment, scale-up of
a batch reaction in a microwave
field is restricted to volumes
well below one liter, due to
safety reasons. However, reac-
tions that are carried out in a
flow-through mode with immo-
bilized reagents or catalysts
may be an option to scale up
reactions under microwave irra-
diation. Hence, this concept
was first tested by Strauss and
co-workers, who developed a
continuous microwave reactor
(CMR; Table 1).[51] It operates
by passing a reaction mixture
through a pressurized, micro-
wave-transparent coil that is
held in a microwave cavity. The
laboratory-scale reactor can be
run rapidly and safely in vari-
ous solvents. Numerous reac-
tions have been carried out
which include nucleophilic sub-
stitutions, 1,2-additions, esterifi-
cations, transesterifications, ace-


talizations, amidations, base- and acid-catalyzed hydrolyses,
isomerizations, decarboxylations, eliminations, Michael addi-
tions, Hofmann degradations, Williamson ether syntheses,
and Mannich, Finkelstein, Baylis±Hillman, and Knoevenagel


Scheme 13. PASSflow syntheses with immobilized palladium catalysts.


Scheme 14. Application in asymmetric PASSflow synthesis.


Scheme 15. Three-step preparation of b-lactams in the flow mode.
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reactions. Technical details include polymerized fluorinated
alkanes (PFA; Teflon) or quartz tubing (3 m length), which
allow flow rates of approximately 15 mLmin�1 and residence
times of 1±2 min. The processing rates were reported to be
around 1 Lh�1 with a void volume of approximately 25 mL.


Microwave conditions can also be successfully adapted
to solid-phase synthesis,[52] but continuous methods are
hardly known. Only very recently the PASSflow approach
was applied to microwave reactions under flow-through con-
ditions for the first time (Scheme 16).[53] Thus, cinnamic acid


was reduced under transfer hydrogenation conditions with
microdispersed Pd0 as catalyst (see also Scheme 13). The
transparent flow-through reactor was incorporated into a
microwave field; this resulted in the acceleration of the
process. Indeed, after five minutes 97% of the hydrogenated
product was formed and after ten minutes only the product
could be detected.


A technologically new and interesting flow-through
process for enzymatic reactions was disclosed by Reetz and
Leitner.[54] The group designed a protocol for enzymatic re-
actions, namely the lipase-catalyzed acylation (CAL B) of
octan-1-ol by vinyl acetate in ionic liquids {1-butyl-3-methyl-
imidazolium bis(trifluoromethanesulfonimide) [BMIM]
[BTA]} by using supercritical CO2 as the mobile phase
(Scheme 17). The alcohol is pumped through the biphasic


system, and the products are
obtained in solvent-free form in
a cold trap. The enzyme/ionic
liquid mixture can be recycled
in batchwise or continuous-flow
operations.


An interesting approach to-
wards continuous-flow process-
es is membrane technology,


which has great potential in catalyst recovery. It can be con-
sidered as a particular heterogenization method of soluble
catalysts and reflects the fact that recycling of homogeneous
transition-metal catalysts is very expensive or even impossi-
ble.[55, 56] Catalysts are separated from the reactants and
products by a polydimethylsiloxane (PDMS) membrane pre-
pared such that the catalyst is not able to pass the mem-
brane. In very recent publications the coupling of catalysis
to dialysis was reported.[57] Homogeneous (1,1’-binaphta-
lene)-2,2-diyl-bis(diphenylphosphane) (BINAP) or tosyl-
N,N’-diphenyl-1,2-ethanediamine (TsDPEN) catalysts ap-
plied in transfer hydrogenations could be recovered effi-
ciently and reused several times without loss of activity.Fig-
ure 5


Concepts from Microreaction Technology


Since their birth more than a decade ago microreactors have
been considered as an innovative and revolutionary tool in
chemical synthesis.[58] Microreactors generally consist of a
series of interconnecting channels (10±300 microns in diame-
ter) in a planar surface in which small quantities of reagents
can be manipulated. The reagents are brought together in a
specified sequence, mixed, and allowed to react for a speci-
fied period of time in a defined region. Evidently, the con-
tinuous-flow approach is inherent for microreactors, whether
it is based on the (computer-controlled) usage of syringe
pumps, HPLC pumps, peristaltic pumps, individually de-


Table 1. Selected microwave reactions under flow conditions according to Strauss and co-workers.[51]


Reaction T [8C] P [kPa] t [min] Product Yield [%]


HOAc + iPrOH/H+ 152±5 1200 1.3 i-PrOAc 98
PHCOOEt + 5% NaOH 166±8 700 1.0 PhCOOH 100
PhMe + KMnO4/KOH 180 1050 1.3 PhCOOH 41
Ph(CO)Ph + NH2OHxHCl/pyr., EtOH 164 500 1.5 benzophenone oxime 93
[PhCOCH2CH2NMe3]


+I�/H2O 90±5 100 1.6 PhCH=CH2 96


Scheme 16. Microwave-assisted, flow-through transfer hydrogenation
with microdispersed Pd0.


Scheme 17. Enzymatic transformation in the flow-through mode using
ionic liquids for the immobilization of the enzyme and supercritical CO2


as fluid.


Figure 5. Enantioselective reduction of acetophenon by dialysis coupled
catalyis.
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signed membrane pumps, or induced by electroosmotic flow
without using any moving part. It is worth noting that the
synthesis itself must not be performed under continuous
flow, often a continuous mixing of reactants is sufficient.
Basic options are scale-up ach-
ieved by massive paralleliza-
tion and spatial and temporal
control of chemical reactions,
coupled with the typical fea-
tures of very small reaction
volumes and high surface in-
teractions. They can advanta-
geously been exploited in reac-
tions that are hard to control,
and interesting applications were found in the fluorination
of aromatics and gas-phase reactions with elemental fluo-
rine, which is a strongly exothermic process. Here, microre-
action technology is superior to standard chemistry due to
the very efficient mixing and reaction control.


Despite some success regarding industrial production
processes only very little attention was paid to applications
in standard laboratories up to now. This might be due to the
high costs of equipment concomitant with that technology.
The application of microreactors in organic synthesis has
been reviewed recently,[59] focusing on the fabrication and
applications of microreactor devices mainly made out of
quartz, glass, metals, and polymers.


Recently, remarkable progress has been achieved by the
group of Haswell. They expanded and simplified continu-
ous-flow processes to routine laboratory applications includ-
ing high-throughput chemistry.[60]


Two significant advantages of microreaction technology
are dramatically reduced reaction times combined with in-
creased degree of purity of reaction products. This was dem-
onstrated in the synthesis of 1,3-diketones from a silylenol
ether and an acyl fluoride in the presence of a solution of
tetrabutylammonium fluoride (TBAF) (Scheme 18). This re-


action mixture was passed through a borosilicate glass micro
reactor passed by electroosmotic flow (EOF).[61] The conver-
sion of the silylenol ether proceeded quantitatively and for-
mation of byproducts was not observed, whereas the batch
process required reaction times of about 24 hrs.


The EOF protocol has been expanded to the multistep,
solution-phase synthesis of b-peptides by using a borosilicate
glass microreactor.[62,63] Routinely, dipeptides could be syn-
thesized by the well-known carbodiimide coupling proce-
dure or the activation by pentafluorophenyl esters, but, prin-
cipally, access to longer chain peptides such as tripeptides
was demonstrated.


In a similar reactor device the group prepared nitrostil-
bene esters under Wittig olefination conditions by means of
EOF for transport of reagents and products in conventional
solution-phase chemistry (Scheme 19). In order to avoid too


many byproducts an injection profile was developed that
even allowed a 1:1 stoichiometry for aldehyde and triphenyl-
phosphonium bromide.[64] Under optimized conditions the
product of 2-nitrobenzyltriphenylphosphonium bromide and
4-formylbenzoate gave a 10% better yield than in the corre-
sponding batch reaction. Three additional examples showed
that the yields are generally comparable to batch processes.
The authors emphasized that the reactor could not only be
used for rapid reaction development and optimization, but
has some potential for the preparation of combinatorial li-
braries.


Ryu et al.[65] described the first successful example of a
Sonogashira cross-coupling reaction in a microflow reaction
device. This example is one of the first homogeneous
metal-catalyzed reactions performed in a microeactor
(Scheme 20).[66] A mixture of iodobenzene, phenylacetylene,


and n-dibutylamine was introduced at one inlet of a micro-
mixer.[67] The catalyst [PdCl2(PPh3)2] in the ionic liquid
[BMIm][PF6] (N-butyl-N’-methyl-imidazolium hexafluoro-
phosphate) was introduced at 110 8C through a second inlet
by means of syringe pumps at flow rates of 0.1 mLh�1


(Scheme 20). After homogenizing the reagents in the micro-
mixer the reaction mixture was removed from the outlet
after 10 min. The product could be easily separated by ex-
traction with hexane/water leaving the catalyst in the ionic
liquid allowing efficient recycling and reuse of the catalyst.


In an interesting approach demonstrating the versatility
of microreaction technologies for manipulations of reactive
intermediates, Yoshida and co-workers[68] used a low-tem-
perature electrochemical microflow system[69,70] for continu-
ously generating carbocation intermediates (called ™cation
flow∫). These species reacted in C�C bond formations with
allylsilanes and silyl enol ethers as carbon nucleophiles. The
microreactor was mechanically manufactured and made of
diflone and stainless steel bodies with a diaphragm made of


Scheme 18. Acylation of a silyl enol ether in a microreactor device by
electroosmotic flow.


Scheme 19. Wittig olefination in a microreactor device according to Haswell et al.


Scheme 20. Sonogashira reaction in a microreactor.
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PTFE (Scheme 21). The electrodes required for the cation
flow consisted of a carbon felt anode and a platinum wire
electrode. In a typical experiment a 0.05m solution of
methyl pyrrolidine carboxylate in dichloromethane, contain-
ing a supporting electrolyte (Bu4NBF4, 0.3m), was intro-
duced by a syringe pump to the anode chamber with cooling
(�72 8C, flow 2.1 mLh�1). A solution of the supporting elec-
trolyte and trifluoromethanesulfonic acid as a proton source
was introduced to the cathodic chamber. The cationic inter-
mediate was generated by low-temperature electrolysis with
subsequent transport in a usual reaction vessel containing
the carbon nuleophile.


Finally, de Bellefon and co-workers[71] described a new
approach to achieve high-throughput screening of polypha-
sic fluid reactions and applied microreaction technology to
liquid±liquid isomerization of allyl alcohols and gas±liquid
asymmetric hydrogenation. Both processes are of considera-
ble industrial interest. The apparatus is depicted in
Scheme 22.


While the carrier liquid phases were continuously
pumped through the apparatus a pulse injection of catalyst
and substrate was used for mixing both in a static micromix-
er. Noteworthy, the heptane/water emulsion remained stable
for a couple of minutes. The reaction itself proceeded in a
thermostated tube reactor (80î0.4 cm) with a mean resi-
dence time of the mixture of 100 s. Due to the pulse injec-
tion protocol a library of various catalysts could be screened
towards their potential for the isomerization of 3-hydroxy-


hexene to 3-hexanone. The concept could successfully be
transferred to the asymmetric hydrogenation of (Z)-a-acet-
amidocinnamic methyl ester. As was demonstrated by paral-
lel investigations both processes were fully equivalent to the
reactions performed in batch reactors.


From these studies it is evident, that the final goal of mi-
croreaction technology is to enable combinatorial (parallel)
chemistry on a chip containing multiparallel channels.


Perspectives and Outlook


A plethora of chemical methods available at the end of the
20th century creates the impression that every possible mol-
ecule can be prepared regardless of its structural complexity.
It seems to be only a question of manpower to reach a syn-
thetic goal in a reasonable amount of time. This impression,
however, denies the fact that many synthetic routes and
chemical methods are far from being highly efficient, partic-
ularly when multistep sequences are envisaged. Moreover,
despite the tremendous efforts in automation and the devel-
opment of new chemical methodologies in the past ten years
there is an overall deficiency for new chemical technologies.
Flow-through processes can be considered to be a significant
breakthrough towards more efficient syntheses including
mutlistep sequences.


It is our utmost belief that the time has come to include
technological questions into chemical research; this is espe-
cially important in the consideration of new chemical meth-
ods in organic synthesis. The examples given in this over-
view show that is fruitful to leave classical thinking behind
and to combine and merge new methodologies and technol-
ogies to create new platforms for conducting synthesis.
Indeed, as we tried to show, flow-through processes can al-
ready be combined with functionalized solid phases, with
ionic liquids, supercritical CO2, and microwave irradiation.
Nevertheless, the number of examples of flow-through proc-
esses performed in the laboratory is still small, but we pre-
dict a bright future for this approach. Times will soon come
when many chemists will be able to perform flow-through
processes with standard laboratory equipment at reasonable
prices and take advantage of this new approach. Whatever
chemists require–synthesis of few milligrams of a com-
pound in drug discovery, the synthesis of building blocks in
multigram scale for parallel synthesis, the preparation of
kilogram quantities for clinical research, or even the produc-
tion of fine chemicals–flow-through processes are a univer-
sal lever and a crucial link between differently scaled reac-
tions. The door has opened for a similar development in
chemical synthesis that happened in analytical chemistry
when HPLC conquered the laboratories and took them by
storm.
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Introduction


The transformation of readily available aromatic compounds
into functionalized alicyclic derivatives is widely recognized
as a useful strategy for the construction of valuable synthetic
intermediates.[1] In the case of furans, the successful utiliza-
tion of these heterocycles in organic synthesis often relies
on the ability to dearomatize them with a high degree of
regio- and stereochemical control. There are a number of
different methods that, with unequal scope, allow the dearo-
matization of the furan ring.[2] Reduction of furans under
Birch-type conditions leads to 2,5-dihydrofurans.[3] High
levels of diastereoselectivity have been obtained in the


Birch reductive alkylation of chiral amides of 3-methyl-2-
furoic acid.[4] Furans have been widely used as dienes[5] and
less frequently as dienophiles[6] in [4+2] cycloaddition reac-
tions with alkenes, alkynes, or allenes[5] and with reactive
dienes,[6] respectively. These aromatic heterocycles also
behave as dienes in [4+3] cycloaddition reactions with in
situ generated 2-oxyallyl cations[7] or vinylcarbenoids,[8] as
dipolarophiles in [3+2] cycloadditions to nitrones[9] and ni-
trile oxides,[10] and as olefins in [2+2] photocycloadditions to
carbonyl compounds[11] and in rhodium(ii)-[12a] or copper(i)-
catalyzed[12b] [2+1] cycloadditions to metal-stabilized a-keto-
carbenoids. All these cycloaddition processes lead to differ-
ent bicyclic or tricyclic skeletons in which the conjugated p


system of the furan ring is broken up. Oxidation of the
furan ring without ring opening represents another way by
which this heteroaromatic nucleus has been modified with
concomitant dearomatization.[13] Product formation is a
function of both the substitution pattern on the ring and the
oxidation reagent employed. For example, 2,5-dialkoxy-2,5-
dihydrofurans are formed as a mixture of diastereoisomers
by bromination or chlorination of furans in hydroxylic sol-
vents[14] or by using electrochemical procedures,[15,16] while
butenolides are obtained from 2-(trimethylsilyl)furans under
the influence of peracetic acid.[17] Additionally, furan dearo-
matization has been achieved by preformation of the cation-
ic pentaammine(h2-furan)osmium(ii) complex followed by
successive reaction with an electrophile and then a moder-


Abstract: The sequential low-tempera-
ture addition reaction of an organo-
lithium compound and methyl triflate
to (menthyloxy)(3-furyl)carbene com-
plexes of chromium and tungsten pro-
ceeded with excellent regioselectivity
(1,4-addition) and diastereoselectivity
(2,3-trans disposition of the nucleophile
and electrophile groups) to afford new
2,3-disubstituted (2,3-dihydro-3-furyl)-


carbene complexes. In addition, a high
degree of diastereofacial selectivity was
achieved by employing alkenyllithium
compounds. After detachment of both


the metal fragment and the chiral aux-
iliary group, trisubstituted 2,3-dihydro-
furan derivatives containing a quater-
nary stereogenic center at the C3 posi-
tion were obtained. The characteriza-
tion, including X-ray crystallography,
of a novel type of stable four-mem-
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Keywords: asymmetric synthesis ¥
carbene complexes ¥
dearomatization ¥ dihydrofurans ¥
nucleophilic addition


[a] Prof. Dr. J. Barluenga, Dr. S. K. Nandy, Dr. Y. R. S. Laxmi,
J. R. Suµrez, Dr. I. Merino, Dr. J. FlÛrez
Instituto Universitario de QuÌmica Organometµlica ™Enrique Moles∫
Unidad Asociada al CSIC, Universidad de Oviedo
Juliµn ClaverÌa 8, 33006 Oviedo (Spain)
Fax: (+34)98-510-3450
E-mail : barluenga@sauron.quimica.uniovi.es


[b] Dr. S. GarcÌa-Granda, J. Montejo-Bernardo
Departamento de QuÌmica FÌsica y AnalÌtica
X-ray analyses, Facultad de QuÌmica, Universidad de Oviedo
Juliµn ClaverÌa 8, 33006 Oviedo (Spain)


Supporting information for this article is available on the WWW
under http://www.chemeurj.org/ or from the author: ORTEP plots of
the X-ray crystal structures of minor-4e and 12 are provided.


¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim DOI: 10.1002/chem.200305241 Chem. Eur. J. 2003, 9, 5725 ± 57365726


FULL PAPER







ate nucleophile present in the reaction medium. After de-
complexation of osmium, 2,2- or 2,3-disubstituted-2,3-dihy-
drofuran derivatives are formed with a high degree of dia-
stereoselectivity.[18] More recently the acid-catalyzed metha-
nol addition to dihapto-coordinated rhenium complexes of
furan[19] leading to dihapto-coordinated 2-methoxy-2,3-dihy-
drofuran complexes has been reported.[20]


Our research into dearomatization chemistry promoted
by nucleophilic addition to electron-deficient Fischer aryl-
carbene complexes followed by electrophilic trapping of the
intermediate anionic complex[21] has led us to apply this
methodology to aromatic heterocycles. We report here the
regio- and diastereoselective dearomatization of the furan
ring which has been achieved by a sequential nucleophile±e-
lectrophile addition reaction to the pentacarbonylchromium
((�)-menthyloxy)(3-furyl)carbene complex and which pro-
ceeds with high asymmetric induction when alkenyllithium
compounds are employed as nucleophiles.


Results and Discussion


3-Furylcarbene complexes 1 were synthesized from 3-bro-
mofuran by sequential treatment with butyllithium, the cor-
responding hexacarbonylmetal (chromium or tungsten), and
tetramethylammonium bromide (Scheme 1).[22] Subsequent


reaction of the appropriate tetramethylammonium complex
thus formed with pivaloyl chloride and (�)- or (� )-menthol
led to menthyloxycarbene complexes 1a,b, which after silica
gel column chromatography were isolated as a stable dark-
red thick oil (�)-1a and an orange solid (�)-1b.


Conjugate addition of alkyllithiums and phenyllithium :
When an alkyllithium or phenyllithium was added to a solu-
tion of carbene complex (�)-1a, (� )-1a, or (�)-1b in dieth-
yl ether a very fast reaction took place at �80 8C, and we
observed an immediate color change of the starting carbene
complex. The reaction was quenched with methyl triflate at
this low temperature and after purification by silica gel
column chromatography gave pentacarbonylcarbene com-
plex 2, tetracarbonylcarbene complex 3, or a mixture of
these two carbene complexes depending on the nature of
both the organolithium reagent and the starting carbene
complex 1 (Scheme 2 and Table 1).


In the case of chromium±carbene complexes (�)-1a and
(� )-1a, the reaction with tert-butyllithium provided exclu-
sively the corresponding tetracarbonyl complexes 3a and (�)-
3a (Table 1, entries 1 and 2), while the experiments with cy-
clopentyllithium, neopentyllithium, butyllithium, and phe-
nyllithium furnished a mixture of the corresponding penta-
and tetracarbonyl complexes 2 and 3. These products were
isolated in practically equimolar ratios in the case of BuLi
and PhLi (Table 1, entries 6±9) and as mixtures in which the
tetracarbonyl derivative was favored ((CH2)4CHLi; Table 1,
entry 4) or was clearly the major component (tBuCH2Li;
Table 1, entry 5). In addition, we observed that except for
compounds 2e :3e (R=Ph), these mixtures evolved to the
corresponding tetracarbonyl complex on standing. In con-
trast, the reactions of tungsten carbene complex (�)-1b with
tBuLi and PhLi gave only pentacarbonyl complexes 2ab and
2eb, respectively (Table 1, entries 3 and 10). Compounds 2
and 3 were each generated as a mixture of two diaster-
eoisomers which have the same relative configuration at the
newly created stereogenic centers, as will be shown below.
The diastereoselectivity of the reaction seems to depend on
the substitution pattern of the organolithium reagent. The
highest value (84:16) was observed in the reaction with the
tertiary alkyllithium (tBuLi). The diastereoselectivity was
lower (79:21) with both the secondary derivative
((CH2)4CHLi) and the aryllithium (PhLi) and even lower
with the primary alkyllithiums (BuLi 70:30; tBuCH2Li
60:40).


The tandem organolithium±methyl triflate addition reac-
tion to tungsten carbene complex (�)-1b did not improve
the results obtained with the corresponding chromium com-
plex (�)-1a. As pointed out, the experiments carried out
with (�)-1b and tBuLi or PhLi led to the corresponding
pentacarbonylcarbene complex 2ab or 2eb with lower
chemical yields but similar diastereomeric ratios (Table 1,
entries 3 and 10 versus entries 1 and 8, respectively). The
structures of products 2 and 3 were established on the basis
of their spectroscopic data and in the case of tetracarbonyl-
carbene complexes 3, a single-crystal X-ray diffraction of
the minor isomer of 3a (minor-3a)[23] revealed that the
vacant coordination site at the chromium atom is capped by


Scheme 1. Preparation of 3-furylcarbene complexes 1. i) BuLi, THF,
�80 8C; ii) M(CO)6, 0 8C!RT; iii) Me4NBr, H2O, 0 8C!RT; iv) tBuCOCl,
CH2Cl2, DMF, �45 8C; v)R*OH, �45 8C!RT.


Abstract in Spanish: La reacciÛn a baja temperatura de com-
plejos (mentiloxi)(3-furil)carbeno de cromo o wolframio con
un compuesto organolÌtico y posteriormente con triflato de
metilo ocurriÛ con excelente regioselectividad (adiciÛn nu-
cleÛfila 1,4) y diastereoselectividad (disposiciÛn relativa 2,3-
trans de los sutituyentes procedentes del nucleÛfilo y electrÛfi-
lo) dando lugar a nuevos complejos (2,3-dihidro-3-furil)car-
beno 2,3-disustituÌdos. Ademµs, en esta reacciÛn se observÛ
un alto grado de diastereoselectividad facial cuando se utilizÛ
como nucleÛfilo un alquenillitio. La eliminaciÛn del fragmen-
to metµlico (oxidaciÛn al aire) y del auxiliar quiral (reduc-
ciÛn con LiAlH4) condujo a 2,3-dihidrofuranos trisustituidos
que contienen un centro estereogÿnico cuaternario en la posi-
ciÛn C3. Asimismo, se describe un nuevo tipo de complejos
quelato de cuatro eslabones (h2-alqueno)tetracarbonilcarbeno
estables cuya caracterizaciÛn incluye un anµlisis de difracciÛn
de rayos X.
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the carbon±carbon double bond to form a four-membered
ring olefin-chelated complex with an almost perpendicular
arrangement of the Cr=C and C=C bonds (Figure 1).[24,25]


Presumably owing to the enol ether nature of the double
bond in addition to geometrical constraints, the alkene
ligand is not bonded symmetrically to Cr. The bond length
of Cr to the more electron-rich carbon atom C3
(2.374(3) ä) is significantly shorter than that of Cr to C2
(2.663(3) ä). These distances are slightly or much longer, re-
spectively, than the Cr�C(olefin) bond lengths reported for
cis-(h2-olefin)(tetracarbonyl)(carbene)chromium complexes
(2.238±2.414 ä, mean 2.312 ä)[25a±c] but are in agreement
with those found in a related (h1-phosphine)(h2-electron-rich
alkene)(tricarbonyl)(carbene)chromium complex with a bi-
cyclic chelate structure (h2-(EtO�C=CH)Cr: Cr�CH
2.384(4) ä, Cr�C 2.619(4) ä).[26] The unsymmetrical coordi-


nation of the alkene moiety to
chromium is readily observed
in the 1H NMR spectra of 3
(complexed double bond) in
comparison with those of 2 (un-
complexed double bond)
(Table 2). While the resonance
of vinyl proton H3 of com-
plexes 3 is shifted to higher
field relative to that of the cor-
responding complex 2, the
signal of vinyl proton H2 of 3 is
shifted downfield. The crystal
chosen for the above X-ray
structure determination was
grown by cooling (�5 8C) a sol-
ution of a mixture of 3a and
minor-3a (approximately 84:16
ratio) in dry pentane. After
crystallization, the solid product


was separated from the solution by decantation. 1H NMR
spectra of the crystals and the residue obtained after solvent
removal from the solution indicated that the crystals were
enriched in the minor isomer (3a :minor-3a 1:1.9), whereas
the solution was enriched in the major one (3a :minor-3a,
2.1:1). Based on these observations and according to follow-
ing results we assume that the crystal selected for the X-ray
analysis belongs to the minor isomer of 3a. In addition, this
analysis unequivocally determined the relative and absolute
configuration of the newly formed stereogenic centers and
revealed a trans disposition of the tBu and Me groups.


Due to the strong electron-withdrawing ability of the
pentacarbonylmetal fragment, the furan ring directly
bonded to the carbene carbon of complexes 1 becomes elec-
tron deficient enough to undergo regioselective nucleophilic
attack with an organolithium (R�Li) at C2 to generate the


Table 1. Furan dearomatized products 2, 3, 4, and 5 prepared from 3-furylcarbene complexes 1 and organolithium compounds by sequential conjugate
addition, oxidation, and reduction.


1 R 2 :3 Ratio[a] Yield [%][b] dr[c] 4 Yield [%][d] dr [e] 5[f] Yield [%][g] ee [%]


1 (�)-1a tBu 3a[h] 66 84:16 4a 78 84:16 5a 90 78[i]


2 (� )-1a tBu (� )-3a[h] 62 84:16 (� )-4a 80 84:16 (� )-5a 82
3 (�)-1b tBu 2ab[j] 53 86:14 4a[k] 39 ±[l]


4 (�)-1a (CH2)4CH[m] 2b :3b 35:65[n] 65 ±[o] 4b 85 79:21 5b 92 ±[p]


5 (�)-1a tBuCH2 2c :3c 10:90[q] 71 56:44[r] 4c 82 60:40 5c 85 ±[p]


6 (�)-1a Bu 2d :3d 50:50[n] 66 70:30 4d 80 70:30 5d 84 30[s]


7 (� )-1a Bu (� )-2d :(� )-3d 50:50[n] 60 70:30 (� )-4d 85 70:30 (� )-5d 92
8 (�)-1a Ph 2e :3e 47:53[t] 62 78:22 4e 83 79:21 5e 83 57[s]


9 (� )-1a Ph (� )-2e :(� )-3e, 47:53 64 78:22 (� )-4e 80 78:22 (� )-5e 82
10 (�)-1b Ph 2eb[j] 37 76:24


[a] Ratio of the corresponding pentacarbonyl:tetracarbonyl (2 :3) complexes determined by 1H NMR spectroscopy. [b] Isolated yield after column chro-
matography based on the corresponding carbene complex 1. [c] Diastereomeric ratio was determined by 1H NMR spectroscopy; integration of signals
corresponding to the tetracarbonyl complex. [d] Isolated yield after column chromatography based on the corresponding carbene complex 3/2 or mixture
of carbene complexes 2 :3. [e] Diastereomeric ratio determined from the 1H NMR spectrum. [f] Single diastereoisomer. [g] Isolated yield after column
chromatography based on compound 4. [h] Only the tetracarbonyl complex was observed in this experiment. [i] Enantiomeric excess determined by
1H NMR analysis of the corresponding Mosher ester 6 in comparison with racemic mixture (� )-6. [j] Only the pentacarbonyl complex was observed in
this experiment. [k] Oxidation of tungsten carbene complex 2ab was carried out with C5H5N


+�O� in THF at room temperature. [l] Poor resolution in
the 1H NMR spectrum: two diastereoisomers in an approximate ratio of 86:14. [m] Cyclopentyl. [n] After overnight in the refrigerator the pentacarbonyl
complex completely converted to the tetracarbonyl complex. [o] Poor resolution in the 1H NMR spectrum. [p] Not determined. [q] These two complexes
were separated by silica gel column chromatography. [r] Determined by 13C NMR spectroscopy (inverse gated decoupling experiment). [s] Enantiomeric
excess determined by HPLC analysis on a chiral support (Chiralcel OD-H column) in comparison with the corresponding racemic mixture. [t] Pentacar-
bonyl complex 2e did not convert to tetracarbonyl complex 3e after several days in the refrigerator.


Scheme 2. Conjugate addition of organolithium compounds to 3-furylcarbene complexes 1. Only the major dia-
stereoisomer of compounds 2, 3, 4, and 6 and the major enantiomer of products 5 are shown. i) R-Li, Et2O,
�80 8C; ii) MeOTf, �80 8C!RT; iii) air, hn, hexane, RT; iv) LiAlH4, THF, 08C!RT; v) MeOH/H2O, NaCl.
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anionic enolate-type intermediate A (Scheme 2) which sub-
sequently reacts with MeOTf in a regio- and diastereoselec-
tive electrophilic attack at C3 from the face opposite to the
R group at C2.[27] The initially formed pentacarbonylcarbene
complexes 2 of chromium undergo a spontaneous dissocia-
tion of a CO ligand to give tetracarbonylcarbene complexes
3 in which the alkene unit is attached to the metal. The driv-
ing force for this CO dissociation could be relaxation of the
steric strain induced by the bulky carbene ligand, which has
the larger groups at C2 and C3 placed on the same side of
the ring and in addition contains a quaternary carbon center
at the a position to the carbene carbon.[28] Indeed, the ten-


dency of complexes 2 (M=Cr)
to eliminate a CO ligand corre-
lates with the steric bulk of the
R group (tBu> tBuCH2>


(CH2)4CH>Ph>Bu; Table 1).
In the case of compound 2e
(R=Ph), the planar geometry
of the Ph group may allow it to
adopt a more favorable confor-
mation which could account for
the lower bias to give product
3e. Decarbonylation of penta-
carbonylcarbene complexes 2
(M=W) was not observed
under the reaction conditions.
Presumably, in these complexes


the steric crowdedness is smaller due to the greater size of
the tungsten atom (atomic radii: Cr 1.35 ä, W 1.37 ä)[29a]


and the consequently longer metal±carbene carbon
bond.[29b,c] Additionally, dissociation of a W�CO bond
(DG�=28.0 kcalmol�1) is more difficult than dissociation of
a Cr�CO bond (DG�=24.0 kcalmol�1).[30]


The presence of a bulky alkoxy group bonded to the car-
bene carbon seems to be necessary to efficiently direct nu-
cleophile attack to the heteroaromatic ring. Thus, when
analogous reactions were carried out with (methoxy)(3-fur-
yl)carbene complex 7 we observed either lower chemical
yield of the conjugate addition product 8a (reaction with a
tertiary alkyllithium: RLi= tBuLi)[31] or a mixture of two
products 8b and 9b (reaction with a primary alkyllithium:
RLi=BuLi); the major product 9b arises from an initial ad-
dition of the organolithium to the carbene carbon
(Scheme 3). Carbene-complex 9b is particularly unstable. It
must be purified and stored rigorously under N2 to avoid a
very fast oxidative transformation to the corresponding car-
boxylic ester 10b. Formation of 9b could involve 1,2-nucleo-
philic addition of BuLi to carbene complex 7 to give tetra-
hedral intermediate B, which subsequently would undergo
migratory insertion of carbon monoxide followed by O-
methylation of lithium acylchromate intermediate C.[32] The
relative configuration of products 8 was elucidated from a
NOESY experiment carried out with carboxylic ester 11a[33]


generated by air±light oxidation of carbene complex 8a.


Removal of the metal fragment and chiral auxiliary group :
The metal moiety of complexes 2 and 3 was eliminated by
oxidation of the metal±carbene functional group which led
to the corresponding carboxylic ester 4 (Scheme 2 and
Table 1). In the case of the chromium derivatives, the oxida-
tion was carried out by simply exposing a hexane solution of
either the appropriate tetracarbonylcarbene complex 3 or a
mixture of the corresponding penta- and tetracarbonylcar-
bene complexes 2 and 3 to the air in the presence of light.
Oxidation of tungsten carbene complex 2ab, which was a
much slower reaction, was best performed with pyridine N-
oxide in THF as solvent. Compounds 4 were each isolated
as a mixture of two diastereoisomers in a ratio analogous to
that observed at the level of the starting carbene complex 2
and 3 (Table 1, entries 1±9). The two diastereoisomers of


Table 2. 1H NMR Chemical shifts of H2, H3, and H5 hydrogens corresponding to carbene complexes 2 and
3.[a]


Compound R dH2 [ppm] dH3 [ppm] dH5 [ppm]


2b (CH2)4CH[b] 6.43 5.58 4.18
3b (CH2)4CH[b] 7.26 4.36 3.77
2d Bu 6.32 5.74 4.16
3d Bu 7.26 4.42 3.96
2e Ph 6.54 6.19 5.05
3e Ph 7.52 4.70 5.13


[a] Spectra were recorded in CDCl3. [b] Cyclopentyl.


Figure 1. X-ray crystal structure of tetracarbonyl complex minor-3a
(ORTEP, thermal ellipsoids with 30% probability). Selected bond lengths
[ä], bond angles [8], and torsion angle [8]: C2±C3 1.336(4), Cr±C2
2.663(3), Cr±C3 2.374(3), Cr±C11 1.982(2), Cr±C23 1.895(3), Cr±C25
1.818(3), C11±C4 1.526(4), C11±O2 1.316(3); C11-Cr-C3 63.74(10), C23-
Cr-C3 98.07(12), C25-Cr-C3 163.10(11), C2-C3-Cr 87.0(2), C4-C11-Cr
106.62(16), C11-C4-C3 98.6(2); C11-Cr-C3-C2 114.8(2).
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carboxylic ester 4e (R=Ph) were easily separated by silica
gel column chromatography. An X-ray crystallographic
study of a single crystal of the minor isomer (minor-4e) con-
firmed its structure and the absolute configuration previous-
ly assigned to the newly formed stereogenic carbons.[34]


The chiral auxiliary group was successfully removed by
lithium aluminum hydride reduction of esters 4 (the mixture
of diastereoisomers summarized in Table 1 was used as start-
ing material). After hydrolysis the corresponding primary al-
cohol 5 was isolated as a single diastereoisomer (Scheme 2
and Table 1). The structure and relative stereochemistry of
products 5 was confirmed by one- and two-dimensional
NMR experiments carried out with alcohols 5b and 5e.[33]


The enantiomeric purity of trisubstituted dihydrofurans 5
was checked in the case of compounds 5d (R=Bu, 30% ee)
and 5e (R=Ph, 57% ee) by HPLC analysis on a chiral sup-
port and in the case of compound 5a (R= tBu, 78% ee),
which could not be resolved in the chiral HPLC columns
used, by 1H NMR analyses of Mosher esters 6 and (� )-6
prepared by reaction of 5a with (R)-a-methoxy-a-trifluoro-
methylphenylacetyl chloride [(R)-MTPA-Cl] according to
Mosher×s protocol (Scheme 2).[35]


Parallel reductions of the previously separated diaster-
eoisomeric esters 4e and minor-4e afforded enantiomerical-
ly pure alcohols (+)-5e and (�)-5e, respectively, as shown
in Scheme 4. The ee values of products (+)-5e and (�)-5e
were similarly determined by chiral-phase HPLC analysis.


Reactions with alkenyllithium compounds : The sequential
reaction of chromium±carbene complex (�)-1a with (E)-2-
phenylethenyllithium[36] and methyl triflate under reaction
conditions analogous to those mentioned above yielded a
complex mixture of at least four major compounds that was
directly submitted to air±light oxidation (Scheme 5). After
purification a 1:1 mixture of carboxylic esters (E)-4 f (with
the expected trans exocyclic C=C double bond) and (Z)-4 f
(with the unexpected cis exocyclic C=C double bond) was
obtained. These E/Z diastereoisomers, each one of which
had a single set of signals in the 1H and 13C NMR spectra,
were separated by column chromatography. Independent
LiAlH4 reduction of (E)-4 f and (Z)-4 f furnished alcohols


(E)-5 f and (Z)-5 f with high and very high enantiomeric
purity, respectively. The same sequence of reactions was car-
ried out starting with racemic carbene complex (� )-1a. The
enantiomeric ratio of products (E)-5 f and (Z)-5 f was like-
wise determined by chiral-phase HPLC analysis. The struc-
ture and relative configuration of diastereomeric alcohols
(E)-5 f and (Z)-5 f were ascertained on the basis of the
NMR data.[33] The absolute configuration assigned to these
compounds has been assumed by analogy.


In contrast, the reaction of the carbene complex (�)-1a
with (Z)-2-phenylethenyllithium[37] followed by quenching
with methyl triflate afforded exclusively the Z diaster-
eoisomer isolated as a 65:35 mixture of penta- and tetracar-
bonylcarbene complexes (Z)-2 f and (Z)-3 f, which after oxi-


Scheme 4. Reduction of compounds 4e and minor-4e. i) LiAlH4, THF,
08C!RT; ii) MeOH/H2O, NaCl.


Scheme 5. Reactions with (E)-2-phenylethenyllithium. i) reagent, Et2O,
�80 8C; ii) MeOTf, �80 8C!RT; iii) air, hn, hexane, RT; iv) LiAlH4,
THF, 08C!RT; v) MeOH/H2O, NaCl.


Scheme 3. Organolithium additions to methoxycarbene complex 7. i) R-
Li, Et2O, �80 8C; ii) MeOTf, �80 8C!RT.
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dative cleavage of the metal moiety provided carboxylic
ester (Z)-4 f as a single diastereoisomer (Scheme 6). Reduc-
tion of (Z)-4 f, as previously described, furnished alcohol


(Z)-5 f practically as a single enantiomer. In order to ascer-
tain the absolute configuration of the stereogenic centers
formed in these alkenyllithium addition reactions, primary
alcohol (Z)-5 f was transformed into the camphanate deriva-
tive 12 by reaction with (1S)-(�)-camphanoyl chloride. A
single-crystal X-ray analysis of 12 confirmed the relative and
absolute configuration as outlined in Schemes 5 and 6.[38]


The unexpected trans!cis C=C double bond isomerization
found in the experiments with (E)-2-phenylethenyllithium
but not in the reactions with the corresponding Z isomer
could be promoted by a release of the steric congestion,
which will be higher in intermediate D/D’ than in intermedi-
ate F as a result of the Ph group orientation towards either
the ™wall∫ of CO moieties (D) or the bulky alkoxy group
(D’) (Scheme 7).[39,40] Conversion of E anionic intermediate


D/D’ to Z anionic derivative F could take place through the
benzylic cyclopropylmethyl anion intermediate E. However,
so far, we do not have any evidence to support this hypothe-
sis.


Conclusion


This tandem organolithium addition±methyl triflate alkyla-
tion represents an efficient new strategy to successfully dear-
omatize the furan ring of Fischer (menthyloxy)(3-furyl)car-
bene complexes with complete regio- and stereocontrol.
This methodology provides tetracarbonyl- and/or pentacar-
bonylcarbene complexes in which two carbon-based sub-
stituents have been added across the heteroarene 2-posi-
tioned C=C double bond. Furthermore, the reactions with
alkenyllithium derivatives proceed with very high asymmet-
ric induction. After successive elimination of the metal unit
(air±light oxidation) and chiral auxiliary group (LiAlH4 re-
duction), this methodology allows access to functionalized
2,3,3-trisubstituted 2,3-dihydrofurans as enantiomerically
pure compounds.[41]


Chromium±carbene complexes are effective starting ma-
terials for this synthetic procedure. Lower chemical yields
and a more sluggish oxidation process was observed in the
experiments with the corresponding tungsten derivative.
Presumably as a result of steric hindrance, the initially
formed pentacarbonylcarbene complexes of chromium un-
derwent a spontaneous intramolecular displacement of a cis-
CO ligand by the electron-rich C=C double bond to give
(h2-alkene)tetracarbonylcarbene complexes containing an
unprecedented chelated four-membered ring structure that
was unambiguously characterized by X-ray analysis, and
which revealed that the olefin function is bonded unsymmet-
rically to the metal. The unpredicted isomerization of an E
carbon±carbon double bond to the corresponding Z isomer
observed in this work may also be explained on the basis of
unfavorable steric interactions.


Experimental Section


General : All reactions involving organometallic species were carried out
under an atmosphere of dry N2 using oven-dried glassware and syringes.
All common reagents and solvents were obtained from commercial sup-
pliers and used without further purification unless otherwise indicated.
THF and Et2O were distilled from sodium/benzophenone under N2 im-
mediately prior to use, MeOH and DMF from CaH2, and CH2Cl2 from
phosphorus pentoxide (P4O10). The solvents used in column chromatogra-
phy (hexane and AcOEt) were used as received. TLC was performed on
aluminum-backed plates coated with silica gel 60 with F254 indicator
(Scharlau). Flash column chromatography was carried out on silica
gel 60, 230±240 mesh. 1H NMR (200, 300, 400 MHz) and 13C NMR (75.5,
100 MHz) spectra were measured at room temperature on a Bruker AC-
200, AC-300, and AMX-400 instruments, respectively, with tetramethylsi-
lane (d=0.0, 1H NMR) or CDCl3 (d=77.00, 13C NMR) as internal stan-
dard. Carbon multiplicities were assigned by DEPT techniques. Low-res-
olution electron impact (EI, 70 eV) or FAB+ mass spectra (LRMS)
were obtained on an HP 5987A instrument, and the intensities are re-
ported as a percentage relative to the base peak after the corresponding
m/z value. High-resolution mass spectra (HRMS) were determined on a
Finnigan MAT 95 spectrometer. Optical rotations were measured atScheme 7. Proposed mechanism for the C=C bond isomerization.


Scheme 6. Reaction with (Z)-2-phenylethenyllithium. i) reagent, Et2O,
�80 8C; ii) MeOTf, �80 8C!RT; iii) air, hn, hexane, RT; iv) LiAlH4,
THF, 08C!RT; v) MeOH/H2O, NaCl; vi) reagent, Et3N, DMAP, CH2Cl2,
0 8C!RT.
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room temperature with a Perkin±Elmer 241 polarimeter using a Na
lamp; sample concentrations are reported in g per 100 mL of solvent.
Enantiomer compositions were determined by HPLC analysis with a
chiral column in comparison with the corresponding racemic mixtures,
and were carried out on a Waters LC-1 instrument with a UV/Vis photo-
diode array detector at a flow rate of 1.0 mLmin�1 and employing a Chir-
alcel OD-H column for 5d (hexane/EtOH 1000:1), 5e, (+)-5e, (�)-5e
(hexane/EtOH 2000:1), (E)-5 f (hexane/EtOH 1500:1); and a Chiralcel
OJ column for (Z)-5 f (hexane/EtOH 750:1).


Materials : Commercially available solutions of BuLi (1m in hexane),
tBuLi (1.5m in pentane), and LiAlH4 (1m in THF) were used as received.
Phenyllithium,[42] neopentyllithium,[43] cyclopentyllithium,[44] (Z)-b-bro-
mostyrene,[37] and pentacarbonyl-[1-(3-furyl)-1-methoxymethylidene]-
chromium (7)[45] were prepared according to literature procedures. (Z)-
or (E)-2-Phenylethenyllithium were preformed by addition at �80 8C of
2 equiv tBuLi to (Z)- or (E)-b-bromostyrene dissolved in Et2O and the
mixture was stirred for 2 h at �80 8C and then for 30 min at room tem-
perature.


General procedure for the preparation of 3-furylcarbene complexes 1:
BuLi (1.6m in hexane, 15.9 mL, 25 mmol) was added dropwise to a solu-
tion of 3-bromofuran (2.30 mL, 25.5 mmol) in dry THF (33 mL) cooled
to �80 8C. The mixture was stirred for 1 h at this temperature. The result-
ing solution was transferred by using a cannula to a suspension of the
corresponding M(CO)6 (24 mmol) in THF (75 mL) at 0 8C. The mixture
was stirred for 20 min at 0 8C and then for 2 h at room temperature. The
solvents were removed by using a rotary evaporator. The residue ob-
tained was dissolved in deoxygenated H2O (60 mL) and cooled in an ice
bath. Me4NBr (4.16 g, 27 mmol) was then added and the mixture was stir-
red for 20 min. The aqueous layer was extracted with CH2Cl2 (100 mL).
The organic layer was dried over Na2SO4 and concentrated under re-
duced pressure to give pentacarbonyl-[1-(3-furyl)-1-[(tetramethylammo-
nio)oxy]methylidene]chromium as a red solid (6.01 g, 67%) or pentacar-
bonyl-[1-(3-furyl)-1-[(tetramethylammonio)oxy]methylidene]tungsten as
a yellow solid (7.16 g, 59%). Pivaloyl chloride (3.07 mL, 25 mmol) and
DMF (2 drops) were added to a solution of the corresponding ammoni-
um salt (16 mmol) in dry CH2Cl2 (100 mL) at �45 8C. After the mixture
had been stirred at �45 8C for 1 h, a solution of the appropriate alcohol
(+)- or (� )-menthol (3.90 g, 25 mmol) in dry CH2Cl2 (20 mL) was added
dropwise at �45 8C. The resulting mixture was stirred overnight allowing
it to warm slowly to room temperature without removing the cold bath.
The reaction was quenched with silica gel, the solvents were removed
under reduced pressure, and the residue was purified by column chroma-
tography (silica gel, hexane) to give the corresponding carbene complex
1. Yields are listed in Scheme 1.


Pentacarbonyl-[1-(3-furyl)-1-[(1R,2S,5R)-menthyloxy]methylidene]chro-
mium [(�)-1a]: Red oil; Rf=0.37 (hexane); 1H NMR (300 MHz, CDCl3):
d=0.91 (d, J=7.0 Hz, 3H), 1.01 (d, J=6.5 Hz, 3H), 1.02 (d, J=6.1 Hz,
3H), 0.97±1.18 (m, 2H), 1.25±1.43 (m, 2H), 1.61±1.97 (m, 4H), 2.21±2.25
(m, 1H), 5.18 (m, 1H), 6.68 (s, 1H), 7.44 (s, 1H), 8.23 ppm (s, 1H);
13C NMR (75.5 MHz, CDCl3): d=17.5, 21.9, 22.0, 24.4, 26.8, 31.0, 34.0,
42.7, 48.7, 91.9, 107.1, 142.4, 143.3, 149.6, 216.9 (4C), 222.9, 323.6 ppm;
IR (neat): ñ=2960, 2872, 2058, 1930, 1552, 1510 cm�1; LRMS (70 eV, EI):
m/z (%): 426 (16) [M +], 398 (42), 315 (26), 314 (100), 286 (48); HRMS
(70 eV, EI): m/z : calcd for C20H23CrO7 [M ++H]: 427.0849; found:
427.0830.


Pentacarbonyl-[1-(3-furyl)-1-[(1R,2S,5R)-menthyloxy]methylidene]tungs-
ten [(�)-1b]: Orange solid; 1H NMR (200 MHz, CDCl3): d=0.89 (d, J=
6.8 Hz, 3H), 0.91±1.15 (m, 6H), 1.19±1.41 (m, 3H), 1.60±2.00 (m, 5H),
2.15±2.31 (m, 1H), 5.07 (td, J=10.0, 4.4 Hz, 1H), 7.21 (dd, J=1.9, 0.8 Hz,
1H), 7.45 (dd, J=1.9, 1.3 Hz, 1H), 8.27 ppm (m, 1H); 13C NMR
(75.5 MHz, CDCl3): d=17.7, 21.8, 24.5, 27.0, 31.1, 34.1, 42.5, 48.5, 94.0,
107.8, 143.5, 144.3, 152.3, 197.7 (4C), 201.9, 296.1 ppm.


General procedure for the preparation of carbene complexes 2 and 3 : A
solution of the corresponding organolithium compound (1.80 mmol) was
added dropwise to a solution of the appropriate 3-furylcarbene complex
1 (1.50 mmol) in Et2O (20 mL) at �80 8C. The mixture was stirred at this
temperature for 20 min. The initial red color turned dark red. Methyl tri-
flate (1.95 mmol) was then added at �80 8C and the stirring was contin-
ued for 30 min at this temperature and 1 h at room temperature. The sol-
vent was removed under reduced pressure and the residue was purified


by column chromatography (silica gel, hexane) to give compounds 2 and
3. Yields and ratios are listed in Table 1 and Schemes 5 and 6.


cis-[1-[h2-(2S,3S)-2-tert-Butyl-3-methyl-2,3-dihydro-3-furyl]-1-
[(1R,2S,5R)-menthyloxy]methylidene]tetracarbonylchromium (3a): Data
on the 84:16 mixture of diastereoisomers: red oil; Rf=0.30 (hexane);
1H NMR (300 MHz, CDCl3): d=0.89 (s, 9H), 0.93 (d, J=7.0 Hz, 3H),
0.97 (d, J=6.5 Hz, 3H), 0.98 (d, J=7.0 Hz, 3H), 0.98±1.10 (m, 1H), 1.50
(s, 3H), 1.12±1.26 (m, 2H), 1.52±1.71 (m, 1H), 1.72±1.80 (m, 3H), 2.00±
2.10 (m, 1H), 2.27±2.31 (m, 1H), 3.83 (s, 1H), 4.33 (d, J=2.2 Hz, 1H),
4.90 (td, J=10.7, 4.8 Hz, 1H), 7.42 ppm (d, J=2.2 Hz, 1H); 13C NMR
(75.5 MHz, CDCl3): d=15.6, 18.8, 21.2, 22.1, 22.8, 25.5, 27.2, 31.3, 33.4,
33.9, 40.6, 47.8, 65.2, 68.1, 90.1, 101.4, 146.0, 220.4, 221.2, 228.8, 233.7,
352.1 ppm; LRMS (70 eV, EI): m/z (%): 470 (2) [M +], 219 (24), 138
(40), 95 (68), 83 (59), 57 (100); HRMS (70 eV, EI): m/z : calcd for
C24H34CrO6 [M +]: 470.1736; found: 470.1761. Resolvable resonances of
minor isomer: 1H NMR (300 MHz, CDCl3): d=0.77 (d, J=6.5 Hz, 3H),
3.88 (s, 1H), 4.26 (d, J=2.2 Hz, 1H), 4.96±5.11 (m, 1H), 7.39 ppm (d, J=
2.2 Hz, 1H); 13C NMR (75.5 MHz, CDCl3): d=15.3, 20.7, 31.6, 41.3, 47.3,
91.6, 101.7 ppm.


[1-[(2S,3S)-2-tert-Butyl-3-methyl-2,3-dihydro-3-furyl]-1-[(1R,2S,5R)-men-
thyloxy]methylidene]pentacarbonyltungsten (2ab): Data on the 86:14
mixture of diastereoisomers: orange oil ; 1H NMR (300 MHz, CDCl3):
d=0.83 (d, J=6.9 Hz, 3H), 0.89±1.03 (m, 9H), 1.06 (s, 9H), 1.07±1.54 (m
with s at 1.28, 5H), 1.65±2.46 (m, 4H), 3.96 (s, 1H), 5.30±5.37 (m, 1H),
5.41 (d, J=3.1 Hz, 1H), 6.70 ppm (d, J=3.1 Hz, 1H); 13C NMR
(75.5 MHz, CDCl3): d=16.1, 21.3, 21.7, 22.0, 23.2, 25.3, 27.4, 27.8 (3C),
31.7, 34.0, 40.8, 43.4, 48.5, 73.5, 98.5, 104.6, 115.6, 198.3 (4C), 202.3,
347.9 ppm.


Pentacarbonyl-[1-[(2S,3S)-3-methyl-2-phenyl-2,3-dihydro-3-furyl]-1-
[(1R,2S,5R)-menthyloxy]methylidene]tungsten (2eb): Data on the 76:24
mixture of diastereoisomers: orange oil ; 1H NMR (300 MHz, CDCl3):
d=0.69 (d, J=7.0 Hz, 3H), 0.81 (d, J=7.1 Hz, 3H), 0.83±1.25 (m, 6H),
1.27±1.48 (m, 2H), 1.51 (s, 3H), 1.55±1.79 (m, 4H), 4.62 (td, J=10.9,
4.0 Hz, 1H), 5.15 (s, 1H), 6.15 (d, J=2.6 Hz, 1H), 7.21±7.40 ppm (m,
5H); 13C NMR (75.5 MHz, CDCl3): d=29.9, 30.3, 30.6, 33.5, 33.6, 39.2,
41.2, 76.3, 92.0, 95.6, 110.6, 111.7, 126.4 (2C), 127.7 (2C), 128.6, 139.0,
145.8, 197.6 (4C), 201.8, 337.3 ppm. Resolvable resonances of minor
isomer: 1H NMR (300 MHz, CDCl3): d=0.61 (d, J=7.1 Hz, 3H), 1.82 (s,
3H), 4.85 (td, J=10.8, 4.0 Hz, 1H), 5.29 (s, 1H), 5.59 (d, J=2.6 Hz, 1H),
6.51 ppm (d, J=2.6 Hz, 1H); 13C NMR (75.5 MHz, CDCl3): d=30.6,
47.7, 93.7, 96.2, 128.4, 146.1 ppm.


cis-Tetracarbonyl-[1-[h2-(2S,3S)-2-cyclopentyl-3-methyl-2,3-dihydro-3-
furyl]-1-[(1R,2S,5R)-menthyloxy]methylidene]chromium (3b): Data on a
65:35 mixture of 3b and 2b, respectively, each one as a likely 79:21 mix-
ture of diastereoisomers: red oil; 1H NMR (300 MHz, CDCl3): d=0.84±
1.10 (m, 13H), 1.17±1.29 (m, 3H), 1.43±1.79 (m, 11H), 1.96 (m, 2H),
2.18±2.41 (m, 1H), 3.77 (d, J=10.8 Hz, 1H), 4.36 (d, J=2.0 Hz, 1H), 4.97
(td, J=10.7, 4.5 Hz, 1H), 7.26 ppm (d, J=2.0 Hz, 1H); 13C NMR
(75.5 MHz, CDCl3): d=18.4, 17.9, 21.4, 22.6, 23.4, 24.5, 25.9, 26.3, 28.8,
31.9, 32.1, 34.4, 41.0, 41.6, 47.9, 66.3, 66.8, 90.2, 98.2, 147.6, 220.2, 220.9,
229.7, 234.5, 351.4 ppm. Resolvable signals of the corresponding penta-
carbonyl complex 2b : 1H NMR (300 MHz, CDCl3): d=4.18 (d, J=
5.4 Hz, 1H), 5.48 (d, J=2.9 Hz, 1H), 6.43 ppm (d, J=2.9 Hz, 1H). Re-
solvable signal of minor diastereoisomer of 2b : 1H NMR (300 MHz,
CDCl3): d=5.48 ppm (apparent d, 1H).


cis-Tetracarbonyl-[1-[h2-(2S,3S)-3-methyl-2-neopentyl-2,3-dihydro-3-
furyl]-1-[(1R,2S,5R)-menthyloxy]methylidene]chromium (3c): Data on
the 56:44 mixture of diastereoisomers: red oil; Rf=0.29 (hexane);
1H NMR (300 MHz, CDCl3): d=0.84 (d, J=10.8 Hz, 6H), 0.90 (s, 18H),
0.93±1.17 (m, 12H), 1.18±1.35 (m, 8H), 1.68±1.84 (m, 16H), 1.90±2.19 (m,
4H), 4.06±4.11 (m, 2H), 4.41±4.43 (m, 2H), 4.92±5.03 (m, 2H), 7.30 ppm
(br s, 1H); 13C NMR (75.5 MHz, CDCl3): d=15.0, 15.9, 16.3, 20.7, 22.1,
22.9, 23.4, 25.4, 25.8 (3C), 29.4, 29.8, 30.0, 31.4, 31.5, 33.9, 41.6, 42.0, 42.5,
46.6, 47.4, 64.5, 64.7, 66.6, 67.1, 80.1, 90.2, 90.4, 91.5, 91.6, 219.8, 220.6,
229.2, 233.9, 234.1, 350.8, 352.7 ppm; LRMS (70 eV, EI): m/z (%): 484 (3)
[M +], 233 (72), 206 (56), 153 (100), 83 (66); HRMS (70 eV, EI): m/z :
calcd for C25H36CrO6 [M


+]: 484.1938; found: 484.1917.


cis-[1-[h2-(2S,3S)-2-Butyl-3-methyl-2,3-dihydro-3-furyl]-1-[(1R,2S,5R)-
menthyloxy]methylidene]tetracarbonylchromium (3d): Data on the 70:30
mixture of diastereoisomers: red oil; Rf=0.56 (hexane/AcOEt 9:1);
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1H NMR (300 MHz, CDCl3): d=0.85±1.03 (m, 16H), 1.40 (s, 3H), 1.21±
1.66 (m, 6H), 1.55±2.05 (m, 3H), 2.15±2.48 (m, 2H), 3.96 (m, 1H), 4.42
(d, J=2.0 Hz, 1H), 4.91±4.98 (m, 1H), 7.26 ppm (br s, 1H); 13C NMR
(75.5 MHz, CDCl3): d=13.8, 15.8, 16.6, 20.9, 22.3, 22.5, 22.9, 25.8, 26.7,
29.4, 31.5, 33.9, 41.4, 47.4, 65.2, 66.1, 89.9, 92.9, 147.4, 219.8, 220.6, 229.8,
234.08, 351.0 ppm; LRMS (70 eV, EI): m/z (%): 470 (4) [M +], 414 (3),
219 (60), 192 (57), 83 (100), 52 (91). Resolvable resonances of minor
isomer: 1H NMR (300 MHz, CDCl3): d=4.39 ppm (d, J=2.0, Hz, 1H);
13C NMR (75.5 MHz, CDCl3): d=13.7, 15.0, 16.5, 20.8, 22.1, 22.4, 22.5,
25.5, 28.6, 29.2, 31.4, 33.9, 41.2, 46.9, 65.0, 66.5, 91.5, 93.4, 146.7, 219.7,
220.6, 229.3, 233.9, 352.8 ppm. Resolvable signals of the corresponding
pentacarbonyl complex 2d : 1H NMR (300 MHz, CDCl3): d=4.08±4.17
(m, 1H), 5.20±5.26 (m, 1H), 5.74 (d, J=2.9 Hz, 1H), 6.31±6.32 ppm (m,
1H). Resolvable resonance of minor diastereoisomer: 1H NMR
(300 MHz, CDCl3): d=5.71 ppm (d, J=2.8 Hz, 1H).


Pentacarbonyl-[1-[(2S,3S)-3-methyl-2-phenyl-2,3-dihydro-3-furyl]-1-
[(1R,2S,5R)-menthyloxy]methylidene]chromium and cis-tetracarbonyl-
[1-[h2-(2S,3S)-3-methyl-2-phenyl-2,3-dihydro-3-furyl]-1-[(1R,2S,5R)-men-
thyloxy]methylidene]chromium (2e:3e 47:53): Data on a 78:22 mixture
of diastereoisomers: red oil; 1H NMR (300 MHz, CDCl3): d=0.62 (d, J=
6.8 Hz, 6H), 0.66 (d, J=11.7 Hz, 6H), 0.70±1.30 (m, 36H), 1.49±1.73 (m
with 3s at 1.28, 1.30, and 1.49, 30H), 1.75±1.91 (m with s at 1.90, 6H),
4.59±4.71 (m, 2H), 4.70 (d, J=2.3 Hz, 2H), 4.78±4.92 (m, 2H), 5.05 (s;
1H of 2e), 5.12 (s; 1H of 3e), 5.17 (s; 1H of 3e), 5.27 (s; 1H of 2e), 5.61
(d, J=2.9 Hz, 2H), 6.20 (d, J=3.1 Hz; 2H of 3e), 6.54 (d, J=2.8 Hz,
2H), 7.18±7.24 (m, 20H), 7.52 ppm (d, J=2.8 Hz; 1H of 3e); 13C NMR
(75.5 MHz, CDCl3): d=18.3, 18.4, 18.8, 19.1, 23.3, 24.0, 24.2, 24.3, 24.4,
24.5, 24.6, 25.1, 25.3, 25.6, 28.1, 28.2, 32.8, 33.1, 33.5, 36.0, 36.1, 41.8, 42.6,
49.2, 50.3, 68.3, 70.8, 79.0, 79.4, 79.8, 92.0, 94.7, 95.1, 95.2, 96.5, 97.0,
112.6, 113.0, 128.0, 128.4, 130.0, 130.4, 130.6, 130.7, 130.9, 131.1, 131.2,
136.5, 142.6, 147.9, 148.2, 149.2, 219.1, 219.2, 222.7, 224.8, 225.0, 230.8,
236.5, 350.7, 363.1 ppm. Resolvable resonances of minor diastereoisom-
ers: 1H NMR (300 MHz, CDCl3): d=5.18 (s; 1H of 3e), 5.27 (s; 1H of
2e), 5.60 ppm (d, J=2.9 Hz; 1H of 2e).


Pentacarbonyl-[1-[(2S,3S)-3-methyl-2-[(Z)-2-phenylethenyl]-2,3-dihydro-
3-furyl]-1-[(1R,2S,5R)-menthyloxy]methylidene]chromium [(Z)-2 f) and
cis-tetracarbonyl-[1-[h2-(2S,3S)-3-methyl-2-[(Z)-2-phenylethenyl]-2,3-di-
hydro-3-furyl]-1-[(1R,2S,5R)-menthyloxy]methylidene]chromium [(Z)-
3 f)]: A 65:35 mixture, respectively: red oil. Data for (Z)-2 f : 13C NMR
(75.5 MHz, CDCl3): d=16.8, 22.5, 26.0, 26.7, 28.7, 31.4, 34.5, 42.7, 48.6,
66.0, 67.7, 86.2, 95.0, 110.6, 126.8, 127.6 (2C), 123.1 (2C), 134.0, 136.2,
145.5, 217.0 (4C), 221.3, 361.6 ppm. Data for (Z)-3 f : 13C NMR
(75.5 MHz, CDCl3): d=16.3, 16.5, 21.4, 22.3, 23.4, 26.3, 32.0, 41.9, 47.7,
88.0, 90.6, 129.0, 133.3, 135.7, 146.7, 220.5, 223.2, 229.5, 234.5, 350.4 ppm.
The 1H NMR spectrum had poor resolution.


General procedure for the preparation of esters 4 : Either the correspond-
ing tetracarbonylcarbene complex 3 or a mixture of both penta- and tet-
racarbonylcarbene complexes 2 and 3 (1.0 mmol) was dissolved in
hexane (150 mL) and the resulting solution was exposed to air and sun-
light (in its absence a 100-W tungsten lamp was used) until the initial red
color of the starting carbene complex disappeared. The resulting colorless
solution was filtered through a plug of Celite. Evaporation of the solvent
and column chromatography (silica gel, hexane/ethyl acetate 97:3) afford-
ed pure compounds 4. Yields and ratios of isomers are given in Table 1
and Schemes 5 and 6.


(1R,2S,5R)-Menthyl (2S,3S)-2-tert-butyl-3-methyl-2,3-dihydrofuran-3-car-
boxylate (4a): Data on the 84:16 mixture of diastereoisomers: colorless
oil; Rf=0.55 (hexane/AcOEt 9:1); 1H NMR (200 MHz, CDCl3): d=0.71
(d, J=6.9 Hz, 3H), 0.90 (d, J=7.0 Hz, 3H), 0.91 (d, J=7.4 Hz, 3H),
0.95±0.98 (m, 2H), 1.05 (s, 3H), 1.16±1.45 (m, 3H), 1.46 (s, 3H), 1.63±
1.71 (m, 2H), 1.89±1.97 (m, 1H), 2.10±2.16 (m, 1H), 3.87 (s, 1H), 4.61
(td, J=10.8, 4.4 Hz, 1H), 4.87 (d, J=2.8 Hz, 1H), 6.48 ppm (d, J=
2,8 Hz, 1H); 13C NMR (50 MHz, CDCl3): d=15.7, 21.0, 22.0, 22.8, 25.5,
26.4 (3C), 27.0, 31.3, 34.1, 34.2, 40.4, 47.2, 54.3, 75.4, 99.2, 109.0, 145.7,
174.4 ppm; LRMS (70 eV, EI): m/z (%): 322 (5) [M +], 169 (14), 139
(100), 83 (90), 57 (95).


(1R,2S,5R)-Menthyl (2S,3S)-2-cyclopentyl-3-methyl-2,3-dihydrofuran-3-
carboxylate (4b): Data on the 79:21 mixture of diastereoisomers: color-
less oil; 1H NMR (300 MHz, CDCl3): d=0.72 (d, J=7.1 Hz, 3H), 0.79±
1.09 (m, 9H), 1.25±1.58 (m, 8H), 1.59±2.03 (m, 9H), 2.21±2.27 (m, 1H),


3.98 (d, J=8.8 Hz, 1H), 4.65 (td, J=10.8, 4.3 Hz, 1H), 4.90 (d, J=2.9 Hz,
1H), 6.42 ppm (d, J=2.9 Hz, 1H); 13C NMR (75.5 MHz, CDCl3): d=


16.2, 21.4, 22.5, 23.4, 25.3, 25.7, 26.2, 29.6, 30.5, 31.8, 34.6, 41.0, 41.7, 47.3,
56.0, 75.5, 95.8, 108.2, 147.0, 174.2 ppm; LRMS (70 eV, EI): m/z (%): 334
(2) [M +], 197 (100), 151 (46), 116 (45), 83 (69), 69 (41); HRMS (70 eV,
EI): m/z : calcd for C21H34O3 [M


+]: 334.2508; found: 334.2500. Resolvable
resonances of minor isomer: 1H NMR (300 MHz, CDCl3): d=4.00 (d, J=
8.8 Hz, 1H), 4.87 ppm (d, J=2.9 Hz, 1H); 13C NMR (75.5 MHz, CDCl3):
d=16.3, 29.2, 30.8, 41.6, 108.0 ppm.


(1R,2S,5R)-Menthyl (2S,3S)-3-methyl-2-neopentyl-2,3-dihydrofuran-3-
carboxylate (4c): Data on the 60:40 mixture of diastereoisomers: color-
less oil; 1H NMR (300 MHz, CDCl3): d=0.73 (d, J=6.8 Hz, 3H), 0.88±
1.10 (m, 7H), 0.91 (s, 8H), 1.38 (s, 3H), 1.43±1.69 (m, 9H), 1.85±2.01 (m,
2H), 4.15±4.19 (m, 1H), 4.59±4.68 (m, 1H), 4.92 (d, J=2.9 Hz, 1H),
6.38±6.41 ppm (m, 1H); 13C NMR (75.5 MHz, CDCl3): d=15.8, 20.8,
21.9, 22.9, 23.9, 25.7, 29.7 (3C), 30.1, 31.3, 34.1, 40.7, 43.5, 46.7, 56.3, 74.9,
88.3, 106.6, 146.9, 173.6 ppm; LRMS (70 eV, EI): m/z (%): 336 (2) [M +],
153 (100), 97 (42), 57 (20); HRMS (70 eV, EI): m/z : calcd for C21H36O3


[M +]: 336.2668; found: 336.2664. Resolvable resonances of minor
isomer: 1H NMR (300 MHz, CDCl3): d=1.31 (s, 3H), 4.89 ppm (d, J=
2.9 Hz, 1H); 13C NMR (75.5 MHz, CDCl3): d=15.9, 20.8, 23.0, 25.9, 29.9,
31.3, 40.7, 43.8, 46.8, 56.4, 88.4, 106.7, 147.1, 173.6 ppm.


(1R,2S,5R)-Menthyl (2S,3S)-2-butyl-3-methyl-2,3-dihydrofuran-3-carbox-
ylate (4d): Data on the 70:30 mixture of diastereoisomers: colorless oil;
1H NMR (300 MHz, CDCl3): d=0.73 (d, J=6.8 Hz, 3H), 0.84±0.99 (m,
9H), 1.38 (s, 3H), 1.30±1.58 (m, 1H), 1.64±1.89 (m, 2H), 1.91±2.03 (m,
2H), 4.09±4.14 (m, 1H), 4.61 (td, J=11.0, 4.3 Hz, 1H), 4.97 (d, J=
2.9 Hz, 1H), 6.36 ppm (d, J=2.6 Hz, 1H); 13C NMR (75.5 MHz, CDCl3):
d=14.2, 16.1, 21.1, 22.3, 22.9, 23.2, 25.3, 26.1, 29.0, 30.9, 31.7, 34.5, 41.1,
47.1, 56.3, 75.2, 90.9, 107.2, 146.2, 173.2, 173.8 ppm; LRMS (70 eV, EI):
m/z (%): 322 (1) [M +], 139 (100), 95 (12), 83 (13), 55 (13). Resolvable
resonances of minor isomer: 13C NMR (75.5 MHz, CDCl3): d=16.3, 31.2,
32.9, 47.2, 56.0, 75.3, 91.2, 146.6 ppm.


(1R,2S,5R)-Menthyl (2S,3S)-3-methyl-2-phenyl-2,3-dihydrofuran-3-car-
boxylate (4e): White solid; Rf=0.48 (hexane/AcOEt 9:1); 1H NMR
(300 MHz, CDCl3): d=0.60 (d, J=6.8 Hz, 3H), 0.70 (d, J=6.6 Hz, 3H),
0.81 (d, J=6.8 Hz, 3H), 0.80±0.94 (m, 3H), 1.10±1.21 (m, 2H), 1.52±1.66
(m, 4H), 1.59 (s, 3H), 4.27 (td, J=10.8, 4.3 Hz, 1H), 5.14 (d, J=2.8 Hz,
1H), 5.18 (s, 1H), 6.60 (d, J=2,8 Hz, 1H), 7.34±7.24 ppm (m, 5H);
13C NMR (75.5 MHz, CDCl3): d=16.3, 21.4, 22.2, 23.3, 26.2, 26.9, 31.4,
34.4, 39.6, 47.1, 59.2, 74.9, 92.4, 107.4, 127.1 (2C), 128.6 (2C), 128.7,
138.4, 147.0, 172.8 ppm.


(1R,2S,5R)-Menthyl (2R,3R)-3-methyl-2-phenyl-2,3-dihydrofuran-3-car-
boxylate (minor-4e): White solid; Rf=0.49 (hexane/AcOEt 9:1);
1H NMR (300 MHz, CDCl3): d=0.54 (d, J=6.8 Hz, 3H), 0.73 (d, J=
6.6 Hz, 3H), 0.77 (d, J=7.1 Hz, 3H), 0.78±0.89 (m, 3H), 1.05±1.35 (m,
3H), 1.22±1.61 (m, 3H), 1.62 (s, 3H), 4.27 (td, J=10.8, 4.3 Hz, 1H), 5.07
(d, J=2.8 Hz, 1H), 5.28 (s, 1H), 6.62 (d, J=2,8 Hz, 1H), 7.26±7.35 ppm
(m, 5H); 13C NMR (75.5 MHz, CDCl3): d=16.4, 21.3, 22.3, 23.5, 26.2,
27.6, 31.5, 34.5, 39.5, 46.9, 58.8, 75.2, 92.2, 107.4, 126.6 (2C), 128.4 (2C),
128.5, 138.4, 147.0, 172.9 ppm. Suitable single crystals for X-ray structure
analysis were obtained by cooling (in a freezer) a solution of minor-4e in
dry pentane.


(1R,2S,5R)-Menthyl (2S,3S)-3-methyl-2-[(E)-2-phenylethenyl]-2,3-dihy-
drofuran-3-carboxylate [(E)-4 f]: Colorless oil; 1H NMR (300 MHz,
CDCl3): d=0.57 (d, J=6.6 Hz, 3H), 0.66 (d, J=6.9 Hz, 3H), 0.84 (d, J=
7.1 Hz, 3H), 0.61±0.98 (m, 5H), 1.28±1.49 (m, 3H), 1.55 (s, 3H), 1.50±
1.72 (m, 2H), 1.74±1.86 (m, 1H), 4.59 (td, J=11.0, 4.3 Hz, 1H), 4.77 (d,
J=8.0 Hz, 1H), 6.63 (d, J=15.9 Hz, 1H), 7.21±7.28 ppm (m, 5H);
13C NMR (75.5 MHz, CDCl3): d=16.2, 21.2, 22.0, 23.3, 25.4, 26.3, 31.5,
34.4, 41.3, 47.1, 57.8, 75.2, 91.1, 107.3, 124.4, 127.1 (2C), 128.3, 128.8
(2C), 133.7, 136.4, 146.3, 173.1 ppm.


(1R,2S,5R)-Menthyl (2S,3S)-3-methyl-2-[(Z)-2-phenylethenyl]-2,3-dihy-
drofuran-3-carboxylate [(Z)-4 f]: Colorless oil; Rf=0.37 (hexane/AcOEt
9:1); 1H NMR (300 MHz, CDCl3): d=0.79 (d, J=6.8 Hz, 3H), 0.86±1.02
(m, 9H), 1.43±1.45 (m, 2H), 1.47 (s, 3H), 1.68 (m, 2H), 2.03 (m, 2H),
4.69 (td, J=10.8, 4.3 Hz, 1H), 5.10 (d, J=10.3 Hz, 1H), 5.13 (d, J=
2,9 Hz, 1H), 5.75 (dd, J=11.1, 10.5 Hz, 1H), 6.37 (d, J=2.6 Hz, 1H),
6.71 (d, J=11.7 Hz, 1H), 7.28±7.39 ppm (m, 5H); 13C NMR (75.5 MHz,
CDCl3): d=15.7, 20.8, 21.9, 22.9, 25.2, 25.9, 31.2, 34.0, 40.4, 46.8, 57.0,
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75.2, 84.9, 106.7, 126.5, 127.3, 128.1 (2C), 128.8 (2C), 133.6, 138.9, 145.2,
172.9 ppm.


Formation of 4a by oxidation of tungsten carbene complex 2ab : Pyridine
N-oxide (0.40 g, 4.167 mmol) was added to a solution of carbene complex
2ab (0.30 g, 0.476 mmol) in THF (30 mL) and the mixture was stirred at
room temperature for 8 d. THF was then removed under reduced pres-
sure, and the residue was taken up in hexane and filtered through Celite.
Solvent removal under vacuum gave the crude product which was puri-
fied by column chromatography (silica gel deactivated with 10% Et3N in
hexane and using a mixture of hexane/AcOEt 95:5 as eluant) to yield 4a
(0.06 g, 0.181 mmol, 39%) as a colorless oil.


General procedure for the preparation of alcohols 5 : The corresponding
carboxylic ester 4 (0.6 mmol) was dissolved in THF (6 mL) and LiAlH4


(1m in THF, 0.66 mmol, 0.66 mL) was added dropwise at 0 8C. After
30 min the ice bath was removed and the stirring was continued for 6 h at
room temperature. The resulting mixture was successively quenched at
0 8C with MeOH (dropwise until the vigorous gas evolution stopped) and
a saturated aqueous NaCl solution (5 mL). The aqueous layer was ex-
tracted with AcOEt. The combined organic layers were dried over
Na2SO4, filtered and concentrated in vacuo. The residue was purified by
column chromatography (silica gel, hexane/ethyl acetate 9:1) to give
compounds 5. Yields are listed in Table 1 and Schemes 5 and 6.


(2S,3R)-(2-tert-Butyl-3-methyl-2,3-dihydro-3-furyl)methanol (5a): Color-
less oil; Rf=0.14 (hexane/AcOEt 9:1); [a]20D =++29.4 (c=0.27 in CH2Cl2);
1H NMR (200 MHz, CDCl3): d=1.10 (s, 9H), 1.27 (s, 3H), 1.46±1.51 (m,
1H), 3.46±3.53 (m, 1H), 3.64±3.73 (m, 1H), 3.77 (s, 1H), 4.81 (d, J=
2.8 Hz, 1H), 6.49 ppm (d, J=2.8 Hz, 1H); 13C NMR (75.5 MHz, CDCl3):
d=24.5, 27.9 (3C), 34.4, 50.8, 66.3, 98.5, 109.6, 146.3 ppm; LRMS (70 eV,
EI): m/z (%): 170 (5) [M +], 140 (8), 139 (82), 95 (14), 83 (100); HRMS
(70 eV, EI): m/z : calcd for C10H18O2 [M


+]: 170.1307; found: 170.1307.


(2S,3R)-(2-Cyclopentyl-3-methyl-2,3-dihydro-3-furyl)methanol (5b): Col-
orless oil; Rf=0.13 (hexane/AcOEt 9:1); [a]20D =++22.2 (c=0.30 in
CH2Cl2);


1H NMR (400 MHz, CDCl3): d=1.13 (s, 3H), 1.16±1.26 (m,
1H), 1.33±1.54 (m, 1H), 1.56±1.72 (m, 5H), 1.76±1.83 (m, 1H), 1.90±1.96
(m, 1H), 2.41 (m, 1H), 3.30 (d, J=11.0 Hz, 1H), 3.61 (m, 1H), 3.80 (d,
J=10.4 Hz, 1H), 4.73 (d, J=2.9 Hz, 1H), 6.46 ppm (d, J=2.9 Hz, 1H);
13C NMR (75.5 MHz, CDCl3): d=23.4, 25.1, 26.0, 29.4, 32.2, 39.8, 49.6,
66.6, 95.9, 107.9, 146.9 ppm; LRMS (70 eV, EI): m/z (%): 182 (19) [M +],
151 (80), 83 (100), 69 (56); HRMS (70 eV, EI): m/z : calcd for C11H18O2


[M +]: 182.1307; found: 182.1310.


(2S,3R)-(3-Methyl-2-neopentyl-2,3-dihydro-3-furyl)methanol (5c): Color-
less oil; Rf=0.17 (hexane/AcOEt 9:1); 1H NMR (300 MHz, CDCl3): d=
0.97 (s, 9H), 1.03 (s, 3H), 1.46 (d, J=14.8 Hz, 1H), 1.57 (br s, 1H), 1.84
(dd, J=14.6, 10.5 Hz, 1H), 3.23 (d, J=11.1 Hz, 1H), 3.43±3.49 (m, 1H),
4.07 (d, J=10.5 Hz, 1H), 4.76 (d, J=2.8 Hz, 1H), 6.51 ppm (d, J=2.8 Hz,
1H); 13C NMR (75.5 MHz, CDCl3): d=22.0, 30.2 (3C), 30.5, 41.6, 50.0,
66.3, 88.1, 106.6, 147.5 ppm; LRMS (70 eV, EI): m/z (%): 185 (35) [M +


+H], 153 (100), 97 (89), 85 (29); HRMS (70 eV, EI): m/z : calcd for
C11H20O2 [M


+]: 184.1463; found: 184.1461.


(2S,3R)-(2-Butyl-3-methyl-2,3-dihydro-3-furyl)methanol (5d): Colorless
oil; Rf=0.16 (hexane/AcOEt 9:1); 1H NMR (200 MHz, CDCl3): d=0.94
(t, J=7.4 Hz, 3H), 1.26±1.49 (m, 4H), 1.10 (s, 3H), 1.52±186 (m, 3H),
3.32 (dd, J=11.0, 2.8 Hz, 1H), 3.51 (dd, J=11.0, 8.5 Hz, 1H), 4.00 (dd,
J=10.2, 2.6 Hz, 1H), 6.50 ppm (d, J=2.6 Hz, 1H); 13C NMR (75.5 MHz,
CDCl3): d=14.3, 22.8, 23.0, 28.5, 29.8, 49.3, 66.2, 91.1, 107.3, 146.8 ppm;
LRMS (70 eV, EI): m/z (%): 171 (100) [M ++H], 153 (15), 139 (20), 65
(20); HRMS (70 eV, EI): m/z : calcd for C10H18O2 [M +]: 170.1307; found:
170.1301.


(2S,3R)-(3-Methyl-2-phenyl-2,3-dihydro-3-furyl)methanol [(+)-5e]: Col-
orless oil; Rf=0.13 (hexane/AcOEt 9:1); [a]20D =++103.0 (c=0.36 in
CH2Cl2);


1H NMR (400 MHz, CDCl3): d=0.83 (dd, J=8.6, 4.8 Hz, 1H),
1.34 (s, 3H), 3.05 (dd, J=11.5, 8.5 Hz, 1H), 3.16 (dd, J=11.5, 4.8 Hz,
1H), 4.87 (d, J=2.8 Hz, 1H), 5.14 (s, 1H), 6.59 (d, J=2.8 Hz, 1H), 7.25±
7.42 ppm (m, 5H); 13C NMR (75.5 MHz, CDCl3): d=23.5, 51.7, 66.8,
91.6, 108.0, 126.3 (2C), 128.4, 128.8 (2C), 137.5, 146.5 ppm; LRMS
(70 eV, EI): m/z (%): 190 (23) [M +], 159 (100), 144 (41), 131 (75), 91
(62); HRMS (70 eV, EI): m/z : calcd for C12H14O2 [M +]: 190.0991; found:
190.0993.


(2S,3R)-[3-Methyl-2-[(E)-2-phenylethenyl]-2,3-dihydro-3-furyl]methanol
[(E)-5 f]: Colorless oil; [a]20D =�31.5 (c=0.12 in CH2Cl2);


1H NMR


(300 MHz, CDCl3): d=1.63 (s, 3H), 1.71 (br s, 1H), 3.33±3.48 (m, 2H),
4.64 (d, J=8.0 Hz, 1H), 4.85 (d, J=2.9 Hz, 1H), 6.53 (dd, J=15.9,
8.0 Hz, 1H), 6.54 (d, J=2.3 Hz, 1H), 6.70 (d, J=15.9 Hz, 1H), 7.25±
7.45 ppm (m, 5H); 13C NMR (75.5 MHz, CDCl3): d=22.7, 51.5, 66.8,
91.8, 107.1, 124.8, 127.1 (2C), 128.4, 129.0 (2C), 134.3, 136.6, 147.0 ppm;
LRMS (70 eV, EI): m/z (%): 216 (23) [M +], 187 (33), 157 (64), 133
(100), 115 (71), 91 (93), 83 (43); HRMS (70 eV, EI): m/z : calcd for
C14H16O2 [M


+]: 216.1152; found: 216.1152.


(2S,3R)-[3-Methyl-2-[(Z)-2-phenylethenyl]-2,3-dihydro-3-furyl]methanol
[(Z)-5 f]: Colorless oil; [a]20D =�32.1 (c=0.70 in CH2Cl2);


1H NMR
(300 MHz, CDCl3): d=1.07 (s, 3H), 1.70 (br s, 1H), 3.41±3.58 (m, 2H),
4.77 (d, J=2.9 Hz, 1H), 4.99 (d, J=10.3 Hz, 1H), 6.08 (dd, J=11.7,
10.3 Hz, 1H), 6.48 (d, J=2.6 Hz, 1H), 6.88 (d, J=11.7 Hz, 1H), 7.26±
7.35 ppm (m, 5H); 13C NMR (75.5 MHz, CDCl3): d=23.0, 51.3, 66.8,
85.6, 107.0, 126.6, 127.8, 128.6 (2C), 129.0 (2C), 135.8, 136.4, 146.8 ppm;
LRMS (70 eV, EI): m/z (%): 216 (38) [M +], 187 (50), 169 (53), 157 (98),
129 (100), 115 (92), 91(93), 83 (79); HRMS (70 eV, EI): m/z : calcd for
C14H16O2 [M


+]: 216.1152; found: 216.1150.


(2S,3R)-[2-tert-Butyl-3-methyl-2,3-dihydro-3-furyl]methyl (S)-3,3,3-tri-
fluoro-2-methoxy-2-phenylpropionate (6): (R)-a-Methoxy-a-(trifluorome-
thyl)phenylacetyl chloride (R-MTPA-Cl, 106 mg, 0.42 mmol), Et3N
(0.072 mL, 0.52 mmol), and 4-dimethylaminopyridine (DMAP, 122 mg,
1 mmol) were added to a solution of 5a (60.0 mg, 0.35 mmol) in CH2Cl2
(3 mL). The mixture was stirred for 12 h at room temperature. Water was
then added (5 mL) and the reaction mixture was extracted with Et2O
(3î10 mL). The organic layer was dried over Na2SO4 and the solvent
was removed under reduced pressure. The crude compound was purified
by column chromatography (silica gel, hexane/AcOEt 9:1) to give com-
pound 6 (133.2 mg, 93%) as a 86:14 mixture of diastereoisomers. Color-
less oil; 1H NMR (300 MHz, CDCl3): d=1.01 (s, 9H), 1.25 (s, 3H), 3.59
(s, 3H), 3.75 (s, 1H), 4.21 (d, J=11.5 Hz, 1H), 4.38 (d, J=10.5 Hz, 1H),
4.79 (d, J=2.6 Hz, 1H), 6.38 (d, J=2.6 Hz, 1H), 7.38±7.45 (m, 3H), 7.56±
7.51 ppm (m, 2H); 13C NMR (75.5 MHz, CDCl3): d=24.3, 27.7 (3C),
31.9, 48.8, 55.9, 70.4, 98.2, 109.7, 121.9, 125.7, 127.7 (2C), 128.8 (2C),
130.0, 132.6, 146.1, 167.1 ppm; LRMS (70 eV, EI): m/z (%): 386 (5)
[M+], 189 (54), 140 (11), 139 (100), 105 (15), 95 (35); HRMS (70 eV, EI):
m/z : calcd for C20H25F3O4 [M +]: 386.1705; found: 386.1696. Resolvable
resonances of minor isomer: 1H NMR (300 MHz, CDCl3): d=1.06
(s, 9H), 3.60 (s, 3H), 4.74 ppm (d, J=2.8 Hz, 1H).


The reactions of carbine-complex 7 with tBuLi, BuLi, or (E)-2-phenyle-
thenyllithium and MeOTf to give compounds 8a, 8b and 9b, and 13, re-
spectively, were carried out according to the general procedure described
for the preparation of carbene complexes 2 and 3. Yields are reported in
Scheme 3 and ref. [39].


(2S*,3S*)-[1-(2-tert-Butyl-3-methyl-2,3-dihydro-3-furyl)-1-(methoxy)me-
thylidene]pentacarbonylchromium (8a): Red oil; Rf=0.50 (hexane/
AcOEt 9:1); 1H NMR (300 MHz, CDCl3): d=0.95 (s, 9H), 1.28 (s, 3H),
3.90 (s, 1H), 4.91 (s, 3H), 5.59 (d, J=2.9 Hz, 1H), 6.61 ppm (d, J=
2.9 Hz, 1H); 13C NMR (75.5 MHz, CDCl3): d=26.8, 27.6 (3C), 34.7, 67.2,
73.4, 103.2, 113.1, 147.3, 216.5 (4C), 223.2, 374.5 ppm.


(2S*,3S*)-[1-(2-Butyl-3-methyl-2,3-dihydro-3-furyl)-1-(methoxy)methyli-
dene]pentacarbonylchromium (8b): Red oil ; Rf=0.48 (hexane/AcOEt
9:1); 1H NMR (300 MHz, CDCl3): d=0.87 (br signal, 3H), 1.05±1.56 (m,
9H), 4.17 (d, J=10.0 Hz, 1H), 4.89 (s, 3H), 5.75 (d, J=2.9 Hz, 1H),
6.37 ppm (d, J=2.9 Hz, 1H); 13C NMR (75.5 MHz, CDCl3): d=13.5,
22.4, 27.4, 28.7, 30.6, 67.3, 75.6, 91.6, 110.7, 145.5, 216.3 (4C), 223.1,
371.7 ppm; LRMS (70 eV, EI): m/z (%): 374 (4) [M +], 358 (28), 262
(26), 241 (64), 223 (48), 167 (100); HRMS (70 eV, EI): m/z : calcd for
C16H19CrO7 [M


++H]: 375.0536; found: 375.0534.


Pentacarbonyl-[2-(3-furyl)-1,2-dimethoxyhexylidene]chromium (9b): Red
oil; Rf=0.53 (hexane/AcOEt 9:1); 1H NMR (300 MHz, CDCl3): d=0.89±
1.10 (m, 3H), 1.21±1.39 (m, 2H), 1.41±1.54 (m, 2H), 1.92 (td, J=14.0,
4.0 Hz, 1H), 2.13 (td, J=14.0, 5.1 Hz, 1H), 3.31 (s, 3H), 4.80 (s, 3H),
6.25 (s, 1H), 7.31 (s, 1H), 7.34 ppm (s, 1H); 13C NMR (75.5 MHz,
CDCl3): d=13.7, 23.2, 24.1, 34.6, 49.8, 67.6, 92.0, 109.4, 125.1, 141.1,
143.1, 216.9 (4C), 224.9, 365.8 ppm.


Methyl 2-(3-furyl)-2-methoxyhexanoate (10b): Colorless oil; Rf=0.32
(hexane/AcOEt 9:1); 1H NMR (300 MHz, CDCl3): d=0.89 (t, J=6.9 Hz,
3H), 1.08±1.34 (m, 4H), 2.00±2.08 (m, 2H), 3.19 (s, 3H), 3.79 (s, 3H),
6.39 (dd, J=1.8, 0.8 Hz, 1H), 7.40 (dd, J=1.8, 1.7 Hz, 1H), 7.54 ppm (dd,
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J=1.3, 1.0 Hz, 1H); 13C NMR (75.5 MHz, CDCl3): d=13.9, 22.6, 25.4,
36.6, 52.1, 52.3, 80.8, 109.1, 124.5, 141.1, 143.0, 172.7 ppm; LRMS (FAB+


): m/z (%): 227 (10) [M ++H], 207 (41), 193 (24), 183 (23), 167 (100), 154
(14); HRMS (FAB+ ): m/z : calcd for C12H19O4 [M ++H]: 227.1283;
found: 227.1287.


Methoxy (2S*,3S*)-2-tert-butyl-3-methyl-2,3-dihydrofuran-3-carboxylate
(11a): This product was prepared in 72% yield by following the above
general procedure for the preparation of esters 4. Colorless oil; Rf=0.37
(hexane/AcOEt 9:1); 1H NMR (300 MHz, CDCl3): d=1.01 (s, 9H), 1.49
(s, 3H), 3.69 (s, 3H), 3.91 (s, 1H), 4.90 (d, J=2.8 Hz, 1H), 6.51 ppm (d,
J=2.8 Hz, 1H); 13C NMR (75.5 MHz, CDCl3): d=26.2 (3C), 26.4, 33.9,
52.0, 53.5, 99.5, 108.5, 146.4, 175.2 ppm; LRMS (FAB+ ): m/z (%): 199
(62) [M ++H], 194 (67), 167 (68), 165 (100); HRMS (FAB+ ) m/z : calcd
for C11H19O3 [M


++H]: 199.1334; found: 199.1343.


(2S,3R)-3-Methyl-2-[(Z)-2-phenylethenyl]-2,3-dihydro-3-furylmethyl
(1S)-camphanoate (12): Et3N (0.09 mL, 0.65 mmol), 4-dimethylaminopyr-
idine (DMAP, 100 mg, 0.82 mmol), and then (1S)-(�)-camphanoyl chlo-
ride (107 mg, 0.50 mmol) were added to a solution of (Z)-5 f (90.0 mg,
0.416 mmol) in CH2Cl2 (2 mL) at 0 8C. The mixture was stirred at room
temperature for 3 h. Water was then added (5 mL), and the mixture was
extracted with Et2O (3î10 mL). The organic layer was dried over
Na2SO4 and the solvent was removed under reduced pressure. The crude
compound was purified by column chromatography (silica gel, hexane/
AcOEt 9:1) to give compound 12 (148.3 mg, 90%) as a white solid. Rf=


0.52 (hexane/AcOEt 9:1); [a]20D =++13.2 (c=0.95 in CH2Cl2);
1H NMR


(300 MHz, CDCl3): d=0.95 (s, 3H), 1.06 (s, 3H), 1.11 (s, 3H), 1.15 (s,
3H), 1.61±1.72 (m, 1H), 1.86±1.72 (m, 1H), 2.42 (ddd, J=14.1, 9.8,
4.3 Hz, 1H), 4.03 (d, J=11.1 Hz, 1H), 4.32 (d, J=11.1 Hz, 1H), 4.84 (d,
J=2.9 Hz, 1H), 5.00 (d, J=10.2 Hz, 1H), 5.85 (dd, J=11.5, 10.3 Hz, 1H),
6.37 (d, J=2.9 Hz, 1H), 6.84 (d, J=11.7 Hz, 1H), 7.26±7.38 ppm (m,
5H); 13C NMR (75.5 MHz, CDCl3): d=9.6, 16.6, 16.7, 22.9, 28.8, 30.5,
48.9, 53.9, 54.7, 68.1, 84.7, 91.1, 106.9, 125.4, 127.5, 128.2 (2C), 128.5
(2C), 135.5, 135.6, 145.9, 167.2, 177.9 ppm; LRMS (70 eV, EI): m/z (%):
396 (10) [M +], 367 (18), 170 (89), 169 (100), 155 (80), 91 (31); HRMS
(70 eV, EI): m/z : calcd for C24H28O5 [M +]: 396.1937; found: 396.1936.
Crystals of 12 suitable for X-ray diffraction studies were grown by cool-
ing (in a refrigerator) a solution of the compound in dry pentane contain-
ing a few drops of CH2Cl2.


Pentacarbonyl-[1-methoxy-1-[(2S*,3S*)-3-methyl-2-[(E)-2-phenylethen-
yl]-2,3-dihydro-3-furyl]methylidene]chromium (13): Data taken from the
7:1 mixture of E :Z isomers: red oil; Rf=0.35 (hexane/AcOEt 9:1);
1H NMR (300 MHz, CDCl3): d=1.35 (s, 3H), 4.75±4.80 (m with s at 4.79,
4H), 5.89 (d, J=2.9 Hz, 1H), 6.00 (dd, J=15.7, 8.4 Hz, 1H), 6.48 (d, J=
2.9 Hz, 1H), 6.51 (d, J=15.7 Hz, 1H), 7.22±7.43 ppm (m, 5H); 13C NMR
(75.5 MHz, CDCl3): d=27.3, 67.2, 76.9, 91.2, 110.4, 124.9, 126.2 (2C),
127.9, 128.4 (2C), 132.8, 135.8, 145.7, 216.1 (4C), 223.1, 369.6 ppm;
LRMS (FAB+ ): m/z (%): 420 (6) [M +], 336 (32), 309 (32), 308 (100),
248 (57), 237 (36); HRMS (FAB+ ): m/z : calcd for C20H17CrO7 [M ++H]:
421.0379; found: 421.0395. Resolvable resonances of minor Z isomer:
1H NMR (300 MHz, CDCl3): d=1.30 (s, 3H), 4.69 (s, 3H), 5.23 (d, J=
10.5 Hz, 1H), 5.56 ppm (apparent t, J=11.2 Hz, 1H).


X-ray crystal structure determinations : Data for the X-ray structure anal-
ysis of compounds minor-3a, minor-4e, and 12 were collected on a
Nonius Kappa CCD single-crystal diffractometer by using f and w scans
(qmax=708) with CuKa radiation (graphite crystal monochromator, l=


1.54184 ä). Crystal±detector distance was fixed at 29 mm with 28 oscilla-
tion and 40 s exposure time per image. Data collection strategy was cal-
culated with the program Collect (Collect, Nonius BV, 1997±2000). Data
reduction and cell refinement were performed with the programs
DENZO and SCALEPACK.[46] Lorentz, polarization, and empirical
XABS2[47] absorption corrections were performed. The crystal structure
was solved with direct methods by using the program SHELXS-97.[48]


Anisotropic least-squares refinement was carried out with SHELXL-
97.[49] Atomic scattering factors were taken from the International Tables
for Crystallography (Vol. C). Geometrical calculations were made with
PARST.[50] The crystallographic plots were made with ORTEP3.[51]


CCDC-210973 (minor-3a), -210974 (minor-4e), and -210975 (12) contain
the supplementary crystallographic data for the structures reported in
this paper. These data can be obtained free of charge via www.ccdc.ca-
m.ac.uk/conts/retrieving.html (or from the Cambridge Crystallographic


Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax:
(+44)1223-336-033; or e-mail : deposit@ccdc.cam.ac.uk).
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SSZ-53 and SSZ-59: Two Novel Extra-Large Pore Zeolites


Allen Burton,* Saleh Elomari,* Cong-Yan Chen, Ronald C. Medrud, Ignatius Y. Chan,
Lucy M. Bull, Charles Kibby, Thomas V. Harris, Stacey I. Zones, and
E. Steven Vittoratos[a]


Introduction


Because of molecular size restrictions imposed by currently
known zeolites, there is continued interest in the synthesis
of extra-large pore materials that may be used for hydro-
cracking large molecules present in heavy oil fractions as
well as for facilitating the reactions of molecules involved in
the production of fine chemicals. While mesoporous alumi-
nosilicates such as MCM-41 and MCM-48 have pore dimen-
sions between 20 and 200 ä,[1] they lack aluminum in well-
defined tetrahedral sites and are closer to amorphous mate-
rials than to zeolites in their catalytic behavior.[2,3]


To date several extra-large pore (i.e., a pore delimited
by rings with more than 12 tetrahedral (T) atoms), phos-
phate-based molecular sieves have been prepared. Notable
examples include ALPO-8 (AET, 14-membered ring or 14-
ring, 7.9î8.7 ä),[4] VPI-5 (VFI, 18-ring, 12.1 ä),[5] cloverite
(CLO, 20-ring, 13.2î4.0 ä),[6] JDF-20 (20-ring), the zinco-


phosphate ND-1 (24-ring, 10.5 ä),[7] and the gallium phos-
phate NTHU-1 (24-ring, 10.4 ä).[8] Zhou et al. have also
prepared a germanate (FDU-4)[9] that possesses 24-ring
pores (9.7 ä). Although a few of the phosphates have pore
windows with 20 or more T atoms, their highly puckered
apertures are actually more narrow than others observed in
structures with fewer T atoms in their pore windows.


Relatively few extra-large pore silicates have been re-
ported. Kongshaug et al. synthesized the beryllosilicate
OSB-1 (Si/Be=2, 7.3î5.4 ä) with 14-ring pores,[10] and
Strohmaier and Vaughan recently reported the structure of
a gallosilicate (Si/Gaffi3) with 18-ring pores (ECR-34,[11]


10.5 ä). Despite their large pore dimensions, the chemical
properties or thermal instabilities of these molecular sieves
limit their use as potential catalysts. It therefore remains a
challenge to zeolite chemists to prepare extra-large pore
materials that may compete as useful catalysts.


Recent reports have increased optimism in the possibili-
ty of synthesizing extra-large pore zeolites that possess both
thermal stability and favorable Br˘nsted acidity. UTD-1[12]


[as well as its ordered polymorph UTD-1F[13] (DON, 7.4î
9.5 ä)] and CIT-5 (CFI, 7.2î7.5 ä)[14] possess one-dimen-
sional channels delimited by 14-ring pores. Although CIT-5
has 14-ring channels, its pore dimensions are approximately
the same as those of 12-ring windows found in the three-di-
mensional channel systems of zeolite Y (FAU, 7.5 ä) and
zeolite beta (BEA*, 7.1î7.3 ä). Although quaternary am-
monium compounds are conventionally used for the synthe-
sis of high-silica zeolites,[15] UTD-1 requires the expensive
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Supporting information for this article is available on the WWW
under http://www.chemeurj.org/ or from the author.


Abstract: The syntheses, structure solu-
tions, and physicochemical and catalyt-
ic characterizations of the novel zeo-
lites SSZ-53 and SSZ-59 are described.
SSZ-53 and SSZ-59 were synthesized
under hydrothermal conditions with
the [1-(4-fluorophenyl)cyclopentylme-
thyl]trimethyl ammonium cation and 1-
[1-(4-chlorophenyl)cyclopentylmethyl]-
1-methyl azocanium cation, respective-
ly, as structure-directing agents. The


framework topology of SSZ-53 was
solved with the FOCUS method, and
the structure of SSZ-59 was deter-
mined by model building. Rietveld re-
finement of synchrotron X-ray powder
diffraction data confirms each pro-


posed model. SSZ-53 and SSZ-59 each
possess a one-dimensional channel
system delimited by 14-membered
rings. Results from transmission elec-
tron microscopy, electron diffraction,
catalytic experiments (spaciousness
index and constraint index tests), and
argon and hydrocarbon adsorption ex-
periments are consistent with the pro-
posed structures.


Keywords: SSZ-53 ¥ SSZ-59 ¥
structure elucidation ¥ synthetic
methods ¥ zeolites
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(pentamethyl)cyclopentadienyl cobalticinium complex in its
synthesis,[16] and its cost is therefore prohibitive in most po-
tential commercial applications. Here we report the discov-
ery of two novel extra-large pore zeolites, SSZ-53 and SSZ-
59, for which quaternary ammonium compounds were used
as structure-directing agents. The syntheses, structure solu-
tions, and physicochemical and catalytic characterizations of
these two new zeolites are discussed in detail.


Results and Discussion


Preliminary characterization by powder X-ray diffraction
and scanning electron microscopy (SEM): Figure 1 shows
the powder XRD (CuKa) patterns of the as-made and cal-
cined forms of B-SSZ-53 and B-SSZ-59 (see Experimental


Section). The diffraction patterns indicate that both materi-
als are unique zeolite phases and that they remain crystal-
line after calcination up to 595 8C. SEM micrographs of
SSZ-53 (Figure 2a) show the basic morphology of the crys-
tals to be in the form of thin laths, approximately 1±2 mi-
crons in length, 0.25 microns in width, and 0.05±0.1 microns
in thickness. The SEM micrographs of SSZ-59 (Figure 2b)
show agglomerates of needle-like crystals about 1 micron in
length and less than 0.2 microns in thickness.


Adsorption in SSZ-53 and SSZ-59 : The calcined forms of B-
SSZ-53 and B-SSZ-59 have micropore volumes of 0.13 and
0.14 mLg�1, respectively, as determined from argon adsorp-
tion by the conventional t-plot method. The DFT model for
SSZ-53 indicates that about 90% of the microporosity has a
diameter centered about 8.3 ä with the remaining porosity
having a pore diameter of 5.3 ä. On the other hand, the
DFT analysis for SSZ-59 indicates that all the microporosity


has a pore diameter (actually twice the radius of curvature
on the pore wall) centered about 8.0 ä. Figures 1Sa and 1Sb
in the Supporting Information show the DFT analyses of the
pore dimensions.


SSZ-53 and SSZ-59 were also studied with vapor phase
hydrocarbon adsorption and compared with zeolites that
possess channel systems delimited by medium (10-ring),
large (12-ring), and extra-large (�14-ring) pores:


1) 14-Ring channel zeolites: UTD-1 and CIT-5.
2) Three-dimensional 12-ring channel zeolite:NaY (FAU,


7.5î7.5 ä pore window with 13.0 ä supercage).
3) One-dimensional 12-ring channel zeolite: SSZ-55 (ATS,


6.5î7.2 ä).[17]


4) Multidimensional pore zeolite with an intersecting 12/12/
10-ring channel system: SSZ-33 (similar to CON, 12-ring
pores of 6.4î7.0 ä and 5.9î7.0 ä, 10-ring windows of
5.1î4.5 ä).[18]


5) Three-dimensional 10-ring channel zeolite: ZSM-5 (MFI,
5.5î5.1 ä and 5.6î5.3 ä).


Figure 1. Powder X-ray diffraction patterns of as-made and calcined
forms of SSZ-53 and SSZ-59.


Figure 2. SEM micrographs of SSZ-53 (a) and SSZ-59 (b).
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The results from hydrocarbon adsorption experiments of
these zeolites are shown in Table 1. Note that the UTD-1,
SSZ-53, and SSZ-59 adsorption capacities for the bulky
1,3,5-triisopropylbenzene (1,3,5-TIPB) are nearly equivalent.
Also note that their 1,3,5-TIPB adsorption capacities are
nearly equivalent to their respective argon, n-hexane, cyclo-
hexane, or 2,2-dimethylbutane adsorption capacities. These
data demonstrate that much of the micropore volume avail-
able to these smaller adsorbate molecules is also accessible
by 1,3,5-TIPB in these zeolites.


The pore dimensions in CIT-5 (7.2î7.5 ä) and NaY
(~7.5 ä) represent an approximate upper ™barrier∫ to the
diffusion of the TIPB molecule. The 1,3,5-TIPB adsorption
capacity of CIT-5 is less than half the capacity of the smaller
absorbates. The CIT-5 pore dimensions are evidently not
large enough to accommodate an equal volume of the bulki-
er molecule. In the case of NaY, although the 1,3,5-TIPB ca-
pacity in the 12-ring zeolite is about 30% lower than the ca-
pacities for the smaller adsorbates, it is nonetheless a rela-
tively large quantity. The lower capacity suggests that, in
contrast to the smaller molecules, the 1,3,5-TIPB molecule
must reside only within the large supercages of NaY and not
within the pore windows. The 1,3,5-TIPB capacities of the
one-dimensional 12-ring zeolite SSZ-55 and the 12/12/10-
ring zeolite SSZ-33 are insignificant compared to their re-
spective hexane capacities.[19]


From the adsorption data, we suspected SSZ-53 and
SSZ-59 were extra-large pore zeolites with one-dimensional
14-ring channel systems before the crystal structures of the
zeolites were determined.[20]


Crystallographic structure analysis


SSZ-53 unit cell determination : The fitted 2q peak positions
of synchrotron X-ray diffraction data for a calcined sample
of SSZ-53 (Figure 3) were used as input to the powder dif-
fraction pattern indexing program TREOR99.[21] The pro-
gram produced a monoclinic cell: a=5.013, b=21.165, c=
17.056 ä, b=98.38 (M20=25[22] and F20=84).[23] Table 1 in
the Supporting Information lists the hkl assignments of the
peaks. The systematic absences narrow the likely space
groups to P21 or P21/m.


SSZ-53 structure solution : The framework topology of SSZ-
53 was determined with the FOCUS Fourier recycling
method. Peak intensities were extracted from the powder
pattern by means of the Le Bail method in GSAS.[24] Peaks
between 4 and 608 2q (resolution of 1.2 ä) were included in
the structure solution. Figure 4 shows a projection along the


a axis of the predominant framework structure (without
oxygen atoms) obtained from the FOCUS topology search.
There was excellent qualitative agreement between the ex-
perimental and calculated XRD patterns of this model. Con-
sistent with our conjectures from the adsorption data, this
structure possesses one-dimensional 14-ring channels. The
DLS R value of this framework is 0.4%, indicating a chemi-
cally sensible structure. The highest topological space group
symmetry is C2/c with cell dimensions a=5.019, b=33.744,
c=21.165 ä, b=90.58. This topology has 8 T atoms (T= te-


Table 1. Hydrocarbon adsorption capacities of SSZ-53, SSZ-59, and other zeolites for adsorbates of varying dimensions.


Adsorbate Kinetic Adsorption capacity [mLg�1]


diameter [ä] SSZ-53 SSZ-59 UTD-1(DON) CIT-5(CFI) NaY(FAU) SSZ-55(ATS) SSZ-33(CON) ZSM-5(MFI)


argon 3.4 0.13 0.14 0.14 0.11 0.30 0.20 0.22 0.16
n-hexane 4.4 0.13 0.16 0.12 0.09 0.28 0.16 0.20 0.17
cyclohexane 6.0 0.10 0.13 0.11 0.09 0.25 0.13 0.20 0.15
2,2-dimethyl-butane 6.2 0.12 0.12 0.12 0.09 0.25 0.14 0.20 0.15
1,3,5-triisopropyl-benzene 8.5 0.13 0.11 0.11 0.04 0.18 0.03 0.04 0.02


Figure 3. Simulated (top), experimental (middle), and difference
(bottom) profiles for the synchrotron X-ray diffraction pattern of SSZ-53
(l=1.19963 ä).
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trahedral) and 17 oxygen atoms per asymmetric unit, 17.8 T
atoms per 1000 ä3, and a calculated density of 1.79 gcm�3.


TEM analysis of SSZ-59 : We were unable to index the
powder X-ray diffraction patterns of the as-made and cal-
cined forms of SSZ-59. However, electron diffraction and
TEM data collected on SSZ-59 are consistent with the
model we ultimately selected for the structure of SSZ-59
(vide infra). Figure 5a shows a TEM image of SSZ-59 and
its corresponding Fourier transform (Figure 5b) along the
[010] zone axis; these are consistent with a monoclinic cell
that possesses dimensions a=24.9, c=14.7 ä, and b=1048.
The transform image has d-spacings that correspond to the
001 (14.3 ä), 200 (12.1 ä), 201≈ (10.5 ä), and 201 (8.3 ä)
reflections. In the TEM image it is apparent that, in projec-
tion, the centers of the micropores are separated by approxi-
mately 12.5 ä along the a axis and 14.7 ä along the c axis.
The angle between the pore centers is about 1048.


SSZ-59 structure solution : The adsorption data for SSZ-59
suggests this structure also possesses one-dimensional 14-
ring channels. However, we were initially unable to obtain a
satisfactory indexing of the synchrotron XRD pattern. Ex-
amination of the SSZ-59 synchrotron diffraction data indi-
cates the presence of a strong reflection at about 16.18 2q


(d-spacing of 2.51 ä). In many other zeolite structures
(SSZ-53, for example), strong peaks with this approximate
d-spacing often correspond to the second-order reflection of
a 5 ä repeat distance.


The ™s-expansion∫ is a common theme relating different
zeolite structures.[25] A s-expansion may occur by the inser-
tion of 4-ring units between adjoining ring structures. The
TON (10-ring) and SFE (12-ring) frameworks[26] , as well as
the series of disordered zeolites that includes ZSM-48[27]


(10MR)/SSZ-31[28] (12-ring)/UTD-1 (14-ring) (Figure 6), il-
lustrate how frameworks may be derived by s-expansions
between the [54.61] or ™butterfly∫ units of known structures.
We then hypothesized the SSZ-59 framework may be de-
rived either from a s-expansion of a known zeolite frame-
work or from different symmetry operations performed on
layers present in other 14-ring zeolites. We therefore consid-
ered zeolite topologies that possess 1) one-dimensional
channels and 2) unit cells with 5 ä repeats along their pore
axes: CAN, TON, MTT, and MTW. Since the s-expansion of
CAN requires juxtaposition of 4-ring units in projection
along the pore axis (a highly unusual feature in zeolites), we
did not pursue this model.


Figure 7 shows 14-ring structures derived from s-expan-
sions of the TON, MTT, and MTW frameworks. Also shown
are 14-ring models derived by relating MTW14MR layers by
mirror planes perpendicular to the two types of 4-ring units
rather than by relating the layers by translations
(MTW14MRb and MTW14MRc).[29] After the appropriate
space group of each topology was determined, the frame-
works were optimized by energy minimizations (by using
the Burchart universal force field) of the atomic coordinates


Figure 4. Projection of the SSZ-53 framework topology along the a axis.
Oxygen atoms have been omitted for clarity.


Figure 5. a) TEM micrograph and b) corresponding Fourier transform of
SSZ-59 along the [010] zone axis of the monoclinic cell.
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and the unit cell parameters.
The coordinates, unit cell pa-
rameters, and space group of
each framework are given in
Tables 2Sa±g in the Supporting
Information. The simulated
powder XRD patterns of the
models and the experimental
pattern of SSZ-59 are com-
pared in Figure 8.


Note the close similarity of
the SSZ-59 pattern with that of
the MTW14MR model. The di-
mensions between the pore
centers of the model are also
consistent with the electron dif-


fraction and TEM data. We therefore chose this model, pro-
duced by s-expansion of MTW, as the starting point for the
Rietveld refinement of the SSZ-59 synchrotron data.
Figure 9 shows a projection of the proposed model. This
structure has topological space group symmetry C2/m with
a=24.9, b=5.04, c=14.7 ä, and b=1048. This framework
topology has 8 T atoms and 16 O atoms per asymmetric
unit, 17.9 T atoms per 1000 ä3, and a calculated density of
1.78 gcm�3.


Figure 6. a) ™Butterfly∫ unit of ZSM-48, SSZ-31, and UTD-1. b) Insertion of a single pair of 4-member rings (a
s-expansion) between the butterfly (5461) units of ZSM-48 yields an SSZ-31 polymorph, and insertion of two
pairs of 4-ring units yields a UTD-1 polymorph.


Figure 7. Hypothetical 14-ring zeolites obtained by s-expansions of
a) TON, b)MTT, and c)MTW frameworks. Also shown are 14-ring
models derived by relating MTW14MR layers by mirror planes perpen-
dicular to each of the two types of 4-ring units rather than by translations
(d and e).


Figure 8. Simulated powder X-ray diffraction patterns (CuKa) of hypo-
thetical 14-ring zeolites.
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Rietveld refinement of SSZ-53 : The starting model for the
Rietveld refinement of SSZ-53 was obtained from the
FOCUS structure solution. A six-term Chebyshev polyno-
mial was used to model the background. Peak shapes were
modeled with the pseudo-Voigt function of Howard[30] and
Thompson et.al.[22] Atoms of identical element type were
constrained to have the same isotropic thermal displacement
parameters. Soft distance restraints were placed on the
bonds between the silicon and oxygen atoms (Si�O~1.60�
0.03 ä), the distances between tetrahedral oxygen atoms
(O�O~2.61�0.04 ä), and the distances between neighbor-
ing T atoms (3.08�0.05 ä).


The refinement converged to Rp and Rwp values of
6.69% and 8.75%, respectively. The Si�O distances and tet-
rahedral angles (see Supporting Information Tables 3Sa
and 3Sb) are within a reasonable range of values. Table 4S
in the Supporting Information summarizes the final details
of the refinement, and Table 2 gives the refined atomic pa-
rameters of SSZ-53.


Rietveld refinement of SSZ-59 : The starting model for the
refinement of SSZ-59 was the 14-ring zeolite formed by the
s-expansion of MTW. The background, peak-shape func-
tions, and restraints were the same ones used in the refine-
ment of SSZ-53. The refinement was initially performed in


space group C2/m, the highest topological symmetry of the
proposed structure. However, the peak intensities were not
modeled well using this space group. In addition, the pro-
posed unit cell could not account for all of the peaks ob-
served in the mid-angle range of the diffraction pattern. Fur-
thermore, the bond lengths and angles were well outside the
normal range of values although restraints were imposed.
Figure 2S in the Supporting Information demonstrates the
poor agreement between the experimental and calculated
profiles in space group C2/m.


We therefore decided to lower the symmetry to P1≈ . This
space group could account for all observed peaks, the peak
shapes and peak intensities were adequately modelled, and
the bond lengths and angles were within a reasonable range
of values. Figure 10 shows the observed, calculated, and dif-
ference profiles for the synchrotron X-ray diffraction data
of SSZ-59. Table 5S in the Supporting Information summa-
rizes the final details of the refinement. The Rwp and Rp


agreement values were 5.51% and 4.91%, respectively.
Table 3 shows the refined atomic coordinates of SSZ-59. Ta-
bles 6Sa and 6Sb in the Supporting Information give the
final bond lengths and angles for the refined structure. It
should be noted that these values are affected by distance
restraints used throughout the refinement. However, the re-
finement does show that good qualitative and quantitative
agreement is obtained for a proposed topological structure
that has reasonable bond lengths and angles.


Structural features of SSZ-53 and SSZ-59 : The framework
structures of SSZ-53 and SSZ-59 (Figure 4 and 9) are very
similar. They both have elliptical 14-ring pores with dimen-
sions (adjusted for the radius of oxygen �1.35 ä) of ap-
proximately 8.5î6.5 ä. They also possess the same frame-


Figure 9. Projection of the SSZ-59 framework topology along the b axis
of the proposed monoclinic cell. Oxygen atoms have been omitted for
clarity.


Table 2. Refined atomic parameters of SSZ-53 in space group C2/c (No.
15) (a=5.01920(9), b=33.7437(9), c=21.1653(6) ä, b=90.485(8)8).


atom x y z


Si1 0.551(2) 0.6108(2) 0.5041(4)
Si2 0.056(2) 0.5621(2) 0.5206(4)
Si3 0.534(2) 0.6985(2) 0.9880(5)
Si4 0.457(2) 0.3787(2) 0.6453(4)
Si5 0.947(2) 0.4892(3) 0.6025(4)
Si6 0.457(2) 0.4670(2) 0.6784(3)
Si7 0.955(2) 0.3322(2) 0.6790(3)
Si8 0.037(2) 0.2763(3) 0.5707(4)
O1 0.332(2) 0.2892(5) 0.5454(6)
O2 0.484(3) 0.3850(5) 0.5710(3)
O3 0.492(3) 0.3460(2) 0.4656(6)
O4 0.5 0.5176(4) 0.25
O5 0.996(3) 0.5332(3) 0.5782(7)
O6 0.346(2) 0.5801(4) 0.5308(6)
O7 0.843(2) 0.5966(3) 0.5214(7)
O8 0.162(2) 0.4768(4) 0.6548(5)
O9 0.659(3) 0.4877(4) 0.6326(5)
O10 0 0.6811(5) 0.25
O11 0.990(3) 0.2931(3) 0.6378(4)
O12 0.658(2) 0.3470(4) 0.6705(6)
O13 0.161(2) 0.3648(4) 0.6605(7)
O14 0.509(4) 0.7290(3) 0.5698(6)
O15 0.957(3) 0.4610(5) 0.5434(5)
O16 0.488(3) 0.4203(2) 0.8220(7)
O17 0.168(2) 0.2948(5) 0.9834(6)
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work density. Figure 11 compares the infrared spectra of the
calcined forms of SSZ-53 and SSZ-59 with those of other
representative zeolites. The overlapping bands are consistent
with a pair of silicate structures that have striking similarity
in their ring features. However, the differences observed
within 600±500 cm�1 indicate that the structures are indeed
distinct. In fact, the topological structures can be derived
from different symmetry operations performed on the same
subunit. Figure 12 show the structural relationship between
SSZ-53 and SSZ-59. While the layers in SSZ-53 are related
by a twofold rotation about an axis within the plane of the
figure, the layers in SSZ-59 are related by a twofold rotation
about an axis perpendicular to the figure.


The subtle differences between SSZ-53 and SSZ-59 are
exemplified in their different pore structures. Figure 13
shows the pore structures of SSZ-53, SSZ-59, and UTD-1.
While UTD-1 possesses pores bound by smooth 6-ring ring
nets, both SSZ-53 and SSZ-59 have pores with corrugated
surfaces. In SSZ-53 these corrugations are centered about
the vertices (of the major axis) of the elliptical pore. On the


other hand, in SSZ-59 the corrugations are positioned on
the sides (i.e. , near the vertices of the minor axis) of the el-
liptical pore.


DFT analyses of adsorption data yield information about
the local radius of curvature on the pore surface. It is for
this reason that approximate dimensions obtained from
these calculations often show a broad (�1.5 ä) distribution
with maxima at certain characteristic values. In both SSZ-53


Figure 10. Simulated (top), experimental (middle), and difference
(bottom) profiles for the synchrotron X-ray diffraction pattern of SSZ-59
(l=0.703867 ä).


Table 3. Refined atomic parameters of SSZ-59 in space group P1≈ (a=
5.0231(1), b=12.7351(7), c=14.7219(8) ä, a=103.448, b=90.518, g=


100.888).


atom x y z


Si1 0.104(2) 0.0959(8) 0.6362(7)
Si2 0.680(2) 0.4459(8) 0.3118(7)
Si3 0.662(2) 0.2151(7) 0.7202(7)
Si4 0.690(2) 0.2714(7) 0.4214(8)
Si5 0.750(2) 0.4131(8) 0.6226(7)
Si6 0.665(2) 0.3797(8) 0.9041(7)
Si7 0.750(2) 0.4731(8) 0.1124(7)
Si8 0.131(2) 0.1485(8) 0.4432(7)
O1 0.994(4) 0.9703(9) 0.624(1)
O2 0.410(3) 0.119(1) 0.681(1)
O3 0.068(3) 0.832(1) 0.297(1)
O4 0.117(4) 0.134(1) 0.5437(8)
O5 0.984(3) 0.238(1) 0.421(1)
O6 0.553(3) 0.826(1) 0.584(1)
O7 0.673(4) 0.331(1) 0.3368(9)
O8 0.414(3) 0.491(1) 0.344 (1)
O9 0.067(3) 0.464(1) 0.644 (1)
O10 0.681(4) 0.421(1) 0.1999(7)
O11 0.639(4) 0.259(1) 0.8313(8)
O12 0.664(4) 0.314(1) 0.672(1)
O13 0.684(4) 0.366(1) 0.5135(7)
O14 0.694(5) 0.378(1) 0.0146(7)
O15 0.920(3) 0.467 (1) 0.880(1)
O16 0.596(3) 0.570 (1) 0.113(1)


Figure 11. The infrared spectra of the calcined forms of SSZ-53, SSZ-59,
and other representative zeolites.
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and SSZ-59, maxima are observed near 8 ä (Supporting In-
formation Figures 1Sa and 1Sb). This is not a surprising
result given the pore dimensions of the crystallographic
structure. However, in SSZ-53 about 10% of the micro-
porosity is centered about 5.3 ä. This is a reproducible
result observed in different preparations of SSZ-53. Why is
this observed in SSZ-53 and not in SSZ-59? A possible ex-
planation may be found in the positions of the pore corruga-
tions in each structure. Adsorption simulations show that
(for SSZ-53 and SSZ-59) the centers of these corrugations
provide ideal adsorption sites for small molecules like
helium or argon. In SSZ-59 the corrugations are positioned
on the ™sides∫ of the elliptical pores, where the curvature is
a minimum; however, in SSZ-53, these corrugations are lo-
cated near the pore vertices, where the curvature is a maxi-
mum. This may explain why a small fraction of the micro-
porosity in SSZ-53 is associated with a dimension of 5.3 ä.


Host±guest interactions : Chemical analyses of as-
made B-SSZ-53 indicate atomic ratios of


23.5Si:0.6B:15.2C:1N:24.5H. The C:N:H ratio is close to
the chemical formula of the SDA:C15H23NF (SDA= struc-
ture-directing agent). The T atom/SDA ratio (on a carbon
basis) is 24. This is equivalent to 4=3 SDA molecules per unit
cell. TGA measurements are consistent with the results of
the chemical analyses.


Chemical analyses of as-made SSZ-59 indicate atomic
ratios of 32.4Si:0.7B:18.5C:1.0N:28.0H. The atomic ratios
of the organic component are in excellent agreement with
the chemical formula of the SDA:C18NH28. The T atom/SDA
ratio (on a carbon basis) is 32, equivalent to 1 SDA per unit
cell. TGA measurements of the organic loss are in close
agreement with the results of the chemical analyses. Further-
more, 13C CP MAS NMR experiments on the as-made
forms of SSZ-53 and SSZ-59 indicate the organic SDAs
remain intact within the void space of each zeolite.
Figure 14 shows the 13C CP NMR spectra and the assign-
ments of the carbon atoms.


In an attempt to rationalize the structure-directing ef-
fects, we performed energy minimization calculations (see
Experimental Section for details) of each SDA (Table 4)
within the very similar frameworks of SSZ-53 and SSZ-59.
The stabilization energy of each molecule was determined
by calculating the energy difference of the free molecule
and the molecule occluded within the zeolite framework. In
the case of the SDAs that produce SSZ-59, a super cell of
four unit cells in length along the pore direction was creat-
ed. This allowed sufficient space to accommodate two mole-
cules within each pore of the super cell. Note that this com-
plies with the results of the chemical analysis. Since only
two unit cells would force each molecule to adopt the same
configuration as its nearest neighbor within the pore, four
unit cells were chosen to allow more configurational free-
dom. In the case of the SDAs that produce SSZ-53, a super
cell was created three unit cells in length along the pore di-
rection in order 1) to comply with the results of the chemi-


Figure 12. Structural relationship between a) SSZ-53 and b) SSZ-59. The
layers in SSZ-53 are related by rotations about twofold axes within the
plane of the figure. The layers in SSZ-59 are related by rotations about
twofold axes perpendicular to the plane of the figure.


Figure 13. Comparison of the pore structures in SSZ-53, SSZ-59, and
UTD-1.


Figure 14. 13C CP MAS NMR spectra and peak assignments of the as-
made forms of (top) SSZ-53 and (bottom) SSZ-59.
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cal analysis and 2) to again place two molecules within each
pore. At least 20 different configurations of the SDAs were
sampled for each framework by placing two molecules in
random locations within the void space of each pore.


Table 4 gives the minimum energies found for each mol-
ecule/framework pair. All of the SDA molecules have highly
favorable stabilization energies within the frameworks of
both SSZ-53 and SSZ-59. Indeed these energies are even
lower than those found in other zeolite/SDA systems;[31]


however, it must also be borne in mind that the SDAs for
SSZ-53 and SSZ-59 are slightly larger than those typically
examined in zeolite host±guest interactions. These molecules
have 15±20 C atoms and the effects of van der Waals inter-
actions with zeolite framework are therefore expected to be
more pronounced.


Figure 15a and c show space-filling models of the opti-
mized configuration of 53SDA4 within the frameworks of
SSZ-53 and SSZ-59. The views down the pore axes illustrate
the similarity in the shapes of the molecules and the ellipti-


cal pores. The long dimensions
of the SDA molecules are posi-
tioned perpendicular to the
pore axis in all cases. Figure 15b
and d show views perpendicular
to the pore axes. The neighbor-
ing molecules adopt different
orientations in order to en-
hance the van der Waals inter-
actions between each molecule.
Note that these positions also
affect the relative locations of
the nitrogen atoms. It is doubt-
ful that the negative framework
charges are positioned on spe-
cial T atom sites. However, it is
not unreasonable to expect the
charges may alternate in an up/
down fashion that reflects the
sinusoidal arrangement of the
nitrogen atoms along the pore
axis.


Since SSZ-53 and SSZ-59
have remarkably similar pore
structures, it is not surprising
that most of the SDA molecules
show similar stabilization ener-
gies within their respective
frameworks. Although the sta-
bilization energies for the SSZ-
53 SDAs are slightly better in
SSZ-53 than in SSZ-59, the dif-
ferences are not significant
enough to differentiate the
structure-directing effects of
each molecule. Likewise, the
SSZ-59 SDAs show negligible
differences in energy between
the two frameworks. One inter-
esting exception is 53SDA4,


which shows a 50 kJ per mol T atom difference in the stabili-
zation energies within the two frameworks. This molecule
possesses two rigid cyclopentyl rings. In its optimized config-
uration within each framework, one of the cyclopentyl rings
points directly into the upper (or lower) region of the ellipti-
cal pore. As mentioned above, the pore corrugations in
SSZ-53 are located in the upper region of the pores, while
the pore corrugations in SSZ-59 are positioned on the sides
of the pores. The small volume of space afforded by the cor-
rugation in SSZ-53 allows a more energetically stable inter-
action between the pore wall and the cyclopentyl ring.


Catalytic characterization : Samples of Al�SSZ-53 and Al�
SSZ-59 were characterized by the constraint index (CI) test.
The CI is widely used to characterize the effective pore size
of acidic zeolites. The CI is based upon a comparison of the
cracking rates of n-hexane and 3-methylpentane with an
equimolar mixture of these two hydrocarbons as feed.[32,33]


The Al�SSZ-53 and Al�SSZ-59 samples studied here have


Table 4. Stabilization energies calculated for each structure-directing agent within the frameworks of SSZ-S3
and SSZ-59. For the SDAs that produce SSZ-53, the supercells were three unit cells in length along the pore
axis, while the supercells for the SSZ-59 SDAs were four unit cells in length along the pore axis.


Molecule N[a] ESSZ-53
[b] ESSZ-59


[c] ESSZ-53
[b] ESSZ-59


[c]


[KJ per [KJ per [KJ per [KJ per
mol SDA] mol SDA] mol T atoms] mol T atoms]


53SDA1 2 �192 �174 �8.0 �7.3


53SDA2 2 �194 �174 �8.1 �7.3


53SDA3 2 �167 �149 �7.0 �6.2


53SDA4 2 �181 �130 �7.5 �5.4


59SDA1 2 �170 �171 �5.3 �5.3


59SDA2 2 �175 �186 �5.5 �5.8


59SDA3 2 �197 �191 �6.2 �6.0


59SDA4 2 �186 �183 �5.8 �5.7


[a] N=number of SDA molecules per supercell. [b] ESSZ-53=Stabilization energy in SSZ-53. [c] ESSZ-59=Stabili-
zation energy in SSZ-59.
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CI values of 0.73 and 0.27, respectively, which are typical of
12-ring or larger pore zeolites.


The above Al�SSZ-53 and Al�SSZ-59 materials were
also loaded with 0.27 wt% Pd by means of ion exchange
with an aqueous solution of [Pd(NH3)4](NO3)2. The resulting
Pd/Al�SSZ-53 and Pd/Al�SSZ-59 species were character-
ized by using the spaciousness index (SI) test. The SI is de-
fined as the yield ratio of iso-butane to n-butane in the hy-
drocracking of a C10-cycloalkane, such as n-butylcyclohex-
ane, over bifunctional zeolites or other molecular sieve ma-
terials.[34±36] The ratio increases with increasing pore size and
is proven to be a useful tool for characterizing the shape-se-
lective properties of molecular sieve materials. Based on our
results, SSZ-53 and SSZ-59 have an SI of 20 and 19, respec-
tively. In Figure 16, the SI values of SSZ-53 and SSZ-59 are


compared to those reported for other zeolites. According to
the above results, the effective void sizes of SSZ-53 and
SSZ-59 are smaller than the effective diameter of the largest
voids in zeolite Y and ZSM-20, but larger than those of 12-
ring zeolites, such as beta and L. The high SI values of SSZ-
53 and SSZ-59 provide another piece of experimental evi-
dence that is consistent with the structures determined in
this work.


Conclusions


The syntheses, characterizations, and structure solutions of
the novel zeolites SSZ-53 and SSZ-59 have been reported.
SSZ-53, SSZ-59, UTD-1, and CIT-5 are the only extra-large
pore high-silica zeolites reported to date. Unlike UTD-1,
which is synthesized in the presence of an organometallic
SDA, SSZ-53 and SSZ-59 are prepared by means of quater-
nary ammonium compounds. Furthermore, SSZ-53 and
SSZ-59 have pores that are larger than those present in
CIT�5.


The structures of SSZ-53 and SSZ-59 were determined
by the FOCUS method and by model building, respectively.
Rietveld refinements of synchrotron X-ray powder diffrac-
tion data confirm the proposed models. Argon and hydro-
carbon adsorption data, as well as spaciousness index (SI)
and constraint index (CI) data, also strongly support the
proposed 14-ring structures. Results from chemical analyses,
TGA measurements, and energy optimizations indicate the
host±guest interactions between the organic structure-direct-
ing agents and the zeolite framework structures are crucial
in preparing these metastable phases.


Figure 15. View of the energy-optimized configuration of 1-methyl-1-(1-
phenylcyclopentylmethyl)pyrrolidinium in a) SSZ-53 (view down pore
axis), b) SSZ-53 (view perpendicular to pore axis), c) SSZ-59 (view down
pore axis), d) SSZ-59 (view perpendicular to pore axis). Space-filling
models have been used for the organic cation in a) and c) to illustrate the
similarity in the shape of the pores and the structure directing agent.
Oxygen atoms have been removed in b) and d) for clarity.


Figure 16. A comparison of the spaciousness indices (SI) of SSZ-53, SSZ-
59, and other representative zeolites.
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Experimental Section


Zeolite syntheses : SSZ-53 zeolite was synthesized hydrothermally as a
borosilicate or aluminosilicate in the presence of [1-(4-fluorophenyl)cy-
clopentylmethyl]trimethyl ammonium (53SDA1), trimethyl(1-phenylcy-
clopentylmethyl)ammonium (53SDA2), trimethyl(1-phenylcyclohexylme-
thyl)ammonium (53SDA3), or 1-methyl-1-(1-phenylcyclopentylmethyl)-
pyrrolidinium (53SDA4) cations as structure-directing agents (see
Table 4). The detailed syntheses of the zeolite and the structure-directing
agents are described elsewhere.[20, 37] SSZ-59 zeolite was synthesized hy-
drothermally as a borosilicate or aluminosilicate in the presence of 1-[1-
(4-chlorophenyl)cyclopentylmethyl]-1-methyl azocanium (59SDA1), 1-
methyl-1-(1-phenylcyclopentylmethyl)azocanium (59SDA2), 1-[1-(4-
chlorophenyl)cyclopentylmethyl]-1-methylpiperidinium (59SDA3), or 1-
methyl-1-(1-phenylcyclopentylmethyl)piperidinium (59SDA4) as SDA
(Table 4). The detailed syntheses of the zeolite and the structure-direct-
ing agents are described elsewhere.[38,39b]


In a typical synthesis, SSZ-53 or SSZ-59 was prepared by heating a gel
mixture composed of a silica source, a sodium borate or aluminum oxide
source, sodium hydroxide, the hydroxide form of the SDA, and water.
Normally, the molar ratios of the gel components were 0.05 Na2O:0.10
(SDA)2O:0.022 B2O3:41 H2O:SiO2. The following procedure is a repre-
sentative example for preparing the borosilicate version of SSZ-53. In a
23 mL Teflon cup, a solution of [1-(4-fluoro-phenyl)cyclopentylmethyl]tri-
methyl ammonium hydroxide (3 mmol, 6.33 g of 0.475 molar template
solution), NaOH (1.2 mmol, 1.2 g of 1n aqueous solution), and water
(4.45 g) were mixed. Then sodium borate decahydrate (Na2B4O7.10H2O,
0.06 g) was added and stirred until complete dissolution. CAB-O-SIL M-
5 (0.9 g, 98% SiO2 and 2% water) was added to this solution, and the
mixture was thoroughly stirred. The resulting gel was capped off, placed
in a Parr reactor, and then heated in an oven at 160 8C while rotating at
43 rpm. The reaction was monitored by periodically measuring the pH of
the gel and checking crystal formation by scanning electron microscopy
(SEM). The reaction was typically completed after heating for 18 days
(12 days for SSZ-59). The resulting solids were washed with water (1 L)
and then allowed to air-dry over night. The reaction typically yielded
0.85 g of SSZ-53. The organic components were removed from the zeo-
lites by calcination to 595 8C in an atmosphere of nitrogen containing 2%
oxygen.


Analytical methods : Preliminary powder XRD patterns were collected
on Siemens D-500 instrument with CuKa radiation. Scanning electron mi-
crographs (SEM) were collected with a Hitachi S-570. Transmission elec-
tron micrographs (TEM) and electron diffraction (ED) patterns were col-
lected with a JEOL 2010 instrument operating at 200 kV. Samples were
prepared by dispersing crystallites or microtomed thin sections on a con-
tinuous carbon film.


Samples for detailed structural analysis were examined at Beamline X7A
at Brookhaven National Laboratory. Synchrotron powder XRD data for
SSZ-53 were collected at ambient temperature from 2 to 608 2 q with a
step size of 0.018 2 q and a wavelength of 1.19963 ä. The X-ray intensity
was monitored by means of a scintillation counter. Synchrotron data for
SSZ-59 were collected at ambient temperature from 2±368 2q with a step
size of 0.018 2q and a wavelength of 0.70387 ä. The X-ray intensity for
the SSZ-59 sample was monitored with a position-sensitive detector
(PSD). The X7A samples were prepared in 1.5 mm diameter glass capil-
laries that were sealed after being evacuated and heated overnight at
350 8C. For SSZ-53, the starting model for the Rietveld structure refine-
ment was generated with the FOCUS[39,40] algorithm. The structure of
SSZ-59 was determined by model building. Initial distance least-squares
refinements of the starting models were carried out with DLS-76.[41]


Energy minimizations of the SDAs within the frameworks were per-
formed with Cerius2 2.1[42] from MSI with the Burchart universal force
field.[43] Framework atoms were fixed during the energy minimizations.
Contributions from van der Waals interactions and valence bond, angle,
and torsion energies were determined with the Burchart universal force
field. Coulombic interactions between the cation and the zeolite frame-
work were neglected.


Elemental analyses were performed by Galbraith Laboratories (Knox-
ville, TN). Thermogravimetric analyses (TGA) of the as-made SSZ-53
and SSZ-59 materials were performed on a Hi-Res TGA 2950 Thermo-


gravimetric Analyzer (from TA Instruments). The samples were heated
in air at a rate of 5 8Cmin�1 for the data collection.


The pore size and void volumes of the calcined zeolites were probed by
physisorption of argon, nitrogen, and a series of hydrocarbon adsorbates.
Argon adsorption at �186 8C was performed using the Micromeritics
ASAP 2010. The samples were first outgassed at 400 8C for 16 h prior to
argon adsorption. The low-pressure dose was 2.0 ccg�1 STP. A maximum
of one hour equilibration time per dose was used, and the total run time
was 35 h. Deduction of pore dimensions from the adsorption isotherm
was performed by means of density functional theory (DFT) as devel-
oped by Olivier[44,45] for graphite slits, by the Saito-Foley adaptation of
the Horvathb±Kawazoe thermodynamic formulation,[46] and by the con-
ventional t-plot method.[47] The t-plot analyses were also performed using
nitrogen adsorption data collected by the Micromeritics 2400 instrument.


The adsorption capacities of zeolites for vapor phase hydrocarbons were
measured at room temperature using a Cahn C-2000 balance. n-Hexane,
cyclohexane, 2,2-dimethylbutane, and 1,3,5-triisopropylbenzene were
used as ™plug gauge∫ adsorbate molecules with various kinetic diameters.
Detailed discussion on hydrocarbon adsorption experiments is reported
elsewhere.[48] The constraint index and spaciousness index test reactions
were conducted according to the procedures reported elsewhere.[34±38]


Acknowledgement


This work was supported by the ChevronTexaco Energy Research and
Technology Company. Research was carried out in part at the National
Synchrotron Light Source, Brookhaven National Laboratory, which is
supported by the US Department of Energy, Division of Materials Scien-
ces and Division of Chemical Sciences. We would like to acknowledge S.
Trumbull for his assistance in the synthesis work. We thank Ralf Gross-
Kunstleve and an anonymous reviewer for helpful recommendations. We
also thank K. Ong and T. Vogt for their assistance in collecting the syn-
chrotron diffraction data. We are grateful to G. E. Scheuerman, C. R.
Wilson, and M. J. Riddle for their support of the new materials research
program at ChevronTexaco.


[1] J. S. Beck, J. C. Vartuli, W. J. Roth, M. E. Leonowicz, C. T. Kresge,
K. D. Schmitt, C. T. W. Chu, D. H. Olson, E. W. Sheppard, S. B.
McCullen, J. B. Higgins, J. L. Schlenker, J. Am. Chem. Soc. 1992,
114, 10834±10843.


[2] C. Y. Chen, H. X. Li, M. E. Davis, Microporous Mater. 1993, 2, 17±
26.


[3] A. Corma, Chem. Rev. 1995, 95, 559±614.
[4] J. W. Richardson, Jr., E. T. C. Vogt, Zeolites 1992, 12, 13±19.
[5] M. E. Davis, C. Saldiarriaga, C. Montes, J. Garces, C. Crowder,


Nature 1988, 331, 698±699.
[6] M. Estermann, L. B. McCusker, C. Baerlocher, A. Merrouche, H.


Kessler, Nature 1991, 352, 320±323.
[7] G. Yang, S. C. Sevov, J. Am. Chem. Soc. 1999, 121, 8389±8390.
[8] C. Lin, S. Wang, K. Lii, J. Am. Chem. Soc. 2001, 123, 4649±4650.
[9] Y. Zhou, H. Zhu, Z. Chen, M. Chen, Y. Xu, H. Zhang, D. Zhao,


Angew. Chem. 2001, 113, 2224±2226; Angew. Chem. Int. Ed. 2001,
40, 2166±2168.


[10] K. O. Kongshaug, H. Fjellvag, K. P. Lillerud, T. E. Gier, G. D.
Stucky, A. K. Cheetham, in http://www.iza-structure.org/databases/


[11] K. G. Strohmaier, D. E. W. Vaughn, 2nd FEZA Conference, Impact
of Zeolites and other Porous Materials on the New Technologies at
the Beginning of the New Millenium 2002, RRR033.


[12] R. F. Lobo, M. Tsapatsis, C. C. Freyhardt, S. Khodabandeh, P.
Wagner, C. Y. Chen, K. J. Balkus, S. I. Zones, M. E. Davis, J. Am.
Chem. Soc. 1997, 119, 8474±8484.


[13] T. Wessels, C. Baerlocher, L. B. McCusker, E. J. Creyghton, J. Am.
Chem. Soc. 1999, 121, 6242±6247.


[14] P. Wagner, M. Yoshikawa, M. Lovallo, K. Tsuji, M. Tsapatsis, M. E.
Davis, Chem. Commun. 1998, 7139±7147.


[15] R. F. Lobo, S. I. Zones, M. E. Davis, J. Inclusion Phenom. Mol. Rec-
ognit. Chem. 1995, 21, 47±78.


[16] K. J. Balkus, A. G. Gabrielov, US Patent 5489424, 1996.


Chem. Eur. J. 2003, 9, 5737 ± 5748 www.chemeurj.org ¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 5747


Zeolites 5737 ± 5748



www.chemeurj.org





[17] M. G. Wu, M. W. Deem, S. Elomari, R. C. Medrud, S. I. Zones, T.
Maesen, C. Kibby, C. Y. Chen, I. Y. Chan, J. Phys. Chem. B 2002,
106, 264±270.


[18] R. F. Lobo, M. E. Davis, J. Am. Chem. Soc. 1995, 117, 3766±3779.
[19] C. Y. Chen, S. I. Zones, ™Investigation of Hydrocarbon Adsorption


on Large and Extra-Large Pore Zeolites,∫ in ™Zeolites and Mesopo-
rous Materials at the Dawn of the 21st Century,∫ Proceedings of the
13th International Zeolite Conference, Montpellier, France, 8±13
July, 2001; C. Y. Chen, S. I. Zones, Stud. Surf. Sci. Catal. 2001, 135,
222.


[20] ™Synthesis of Novel Zeolites SSZ-53 and SSZ-55 Using Novel Or-
ganic Templating Agents Derived from Nitriles∫: S. Elomari, S. I.
Zones, Stud. Sur. Sci. Catal. 2001, 135, 479.


[21] P. E. Werner, L. Eriksson, M. Westdahl, J. Appl. Crystallogr. 1985,
18, 367±370.


[22] P. M. de Wolff, J. Appl. Crystallogr. 1968, 1, 108±113.
[23] G. L. Smith, R. L. Snyder, J. Appl. Crystallogr. 1979, 12, 60±65.
[24] A. C. Larson, R. B. von Dreele, General Structure Analysis System


GSAS, Los Alamos National Laboratory, Los Alamos, NM, 1994.
[25] R. M. Barrer, Zeolites and Clay Minerals as Sorbents and Molecular


Sieves 1978, p. 63.
[26] P. Wagner, O. Terasaki, S. Ritsch, J. G. Nery, S. I. Zones, M. E.


Davis, K. Hiraga, J. Phys. Chem. B 1999, 103, 8245±8250.
[27] J. L. Schlenker, W. J. Rohrbaugh, P. Chu, E. W. Valyocsik, G. T. Ko-


kotailo, Zeolites 1985, 5, 355±358.
[28] R. F. Lobo, M. Tsapatsis, C. C. Freyhardt, I. Chan, C. Y. Chen, S. I.


Zones, M. E. Davis, J. Am. Chem. Soc. 1997, 119, 3732±3744.
[29] We also considered the analogous sigma expansions of the ZSM-12


model proposed by LaPierre et al. (R. B. LaPierre, A. C. Rohr-
man, Jr., J. L. Schlenker, J. D. Wood, M. K. Rubin, W. J. Rohrbaugh,
Zeolites 1995, 5, 346±348), but these ultimately were found not to
be as satisfactory as the MTW14MR model.


[30] C. J. Howard, J. Appl. Crystallogr. 1982, 15, 615±620.
[31] Examples include reference [18]; b) J. G. Nery, S. Hwang, M. E.


Davis, Microporous Mesoporous Mater. 2002, 52, 19±28; c) A.


Burton, S. Elomari, R. C. Medrud, I. Y. Chan, C.-Y. Chen, L. M.
Bull, E. S. Vittoratos, J. Am. Chem. Soc. 2003, 125, 1633±1642.


[32] V. J. Frilette, W. O. Haag, R. M. Lago, J. Catal. 1981, 67, 218±222.
[33] S. I. Zones, T. V. Harris, Microporous Mesoporous Mater. 2000, 31,


35±36.
[34] J. Weitkamp, S. Ernst, R. Kumar, Appl. Catal. 1986, 27, 207±210.
[35] ™Zeolites: Facts, Figures, Future∫: J. Weitkamp, S. Ernst, C. Y. Chen,


Stud. Surf. Sci. Catal. 1989, 49, 1115±1129.
[36] C. Y. Chen, L. W. Finger, R. C. Medrud, C. L. Kibby, P. A. Crozier,


I. Y. Chan, T. V. Harris, L. W. Beck, S. I. Zones, Chem. Eur. J. 1998,
4, 1312±1323.


[37] a) United States Patent Application, US 2002/0085976A1, 2002
and b) S. Elomari, US Patent Application, US 2002/104780, 2002.


[38] a) S. Elomari, US Patent 6464956, 2003 and b) S. Elomari, US
Patent 6547958, 2003.


[39] R. W. Grosse-Kunstleve, L. B. McCusker, C. Baerlocher, J. Appl.
Crystallogr. 1997, 30, 985±995.


[40] R. W. Grosse-Kunstleve, Dissertation ETH No. 11422, Zurich, Swit-
zerland, 1996.


[41] C. Baerlocher, A. Hepp, W. M. Meier, Dissertation ETH DLS-76,
Zurich, Switzerland, 1977.


[42] Cerius2 2.1. Product of MSI and Biosym.
[43] a) A. K. Rappe, C. J. Casewit, K. S. Colwell, W. A. Goddard III,


W. M. Skill, J. Am. Chem. Soc. 1992, 114, 10024±10035; b) ™Studies
on Zeolites: Molecular Mechanics, Framework Stability and Crystal
Growth∫: E. de Vos Burchart, Ph.D. Thesis, Technische Universiteit
Delft, 1992, Table I, Chapter XII.


[44] J. P. Olivier, J. Porous Mater. 1995, 2, 9.
[45] J. P. Olivier, Carbon 1998, 36, 1469±1472.
[46] A. Saito, H. C. Foley, Microporous Mater. 1995, 3, 531±542.
[47] B. C. Lippens, J. H. D. Boer, J. Catal. 1963, 4, 319±323.
[48] ™Investigation of Hydrocarbon Adsorption on Large and Extra-


Large Pore Zeolites∫: C. Y. Chen, S. I. Zones, Stud. Surf. Sci. Catal.
2001, 135, 222.


Received: June 17, 2003 [F5238]


¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2003, 9, 5737 ± 57485748


FULL PAPER A. Burton, S. Elomari et al.



www.chemeurj.org






Spectroscopic and Computational Investigations of Stable Radical Anions of
Triosmium Benzoheterocycle Clusters


Carlo Nervi,[a] Roberto Gobetto,*[a] Luciano Milone,[a] Alessandra Viale,[a]


Edward Rosenberg,*[b] Dalia Rokhsana,[b] and Jan Fiedler[c]


Introduction


We have been studying the fundamental chemical properties
of a series of formally electron-deficient benzoheterocycle


triosmium clusters in which the electron deficiency arises
from the presence of a three-center two-electron bond at
the b-position with respect to the coordinated pyridinyl ni-
trogen (Figure 1).[1±7] The clusters are readily synthesized in
moderate to good yields from [Os3(CO)10(CH3CN)2] and the
corresponding benzoheterocycle [Eq. (1)].


An interesting and useful consequence of this bonding
mode is that the purported electron deficiency is apparently
transmitted to the heterocycles and results in a regio- and
stereoselective nucleophilic attack on the carbocyclic rings,
the sites of electrophilic attack in the free ligands
[Eq. (2)].[1±4] This effect, originally demonstrated for quino-
line and 5,6-benzoquinoline, has now been extended to all
the heterocycles in Figure 1.[8]


It is tempting to attribute the observed reactivity to-
wards nucleophiles to contributions of the ground-state
structure from resonance structures in which the cluster be-
haves as a classical electron withdrawing group (Scheme 1).
However, in the case of the activation of p-h6-arene com-
plexes of low-valent transition metals, molecular orbital cal-
culations suggest that there was negligible withdrawal of
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Abstract: The variable temperature 1H
and 13C NMR and EPR spectra of the
stable radical anions [Os3(CO)9(m3-h


2-
L)(m-H)] (LH=phenanthridine, 1; 5,6-
benzoquinoline, 2), and [Os3(CO)10(m3-
h2-L)(m-H)] (LH=quinoxaline, 3) are
reported. The radical anions 1� , 2� ,
and 3� can be prepared by both ex-
haustive electrolysis and partially by
chemical reduction with cobaltocene
and with sodium dispersion (only with
sodium dispersion in the case of 3�).
DFT calculations on 1±3 reveal that
the LUMO for the electron-deficient
compounds 1 and 2 involves significant
contributions from both the heterocy-
clic ligand and the two metal atoms
bridged by the ligand and the m-hy-
dride. The character of this orbital ra-


tionalizes the previously observed re-
gioselective reactions of these com-
plexes with nucleophiles. In contrast,
the LUMO for the electron precise 3
involves only ligand-based orbitals. Par-
tial chemical reduction of 1 and 2 re-
quires an excess of either cobaltocene
or sodium, and their 1H and 13C NMR
spectra reveal selective line broadening
of those proton resonances that are
predicted by DFT calculations to bear
the greatest amount of free spin densi-
ty. The variable temperature behavior
of the partially chemically reduced spe-


cies of 1 and 2 indicates that electron
transfer between the reduced/unre-
duced cluster pair and between the co-
baltocene/cobaltocenium pair occurs
on the NMR timescale. The radical
anions of 1 and 2 prepared by exhaus-
tive electrolysis show an EPR signal at
room temperature, while the NMR sig-
nals are uniformly broadened. Com-
pound 3 appears to be partially re-
duced by sodium at room temperature
and shows uniformly broadened 1H
NMR resonances at room temperature
that sharpen significantly at �80 8C.
The temperature dependence of the
spectra are discussed in terms of the ef-
fects of relative electron nuclear relax-
ation processes, chemical exchange,
and the results of the DFT calculations.


Keywords: cluster compounds ¥
electron transfer ¥ electron-deficient
compounds ¥ osmium ¥ radical ions
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electron density from the ring and that activation towards
nucleophilic attack is best accounted for by orbital stabiliza-
tion in the formation of the anionic intermediate following
nucleophilic attack.[9] One of the objectives of the current


study is to gain a better under-
standing of the origins of the
observed nucleophilic attack
[Eq. (2)] by performing molecu-
lar orbital calculations on the
formally electron-deficient clus-
ters.


A second interesting aspect
of this family of clusters was re-
vealed by the recent investiga-
tion of their electrochemical
properties. All of the com-
pounds proved to be redox
active; however, in most of the
complexes electrochemically re-
versible but chemically irrever-
sible reductions were ob-
served.[6] Nevertheless, in the
case of the phenanthridine and
5,6-benzoquinoline complexes,
1 and 2, respectively, very
stable radical anions are ob-
tained [Eqs. (3) and (4)].


In general, stable radical
anions formed from electron-
deficient clusters have the
added electron localized on the
metal core.[10] In the case of the
clusters under consideration
here, however, the ligand appa-
rently plays a significant role in
the stability of the radical
anions formed from 1 and 2.
Furthermore, only one of the
corresponding electron precise
clusters, [Os3(CO)10(m3-h


2-L)(m-
H)] (LH=quinoxaline, 3), also
forms a stable radical anion
[Eq. (5)].[6] We felt that these
observations warranted further
investigation, and we report
here a detailed investigation of
the spectroscopic properties of
the radical anions of 1±3, along
with molecular orbital calcula-
tions that reveal the patterns of
electron distribution in these
radical anions.


Results and Discussion


1H and 13C NMR studies of the
chemical reductions of com-
pounds 1±3 : The potentials of


compounds 1±3 in methylene chloride are �1.52, �1.44, and
�1.63 V versus FeCp2 (0/+1), respectively.[6] These values
are in the same general range as those for polycyclic aro-
matic hydrocarbons and suggest that either partial or com-


Figure 1. Structures of the family of electron-deficient benzoheterocycle triosmium clusters.


Scheme 1. Resonance structures where the triosmium cluster 1 behaves as a classical electron-withdrawing
group.
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plete reduction of the radical anions of 1±3 could be pro-
duced by reaction with sodium or with cobaltocene, whose
reduction potentials are �2.36 and �1.33 V (vs FeCp2, 0/+
1), respectively.[11, 12]


The reaction of cobaltocene with 1 in a 1.4:1 molar ratio
in an argon atmosphere was followed by 1H and 13C NMR
spectroscopy. The 1H NMR spectrum reveals that three of
the aromatic hydrogens, H2, H7, and H9, are selectively
broadened with respect to the other aromatic resonances
(Figure 2). The assignment of the aromatic resonances are
unequivocal and are based on 2D-COSY and HMQC ex-
periments; the calculated chemical shifts obtained from den-
sity functional theory (DFT) computations (for which the
order of the chemical shifts, but not the absolute values,
matched the experimental shifts). Using the reduction po-
tentials for cobaltocenium and 1 we can calculate the homo-
geneous equilibrium constant at 25 8C of the reaction given
in Equation (6):


1 þ Cp2Co Ð 1� þ Cp2Co
þ ð6Þ


This value is 6.1î10�4 ; with a cluster concentration of
2.3î10�3


m and the 1.4-fold excess of CoCp2 used in these
experiments, approximately 3% of the phenanthridine is re-
duced. The approximate concentration of the radical anion
is 6.7î10�5


m. This situation parallels that in previously re-
ported work on organic radicals whereby selective line


broadening was also observed.[13] No resonance for the co-
baltocenium ion is present, which is normally observed at
4.81 ppm. A broad peak is observed at about �40 ppm,
which is likely to be the averaged cobaltocene/cobaltoceni-
um resonance shifted to low field from that of pure cobalto-
cene at the same temperature. Given the low value of the
equilibrium constant for this reaction, self exchange of both
the phenanthridine/phenanthridine radical anion and the co-
baltocene/cobaltocenium would be expected to be much
faster than the cross exchange.[14] The signal from the hy-
dride ligand is also broadened, and it is noteworthy that the
degree of line broadening is different for each of the reso-
nances. As the temperature is decreased to �80 8C all the
proton resonances gradually broaden into the baseline
(Figure 3). The broadening of the lines is completely reversi-
ble with the spectrum returning to its original appearance
on warming to room temperature. The 13C NMR spectrum


Figure 2. 1H NMR spectra of 1 at 400 MHz in the aromatic region
a) before and b) after the addition of 1.4 equivalents of cobaltocene at
ambient temperature in [D2]methylene chloride; 1H NMR spectra of 2 at
400 MHz in the aromatic region c) before and d) after the addition of
1.5 equivalents of cobaltocene at ambient temperature in [D2]methylene
chloride.


Figure 3. Variable temperature 1H NMR spectra of 1 at 400 MHz in the
aromatic and hydride regions after addition of 1.4 equivalents of cobalto-
cene in [D2]methylene chloride.
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of 1, after addition of cobaltocene (Figure 4), also shows se-
lective line broadening of resonances attributable to C2, C7,
and C9, based on assignments made from HMQC experi-
ments and DFT calculations. However, in the case of the 13C
NMR resonances, considerable shifting of all the resonances
to both high and low field is observed. When a solution of 1
in [D2]methylene chloride is treated with an excess of
sodium dispersion in toluene, an 1H NMR spectrum almost
identical to that obtained with cobaltocene is observed
(Figure 5). This indicates that even with this more powerful
reducing agent, reduction is not complete and the system
has not reached equilibrium.


Compound 2 behaves in an analogous manner when
treated with cobaltocene, but in this case the resonances as-
signed to H9, H6, and H8 on the basis of COSY and HMBC
experiments are selectively broadened (Figure 2c and d).


Compound 3 does not react with cobaltocene, but does
undergo apparent partial chemical reduction with sodium
dispersion. In sharp contrast to 1 and 2, the 1H NMR spec-
trum reveals uniformly broadened aromatic and hydride res-
onances at room temperature that sharpen as the tempera-
ture is decreased to �80 8C (Figure 6). This process is com-
pletely reversible, as all the resonances broaden again as the
temperature is raised back to room temperature. That 3
reacts with sodium but not cobaltocene is not surprising, be-
cause its reduction potential is significantly more negative
than that of 1 (�1.63 V).[6]


Exhaustive electrolysis of a solution of 1 in methylene
chloride (5mm) led to a completely broadened 1H NMR
spectrum and a well-defined ESR signal at room tempera-
ture with a g value of 1.99707, typical for aromatic hydrocar-
bon radicals.[15] This is in sharp contrast to solutions of 1
with cobaltocene, for which a broad, ill-defined ESR signal
is observed at all temperatures (Figure 7).


The NMR behavior of 1±3 can be understood in terms
of the effect of electron-transfer reactions between the neu-
tral diamagnetic molecule and its reduced anionic paramag-
netic counterpart. It has been previously reported that such
electron-transfer processes can cause selective line broaden-
ing and resonance line shifts. According to the theory devel-
oped by De Boer and MacLean,[13] the electron contribution
to the line width (DT2ex


�1) is given by the Equation (7):


Figure 4. 13C NMR spectra of 1 at 400 MHz in the hydrocarbon region
and the carbonyl region in [D2]methylene chloride at room temperature:
prior to reduction with cobaltocene (upper part) and after reduction with
with 1.4 equivalents of cobaltocene (lower part).


Figure 5. 1H NMR spectrum of 1 at 400 MHz in the aromatic and hydride
regions after reaction with sodium dispersion in toluene, in [D2]methyl-
ene chloride at room temperature.


Figure 6. 1H NMR spectra of 3 at 400 MHz in the aromatic and hydride
regions a) before and b) after reaction with sodium dispersion in
[D2]methylene chloride at room temperature. c) At �80 8C after reaction
with sodium dispersion.


Figure 7. ESR spectrum of 1 after exhaustive electrolysis in methylene
chloride at ambient temperature.
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DT�1
2ex ¼


fPtPa
2=4


1 þ fDt
2
pa2=4 þ 2tPT


�1
1e


ð7Þ


in which tP is the lifetime of the paramagnetic molecule, fP
and fD are the mole fractions of the paramagnetic and dia-
magnetic molecules, respectively, a is the hyperfine coupling
constant, and T1e the longitudinal relaxation of the electron.
For 1 and 2, whereby raising the temperature results in
sharpening of the resonances, the rapid exchange regime ap-
plies (fDtP


2a2/4@1 + 2tPT
�1
1e ). Hence, the DT�1


2ex is directly re-
lated to the hyperfine coupling constant and the rate of elec-
tron transfer according to Equation (8):


DT�1
2ex ¼


½P�
½D�2


1
4
a2k�1 ð8Þ


in which [P] and [D] are the concentrations of the paramag-
netic and diamagnetic species, respectively, and k is the rate
constant for the homogeneous electron-transfer process. Sig-
nificantly, the 1H NMR signals in 1 and 2 show different de-
grees of line broadening at each temperature (Figure 2).
However, the ratio of the line widths for each resonance at
20 and 0 8C and at 0 and �10 8C are approximately the same
for all the selectively broadened lines, including the hydride,
being 2.2 and 1.5, respectively (Figure 3). Over this rather
narrow temperature range the equilibrium constant and the
hyperfine coupling constant would be not expected to vary
very much, and one can approximate the observed line
broadening to arise primarily from changes in the rate of
electron transfer. We can estimate the activation energy by
using the relationship given in Equation (9):


lnDn1=2 ¼ lnC þ Ea=RT ð9Þ


in which Dn1/2 is the change in the half height width relative
to 20 8C, C is an arbitrary constant, and Ea is the Arrhenius
activation energy. The hydride resonance of 1 provides
measurable line widths at four temperatures (20, 0, �10,
�20 8C, Figure 3, �10 8C not shown), and a plot of lnDn1/2
versus 1/T gives a straight line with a correlation coefficient
of 0.998, providing an estimate of Ea=26.5	3 kJmol�1. By
using a typical A factor for a second-order reaction of 1012,
a rate constant of 2.2î107	0.2m�1 s�1 is calculated from the
Arrhenius equation. The limited accessible temperature
range and the approximations made in employing Equa-
tion (9) make this a very crude estimate of the rate of elec-
tron exchange at 20 8C, but it is not unreasonable in light of
the fact that radical anions of aromatic hydrocarbons exhibit
exchange rates of ~108 at similar temperatures.[16]


For complex 3, partially reduced with sodium, where we
observe sharpening of the resonances with decreasing tem-
perature, the electron-transfer reaction is again the cause of
the line broadening. Here, however, we are in the slow ex-
change regime in which fDtP


2a2/4!1 + 2tPT
�1
1e and, there-


fore, DT�1
2ex=k[P].[13] It is worth noting that in this case the


line width is independent of the hyperfine coupling constant,
and uniform broadening of the resonances is expected, as
observed. This is also the case for 1 after exhaustive elec-
trolysis for which we observe a uniform sharpening of the


1H NMR resonances for the small amount of unreduced
cluster as the temperature is decreased


Density functional theory calculations and spectral simula-
tions : The density functional theory (DFT) approach has
proven to be a very useful method for understanding chemi-
cal bonding in transition-metal and polymetallic com-
plexes.[17,18] DFT methods have been previously successfully
applied to calculations of triosmium clusters: Morokuma
and co-workers studied the bonding in [Os3(CO)9(C6H6)],


[19]


and Calhorda et al. studied in detail structures, frontier orbi-
tals, and bonding of [Os3(CO)10(a-diimine)] clusters.[20]


The most important features of the molecular-orbital de-
scription of 1 are the characteristics of the HOMO and
LUMO orbitals. The HOMO is completely metal-based in
character (57% contributed by the Os3 core and 40% by
the carbonyl ligands), while the LUMO is made up of con-
tributions from both the metals and the ligand (13% from
Os3, 14% from carbonyls and the rest from the benzoheter-
ocyclic ligand, Figure 8). Furthermore, the LUMO has a
bonding interaction that involves the two metals on the
same edge as the bridging hydride and C10. The distribution
of the LUMO in 1 is entirely different than in the free
ligand. This is particularly evident if the LUMO
(0.02 eau�3) is mapped on an electron-density isosurface
(0.005 eau�3), corresponding to the overall molecular size
and shape (i.e., the van der Waals surface), for 1 and the
free ligand (Figure 9). It can be seen that the positions at
which the LUMO is most exposed are the 2- and 5-positions
in the free ligand, while for 1 the positions that are most ex-
posed are the 7- and 9-positions. This nicely rationalizes the


Figure 8. Drawings of molecular orbitals of the HOMO and LUMO for
compounds 1 (a and b, respectively) and 3 (c and d, respectively).
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switching in the site of nucleophilic attack from the former
positions to the latter observed experimentally on going
from the free ligand to 1, as well as in the case of quino-
line.[1±3,8] Indeed the DFT calculations give a quantum-me-
chanical picture that correlates with the resonance structures
illustrated in Scheme 1.


DFT calculations were also preformed on 2. The calcula-
tions predict a LUMO that is a combination of metal and
ligand orbitals with a bonding interaction involving the hy-
dride-bridged edge of the metal core and C10. DFT calcula-
tions for the free ligand predict that the LUMO will be
most accessible at the 2- and 4-positions and that in 2 the
most exposed LUMO sites for the free ligand are the 6- and
9-positions. These are the same sites that are observed to
undergo nucleophilic attack in 2.[4] As for 1, the frontier-or-
bital model corresponds to the purported sites of electron
deficiency predicted from the resonance structures in
Scheme 1. In this model involvement of the hydride-bridged
edge of metal core and the ligand in the LUMO replaces


the idea of a formal electron deficiency as the root cause for
the observed patterns of nucleophilic attack. Indeed, elec-
tron-density distributions obtained from the DFT calculations
do not reveal net electron deficiencies at the observed sites
of nucleophilic attack for 1 and 2, but the shape accessibility
of the LUMO is clearly indicated by the map on the elec-
tron-density isosurface, and it is this that controls the point
of nucleophilic attack. This can be likened to the coefficient
of the MO for the atomic orbital from which it is derived.


These results are in sharp contrast to those obtained
from the DFT calculations for the formally electron precise
3. In this case the HOMO is metal-based and the LUMO is
strictly ligand-based (Figure 8). Thus the presence of the
electron-deficient bonding mode in 1 and 2 has a profound
effect on the character of the LUMO, which serves to con-
nect the metal core with the ligand.


The application of the time dependent DFT (TD-DFT)
methods to the study of the excited states for the interpreta-
tion of the UV/Vis spectra does not provide accurate results
in some particular cases.[21] However, recent examples of the
theoretical study of the ground and excited electronic states
in cyclometalated phenylpyridine IrIII complexes show that
the method can be fruitfully applied to systems containing
third-row transition metals.[22] Our attempt to use the TD-
DFT method to predict and assign the UV/Vis spectra to
the appropriate absorption bands is summarized in Table 1.
The characters of the transitions have been assigned by con-
sidering the main contributions to the transition states, and
are not meant to be absolute. Not surprisingly, the transition
at higher energy is metal-centered. The calculated oscillator
strengths are in very good agreement with the experimental
intensities of the adsorptions. The overall good agreement
with the experimental data lends credence to molecular-or-
bital model developed by the DFT calculations.


To investigate the origin of the selective line broadening
observed in 1 and 2 upon partial reduction with cobaltocene
and sodium, we performed DFT calculations on the radical
anions of 1 and 2. This was done by adding one electron to
the neutral molecules in their optimized geometries and per-
forming an unrestricted B3LYP single-point energy calcula-
tion. As can be seen from the diagrams in Figure 10, the po-
sitions of maximum unpaired spin density match the posi-
tions where maximum line broadening is observed in the 1H
and 13C NMR spectra of 1 and the 1H NMR spectrum of 2.
To a first approximation the unpaired spin density on a
proton in a p radical determines the magnitude of the hy-
perfine coupling constant.[15] If one uses the rate constant es-
timated for 1 and calculates the hyperfine coupling con-
stants with Equation (8) above, the values 1.91, 2.77, and
3.63 gauss are obtained for the hydride, H2, and H7 respec-


Figure 9. LUMO (0.02 eau�3) mapped onto the electron density isosur-
face (0.005 eau�3) for the free ligand phenanthridine (upper) and 1
(lower).


Table 1. Experimental and calculated UV/Vis adsorption bands of 1.


Exptl [nm] Calcd [nm] Oscillator strength Transition


637 655 (1.8938 eV) 0.0011 n to s*
broad adsorption 460 (2.6934 eV) 0.0022 MLCT
around 450 401 (3.0894 eV) 0.0015 mainly MLCT
380 380 (3.2622 eV) 0.0132 mainly MLCT
340 339 (3.6541 eV) 0.0120 metal-to-metal (dp-dp)
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tively. A typical value for an aromatic radical anion is
5.34 gauss. The trend in the magnitude of the hyperfine cou-
plings parallels the trend in the calculated spin densities,
and taken together is in excellent agreement with the distri-
bution of electron density in 1 and 2 (Figure 10).


Conclusion


The DFT calculations reported here present a consistent
picture for both the previously reported regioselective nu-
cleophilic reactivity and the selective line broadening in-
duced by the partial reduction of 1 and 2. The positions in
the ring at which the LUMO is most accessible are the loca-
tions where additional electron density is preferentially do-
nated by the nucleophile and where added unpaired spin
density resides. This picture coincides with that arrived at by
the location of the positive formal charges resulting from
the simple construction of possible resonance structures
drawn with pen and paper. The electron deficient com-
pounds 1 and 2 both show involvement of the metal core
and the ligand in the LUMO, while the electron precise 3 is
strictly ligand-based.


The dynamic behavior of these organometallic radical
anions parallels that of the well known aromatic radical
anions.[13,15] That 3 undergoes electron transfer more slowly
than 1 and 2 is understandable in terms of the fact that it
would be expected to be poorer acceptor of electrons, be-
cause it is electron precise. Less easy to understand is the
fact that sodium, with a much more negative reduction po-
tential, does not fully reduce either 1 or 3. This may be re-
lated to heterogeneous nature of the solutions. In any case,
we are currently investigating chemical reductions of 1±3
with soluble aromatic radical anions with the goal of realiz-
ing more fully reduced species. The reactivity of these spe-
cies will be explored in order elucidate whether selective
distribution of electron density will be manifested in regio-
selective reactions with spin traps and electrophiles.


Experimental Section


General : Compounds were synthesized according to published literature
procedures.[1±5]


The NMR spectra were recorded on JEOL EX 400, Varian Unity Plus
400 MHz, and Bruker 600 MHz Avance spectrometers. The NMR sol-
vents (Aldrich) were dried over molecular sieves (Type 4A, Mallincrodt).
Chemical shifts were referenced internally relative to the residual pro-
tons in the deuterated solvents used. Temperature calibration was carried
out with a methanol standard (Wilmad). DQF-COSY experiments[23]


were acquired using the pulse programs available on the Varian Unity
Plus 400 MHz spectrometer. The number of data points in t2 was 1024
for 256 t1 values, with a pulse repetition of 3 s. HMBC and HMQC ex-
periments were run at 600 MHz. UV/Vis spectra were recorded on
Perkin±Elmer Lambda 20 spectrometer. EPR were recorded on a
Bruker 200 EPR spectrometer equipped with a Bruker ER031m gauss
meter and a HP 5350A microwave frequency counter.


Electrochemistry : Methylene chloride was distilled from calcium hydride
just before use. Tetrabutylammonium hexafluorophosphate (Aldrich) was
re-crystallized three times from 95% ethanol and dried in vacuum oven
at 110 8C overnight. Electrochemistry was performed with both a BAS
CV-50W and an EG&G PAR 273 electrochemical analyzers connected to
a PC, employing the software M270. Anion radicals were generated in a
controlled potential (three-electrode potentiostatic) regime using a bulk
electrolysis cell with mercury-pool working electrode, calomel reference
electrode, and platinum counter electrode positioned in a side arm of the
cell filled with the electrolyte and separated from the electrolyzed solu-
tion by sintered glass. Potential data were referred to the ferrocene (0/+
1) couple,[24] which was oxidized in methylene chloride at +0.46 V verus
SCE. Other experimental details were previously reported.[6]


Calculations : Density functional theory (DFT) calculations were per-
formed on the triosmium clusters by using the Gaussian 98 program.[25]


The NMR chemical shifts were calculated by using the gauge-including
atomic orbital (GIAO) method. We used Becke×s three parameter hybrid
function[26] and Lee-Yang-Parr×s gradient-corrected correlation func-
tion[27] (™B3LYP∫) throughout. The basis sets employed were LanL2DZ
(Los Alamos Effective Core Potential Double-z) for the Os atoms, with
the relativistic effective core potential (ECP) which replaces the inner
core electrons, and 6±311++G(d) for other atoms for all the calculations
except geometry optimizations. The geometry optimizations were per-
formed on Os with the same basis set, namely LanL2DZ, whereas for
other atoms we adopted a 3±21G basis set. Geometry optimizations by
using basis sets with higher quality exceeded our computational capabili-
ties. The optimized bond lengths were within 	0.03 ä of the observed
bond lengths for 1 and 2 and 3.
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Novel Heterotopic Colloids of Anionic Porphyrins Entangled in
Cationic Amphiphilic Cyclodextrins: Spectroscopic Investigation
and Intracellular Delivery


Antonino Mazzaglia,*[a] Nicola Angelini,[b] Raphael Darcy,[c] Ruth Donohue,[c]


Domenico Lombardo,[b] Norberto Micali,[b] Maria Teresa Sciortino,[d] Valentina Villari,[b]


and Luigi Monsú Scolaro*[a]


Introduction


Over the past decade cyclodextrin (CD) colloids with lyo-
tropic and thermotropic properties have been widely report-
ed. In particular, macrocyclic amphiphiles of hydrophobical-
ly modified CDs can form a variety of supramolecular as-
semblies, including monolayers,[1] micelles,[2] and nanoparti-
cles of pharmaceutical importance.[3] Amphiphilic CDs have
been admixed with phospholipid monolayers[4] and lipo-
somes.[5] Recently, some of us prepared micellar aggregates[6]


and vesicles[6a,7] entirely composed of amphiphilic cyclodex-
trins. Their structural properties in water are due to the bal-
ance between hydrophobic tails, such as thioalkyl chains,
and the hydrophilic components, such as ethylene glycol
oligomers. The presence of ethylene glycol chains, in partic-
ular, increases the colloidal stability of the nanoparticles
while potentially decreasing their adverse immune response
as ™stealth∫ liposomes.[8] The presence of a complex hydro-
philic head group, on the other hand, constitutes an impor-
tant difference to most of the investigated double-tailed
lipids, such as phospholipids. In this respect the correspond-
ing supramolecular aggregates are very sensitive to the geo-
metrical properties of the individual molecule, such as sur-
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Abstract: The entanglement process
between water-soluble 5,10,15,20-tetra-
kis(4-sulfonatophenyl)-21H,23H-por-
phine and the amphiphilic cyclodextrin
(CD) heptakis(2-w-amino-O-oligo-
(ethylene oxide)-6-hexylthio)-b-CD and
the occurrence of various species at dif-
ferent porphyrin:CD ratios were stud-
ied by a combination of UV/Vis ab-
sorption, fluorescence anisotropy, time-
resolved fluorescence, resonance light
scattering, and circular dichroism. The
effect of the entanglement process on
the mean vesicle diameter was investi-


gated over a wide concentration range
by quasielastic light-scattering techni-
ques. The experimental results indicate
that the presence of porphyrins in this
colloidal system promotes some struc-
tural rearrangements, essentially driven
by charge interaction, which are re-


sponsible for a sensitive change of vesi-
cle dimensions. In the range of por-
phyrin:CD molar ratios between 1:10
and 1:50, the porphyrin is solubilized in
monomeric form (t1=11.5 ns) and pho-
tosensitizes the production of singlet
oxygen (1O2). At the same molar ratio
the ability of this amphiphilic cyclodex-
trin to transport porphyrins into tumor
cells indicates specificity at the nuclear-
compartment level. These findings may
be of potential interest for the of devel-
opment agents for photodynamic thera-
py of tumors.


Keywords: cyclodextrins ¥ drug
delivery ¥ fluorescence
spectroscopy ¥ nanostructures
porphyrinoids
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face area or head group hindrance.[9]Cationic vesicles were
prepared at physiological pH by transforming OH terminal
groups into NH2 groups in ethylene glycol conjugates.[10] Re-
cently, anionic vesicles of sulfate-modified cyclodextrins
were also reported.[11] The ability of anionic and cationic
CD vesicles to act as hosts towards guest molecules opens
new perspectives in supramolecular chemistry. Our interest
is focused on the properties of photochemical biovectors in
which a photoactive component is assembled together with
an organized receptor (cyclodextrin aggregate), which at the
same time can act as an organizing system.[12] As photoac-
tive component we used a porphyrin which photosensitizes
the production of singlet oxygen (1O2), whose manifold oxi-
dative effects are the basis of photodynamic therapy of
tumors (PDT).[13] Spectral features (fluorescence, UV/Vis
absorption) of a sensitizer are prerequisites for photody-
namic action, and its binding properties towards carrier vec-
tors that transport the sensitizer to tumor tissue are crucial
for the ultimate photodynamic efficiency, since they may
result in changes in physicochemical, photophysical, and
photochemical properties.[14] Cyclodextrinss have been
widely studied as host molecules for complexing porphyrin
derivatives,[15] and many spectroscopic investigations on
charged porphyrins interacting with neutral and charged mi-
celles have been reported,[16] as well as equilibrium[17] and
kinetic studies.[18]


Here we report on a spectroscopic study on the hetero-
topic colloidal system formed by cationic heptakis-
(2-w-amino-O-oligo(ethylene oxide)-6-hexylthio)-b-CD
(SC6CDNH2; 2), (synthesized from the precursor hepta-
kis(2-w-iodo-O-oligo(ethylene oxide)-6-hexylthio)-b-CD,[6,10]


and water-soluble 5,10,15,20-tetrakis(4-sulfonatophenyl)-
21H,23H-porphine (TPPS; 1). Preliminary results on the in-
teraction of TPPS and other, water-insoluble porphyrins
with cationic and neutral nanoaggregates of CDs were re-


ported.[19] The combination of UV/Vis absorption spectroscopy
and quasielastic light scattering (QELS) at different relative
molar concentration of porphyrins and CDs, as well as
steady-state and time-resolved fluorescence measurements,
has given insights into the structure of these heteroaggregat-
ed species and have revealed the entanglement process.


The localization patterns of photosensitizers and the cor-
relation between these patterns and the primary targets of
PDT are widely influenced by the physicochemical proper-
ties of the drug. In particular, the degree of hydrophobici-
ty[20] often determines the extent of interaction of the photo-
sensitizer molecules with serum proteins, as well as their
partitioning among specific sites or domains of cell organ-
elles.[21] In our case, CDs would constitute a suitable hydro-
phobic environment for specific intracellular delivery and
portioning of the investigated porphyrin in cell compart-
ments. The potential application in cancer therapy is due to
the special photodynamic properties of porphyrins, com-
bined with the carrier behavior of the above-mentioned
nanoaggregates. Therefore, it is important to gain further in-
formation on this topic in order to optimize the develop-
ment of second-generation photosensitizers having improved
selectivity for tumor targeting and phototherapeutic efficacy.


Results and Discussion


Spectroscopic investigation of the entanglement process :
TPPS usually aggregates under acidic conditions and in the
presence of templating species to form various type of ag-
gregates (H- and J-type).[22] Under neutral conditions this
porphyrin is mainly present as a monomer, and dimerization
in the presence of crown ethers has been reported.[23] Qua-
sielastic light scattering (QELS) measurements (vide infra)
showed that SC6CDNH2 forms nanoaggregates whose sizes
range from 120 to 1000 nm under our experimental condi-
tions and at concentrations between 1î10�6 and 6î10�4


m.
The effect of the nanoparticles was investigated by titrating
TPPS with increasing concentrations of SC6CDNH2 and
monitoring the changes in the UV/Vis absorption, fluores-
cence emission, and resonance light scattering (RLS) spec-
tra. The UV/Vis electronic spectra of the system TPPS/
SC6CDNH2 are reported in Figure 1, in comparison with a
neat sample of TPPS.


The UV/Vis spectrum of the starting TPPS porphyrin
shows a Soret band at 414 nm (Figure 1, trace a). At a 1:1
molar ratio this spectral feature is hypochromically affected
with respect to the free porphyrin. At 1:2 molar ratio, the
Soret band becomes broader, and two components centered
at 414 and 421 nm, respectively, are evident.


With increasing concentration of SC6CDNH2, the Soret
band at 421 nm, assigned to the new species, becomes more
intense and reaches a maximum at 1:50 molar ratio. A red
shift in the Soret band was reported for this porphyrin, solu-
bilized as monomer in the micellar phase of neutral TX-
100.[16a] At higher CD concentrations (1:80, 1:100 molar
ratio) the intensity of the Soret band shows an apparent de-
crease in intensity (spectra not shown) due to the dominant
scattering effect of an excess of suspended particles.
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Circular dichroism (c.d.) spectra of the heterotopic ag-
gregate (see Supporting Information) show a very weak
signal centered at 230 nm in the carbohydrate UV region
relevant to self-assembled cyclodextrins. The lack of an in-
duced Cotton effect in the Soret region of the porphyrin
rules out inclusion of the chromophore in the interior or
proximity of the CD cavity.[15c,g]


Fluorescence spectra of the system TPPS/SC6CDNH2,
together with their anisotropies, are reported in Figure 2A.
The emission spectrum of the starting TPPS, obtained by ex-
citation at lex=520 nm, shows maxima at 642 nm and 706
nm.[22c] At 1:1 molar ratio, the most intense fluorescence
band is still centered at about 642±645 nm, and it shows
very low anisotropy. At 1:2 molar ratio, the maxima of the
emission spectra move to 654 and 710 nm, whereas at higher
CD concentration the fluorescence spectra show maxima at
650 and at 716 nm and a larger anisotropy. To relate the
steady state anisotropy to the molecular motion, informa-
tion on the lifetime is needed. Perrin×s formula[24] r= r0/[1+
(t/tR)] furnishes this relationship, where r is the steady-state
anisotropy, t is the fluorescence lifetime of the fluorophore,
tR is its the rotational correlation time, and r0 is the aniso-
tropy of the immobilized fluorophore (e.g., in a highly vis-
cous medium). Fluorescence lifetimes were obtained by
time-resolved fluorescence measurements (Figure 2B and
Table 1).


As described by the Perrin formula, the molecular reor-
ientational freedom is reflected in the values of the steady-
state anisotropy and the lifetime. Inspection of Figure 2B
and Table 1 shows that in buffered solution in the absence


Figure 1. UV/Vis titration of TPPS (3 mm) in phosphate buffer (10 mm,
pH 7) with SC6CDNH2. Absorption spectra in the Soret region of TPPS
(trace a) and at 1:1, 1:2, 1:5, 1:10, 1:20, 1:30, 1:40 and 1:50 molar ratios
TPPS/SC6CDNH2 (traces b to i, respectively).


Figure 2. A) Fluorescence emission (lex=520 nm) and relative anisotropy
of TPPS (3 mm) in phosphate buffer (10 mm, pH 7, trace a) and in the
presence of SC6CDNH2 at 1:1, 1:2, 1:5, 1:50 molar ratios (traces b, c, d,
and i, respectively). B) Fluorescence emission decay traces (lex=374 nm)
of TPPS (3 mm) in phosphate buffer (10 mm, pH 7, trace a) and in the
presence of SC6CDNH2 at 1:1, 1:2, and 1:50 molar ratios (traces b, c,
and i, respectively).


Table 1. Fluorescence lifetime parameters for aqueous solutions of TPPS porphyrin (alone) and at different TPPS/SC6CDNH2 molar ratios.[a]


t1 [ns] t2 [ns] t3 [ns] t1A1 [%] t2A2 [%] t3A3 [%]


TPPS[b] 9.7 (100%) 100
1:1[c] 9.7 (74%) 2.0 (17%) 0.5 (9%) 95 4 1
1:2[d] 8.8 (20%) 3.0 (60%) 0.8 (20%) 47 48 4
1:2[c] 9.6 (22%) 2.8 (58%) 0.7 (20%) 54 42 4
1:5[e] 11.5 (84%) 4.6 (13%) 0.9 (3%) 94 6 0.3
1:10[e] 11.6 (88%) 5.3 (10%) 1.0 (2%) 95 5 0.2
1:50[e] 11.6 (89%) 5.0 (9%) 0.8 (2%) 96 4 0.1


[a] Fluorescence decay parameters were measured in 10 mm phosphate buffer pH 7, 298 K, and lex=374 nm. t¥A is the relative contribution to the total
fluorescence emission (c2 is between 0.98 and 1.02). The concentration of TPPS alone in solution and in aggregated systems is 3 mm. [b] lem=642 nm. [c]
lem=645 nm. [d] lem=654 nm. [e] lem=650 nm.
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of CD (Figure 2B, trace a), the steady-state anisotropy and
fluorescence lifetime are 0.01 and 9.7 ns, respectively. At
high CD concentration, the anisotropy increases to 0.07,
which, together with the increased lifetime (t=11.5 ns), in-
dicates that the rotational correlation time tR increases and
is higher than that obtained in the absence of CD. This sug-
gests that porphyrin molecules are embedded in the CD ag-
gregate.


At low CD concentration the use of the Perrin formula
does not allow definite conclusions about the rotational cor-
relation time. However, some considerations can be pro-
posed. At the molar ratio 1:1, although the decay is not ex-
ponential (Figure 2B, trace b), the fluorescence intensity
corresponds almost totally to the free molecule lifetime
(9.7�0.2 ns), and the anisotropy has a slightly higher value
of 0.02. This indicates that most of the porphyrin molecules
remain free and solvated in solution. At the molar ratio 1:2
the picture becomes more complex: the fluorescence decay
is strongly nonexponential (Figure 2B, trace c), consisting
essentially of two characteristic lifetimes (t1=8.8±9.6 ns,
t2=3.0±2.8 ns, depending on the emission wavelength),
which suggests that the porphyrins are distributed between
the solvent and the colloidal phase.


However, in these samples short-lived fluorescent spe-
cies are also present (Table 1), probably attributable to por-
phyrins entangled in different hydrophobic compartments,
or to minor porphyrin oligomers due to a small degree of
self-aggregation, a hypothesis supported by decreased inten-
sity of fluorescence spectra (Figure 2A, traces b and c).


In contrast, at higher CD concentrations (1:5, 1:10, and
1:50) more than 90% of the total fluorescence emission is
due to species with lifetimes of 11.5±11.6 ns, and the aniso-
tropy increases up to 0.07. In these cases the Perrin equation
suggests that TPPS is probably in a monomeric form, solubi-
lized in SC6CDNH2 and less free to rotate. Indeed, a very
similar lifetime value (11.8 ns) was reported by Maiti et al.
for TPPS solubilized in Triton X-100 micelles.[16a] These au-
thors assigned such a lifetime to the monomer of TPPS sta-
bilized in the micellar phase of the surfactant. The presence
of short-lived fluorescent species, whose contribution is very
low (5±6%), also at higher CD concentrations (see Table 1)
can be ascribed to porphyrins interacting in more hydropho-
bic environments than the solvent. At the cited ratios, RLS
spectra do not show any intense resonant signal (data not
shown), and this is a clear indication that the porphyrins do
not extensively self-aggregate in water and in the colloidal
phase. This is strictly in line with previous findings reported
in literature.[16a] Further investigations on long- and short-
lived species in the CD colloidal system are underway in
our laboratory in comparison with properties of excited
TPPS in aqueous solutions.[22m] In comparison with aggre-
gates of insoluble porphyrins and neutral vesicles of CDs,[19]


the fluorescence anisotropies of the system TPPS/
SC6CDNH2 are lower and indicative of a larger hydrophi-
licity of the cationic colloid.


Optical microscope images registered in fluorescence
mode show that the red emission of free TPPS in solution
(Figure 3, top) becomes highly localized on interaction with
the CD vesicles (Figure 3, bottom).


Study on structural parameters in the colloidal heteroaggre-
gate : The influence of the entanglement process on the
mean vesicle diameter was investigated by QELS techni-
ques. In a QELS experiment the measured intensity±time
correlation function g(2)(t) is related to the electric field cor-
relation function g(1)(t) by the Siegert relation [Eq. (1)],[25a±c]


gð2ÞðtÞ ¼ Bð1þ f jgð1ÞðtÞj2Þ ð1Þ


where B is the baseline and f is a spatial coherence factor. In
dilute solutions of monodisperse particles g(1)(t)=exp(�k2Dt),
where D is the translational diffusion coefficient. From the dif-
fusion coefficient D, the mean hydrodynamic radius RH of dif-
fusing particles can be calculated by using the Stokes±Einstein
equation [Eq. (2)],


D ¼ kBT
6phRH


ð2Þ


where kB is the Boltzmann constant, T is the absolute tempera-
ture, and h is the viscosity of the solvent. In general, g(1)(t) can
be expressed as the Laplace transform of a continuous distribu-
tion G(G) of decay times (relaxation rates G).[25a±c] The effective
diffusion coefficient D(k)= [G(k)/k2] can be obtained by stan-
dard second-order cumulative analysis of the autocorrelation
functions.[25d,e]


Figure 4 shows the variation of the hydrodynamic radius
RH of CD vesicles with CD concentration. The error bars
are related to the polydispersity of the generated aggregates,
as evidenced by the observation of a continuous distribution
of decay times in the intensity correlation functions. In the


Figure 3. Fluorescence optical microscopy on solutions of TPPS alone (3
mm, top) and in the presence of SC6CDNH2 (1:50 ratio, bottom). The bar
measures 5 mm.
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absence of porphyrins, the vesicle dimensions increase as a
function of the concentration (empty circles). Moreover, a
sensitive increase in the mean vesicle hydrodynamic radius
RH is detected after addition of porphyrin at high values of
the porphyrin:CD molar ratio. More specifically, it is possi-
ble that the charge balance between cationic CDs and
anionic porphyrins drives reorganization and growth of the
system by incorporating charged anionic species which
would induce fusion of the cationic CD aggregate (see
Scheme 1).[25f]


Singlet oxygen generation : To test the potential use of these
nanoaggregates as novel second-generation photosensitizers,
we carried out typical experiments on in vitro 1O2 forma-
tion. Figure 5 shows the rate of bleaching of RNO (absorb-
ance maximum at l=440 nm) as a function of irradiation
time for samples of TPPS and for aggregated TPPS/
SC6CDNH2 at a molar ratio of 1:50. The data (dOD440 nm)
measured for TPPS in aqueous solution were used as a sec-
ondary standard with a quantum yield of 0.6,[26] (the ratio of
the rates of bleaching is equal to the ratio of quantum
yields). The experimental results show that the investigated
aggregate is still an efficient 1O2 generator (quantum yield:
0.2�0.02).


Interestingly, after irradiating the aggregates for 5 min,
apart from RNO bleaching, the Soret band centered at 421


nm shifted to 414 nm. This finding suggests that
SC6CDNH2 (in particular the thioalkyl groups) could be
oxidized and degraded by 1O2, with consequent release of
free TPPS in solution The photostability of SC6CDNH2/
TPPS is under investigation in order to compare the toxicity
of the nanoaggregate towards cell membranes with those of
other drug/SC6CDNH2 complexes.[27]


Intracellular delivery : To verify the ability of SC6CDNH2
to transport porphyrin into the internal compartment of
target tumorogenic cells, HEP-2 cell lines were treated with
the CD/porphyrin nanoaggregates at different molar ratios,
and compared with treatment by TPPS alone. Optical mi-
croscope images registered in fluorescence mode (Figure 6)
show the results 5 h after exposure of the cells to treat-
ments.


In the absence of CD vesicles, TPPS binds mainly to the
cell membrane, as evidenced by the diffuse red fluorescence
emission from the single cells (Figure 6, top). A completely
different pattern is seen in the presence of CD vesicles. The
brightest fluorescence was observed when samples were
treated with the aggregate at molar ratios greater than 1:10
(Figure 6, bottom). We estimated that, under these condi-


Figure 4. Hydrodynamic radii of aggregates vs SC6CDNH2 concentration
in absence of TPPS (*) and in the presence of TPPS (3 mm, &) at differ-
ent porphyrin:CD molar ratios. Points b to f refer to 1:1, 1:2, 1:5, 1:10,
1:50 TPPS/SC6CDNH2 ratios, respectively.


Figure 5. RNO bleaching data in the presence of TPPS without (&) and
in the presence of SC6CDNH2 (&) at 1:50 molar ratio.


Figure 6. HEP-2 cell lines treated with TPPS alone (top) and with TPPS/
SC6CDNH2 nanoaggregates at 1:50 molar ratio (bottom). The bar meas-
ures 10 mm.
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tions, approximately 90% of the cells were positive for fluo-
rescence emission, that is, porphyrin incorporation.


A diffuse, readily detectable level of intracellular fluo-
rescence intensity in porphyrin-positive cells indicates that
cyclodextrin has the ability to deliver porphyrins into the
cells, presumably also into the nuclear compartment. It has
been reported that either porphyrin inner core protonation
or other noncovalent interactions can induce complexation
between anionic porphyrins and DNA.[28] Furthermore, liter-
ature data show a strong binding between TPPS and histo-
nes, positively charged nucleoproteins which play a key role
in the compaction of chromatin in the nucleus.[29] Therefore,
our findings point to the possibility that TPPS binds to the
chromatin of the target cells. Further experiments will verify
this possibility and clarify the significance of our observation.


The trypan blue exclusion test showed that, in the ab-
sence of exposure to light, cells remain alive for at least 5 h,
after which cell damage increased.


The ultimate goal of this experimental approach is to de-
velop new strategies for cancer PDT. The above-described
results, together with those already reported on photody-
namic therapy of tumors with porphyrins,[30] indicate that cy-
clodextrin delivery of porphyrin associated with photody-
namic activation should be seriously considered in future
studies.


Conclusion


The above experimental findings suggest a scenario in which
different species are present at different ratios. Hypothetical
models of the heterotopic aggregates are shown in Scheme 1.


At higher CD concentration, porphyrins can interact
statistically with more nanoparticles, and most of them are
probably entangled in the amphiphilic phase. At these ratios
(Scheme 1a), monomeric TPPS is solubilized in the colloidal
phase and rotates less freely, as shown by the larger fluores-
cence anisotropy. Overnight dialysis experiments on solu-
tions at 1:50 molar ratio and electronic and emission spectra
of the purified solutions show only a small decrease in TPPS
bands, and this is further confirmation for an entanglement
process.


At low CD concentration (i.e. , at molar ratio 1:2,
Scheme 1b), the anionic porphyrin interacts electrostatically
with cationic amphiphilic CDs, and saturation of the vesicle
surface charge occurs. Actually, only porphyrins which neu-
tralize the charges on the surface of the particles have a
changed environment, rotate slowly, and consequently con-
tribute to a larger anisotropy, while most of them are still
free in the solvent (Soret band at 414 nm). However, in the
self-assembled CDs a small number of porphyrin molecules
are hindered by CD chains and are probably ™caged∫ as
supramolecular dimers or trimers of TPPS (short-lived fluo-
rescent species).


Strong charge effects at the highest concentration of por-
phyrins (molar ratio 1:1, Scheme 1c) cause at least an in-
crease in the size of the aggregates (from R1 to R2).


Therefore, negatively charged porphyrins cause the pro-
gressive neutralization of the vesicle positive charges at the


surface, generating a sort of ™onionlike∫ aggregate in which
porphyrins surround the original colloidal cyclodextrin ag-
gregate.


Porphyrin/CD nanoaggregates are able to photosensitize
singlet oxygen production, albeit with lower efficiency than
the unbound TPPS porphyrin. Furthermore, the CD vesicles
seem to be an efficient system for delivering TPPS into
cells. Our experiments in vitro in the absence of irradiation
clearly demonstrate a distribution of porphyrin in the cyto-
plasmic compartment and mostly inside the nucleus, and
suggest a tendency to interact with chromatin. These proper-
ties seem promising for the design of novel second-genera-
tion photosensitizers for PDT, in which the observed de-
creased photosensitizing efficiency can lead to a reduction
of invasiveness without affecting the PDT activity. Further
investigations on this issue and the development of more
specific carriers for different tumor cells are currently in
progress.


Experimental Section


Materials : b-Cyclodextrin (Wacker) was crystallized from distilled water
and dried under vacuum (0.1 mmHg, 80 8C) for 4 h. Heptakis(2-w-amino-


Scheme 1. Hypothetical models for the heterotopic aggregates. a) [TPPS/
SC6CDNH2]=1:50, b) [TPPS/SC6CDNH2]=1:2, c) [TPPS/
SC6CDNH2]=1:1. See text for details.
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O-oligo(ethylene oxide)-6-hexylthio)-b-CD was synthesized according to
general procedures.[6, 10] 5,10,15,20-Tetrakis(4-sulfonatophenyl)-21H,23H-
porphine tetrasodium salt was purchased from Aldrich Chemical Co. The
solvents used were purified and dried by standard techniques. All other
reagents were of the highest commercial grade available and were used
as received or were purified by distillation or recrystallization when nec-
essary.


Sample preparation : Preparation of cyclodextrin vesicles, encapsulation
of porphyrins, dialysis, and fluorescence polarization measurements were
carried out by using conventional experimental procedures for lipo-
somes.[31] All solutions were prepared in pure microfiltered water (Angel-
ini). An aqueous solution of TPPS (0.3 mm) was added to different aque-
ous colloidal solutions containing increasing concentrations of
SC6CDNH2. The samples were adjusted in volume with phosphate
buffer (10 mm) at pH 7 and equilibrated overnight. The investigated col-
loidal systems were studied at 1:1, 1:2, 1:5, 1:10, 1:20, 1:30, 1:40 and 1:50
porphyrin:CD molar ratios ([TPPS]=3 mm).


Measurements : The formation of TPPS/SC6CDNH2 aggregates was stud-
ied by UV/Vis spectroscopy, fluorescence, circular dichroism, RLS, and
QELS techniques and by measuring the electrophoretic mobility. To
check the reproducibility, all spectroscopic titrations were run at least
five times. Images were obtained by using an optical microscope (Zeiss
Axiovert S100 with Carv) working in transmission and fluorescence
modes with Plan Neofluar objectives (63î /N.A. 1.25, 10î /N.A. 0.3, and
50 î/N.A. 0.50).


UV/Vis absorption spectra were recorded on a Hewlett Packard mod.
HP 8453 diode-array spectrophotometer and a Varian UV-Vis-NIR Cary
500 spectrophotometer.


Steady-state fluorescence and RLS experiments were performed on a
Jasco model FP-750 spectrofluorimeter by using a synchronous scan pro-
tocol for the RLS technique.[32] Fluorescence and RLS spectra are not
corrected for the absorbance of the samples. Depolarized fluorescence
spectra were measured by using Equation (3), [24]


r ¼ ðIVVIHH�IVHIHVÞ=ðIVVIHH þ 2 IVHIHVÞ ð3Þ


where r is the anisotropy and IVV, IHH, IVH, and IHV are the fluo-
rescence intensities registered with different polarizer orienta-
tions (V=vertical, H=horizontal). The depolarized spectra of
the CDs vesicles without porphyrin were also subtracted from
the measured spectra.
Time-resolved fluorescence measurements were made on an IBH5000U
apparatus with a NanoLED UV centered at 370 nm as excitation source.
The experimental data were obtained by time-correlated single-photon
counting (TCSPC), and a deconvolution procedure gave a time resolu-
tion of about 200 ps. The goodness of fit was assessed by using the plots
of weighted residuals, reduced c2 values. Circular dichroism spectra were
recorded on a Jasco mod. J-600 spectropolarimeter in a quartz cell with
path length d=0.1 cm. The ellipticity values De were calculated by using
the concentration of SC6CDNH2 at the investigated porphyrin:CD ratios
and by considering d=0.1 cm.


QELS measurements were carried out on a computerized homemade go-
niometer with the 532 nm line of a doubled Nd:YAG laser as excitation
source. A Malvern 4700 correlator was used to collect the intensity auto-
correlation function in the time domain ranging from 10 ms to 1 s. The
temperature in light-scattering experiments was fixed at T=295�0.01 K.
The investigated range of scattering angles was 20�q�1508, which cor-
responds to exchanged wavevector values in the range of 5.5�k�30.5
mm�1 (k= [(4pn)/l]sin(q/2), where n is the refractive index of the sample
and l the vacuum-incident wavelength). Measurements at different
angles showed a linear dependence of the relaxation rate on the square
of the scattering wavevector and thus indicated the diffusive nature of
the detected relaxations.[25a±c]


Singlet-oxygen assay : The amount of 1O2 produced was determined by a
standard method based on the bleaching reaction of p-nitroso-N,N’dime-
thylaniline (RNO).[33, 26] The tested sensitizers (nanoaggregate
SC6CDNH2/TPPS, or TPPS alone as reference) were dissolved in phos-
phate-buffered solutions (50 mm, pH 7.4) with imidazole (10 mm) and
RNO (50 mm), so that the optical density at the excitation wavelength did


not exceed the value 0.1, to avoid shielding effects. In a typical experi-
ment, 500 mL of reaction mixture was poured into a quartz cuvette
(Hellma) with a path length d=0.1 cm, and exposed to a homogeneously
distributed 100 mW green Nd:YAG laser source (l=532 nm) for differ-
ent periods of time (from 0 to 40 min). The decrease in absorbance at
l=440 nm due to RNO in the samples was registered 1 min after com-
pletion of irradiation. The obtained data were normalized by considering
d=0.1 cm, in order to compare the changes in optical density (dOD)
with literature data.


Cell culture preparation : HEP-2 cells were obtained from American
Type Culture Collection and propagated at 1:6 ratio by using Dulbecco×s
modification of Eagle×s Minimal Essential Medium supplemented with
new born calf serum (10%). The cells were seeded in a four-well slide
and incubated overnight at 37 8C in the presence of CO2 (5%). After in-
cubation the cells were treated for 5 h with TPPS alone and with TPPS/
SC6CDNH2 aggregate dissolved in a phosphate-buffered solution (10
mm, pH 7) at molar ratios of 1:1, 1:2, 1:5, 1:10, 1:20, and 1:40 ([TPPS]=3
mm). Five hours after treatment, nonadherent cells were removed by
gentle washing, and the slides were mounted in 90% glycerol and phos-
phate buffered solution. Unfixed, viable cells were analyzed by fluores-
cence microscopy.
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A Phthalocyanine Dendrimer Capable of Forming Spherical Micelles


Takamichi Uchiyama,[a] Kazuyuki Ishii,[a] Taro Nonomura,[a]


Nagao Kobayashi,*[a] and Seiji Isoda[b]


Introduction


Phthalocyanine (Pc) molecules have received great attention
as a result of their diverse electronic, optical, and structural
properties, which enable application to numerous areas,
such as dyes, pigments, catalysis for controlling sulfur efflu-
ents, photoconducting agents in photocopiers, chemical sen-
sors, optical disks, deodorants, photovoltaic cells, molecular
electronics, and photodynamic therapy of cancer.[1±3] Novel
Pc derivatives have been realized by McKeown et al., who
obtained Pc-centered aryl ether dendrimers, by Kraus et al. ,
who obtained a dendrimer with Pc units surrounding a cen-
tral core;[4±6] the interiors of such dendritic molecules, with a
hierarchy of branched structures and in which the surface is
denser than the core, display a number of interesting proper-
ties.[7±12]These include inhibiting energy deactivation,[13,14]


chambers for chemical reactions,[15] molecular inclusion,[16,17]


unimolecular micelles,[18±28] or biomimetic models.
Recently, self-assembly of dendrimers has generated


considerable interest, since this could potentially achieve the
rapid construction of giant architectures.[29±36] These studies
have shown that the shape and directionality of the den-


drimers are the most important factors that control the
states and properties of aggregates, for example, spherical
shape,[32±34] hydrogel properties,[35] and liquid crystals.[32±34,36]


Spherical micelles of self-assembled dendrimers, correspond-
ing to intermediates between unimolecular micelles and
self-assembled surfactants, should include molecules in the
attractive dendritic nanospace, accompanied by drastic con-
formational changes, which are expected to give several ad-
vantages compared with unimolecular micelles of dendrim-
ers or copolymers.[18±28,37±39] However, few spherical micelles
of self-assembled dendrimers have been reported, in con-
trast to micelles of self-assembled copolymers.[40,41] For ex-
ample, Hawker et al. prepared a hybird dedrimer, whose
constitution resembles conventional surfactants (half of the
macromolecule had 16 hydrophilic terminal carboxylate
groups, while the other half had 16 hydrophobic terminal
phenyl groups), but this hybird dedrimer only formed an
emulsion of water and dichloromethane.[42]


In this report, we describe the spherical micelle forma-
tion of self-assembled Pc dendrimers that act as molecular
capsules. The key to our strategy is the use of tetra-tert-bu-
tylphthalocyaninatosilicon (SiPc) plane to make a direction-
ally ordered dendrimer.[43,44] One axial ligand of SiPc was
substituted with a thin hydrophobic alkyl chain, while a hy-
drophilic poly(aryl ether) dendrimer with terminal carboxyl
groups was utilized as the other axial ligand. The spherical
micelle formation of self-assembled dendrimers in aqueous
solution can be likened to the opening of an umbrella of the
dendrimer surrounded by carboxylic acid. This self-assembly
originates from the mushroom shape of the molecule, in
which the hydrophobic alkyl chain is only slightly longer
than the radius of the Pc plane.


[a] Prof. Dr. Dr. N. Kobayashi, T. Uchiyama, Dr. K. Ishii,
Dr. T. Nonomura
Department of Chemistry, Graduate School of Science
Tohoku University, Sendai 980±8578 (Japan)
Fax: (+81)22-217-7719
E-mail : nagaok@mail.tains.tohoku.ac.jp


[b] Prof. Dr. S. Isoda
Institute for Chemical Research
Kyoto University, Uji 611±0011 (Japan)


Abstract: A novel and intrinsically
spherical micelle has been prepared by
utilizing a silicon phthalocyanine
((WG3)SiPc) that has a thin hydropho-
bic alkyl chain and a bulky hydrophilic
poly(aryl ether) dendrimer with termi-
nal carboxyl groups, as its two axial li-
gands. Gel-permeation chromatogra-
phy and cryo-transmission electron mi-


croscopic experiments indicate that
(WG3)SiPcs self-assemble to form a
spherical micelle at very low concentra-
tions in aqueous solution. Depending


on the pH of the aqueous phase,
(WG3)SiPc shuttles between aqueous
and organic phases. In the presence of
hydrophobic molecules, this transfer is
accompanied by the inclusion of these
(guest) molecules, indicating that the
micelle acts as a molecular capsule
with a nanospace surrounded by func-
tional phthalocyanine planes.


Keywords: dendrimers ¥ micelles ¥
molecular capsules ¥
phthalocyanines ¥ self-assembly
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Results and Discussion


Gel-permeation chromatography (GPC) experiments were
carried out to confirm the state of self-assembly. It was
found through the use of a Bio-
Beads S-X1 column that the
elution volume of solutions in
toluene increases in the order,
(G3)2SiPc (molecular weight
(Mr)=6257)< (G3)SiPc (Mr=


3698)<SiPc(OH)2 (Mr=799)
(Figure 1A), and has good line-
arity with the logarithm of Mr


(Figure 1B); this strongly sug-
gests that these compounds
exist as monomers in organic
solvents. The GPC behavior of
the water-soluble dendrimers
WG3SiPc and (WG3)2SiPc in
aqueous solution was examined
by using a Sephadex G-100
column, and compared with
those of several well-known
proteins, that is, myoglobin
(Mr=1.2î104), ovalbumin
(Mr=4.3î104), serum albumin
(Mr=6.8î104), and yeast alco-
hol dehydrogenase (ADH,


Mr=1.4î105).[45] The elution volume exhibited a good linear
relationship with logMr except for (WG3-K)SiPc (Figure 1C
and D). The elution volume of (WG3-K)SiPc is almost iden-
tical to that of ovalbumin, which evidently indicates aggre-
gation of (WG3-K)SiPc. The Mr of the aggregates is evaluat-
ed as 3±5î104.


To observe the self-assembled (WG3)SiPcs directly,
cryo-transmission electron microscopic (Cryo-TEM) meas-
urements were carried out. In the TEM images, a spherical
shape is seen in the frozen vitreous ice, even though the
noise level is high and the images granular (Figure 2). In the
images, atoms in the dendrimers are densely packed in pro-
jections along the electron beam direction, so that they ex-
hibit darker ringlike contrasts. The radius was estimated to
be about 3.5 nm, which is almost identical to the Stokes
radius (~3.5 nm) of ovalbumin. Given the Mr observed by
GPC and the spherical shape determined by the TEM
images, the number of aggregates, N, was estimated to be
10�3.[46] In this model, the radius of the micelle is 3.6±3.9
nm, consistent with the Cryo-TEM image (~3.5 nm).


This self-assembled Pc dendrimer micelle has the follow-
ing features with respect to conventional anionic surfactants:
1) our spherical micelle can be formed by only ~10 (WG3-
K)SiPcs, while several tens of surfactants are required to
generate spherical micelles;[47] and 2) the concentration of
(WG3-K)SiPc eluted from the Sephadex G-100 column is
very low (10�7±10�6


m), in contrast to the high critical micelle
concentration of conventional anionic surfactants (10�1±
10�3


m).[47] That is, this self-assembly of dendrimers is prone
to form a spherical micelle much more readily than general
anionic surfactants, and is intermediate between unimolecu-
lar micelles and self-assembled surfactants. This originates
from the mushroom-type molecular shape of (WG3)SiPc
and demonstrates a distinct relationship between the self-as-
sembly and the molecular shape of the constituents.[48]


Figure 1. Gel-permeation chromatographs from Bio-Beads S-X1 (A) and Sephadex G-100 (C) columns. Fig-
ures B and D show the relationships of molecular weight versus elution volume in our Bio-Beads S-X1 and Se-
phadex G-100 columns, respectively. Experimental details are given in the text.
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The hydrophobic environment around the Pcs was stud-
ied using fluorescence spectroscopy. While fluorescence
quantum yields (FF) in CH2Cl2 are independent of the den-
drimers,[49] those of (WG3-K)SiPc, (WG3-K)2SiPc, and
(WG2-K)SiPc in aqueous solution are 0.38, 0.37, and 0.02,
respectively. The very small FF value of (WG2-K)SiPc can
be interpreted by assuming that the WG2 dendrimer cannot
form a hydrophobic environment effectively. It is worth
noting that the FF value of (WG3-K)SiPc is almost identical
to that of (WG3-K)2SiPc, although in the case of (WG3-
K)2SiPc the SiPc plane is protected both above and below.
This also indicates the micelle formation of the self-assem-
bled (WG3-K)SiPcs, with a hydrophobic environment which
is similar to that of (WG3-K)2SiPc.


Since (WG3)SiPc forms a micelle in aqueous solution in
contrast to a monomeric form of (G3)SiPc in organic sol-
vents, transfers of (WG3)SiPc between organic (ethyl ace-
tate) and aqueous phases were investigated for controlling
the self-assembly. Figure 3A shows the transfer of
(WG3)SiPc between the organic and aqueous phases. When
the aqueous phase was alkaline, (WG3-K)SiPc dissolved as
a result of the formation of CO2


�K+ terminal groups
(Figure 3A1). By adding excess acetic acid, the aqueous
phase became acidic, resulting in the formation of (WG3-
H)SiPc with CO2H terminal groups and transferred into the
organic phase (Figure 3A2).[50] After subsequent addition of
a KOH aqueous solution and vigorous stirring, the water-
soluble (WG3-K)SiPc was again formed and transferred into
the aqueous phase (Figure 3A3). Therefore, together with
the above-described results of GPC, Cryo-TEM, and fluo-
rescence experiments, we can conclude that (WG3)SiPc
transfers between the organic and aqueous phases, accompa-
nied by the open±close behavior of the supramolecular mi-
celle (Figure 3B).


Utilizing this open±close behavior, molecular inclusion
was examined. Initially, the inclusion of perylene was inves-
tigated by electronic absorption spectroscopy (Figure 3C1).
After the transfer of (WG3)SiPc from an aqueous phase to
an ethyl acetate phase containing pre-dissolved perylene,
(WG3)SiPc was transferred back into the aqueous phase by
adding a KOH aqueous solution. This aqueous solution
clearly showed absorption bands due to perylene at around
400±450 nm (Figure 3C2). Although the same experiment
was carried out for (WG3)2SiPc that contained two den-
drimers above and below the Pc plane, no absorption bands
due to perylene could be detected in the aqueous solution.
These results show that perylene is captured when
(WG3)SiPcs self-assemble to form a supramolecular micelle,
and that it cannot be included from the dense dendritic side.
Furthermore, the inclusion of 1,4-benzoquinone (BQ) was
investigated by fluorescence measurements. Here, aqueous
solutions were prepared by adding a large amount of water
to a small amount of CH2Cl2 that contained BQ and (WG3-
K)SiPc (or (WG3-K)2SiPc) ([BQ]/[SiPc]=50). While the FF


value of (WG3-K)2SiPc was not influenced by BQ, the FF


Figure 2. TEM images of (WG3-K)SiPc in frozen aqueous solution at 4 K
(left), and a space-filling model of (WG3-K)SiPc constituting the micelle
(right).


Figure 3. Transfer of (WG3)SiPc between aqueous and organic (ethyl
acetate) phases. Figure A shows photographs of (WG3)SiPc in aqueous/
organic phases. (WG3)SiPc dissolved in aqueous phase (A1) transferred
into the organic phase when an excess CH3CO2H was added (A2). Subse-
quent addition of aqueous KOH and vigorous stirring yielded the water-
soluble (WG3-K)SiPc again in the aqueous phase (A3). Figure B (left
and right) shows the proposed conformations in aqueous and organic
phases, respectively. Figure C shows electronic absorption spectra of
(WG3-K)SiPc in aqueous solution (blue solid line, C1), perylene in ethyl
acetate (red solid line, C1), and (WG3-K)SiPc including perylene in
aqueous solution (solid line, C2).
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value of (WG3-K)SiPc decreased by ~20% in the presence
of BQ, originating from photoinduced electron transfer. In
CH2Cl2, fluorescence of (G3)SiPc and (G3)2SiPc was barely
quenched by BQ. These results indicate that BQ is also trap-
ped in the supramolecular micelle of (WG3-K)SiPc, and
that photoinduced electron transfer is more efficient in the
micelle than in the CH2Cl2 solution.


Conclusion


In summary, we have realized a supramolecular spherical
micelle consisting of self-assembled Pc dendrimers by direc-
tionally ordering the dendritic unit. In addition, we have
demonstrated that, in contrast to general surfactants, the
large functional Pc molecule can be employed as the consti-
tuting unit of a spherical micelle by utilizing a cone-shaped
dendritic umbrella. Since this spherical micelle acts as a mo-
lecular capsule, it provides an attractive nanospace sur-
rounded by the Pc planes, which exhibit photonic and redox
activity. In addition, since selective adsorption of Pcs to
cancer cells has been used for photodynamic therapy, the
micelle formed by dendrimers in this study has potential as
a novel drug delivery system in this field.


Experimental Section


Measurements : The 400 MHz 1H NMR spectral measurements were
made with a JEOL GSX-400 instrument. Mass spectra were obtained
using a Perspective Biosystem Voyager-DE-PRO (MALDI-TOF mass)
or a Micromass LCT (ESI-TOF mass) spectrometer. Electronic absorp-
tion spectra were recorded with a Hitachi 330 LC or a Hitachi U-3410
spectrophotometer. Fluorescence spectra were recorded with a Hitachi
F-4500 fluorescence spectrometer. The FF values were determined by
the use of SiPc(OH)2 (FF=0.57).[51] GPC was carried out with a Bio-
Beads S-X1 column (Bio-Rad, toluene, 20fî1100 mm, 0.75 mLmin�1) or
a Sephadex G100 column (Pharmacia Fine Chemicals, 0.75m-tris-HCl
buffer solution, 20fî320 mm, 0.15±0.19 mLmin�1). Cryo-TEM measure-
ments were performed at 4 K using a JEOL JEM-4000EX.[52] An aqueous
solution of (WG3-K)SiPc (10�4


m) on a grid was immediately quenched
into liquid propane (at 100 K), after which the frozen solution was ob-
served at a relatively low magnification of 50000 so as to avoid radiation
damage.


Synthesis : Frÿchet×s poly(aryl ether) dendrimers with ethoxycarbonyl ter-
minal groups were prepared by the convergent method, as follows.[53]


Coupling of the diethyl 5-(bromomethyl)isophthalate end group with the
3,5-dihydroxybenzyl alcohol monomer was performed in refluxing ace-
tone in the presence of K2CO3 and [18]crown-6, to afford (EtO2C)4-[G-
1]-OH (this notation describes the dendrimer chain functionality, fol-
lowed by the generation number, followed by the focal point group func-
tionality). Conversion to the corresponding benzylic bromide was then
undertaken by reaction with PPh3 and CBr4 in THF. The coupling reac-
tion of the first-generation bromide (EtO2C)4-[G-1]-Br (or the second-
generation bromide (EtO2C)8-[G-2]-Br) with the 3,5-dihydroxybenzyl al-
cohol monomer to give the second-generation alcohol (EtO2C)8-[G-2]-
OH (or the third-generation alcohol (EtO2C)16-[G-3]-OH) was carried
out in acetone at 40±45 8C in the presence of K2CO3 and a high concen-
tration (0.65±0.8 equiv) of [18]crown-6.


Monosilylated SiPc, SiPc(OH)(OSi(CH3)2C8H17) (L1=OH, L2=O-
Si(CH3)2C8H17), was prepared by reaction of SiPc(OH)2 and chlorodime-
thyloctylsilane in pyridine at 60 8C.[54] Dendrimer units were linked to the
axial positions of SiPc by reaction with SiPc(OH)2 or SiPc(OH)(O-
Si(CH3)2C8H17) in refluxing toluene.[4] Typical experimental conditions
are given for (G3)SiPc below.


(G3)SiPc : SiPc(OH)(OSi(CH3)2C8H17) (27 mg) and (EtO2C)16-[G-3]-OH
(31 mg) were refluxed in a dry toluene (1.5 mL) for 10 h. After removal
of the solvent by evaporation, the residue was purified by alumina (tolu-
ene) and gel-permeation (Bio-Beads S-X1, Bio-Rad, toluene/AcOEt 40:1
v/v) chromatography and preparative TLC on silica (toluene/AcOEt 40:1
v/v), to give the desired compound (9.4 mg, 9.2%). UV/Vis (CH2Cl2):
lmax (10�4e)=680.0 (23.8), 650.5 (3.07), 612.0 (3.62), 355.5 (7.66), 278.0
nm (4.68); 1H NMR (C6D6): d=9.97 (m, 4H; arom H), 9.74 (m, 4H;
arom H), 8.96 (s, 8H; arom H), 8.35 (s, 16H; arom H), 8.17 (m, 4H;
arom H), 6.73±6.52 (m, 18H; arom H), 6.06 (s, 1H; arom H), 4.81 (s, 8H;
benzylic), 4.54 (s, 16H; benzylic), 4.14 (s, 4H; benzylic), 4.09 (q, 32H;
OCH2), 3.94 (d, 2H; arom H), 1.55 (m, 36H; CCH3), 1.34 (s, 2H; benzyl-
ic), 1.17 (m, 2H; CH2), 0.98 (t, 48H; CH3), 0.88 (t, 3H; CH3), 0.80 (q,
2H; CH2), 0.43 (m, 2H; CH2), �0.05 (m, 2H; CH2), �0.19 (m, 2H;
CH2), �1.03 (m, 2H; CH2), �2.01 (m, 2H; SiCH2), �2.52 ppm (s, 6H;
SiCH3); ESI-TOF MS: m/z calcd for C211H227O48N8Si2: 3698.5 [M+H]+ ;
found: 3698.5; elemental analysis calcd (%) for C211H226O48N8Si2: C
68.55, H 6.13, N 3.03; found: C 68.82, H 6.30, N 2.75.


(G2)SiPc and (G3)2SiPc were synthesized by a method similar to that de-
scribed for (G3)SiPc, purified by GPC, and characterized by electronic
absorption, 400 MHz 1H NMR (C6D6), ESI- or MALDI-TOF MS, and el-
emental analysis as follows.


(G2)SiPc : Yield 61%; UV/Vis (CH2Cl2): lmax (10
�4e)=680.5 (30.5), 651.0


(4.08), 613.0 (4.79), 357.0 (9.96), 283.0 nm (4.91); 1H NMR: d=9.97 (m,
4H; arom H), 9.79 (m, 4H; arom H), 9.03 (s, 4H; arom H), 8.40 (s, 8H;
arom H), 8.18 (m, 4H; arom H), 6.48 (s, 4H; arom H), 6.46 (m, 2H;
arom H), 6.15 (m, 1H; arom H), 4.48 (s, 8H; benzylic), 4.10 (q, 16H;
OCH2), 4.10 (s, 4H; benzylic), 4.00 (s, 2H; arom H), 1.54 (m, 36H;
CCH3), 1.34 (s, 2H; benzylic), 1.21 (m, 2H; CH2), 0.99 (t, 24H; CH3),
0.91 (t, 3H; CH3), 0.81 (m, 2H; CH2), 0.45 (m, 2H; CH2), 0.025 (m, 2H;
CH2), �0.86 (m, 2H; CH2), �0.95 (m, 2H; CH2), �1.91 (m, 2H; SiCH2),
�2.44 ppm (s, 6H; SiCH3); ESI-TOF MS: m/z calcd for C131H148O25N8Si2:
2290 [M+H2O]+ ; found: 2290.6; elemental analysis calcd (%) for
C131H146O24N8Si2: C 69.23, H 6.47, N 4.93; found: C 68.56, H 6.85, N 4.43.


(G3)2SiPc : Yield 17%; UV/Vis (CH2Cl2): lmax (10�4e)=685.0 (21.5),
616.5 (3.57), 357.5 (7.07), 283.5 nm (7.40); 1H NMR: d=9.90 (m, 4H;
arom H), 9.69 (m, 4H; arom H), 8.92 (s, 16H; arom H), 8.33 (m, 32H;
arom H), 8.17 (d, 4H; arom H), 6.73±6.53 (m, 36H; arom H), 6.04 (s,
2H; arom H), 4.82 (s, 16H; benzylic), 4.60 (s, 32H; benzylic), 4.13 (s,
8H; benzylic), 4.09 (q, 64H; OCH2), 3.95 (m, 4H; arom H), 1.55 (m,
36H; CCH3), 1.34 (s, 4H; benzylic), 1.17 (m, 2H; CH2), 0.99 ppm (t,
96H; CH3); MALDI-TOF MS: m/z calcd for C354H358O94N8Si: 6252.4
[M]+ ; found: 6259.14; elemental analysis calcd (%) for C354H358O94N8Si:
C 67.96, H 5.77, N 1.79; found: C 68.83, H 5.99, N 1.66.


Ethoxycarbonyl groups were converted into carboxylates by hydrolysis in
a mixed solution (0.45m KOH aqueous solution/methanol/tetrahydrofur-
an=1:1:2 v/v/v) at ambient temperature (reaction times were 3, 14, and
20 h for (G2)SiPc, (G3)SiPc, and (G3)2SiPc, respectively), yielding water-
soluble (WGn-K)SiPc or (WG3-K)2SiPc.


Acknowledgements


This work was supported by a Grant-in-Aid for Young Scientists (Cate-
gory A No. 14703007), Scientific Research in Priority Areas ™Diagnosis
and Treatment of Cancer∫ (No. 15025212), and the COE project, Giant
Molecules and Complex Systems, 2003 from the Ministry of Education,
Culture, Sports, Science and Technology, Japan.


[1] Phthalocyanines–Properties and Applications Vols. I±IV (Eds.: C. C.
Leznoff, A. B. P. Lever), VCH, New York, 1989, 1992, 1993, and
1996.


[2] Pthalocyanines–Chemistry and Functions (Eds.:H. Shirai, N. Ko-
bayashi), IPC, Tokyo, 1997 (in Japanese).


[3] N. B. McKeon, Phthalocyanine Materials Synthesis, Structure and
Function, Cambridge University Press, Cambridge, 1998.


[4] M. Brewis, G. J. Clarkson, V. Goddard, M. Helliwell, A. M. Holder,
N. B. McKeown, Angew. Chem. 1998, 110, 1185±1187; Angew.
Chem. Int. Ed. 1998, 37, 1092±1094.


¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2003, 9, 5757 ± 57615760


FULL PAPER N. Kobayashi et al.



www.chemeurj.org





[5] M. Brewis, M. Helliwell, N. B. McKeown, S. Reynolds, A. Shaw-
cross, Tetrahedron Lett. 2001, 42, 813±816.


[6] G. A. Kraus, S. V. Louw, J. Org. Chem. 1998, 63, 7520±7521.
[7] G. R. Newkome, C. N. Moorefield, F. Vˆgtle, Dendritic Molecules,


Concepts, Synthesis, Perspectives, VCH, Weinheim, Germany, 1996.
[8] G. R. Newkome, C. N. Moorefield, in Compr. Supramol. Chem.


1996, 10, 777±832.
[9] A. W. Bosman, H. M. Janssen, E. W. Meijer, Chem. Rev. 1999, 99,


1665±1688.
[10] M. Fischer, F. Vˆgtle, Angew. Chem. 1999, 111, 934±955; Angew.


Chem. Int. Ed. 1999, 38, 884±905.
[11] V. V. Narayanan, G. R. Newkome, Top. Curr. Chem. 1988, 197, 19±


77.
[12] K. Inoue, Prog. Polym. Sci. 2000, 25, 453±571.
[13] D. -L. Jiang, T. Aida, Nature 1997, 388, 454±456.
[14] A. Archut, G. C. Azzellini, V. Balzani, L. D. Cola, F . Vˆgtle, J. Am.


Chem. Soc. 1998, 120, 12187±12191.
[15] P. Bhyrappa, J. K. Young, J. S. Moore, K. S. Suslick, J. Mol. Catal. A


1996, 113, 109±116.
[16] J. F. G. A. Jansen, E. M. M. de Brabander-van den Berg, E. W.


Meijer, Science 1994, 266, 1226±1229.
[17] I. Gitsov, J. M. J. Frÿchet, J. Am. Chem. Soc. 1996, 118, 3785±3786.
[18] G. R. Newkome, Z. Yao, G. R. Baker, V. K. Gupta, J. Org. Chem.


1985, 50, 2003±2004.
[19] G. R. Newkome, C. N. Moorefield, G. R. Baker, A. L. Johnson, R.


K. Behera, Angew. Chem. 1991, 103, 1205±1207; Angew. Chem. Int.
Ed. Engl. 1991, 30, 1176±1178.


[20] G. R. Newkome, C. N. Moorefield, G. R. Baker, M. J. Saunders, S.
H. Grossman, Angew. Chem. 1991, 103, 1207±1209; Angew. Chem.
Int. Ed. Engl. 1991, 30, 1178±1800.


[21] Y. H. Kim, O. W. Webster, J. Am. Chem. Soc. 1990, 112, 4592±4593.
[22] S. A. Kuzdzal, C. A. Monnig, G. R. Newkome, C. N. Moorefield, J.


Chem. Soc. Chem. Commun. 1994, 2139±2140.
[23] S. Stevelmans, J. C. M. van Hest, J. F. G. A. Jansen, D. A. F. J. van


Boxtel, E. M. M. de Brabander-van den Berg, E. W. Meijer, J. Am.
Chem. Soc. 1996, 118, 7398±7399.


[24] H. Liu, A. Jiang, J. Guo, K. E. Uhrich, J. Polym. Sci. Part A 1999,
37, 703±711.


[25] A. Heise, J. L. Hedrick, C. W. Frank, R. D. Miller, J. Am. Chem.
Soc. 1999, 121, 8647±8648.


[26] G. Pistolis, A. Malliaris, D. Tsiourvas, C. M. Paleos, Chem. Eur. J.
1999, 5, 1440±1444.


[27] Z. Sideratou, D. Tsiourvas, C. M. Paleos, Langmuir 2000, 16, 1766±
1769.


[28] M. Liu, K. Kono, J. M. J. Frÿchet, J. Controlled Release 2000, 65,
121±131.


[29] S. C. Zimmerman, F. Zeng, D. E. C. Reichert, S. V. Kolotuchin, Sci-
ence 1996, 271, 1095±1098.


[30] B. Kenda, F. Diederich, Angew. Chem. 1998, 110, 3357±3361;
Angew. Chem. Int. Ed. 1998, 37, 3154±3158.


[31] J. C. M. van Hest, D. A. P. Delnoye, M. W. P. L. Baars, M. H. P. van
Genderen, E. W. Meijer, Science 1995, 268, 1592±1595.


[32] S. D. Hudson, H. -T. Jung, V. Percec, W. -D. Cho, G. Johansson, G.
Unger, V. S. K. Balagurusamy, Science 1997, 278, 449±452.


[33] V. Percec, C. -H. Ahn, G. Ungar, D. J. P. Yeardley, M. Mˆller, S. S.
Sheiko, Nature 1998, 391, 161±164.


[34] V. Percec, W. -D. Cho, P. E. Mosier, G. Ungar, D. J. P. Yeardley, J.
Am. Chem. Soc. 1998, 120, 11061±11070.


[35] C. Marmillon, F. Gauffre, T. Gulik-Krzywicki, C. Loup, A. -M. Ca-
minade, J. -P. Majoral, J. -P. Vors, E. Rump, Angew. Chem. 2001,
113, 2696±2699; Angew. Chem. Int. Ed. 2001, 40, 2626±2629.


[36] D. J. Pesak, J. S. Moore, Angew. Chem. 1997, 109, 1709±1712;
Angew. Chem. Int. Ed. Engl. 1997, 36, 1636±1639.


[37] K. E. Schmalenberg, L. Frauchiger, L. Nikkhouy-Albers, K. E.
Uhrich, Biomacromolecules 2001, 2, 851±855.


[38] S. Yusa, A. Sakakibara, T. Yamamoto, Y. Morishima, Macromole-
cules 2002, 35, 10182±10188.


[39] S. Yusa, A. Sakakibara, T. Yamamoto, Y. Morishima, Macromole-
cules 2002, 35, 5243±5249.


[40] Y. Morishima, S. Nomura, T. Ikeda, M. Seki, M. Kamachi, Macro-
molecules 1995, 28, 2874±2881.


[41] L. Zhang, A. Eisenberg, J. Am. Chem. Soc. 1996, 118, 3168±3181.
[42] C. J. Hawker, K. L. Wooley, J. M. J. Frÿchet, J. Chem. Soc. Perkin


Trans. 1 1993, 1287±1297.
[43] G. R. Newkome, G. R. Baker, M. J. Saunders, P. S. Russo, V. K.


Gupta, Z. Yao, J. E. Miller, K. Bouillion, J. Chem. Soc. Chem.
Commun. 1986, 752±753.


[44] G. R. Newkome, X. Lin, C. Yaxiong, G. H. Escamilla, J. Org. Chem.
1993, 58, 3123±3129.


[45] P. Andrews, Biochem. J. 1965, 96, 595±606.
[46] The N value was estimated for two cases depending on whether or


not the micelle includes the solvent (tetrahydrofuran, THF). The N
value was evaluated as 8±13 in the absence of the solvent. When the
solvent exists in the inner sphere surrounded by the Pc planes, the
surface area of this sphere is assumed to be N times as large as the
area of the Pc plane with substituents (~4 nm2). From the values of
the density of THF and inner volume estimated from the surface
area, the N value was estimated as 7±10 with the solvent.


[47] I. M. Kolthoff, W. Stricks, J. Phys. Chem. 1948, 52, 915±941.
[48] J. N. Israelachvili, D. J. Mitchell, B. W. Ninham, J. Chem. Soc. Fara-


day Trans. 1976, 272, 1525±1568.
[49] The FF values of (G2)SiPc, (G3)SiPc, and (G3)2SiPc are 0.55, 0.59,


and 0.59, respectively, and independent of the size and number of
dendrimers.


[50] A 1H NMR spectrum of (WG3-H)SiPc indicates that the terminal
groups were almost all converted into CO2H (> 90%).


[51] K. Ishii, Y. Hirose, M. Fujitsuka, O. Ito, N. Kobayashi, J. Am. Chem.
Soc. 2001, 123, 702±708.


[52] S. Hahakura, S. Isoda, T. Ogawa, S. Moriguchi, T. Kobayashi, J.
Cryst. Growth 2002, 237±239, 1942±1945.


[53] J. W. Leon, M. Kawa, J. M. J. Frÿchet, J. Am. Chem. Soc. 1996, 118,
8847±8859.


[54] D. W. De Wulf, J. K. Leland, B. L. Wheeler, A. J. Bard, D. A. Batzel,
D. R. Dininny, M. E. Kenney, Inorg. Chem. 1987, 26, 266±270.


Received: May 15, 2003 [F5140]


Chem. Eur. J. 2003, 9, 5757 ± 5761 www.chemeurj.org ¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 5761


Phthalocyanine Dendrimers 5757 ± 5761



www.chemeurj.org






Calenzanane Sesquiterpenes from the Red Seaweed Laurencia microcladia
from the Bay of Calenzana, Elba Island: Acid-Catalyzed Stereospecific
Conversion of Calenzanol into Indene- and Guaiazulene-Type Sesquiterpenes


Graziano Guella,*[a] Danielle Skropeta,[a] Ines Mancini,[a] and Francesco Pietra[b, c]


Introduction


Red seaweeds of the genus
Laurencia (Ceramiales, Rhodo-
melaceae) are a rich source of
unusual secondary metabo-
lites.[1] The first example of a
calenzanane sesquiterpene, cal-
enzanol (1),[2,3] is a recent addi-
tion. It was isolated as the main
secondary metabolite from a
strain of Laurencia microcladia K¸tzing from the Bay of
Calenzana, Elba Island, which also gave a new 6,8-cycloeu-
desmane sesquiterpene (2)[4] and known sesquiterpenes,
(�)-g-cadinene (3) and (+ )-a-cadinol (4). In a preliminary
study, we noted that calenzanol (1), upon warming in either
C6D6 or freshly base-washed CDCl3, undergoes an intriguing
transformation into the indene-type sesquiterpene (5).[2]


Herein we describe reaction intermediates and branching
routes for this and other decay processes, as well as a new
calenzanane sesquiterpene from L. microcladia, in a mecha-
nistic scenario that may have far-reaching implications for
sesquiterpene chemistry.


Results and Discussion


Debromoisocalenzanol (6) and the artefact indene-type ses-
quiterpene 7: The unusual cis relationship between Br and
OH in calenzanol (1)[2] has now found further support in its
inertness toward 30% aqueous NaOH. In the less-encum-
bering trans relationship between Br and OH, epoxidation
of the C3=C4 double bond should have occurred.[5]


Flash chromatographic fractions of L. microcladia ex-
tracts[2] were subjected anew to HPLC examination. Small
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[c] F. Pietra
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Abstract: It is shown here that calenza-
nane sesquiterpenes (1 and 6) can be
isolated from organic extracts from the
red seaweed Laurencia microcladia
K¸tzing from the Bay of Calenzana,
Elba Island, provided contact with
acidic media is minimized. Such con-
tact induces rearrangements of 1 in dry
solvents to indene-type 5 and the blue-
colored guaiazulenium-type ion 17, via
spectrometrically (NMR) characterized
indene-type transient intermediates 10,


14, and 12. Addition of NEt3 to the re-
action mixture at appropriate stages al-
lowed the isolation of 12 (and 8 on
workup on SiO2), and guaiazulene (18).
Prolonged contact with silica gel led to


complete degradation of 1, giving cal-
enzanane-type epimeric enones 20a/
20b as well as indene-type epimeric
carbinols 22a/22b and fulvene 7. The
latter was also formed during silica-gel
flash chromatography of the algal ex-
tracts. A unifying mechanistic view of
these branching and cascade transfor-
mations may have both heuristic value,
suggesting possible artefact origin of
azulenoids, and synthetic applications.


Keywords: aromaticity ¥ configura-
tion determination ¥ conformation
analysis ¥ reactive intermediates ¥
terpenoids
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amounts of another new calenzanane sesquiterpene, debro-
moisocalenzanol (6) were isolated along with a new indene-
type sesquiterpene, 7. The composition of 6, C15H24O, is
based on HR-EI-MS data: three rings are inferred from
only two singlets (C5=C6) in 13C NMR spectra. The cyclo-
propyl ring appeared as a multiplet at dH = �0.14 ppm,
with a coupling pattern similar to that of 1. Assuming that


the stereochemistry of 1 is conserved, the a-H4 and b-Me14
positions were derived from strong NOEs for H10/H4 and
H9/Me14. The positions of both C5=C6 and the C3-OH
were assigned based on differential decoupling spectroscopy
(DDS), single bond correlation (HMQC), and multiple
bond correlation (HMBC) data. In support, molecular me-
chanics (MM) calculations suggested that, as a result of a
distortion imposed on the tricyclic system by the olefinic
bond, the six-membered ring adopts a quasiplanar rigid con-
formation, with Me14 in a pseudoaxial position. This shows
good agreement between observed and calculated vicinal
coupling constants, in particular J(4,9)=1.8 Hz, which im-
plies that C4-H and C9-H are almost orthogonal. Biogenesis
of the calenzanane skeleton may be attributed to the 1,9-
cyclization of guaiane, arising from the well-established 2,6-
cyclization of germacrene D.[6] The latter may also be a pre-
cursor of 6,8-cycloeudesmane (2) contained in our L. micro-
cladia.[4]


The bicyclic nature of 7 (C15H21Br; HR-EI-MS) is based
on three trisubstituted double bonds as the only unsatura-
tion present (from 1H and 13C NMR spectra), while the ful-
vene-type moiety is supported both by the low-field reso-
nances of the olefinic protons and UV absorption at lmax =


262.4 nm. Bromomethine and iPr groups (NMR) were con-
nected to these groups, as in 7, based on DDS, COSY,
HMBC, and HMQC data.


Determining the stereochemistry of 7, although complex
because of the flexible side chain, is essential to the central
issue of the stereospecific nature of the rearrangement reac-
tions of 1 dealt with in the next section. The configurations
at C6 and C8 are based on J-
coupling patterns and NOE
data. MM calculations suggest-
ed a preference for a boatlike
six-membered ring in the main
conformers (Figure 1) to main-
tain the planarity of the ful-
vene-type system. Assuming b


Me15 as in 1, the dH signal at
1.66 ppm is assigned to pseu-
doaxial Hb7 because of the
large coupling with H6 (J =


10.7 Hz). In agreement, a small W coupling of J = 0.6 Hz
occurs between H9 and pseudoequatorial H7a, while the as-
signment of H8b (dH = 2.96) is based on a small coupling
(J = 4.2 and 4.8 Hz) with C7-H2 and a coupling of J = 5.1
Hz with H9 and a strong NOE with H9, which establishes
an R* configuration at both C6 and C8. C10 was assigned an
R* configuration from a conformational space search fol-
lowed by strain minimization and evaluation of 3J (Table 1)
that led to three major conformers, 7a (76%), 7b (14%),
and 7c (10% rel. weight), in fast equilibrium (Figure 1).
Measured vicinal coupling constants agree with those calcu-
lated for 7 (Table 1), whereas no agreement was found for
the hypothetical (6R*,8R*,10S*) epimeric structure (Table
2). Least-strained 7a probably results from control of the
side chain conformation by both the bulky bromine atom
and 1,3-allylic strain between the C4=C9 bond and the C8
side chain, which is forced into a pseudoaxial position. This
overrides a weaker allylic strain between C1=C5 and Me15.
Therefore, in the less populated conformers 7b and 7c,
Me15 is forced into a pseudoaxial position. No fit was ob-
tained for either the hypothetical (6R*,8R*,10S*) epimer of
7 (Table 2) or any other conceivable diastereomeric struc-
ture.


Figure 1. Major conformers (7a, 7b, and 7c, in a fast equilibrium) for
compound 7 according to molecular mechanics calculations.


Table 1. Experimental and calculated (GMMX/MM3) 3J coupling con-
stants for compound (6R*,8R*,10R*)-7.


Conformer type 7a 7b 7c Averaged 3J Experimental
(rel. population) (76%) (14%) (10%) calculated values [Hz]
Vicinal protons 3J calculated for single


conformers
Jav = �ixiJi


6, 7a 3.5 4.9 4.7 3.8 4.2
6, 7b 12.2 2.0 2.1 9.8 10.7
8, 7a 2.2 12.2 12.2 4.6 4.2
8, 7b 4.6 3.7 3.8 4.4 4.8
8, 10 10.9 2.5 11.0 9.8 9.1
10, 11 1.9 10.6 2.2 3.2 3.8


Table 2. Experimental and calculated (GMMX/MM3) 3J coupling constants for the hypothetical
(6R*,8R*,10S*) epimer of 7.


Conformer type a b c d e Averaged 3J Experimental
(rel. population) (44%) (24%) (16%) (14%) (2%) calculated values [Hz]
Vicinal protons 3J calculated for single conformers Jav = �ixiJi


6, 7a 3.3 5.0 4.8 4.9 4.9 4.2 4.2
6, 7b 12.3 2.0 2.1 2.0 2.0 6.5 10.7
8, 7a 2.3 12.3 12.2 12.3 12.3 7.9 4.2
8, 7b 4.5 3.6 4.0 3.6 3.6 4.0 4.8
8, 10 10.8 1.5 10.7 2.3 0.8 7.2 9.1
10, 11 2.0 10.4 2.1 10.4 1.9 5.2 3.8
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Decay of calenzanol (1) in solution to form indene-type (5)
and guaiazulenium ion (17) sesquiterpenes through observ-
able intermediates 10, 12, and 14 : Freshly purified, colorless
calenzanol (1) proved to be stable, either as pure material
or, at room temperature, in C6D6, n-hexane, and freshly
base-washed CDCl3 solution. However, warming to 40 8C in
the latter medium, in the course of variable-temperature 1H
NMR experiments, induced decomposition of 1: in a few min-
utes, signals for the indene-type sesquiterpene 5[2] appeared,
while those for 1 decreased. The solution also changed color
to ink-blue (caused by the formation of 17), whereby the in-
tensity increased over a period of 1±2 h until the process
was completed. Aged yellow samples of calenzanol were
acidic and particularly prone to decomposition into 5 and
17.


Decay of calenzanol (1) into 5 and 17 was monitored by
1H NMR spectroscopy: three long-lived intermediates, 10,
12, and 14, were detected (Scheme 1). Although these inter-
mediates appeared in the given sequence, each in turn, their
complete 1H NMR spectral assignment required separate
experiments under different conditions. Further support for
the structure of 12 and 17 is given by the isolation of 8 and
18 from the respective quenching reactions by triethylamine
(top-right and bottom-right boxes in Scheme 1).


The 1H NMR spectrum of the first observable intermedi-
ate (10) was characterized by the absence of the high-field
cyclopropyl signals of 1; these signals were replaced by the
signals for a bromomethine group (dH = 4.05 ppm (dd, 3.1,
9.8 Hz)) bound to the iPr group (dH = 1.02 and 1.04 ppm,
each d, J=6.5 Hz, Me). Clearly, ring-opening of the cyclo-
propyl moiety of 1 had occurred, presumably induced by
free HBr. Four olefinic methine signals were also detected.
They are linked by strong NOE values to the two exo-meth-
ylene singlets at dH = 4.99 and 5.41 ppm. The remaining
two olefinic resonances (dH = 5.72 and 5.84 ppm) were as-
signed to the terminal positions of the conjugated diene
across C1/C5 and C4/C9. The transient nature of 10 made it
difficult to carry out detailed NOE experiments devised to
assign the configuration at the chiral centers. However, in a
molecular-modeling approach as for 7 above, the relative
configuration (6R*,8R*,10R*) could be established from two
major conformers, 10a and 10b (totaling 85%), with a pseu-
doaxial C8 side chain, and two minor conformers, 10c and
10d (totaling 15%), with a pseudoequatorial C8 chain
(Table 3). Agreement was observed for the calculated and
observed pattern of J coupling constants. In contrast, no
agreement with the experimental findings was observed for
the hypothetical (6R*,8R*,10S*) epimeric structure (Table 4).


Scheme 1. Rearrangement of calenzanol (1), proceeding through intermediates 10, 12, and 14 and ending in the indene 5 and blue guaiazulenium ion
(17). Addition of Et3N allowed the isolation of guaiazulene (18) (lower, single-line box) and 12. When SiO2 chromatography was continued, compound 8
was isolated (upper, single-line box). The sequences within double-line boxes represent trapping of cations by water during workup on silica gel. Elusive
intermediates are enclosed within square brackets.
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While 1H NMR signals for 10 disappeared, those for 12
appeared. The latter compound was isolated from another
batch of reaction mixture, made alkaline by the addition of
Et3N in small amounts. The composition of 12, that is
C15H21Br, one H2O less than for calenzanol (1), is supported
by EI-MS and HR-EI-MS data. Of the five unsaturations,
only three (one tetra-, one 1,2-di-, and one 1,1-disubstituted
C=C double bond) appeared in the 1H and 13C NMR spec-
tra. This supports the presence of the two cycles. The NMR
spectra further support the bromomethine substituent (dH
= 3.94 ppm as dd, J=5.0, 7.2 Hz and dC = 73.13 ppm as d)
and the iPr group (dH = 1.02 and 1.04 ppm, each d, J=6.6
Hz; Me). Conjugation among the C=C bonds is suggested
by the low-field resonance of the protons at the 1,2-disubsti-
tuted alkene moiety (dH = 6.09 ppm as d, J=5.4 Hz and dH


= 6.33 pm as d, J=5.4 Hz). This agrees with the UV absorp-
tion at lmax = 244 nm and the strong NOE enhancement be-
tween H2 (dH = 6.33 ppm) and one of the methylene pro-
tons of the 1,1-disubstituted alkene (dH = 5.65 ppm, br s,
Ha14). These fragments could be assembled as in structure
12 on the basis of DDS, COSY, HMBC, and HMQC data.


A single HPLC peak and 13C NMR signals for a single
molecular species indicated a single 12 stereoisomer, imply-
ing that acid-catalyzed opening of the cyclopropyl ring of
calenzanol (1) is stereoselective. Assuming, from the MM
calculations discussed below, the presence of a chairlike cy-
clohexene ring in the least-strained conformations of 12, the
relative configurations at C6 and C8 could be assigned from
the coupling pattern and NOE enhancements. Thus, the
signal at dH = 1.73 ppm for one of the methylene protons at
C7 was assigned to the axial position (b in the arbitrarily
chosen enantiomer 12) on the basis of a large coupling con-
stant (10.5 Hz) to the neighboring methine proton H6 (dH


= 2.66 ppm). This suggests a trans-diaxial relationship be-


tween the two protons, which
assigns to C6 the same configu-
ration as in 1. A smaller cou-
pling constant of 5.8 Hz be-
tween H7b and H8 suggests the
equatorial position for the
latter proton. A strong NOE
enhancement between H7b and
a C9 methylene proton (dH =


2.25 ppm) indicates an axial po-
sition for the latter. This agrees


with the small coupling constant (3.2 Hz) between H9a and
H8, as expected for a diequatorial relationship. No definite
conclusions as to the configuration at C10 could be reached,
however. The measured averaged values J(10,11) = 7.2 Hz
and J(8,10) = 5.0 Hz are compatible with both the
(6R*,8R*,10S*) or epimeric (6R*,8R*,10R*) stereochemis-
try. Therefore, the C10 configuration assumed for 12 was
merely derived from the proposed reaction mechanism in
Scheme 1. Further structural support was obtained from the
isolation of a sizeable quantity of 8 from workup on SiO2 of
the NEt3-quenched mixture (Scheme 1).


The 1H NMR spectrum of the third intermediate, 14,
closely resembled that of the first intermediate 10. In partic-
ular, the dH = 3.90 ppm (dd, J = 5.1 and 6.9 Hz), also ob-
served for all other ring-opened compounds, was assigned to
the bromomethine substituent at C10. However, all olefinic
protons appeared at higher field, suggesting that the exo-
methylene olefinic bonds are isolated. Molecular modeling
suggested five major conformers with the side chain at C8 in
a pseudoaxial position and vicinal coupling constants J(8,10)
of 4.0�1 Hz were in excellent agreement with the measured
value, 4.1 Hz. These calculations also indicated that four of
the five conformers, totaling 72% weight, have H10 and
H11 in a gauche relationship (corresponding to small
J(10,11) values), while the remaining conformer possesses
these two protons in a trans relationship, corresponding to
high J(10,11) values. Boltzman averaging led to J(10,11) =


7.8 Hz, in good agreement with the measured value 7.0 Hz.
This supports the relative configuration 6R*,8R*,10R* for
14, while calculations for the hypothetical (6R*,8R*,10S*)
epimeric structure gave J(10,8) = 9.4 Hz and J(10,11) =


2.1 Hz, which are in sharp contrast with the measured
values.


Immediately afterwards, 1H NMR signals for 14 were de-
tected, and also those for the indene-type sesquiterpene 5[2]


appeared, accompanied by three signals at low field (dH =


8.58, 8.90, and 9.20 ppm) for the guaiazulenium ion 17. The
latter could be isolated as an unstable, opaque royal-blue
amorphous solid, on heating and then cooling concentrated
1 in benzene. The structure depicted for 17 is supported by
1H NMR spectra and selective homonuclear proton decou-
pling data, which are in agreement with 1H NMR data ob-
tained for stabilized azulenium cations, such as 5-isopropyl-
3,8-dimethyl-1H-azulenium tetrafluoroborate[7a] and 3-
bromo- and 3,3-dibromoguaiazulenium bromide.[7b]


1H NMR experiments indicated that 17 is stable with
regard to the addition of water, methanol, or 2,6-di-tert-bu-
tylated hydroxytoluene (BHT), whereas hard nucleophiles,


Table 3. Experimental and calculated (GMMX/MM3) 3J coupling constants for compound (6R*,8R*,10R*)-10.


Conformer type 10a 10b 10c 10d Averaged 3J Experimental
(rel. population) (67%) (18%) (12%) (3%) calculated values [Hz]
Vicinal protons 3J calculated for single conformers Jav = �ixiJi


6, 7a 3.4 4.8 4.6 4.6 3.8 4.0
6, 7b 12.3 2.1 2.2 2.1 9.0 10.7
8, 7a 2.2 12.2 12.2 12.3 5.5 4.0
8, 7b 4.6 3.7 3.9 3.5 4.3 4.5
8, 10 11.0 2.6 11.0 3.4 9.2 9.8
10, 11 1.9 10.6 2.2 1.9 3.5 3.1


Table 4. Experimental and calculated (GMMX/MM3) 3J couplings for
the hypothetical (6R*,8R*,10S*) epimer of 10.


Conformer type a b c Averaged 3J Experimental
(rel. population) (59%) (37%) (4%) calculated values [Hz]
Vicinal protons 3J calculated for single


conformers
Jav = �ixiJi


6, 7a 4.8 4.8 4.7 4.8 4.0
6, 7b 2.0 2.1 2.1 2.1 10.7
8, 7a 12.3 12.3 12.3 12.3 4.0
8, 7b 3.7 3.6 3.6 3.6 4.5
8, 10 1.5 2.3 0.8 1.8 9.8
10, 11 10.4 10.4 2.7 10.2 3.1
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such as triethylamine or potassium acetate, triggered instan-
taneous degradation into a complex mixture of products,
from which guaiazulene 18 was obtained.


Any mechanistic hypothesis for these transformations
has to take into account that calenzanol (1) is stable towards
bases and quite sensitive to acids. Basic media and condi-
tions include prolonged heating with 30% aqueous NaOH
or Et3N, and diazabicycloundecene (DBU),[8] even under
severe conditions, for example 180 8C in toluene in a sealed
tube. Acidic media include Lewis acids, such as ZnBr2 or
HgCl2, even in trace amounts, and Br˘nsted acids, such as
residual HCl in aged CDCl3. Even unneutralized Pyrex
walls of the reaction apparatus induced degradation of 1 on
short warming in freshly purified CDCl3 or long heating in
hexane or benzene. Degradation of 1, under the above con-
ditions, was unaffected by the addition at various times of a
radical initiator, such as azoisobutyronitrile (AIBN), or an
inhibitor, such as BHT.


A mechanism for the degradation of calenzanol (1) is
proposed in Scheme 1. According to this proposal, acid-in-
duced allylic dehydration of 1, followed by dehydrobromina-
tion, leads to intermediate 8, which is elusive under the re-
action conditions but could be isolated on quenching the
system with Et3N just after the appearance of intermediate
12 (see Experimental Section). The low aromatic character
of the fulvene ring, whose resonance energy (�6 kcalmol�1)
is far lower than that of a benzenoid system (�36 kcal -
mol�1),[9] and the presence of vinylcyclopropane functionali-
ty confers unique chemical features to 8. Semiempirical
PM3 calculations for 8 indicate the highest electron density
at C2, which is, therefore, assumed to be the site of protona-
tion, leading to a second elusive intermediate 9, in which
the positive charge is mainly localized at C4. The incipient
carbocation intermediate 9 is expected (and confirmed by
our PM3 semiempirical calculations) to be particularly stabi-
lized not only by two allylic double bonds but also by the
conjugative effect of the bent orbitals of the cyclopropyl
ring with the vacant p orbital of the cationic carbon. In 9, in
fact, the empty p orbital at C4 is almost parallel to the C8�
C10 cyclopropyl s bond, a particularly favorable position for
conjugation but also for its incipient assistance to the irre-
versible nucleophilic attack of Br� at C10 affording inter-
mediate 10 through complete C8±C10 cyclopropyl s bond
migration.


In contrast, Br� attack at C8, with ring-opening of the
cyclopropyl unit through cleavage of the C8±C9 bond, fol-
lowed by a 6p norcaradiene±cycloheptatriene type rear-
rangement, leads to the guaiazulenium ion intermediate 17
via two elusive intermediates, 15 and 16. Intermediate 12,
which, being of the fulvene-type does not benefit from aro-
matic stability,[9] can be regarded as being in a cul-de-sac, in
a protonation/deprotonation equilibrium with elusive 11,
which derives from the protonation of 10. Thus, 12, which is
depleted by irreversible change of 11 into elusive 13 via a
1,3-H shift, serves as a sink to provide intermediate 14. Ac-
cording to PM3 calculations, the latter is 7.1 kcalmol�1 more
stable than 12.


The alternative view of consecutive intermediates 10, 12,
and 14 along the reaction path, while in accordance with the


order of their appearance from the NMR spectra, contra-
venes least-motion principles.


Decay of calenzanol (1) on silica gel : All attempts at purify-
ing large amounts of calenzanol (1) by preparative TLC on
silica gel resulted in the complete degradation of this mate-
rial to give the bicyclic triene 7, and the C3 epimeric mix-
tures 22a/22b (in a 3:2 ratio) and 20a/20b (in a 7:3 ratio)
(Scheme 1, double-line boxes).


A short residence time on silica gel, at low concentra-
tions, such as on flash chromatography (FC) (0.4 g of algal
extract on 40 g of silica gel; see Experimental Section) is
mandatory for the isolation of 1 as well as 2±5. Performing
the same FC with 4 g of algal extracts on 200 g of silica gel
required longer times, and thus a longer contact time of con-
centrated 1 with the chromatographic support. This led to 7,
a 3:2 epimeric mixture 22a/22b, and a 7:3 mixture of C3 epi-
meric 20a/20b. Similarly, preparative silica-gel TLC of 1 led
to its complete conversion into 7, and 3:2 epimeric 22a/22b,
and 7:3 epimeric 20a/20b mixtures (see Experimental Section).


The composition of C15H22O given for epimers 20a/20b
is based on HR-EI-MS measurements. The a,b-unsaturated
keto group, detected by 1H and 13C NMR spectroscopy, ac-
counts for one HBr unit less and one unsaturated bond
more than calenzanol (1). The cyclopropyl ring finds support
in a high-field methine signal at dH = 0.89 ppm, while five-
membered-ring to six-membered-ring fusion through the C=
C bond is consistent with the absence of olefinic proton sig-
nals. DDS, COSY, HMBC, and HMQC experiments allowed
us to determine the carbon skeletons, in particular revealing
that the cyclopropyl moiety has the same stereochemistry as
in calenzanol (1). Both 1H and 13C NMR spectra indicated a
7:3 molar ratio for 20a/20b.


Isolation of triene 7 as a single stereoisomer, and carbi-
nols 22a/22b as a C3 epimeric mixture, provide further sup-
port to our tenet that, in the transformation of calenzanol
(1) into 10, 12, 14, and degraded products, dehydration
across C5 and C6 is not involved, while opening of the cy-
clopropyl ring is stereoselective.


Formation of 20a/20b and 22a/22b is suggested in
Scheme 1 (double-line boxes) from trapping of carbocations
by H2O, unavoidably present in silica gel. The first are sug-
gested to arise from trapping of 9 to give elusive 19, which
undergoes air oxidation and reduction. To rationalize 22a/
22b, we should admit the presence of another elusive inter-
mediate carbocation, 21, arising, in parallel to 11, from pro-
tonation of 10. Carbocation 21 is trapped by H2O to give
22a/22b, which are immediate precursors of 7, obtained by
dehydration. That 22a/22b were isolated during experiments
of induced degradation of 1, but not from algal extract,
where 7 was present, means that the latter workup induced
dehydration of 22a/22b.


Conclusion


We have shown here that calenzanane sesquiterpenes (1 and
6) can be isolated from EtOH/MeOH extracts from the red
seaweed Laurencia microcladia K¸tzing from the Bay of
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Calenzana, Elba Island, provided that contact with acidic
media is minimized. The latter trigger rearrangements of 1.
In dry solvents, indene-type 5 and the blue guaiazulenium-
type ion 17 are formed through indene-type transient inter-
mediates 10, 14, and 12 (Scheme 1), which were observed by
1H NMR spectroscopy in separate experiments under differ-
ent conditions. The latter could also be isolated on addition
of NEt3, allowing the measurement of both 13C NMR and
MS/HR-MS spectra. Aged 1, degrades faster than the pure
material, presumably because of HBr formed. Trapping of
17 by NEt3 gave guaiazulene (18), and workup on SiO2 of
the NEt3-quenched reaction mixture containing 12 gave 8,
which could be structurally investigated in detail by 1H and
13C NMR and MS/HR-MS spectra, allowing structural con-
firmation of the transient intermediates. On prolonged con-
tact with silica gel, complete degradation of 1 occurred to
give the calenzanane-type epimeric enones 20a/20b as well
as indene-type epimeric carbinols 22a/22b and fulvene 7
(Scheme 1, double-line boxes), the latter was also observed
during silica-gel flash chromatography of the algal extracts.
Observation of reaction intermediates by NMR spectrosco-
py under ordinary conditions, as in this study, is uncommon.
This allows us to propose a unifying mechanism on these
branching and cascade transformations (Scheme 1), where
elusive, hypothetical species, enclosed in square parentheses,
accompany those firmly established. This may have both
heuristic value, suggesting that azulenoids in nature may
also result from chemical bias to aromatization, and possible
synthetic applications derived from the regio- and stereospe-
cific course of these reactions under anhydrous conditions.


Experimental Section


General methods Flash-chromatography (FC): Merck Si-60, 15±25 m.
HPLC: Merck LiChrosorb Si-60250î4.6 mm (7 mm) with hexane/iPrOH
or Merck LiChrospher 100RP18 (5 mm) with CH3CH/H2O. Preparative
HPLC: 250î10 mm columns. Polarimetric data: JASCO-DIP-181 polar-
imeter. NMR: VarianXL-300 spectrometer equipped for inverse detec-
tion; chemical shifts are reported relative to residual solvent signals (for
CDCl3 dH = 7.260 ppm and dC = 77.00 ppm; for C6D6 dH = 7.150 ppm
and dC = 128.50 ppm), coupling constants (J) are given in Hz. For com-
pounds 6, 7, and 20, COSY 1H,1H, NOE1D (differential NOE), HMQC,
and HMBC experiments were carried out. EI-MS: KratosMS80 mass
spectrometer with a home-built data system. MM calculations were per-
formed with the computer programs PCMODEL7.0, based on the MMX
force-field, from Serena Software, and MM3(96), based on the MM3
force-field, from QCPE, Indiana University. IUPAC numbering is only
used in the following for retrieval purposes. Compounds 1±4 have been
described previously.[2, 4]


HPLC isolation of compounds from algal extracts : The residue (0.05 g)
from evaporation of fractions 1±8 from the 40 fractions obtained before
from L. microcladia extracts (carried out with EtOH, then MeOH),[2]


was subjected to HPLC on Si60 with n-hexane (flow gradient from 5
mLmin�1 to 8 mLmin�1 over a period of 20 min) to afford 7 (tR = 15.8
min, 4.8 mg), along with d-cadinene (tR = 5.1 min, 2.5 mg), previously
obtained from this seaweed.[4] The residue of fractions 9±11 (980 mg) was
subjected to HPLC on Si60 with n-hexane/EtOAc (98:2). The residue
(150 mg) from fractions 14±16 was subjected to HPLC on Si60 with n-
hexane/iPrOH (99 :1) under refractometric detection, to give 6 (tR =


12.9 min, 4.6 mg) and 5-bromo-1-isopropyl-2,5a-dimethyl-decahydro-cy-
clopropa[a]inden-2-ol (2) (tR = 13.7 min, 12.0 mg), a 6,8-cycloeudesmane
sesquiterpene previously described from this seaweed.[4]


Calenzanol (4-bromo-1-isopropyl-3,6-dimethyl-1a,2,3,4,5,6b-hexahydro-
1H-cyclopropa[e]inden-3a-ol) (1):[2] Colorless oil; [a]20D = ++12 (c =


3.00, n-hexane).


Calenzanane-type sesquiterpene [1-isopropyl-3,6-dimethyl-1a,2,4,5,6a,6b-
hexahydro-1H-cyclopropa[e]inden-6-ol ] (6): Colorless oil, [a]20D = �15.8
(c = 0.04, MeOH); 1H NMR (300 MHz, C6D6): d = �0.14 (td,
3J(10,8)=4.8, 3J(10,9) = 4.8, 3J(10,11) = 8.5 Hz, 1H; H10), 0.69 (dddd,
3J(8,7a) = 1.8, 3J(8,10) = 4.8, 3J(8,7b) = 7.8, 3J(8,9) = 9.1 Hz, 1H; H8),
0.76 (ddd, 3J(9,4) = 1.8, 3J(9,10) = 4.8, 3J(9,8) = 9.1 Hz, 1H; H9), 0.88
(septd, 3J(11,Me12)=6.5, 3J(11,Me13) = 6.5, 3J(11,10) = 8.5 Hz, 1H; 11-
H), 1.01 (d, 3J(Me12,11) = 6.5 Hz, 3H; Me12), 1.03 (d,3J(Me13,11) =


6.5 Hz, 3H; Me13), 1.38 (s, 3H; Me14), 1.53 (br s, 3H; Me15), 1.54 (ddd,
3J = 8.9, 3J = 10.7, 2J(2a,2b) = 13.4 Hz, 1H; H2a), 1.71 (m, 1H; H4),
1.79 (ddd, 3J = 2.6, 3J = 9.1, 2J(2b,2a) = 13.4 Hz, 1H; H2b), 1.87 (brd,
2J(7a,7b) = 17.8 Hz, 1H; H7a), 2.07 (m, 1H; H1), 2.24 (brdd, 3J(7b,8)
= 7.8, 2J(7b,7a) = 17.8 Hz, 1H; H7b), 2.30 (m, 1H; H1), 1.30 ppm (br s;
OH); 13C NMR: d = 14.43 (d; C8), 15.33 (d; C9), 19.47 (q; C15), 21.80
(q; C12), 21.92 (q; C13), 24.66 (q; C14), 24.97 (t; C2), 30.56 (t; C7), 33.37
(d; C11), 36.15 (d; C10), 39.01 (t; C1), 50.03 (d; C4), 79.15 (s; C3), 124.89
(s; C6), 132.34 ppm (s; C5); MS (70 eV, EI): m/z (%): 220 ([M]+ , 18),
202 ([M�H2O]+ , 9), 187 (16), 119 (100); HR-EI-MS: m/z : calcd for
C15H24O: 220.1827; found: 220.1831�0.005.


Indene-type sesquiterpene 7 [6-(1-Bromo-2-methyl-propyl)-1,4-dimethyl-
5,6-dihydro-4H-indene]: Yellow oil; CD (MeOH): �0.96 (lmax = 284
nm), +0.72 (lmax = 259 nm), �2.2 (lmax = 210 nm); 1H NMR d = 1.02
(d, 3J(Me13,11) = 6.5 Hz, 3H; Me13), 1.08 (d, 3J(Me12,11) = 6.5 Hz,
3H; Me12), 1.16 (d, 3J(Me15,6) = 6.8 Hz, 3H; Me15), 1.66 (ddd, 3J(7b,8)
= 4.8, 3J(7b,6) = 10.7, 2J(7b,7a) = 13.3 Hz, 1H; H7b), 1.93 (dseptet,
3J(11,10) = 3.8, 3J(11,Me12)=6.5, 3J(11,Me13) = 6.5 Hz, 1H; 11-H),
1.98 (brd, 4J(Me14,2) = 1.4 Hz, 3H; Me14), 2.26 (dtd, 5J(7a,9) = 0.5 Hz,
3J(7a,6)=4.2, 3J(7a,8) = 4.2, 2J(7a,7b) = 13.3 Hz, 1H; H7a), 2.82 (qdd,
3J(6,Me15) = 6.8, 3J(6,7a) = 4.2, 3J(6,7b) = 10.7 Hz, 1H; H6), 2.96
(dddd, 3J(8,7a) = 4.2, 3J(8,7b) = 4.8, 3J(8,9) = 5.1, 3J(8,10) = 9.1 Hz,
1H; H8), 4.17 (dd,3J(10,11) = 3.8, 3J(10,8) = 9.1 Hz, 1H; H10), 5.91 (q,
J = 1.6 Hz, 1H; H1), 6.04 (quintet, 3J(2,1)=2.0, 4J(2,Me14) = 2.0 Hz,
1H; H2), 6.44 ppm (dd, 5J = 1.6, 3J(9,8) = 5.1 Hz, 1H; H9); 13C NMR:
d = 11.64 (q; C15), 17.48 (q; C12), 19.99 (q; C14), 22.58 (q; C13), 25.96
(d; C6), 31.70 (d; C11), 37.37 (t; C7), 40.64 (d; C8), 69.13 (d; C10), 122.59
(d; C1), 128.94 (s; C3), 129.25 (d; C2), 133.54 (d; C9), 137.31 (s; C4),
146.33 (s; C5); UV (MeOH): lmax (e) = 258 nm (6200 mol�1dm3cm�1);
MS (70 eV, EI): m/z (%): 282/280 ([M]+ , 10), 267/265 ([M�CH3]


+ , 1),
201 ([M�Br]+ , 7), 185 ([M�CH3-HBr]+ , 5), 145 ([M�C4H8Br]


+ , 100);
HR-EI-MS: m/z calcd for C15H21


79Br 280.0827; found: 280.0829�0.006.


NMR observation of intermediates 10, 12, and 14, and isolation of 12 and
guaiazulenium compound 17, in the degradation of calenzanol (1): The
general procedure (adapted below to each particular case, allowing the
isolation of 12 and 17) consisted of taking an aliquot of freshly purified
calenzanol (1), stored as a 0.5 mgmL�1 solution in n-hexane at �4 8C,
and carefully concentrating it by repetitive evaporation in the presence
of added CCl4, so as to prevent evaporation to dryness. Freshly base-
washed CDCl3 was then added to the concentrated solution and the
sample was flushed with argon. NMR spectra of the colorless starting sol-
ution were recorded at 14 8C, which showed only the presence of calenza-
nol (1). The solution was gently warmed for 5 min at 40 8C and then
cooled to 14 8C to record the NMR spectra. Intermediates 10, 12, and 14
appeared consecutively and were accompanied by an intense blue colora-
tion of the solution that increased in intensity as the rearrangement reac-
tions proceeded to the end product, 5.


Intermediate 10 [6-(1-bromo-2-methyl-propyl)-4-dimethyl-1-methylene-
2,4,5,6-tetrahydro-1H-indene]: 1H NMR: d = 1.02 (d, 3J(Me12,11) = 6.5
Hz, 3H; Me12), 1.04 (d, 3J(Me13,11) = 6.5 Hz, 3H; Me13), 1.17 (d,
3J(Me15,6) = 6.7 Hz, 3H; Me15), 1.44 (ddd, 3J(7b,8) = 5.2, 3J(7b,6) =


11.8, 2J(7b,7a) = 13.3 Hz, 1H; H7b), 2.01 (m, 1H; 11-H), 2.16 (td,
3J(7a,6)=4.0, 3J(7a,8) = 4.0, 2J(7a,7b) = 13.3 Hz, 1H; H7a), 2.52 (m,
1H; H6), 2.75 (tdd, 3J(8,7a)=4.5, 3J(8,7b) = 4.5, 3J(8,9) = 5.4, 3J(8,10)
= 9.8 Hz, 1H; H8), 3.11 (m, 2H; H2), 4.05 (dd, 3J(10,11) = 3.1, 3J(10,8)
= 9.8 Hz; H10), 4.99 (br s; H14a), 5.41 (br s; H14b), 5.72 (m; H1), 5.84
(brd, 3J(9,8) = 5.4 Hz; H9).


Intermediate 12 [6-(1-bromo-2-methyl-propyl)-4-dimethyl-1-methylene-
4,5,6,7-tetrahydro-1H-indene]: Degradation of a solution of calenzanol
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(1) in CDCl3 (4.0 mg in 0.6 mL) was initiated as described above for the
general procedure; after about 5 min, at the onset of NMR signals for 12,
triethylamine (10 mL) was added, the solution was concentrated, and
thereafter immediately subjected to HPLC (Merck Lichrosorb Si60, 7
mm, 1î25 cm, 100% hexane, l = 254 nm, flow = 5 mLmin�1) to give 12
(tR = 5.4 min, 2.5 mg) as a pale yellow oil. [a]D = �16.5 (c = 0.9,
MeOH); 1H NMR: d = 1.04 (d, 3J(Me12,11)=6.6, 3J(Me13,11) = 6.6
Hz, 6H; Me12 and Me13), 1.13 (d, 3J(Me15,6) = 7.2 Hz, 3H; Me15),
1.73 (ddd, 3J(7b,8) = 5.8, 3J(7b,6) = 10.5, 2J(7b,7a) = 13.4 Hz, 1H;
H7b), 1.93 (brd, 2J (7a,7b) = 13.4 Hz, 1H; H7a, 2.04 (dseptet,
3J(11,Me12)=6.6, 3J(11,Me13) = 6.6, 3J(11,10) = 7.2 Hz, 1H; 11-H),
2.14 (m, 1H; H8), 2.25 (m, 1H; H9a), 2.47 (dd, 3J(9a,8) = 3.2, 2J(9a,9b)
= 15.4 Hz, 1H; H9a), 2.66 (m, 1H; H6), 3.94 (dd, 3J(10,8) = 5.0,
3J(10,11) = 7.2 Hz, 1H; H10), 5.62 (s, 1H; H14b), 5.65 (br s, 1H; H14a),
6.09 (d, 3J(1,2) = 5.4 Hz, 1H; H1), 6.33 ppm (dd, 3J(2,H14a) = 1.2,
3J(2,1) = 5.4 Hz, 1H; H2); 13C NMR: d = 18.61 (q; C12 or C13), 19.92
(q; C15), 22.19 (q; C13 or C12), 26.64 (t; C7), 28.36 (d; C6), 31.44 (d;
C11), 34.68 (t; C9), 35.19 (d; C8), 73.13 (d; C10), 117.04 (t; C14), 124.03
(d; C2), 126.42 (s; C4), 133.27 (d; C1), 151.94 (s; C5), 152.06 ppm (s;
C3); UV (MeOH) : lmax (e) = 241 nm (5500 mol�1 dm3cm�1); CD
(MeOH): �0.76 (lmax = 278 nm), +0.40 (lmax = 227 nm); MS (70 eV,
EI): m/z (%): 282/280 ([M]+ , 0.3), 201 ([M�Br]+ , 0.5), 32 (43), 28 (100);
HR-EI-MS: m/z calcd for C15H21


79Br: 280.0827; found: 280.0825�0.006.


Intermediate 14 [6-(1-bromo-2-methyl-propyl)-4-dimethyl-1-methylene-
2,6,7,7a-tetrahydro-1H-indene]: 1H NMR: d = 1.04 (d, 3J(Me12,11)=6.6,
3J(Me13,11) = 6.6 Hz, 6H; Me12 andMe13), 1.45 (m, 1H; H9), 1.57 (s,
3H; Me15), 1.75 (m, 1H; H9), 1.80 (br s, 1H; H4), 2.02 (m, 1H; H11),
2.75 (m, 1H; H8), 3.02 (qd, 3J(2a,1)=1.5, 4J(2a,14Ha)=1.5, 4J(2a,14Hb)
= 1.5, 2J(2a,2b) = 18.3 Hz, 1H; H2a), 3.21 (tdd, 4J(2b,14Ha)=1.5,
4J(2b,14Ha) = 1.5, 3J(2a,1) = 6.0, 2J(2b,2a) = 18.3 Hz, 1H; H2b), 3.90
(dd, 3J(10,11) = 7.0, 3J(10,8) = 5.1 Hz, H10), 4.86 (br s, 1H; H14a), 4.91
(br s, 1H; H14b), 5.09 (m, 1H; H7), 5.19 (brd, 3J(1,2a) = 6.0 Hz, 1H;
H1).


Intermediate 17 [5-isopropyl-3,8-dimethyl-1,2,3,3a-tetrahydroazulenium
bromide]: Degradation of a concentrated solution of calenzanol (1) in
benzene (20.0 mg in 0.6 mL) was initiated as described above for the gen-
eral procedure; degradation was allowed to proceed freely to 5, in a blue
mixture. This was cooled to �22 8C, to give tetrahydroazulenium bromide
(17) as a blue amorphous solid. Yield: 4.95 mg (25%); 1H NMR: d =


1.45 (d, 3J(Me12,11)=6.6, 3J(Me13,11) = 6.6 Hz, 6H; Me12 and Me13),
1.54 (d, 3J(Me14,3) = 6.6 Hz, 3H; Me14), 1.97 (m, 1H; H2a), 2.66 (m,
1H; H2b), 2.98 (br s, 3H; Me15), 3.49 (m, 2H; H1), 3.51 (septet,
3J(11,Me12)=6.6, 3J(11,Me13) = 6.6 Hz, 1H; H11), 3.97 (sextet,
3J(3,Me14) = 3J(3,2) = 6.6 Hz, 1H; H3), 8.58 (s, 1H; H10), 8.90 (d,
3J(8,7) = 10.8 Hz, 1H; H8), 9.20 (d, 3J(7,8) = 10.8 Hz, 1H; H7). Decom-
position during acquisition prevented the recording of 13C NMR spectra.


Quenching reactions with triethylamine to give 1-isopropyl-3-methyl-6-
methylene-1,1a,2,3,6,6b-hexahydro-1H-cyclopropa[e]indene (8): To a sol-
ution of calenzanol (1, 4 mg in 600 mL of CDCl3) that had already begun
to decompose was added Et3N (50 mL of pure reagent). 1H NMR signals
for only intermediates 10 and 12 were detectable. After a few minutes,
triethylamine was removed in vacuo and the raw material purified by
HPLC on Si60 with n-hexane (100%), to give 8 (tR = 4.2 min. Yield:
1.2 mg (42%). Colorless oil; 1H NMR (300 MHz, CDCl3): d = 0.67 (m,
1H; H9), 0.79 (m, 1H; H10), 0.95 (m,1H; H8), 0.96 (d, 3J(Me12,11) =


6.5 Hz, 6H; Me12 and Me13), 1.12 (d,3J(Me15,6) = 6.5 Hz, 3H; Me15),
1.4±2.2 (series of m, 4H; H6, H72, 11-H), 5.62 (s, 1H; H14b), 5.86 (br s,
1H; H14a), 6.00 (d, 3J(1,2) = 5.3 Hz, 1H; H1), 6.42 ppm (dd, 3J(2,H14a)
= 0.9, 3J(2,1) = 5.3 Hz, 1H; 2-H); MS (70 eV, EI): m/z (%): 400 (2 [M]+ ,
18), 357 (5, ([M�CH(CH3)2


+), 200 ([M]+, 29), 157 (33, ([M�CH(CH3)2
+);


HR-EI-MS: m/z : calcd for C15H20: 220.1565; found: 200.1568 �0.005.


TLC of calenzanol (1) on silica gel : Attempts to purify calenzanol (1,
0.045 g) by means of preparative TLC on silica gel with n-hexane/EtOAc
(85:15) resulted in its complete degradation. We were able to isolate
compound 7 (Rf = 0.9, 15 mg) along with a fraction consisting of 22a
and its epimer 22b in a 3:2 ratio (Rf = 0.2, 12 mg), and the epimeric mix-
ture 20a/20b in a 7:3 ratio (Rf = 0.3, 7 mg).


Epimeric mixture 20/20b [1-isopropyl-3,6-dimethyl-1a,2,3,5,6,6b-hexahy-
dro-1H-cyclopropa[e]inden-4-one]: The mixture from TLC was further
purified by HPLC (Merck Lichrosphere Si60, 5 mm, 0.4î25 cm, hexane/


EtOAc (85:15), l = 254 nm, flow = 1 mLmin�1, tR = 8.0 min) to give a
diastereomeric mixture of 20a and 20b in 7:3 ratio as a colorless oil. 1H
NMR: d = 0.89 (m, 1H; H10, 20a & 20b), 0.96 (d, 3J(Me12,11) = 6.5
Hz, 0.9H; Me12, 20b), 0.97 (d, 3J(Me12,11) = 6.5 Hz, 2.1H; Me12, 20a),
0.98 (d, 3J(Me13,11) = 6.5 Hz, 3H; Me13, 20a & 20b), 1.10 (m, 1H; 11-
H, 20a & 20b), 1.23 (d, 3J(Me14,6) = 7.1 Hz, 0.9H; Me14, 20b), 1.24 (d,
3J(Me14,6) = 7.1 Hz, 2.1H; Me14, 20a), 1.26 (d, 3J(Me15,6) = 6.6 Hz,
0.9H; Me15, 20b), 1.27 (d, 3J(Me15,6) = 6.8 Hz, 2.1H; Me15, 20a), 1.29
(m, 1H; H8, 20a & 20b) 1.35 (m, 1H; 7-Hb, 20a & 20b), 1.40 (m, 1H;
H9, 20a & 20b), 1.92 (dd, 2J(2a,3) = 2.0, 2J(2a,2b) = 18.3 Hz, 0.7H;
H2a, 20a), 1.94 (dd, 3J(2b,3) = 2.0, 2J(2b,2a) = 18.2 Hz, 0.3H; H2b,
20b), 2.09 (brdd, 3J(7a,6) = 1.8 Hz, 2J(7a,7b) = 13.0 Hz, 1H; 7-Ha, 20a
& 20b), 2.16 (m, 1H; H6, 20a & 20b), 2.53 (dd, 3J(2b,3) = 6.5, 2J(2b,2a)
= 18.3 Hz, 0.3H; H2b, 20b), 2.58 (dd, 3J(2b,3) = 6.7, 2J(2b,2a) = 18.3
Hz, 0.7H; H2b, 20a), 2.83 ppm (m, 1H; H3, 20a & 20b); 13C NMR: d =


17.29 (q, C15, 20a), 17.45 (q, C15, 20b), 19.14 (q, C14, 20b), 19.80 (q,
C14, 20a), 20.01(d, C8, 20a and 20b), 21.57 (q, C12, 20b), 21.68 (q, C13,
20a), 21.84 (q, C13, 20a & 20b), 23.65 (d, C9, 20a), 24.00 (d, C9, 20b),
24.95 (d, C6, 20b), 25.24 (d, C6, 20a), 30.07 (t, C7, 20a), 30.19 (t, C7,
20b), 32.83 (d, C11, 20b), 33.11(d, C11, 20a), 34.93(d, C3, 20b), 35.83 (d,
C3, 20a), 36.75 (d, C10, 20a), 37.19(d, C10, 20b), 44.01 (t, C2, 20b),
44.19 (t, C2, 20a), 134.22 (s, C5, 20a), 134.65 (s, C5, 20b), 181.29 (s, C4,
20b), 181.75 (s, C4, 20a), 206.61 (s, C1, 20b), 206.84 ppm (s, C1, 20a);
UV (CHCl3): lmax = 254.0 nm; MS (70 eV, EI): m/z (%): 219 ([MH]+ ,
4), 218 ([M]+ , 8), 203 ([M�CH3]


+ , 3), 176 ([MH�iPr]+ , 4), 175
([M�iPr]+ , 5), 162 ([M�56]+ , 100), 147 (32), 120 (93), 119 (32), 105 (72),
91 (24), 41 (C3H5


+ , 25); HR-EI-MS: m/z calcd for C15H22O 218.1671;
found: 218.1666�0.006.


Diastereomeric mixture 22a/22b [6-(1-bromo-2-methyl-propyl)-1,4-di-
methyl-2,4,5,6-tetrahydro-1H-inden-1-ol]: The material from the TLC
band at Rf = 0.2 was further purified by HPLC on Si60, 7 mm, 1î25 cm,
n-hexane/iPrOH (98:2), l = 254 nm, flow = 5 mLmin�1, tR = 8.5 min)
to give a colorless oil composed of 22a and 22b in a 3:2 ratio. 1H NMR:
d = 1.01 (d, 3J(Me12, 11) = 6.5 Hz, 1.8H; Me12, 22a), 1.02 (d,
3J(Me12,11) = 6.5 Hz, 1.2H; Me12, 22b), 1.03 (d, 3J(Me13,11) = 6.5 Hz,
1.2H; Me13, 22b), 1.04 (d, 3J(Me13,11) = 6.5 Hz, 1.8H; Me13, 22a),
1.14 (d, 3J(Me15,6) = 6.6 Hz, 1.2H; Me15, 22b), 1.15 (d, 3J(Me15,6) =


6.6 Hz, 1.8H; Me15, 22a), 1.37 (s, 1.2H; Me14, 22b), 1.39 (s, 1.8H;
Me14, 22a), 1.40 (ddd, 3J(7b,8) = 4.1, 3J(7b,6) = 10.5, 2J(7b,7a) = 13.3
Hz, 1H; H7b), 1.55 (br s, OH), 1.97 (m, 0.4H; 11-H, 22b), 1.99 (dseptet,
3J(11,10) = 3.4, 3J(11,Me12)=6.5, 3J(11,Me13) = 6.5 Hz, 0.6H; 11-H,
22a), 2.12 (br td, 3J(7a,6)=4.1, 3J(7a,8) = 4.1, 2J(7a,7b) = 13.3 Hz, 1H;
H7a, 22a & 22b), 2.50 (m, 1H; H6, 22a & 22b), 2.55 (m, 2H; H2, 22a &
22b), 2.71 (qd, 3J(8,7a)=4.1, 3J(8,7b)=4.1, 3J(8,9) = 4.1, 3J(8,10) = 9.4
Hz, 1H; H8, 22a & 22b), 4.02 (dd, 3J(10,11) = 3.4, 3J(10,8) = 9.4 Hz,
1H; H10, 22a & 22b), 5.60 ppm (m, 2H; H1 & H9, 22a & 22b); 13C
NMR: d = 16.98 (q, C15, 22b), 17.16 (q, C15, 22a), 18.65 (q, C13, 22b),
18.95 (q, C13, 22a), 22.73 (q, C12, 22a), 22.83 (q, C12, 22b), 26.17 (d, C6,
22b), 26.28 (d, C6, 22a), 27.79 (q, C14, 22a), 28.50 (q, C14, 22b), 31.04
(d, C11, 22b), 31.08 (d, C11, 22a), 34.54 (t, C7, 22a), 34.82 (d, C7, 22b),
39.47 (d, C8, 22a), 39.63 (d, C8, 22b), 48.62 (t, C2, 22b), 48.78 (t, C2,
22a), 71.35 (d, C10, 22b), 71.39 (d, C10, 22a), 76.23 (s, C3, 22a), 116.75
(d, C1, 22b), 117.06 (d, C1, 22a), 123.85 (d, C9, 22b), 124.07 (d, C9, 22a),
143.79 (s, C4, 22a), 153.02 ppm (s, C5, 22a). The olefinic quaternary car-
bons in 22b were not detected. Because of experimental difficulties in
the separation of the epimers and of the complexity of the 1H NMR spec-
trum of the mixture, no attempt was made to establish which is which of
the two epimers. UV (CHCl3): lmax = 262 nm; MS (70 eV, EI): m/z (%):
300/298 ([M]+ , 6), 285/283 ([M�CH3]


+ , 0.3), 219 ([M�Br]+ , 33), 163
(100), 161 (38), 43 (65); HR-EI-MS m/z calcd for C15H23


79BrO 298.0932;
found: 298.0935�0.006.


Molecular modeling: For compounds 7, 10, 12, and 14, conformational
space search was carried out by the GMMX computer program (allowing
for either ring coordinate movements and free rotations around C8�C10
and C10�C11 bonds) from initial structures generated by the computer
program PCMODEL7.0. Structures obtained in an energy window of 2.5
kcalmol�1 were strain-minimized by the computer program MM3(96).
All output structures obtained within an energy window of 2.0 kcalmol�1


were taken into account in deriving 3J coupling constants. The relative
populations of conformers were calculated according to the distribution
law at 298 K, whereas the vicinal coupling constants were calculated
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from the Boltzmann-averaged GMMX ensemble by means of the
Altona±Karplus equation.[11] PM3 semiempirical calculations were per-
formed with the MOPAC program as implemented in PCMODEL7.0.
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Reduction of Benzophenone and 9(10H)-Anthracenone with the Magnesium
Complex [(2,6-iPr2C6H3-bian)Mg(thf)3]
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Dedicated to Professor Helmut Schwarz on the occasion of his 60th birthday


Introduction


Within the last decade, 1,2-bis[(2,6-diisopropylphenyl)imi-
no]acenaphthene (2,6-iPr2C6H3-bian) became a very popular
ligand in the coordination chemistry of transition metals.[1±6]


The 2,6-iPr2C6H3-BIAN transition metal complexes turned
out to be versatile reagents for a number of transformations
of organic molecules, for example, for the catalytic hydroge-
nation of alkynes,[2] for C�C[3] and C�Sn[4] bond formations,
and, particularly, for the catalytic olefin polymerization.[5]


The rigidity and bulkiness of the ligand and its p-acceptor
properties which cause an electron deficiency at the coordi-
nated metal, render these complexes highly reactive towards
organic substrates. We started our research on these com-
plexes assuming that the 2,6-iPr2C6H3-BIAN ligand will
accept up to four electrons (Scheme 1). We could confirm this assumption by the isolation and


structural characterization of the alkali metal derivatives of
the mono-, di-, tri- and tetra-anions of the 2,6-iPr2C6H3-
BIAN ligand.[7] We also succeeded in the isolation of mono-
meric 2,6-iPr2C6H3-BIAN complexes of magnesium and cal-
cium[8] containing the 2,6-iPr2C6H3-BIAN dianion which
were expected to be effective reducing agents. In this paper,
we report on the products formed by the reduction of ben-
zophenone and 9(10H)-anthracenone with [(2,6-iPr2C6H3-
bian)Mg(thf)3] (1).


[8] It is known, that the reduction of aro-
matic ketones with one-electron reductants such as low-
valent lanthanide[9] or titanium complexes[10] produces ketyl
radicals, which, under certain conditions, form pinacol cou-
pling products. On the other hand, very recently, it has been
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Scheme 1.


Abstract: The reduction of benzophe-
none with the magnesium complex
[(2,6-iPr2C6H3-bian)Mg(thf)3] (1), con-
taining the 1,2-bis[(2,6-diisopropylphe-
nyl)imino]acenaphthene dianion, af-
fords the pinacolato complex [(2,6-
iPr2C6H3-bian)Mg(thf)]2[m-O2C2Ph4]¥
(C6H6)4 (2). The reaction of 1 with


9(10H)-anthracenone yields the 9-an-
thracenolato complex [(2,6-iPr2C6H3-
bian)Mg(OC14H9)(thf)2] (3). Com-


plexes 2 and 3 were characterized by
elemental analyses, UV/Vis, IR, and
ESR spectroscopy, as well as by single
crystal X-ray diffraction. Complex 2
dissociates in solution with splitting of
the bridging pinacolato unit, forming
the biradical diimino/ketyl complex
[(2,6-iPr2C6H3-bian)Mg(thf)(OCPh2)].


Keywords: ligand design ¥
magnesium ¥ radical ions ¥
reduction
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reported, that Group 4 metal complexes[11] or lanthanide
complexes[12] containing the dianionic 1,4-diaza-1,3-diene
(DAD) ligand react with diphenylketone in the way of a
1,3-dipolar cycloaddition (Scheme 2).


Results and Discussion


[{(2,6-iPr2C6H3-bian)Mg(thf)}2{m-O2C2Ph4}]¥(C6H6)4 (2): The
addition of equimolar amounts of benzophenone to a THF
solution of freshly prepared [(2,6-iPr2C6H3-bian)Mg(thf)3]
(1) causes an immediate change of the colour of the reaction
mixture from green to red-violet. Evaporation of the solvent
and crystallization of the crude product from benzene af-
forded deep red crystals of [{(2,6-iPr2C6H3-bian)Mg(thf)}2{m-
O2C2Ph4}]¥(C6H6)4 (2) in a yield of 76% (Scheme 3). Com-
pound 2 shows an ESR signal (single line, g=2.0042) at
room temperature, indicating the presence of ligand-cen-
tered radical anions. The magnetic moment of 2.57 BM cal-
culated for the dinuclear complex differs only little from the
value of 2.46 BM expected for a molecule with two unpaired
electrons. According to this ESR spectroscopic result and to
the result of the molecular structure determination of 2,
each of the two magnesium atoms is coordinated by a (2,6-
iPr2C6H3-BIAN)�C radical anion and the two magnesium
atoms are bridged by a benzpinacolate group formed by di-
merization of the benzophenone ketyl radical anions arising
from the one-electron transfer from the dianionic (2,6-
iPr2C6H3-BIAN)2� ligand in 1 to benzophenone.


[(2,6-iPr2C6H3-bian)Mg(OC14H9)(thf)2] (3): [2,6-iPr2C6H3-
bian)Mg(thf)3] (1) reacts in situ with equimolar amounts of
9(10H)-anthracenone in THF at 50 8C within a few minutes.
The reaction is connected with a change of the colour of the
reaction solution from green to red. Removal of the solvent
and crystallization of the remaining crude product from di-


ethyl ether produces red crystals of [(2,6-iPr2C6H3-bian)-
Mg(OC14H9)(thf)2] (3) with a yield of 54% (Scheme 4). The
complex is paramagnetic at room temperature correspond-
ing to a magnetic moment of 1.87 BM, a value which is
close to 1.73 BM expected for one unpaired electron per
molecule. As confirmed by the molecular structure of 3 and
its UV/Vis spectrum, the one-electron transfer from the


Scheme 2. Scheme 3.


Scheme 4.
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[2,6-iPr2C6H3-BIAN]2� dianion to the 9(10H)-anthracenone
molecule does not lead to the formation of the respective
ketyl radical anion, but causes deprotonation of the enolic
tautomer 9-anthracenol yielding the 9-anthracenolate anion.


Molecular structures of 2 and 3 : The molecular structures of
2 and 3 are depicted in Figures 1 and 2, respectively. The
crystal data collections and structure refinement data of 2
and 3 are listed in Table 1, selected bond lengths and angles
are listed in Table 2. In both complexes, the 2,6-iPr2C6H3-
BIAN�C radical anion acts as a rigid, chelating ligand.


In the binuclear complex 2, the two 2,6-iPr2C6H3-
BIAN�CMg units are bridged by a pinacolato dianion
formed by dimerization of two benzophenone ketyl radical
anions. The molecule is located on the crystallographic in-
version center which lies in the middle of the C37�C37’
bond formed by dimerization of the ketyl radicals. This
bond (1.605 ä) is significantly longer than a normal single
C�C bond (1.54 ä), but is close to the length of comparable
bonds in other pinacolato complexes,[9] except that in
[{(SCN)2Yb(thf)3}2{m-O2C2Ph4}] (1.53 ä).[9e] The considerable
length of this central C37�C37’ bond explains the easy ho-
molytical splitting of 2 in solution leading to the biradical
complex [(2,6-iPr2C6H3-bian)]


�C[Mg(Ph2CO)]�C The geomet-
rical arrangement of the coordinating ligand atoms N1, N2,
O1, and O2 around each magnesium atom corresponds to
that of a strongly distorted tetrahedron. The pinacolato
bridge shows trans conformation. The oxidation of the 2,6-
iPr2C6H3-BIAN2� dianion in 1 to the 2,6-iPr2C6H3-BIAN�C
radical anion in 2 goes along with an elongation of the C1�
C2 bond from 1.389 to 1.457 ä and a shortening of the N1�
C1 and N2�C2 bonds from 1.401 to 1.324 ä and 1.378 to
1.331 ä, respectively. The Mg�N distances in 2 (2.107 and
2.079 ä) are longer than in 1 (1.995 and 2.004 ä),[8] thus re-
flecting the weaker interaction of the Mg cation with the
radical anion than with the respective dianion. Due to the
lengthening of the Mg�N bonds, the bite angle N1-Mg-N2
in 2 (83.38) is smaller than that in the complex [(2,6-
iPr2C6H3-bian)Mg(thf)2]¥(C6H6)0.5 (90.78).


[8] Since no structur-
al data concerning magnesium pinacolato complexes are de-
posited with CCDC, the Mg�O1 bond length (1.839 ä) in 2
is best compared with the Mg�O distances in magnesium
alkoxy compounds for example, with the terminal Mg�O
distance in the complex [Mg(m-OCHPh2)(OCHPh2)(thf)]2


[13]


Table 1. Crystal data and structure refinement details for 2 and 3.


Compound 2 3


empirical formula C106H116Mg2N4O4¥4C6H6 C58H65MgN2O3


Fw 1871.08 862.43
crystal system monoclinic triclinic
space group P21/c (no. 14) P1≈ (no. 2)
unit cell dimensions
a [ä] 15.3287(2) 10.5809(3)
b [ä] 14.4373(1) 12.9119(3)
c [ä] 24.6010(3) 19.6879(2)
a [8] 90 97.951(2)
b [8] 98.336(1) 94.524(2)
g [8] 90 113.139(1)
V [ä3] 5386.81(10) 2423.24(9)
Z 2 2
1calcd [gcm


�3] 1.154 1.182
m [mm�1] 0.079 0.083
F(000) 2008 926
crystal size [mm3] 0.44î0.26î0.24 0.38î0.20î0.18
qmin/qmax [8] 1.34/26.00 1.87/25.00
index ranges �18 � h � 18 �12 � h � 12


�17 � k � 16 �13 � k � 15
�21 � l � 30 �23 � l � 23


refls collected 34797 14446
independent refls 10537 8298
Rint 0.0989 0.1259
refls with I > 2s(I) 5703 2791
max/min transmission 0.9781/0.3904 0.9781/0.6111
data/restraints/parameters 10537/136/629 8298/0/585
GOF on F 2 1.031 0.915
final R indices [I > 2s(I)]
R1 0.0849 0.0898
wR2 0.2001 0.1288
R indices (all data)
R1 0.1579 0.2655
wR2 0.2403 0.1730
largest diff. peak/hole [eA�3] 0.645/�0.385 0.285/�0.310


Table 2. Selected bond lengths [ä] and angles [8] for 2 and 3.[a]


Compound 2 3
bond lengths


Mg�O1 1.839(2) 1.889(4)
Mg�O2 2.035(3) 2.135(4)
Mg�O3 2.073(4)
Mg�N1 2.107(3) 2.113(5)
Mg�N2 2.079(3) 2.205(5)
N1�C1 1.324(4) 1.334(7)
N2�C2 1.331(4) 1.339(7)
N1�C13 1.440(4) 1.430(5)
N2�C25 1.435(4) 1.431(6)
C1�C2 1.457(5) 1.432(6)
O1�C37 1.397(4) 1.303(5)
C37�C37’ 1.605(7)


bond angles
O1-Mg-O2 116.65(12) 93.55(17)
O1-Mg-O3 101.03(17)
O2-Mg-O3 85.49(16)
O1-Mg-N1 128.10(12) 120.11(16)
O2-Mg-N1 91.92(12) 92.35(17)
O1-Mg-N2 114.29(11) 102.00(17)
O2-Mg-N2 109.35(11) 164.44(16)
O3-Mg-N1 138.85(17)
N1-Mg-N2 83.31(11) 79.74(18)


[a] Symmetry transformation used to generate equivalent atoms: [’] 1�x,
1�y, 1�z.


Figure 1. Molecular structure of 2. The hydrogen atoms as well as the iso-
propyl groups at the N-phenyl substituents are omitted.
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which shows a very close value (1.845 ä). The angle Mg-O1-
C37 in 2 is 148.38.


The X-ray structure analysis of [(2,6-iPr2C6H3-bian)
�CMg-


(OC14H9)(thf)2] (3) confirms that the reduction of 9(10H)-
anthracenone with 1 leads to the formation of a 9-anthrace-
nolato derivative. The coordination geometry of the magne-
sium atom is similar to that in 1, showing the magnesium
atom five coordinated in the center of a distorted trigonal
bipyramid. Caused by the constraints imposed by the rigid
chelating diimino ligand, N2 occupies an axial position,
whereas N1 lies in the equatorial plane of the trigonal bipyr-
amid. The second axial position is occupied by the THF O2
atom. As in complex 1 in which one of the two THF ligands
fits into the pocket formed by two isopropyl groups each be-
longing to one of the two iPr2C6H3N units of the BIAN
ligand,[8] the 9-anthracenolato ligand in 3 takes up a compa-


rable position (Figure 2b). The C�C and C�N bond lengths
of the diimine unit of 3 (C1�C2 1.432 ä; N1�C1 1.334 ä;
N2�C2 1.339 ä) are very close to those in complex 2 (1.457,
1.324 and 1.331 ä, respectively), thus proving the presence
of the 2,6-iPr2C6H3-BIAN�C radical anion. Since no structure
of a magnesium complex with terminal ArO ligands is docu-
mented as yet, the structural data of the magnesium 9-an-
thracenolato unit can not be compared with relevant frag-
ments. However, the phenolic character of the 9-anthraceno-
lato ligand may be deduced from the angle C37-O-Mg
(164.18), which is larger than the respective angle in 2
(148.38), but approaches that in the thulium(iii) complex
[PhOTmI2(dme)2] (173.98)[14] containing a terminal PhO
ligand. Furthermore, the C43�C44 and C44�C45 bond
lengths of 1.389 and 1.394 ä, respectively, confirm the aro-
matic character of the central ring. Due to the oxygen±arene
conjugation, the bond length O1�C37 in 3 (1.303 ä) is much
shorter than the respective bond in 2 (1.397 ä). On the
other hand, the Mg�O1 bond in 3 (1.889 ä) is longer com-
pared to the Mg�O1 bond in 2 (1.839 ä).


ESR and UV/Vis spectroscopic studies on solutions of 2 and
3 : The radical-anionic character of the 2,6-iPr2C6H3-BIAN


ligand in 2 is confirmed by the observation of a signal in the
ESR spectrum of a toluene solution of the complex. This
signal is only poorly resolved at room temperature, but
shows a hyperfine structure due to the coupling of the un-
paired electron with the 14N and 1H nuclei (multiplet, AN=


0.82 mT, 2î 14N, g=2.0028, Figure 3a) after cooling to 250 K.
In the spectrum of the frozen solution at 130 K, the signal is
further broadened, but shows a poorly resolved quintet
structure. However, at this temperature, an additional signal
appears consisting of four components (marked with aster-
isks in Figure 3b), the shape of which is typical for a biradi-
cal species. Based on the parameter of this signal (Dk =


32.5 mT), the distance between the two unpaired electrons
was calculated to be 5.5 ä, a value which is very close to the
distance from the imino carbon atoms C1 and C2 to the car-
boxy atom C37 (5.58 and 5.61 ä, respectively) in solid 2.


Taking this fact into account,
we conclude that in toluene
solution a homolytic splitting
of the benzpinacolato bridge
takes place according to a
transition of the dinuclear,
homo-biradical 2 into the
mononuclear, hetero-biradical
magnesium benzophenone
ketyl complex (Scheme 3). In
solutions kept at ambient tem-
peratures, the formation of
such hetero-biradical species is
hardly to prove by ESR meas-
urements because of the
broadening of the ESR signal
under these conditions. How-
ever, the results of the UV/


Figure 2. Molecular structure of 3. a) Emphasis of the trigonal bipyramidal geometry of the Mg atom. The hy-
drogen atoms as well as the isopropyl groups at the N-phenyl substituents are omitted. b) Fitting of the an-
thryl-9-oxy ligand into the pocket formed by two isopropyl groups. The hydrogen atoms as well as the THF
carbon atoms are omitted.


Figure 3. X-Band ESR spectra of 2 in toluene at 250 K (a) and 130 K (b).
The asterisks indicate the components of the signal with respect to the
biradical molecule [(2,6-iPr2C6H3-bian)


�CMg(Ph2CO)]�C.
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Vis spectra of toluene solutions of 2 recorded at room tem-
perature indicate their existence.


The room temperature ESR spectrum of solutions of 3
in diethyl ether reveals a signal consisting of five compo-
nents (AN=0.83 mT, g=2.0029), indicating the coupling of
the unpaired electron of the 2,6-iPr2C6H3-BIAN radical
anion with the two equal 14N nuclei of this ligand. In con-
trast to the ESR spectra of 2, the ESR spectra of ethereal
solutions of 3 show no significant changes within the tem-
perature range of 290 to 130 K, thus furnishing no evidence
for the existence of biradical species.


The UV/Vis spectra of toluene solutions of 2 and 3 were
recorded at room temperature in a pyrex glass cell
(Figure 4). Especially the spectrum of 2 should allow to


decide if the hetero-biradical fragments, for which an ab-
sorption in the visible region is to be expected, are already
formed at ambient temperature. The preparation of the tol-
uene solution of 3 in a concentration similar to that of 2
(8.0î10�5 molL�1) needs special care (see Experimental
Section) because of observable oxidation processes. Both, 2
and 3 show absorptions in the regions 450 to 600 and 750 to
1100 nm. Whereas the long-wave absorption is approximate-
ly of the same intensity for both complexes, the short-wave
absorption of 3 is far less intense than that of 2. Except the
maximum at 593 nm in the spectrum of 2, both short-wave
absorptions show maxima at 445, 480 and 524 nm (2) or 443,
487, and 528 nm (3), respectively. One can suggest, that the
band at 593 nm corresponds to the ketyl radical anion
formed by homolytic splitting of the pinacolato bridge of
complex 2. For comparison and as a proof, we generated the
benzophenone ketyl radical anion directly in the spectro-
scopic cell by reacting sodium with diphenylketone in tolu-
ene. The UV/Vis spectrum of this solution shows an absorp-
tion maximum at 631 nm. The relatively small long-wave
shift compared to 593 nm, may be attributed to the different
cations.


Conclusion


We could demonstrate that the recently prepared magnesi-
um complex [(2,6-iPr2C6H3-bian)Mg(thf)3] (1)[8] containing
the dianionic 1,2-bis[(2,6-diisopropyl-phenyl)imino]acenaph-
thene ligand serves well as reducing agent towards aromatic
ketones. In contrast to the 1,3-dipolar cycloaddition of di-
phenylketone to dianionic 1,4-diaza-1,3-diene lanthanide or
Group 4 metal complexes (Scheme 1), the reduction of
Ph2C=O with 1 affords the pinacol coupling product. The re-
duction of 9(10H)-anthracenone with 1 yields the aryloxy
derivative as the result of the deprotonation of its phenolic
tautomer 9-anthracenol. This anthracenyl-9-oxo derivative is
the first example of a structurally characterized magnesium
aryloxy complex containing a terminal OAr ligand. Further
studies on the reactivity of [(2,6-iPr2C6H3-bian)Mg(thf)3] (1)
towards organic substrates are in progress.


Experimental Section


General remarks : All manipulations were carried out under vacuum
using Schlenk ampoules. THF, toluene, and diethyl ether were distilled
from sodium/benzophenone prior to use. The melting points were esti-
mated in sealed capillaries. 1,2-Bis[(2,6-diisopropylphenyl)imino]ace-
naphthene, (2,6-iPr2C6H3-BIAN), was prepared according to the publish-
ed procedure.[6a] The IR spectra were recorded on a Specord M80 spec-
trometer. The UV/Vis spectra were recorded on a Perkin-Elmer l25
spectrometer using a pyrex glass cell (15î15î30 mm) which, in the case
of 2, was evacuated, filled with the toluene solution of 2, and sealed
under vacuum. In the case of 3, the crystalline solid was placed into a
pyrex glass cell which was connected with an ampoule containing toluene
(Figure 5). The system was evacuated and sealed under vacuum. Subse-
quently toluene was condensed into the cell (slightly cooled by liquid ni-
trogen) causing partial dissolution of 3. The toluene solution formed was
decanted into the ampoule. The condensation/decantation procedure was
repeated several times until the solution in the cell showed a transparen-
cy similar to the solution of 2. The ESR spectra were recorded on a
Bruker ER 200D-SRC spectrometer equipped with a low temperature
controller ER 4111 VT and the signals were referred to the signal of di-
phenylpycrylhydrazil (DPPH, g=2.0037).


[(2,6-iPr2C6H3-bian)Mg(thf)3] (1): Magnesium shavings (2.4 g, 100 mmol)
and CH2I2 (0.8 g, 2.98 mmol) were placed in a Schlenk-like ampoule (ca.
100 mL volume) equipped with a Teflon stopcock. After evacuation of
the ampoule (10�1 Torr for ca. 1 min), THF (40 mL) was added by con-
densation and the mixture was stirred for 2 h. The [MgI2(thf)n] formed
was decanted together with the solvent and the residual metal was
washed three times with THF (40 mL). A suspension of 2,6-iPr2C6H3-
BIAN (0.5 g, 1.0 mmol) in THF (30 mL) was then added to the activated
magnesium metal and the mixture was heated under reflux. After about
10 min of reflux, the reaction mixture had turned deep green. The solu-
tion was then cooled to ambient temperature and decanted from the


Figure 4. UV/Vis spectra in toluene of 2 (8.0î10�5 molL�1), 3, and Na+


(Ph2CO)� .


Figure 5. UV/Vis spectroscopic cell.


¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2003, 9, 5778 ± 57835782


FULL PAPER I. L. Fedushkin, H. Schumann et al.



www.chemeurj.org





excess of magnesium. The THF solutions of 1 obtained were further used
in situ for the reaction with benzophenone or 9(10H)-anthracenone.


[(2,6-iPr2C6H3-bian)Mg(thf)]2[m-O2C2Ph4]¥(C6H6)4 (2): Benzophenone
(0.18 g, 1.0 mmol) was added under stirring to the THF solution of 1 (ob-
tained from 0.5 g (1.0 mmol) of 2,6-iPr2C6H3-BIAN in 30 mL THF). The
solution instantly turned from deep green to red-violet. Evaporation of
the solvent and crystallization of the crude product from benzene
(20 mL) yielded 2 as red crystals (0.5 g, 54%). Concentration of the ben-
zene solution left after the first crystallization to 10 mL afforded a
second crop (0.21 g, 22%) of 2. M.p. >116 8C (decomp); IR (Nujol): ñ =


1810m, 1590m, 1500 s, 1380 s, 1360s, 1315s, 1250s, 1180m, 1150 s, 1130m,
1110w, 1075m, 1015vs, 935s, 865s, 815w, 795m, 780 s, 755vs, 745 s, 715m,
705m, 675vs, 625s, 545w, 510m, 455w, 420w cm�1; elemental analysis
calcd (%) for C106H116Mg2N4O4¥4C6H6 (1871.08): C 83.45, H 7.54; found
C 82.87, H 7.93; meff=2.57 BM.


[(2,6-iPr2C6H3-bian)¥Mg(C14H9O)(thf)2] (3): 9(10H)-Anthracenone
(0.19 g, 1.0 mmol) was added under stirring to the solution of freshly pre-
pared 1 (from 0.5 g (1.0 mmol) of 2,6-iPr2C6H3-BIAN in 30 mL THF).
The mixture was stirred at 50 8C for a few minutes until the mixture
turned red. Evaporation of the solvent and crystallization of the remain-
ing solid from Et2O (25 mL) gave 3 as deep red crystals (0.45 g, 54%).
M.p. >230 8C; IR (Nujol): ñ = 1565w, 1530m, 1315w, 1245m, 1220w,
1180s, 1110 s, 107w, 1020vs, 915s, 875 s, 850 s, 815s, 795m, 765 s, 755vs,
725s, 675w, 650s, 615 s, 565w, 505w, 455w, 420w cm�1; elemental analysis
calcd (%) for C58H65MgN2O3 (862.43): C 80.77, H 7.60; found C 80.13, H
7.51; meff=1.87 BM.


Single crystal X-ray structure determination of 2 and 3 : The crystal data
and the details of the data collection are given in Table 1. The data for 2
and 3 were collected on a SMART CCD diffractometer (graphite-mono-
chromated MoKa radiation, w-scan technique, l=0.71073 ä). The struc-
tures were solved by direct methods and were refined on F 2 using all re-
flections with the SHELXL-97 program package.[15] In 2 two crystallo-
graphically independent isopropyl groups (C19�C21 and C22�C24) and
two benzene solvent molecules (C61�C66 and C71�C76) are disordered
about two positions. The C�C distances of the isopropyl groups and ben-
zene molecules as well as the C-C-C angles of the latter were restrained
to be equal. The respective occupancy factors were refined to 0.554(12)/
0.446(12) (C19�C21), 0.574(16)/0.426(16) (C22�C24), 0.654(14)/0.346(14)
(C61�C66), and 0.545(12)/0.455(12) (C71�C76). The carbon atoms of the
disordered parts were refined isotropically, all other non-hydrogen atoms
were refined anisotropically. The hydrogen atoms were placed in calculat-
ed positions and assigned to an isotropic displacement parameter of
0.08 ä2. SADABS[16] was used to perform area-detector scaling and ab-
sorption corrections. The geometrical aspects of the structures were ana-
lysed by using the PLATON program.[17]


CCDC-211778 (2) and -211779 (3) contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of charge via
www.ccdc.cam.ac.uk/conts/retrieving.html, or from the Cambridge Crys-
tallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK;
fax: (+44)1223±336033; or email: deposit@ccdc.cam.ac.uk.
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Ruthenium-Catalyzed Chemoselective N-Allyl Cleavage: Novel Grubbs
Carbene Mediated Deprotection of Allylic Amines


Benito Alcaide,*[a] Pedro Almendros,*[b] and Jose M. Alonso[a]


Introduction


As the coordination chemistry of ruthenium complexes has
progressed, the characteristic features of ruthenium (for ex-
ample, high electron transferability, low redox potentials,
stability of reactive metallic species, metallacycles, and
metal carbenes) have opened the way for a broad variety of
catalytic transformations. These include olefin metathesis,[1]


Kharasch addition reactions,[2] hydrosilylation of carbonyls,[3]


and enol ester synthesis.[4] The chemistry of late-transition-
metal carbene complexes has recently received much atten-


tion, primarily due to the high catalytic activity of phosphine
and imidazolidine ruthenium carbene complexes in olefin
metathesis. Olefin metathesis is a catalytic reaction in which
alkenes are converted into new products through the rup-
ture and reformation of C�C double bonds. Depending on
the starting material (cyclic or acyclic alkenes) and the reac-
tion parameters, ring-closing metathesis (RCM), acyclic
diene metathesis (ADMET), or ring-opening metathesis pol-
ymerization (ROMP) proceed. The most useful ruthenium
carbene complex in the series is the Grubbs catalyst,
[(PCy3)2Cl2Ru=CHPh] (Cy=cyclohexyl), which bears a ben-
zylidene unit.[5] Being highly active and remarkably tolerant
to common functional groups, this compound has found
many applications in both organic and polymer chemistry.
On the other hand, neither improvements in selectivity nor
the invention of new reactions have abated the dependence
of modern organic chemistry on protecting groups.[6] The
allyl moiety is a protecting group that permits orthogonal
protection strategies with a wide range of protecting groups,
a property that allows its use in multistep synthetic schemes.
The removal of allylic protecting groups through catalytic p-
allyl palladium methodology has recently received growing
attention,[7] especially in the field of peptide chemistry. Allyl
carboxylates, carbonates, carbamates, ethers, and amines
have been successfully deallylated. However, this methodol-
ogy requires the presence of both the palladium catalyst and
a nucleophilic compound as an allyl group scavenger. In this
contribution, we present full details of a novel, simple, che-
moselective, and general ruthenium-catalyzed deprotection
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Abstract: A novel application of the
Grubbs carbene complex has been dis-
covered. The first examples of the cata-
lytic deprotection of allylic amines with
reagents other than palladium catalysts
have been achieved through Grubbs
carbene mediated reaction. Significant-
ly, the catalytic system directs the reac-
tion toward the selective deprotection
of allylic amines (secondary as well as
tertiary) in the presence of allylic
ethers. A variety of substrates, includ-


ing enantiomerically pure multifunc-
tional piperidines, are also usable. The
new method is more convenient, che-
moselective, and operationally simple
than the palladium-catalyzed method.
The current mechanistic hypothesis in-
vokes a nitrogen-assisted ruthenium-


catalyzed isomerization, followed by
hydrolysis of the enamine intermediate.
We believe that the reactive species in-
volved in the reaction may be an Ru�
H species rather than the Grubbs car-
bene itself. Thus, the isomerization
may occur according to the hydride
mechanism. The synthetic utility of this
ruthenium-catalyzed allyl cleavage is il-
lustrated by the preparation of indolizi-
dine-type alkaloids.


Keywords: amines ¥ carbenes ¥
cleavage reactions ¥ protecting
groups ¥ ruthenium
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of tertiary allylic amines,[8] together with its extension to sec-
ondary allylic amines. In addition, the utility of the N-allyl
cleavage is demonstrated by a process leading to indolizi-
dines. To our knowledge, there are no other examples for
the catalytic deprotection of allylic amines that do not use a
palladium catalyst.[9] In addition, reactions providing a
straightforward rupture of C�N bonds are rare.[10]


Results and Discussion


In our ongoing project directed toward the asymmetric syn-
thesis of natural products and derivatives of biological inter-
est,[11] we observed that in some cases isomerization to the
internal double bond in an N-allyl b-lactam is favored over
ring-closing metathesis (Scheme 1).[12] The higher stability of


enamides in comparison with enamines favors the double-
bond isomerization and thereby prevents N-allyl cleavage.
On the basis of these principles, it was to be expected that
successful catalytic C�N cleavage from an enamine inter-
mediate could be attained by using allylic amines as sub-
strates.


The highly selective properties of various transition-
metal-derived reagents would seem to recommend their ap-
plication to the removal of the allyl protecting group in
amines, but only palladium complexes have been probed as
useful catalysts.[7] However, such catalysts do not distinguish
between O-allyl ethers and N-allyl amines. Therefore we
were interested in the development of an alternative catalyt-
ic N-deallylation method that can smoothly provide free
amines. Fortunately, an investigation of the chemistry of the
Grubbs ruthenium carbene led to the discovery that it is an


efficient catalyst for the deprotection of allylic amines.
Among the various solvents and conditions tested, we found
that toluene at reflux temperature gave the best yields of N-
deprotected products. The Grubbs catalyst is known to be
moderately thermally unstable,[13] with the thermolytic half-
life having been reported to be eight days at 55 8C.[13a] To cir-
cumvent this problem, the Grubbs carbene was added in
small portions every twenty minutes (5 mol% is the overall
amount of all the portions). Thus, the catalytic species is
continuously being renewed by fresh Grubbs carbene. Expo-
sure of the tertiary allyl amines 1 to the ruthenium catalyst
[(PCy3)2Cl2Ru=CHPh] under our standard reaction condi-
tions (5 mol% catalyst, 0.03m substrate, toluene, 110 8C) re-
sulted in clean formation of the secondary amines 2 in good
yields (62±81%) after chromatographic purification
(Table 1, Scheme 2). Attempts to effect the reaction at tem-


peratures lower than 50 8C slowed the reaction considerably.
Incomplete conversion was observed on decreasing the
amount of catalyst. On the contrary, increasing the catalyst
loading from 5 to 10 mol% did increase the conversion (typ-
ically from 95% to quantitative) but the yield of deallylated
amine increased very little. Tertiary allylic amines, many of
which bear pendant functionalities, were efficiently and cat-
alytically deallylated by the Grubbs carbene. Aromatic as
well as aliphatic amines were amenable to this novel deally-
lation reaction. As a good example, the strained four-mem-
bered cyclic amine (+)-1 b smoothly yielded the enantiomer-
ically pure azetidine (�)-2 b (entry 2, Table 1). Treatment of
compounds (+)-1 f and (�)-1 g with the Grubbs carbene
forms the piperidines (+)-2 f and (�)-2 g, bearing two chiral
centers, in 78 and 69% yield, respectively (entries 6 and 7,
Table 1). Piperidines (+)-2 f and (�)-2 g showed a single set
of signals in their 1H NMR spectra, thus proving again that
this transformation proceeds without erosion of stereochem-
ical integrity. The ability of the Grubbs carbene to selective-
ly deprotect allylic amines in the presence of allylic ethers
(entry 3, Table 1) deserves special mention, as it competes
favorably with the p-allyl palladium deallylation methodolo-
gy. Conjugation of the new double bond with the lone pair
of the nitrogen atom is believed to promote the enamine in-
termediate formation in allyl amines, with this ability being
minimized in allyl ethers.[14] In addition to this exquisite che-
moselectivity, the extraordinary functional group tolerance
of the ruthenium-based catalyst [(PCy3)2Cl2Ru=CHPh] cou-
pled with its commercial availability makes it a very conven-
ient catalyst.


As recently outlined, ligand modification in the Grubbs
carbene improves its excellent application profile even fur-
ther.[15] We thought that it would be of significant interest to
see if the same chemistry occurs with these second-genera-
tion catalysts. Deallylation of some of the amines was effect-


Scheme 1. Grubbs catalyst promoted isomerization of N-allyl-b-lactams.


Scheme 2. Grubbs carbene catalyzed deprotection of tertiary allylic
amines. a) 5 mol% [(PCy3)2Cl2Ru=CHPh], toluene, 110 8C.


Abstract in Spanish: Se ha descubierto un mÿtodo de desali-
laciÛn de aminas catalizado por el carbeno de Grubbs, lo que
constituye el primer ejemplo de desalilaciÛn catalÌtica en el
que no participan complejos de paladio. El sistema catalÌtico
lleva a cabo la desprotecciÛn selectiva de alilaminas (tanto se-
cundarias como terciarias) en presencia de ÿteres alÌlicos. Se
han utilizado una gran variedad de sustratos, como por ejem-
plo piperidinas enantiopuras altamente funcionalizadas. Este
nuevo mÿtodo es mµs Çtil y versµtil que el mÿtodo que utiliza
paladio. Creemos que se produce una isomerizaciÛn alil
amina-enamina, seguida de hidrÛlisis. La especie catalÌtica
activa puede ser un hidruro de rutenio derivado del carbeno
de Grubbs. La utilidad sintÿtica de esta desalilaciÛn catalÌtica
se ha puesto de manifiesto en la preparaciÛn de indolizidinas.
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ed with the more stable second-generation ruthenium-based
catalyst [Cl2(Im)(Cy3P)Ru=CHPh] (Im=1,3-dimesityl-4,5-
dihydroimidazol-2-ylidene), which led to essentially identical
results to those observed with the Grubbs carbene. As re-
placement of the first-generation Grubbs catalyst with its
second-generation analogue neither accelerated the reaction
rate nor improved the yield of N-deallylated amines 2, we
chose the less expensive first-generation Grubbs carbene for
our study.


Extrapolation of the deprotection of tertiary allyl amines
to secondary allyl amines is not obvious, since free bases are
claimed to be ineffective for RCM mediated by the Grubbs
catalyst because of poisoning of the catalyst by the amine
functionality due to coordination of the amine group to the
ruthenium.[16] Scheme 3 and Table 2 illustrate several exam-
ples of deprotection of nitrogen on secondary allylic amines


3. All substrates reacted efficiently to afford high yields of
the corresponding primary amines 4. Noteworthy cases in-
clude a chemoselective N-deallylation in presence of an O-
allyl ether moiety, which remains unchanged (entry 2,
Table 2), and a pyrrolidino quinoline (entry 3, Table 2), the
parent system of which is of known utility in pharmacolo-
gy.[17] Because of the yield of the deprotection reaction, ap-
parently the primary and secondary amine products have no
inhibiting effect.


Table 1. Grubbs carbene mediated N-deallylation of tertiary allylic amines.[a]


Substrate t [h] Product Yield [%][b]


1 1 a 5 2a 81


2 (+)-1 b 1 (�)-2b 49


3 1c 1 2c 68


4 1 d 5 2d 77


5 1 e 4.5 2e 75


6 (+)-1 f 4.5 (+)-2 f 78


7 (�)-1 g 2 (�)-2g 69


8 1 h 3.5 2h 77


9 1 i 1.5 2 i 78


10 1 j 3.5 2j 71


11 1 k 3 2k 62


[a] All reactions were carried out on the 1 mmol scale. [b] Yield of pure product with correct analytical and spectral data.


Scheme 3. Grubbs carbene catalyzed deprotection of secondary allylic
amines. a) 5 mol% [(PCy3)2Cl2Ru=CHPh], toluene, 110 8C.
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Several of the above examples provide interesting and
useful structural motifs. For example, piperidines (+)-2 f and
(�)-2 g can be converted into derivatives of pipecolic acid, a
nonproteinogenic amino acid present in several natural
products, some of which are of important pharmaceutical in-
terest.[18] A further synthetic application of the present reac-
tion is demonstrated in the following synthesis of indolizidi-
nones. Piperidine-b-lactams can serve in the construction of
indolizidine alkaloids, natural products with diverse and
potent biological activities.[19] However, we have noticed dif-
ficulties in the elimination of nitrogen protecting groups on
N-protected piperidine-b-lactams. As an example, on route
to indolizidine (�)-7 e, cerium ammonium nitrate (CAN)
promoted oxidative cleavage of an N-4-methoxyphenyl sub-
stituent provided the key intermediate piperidine-b-lactam
(�)-6 g in low yield (approximately 40%).[20] In addition, the
CAN-mediated deprotection was incompatible with the
ketone group. Taking into consideration all these drawbacks,
we tested the Grubbs carbene catalyzed N-deallylation on
the series of compounds 5. In the event, differently function-
alized deprotected piperidine-b-lactams were achieved in
good yields (Scheme 4). Again, the deprotection reactions
show excellent chemoselectivity. In compounds (+)-5 c and
(+)-5 d the b,g-unsaturated ethers remained unreacted. In
addition, (+)-5 e and (+)-5 f show that a selective N-deally-
lation can be achieved in presence of g,d-unsaturated or d,e-
unsaturated amines. However, it should be noted that in the
Grubbs carbene promoted reaction with compounds (+)-5 e
and (+)-5 f, in addition to the N-deallylated products (+)-6 e
and (+)-6 f, the corresponding RCM products were isolated
as minor products (approximately 30% yield). Piperidine-2-
azetidinones 6 were easily converted into indolizidinones 7
in excellent yields (87±100%). Thus, the ruthenium-cata-
lyzed synthesis of piperidines 6 gives a novel improved
access to indolizidine-type alkaloids 7 (Scheme 4).


It may be reasonable to postulate that a nitrogen-assist-
ed ruthenium-catalyzed isomerization to a more stable
olefin took place, followed by hydrolysis under chromato-
graphic workup of the enamine intermediate to the free
amine. In order to probe this assumption we must show that
an allylic amine does give the corresponding enamine inter-
mediate 8 in the presence of a catalytic amount of the


Grubbs carbene. This informative result was provided by
monitoring the reactions of 1 d and 1 h with [(PCy3)2Cl2Ru=
CHPh] by 1H NMR spectroscopy. Indeed, we observed dis-


Table 2. Grubbs carbene mediated N-deallylation of secondary allylic amines.[a]


Substrate t [h] Product Yield [%][b]


1 3a 5 4a 81


2 3 b 1 4 b 57


3 (+)-3c 0.5 (+)-4c 52


[a] All reactions were carried out on the 1 mmol scale. [b] Yield of pure product with correct analytical and spectral data.


Scheme 4. Grubbs carbene catalyzed deprotection of N-allyl piperidines
and its application to the synthesis of enantiopure indolizidines.
a) 5 mol% [(PCy3)2Cl2Ru=CHPh], toluene, 110 8C; b) MeONa, MeOH,
room temperature. TBS= tert-butyldimethylsilyl, Tol= tolyl.
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appearance of the terminal vinyl group and a comparable
rate of appearance of a methyl group. Not unexpectedly, en-
amines 8 d and 8 h were characterized by the 1H NMR spec-
tra of the crude reaction products as a mixture of two iso-
mers.


One piece of hypothesis that should be taken into ac-
count is that, due to the reaction conditions, it may be possi-
ble that there is not much catalyst left and the active species
might well be a decomposition product derived from the
Grubbs catalyst. In this case, the active catalyst is probably
the corresponding hydrido derivative formed in situ under
the reaction conditions rather than the Grubbs carbene.
Thus, the isomerization may occur according to the hydride
mechanism, by hydrometallation followed by b elimination,
analogously to the double-bond migration of allyl ethers
promoted by related ruthenium complexes.[21] This metal hy-
dride mechanism for the deprotection of allylic amines is
shown in Scheme 5. Precoordination of the substrate nitro-
gen atom directs subsequent coordination of the olefin to
the metal center, with the metal-hydride addition to the


olefin occurring in a Markovnikov fashion to afford a secon-
dary metal alkyl. Subsequent b-hydride elimination gives
the enamine which decomplexes and hydrolyzes to the deal-
lylated amine. The formation of the ruthenium-hydride may
arise from traces of impurities present in the commercial
Grubbs carbene as well as the basic amine media under the
reaction conditions.


Unfortunately, the ruthenium species derived from the
Grubbs carbene and responsible for this activity is unclear,
as 31P and 1H NMR studies are inconclusive.[14a,d] However,
at the present time, we suggest that the reactive species in-
volved in the reaction may be an Ru�H species rather than
the Grubbs carbene itself. The 1H NMR experiments of the
reaction mixtures did not reveal whether the carbene frag-
ment is a spectator ligand or disappears in the course of the
reaction, because we were not able to observe neither a new
ruthenium-hydride, nor a change in the ruthenium-alkyl-
idene signal.


Conclusion


In conclusion, the Grubbs carbene complex efficiently cata-
lyzes the deprotection of allylic amines. In addition to the
novelty of the method (offering the first ruthenium-cata-


lyzed deallylation of allylamines), it is general, selective, and
operationally simple. The new method is more convenient
than the conventional palladium-catalyzed method because
Grubbs carbene is able to achieve a chemoselective depro-
tection of allyl amines in the presence of allyl ethers. In ad-
dition, the p-allyl palladium deallylation methodology re-
quires the presence of both the palladium catalyst and a nu-
cleophilic compound as an allyl group scavenger. We believe
that this C�N bond cleavage involves a ruthenium-catalyzed
isomerization to a more stable olefin, followed by hydrolysis
of the resulting enamine. The specific ruthenium catalyst re-
sponsible for the isomerization is still in question. However,
it is plausible that the reactive species involved in the reac-
tion may be an Ru�H species rather than the Grubbs car-
bene itself. Taken together, these observations have the po-
tential to significantly extend the scope of the allyl protect-
ing group in synthesis. Application of the present efficient
ruthenium catalytic cleavage to other moieties such as
amides and lactams is currently underway in our group.


Experimental Section


General methods : 1H and 13C NMR spectra were recorded on a Bruker
Avance-300, Varian VRX-300S, or Bruker AC-200 instrument. NMR
spectra were recorded in CDCl3 solutions unless otherwise stated. Chemi-
cal shifts (d) are given in ppm relative to tetramethylsilane (1H, 0.0 ppm)
or CDCl3 (13C, 76.9 ppm). Low- and high-resolution mass spectra were
taken on a HP5989A spectrometer by using the chemical ionization
mode (CI) unless otherwise stated. Specific rotation [a]D is given in
degdm�1 at 20 8C and the concentration (c) is expressed in g per 100 mL.
All commercially available compounds were used without further purifi-
cation.


General procedure for the deallylation reaction of secondary and tertiary
allylic amines : [(PCy3)2Cl2Ru=CHPh] (0.01 mmol) was added in portions
to a solution of the allylic amine 1, 3, or 5 (0.20 mmol) in anhydrous tolu-
ene (6 mL) protected from the sunlight and under argon. The resulting
mixture was heated at reflux until complete disappearance of the starting
material (as monitored by thin-layer chromatography (TLC)) and was
then concentrated under reduced pressure. Chromatography of the resi-
due by eluting with hexanes/ethyl acetate mixtures gave analytically pure
N-deallylated amines 2, 4, or 6. Spectroscopic and analytical data for
some representative pure forms of 2, 4, and 6 follow.[22]


Secondary amine (�)-2 b : From N-allyl azetidine (+)-1 b (60 mg,
0.264 mmol) and after flash chromatography by eluting with hexanes/
ethyl acetate (2:1 containing 1% triethylamine), azetidine (�)-2 b
(25 mg, 49%) was obtained as a colorless oil. [a]D=�10.3 (c=1.0 in
CHCl3);


1H NMR (300 MHz, CDCl3, 25 8C): d=4.41 (m, 1H), 4.27 (t, J=
6.2 Hz, 1H), 4.00 (m, 2H), 3.49 (m, 4H), 3.16 (s, 3H), 1.09, 1.06 (s, each
3H) ppm; 13C NMR (75 MHz, CDCl3, 25 8C): d=73.4, 72.3, 72.0, 69.6,
68.6, 55.9, 51.0, 22.1, 22.0 ppm; MS (ES): m/z (%): 210 (11) [M+Na]+ ,
188 (100) [M+H]+ ; elemental analysis calcd (%) for C9H17NO3 (187.2):
C 57.73, H 9.15, N 7.48; found: C 57.83, H 9.18, N 7.45.


Secondary amine 2 c : From allyl (4-allyloxyphenyl)ethylamine 1 c (40 mg,
0.184 mmol) and after flash chromatography by eluting with hexanes/
ethyl acetate (5:1), (4-allyloxyphenyl)ethylamine 2 c (22 mg, 68%) was
obtained as a pale yellow oil. 1H NMR (300 MHz, CDCl3, 25 8C): d=6.74
(m, 2H), 6.54 (m, 2H), 6.00 (m, 1H), 5.21 (m, 2H), 4.39 (m, 2H), 3.05
(q, J=7.0 Hz, 2H), 1.18 (t, J=7.0 Hz, 3H) ppm; 13C NMR (75 MHz,
CDCl3, 25 8C): d=151.6, 143.7, 134.1, 117.5, 116.3, 114.7, 69.9, 39.9,
14.9 ppm; MS (EI): m/z (%): 178 (100) [M]+ ; elemental analysis calcd
(%) for C11H15NO (177.2): C 74.54, H 8.53, N 7.90; found: C 74.48, H
8.50, N 7.88.


Secondary amine (+)-2 f : From tertiary allylic amine (+)-1 f (110 mg,
0.46 mmol) and after flash chromatography by eluting with ethyl acetate,
piperidine (+)-2 f (71 mg, 78%) was obtained as a colorless oil. [a]D=


Scheme 5. Mechanistic explanation for the ruthenium-catalyzed deprotec-
tion of N-allyl amines.
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+27.6 (c=0.7 in CHCl3);
1H NMR (300 MHz, CDCl3, 25 8C): d=3.93 (m,


2H), 3.68 (m, 1H), 3.36 (m, 1H), 2.85 (m, 2H), 2.38, 2.27 (m, each 2H),
2.02 (br s, 1H), 1.36, 1.29 (s, each 3H) ppm; 13C NMR (75 MHz, CDCl3,
25 8C): d=207.8, 109.4, 78.3, 66.2, 59.7, 45.2, 42.4, 26.5, 25.1 ppm; IR
(CHCl3): ñ=3347, 1714 cm�1; MS (CI): m/z (%): 200 (100) [M+H]+ , 199
(17) [M]+ ; elemental analysis calcd (%) for C10H17NO3 (199.3): C 60.28,
H 8.60, N 7.03; found: C 60.36, H 8.62, N 7.01.


Primary amine 4b : From secondary allylic amine 3 b (63 mg, 0.33 mmol)
and after flash chromatography by eluting with hexanes/ethyl acetate
(2:1), 4-allyloxyphenylamine 4b (28 mg, 57%) was obtained as a yellow
oil. 1H NMR (300 MHz, CDCl3, 25 8C): d=6.72 (m, 2H), 6.58 (m, 2H),
5.96 (m, 1H), 5.27 (m, 2H), 4.40 (m, 2H), 3.39 (br s, 2H) ppm; 13C NMR
(75 MHz, CDCl3, 25 8C): d=153.7, 139.8, 133.9, 117.4, 116.8, 116.1,
69.7 ppm; MS (EI): m/z (%): 150 (7) [M+H]+ , 149 (100) [M]+ ; elemental
analysis calcd (%) for C9H11NO (189.3): C 72.46, H 7.43, N 9.39; found:
C 72.57, H 7.46, N 9.43.


Primary amine (+)-4 c : From secondary allylic amine (+)-3 c (55 mg,
0.153 mmol) and after flash chromatography by eluting with ethyl ace-
tate, the amino tetracycle (+)-4 c (25 mg, 52%) was obtained as a color-
less oil. [a]D=++11.3 (c=0.8 in CHCl3);


1H NMR (300 MHz, CDCl3,
25 8C): d=7.95 (d, J=8.9 Hz, 1H), 7.03 (d, J=2.5 Hz, 1H), 6.79 (dd, J=
8.9, 2.5 Hz, 1H), 4.94 (d, J=5.6 Hz, 1H), 3.74 and 3.71 (s, each 3H), 3.60
(m, 4H), 3.21 (d, J=10.0 Hz, 1H), 2.36 (m, 1H), 1.41 (m, 4H) ppm;
13C NMR (75 MHz, CDCl3, 25 8C): d=169.8, 157.6, 129.5, 128.3, 122.6,
114.1, 112.2, 86.2, 72.6, 61.2, 59.3, 55.7, 55.6, 53.2, 32.9, 24.7, 20.6 ppm; IR
(CHCl3): ñ=3330, 1712 cm�1; MS (ES): m/z (%): 341 (11) [M+Na]+ , 319
(100) [M+H]+ , 318 (18) [M]+ ; elemental analysis calcd (%) for
C17H22N2O4 (318.4): C 64.13, H 6.97, N 8.80; found: C 64.24, H 7.00, N
8.84.


Piperidine-b-lactam (+)-6 a : From N-allyl piperidine (�)-5a (130 mg,
0.396 mmol) and after flash chromatography by eluting with ethyl acetate
(containing 1% triethylamine), piperidine (+)-6a (100 mg, 88%) was ob-
tained as a colorless oil. [a]D=++116.1 (c=0.5 in CHCl3);


1H NMR
(300 MHz, CDCl3, 25 8C): d=7.24, 7.06 (m, each 2H), 4.60 (d, J=5.4 Hz,
1H), 4.17 (dd, J=5.4, 5.1 Hz, 1H), 3.62 (s, 3H), 3.32 (m, 2H), 2.72 (m,
1H), 2.34 (m, 4H), 2.24 (s, 3H) ppm; 13C NMR (75 MHz, CDCl3, 25 8C):
d=207.9, 164.8, 134.5, 134.4, 129.6, 117.9, 82.8, 59.7, 57.1, 45.7, 42.9, 42.8,
20.8 ppm; IR (CHCl3): ñ=3352, 1738, 1717 cm�1; MS (ES): m/z (%): 289
(100) [M+H]+ , 288 (11) [M]+ ; elemental analysis calcd (%) for
C16H20N2O3 (288.3): C 66.65, H 6.99, N 9.72; found: C 66.74, H 7.02, N
9.68.


Piperidine-b-lactam (+)-6 c : From N-allyl piperidine (+)-5 c (30 mg,
0.078 mmol) and after flash chromatography by eluting with ethyl acetate
(containing 1% triethylamine), piperidine (+)-6 c (20 mg, 74%) was ob-
tained as a colorless oil. [a]D=++21.4 (c=0.6 in CHCl3);


1H NMR
(300 MHz, CDCl3, 25 8C): d=7.28, 6.80 (m, each 2H), 5.88 (m, 1H), 5.25
(m, 2H), 4.77 (d, J=5.4 Hz, 1H), 4.28 (m, 3H), 3.73 (s, 3H), 3.42 (m,
2H), 2.78 (m, 1H), 2.28 (m, 4H) ppm; 13C NMR (75 MHz, CDCl3, 25 8C):
d=208.3, 165.1, 156.7, 133.2, 129.8, 119.2, 118.4, 114.6, 80.9, 72.5, 58.9,
57.6, 55.5, 45.9, 44.6, 43.0 ppm; IR (CHCl3): ñ=3350, 1740, 1715 cm�1;
MS (CI): m/z (%): 331 (100) [M+H]+ , 330 (18) [M]+ ; elemental analysis
calcd (%) for C18H22N2O4 (330.4): C 65.44, H 6.71, N 8.48; found: C
65.31, H 6.69, N 8.51.


Piperidine-b-lactam (+)-6 e : From N-allyl piperidine (+)-5e (65 mg,
0.223 mmol) and after flash chromatography by eluting with ethyl acetate
(containing 1% triethylamine), piperidine (+)-6e (27 mg, 49%) was ob-
tained as a colorless oil. [a]D=++88.4 (c=0.5 in CHCl3);


1H NMR
(300 MHz, CDCl3, 25 8C): d=5.67 (m, 1H), 5.07 (m, 2H), 4.41 (d, J=
5.2 Hz, 1H), 3.67 (dd, J=6.0, 5.2 Hz, 1H), 3.51 (m, 4H), 3.31 (m, 1H),
3.14 (m, 2H), 2.85 (m, 1H), 2.32 (m, 6H), 1.86 (br s, 1H) ppm; 13C NMR
(75 MHz, CDCl3, 25 8C): d=207.8, 167.7, 134.6, 117.2, 83.1, 59.6, 59.2,
57.5, 45.7, 45.5, 42.9, 40.6, 31.8 ppm; IR (CHCl3): ñ=3352, 1739,
1714 cm�1; MS (ES): m/z (%): 253 (100) [M+H]+ , 252 (12) [M]+ ; ele-
mental analysis calcd (%) for C13H20N2O3 (252.3): C 61.88, H 7.99, N
11.10; found: C 61.99, H 8.02, N 11.06.


General procedure for the sodium methoxide promoted preparation of
indolizidines 7: Sodium methoxide (0.6 mmol) was added in portions to a
solution of the appropriate piperidine-b-lactam (0.15 mmol) in methanol
(3 mL) at 0 8C. The reaction was stirred at room temperature until com-
plete disappearance of the starting material (as monitored by TLC) and


then water was added (0.5 mL). The methanol was concentrated under
reduced pressure, the aqueous residue was extracted with ethyl acetate
(5î3 mL), the organic layer was dried over MgSO4, and the solvent was
removed under reduced pressure. Chromatography of the residue by
eluting with hexanes/ethyl acetate mixtures gave analytically pure fused
bicycles 7.


Indolizidine (+)-7 a : From piperidine-b-lactam (+)-6a (50 mg,
0.173 mmol), compound (+)-7 a (49 mg, 98%) was obtained as an orange
oil. [a]D=++11.0 (c=0.6 in CHCl3);


1H NMR (300 MHz, CDCl3, 25 8C):
d=7.01, 6.59 (m, each 2H), 4.43 (m, 1H), 3.82 (d, J=4.0 Hz, 1H), 3.76
(t, J=4.0 Hz, 1H), 3.64 (s, 3H), 3.54 (m, 1H), 3.11 (m, 1H), 2.75 (dd, J=
14.3, 2.7 Hz, 1H), 2.50 (m, 3H), 2.26 (s, 3H), 1.25 (br s, 1H) ppm;
13C NMR (75 MHz, CDCl3, 25 8C): d=205.1, 169.9, 143.5, 130.0, 128.4,
113.9, 83.4, 69.2, 60.5, 60.4, 47.1, 39.7, 37.9, 20.3 ppm; IR (CHCl3): ñ=


3440, 1725, 1715 cm�1; MS (ES): m/z (%): 289 (100) [M+H]+ , 288 (15)
[M]+ ; elemental analysis calcd (%) for C16H20N2O3 (288.3): C 66.65, H
6.99, N 9.72; found: C 66.76, H 7.02, N 9.68.


Indolizidine (+)-7 b : From piperidine-b-lactam (+)-6 c (20 mg,
0.058 mmol), compound (+)-7 b (20 mg, 100%) was obtained as an
orange oil. [a]D=++83.2 (c=0.4 in CHCl3);


1H NMR (300 MHz, CDCl3,
25 8C): d=6.73, 6.50 (m, each 2H), 5.87 (m, 1H), 5.24 (m, 2H), 4.47 (m,
2H), 4.26 (dd, J=12.7, 6.1 Hz, 1H), 4.04 (m, 3H), 3.69 (s, 3H), 2.98 (m,
1H), 2.33 (m, 4H), 1.19 (br s, 1H) ppm; 13C NMR (75 MHz, CDCl3,
25 8C): d=205.9, 168.2, 139.9, 137.2, 134.1, 118.5, 115.3, 114.7, 79.5, 71.4,
56.6, 55.9, 55.6, 42.3, 40.1, 38.4 ppm; IR (CHCl3): ñ=3442, 1723,
1712 cm�1; MS (ES): m/z (%): 353 (9) [M+Na]+ , 331 (100) [M+H]+ , 330
(7) [M]+ ; elemental analysis calcd (%) for C18H22N2O4 (330.4): C 65.44,
H 6.71, N 8.48; found: C 65.36, H 6.75, N 8.52.


Indolizidine (+)-7 d : From piperidine-b-lactam (+)-6e (20 mg,
0.079 mmol), compound (+)-7 d (20 mg, 100%) was obtained as an
orange oil. [a]D=++101.2 (c=0.7 in CHCl3);


1H NMR (300 MHz, CDCl3,
25 8C): d=5.69 (m, 1H), 4.99 (m, 2H), 4.39 (m, 1H), 3.80 (m, 1H), 3.76
(d, J=7.4 Hz, 1H), 3.63 (s, 3H), 3.37 (t, J=7.4 Hz, 1H), 2.91 (m, 1H),
2.60 (m, 2H), 2.39 (m, 6H), 1.19 (br s, 1H) ppm; 13C NMR (75 MHz,
CDCl3, 25 8C): d=206.5, 170.3, 135.5, 116.8, 81.9, 58.9, 58.5, 56.3, 47.2,
42.7, 40.3, 38.3, 34.0 ppm; IR (CHCl3): ñ=3447, 1721, 1710 cm�1; MS
(ES): m/z (%): 253 (100) [M+H]+ , 252 (9) [M]+ ; elemental analysis
calcd (%) for C13H20N2O3 (252.3): C 61.88, H 7.99, N 11.10; found: C
61.77, H 7.96, N 11.06.
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Novel Synthetic Approach for Optical Resolution of Cryptophanol-A: A
Direct Access to Chiral Cryptophanes and Their Chiroptical Properties


Thierry Brotin,* Romain Barbe, Magali Darzac, and Jean-Pierre Dutasta*[a]


Introduction


Cryptophanes constitute an important class of host mole-
cules that possess a quasi-spherical lipophilic cavity suitable
for complexing small neutral or cationic organic com-
pounds.[1±8] Recently, the functionalization of cryptophanes
with hydroxy or ester substituents was reported, and it was
thus possible to develop a new family of functionalized
hosts with a potential application as sensors or biosensors.[9]


There exist several isomers of cryptophanes, and particular
interest was devoted to the chiral anti isomers, which were
able to achieve chiral recognition.[10±12] So far, the different
routes used to prepare cryptophanes have given mostly the
anti or the syn isomers, depending on the structure of the
molecule and the synthetic procedure. Resolution of the
chiral anti form is therefore an important aspect of crypto-
phane synthesis as it provides original optically active recep-
tors with interesting physical and chemical properties. Two
main approaches have been developed to resolve chiral
cryptophanes, but both of them have some disadvantages.


The first one is based on physical discrimination of the two
enantiomers by HPLC on a chiral stationary phase (chiral-
pak OT+). This method has been successfully used to dis-
criminate the enantiomers of a large range of cyclotrivera-
trylene (CTV) and cryptophane derivatives.[13] However, its
use on a semipreparative scale to obtain larger amounts of
optically pure cryptophanes for synthetic purpose is not con-
venient. In particular, the high cost of semipreparative
chiral columns, their sensitivity, and the large volume of
mobile phase needed for these experiments make this ap-
proach inappropriate for scale-up. The second method,
based on the synthesis and separation of optically pure CTV
units by formation of diastereomers, represents a more in-
teresting approach to obtain sizeable amounts of resolved
cryptophanes.[10±15] This strategy has been successfully ap-
plied in our laboratory to study the chiroptical properties of
several cryptophanes or to resolve anti cryptophane-C,
which showed interesting binding properties toward chiral
halogenomethanes.[10,12] However, the racemization of the
CTV unit upon heating represents the main limitation of
this method, and carefully controlled experimental condi-
tions must be used during the subsequent synthetic steps to
avoid any partial racemization of the CTV unit. This strong-
ly limits the potential use of chiral CTV moieties to design
optically pure cryptophanes, and the enantiomeric purity
usually reported in the literature does not exceed 91±95 %.
This would be even more crucial in the synthesis of optically
pure functionalized cryptophanes, a synthesis that requires


[a] Dr. T. Brotin, Dr. J.-P. Dutasta, R. Barbe, Dr. M. Darzac
…cole Normale Supÿrieure de Lyon
Stÿrÿochimie et Interactions Molÿculaires
UMR 5532 CNRS/ENS-Lyon
46 Allÿe d×Italie, 69364 Lyon 07 (France)
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Abstract: The separation by crystalliza-
tion of the pair of cryptophane diaster-
eomers 1a and 1b, obtained in 1:1
ratio by treating racemic anti crypto-
phanol-A (2) with (�)-camphanic acid
chloride, provided a substantial amount
of optically pure material (diastereo-
meric excess>98 %). Subsequent hy-
drolysis afforded the optically pure
cryptophanol-A enantiomers (+)-2 and
(�)-2, which were submitted to nucleo-
philic substitution reactions to provide
cryptophane-A (+)-3 and cryptophane


monoester (�)-4 in optically pure
form. The chiroptical properties of the
new cryptophanes 1±4 were investigat-
ed by using circular dichroism spectro-
scopy, and the absolute configuration
of the molecules was clearly establish-


ed. These new cryptophanes represent
additional interesting examples for
studying the Cotton effect of interact-
ing multichromophoric systems. More-
over, this novel approach presents nu-
merous advantages over the other
methods developed so far to obtain op-
tically pure cryptophanes, and com-
pounds (�)-2, (+)-2, and (�)-4 can
give access to new enantiopure func-
tionalized cryptophanes with host±
guest properties similar to those of
cryptophane-A.


Keywords: chiral resolution ¥
circular dichroism ¥ configuration
determination ¥ cryptophanes ¥
supramolecular chemistry


¹ 2003 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim DOI: 10.1002/chem.200204614 Chem. Eur. J. 2003, 9, 5784 ± 57925784


FULL PAPER







numerous synthetic steps. Recently, Shinkai and co-workers
reported the efficient synthesis of novel chiral cryptophanes
by self-assembling CTV units through metal coordination.[16]


Since the first synthesis of cryptophane-A in 1981,[17] several
routes have been proposed for the preparation of this com-
pound and other related cryptophanes. Whereas the direct
method gave rapid access to cryptophane-A with a low
yield,[18] the template method, which required the cyclization
of the two CTV units at different stages of the synthesis, has
been successfully applied to synthesize cryptophane-A with
a good yield. Small amounts of resolved cryptophane-A
have been obtained by this method.[19] The synthesis of cryp-
tophanol-A 2 represents a new approach to the resolution
of cryptophane-A. The multistep strategy used for the prep-
aration of 2 appears more time consuming, but allows the
design of new, interesting, functionalized hosts, whose com-
plexing properties are close or similar to those of crypto-
phane-A.[20] Here, we report a novel approach for the reso-
lution of cryptophane-A and related compounds based on
the separation of cryptophane diastereomers by crystalliza-
tion. The reaction of the free hydroxy group in 2 with a
chiral substrate leads to diastereomers, whose separation is


then conceivable by, for example, crystallization or chroma-
tography on silica gel. Both techniques are interesting since
they are able to furnish reasonable quantities of resolved
material. The cryptophanol-A enantiomers (�)-2 and (+)-2
were thus obtained with high enantiomeric excess (ee=98±
100 %) by crystallization of diastereomers 1a and 1b, re-
spectively, and subsequent removal of the chiral substituent.
This method has many advantages over the two methods de-
veloped in the past, as will be discussed in detail in the next
section. Cryptophane-A (+)-3 was synthesized from (+)-2
to ascertain the absolute configuration of new compounds
1±4. Cryptophane monoester (�)-4 was also prepared as its
racemate has been used to build up original cryptophanes
for biological applications.[9]


Results and Discussion


Synthesis of diastereomers 1a and 1b : Compound 1 was
prepared by treating racemic cryptophanol-A 2 with cam-
phanic acid chloride in the presence of triethylamine and
DMAP (Scheme 1). The (�)-camphanic moiety was selected
from a number of chiral substrates for several reasons. It is
a readily available chiral molecule, which has been efficient-


ly used to resolve CTV derivatives.[14, 21] In addition, we ex-
pected that the close proximity of the camphanic group to
the cryptophane backbone would favor the separation of the
two diastereomers by crystallization or chromatographic


techniques. Such requirements
are important because bowl-
shape molecules are known to
be particularly difficult to re-
solve.[22] The reaction proceed-
ed very slowly and was com-
pleted after 96 h under reflux
conditions in CH2Cl2 with an
excess of acid chloride. Under
these conditions, thin-layer
chromatography of the crude
material showed one single
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Scheme 1. Preparation of 1 from racemic cryptophanol-A 2. DMAP=4-dimethylaminopyridine.
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Figure 1. 1H NMR spectrum of 1 as a mixture of diastereomers (�)-1a
and (+)-1b (1:1) in CDCl3 at 20 8C. The star denotes water from the sol-
vent.


Abstract in French: Les cryptophanes diastÿrÿisomõres 1a et
1b ont ÿtÿ obtenus dans le rapport 1:1 par rÿaction du crypto-
phanol-A anti (2, racÿmate) avec le (�)-chlorure de L’acide
camphanique. Leur sÿparation par cristallisation a permis
L’obtention des produits 1a et 1b optiquement purs (ee
>98%). Aprõs hydrolyse, on obtient les cryptophanol-A
(+)-2 et (�)-2 sans perte d’excõs ÿnantiomÿrique. Ceux-ci ont
permis d’obtenir par substitution nuclÿophile le cryptophane-
A (+)-3 et le cryptophane monoester (�)-4. Les propriÿtÿs
chiroptiques des nouveaux cryptophanes 1±4 ont ÿtÿ ÿtudiÿes
par dichroÔsme circulaire (CD) et leur configuration absolue
a ÿtÿ clairement ÿtablie. Ces nouvelles molÿcules sont des mo-
dõles intÿressants pour L’ÿtude de L’effet Cotton dans des
systõmes ofl plusieurs chromophores interagissent. De plus,
L’approche proposÿe pour L’obtention de cryptophanes
ÿnantiopurs prÿsente de nombreux avantages par rapport aux
mÿthodes dÿveloppÿes antÿrieurement. Les nouveaux compo-
sÿs (�)-2, (+)-2 et (�)-4 permettent d’accÿder ‡ de nouveaux
cryptophanes fonctionnalisÿs chiraux possÿdant des propriÿ-
tÿs complexantes analogues ‡ celles du cryptophane-A.
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spot, which was further identified as the two diastereomers
1a and 1b. A change in the experimental conditions (pyri-
dine instead of triethylamine) led to no reaction and the
starting material was recovered. These results suggest a
strong steric hindrance around the hydroxy group in 2 and
corroborate the difficulties encountered in attaching long
alkyl chains onto cryptophanol-A in good yields.[20] Purifica-
tion of compound 1 was critical and the procedure given in
the Experimental Section is strongly recommended. Purifi-
cation by silica gel chromatography gave a material that was
washed with diethyl ether and recrystallized from EtOH/
CHCl3 to give pure cryptophane 1 in 87 % yield as a 1:1
mixture of diastereomers 1a and 1b. The 1H NMR spectrum
in CHCl3 appeared quite complicated due to the lack of
symmetry in 1a and 1b (Figure 1). For instance, in the aro-
matic region we observed 17 peaks corresponding to over-
lapping singlets from both diastereomers (12 singlets each).
Similarly, the 1.0±1.3 ppm region showed four distinct peaks,
corresponding to the methyl groups of the camphanic
moiety, whereas three singlets are expected for each diaster-
eomer.


Attempts to separate the two diastereomers by column
chromatography on silica gel or by HPLC on a C18 reversed
stationary phase failed despite the use of different elution
conditions. However, we observed that crystallization at low
concentrations in toluene at room temperature afforded
crystalline material whose 1H NMR analysis corresponded
to the single diastereomer (�)-1a (Figure 2). The choice of
the solvent was limited for solubility reasons. Several experi-
ments were run and showed that the efficient optical resolu-
tion of compound (�)-1a was only performed at very low
concentrations (0.9 g of 1 in 220 mL of toluene; 15 % overall
yield). At higher concentrations, the collected crystalline
compound was identified by 1H NMR spectroscopy as the
equimolar mixture of (�)-1a and (+)-1b. In the 1H NMR
spectrum of (�)-1a, the aromatic pattern (twelve singlets,
some overlapped), the methoxy groups (five singlets), and


the methyl signals of the camphanic group (three singlets)
are clearly identifiable (Figure 2). These results ascertain
the presence of one single diastereomer; the diastereomeric
excess (de) was thus easily determined from the 1H NMR
spectra and estimated to be in the range of 98±100 %.


After the crystals of (�)-1a had been collected, the
mother liquor was heated under reflux conditions and fil-
tered. This solution was then allowed to stand at room tem-
perature for 48 h. During that time new crystals precipitated
and were collected. Surprisingly, these new crystals, when
characterized by 1H NMR spectroscopy, did not correspond
to diastereomer (�)-1a but to the second diasteromer (+)-
1b. Compound (+)-1b, obtained in a somewhat lower yield
(10 %), was found to be diastereomerically pure by 1H
NMR spectroscopy (de=98±100 %). Identification of (+)-
1b was easily achieved by 1H and 13C NMR spectroscopy.
Figure 2 shows the three main regions of interest in the 1H
NMR spectrum, which prove the absence of (�)-1a in these
new crystals. A similar conclusion can also be reached by
studying the 13C NMR spectra of both diastereomers. The
expected signals are exhibited for both the ethylenedioxy
linkers (d=68.5±70.0 ppm) and the methoxy groups (d=
49.0±57.0 ppm). Well-resolved signals were observed for
each set of carbon nuclei in the spectra of (�)-1a and (+)-
1b, whose superposition corresponds to the spectrum of the
mixture (Figure 3).


The sequential crystallization (and thus purification) of
both diastereomers from the solution was unexpected and
raises some questions: Was the thermodynamic equilibrium
reached or are we dealing with a more complex phenomen-
on that occurred out of equilibrium? What was the role of
the solvent? The first question is very important for the un-
derstanding of any crystallization process. As previously
mentioned, the reproducible formation of crystals of (�)-1a
at very low concentrations can be explained by assuming the
presence of a single eutectic point in the ternary phase dia-
gram [1a/1b/solvent]. This behavior, combined with a long


delay of crystallization (48 h),
agrees with a classical crystalli-
zation process where the ther-
modynamic equilibrium condi-
tions are reached. The use of
toluene as the solvent is also
another important factor to
consider because this solvent is
too bulky to enter into the
cavity of (�)-1a and (+)-1b.
Therefore, in toluene the chiral
substituent may adopt a pecu-
liar orientation with respect to
the portals of the host, thus fa-
voring the discrimination of
both diastereomers. The forma-
tion of crystals of (+)-1b in the
solution is more intriguing and
still unclear since their forma-
tion cannot be easily explained
from the same ternary phase di-
agram. As noticed for (�)-1a,


ppm6.656.806.95


ppm6.656.806.95 ppm3.783.84


ppm3.783.84


ppm1.141.22


ppm1.141.22


aromatic H OCH3 CH3


a)


b)


Figure 2. Part of the 1H NMR spectra of diastereomers (�)-1a (a) and (+)-1b (b) in CDCl3 at 20 8C.
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the long delay of crystallization (48 h) would also favor a
physical process where the thermodynamical conditions
were reached. However, at this point we have not been able
to rationalize the selective crystallization of (+)-1b, and ad-
ditional experiments are needed to interpret properly its
crystallization process.


Synthesis of resolved cryptophane-A and related com-
pounds : In the first section we have described the synthesis
and separation of cryptophane diastereomers (�)-1a and
(+)-1b. They can now be utilized to prepare other novel
cryptophanes after removal of the camphanic moiety with-
out any loss of optical activity. This constitutes a significant
advantage over the previous approach involving the synthe-
sis of chiral cyclotriveratrilene units. Thus, enantiopure cryp-
tophanol-A (�)-2 and (+)-2 were obtained by treatment of
(�)-1a and (+)-1b, respectively, with KOH in THF solution
(Scheme 2). The NMR spectra and Rf values were found to
be identical with those of racemate 2.[20] In addition, the op-


tical rotations of the compounds recorded in CHCl3 have
the same magnitudes with opposite signs–within the range
of the experimental error–as expected for a pair of enan-
tiomers (Table 1). However, in the absence of X-ray crystal
structure determinations for compounds (+)-2, (�)-2, and
their precursors, their correct structures cannot be establish-
ed unambiguously. Indeed, the introduction of a single hy-
droxy function lowers the symmetry of the cryptophane and
complicates the attribution of the structure since both syn
and anti cryptophanol-A are chiral compounds.


To clarify this point, cryptophanol-A (+)-2 was allowed
to react with methyl iodide in the presence of cesium car-


bonate in DMF to give crypto-
phane-A (+)-3 in quantitative
yield (Scheme 2). Its optical ro-
tation, measured in CHCl3,
gave a positive rotation
([a]25


589=++269, c=0.17) in good
agreement with the previous
values reported for the opposite
enantiomer anti (�)-crypto-
phane-A.[23]


ppm55.056.057.0ppm68.669.269.870.4


ppm55.056.057.0ppm68.669.269.870.4


ppm55.056.057.0ppm68.669.269.870.4


ppm55.056.057.0ppm68.669.269.870.4


OCH2 OCH3


(-)-1a


ppm55.056.057.0ppm68.669.269.870.4


(+)-1b
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∇ ∇


∇ ∇


(1:1 mixture)
 1a/1b 


Figure 3. Part of the 13C NMR spectra of (�)-1a, (+)-1b, and an equimo-
lar mixture of 1a and 1b in CDCl3 at 20 8C. Stars and triangles are the
quarternary carbons of the camphanic moiety.
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Scheme 2. Preparation of enantiopure cryptophanes (�)-2, (+)-2, (+)-3,
and (�)-4 from (�)-1a and (+)-1b. THF= tetrahydrofuran, DMF=N,N-
dimethylformamide.


Table 1. Optical rotations [a]25
l (10�1 deg cm2 g�1) of cryptophanes 1±4 at 25 8C.[a]


Compd. Solvent Concn.[b] [a]25
589 [a]25


577 [a]25
546 [a]25


436 [a]25
365


(�)-1a CHCl3 1.25 �161.0 �168.0 �194.0 �353.0 �658.0
(+)-1b CHCl3 1.00 +168.0 +177.0 +204.0 +392.0 +730.5
(�)-2 CH2Cl2 0.5 �185.0 �195.5 �226.5 �432.5 �772.0
(+)-2 CH2Cl2 0.5 +184.0 +194.0 +224.0 +433.0 +785.0
(+)-3 CHCl3 0.17 +269.0 +284.0 +326.5 +626.5 +1152.0
(�)-4 CHCl3 0.18 �249.0 �258.0 �296.5 �549.0 �1009.0


[a] Experimental errors are estimated to �5%. [b] In grams per 100 mL.
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This clearly demonstrates that cryptophanol-A 2 synthe-
sized as described above, and therefore its precursors (the
cryptophane bearing a single allyl moiety[20] and diastereom-
ers (�)-1a and (+)-1b), were obtained as the anti isomers.
The syn configuration would have led to the achiral syn
isomer of 3 with no optical activity. Therefore, it becomes
possible to assign unambiguously the absolute configuration
of the (+)-cryptophane-A and other compounds studied
herein (Scheme 2).


In an alternative procedure, cryptophane monoester
(�)-4 was prepared in 95 % yield from cryptophanol-A (�)-
2 and methyl bromoacetate (Scheme 2). Recently, Spence
et al. reported the synthesis of racemic 4 for the design of
biosensors with xenon as the guest, and 129Xe NMR was
used to characterize the affinity of the parent hosts towards
biological targets.[9] In such experiments, the use of optically
pure cryptophanes would greatly simplify the NMR spectra
and their interpretation by limiting the number of possible
diastereomers. The reactivity of the hydroxy or ester group
in optically pure (+)-2, (�)-2, and (�)-4, may be utilized to
prepare further elaborated monofunctionalized crypto-
phanes. This method is an important step toward the design
of novel chiral supramolecular systems containing crypto-
phanes (polymers, dendrimers) and their potential use as
HPLC chiral stationary phases for the resolution of small
neutral molecules such as halogenomethanes.


Circular dichroism spectroscopy of new cryptophanes 1±4 :
The chiroptical properties of new cryptophanes 1±4 were in-
vestigated by circular dichroism (CD) spectroscopy in vari-
ous solvents. Collet, Gottarelli, and co-workers pioneered
this work and reported the circular dichroism of C3 cyclotri-
veratrylene derivatives and D3 cryptophanes combined with
a theoretical study based on the Kuhn±Kirkwood-coupled
oscillator model.[19] They were able to interpret qualitatively
the experimental CD spectra of a series of D3 cryptophanes
bearing different substituents or linkers for the two forbid-
den transitions that are easily accessible by UV spectrosco-
py and located in the ranges 230±260 and 275±300 nm, cor-
responding to the B1u and B2u regions of the benzene rings,
respectively. In most cases, they could predict the sign of the
observed Cotton effect as a function of the substituents and
the conformation of the D3 cryptophanes. They showed that
the B1u and B2u transitions are the sum of three main polar-
ized components (one A2 and two nondegenerated E com-
ponents) resulting from the interaction between chromo-
phores (coupled oscillators). Additionally, they demonstrat-
ed that the observed Cotton effect is entirely governed by
the polarization angles of the transition moments induced
by the substituents.[24, 25]


The CD spectrum of crypto-
phane-A (+)-3 was recorded in
1,4-dioxane (a solvent too large
to enter into the cavity). The
spectrum showed two positive
Cotton effects for the B2u tran-
sition (De=13.6 at 299.0 nm
and De=22.1 at 277.5 nm),
whereas a positive Cotton


effect (De=40.9 at 252.0 nm) and a negative one (De=�119
at 238.5 nm) were observed for the B1u transition. Another
strong positive Cotton effect (De=315 at 217.5 nm) was ob-
served at shorter wavelength for the allowed benzene transi-
tion 1B according to Platt×s notation (Table 2).[26] The CD
spectrum of (+)-3 is very similar (mirror image) to the spec-
trum of its enantiomer (�)-3 previously reported. The
values measured for the Cotton effect are somewhat higher
than those reported for (�)-3, a fact suggesting a better
enantiomeric excess of (+)-3. (A reported 95 % ee was com-
pared to 98±100 % ee for (+)-3 prepared as above.) The
Kuhn±Kirkwood model predicts correctly the sign of the
Cotton effect for the B1u transition.[19] The interpretation of
the sign of the Cotton effect for the B2u transition is more
difficult, since it was not possible to estimate accurately the
splitting between the two E components, a splitting that was
assumed to be very small.


The CD spectrum of (�)-4 recorded under the same
conditions is an almost perfect mirror image of that of (+)-3
(Figure 4, Table 3). We must notice that anti cryptophane-A
(+)-3 has D3 symmetry and cryptophane monoester (�)-4
has no symmetry axis due to the presence of the ester
group. This suggests that the introduction of one methyl
ester group in place of one methyl group causes a rather
weak perturbation. The spectroscopic moment of the OCH2-


COOCH3 moiety is close enough in magnitude to that of
the OCH3 group (OCH3>OCH2COOCH3) to have only a
little effect on the CD spectra.[14] The angles of polarization
induced by these two substituents are very close in magni-
tude for both transitions, and the model describing the
Cotton effect for compound (+)-3 can thus be applied in a
first approximation to compound (�)-4. In CHCl3, a solvent
which can enter into the cavity of (�)-4, the B1u transition is
more affected than the B2u transition. Even though the sign
of the Cotton effect is the same, the complexation of CHCl3


Table 2. UV isotropic absorption spectra of 1±4 for the two forbidden
transitions 1La and 1Lb (Platt×s notation) in CHCl3 and in 1,4-dioxane.[a]


Compd. no. Solvent B1u (1La) B2u (1Lb)
l [nm] e [m�1 cm�1] l [nm] e [m�1 cm�1]


(�)-1a CHCl3 242.5 26 500 289.0 14000
(+)-1b CHCl3 242.0 25 700 289.0 13600
(�)-1a[b] 1,4-dioxane 230.0 (s) 41 500 289.0 12000
(�)-2 CHCl3 242.5 24 200 290.0 13600
(+)-2 CHCl3 242.5 24 200 290.0 13800
(+)-3[c] 1,4-dioxane 231.0 (s) 44 100 290.0 13000
(�)-4 CHCl3 243.0 25 300 290.0 13500
(�)-4[d] 1,4-dioxane 230.0 (s) 44 500 290.0 13000


[a] Experimental errors are estimated to be � 5%. [b] l=215.0 nm;
e=66500. [c] l=215.0 nm; e=67500. [d] l=215.0 nm; e=67500.


Table 3. CD data for cryptophanes 2±4.


(+)-3 in 1,4-dioxane (�)-4 in 1,4-dioxane (�)-4 in CHCl3 (�)-2 in CHCl3 (+)-2 in CHCl3


l [nm] De l [nm] De l [nm] De l [nm] De l [nm] De


217.5 315.0 217.5 �298.0 ± ± ± ± ± ±
238.5 �119.0 238.5 128.0 238.5 87.3 238.5 67.1 238.5 �67.0
252.0 40.9 252.0 �34.8 253.0 �14.3 253.0 13.2 253.0 14.0
277.5 22.1 277.5 �11.2 278.0 �20.0 279.0 �32.0 279.0 30.7
288.5 ± 288.5 2.97 292.0 3.5 293.5 1.4 293.5 �1.7
299.0 13.6 299.0 �6.21 302.5 �5.9 303.0 �8.6 303.0 8.2
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by (�)-4 induces a decrease of the intensity of the B1u tran-
sition. The effect of the complexation on the CD spectrum
is still unclear but probably involves conformational changes
of the ethylenedioxy linkers in the complex. It would be in-
teresting to study the effects of the solvent on the CD spec-
tra of cryptophanes, but the choice of solvent systems is


very limited since only a few of
them are able to dissolve cryp-
tophanes or are sufficiently
transparent to study the UV/
Vis region of interest.


Similarly, CD spectra of
cryptophanes (�)-1a and (+)-
1b were recorded in chloroform
and in 1,4-dioxane (Figure 5).
The study of the chiroptical
properties of these molecules is
particularly interesting since the
two substituents (OCH3 and
camphanic groups) induce op-
posite effects on the CD spec-
tral bands. For instance, it was
demonstrated that the OCH3


group in (�)-3 gives rise to a
small positive angle and a small
negative one for the two elec-
tric moments of the 1Lb and 1La


transitions, respectively. On the
other hand, the ester group is
known to induce a positive
angle with a larger magnitude
for these two transitions.[19] It is
therefore difficult to predict the
sign of the B1u (1La) transition
for compound (+)-1b with re-
spect to (+)-3. The examination
of the CD spectra of (�)-1a
and (+)-1b recorded in 1,4-di-
oxane showed spectra which
are mirror images–within ex-
perimental error–with similar
Cotton effects to that observed
for (+)-3. The sign for both
transitions is unchanged; this
indicates that the effect of the
ester group is not strong
enough to reverse the sign of
the 1La transition and that the
structure of the CD bands is
still largely dominated by the
five OCH3 substituents. In addi-
tion, we noticed that the transi-
tions were more affected by
changing the solvent from 1,4-
dioxane to chloroform (Figure
5, Table 4).


The structure of the enan-
tiomers of cryptophanol (�)-2
and (+)-2 is similar to that of


(+)-3 except that one OCH3 group was replaced by an OH
group. As expected, the CD spectrum of (�)-2 recorded in
chloroform is the mirror image of that of (+)-2 (Figure 6,
Table 3). In addition, the OH group is known to have a
larger spectroscopic moment for the B2u transition than
OCH3, and the induced polarization angles should be differ-


Figure 4. CD spectra of enantiopure cryptophanes (+)-3 and (�)-4 in 1,4-dioxane. The insert shows the CD
spectra of (�)-4 in 1,4-dioxane and CHCl3.


Figure 5. CD spectra of diastereomers (�)-1a and (+)-1b in 1,4-dioxane and in CHCl3 (insert).
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ent for this transition. Therefore, the CD spectra of (�)-2
and (+)-2 should be more sensitive to substitution than the
ones observed for the related compound (�)-4. Experimen-
tally we observed that the Cotton effect of the B1u transi-
tions is very similar in shape and intensity to that observed
for compounds (�)-1a, (+)-1b, (+)-3, and (�)-4 in the same
solvent (Table 4). At longer wavelength the situation is
somewhat different and the effect of substitution is more ap-
preciable. Indeed, the sign of the Cotton effect remained
the same for the B2u transition, but a significant change in
the shape and intensity of this transition was observed with
respect to that of compounds (�)-1a, (+)-1b, and (�)-4.
The intensity of the Cotton effect at 300 nm is strongly af-
fected by the substitution and may result from the overlap-
ping of the two E components with opposite signs.[19] Apply-
ing the theoretical model used for D3 cryptophanes to these
two enantiomers seems however questionable due to the
changes observed in their CD spectra. Meanwhile, they pro-
vide interesting models for theoretical studies of the chirop-
tical properties of cryptophanes.


The CD spectra of the new optically active cryptophanes
(�)-1a, (+)-1b, (�)-2, (+)-2, (+)-3, and (�)-4 were com-
pared to those of the previously published D3 cryptophanes.
For compounds 1±4 a change in the shape and intensity of
the Cotton effect of the B2u transitions was observed de-
pending on the nature of the substituents attached onto the
cryptophane hosts, whereas the B1u transition was less affect-
ed. However, the Cotton effect of the two forbidden transi-
tions in compounds (�)-1a, (+)-1b, and (�)-4 is similar to
that of compound (+)-3, a fact suggesting that the exciton
model developed for D3 cryptophanes can be applied in a


first approximation.[19] The
strong modifications observed
in the CD spectra of enantiom-
ers (�)-2 and (+)-2, especially
for the B2u (1Lb) transition, sug-
gest a more complex interpreta-
tion, and the use of the former
model is questionable.


Conclusion


We have described in this work a novel synthetic approach
to obtain resolved cryptophanol-A based on the optical res-
olution of diastereomers (�)-1a and (+)-1b by crystalliza-
tion. Optically pure (�)-1a and (+)-1b were obtained in
moderate yield but the strategy used opens a new field of in-
vestigation to obtain chiral cryptophanes, which cannot be
prepared easily with high enantiomeric excess by other
methods. Enantiomers of cryptophanol-A (�)-2 and (+)-2
were easily recovered in high yields and with high enantio-
meric excess (ee=98±100 %) by hydrolysis of (�)-1a and
(+)-1b under basic conditions. The advantages of the syn-
thetic procedure reported here are obvious: 1) The resolved
cryptophanols (�)-2 and (+)-2 bearing one free hydroxy
function are starting compounds for the preparation of new
enantiopure chiral cryptophanes. 2) More importantly, these
new functionalized cryptophanes can now be prepared with-
out any loss of optical activity whatever the experimental
conditions used. For instance, cryptophane-A (+)-3 was pre-
pared as a model molecule to ascertain the absolute configu-
ration of the cryptophanes described in this article. Crypto-
phane monoester (�)-4, of which the racemate has been
used to build-up an elaborate host molecule for biological
application,[9] was also synthesized and fully characterized.
Even though the crystallization process is efficient, we be-
lieve that new derivatives allowing the separation of diaster-
eomers by chromatographic techniques would be more suit-
able for the preparation of larger amounts of resolved cryp-
tophanes. Finally, the chiroptical properties of enantiopure
cryptophanes (�)-1a, (+)-1b, (�)-2, (+)-2, (+)-3, and (�)-4
were investigated by CD spectroscopy. The effect of substi-
tution on the B1u and B2u benzene transitions was experi-
mentally established. These compounds provide interesting
new models for explaining the CD spectra of molecules that
have several different chromophores interacting with each
other, and study of these compounds completes the funda-
mental work developed by Collet, Gotarelli, and co-workers
for cryptophanes with D3 symmetry.[19] The extension of this
work towards larger cryptophanes like cryptophane-E is un-
derway.


Experimental Section


General : Circular dichroism spectra were recorded at room temperature
on a CD6 Jobin-Yvon dichrograph. Cells with a pathlength of 0.1 cm
were used, and the instrument was routinely calibrated with an aqueous
solution of (+)-10-camphorsulfonic acid. Inaccuracy on the mass sample


Table 4. CD data for diastereomers (�)-1a and (+)-1b.


(�)-1a in 1,4-dioxane (+)-1b in 1,4-dioxane (�)-1a in CHCl3 (+)-1b in CHCl3


l [nm] De l [nm] De l [nm] De l [nm] De


217.5 �302.0 217.5 290.0 ± ± ± ±
238.5 117.0 238.5 �112.0 238.0 82.8 238.0 �85.1
252.0 �41.8 252.0 41.3 253.0 �15.7 252.5 16.2
278.0 �12.0 278.0 11.2 279.0 �16.8 278.0 15.3
298.0 �12.6 298.0 16.8 299.5 �6.9 301.0 4.9


Figure 6. CD spectra of enantiopure cryptophanol-A compounds (�)-2
and (+)-2 in CHCl3.


¹ 2003 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2003, 9, 5784 ± 57925790


FULL PAPER T. Brotin, J.-P. Dutasta et al.



www.chemeurj.org





induces a 5 % experimental error on the e values, due to encapsulation of
unknown guests into the cavity of cryptophane hosts. IR spectra were re-
corded on a Mattson 3000 FTIR spectrometer. UV spectra were recorded
on a Jasco V-550 UV-Vis spectrophotometer with 10-mm cells. Optical
rotations were measured on a Jasco P-1010 polarimeter with a 100-mm
cell thermostated at 25 8C. Mass spectra (HRMS, LSIMS) were per-
formed by the Centre de Spectromÿtrie de Masse, University of Lyon, on
a Thermo-Finnigan MAT 95XL spectrometer. 1H and 13C NMR spectra
were recorded on a Varian Unity� 500 spectrometer at 499.83 and 126.7
MHz, respectively. Chemical shift values (d) were measured from Me4Si
(1H, 13C). Column chromatographic separations were carried out over
Merck silica gel 60 (0.040±0.063 mm). Analytical thin-layer chromatogra-
phy (TLC) was performed on Merck silica gel F-254 TLC plates. Melting
points were measured on a Perkin-Elmer DSC7 calorimeter. The solvents
were distilled prior to use: DMF from CaH2, CH2Cl2 from CaCl2, THF
from Na/benzophenone, and NEt3 from KOH. Camphanic acid chloride
and Cs2CO3 were purchased from Acros; methyl bromoacetate was pur-
chased from Prolabo and used without further purification.


Cryptophane 1 (mixture of diastereomers): Camphanic acid chloride
(420 mg, 1.93 mmol) was added in one portion to a stirred solution of
racemic cryptophanol 2 (850 mg, 0.97 mmol), DMAP (24 mg, 0.196
mmol), and triethylamine (6.8 mL), in CH2Cl2 (22 mL). The solution was
stirred at 70 8C for 48 h under argon. More camphanic acid chloride (420
mg, 1.93 mmol) was then added, and the solution was stirred for another
48 h until complete disappearance of the starting material as monitored
by TLC (CH2Cl2/acetone (9:1)). The solvent was evaporated under
vacuum, and the residue was extracted with CH2Cl2. The combined or-
ganic layers were dried over Na2SO4 and evaporated. The crude product
was purified by column chromatography on silica gel with CH2Cl2/ace-
tone (9:1) as the eluent. The product was then washed with diethyl ether
and recrystallized from CHCl3/ethanol to yield pure 1 (895 mg, 87%) as
a mixture of two diastereoisomers 1a and 1b in 1:1 ratio; 1H and 13C
NMR spectra of 1 are the sum of the 1H and 13C NMR spectra of com-
pounds 1a and 1b ; HRMS (LSIMS): calcd for C63H64O15 [M]+ :
1060.4245; found: 1060.4244; IR (KBr): ñ=2964±2935 (br.), 1785.8 (s),
1610, 1510 (s), 1477, 1460, 1450, 1398, 1313±1281 (s), 1269, 1213, 1188,
1144, 1086, 1049, 995, 933, 897, 742, 619 cm�1.


Diastereoisomer 1a : Compound 1 (890 mg) was dissolved in hot toluene
(220 mL) and the solution was filtered over filter paper and left at room
temperature. After 48 h the crystalline material that formed was filtered
off and recrystallized from chloroform/ethanol to give pure 1a (130 mg,
15%); m.p. >300 8C (decomp); 1H NMR (CDCl3, 20 8C): d=6.90 (s, 1H;
Ar), 6.83 (s, 1H; Ar), 6.76 (s, 1H; Ar), 6.74 (s, 2 H; Ar), 6.73 (s, 1 H; Ar),
6.71 (s, 2H; Ar), 6.66 (s, 2 H; Ar), 6.64 (s, 1 H; Ar), 6.639 (s, 1H; Ar),
4.645 (d, 2J(H,H)=13.5 Hz, 1H; CHa), 4.60 (d, 2J(H,H)=13.5 Hz, 1 H;
CHa), 4.59 (d, 2J(H,H)=13.5 Hz, 1H; CHa), 4.58 (d, 2J(H,H)=13.5 Hz,
1H; CHa), 4.57 (d, 2J(H,H)=13.5 Hz, 1 H; CHa), 4.53 (d, 2J(H,H)=13.5
Hz, 1 H; CHa), 4.27±4.34 (m, 1 H; OCH2), 4.19±4.00 (m, 11H; OCH2),
3.86 (s, 3H; OCH3), 3.785 (s, 3H; OCH3), 3.780 (s, 3 H; OCH3), 3.76 (s,
3H; OCH3), 3.75 (s, 3H; OCH3), 3.445 (d, 2J(H,H)=13.5 Hz, 1 H; CHe),
3.42 (d, 2J(H,H)=13.5 Hz, 2H; CHe), 3.40 (d, 2J(H,H)=13.5 Hz, 1H;
CHe), 3.39 (d, 2J(H,H)=13.5 Hz, 2 H; CHe), 2.54 (m, 1H; CH), 2.15 (m,
1H; CH), 1.99 (m, 1 H; CH), 1.75 (m, 1 H; CH), 1.22 (s, 3H; CH3), 1.17
(s, 3H; CH3), 1.12 (s, 3H; CH3) ppm; 13C NMR (CDCl3, 20 8C): d=


178.14 (C=O), 165.99 (C=O), 150.11, 149.87, 149.62, 149.61, 149.28,
148.08, 147.00, 146.72, 146.54, 146.28, 146.25, 138.91, 138.73, 134.43,
134.27, 134.26, 134.19, 133.75, 133.06, 132.07, 131.71, 131.10 (2 C), 130.92,
123.75, 121.87, 121.84, 121.14, 120.69, 120.32, 118.74, 113.90, 113.72,
113.52, 113.47, 113.43, 90.67, 69.91 (OCH2), 69.68 (OCH2), 69.41 (OCH2),
69.19 (OCH2), 68.87 (OCH2), 68.53 (OCH2), 56.17 (OCH3), 55.74
(OCH3), 55.69 (OCH3), 55.47 (OCH3), 55.42 (OCH3), 55.04, 54.88, 36.66
(Ca,e), 36.30 (Ca,e), 36.09 (3 C, Ca,e), 35.86 (Ca,e), 31.32, 28.83, 16.67 (CH3),
16.53 (CH3), 9.78 (CH3) ppm; IR spectrum is identical to that of racemic
1; elemental analysis: calcd for C63H64O15¥0.2 CHCl3: C 69.95, H 5.96;
found: C 69.93, H 6.07.


Diastereoisomer 1b : After recovering 1a, the remaining toluene solution
was heated under reflux conditions, filtered over filter-paper, and left at
room temperature. After the solution had stood for 48 h, new crystals
were formed, which were recovered by filtration, washed with toluene
(few mL) and diethyl ether (few mL), and recrystallized from chloro-
form/ethanol to give pure 1b (90 mg, 10%); m.p. >300 8C (decomp); 1H


NMR (CDCl3, 20 8C): d=6.86 (s, 1 H; Ar), 6.83 (s, 1H; Ar), 6.82 (s, 1 H;
Ar), 6.75 (s, 1 H; Ar), 6.74 (s, 1 H; Ar), 6.735 (s, 1H; Ar), 6.72 (s, 1H;
Ar), 6.695 (s, 1H; Ar), 6.675 (s, 1 H; Ar), 6.665 (s, 1H; Ar), 6.65 (s, 1 H;
Ar), 6.645 (s, 1 H; Ar), 4.64 (d, 2J(H,H)=13.5 Hz, 1H; CHa), 4.59 (d,
2J(H,H)=13.5 Hz, 2 H; CHa), 4.57 (d, 2J(H,H)=13.5 Hz, 2 H; CHa), 4.545
(d, 2J(H,H)=13.5 Hz, 1 H; CHa), 4.33±4.25 (m, 1H; OCH2), 4.21±4.00
(m, 11H; OCH2), 3.82 (s, 3 H; OCH3), 3.79 (s, 3H; OCH3), 3.78 (s, 3H;
OCH3), 3.77 (s, 3H; OCH3), 3.76 (s, 3 H; OCH3), 3.46 (d, 2J(H,H)=13.5
Hz, 1 H; CHe), 3.42 (d, 2J(H,H)=13.5 Hz, 2 H; CHe), 3.40 (d, 2J(H,H)=
13.5 Hz, 1H; CHe), 3.39 (d, 2J(H,H)=13.5 Hz, 2 H; CHe), 2.57 (m, 1 H;
CH), 2.19 (m, 1H; CH), 2.01 (m, 1H; CH), 1.78 (m, 1H; CH), 1.18 (s,
3H; CH3), 1.16 (s, 3H; CH3), 1.125 (s, 3 H; CH3) ppm; 13C NMR (CDCl3,
20 8C): d=177.90 (C=O), 165.98 (C=O), 150.00, 149.81, 149.61 (2 C),
149.38, 148.38, 146.89, 146.59 (2 C), 146.48, 146.36, 139.33, 138.83, 134.58,
134.43, 134.29, 134.25, 133.70, 133.02, 132.02, 131.79, 131.37, 131.12,
130.90, 123.52, 121.64, 121.50, 121.06, 120.91, 120.24, 119.97, 114.59,
113.67, 113.56 (2 C), 113.48, 90.60, 69.61 (OCH2), 69.47 (2 C; OCH2),
69.30 (OCH2), 69.13 (2 C; OCH2), 56.42 (OCH3), 55.75 (OCH3), 55.66
(OCH3), 55.53 (OCH3), 55.48 (OCH3), 54.94, 54.63, 36.57 (Ca,e), 36.29
(Ca,e), 36.11 (2 C; Ca,e), 35.88 (Ca,e), 31.57, 29.02, 16.79 (CH3), 16.64
(CH3), 9.73 (CH3) ppm; IR spectrum is identical to that of 1; elemental
analysis: calcd for C63H64O15: C 71.34, H 6.08; found: C 71.26, H 6.23.


(�)-Cryptophanol (�)-2 : A 2m solution of KOH (3 mL) was added to a
solution of cryptophane 1a (80 mg, 0.075 mmol) in THF (3 mL). The sol-
ution was stirred overnight at 70 8C. THF was removed under vacuum.
Water was then added and the resulting solution was acidified with con-
centrated HCl and extracted with CH2Cl2. The solution was washed once
with water and the organic layer was dried over Na2SO4. The solvent was
removed under reduced pressure to leave a residue that was purified by
chromatography over silica gel (CH2Cl2/acetone (9:1)) to give 2 (60 mg,
90%), which was recrystallized from chloroform/ethanol; m.p. >300 8C
(decomp); 1H NMR (CD2Cl2, 20 8C): d=6.81 (s, 1 H; Ar), 6.75 (s, 1 H;
Ar), 6.73 (s, 1 H; Ar), 6.68 (s, 2 H; Ar), 6.675 (s, 1H; Ar), 6.66 (s, 1H;
Ar), 6.65 (s, 1H; Ar), 6.64 (s, 1H; Ar), 6.62 (s, 1 H; Ar), 6.59 (s, 1 H; Ar),
6.55 (s, 1 H; Ar), 5.76 (s, 1H; OH), 4.625 (d, 2J(H,H)=13.5 Hz, 1H;
CHa), 4.60 (d, 2J(H,H)=13.5 Hz, 1H; CHa), 4.55 (d, 2J(H,H)=13.5 Hz,
1H; CHa), 4.52 (d, 2J(H,H)=13.5 Hz, 1 H; CHa), 4.49 (d, 2J(H,H)=13.5
Hz, 1H; CHa), 4.46 (d, 2J(H,H)=13.5 Hz, 1 H; CHa), 4.42±4.08 (m, 10H;
OCH2), 3.95 (m, 2 H; OCH2), 3.92 (s, 3H; OCH3), 3.79 (s, 6H; OCH3),
3.75 (s, 3H; OCH3), 3.74 (s, 3H; OCH3), 3.38 (d, 2J(H,H)=13.5 Hz, 2 H;
CHe), 3.37 (d, 2J(H,H)=13.5 Hz, 1H; CHe), 3.36 (d, 2J(H,H)=13.5 Hz,
1H; CHe), 3.35 (d, 2J(H,H)=13.5 Hz, 1 H; CHe), 3.33 (d, 2J(H,H)=13.5
Hz, 1H; CHe) ppm; 13C NMR (CD2Cl2, 20 8C): d=150.32, 150.18, 150.09,
150.02, 149.36, 147.22, 146.63 (2 C), 146.36, 145.73, 145.12, 144.04, 135.28,
135.10, 134.84, 134.76, 133.28, 132.87, 132.83, 132.51, 132.38, 131.74,
131.54, 131.36, 122.47, 121.99, 121.81, 121.56, 118.87, 116.40, 116.16,
114.72, 114.56, 114.43, 114.18, 113.95, 69.78 (1 C; OCH2), 69.68 (1 C;
OCH2), 69.54 (1 C; OCH2), 69.48 (1 C; OCH2), 69.00 (1 C; OCH2), 67.87
(1 C; OCH2), 57.74 (1 C; OCH3), 56.25 (2 C; OCH3), 56.04 (1 C; OCH3),
56.02 (1 C; OCH3), 36.65 (1 C; CHa,e), 36.51 (1 C; CHa,e), 36.37 (2 C;
CHa,e), 36.28 (1 C; CHa,e), 36.04 (1 C; CHa,e) ppm; IR (KBr): ñ=3500
(br.), 2935 (br.), 1608, 1578, 1512 (s), 1475, 1460, 1446, 1398, 1280, 1211
(s), 1186, 1142, 1084 (s), 1047, 1032, 989, 895, 883, 854, 737, 617 cm�1; ele-
mental analysis: calcd for C53H52O12¥0.9 CHCl3: C 65.49, H 5.39; found: C
65.42, H 5.42.


(+)-Cryptophanol (+)-2 : A solution of 2m KOH (3 mL) was added to a
solution of cryptophane 1b (40 mg, 0.038 mmol) in THF (2 mL). The sol-
ution was stirred overnight at 70 8C. THF was removed under vacuum.
Water was then added and the resulting solution was acidified with con-
centrated HCl and extracted with CH2Cl2. The solution was washed once
with water and the organic layer was dried over Na2SO4. The solvent was
removed under reduced pressure to leave a residue that was purified by
chromatography over silica gel (CH2Cl2/acetone (9:1)) to give 2 (30 mg,
90%), which was recrystallized from chloroform/ethanol; m.p. >300 8C
(decomp); 1H NMR, 13C NMR, and IR spectra are identical to those of
compound (�)-2 ; elemental analysis: calcd for C53H52O12¥0.9 CHCl3: C
65.49, H 5.39; found: C 65.67, H 5.49.


(+)-Cryptophane-A (+)-3 :[19] An excess of methyl iodide (50 mg, 0.35
mmol) was added to (+)-cryptophanol-A (+)-2 (30 mg, 0.034 mmol) and
CsCO3 (26 mg, 0.079 mmol) in dry DMF (2 mL). The solution was heated
overnight at 70 8C under argon and then poured into water. The crude
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product was extracted twice with dichloromethane. The combined organ-
ic layers were washed with water and dried over Na2SO4. The solvent
was removed under vacuum and the crude product was purified by chro-
matography over silica gel (CH2Cl2/acetone (9:1)) to give (+)-crypto-
phane-A (+)-3 as a white glassy solid (30 mg, 100 %), which was recrys-
tallized from chloroform/ethanol; m.p. >300 8C (decomp); 1H NMR
(CDCl3, 20 8C): d=6.74 (s, 6 H; Ar), 6.66 (s, 6H; Ar), 4.58 (d, 2J(H,H)=
14.0 Hz, 6 H; CHa), 4.5 (m, 12H; OCH2), 3.78 (s, 18 H; OCH3), 3.39 (d,
2J(H,H)=14.0 Hz, 6H; CHe) ppm; 13C NMR (CDCl3, 20 8C): d=149.50,
146.47, 134.02, 131.46, 120.68, 113.55, 69.20 (OCH2), 55.56 (OCH3), 36.10
(Ca,e) ppm; IR (KBr): ñ2956±2862 (br.), 1608, 1576, 1512 (s), 1475, 1460,
1446, 1396, 1317, 1281, 1265 (s), 1211 (s), 1184, 1142 (s), 1084 (s), 1047,
1032, 989, 941, 885, 852, 746 (s), 619, 530 cm�1; elemental analysis: calcd
for C54H54O12¥1.1 CHCl3: C 64.68, H 5.41; found: C 64.64, H 5.51.


(�)-Cryptophane (�)-4 : An excess of methyl bromoacetate (50 mg, 0.32
mmol) was added to (�)-cryptophanol-A (�)-2 (50 mg, 0.057 mmol) and
CsCO3 (40 mg, 0.011 mmol) in dry DMF (2 mL). The solution was heated
overnight to 70 8C under argon and then poured in water. The crude
product was extracted twice with water. The combined organic layers
were washed with brine and dried over Na2SO4. The solvent was re-
moved under reduced pressure to leave a residue, which was purified by
chromatograhy over silica gel (CH2Cl2/acetone (9:1)). The solvent was re-
moved under vacuum to give (�)-4 as a white glassy solid (53 mg, 98%),
which was recrystallized from chloroform/ethanol; 1H NMR (CD2Cl2,
20 8C): d=6.71 (s, 1 H; Ar), 6.705 (s, 1H; Ar), 6.70 (s, 1H; Ar), 6.69 (s,
1H; Ar), 6.672 (s, 3 H; Ar), 6.669 (s, 1H; Ar), 6.66 (s, 2 H; Ar), 6.655 (s,
1H; Ar), 6.65 (s, 1H; Ar), 4.61 (d, 2J(H,H)=15.5 Hz, AB, 1 H;
CH2COO), 4.58 (d, 2J(H,H)=15.5 Hz, AB, 1H; CH2COO), 4.56 (d,
2J(H,H)=13.5 Hz, 2H, CHa), 4.545 (d, 2J(H,H)=13.5 Hz, 1 H; CHa),
4.535 (d, 2J(H,H)=13.5 Hz, 1H; CHa), 4.525 (d, 2J(H,H)=13.5 Hz,1 H;
CHa), 4.52 (d, 2J(H,H)=13.5 Hz, 1 H; CHa), 4.33±3.99 (m, 12 H; OCH2),
3.84 (s, 3H; OCH3), 3.80 (s, 3 H; OCH3), 3.795 (s, 3H; OCH3), 3.79 (s,
3H; OCH3), 3.785 (s, 3H; OCH3), 3.76 (s, 3H; OCH3), 3.38 (d,
2J(H,H)=13.5 Hz, 1 H; CHe), 3.37 (d, 2J(H,H)=13.5 Hz, 1 H; CHe), 3.365
(d, 2J(H,H)=13.5 Hz, 3H; CHe), 3.34 (d, 2J(H,H)=13.5 Hz, 1H; CHe)
ppm; 13C NMR (CDCl3, 20 8C): d=169.20 (1 C; COO), 149.82, 149.67,
149.63, 149.58, 149.40, 147.77, 147.60, 146.77, 146.70, 146.57, 146.52 (2 C),
134.24, 134.13, 134.10, 134.08, 133.98, 133.95, 133.76, 131.76, 131.62,
131.51, 131.44, 131.22, 121.49, 121.21, 121.15, 120.74, 120.69, 120.10,
118.24, 114.62, 113.61, 113.58, 113.56, 113.53, 69.49 (1 C; OCH2), 69.42
(1 C; OCH2), 69.36 (1 C; OCH2), 69.31 (1 C; OCH2), 69.27 (1 C; OCH2),
69.00 (1 C; OCH2), 67.08 (1 C; OCH2COO), 56.12 (1 C; OCH3), 55.66
(2 C; OCH3), 55.58 (1 C; OCH3), 55.54 (1 C; OCH3), 52.10 (1 C;
COOCH3), 36.17 (5 C; CHa,e), 36.00 (1 C; CHa,e) ppm; IR (KBr): ñ=


2954±2862 (br.), 1759 (w), 1608 (w), 1576, 1510 (s), 1477, 1446, 1398, 1281
(s), 1211, 1186, 1144, 1086, 1049, 1032, 991, 895, 883, 852, 744, 619 cm�1;
HRMS (LSIMS): calcd for C56H56O14 [M]+ : 952.3670; found: 952.3672;
elemental analysis: calcd for C56H56O14¥0.75 CHCl3: C 65.38, H 5.44;
found: C 65.48, H 5.53.
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Fragmentation of Carbohydrate Anomeric Alkoxy Radicals: A New
Synthesis of Chiral 1-Halo-1-iodo Alditols


ConcepciÛn C. Gonzµlez,[a] Alan R. Kennedy,[b] Elisa I. LeÛn,[a]


ConcepciÛn Riesco-Fagundo,[a] and Ernesto Suµrez*[a]


Introduction


1,1-Dihaloalkanes, and in particular the highly reactive 1,1-
diiodoalkanes, are an important class of organic compounds
extensively used in organic synthesis.[1] Several methods for
the preparation of these compounds have been developed,[2]


among them the iodolysis of 1,1-bis(diisobutylalumino)al-
kanes,[2a] the alkylation of diiodomethyllithium or diiodome-
thylsodium with reactive electrophiles,[2b] treatment of 1,1-
bistrifluoromethylsulfonyloxy-alkanes with magnesium io-
dide,[2c±e] and the oxidation of aldehyde hydrazones with io-
dine.[2f,g] None of these is mild enough to be used with
highly functionalized or sensitive molecules. In consequence,
in the great majority of cases the 1,1-diiodoalkanes obtained
are derivatives of relatively simple hydrocarbons.[3]


This situation is similar to that found for the synthesis of
the mixed halo-iodo species, 1-fluoro-1-iodo,[4] 1-chloro-1-
iodo,[5] and 1-bromo-1-iodo[6] compounds. Halogen exchange
by means of a Finkelstein reaction can be used to prepare
specific compounds.[7] Thus, the synthesis of 1-fluoro-1-iodo
compounds is generally accomplished from the more easily
available 1-fluoro-1-chloro or 1-fluoro-1-bromo deriva-
tives.[4] The oxidative decarboxylations of a-bromo- and a-
chlorobutyric acid with lead tetraacetate and iodine (modi-
fied Hunsdiecker reaction) to give 1-bromo-1-iodopropane
and 1-chloro-1-iodopropane, respectively, albeit in low yield,
have also been described.[8]


Methodology for the asymmetric synthesis of mixed
geminal haloiodides has scarcely been described in the liter-
ature, although the resolution of racemic chloro-iodo-acetic
acid through recrystallization of diastereomeric brucine salts
was described as early as 1927.[9] To the best of our knowl-
edge, the only previous syntheses of optically pure 1-fluoro-
1-iodide compounds by resolution of racemic mixtures was
reported by Bailey et al. and Myers et al.[10] The trapping of
highly enantiomerically enriched a-halo-2-phenylethylmag-
nesium chloride with trifluoroiodoethane afforded (S)-1-
chloro-1-iodo-2-phenylethane, with retention of configura-
tion.[11]


Since the synthetic utility of these compounds owes a
great deal to the ease and mildness with which they are pre-
pared, the need for a more general and practical synthesis
proved justified. Moreover, several products possessing this
1,1-halo-iodo grouping have been isolated from marine nat-
ural sources.[12]
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Abstract: Treatment of 1,2-fluorohy-
drins, 1,2-chlorohydrins, 1,2-bromohy-
drins, and 1,2-iodohydrins of the d-
gluco, d-galacto, d-lacto, l-rhamno, d-
allo, l-arabino, 3-deoxy-d-gluco, and
3,4-dideoxy-d-gluco families of carbo-
hydrates with the (diacetoxyiodo)ben-
zene/iodine system afforded 1-fluoro-1-
iodo, 1-chloro-1-iodo, 1-bromo-1-iodo,
and 1,1-diiodo alditols, respectively, in


excellent yields. The reaction was ach-
ieved by radical fragmentation of the
C1�C2 bond, triggered by the initially
formed anomeric alkoxy radical, and


subsequent trapping of the C2-radical
by iodine atoms. This methodology is
compatible with the stability of the
protective groups most frequently used
in carbohydrate chemistry. The poten-
tial utility of these 1-halo-1-iodo aldi-
tols as chiral synthons was evaluated
by their transformation into alk-1-enyl
iodides and in the Takai E-olefination
reaction.


Keywords: Halogen compounds ¥
alditols ¥ carbohydrates ¥ iodine ¥
radical reactions
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Recently, the facile formation of glycopyran-1-O-yl and
glycofuran-1-O-yl radicals was achieved in our laboratories
by treatment of carbohydrate anomeric alcohols with hyper-
valent iodine reagents in the presence of iodine.[13] The reac-
tion presumably proceeds by homolytic fragmentation of an


alkyl hypoiodite intermediate.[14] The newly formed alkoxy
radical subsequently undergoes b-fragmentation of the C1�
C2 bond and gives rise to a C2 radical (Scheme 1). The
nature of the substituent at the 2-position may have a strong
influence on the ultimate fate of the radical. Indeed, when
the substituent is an ether group the radical is rapidly oxi-
dized by an excess of the hypervalent iodine reagent to give
an oxycarbenium ion (path a). This ion can be trapped inter-
or intramolecularly by nucleophiles, leading to a variety of
modified carbohydrate deriva-
tives with one carbon fewer.[13]


The presence at C2 of a sub-
stituent with a more strongly
electron-withdrawing ability
(e.g., an ester group, path b)
should decrease the electron
density at this position and the
oxidation of the radical should
be more difficult. This offers
the possibility of competitive
trapping of the intermediate C2
radical by atoms of iodine from
the reaction medium. The a-io-
doalkyl esters thus formed are
difficult to synthesize by other
methods and may be interesting
chiral synthons.[13f]


Based on the above results,
we decided to carry out the
alkoxy radical fragmentation
(ARF) reaction with 2-deoxy-2-
halo carbohydrates in order to
develop an advantageous meth-
odology for the preparation of
1-halo-1-iodo-alditol deriva-
tives. We have described the
obtained preliminary results in
a previous communication,[15]


and we now report full details of these experiments and
their extension to a number of new models.


Results and Discussion


We have synthesized 1,2-halohydrins of carbohydrates in
pyranose and furanose form as outlined in Table 1, Table 2,
and Table 3. 1,2-Fluorohydrins, 1,2-chlorohydrins, 1,2-bro-
mohydrins, and 1,2-iodohydrins were prepared from the cor-
responding 2-deoxy-hex-1-enitol by treatment with Select-
fluor,[16] N-chlorosuccinimide[17] or chloramine-T,[18] N-bro-
moacetamide,[19] and N-iodosuccinimide,[20] respectively. The
required 2-deoxy-hex-1-enitols were known compounds,
except for 2,6-anhydro-5-deoxy-4-O-pivaloyl-1,3-O-(tetraiso-
propyldisiloxane-1,3-diyl)-d-arabino-hex-5-enitol (1) and
2,6-anhydro-5-deoxy-1-O-(3,5-dinitrobenzoyl)-3,4-O-isopro-
pylidene-d-arabino-hex-5-enitol (2), which were prepared
from 2,6-anhydro-5-deoxy-d-arabino-hex-5-enitol by well es-
tablished procedures as described in the Supporting Infor-
mation. The fluorohydrin 3 was synthesized by treatment of


Scheme 1. Mechanism of alkoxy radical fragmentation (ARF): a) R1 =


O-alkyl; R2 = protective group. b) R1 = OC(O)-alkyl, halogen; R2 =


protective group.


Table 1. Synthesis of 1-halo-1-iodo-d-arabinitol derivatives.[a]


Entry Substrate t [h] Product Yield [%](dr)


1 3 R1 = F; R2 = Ac 1 19 R1 = F; R2 = Ac 96 (1:1)
2 4 R1 = Cl; R2 = Ac 3 20 R1 = Cl; R2 = Ac 95 (1:1)
3 5 R1 = Br; R2 = Ac 1.5 21 R1 = Br; R2 = Ac 99 (1:1)
4 6 R1 = I; R2 = Ac 0.75 22 R1 = I; R2 = Ac 92
5 7 R1 = F; R2 = TBDMS 1 23 R1 = F; R2 = TBDMS 94 (3:2)
6 8 R1 = Cl; R2 =TBDMS 0.5 24 R1 = Cl; R2 = TBDMS 84 (2:1)
7 9 R1 = Br; R2 = TBDMS 1 25 R1 = Br; R2 = TBDMS 91 (2:1)
8 10 R1 = I; R2 = TBDMS 1 26 R1 = I; R2 = TBDMS 91
9 11 R1 = I; R2 = Bn 2.5 27 R1 = I; R2 = Bn 86


10 12 R = F 1 28 R = F 84 (4:3)
11 13 R = Cl 2.5 29 R = Cl 85 (1:1)
12 14 R = Br 3 30 R = Br 82 (1:1)
13 15 R = I 4 31 R = I 80


14 16 R = Cl 0.5 32 R = Cl 83 (3:2)
15 17 R = Br 0.5 33 R = Br 92 (3:2)
16 18 R = I 0.5 34 R = I 69


[a] Halohydrin (1 mmol) in CH2Cl2 (50 mL) containing (diacetoxyiodo)benzene (1.5 mmol) and iodine
(1.5 mmol) was irradiated with two 80 W tungsten-filament lamps at reflux temperature.
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3,4,6-tri-O-acetyl-1,5-anhydro-2-deoxy-d-arabino-hex-1-enitol
with xenon difluoride,[21] followed by acid hydrolysis of the
anomeric fluoride, peracetylation, and subsequent selective
anomeric O-deacetylation with hydrazine acetate.[22] As de-
tected spectroscopically, the halohydrins were diastereoiso-
meric mixtures in most cases.[23]


The ARF reactions were performed under the conditions
stated in the tables, with (diacetoxyiodo)benzene (DIB) and
iodine in CH2Cl2 at reflux temperature and irradiation with
two 80 W tungsten-filament lamps. The reaction yields were
determined on chromatographically homogeneous halohy-
drin mixtures giving correct elemental analyses, and in all


cases complete consumption of
the starting material was ob-
served. In Table 1 we compare
the reactions of several halohy-
drins 3±15 of the 2-deoxy-2-
halo-glucopyranose type. The
reaction proceeded smoothly to
afford 1-halo-1-iodo-d-arabini-
tol derivatives 19±31 in excel-
lent yield. During each reaction
the integrity of the adjacent
stereogenic center was pre-
served and no generation of di-
astereoisomers at this carbon
atom were detected. As may be
expected, the level of diastereo-
selection achieved was very low
for the mixed halogen com-
pounds, which in the great ma-
jority of cases were obtained as
chromatographically insepara-
ble equimolar mixtures of iso-
mers. The mild reaction condi-
tions were fully compatible
with the acetate and TBDMS
protective groups (Table 1, en-
tries 1±8) and also with the b-
(1!4)-glycosidic linkage pres-
ent in the disaccharide deriva-
tives 12±15 (Table 1, entries 10±
13). The results with iodohydrin
11 (Table 1, entry 9) indicate
that benzyl ethers also survive
the conversion well, in spite of
the recent use of the DIB/I2
system for the deprotection of
carbohydrate benzyl ethers.[24]


To extend the scope of the
described method further, we
investigated the feasibility of
applying this methodology to
the five-membered glucofura-
nose halohydrins 16±18. In
these three cases the reaction
proceeded analogously to give
a new set of halo-iodo-d-arabi-
no derivatives 32±34 with a


very different protection pattern (Table 1, entries 14±16).
A number of differently protected d-galactopyranose


halohydrins 35±60 (Table 2) were prepared in order to study
the influence of the intramolecular environments on the se-
lectivity of the fragmentation reaction. These compounds
provided a new series of 5-halo-5-iodo-d-arabinitol (1-halo-
1-iodo-d-lyxitol)[25] derivatives 61±86. In the examples
shown in the first 11 entries of Table 2 little if any diastereo-
selectivity was observed. Nevertheless, a modest increment
in the diastereoselectivity is observed as the steric demand
of the starting halohydrin increases (compare entries 1 or
6,7 versus 12 or 17,18 in Table 2). The mixed fluoro-iodo


Table 2. Synthesis of 5-halo-5-iodo-d-arabinitol derivatives.[a]


Entry Substrate t [h] Product Yield [%](dr)


1 35 R1 = F; R2 = Ac 1 61 R1 = F; R2 = Ac 94 (1:1)
2 36 R1 = Cl; R2 = Ac 1.5 62 R1 = Cl; R2 = Ac 96 (3:2)
3 37 R1 = Br; R2 = Ac 2 63 R1 = Br; R2 = Ac 98 (3:2)
4 38 R1 = I; R2 = Ac 0.5 64 R1 = I; R2 = Ac 84
5 39 R1 = F; R2 = TBDMS 1 65 R1 = F; R2 = TBDMS 95 (1:1)
6 40 R1 = Cl; R2 = TBDMS 1 66 R1 = Cl; R2 = TBDMS 92 (1:1)
7 41 R1 = Br; R2 = TBDMS 1 67 R1 = Br; R2 = TBDMS 95 (1:1)
8 42 R1 = I; R2 = TBDMS 1.5 68 R1 = I; R2 = TBDMS 87


9 43 R = F 0.5 (R,S)-69 R = F 83 (1:1)[b]


10 44 R = Cl 1 70 R = Cl 91 (3:2)
11 45 R = Br 0.5 71 R = Br 95 (5:4)


12 46 R1 = F; R2 = Bn 1 (R,S)-72 R1 = F; R2 = Bn 79 (3:2)[b]


13 47 R1 = Cl; R2 = Bn 1 (R,S)-73 R1 = Cl; R2 = Bn 92 (3:2)[b]


14 48 R1 = Br; R2 = Bn 1.5 (R,S)-74 R1 = Br; R2 = Bn 93 (3:2)[b]


15 49 R1 = I; R2 = Bn 1 75 R1 = I; R2 = Bn 90
16 50 R1 = F; R2 = (NO2)2Bz[c] 1 (R,S)-76 R1 = F; R2 = (NO2)2Bz 92 (5:4)[b]


17 51 R1 = Cl; R2 = (NO2)2Bz 1.5 (R,S)-77 R1 = Cl; R2 = (NO2)2Bz 92 (2:1)[b]


18 52 R1 = Br; R2 = (NO2)2Bz 1 (R,S)-78 R1 = Br; R2 = (NO2)2Bz 93 (2:1)[b]


19 53 R = F 1 79 R = F 70 (3:2)
20 54 R = Cl 3 (R,S)-80 R = Cl 65 (4:3)[b]


21 55 R = Br 3 81 R = Br 60 (1:1)
22 56 R = I 0.5 82 R = I 75


23 57 R = F 1 83 R = F 96 (3:2)
24 58 R = Cl 0.5 84 R = Cl 92 (1:1)
25 59 R = Br 1 85 R = Br 92 (4:3)
26 60 R = I 0.5 86 R = I 84


[a] Halohydrin (1 mmol) in CH2Cl2 (50 mL) containing (diacetoxyiodo)benzene (1.5 mmol) and iodine
(1.5 mmol) was irradiated with two 80 W tungsten-filament lamps at reflux temperature. [b] R and S isomers
were separated by chromatography. [c] (NO2)2Bz = 3,5-dinitrobenzoyl.
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(72), chloro-iodo (73), and bromo-iodo (74) derivatives
could now be separated by careful Chromatotron chroma-
tography. Unfortunately, none of these diastereoisomers
could be crystallized, and so we prepared the 3,5-dinitro-
benzoates 76±78 in order to establish the absolute configu-
rations at C1[25] by X-ray crystallographic analysis. Crystalli-
zation of the major isomers (R)-76, (R)-77, and (R)-78 from
n-hexane/EtOAc yielded colorless crystals suitable for X-
ray studies, which permitted the determination of the ste-
reochemistry as stated.[26]


The X-ray crystal structure of (R)-76 shows that the flu-
orine atom exhibits a nearly antiperiplanar disposition with
the oxygen at C2 (F-C1-C2-O torsion angle of 172.3o). The
observed deshielding of the C1 signal in the 13C NMR spec-
trum of the R isomer (dR�dS = 3.4 ppm) and principally
the differences between the 2J(F,C) in both isomers
(28.4 Hz for the R and 18.0 Hz for the S), from the X-ray
crystallographic data, permit the assignment of the C1 ster-
eochemistry in the closely related iodo-fluoro compound 72
[dR�dS = 2 ppm, 2J(F,C) (R) = 29.8 Hz, 2J(F,C) (S) =


17.2 Hz]. Although the differences are smaller in the case
of the fluoro-iodo compound 69 we tentatively assigned the
R stereochemistry to the isomer with the higher 2J(C,F) value.


The configurations at C1 of the chloro-iodo and bromo-
iodo series can now be assigned on the basis of the signifi-
cant deshielding of the C3 signal in the 13C NMR spectra of
the S isomers. The observed deshielding (dS�dR = 1.6±
2.5 ppm for the mixed chloro-iodo and dS�dR = 1.3±
1.8 ppm for the bromo-iodo compound) is possibly due to
restricted rotation around the C1�C2 bond. The use of the
sensitive cyclic carbonate as the protective group (Table 2,
entries 19±22) resulted in a significant reduction in the yield
of the fragmentation reaction. On the other hand, treatment
of 1,1,3,3-tetraisopropyldisiloxane-1,3-diyl (TIPDS) group
derivatives (Table 2, entries 23±26) proceeded efficiently
with high yield.


Next, the reaction was examined with other types of car-
bohydrates or modified carbohydrates as substrates in order
to test the generality and applicability of this methodology
further. The results summarized in Table 3 showed that halo-
hydrins derived from hexenitols such as 3,4-di-O-acetyl-1,5-
anhydro-2,6-dideoxy-l-arabino-hex-1-enitol (Table 3, en-
tries 1±4) and 3-O-acetyl-1,5-anhydro-4,6-O-benzylidene-2-
deoxy-d-ribo-hex-1-enitol (Table 3, entry 5) and pentenitols
such as 3-di-O-acetyl-1,5-anhydro-4-deoxy-d-erythro-pent-4-
enitol (Table 3, entries 6±9) gave the corresponding 1-halo-
1-iodo compounds 99±107 in similar yields.


This process could also be applied successfully to 3-
deoxy and 3,4-dideoxy iodohydrins 96 and 97 (Table 3, en-
tries 10 and 11), which were synthesized from 4,6-di-O-
acetyl-1,5-anhydro-2,3-dideoxy-d-erythro-hex-1-enitol[27] and
1,5-anhydro-1,2,3,4-tetradeoxy-6-O-(triisopropylsilyl)-d-glyc-
ero-hex-1-enitol,[28] respectively. The obtained gem-diiodo al-
ditols 109 and 108 may be interesting chiral synthons when
the introduction of one or two stereogenic centers, respec-
tively, is required.


The reaction of the 2-C-hydroxymethyl branched carbo-
hydrate 98[29] (Table 3, entry 12) also proceeded effectively,
providing the 2-bromo-2-iodo-d-arabino-hexitol derivative


110. In this case the inherent instability of the tertiary halide
intermediate precluded isolation and so it was used without
purification in the fragmentation reaction.


The synthetic usefulness of these compounds as chiral
synthons has been assessed in the E-olefination of aldehydes
with chromium(ii) chloride. Our initial attempts to use these
1,1-diiodo compounds in a Takai[30] reaction were unsuccess-
ful, and only b-elimination products were isolated. These re-
sults, however, provide the possibility to obtain chiral vinyl
iodides from 1,1-diiodo compounds oxygenated at the a-po-
sition. For example, treatment of 1,1-diiodo 22 with the
chromium(ii) chloride/DMF complex afforded a mixture of
the corresponding (1Z)- and (1E)-1-iodo-d-erythro-pent-1-
enitol derivatives 111 in excellent yield and moderate dia-
stereoselectivity (Z/E 3:2) (Scheme 2). An iodo-chromium
carbenoid may be involved in this reaction, followed by
chromium-induced b-elimination of the oxygenated function
at C2. As far as we know, no examples of chromium-mediat-
ed b-elimination of 2-O-acetyl-1,1-diiodo compounds have
been reported until now.[31] Alk-1-enyl iodides are probably
the most widely used organic electrophiles in the Stille and
Suzuki coupling reactions.[32]


Table 3. Synthesis of 1-halo-1-iodo compounds.[a]


Entry Substrate t
[h]


Product Yield
[%](dr)


1 87 R = F 0.5 99 R = F 90 (1:1)
2 88 R = Cl 4 100 R = Cl 89 (1:1)
3 89 R = Br 2 101 R = Br 84 (1:1)
4 90 R = I 0.5 102 R = I 90


5 91 1 103 76


6 92 R = F 0.5 104 R = F 96 (3:2)
7 93 R = Cl 1 105 R = Cl 73 (3:2)
8 94 R = Br 1 106 R = Br 87 (4:3)
9 95 R = I 0.5 107 R = I 82


10 96 R1 = OAc; R2 =


OAc
0.5 108 R1 = OAc; R2 = OAc 94


11 97 R1 = H; R2 =


OSiiPr3


2 109 R1 = H; R2 = OSiiPr3 90


12[b] 98 2.5 110 69 (1:1)


[a] Halohydrin (1 mmol) in CH2Cl2 (50 mL) containing (diacetoxyiodo)benzene
(1.5 mmol) and iodine (1.5 mmol) was irradiated with two 80 W tungsten-fila-
ment lamps at reflux temperature. [b] Crude bromohydrin was used, two-step
yield.


Chem. Eur. J. 2003, 9, 5800 ± 5809 www.chemeurj.org ¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 5803


Chiral 1-Halo-1-iodo Alditols 5800 ± 5809



www.chemeurj.org





On the other hand, the 2-deoxy-pentitol 108, when sub-
jected to the normal Takai reaction conditions in the pres-
ence of hydrocinnamaldehyde, gave the expected E olefin
112 in good yield (Scheme 2). It is worth noting the stability
of the highly sensitive formyl ester under the reaction condi-
tions.


The synthetic utility of the Takai reaction owes a great
deal to the ease with which the 1,1-diiodo compounds can
be synthesized. As a consequence of the difficulty in the
preparation of the 1,1-diiodo compounds of highly function-
alized substrates, this reaction, in the majority of cases, has
been used simply as an E-ethylenation of aldehydes with
diiodoethane.[33]


Conclusions


This new ARF reaction offers special advantages for the
synthesis of these gem-dihalocompounds, including the
ready accessibility of the starting materials, experimental
simplicity, high yields, and mild conditions compatible with
the stability of the protective groups most commonly used
in carbohydrate chemistry. It is hoped that these 1-halo-1-
iodo compounds will be powerful building blocks for organic
synthesis by virtue of the fact that the carbohydrate would
potentially be amenable to prior manipulation to provide
more specific or complex synthons.


Experimental Section


General methods : Melting points were determined with a hot-stage appa-
ratus. Optical rotations were measured at the sodium line at ambient
temperature in CHCl3 solutions. IR spectra were recorded in CHCl3 solu-
tions unless otherwise stated. NMR spectra were determined at 500 MHz
for 1H and 125.7 MHz for 13C in CDCl3 unless otherwise stated, in the
presence of TMS as internal standard. Mass spectra were determined at
70 eV. Merck silica gel 60 PF (0.063±0.2 mm) was used for column chro-
matography. Circular layers of 1 mm of Merck silica gel 60 PF254 were
used on a Chromatotron for centrifugally assisted chromatography. Com-
mercially available reagents and solvents were analytical grade or were
purified by standard procedures prior to use. All reactions involving air-
or moisture-sensitive materials were carried out under a nitrogen atmos-
phere. The spray reagents for TLC analysis were conducted with 0.5%
vanillin in H2SO4/EtOH (4:1) and further heating until development of
color.


General procedure for the synthesis of fluorohydrins : H2O (1.5 mL) and
F-TEDA-BF4 (Selectfluor, 1.5 mmol) were added to a solution of the cor-
responding 2-deoxy-hex-1-enitol (1 mmol) in nitromethane (8.5 mL), and
the mixture was stirred at room temperature (1±5 h) until the disappear-


ance of the starting material was observed by TLC. The reaction mixture
was then heated to reflux for 0.5 h, poured into brine, and extracted with
EtOAc. The organic layer was dried and concentrated in vacuo. Column
chromatography of the residue (hexanes/EtOAc mixtures) afforded the
required fluorohydrin compounds. The fluorohydrin corresponding to
3,4,6-tri-O-acetyl-d-glucal 3 was prepared by the procedure described in
the Supporting Information.


General procedure for the synthesis of chlorohydrins : A solution of the
corresponding 2-deoxy-hex-1-enitol (1 mmol) in THF (45 mL) and H2O
(5 mL), containing N-chlorosuccinimide (2 mmol), was heated at reflux
for 8 h. The reaction mixture was then poured into water and extracted
with CH2Cl2. The organic layer was dried and concentrated in vacuo.
Column chromatography of the residue (hexanes/EtOAc mixtures) af-
forded the required chlorohydrin compounds. Alternatively, a solution of
the 2-deoxy-hex-1-enitol (1 mmol) in acetone (10 mL) and H2O (10 mL)
was cooled to 0 8C and chloramine-T trihydrate (1.5 mmol) and pyridini-
um p-toluenesulfonate (1.5 mmol) were added. The reaction mixture was
kept at this temperature for 5 min and was then stirred at room tempera-
ture for 1 h. The reaction mixture was poured into water and extracted
with EtOAc. Column chromatography of the residue (hexanes/EtOAc
mixtures) afforded the required iodohydrin compounds.


General procedure for the synthesis of bromohydrins : A solution of the
corresponding 2-deoxy-hex-1-enitol (1 mmol) in THF (35 mL) and H2O
(4 mL), containing recently crystallized N-bromoacetamide (1.5 mmol),
was stirred at room temperature for 4 h. The reaction mixture was then
poured into water and extracted with CH2Cl2. The organic layer was
dried and concentrated in vacuo. Column chromatography of the residue
(hexanes/EtOAc mixtures) afforded the required bromohydrin com-
pounds.


General procedure for the synthesis of iodohydrins : A solution of the
corresponding 2-deoxy-hex-1-enitol (1 mmol) in THF (10 mL) and H2O
(10 mL), containing N-iodosuccinimide (1.2 mmol), was stirred at room
temperature for 20 min. The reaction mixture was diluted with EtOAc,
poured into water, and extracted with EtOAc. The organic layer was
washed with 10% aqueous sodium thiosulfate, dried, and concentrated in
vacuo. Chromatotron chromatography of the residue (hexanes/EtOAc
mixtures) afforded the required iodohydrin compounds.


General procedure for the synthesis of 1-halo-1-iodo compounds : A solu-
tion of the halohydrin (1 mmol) in CH2Cl2 (50 mL) containing (diacetoxy-
iodo)benzene (1.5 mmol) and iodine (1.5 mmol) was irradiated with two
80 W tungsten-filament lamps at reflux temperature. The reaction mix-
ture was then poured into water and extracted with CH2Cl2. The organic
layer was washed with 10% aqueous sodium thiosulfate, dried, and con-
centrated in vacuo. Chromatotron chromatography of the residue (hex-
anes/EtOAc mixtures) afforded the required halo-iodine compounds.


2,3,5-Tri-O-acetyl-1-deoxy-4-O-formyl-1,1-diiodo-d-arabinitol (22): Crys-
talline solid (92%): m.p. 109±110 8C (from n-hexane/EtOAc); [a]D =


+45 (c = 1.42); 1H NMR: d = 2.04 (s, 3H), 2.12 (s, 3H), 2.14 (s, 3H),
4.08 (dd, J = 5.9, 12.4 Hz, 1H), 4.27 (dd, J = 3.3, 12.4 Hz, 1H), 5.06 (d,
J = 7.5 Hz, 1H), 5.18 (m, 1H), 5.25 (dd, J = 3.0, 7.5 Hz, 1H), 5.76 (dd,
J = 3.0, 7.3 Hz, 1H), 7.98 (s, 1H) ppm; 13C NMR: d = �33.9 (CH), 20.6
(3îCH3), 61.5 (CH2), 68.6 (CH), 68.9 (CH), 73.4 (CH), 159.4 (CH), 169.3
(2îC), 170.4 (C) ppm; IR: ñ = 3013, 1754 cm�1; MS (70 eV, EI): m/z
(%): 542 (<1) [M]+ , 482 (3), 207 (100); HRMS (EI): found 541.8989;
C12H16I2O8 calcd 541.8935; elemental analysis calcd (%) for C12H16I2O8


(542.1): C 26.59, H 2.98; found: C 26.72, H 2.82.


2,3,5-Tris-O-[tert-butyl(dimethyl)silyl]-1-deoxy-4-O-formyl-1,1-diiodo-d-
arabinitol (26): Oil (91%): [a]D = ++5.0 (c = 2.38); 1H NMR: d = 0.03
(s, 3H), 0.04 (s, 3H), 0.13 (s, 3H), 0.13 (s, 3H), 0.15 (s, 3H), 0.30 (s, 3H),
0.87 (s, 9H), 0.92 (s, 9H), 1.01 (s, 9H), 3.76 (dd, J = 4.8, 5.0 Hz, 1H),
3.76 (dd, J = 6.7, 11.6 Hz, 1H), 3.90 (dd, J = 2.8, 11.6 Hz, 1H), 4.07 (dd,
J = 1.9, 5.0 Hz, 1H), 5.22 (ddd, J = 2.8, 4.8, 6.7 Hz, 1H), 5.62 (d, J =


1.9 Hz, 1H), 8.09 (s, 1H) ppm; 13C NMR: d = �24.1 (CH), �5.3 (CH3),
�5.0 (CH3), �4.6 (CH3), �4.6 (CH3), �4.0 (CH3), �3.7 (CH3), 18.0 (C),
18.0 (C), 18.3 (C), 26.0 (9îCH3), 62.3 (CH2), 74.0 (CH), 74.4 (CH), 81.2
(CH), 160.7 (CH) ppm; IR: ñ = 2930, 1726, 1110 cm�1; MS (70 eV, EI):
m/z (%): 713 (15) [M�C3H9]


+ , 655 (9), 581 (100), 555 (84), 453 (44);
HRMS (EI): found: 713.0515; C21H43I2O5Si3 calcd 713.0508; elemental
analysis calcd (%) for C24H52I2O5Si3 (758.7): C 37.99, H 6.91; found: C
37.80, H 7.26.


Scheme 2. Reactions of 1,1-diiodo compounds. a) CrCl2 (4 equiv), DMF
(4 equiv), THF, RT, 30 min, 89%, (Z/E 3:2); b) CrCl2 (3 equiv), hydrocin-
namaldehyde (Ph(CH2)2CHO; 1 equiv), DMF (3 equiv), THF, RT, 2.5 h,
70%.
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2,3,5-Tri-O-benzyl-1-deoxy-4-O-formyl-1,1-diiodo-d-arabinitol (27): Oil
(86%): [a]D = ++22.7 (c = 1.046); 1H NMR: d = 3.68 (dd, J = 4.4,
5.6 Hz, 1H), 3.67 (dd, J = 5.4, 5.4 Hz, 1H), 3.89 (dd, J = 5.2, 10.3 Hz,
1H), 4.11 (dd, J = 4.5, 5.6 Hz, 1H), 4.51 (d, J = 11.9 Hz, 1H), 4.55 (d, J
= 11.9 Hz, 1H), 4.71 (d, J = 11.1 Hz, 1H), 4.79 (d, J = 11.1 Hz, 1H),
4.83 (d, J = 10.7 Hz, 1H), 5.03 (d, J = 10.7 Hz, 1H), 5.19 (ddd, J = 4.8,
4.8, 4.8 Hz, 1H), 5.39 (d, J = 4.4 Hz, 1H), 7.26±7.46 (m, 15H), 8.03 (s,
1H) ppm; 13C NMR: d = �25.1 (CH), 67.2 (CH2), 72.6 (CH), 73.5
(CH2), 75.1 (CH2), 75.4 (CH2), 80.4 (CH), 83.9 (CH), 127.8 (5îCH),
128.3 (5îCH), 128.5 (5îCH), 137.3 (C), 137.5 (C), 137.7 (C), 159.9
(CH) ppm; IR: ñ = 3016, 1726, 1174 cm�1; MS (70 eV, EI): m/z (%): 595
(1) [M�PhCH2]


+ , 503 (0.5), 427 (0.5), 91 (100); HRMS (EI): found:
594.9494; C20H21I2O5 calcd 594.9479; elemental analysis calcd (%) for
C27H28I2O5 (686.3): C 47.25, H 4.11; found: C 47.29, H 4.02.


2,5-Di-O-acetyl-1-deoxy-4-O-formyl-1,1-diiodo-3-O-(2,3,4,6-tetra-O-
acetyl-b-d-galactopyranosyl)-d-arabinitol (31): Oil (80%): [a]D = ++28.4
(c = 1.02); 1H NMR: d = 1.95 (s, 3H), 2.05 (s, 3H), 2.06 (s, 6H), 2.14 (s,
3H), 2.16 (s, 3H), 3.96 (dd, J = 6.6, 7.0 Hz, 1H), 4.02 (dd, J = 5.6,
12.4 Hz, 1H), 4.19 (dd, J = 7.0, 11.3 Hz, 1H), 4.30 (dd, J = 6.3, 11.3 Hz,
1H), 4.51 (dd, J = 2.7, 12.4 Hz, 1H), 4.56 (d, J = 8.0 Hz, 1H), 4.57 (dd,
J = 1.8, 4.7 Hz, 1H), 4.97 (dd, J = 3.5, 10.4 Hz, 1H), 5.04 (m, 1H), 5.17
(dd, J = 8.0, 10.4 Hz, 1H), 5.33 (dd, J = 1.8, 9.6 Hz, 1H), 5.36 (m, 1H),
5.37 (d, J = 9.7 Hz, 1H), 7.98 (s, 1H) ppm; 13C NMR: d = �27.6 (CH),
20.5 (CH3), 20.6 (CH3), 20.7 (2îCH3), 20.8 (CH3), 20.9 (CH3), 61.1
(CH2), 61.3 (CH2), 66.7 (CH), 68.8 (CH), 69.9 (CH), 70.9 (CH), 71.2
(CH), 73.9 (CH), 75.4 (CH), 101.6 (CH), 159.4 (CH), 169.1 (C), 169.8
(C), 170.0 (C), 170.1 (C), 170.2 (C), 170.4 (C) ppm; IR: ñ = 3026, 1751,
1232, 1076 cm�1; MS (FAB) m/z (%): 853 (100) [M+Na]+ , 831 (42), 703
(49); HRMS (EI): found: 770.9581; C22H29I2O14 calcd 770.9647; elemental
analysis calcd (%) for C24H32I2O16 (830.3): C 34.72, H 3.88; found: C
34.75, H 3.91.


1-Deoxy-3-O-formyl-1,1-diiodo-2-O-methyl-4,5-O-isopropylidene-d-ara-
binitol (34): Oil (69%): [a]D = ++12 (c = 1.04); 1H NMR: d = 1.35 (s,
3H), 1.46 (s, 3H), 3.60 (dd, J = 3.0, 7.0 Hz, 1H), 3.72 (s, 3H), 3.85 (dd, J
= 5.3, 8.9 Hz, 1H), 4.02 (dd, J = 6.1, 8.9 Hz, 1H), 4.18 (ddd, J = 5.3,
6.1, 8.1 Hz, 1H), 5.14 (d, J = 7.0 Hz, 1H), 5.49 (dd, J = 3.0, 8.1 Hz,
1H), 8.09 (s, 1H) ppm; 13C NMR: d = �27.8 (CH), 25.4 (CH3), 26.7
(CH3), 62.0 (CH3), 66.8 (CH2), 72.6 (CH), 74.4 (CH), 84.3 (CH), 110.1
(C), 160.0 (CH) ppm; IR: ñ = 2992, 2938, 1732 cm�1; MS (70 eV, EI): m/z
(%): 470 (1) [M]+ , 455 (22), 438 (6), 343 (8), 101 (100); HRMS (EI):
found: 469.9064; C10H16I2O5 calcd 469.9087; elemental analysis calcd (%)
for C10H16I2O5 (470.0): C 25.54, H 3.43; found: C 25.66, H 3.26.


1,3,4-Tri-O-acetyl-5-deoxy-2-O-formyl-5,5-diiodo-d-arabinitol (64): Crys-
talline solid (84%): m.p. 122±123 8C (from n-hexane/EtOAc); [a]D =


+11 (c = 0.32); 1H NMR: d = 1.99 (s, 3H), 2.14 (s, 3H), 2.15 (s, 3H),
3.85 (dd, J = 7.6, 11.8 Hz, 1H), 4.29 (dd, J = 4.7, 11.8 Hz, 1H), 5.02 (dd,
J = 2.7, 8.4 Hz, 1H), 5.21 (dd, J = 1.2, 8.4 Hz, 1H), 5.24 (d, J = 2.7 Hz,
1H), 5.38 (ddd, J = 1.2, 4.7, 7.6 Hz, 1H), 7.97 (s, 1H) ppm; 13C NMR: d
= �32.3 (CH), 20.6 (CH3), 20.7 (CH3), 20.8 (CH3), 62.0 (CH2), 67.2
(CH), 72.1 (CH), 73.4 (CH), 159.7 (CH), 169.1 (2îC), 170.3 (C) ppm;
IR: ñ = 3027, 2953, 1753 cm�1; MS (70 eV, EI): m/z (%): 482 (19)
[M�AcOH]+ , 415 (10), 327 (59), 313 (100); HRMS (EI): found:
481.8750; C10H12I2O6 calcd 481.8723; elemental analysis calcd (%) for
C12H16I2O8 (542.1): C 26.59, H 2.98; found: C 26.82, H 2.64.


1,3,4-Tris-O-[tert-butyl(dimethyl)silyl]-5-deoxy-5,5-diiodo-2-O-formyl-d-
arabinitol (68): Oil (87%): [a]D = �6.4 (c = 1.43); 1H NMR: d = 0.07
(s, 3H), 0.08 (s, 3H), 0.15 (s, 3H), 0.22 (s, 3H), 0.24 (s, 3H), 0.35 (s, 3H),
0.91 (s, 18H), 0.98 (s, 9H), 3.74 (dd, J = 4.5, 11.5 Hz, 1H), 3.80 (dd, J =


4.3, 11.5 Hz, 1H), 3.90 (dd, J = 4.3, 6.4 Hz, 1H), 4.22 (dd, J = 3.4,
5.4 Hz, 1H), 5.08 (ddd, J = 4.3, 4.5, 5.4 Hz, 1H), 5.55 (d, J = 6.4 Hz,
1H), 8.08 (s, 1H) ppm; 13C NMR (100.6 MHz): d = �17.8 (CH), �5.4
(CH3), �5.2 (CH3), �4.3 (CH3), �3.5 (CH3), �3.4 (CH3), �3.2 (CH3),
18.2 (C), 18.3 (C), 18.7 (C), 25.9 (3îCH3), 26.1 (3îCH3), 26.5 (3îCH3),
61.2 (CH2), 70.4 (CH), 74.8 (CH), 81.7 (CH), 160.5 (CH) ppm; IR: ñ =


3017, 1722, 1472, 1257, 1187 cm�1; MS (70 eV, EI): m/z (%): 701 (1)
[M�C(CH3)3]


+ , 673 (1), 655 (1), 569 (3), 527 (2), 73 (100); HRMS (EI):
found: 701.0542; C20H43I2O2Si3 calcd 701.0508; elemental analysis calcd
(%) for C24H52I2O5Si3 (758.7): C 37.99, H 6.91; found: C 38.07, H 6.79.


(5RS)-3-O-Acetyl-1,4-bis-O-[tert-butyl(dimethyl)silyl]-5-deoxy-5-fluoro-
2-O-formyl-5-iodo-d-arabinitol (69): Diastereoisomeric mixture (1:1),


separated by careful column chromatography (hexanes/EtOAc 98:2).
Compound (S)-69 : crystalline solid (40.8%): m.p. 40±41.5 8C (from n-
hexane/EtOAc); [a]D = ++8.4 (c = 0.25); 1H NMR (C6D6): d = 0.01 (s,
3H), 0.02 (s, 3H), 0.06 (s, 6H), 0.94 (s, 9H), 0.95 (s, 9H), 1.71 (s, 3H),
3.74 (dd, J = 5.0, 11.1 Hz, 1H), 3.81 (dd, J = 5.7, 11.1 Hz, 1H), 4.24
(ddd, J = 4.0, 6.5 Hz, 3J(F,H) = 10.1 Hz, 1H), 5.46 (ddd, J = 5.0, 5.0,
5.0 Hz, 1H), 5.80 (dd, J = 4.0, 4.0 Hz, 1H), 6.82 (dd, J = 6.5 Hz, 2J(F,H)
= 11.1 Hz, 1H), 7.65 (s, 1H) ppm; 13C NMR (C6D6): d = �5.4 (CH3),
�5.3 (CH3), �4.7 (CH3), �4.6 (CH3), 18.4 (2îC), 20.3 (CH3), 25.9 (3î
CH3), 26.0 (3îCH3), 62.0 (CH2), 71.3 (CH), 72.0 (CH), 74.9 (1J(F,C) =


256.8 Hz, CH), 77.0 (2J(F,C) = 19.5 Hz, CH), 159.8 (CH), 168.7 (C); IR
(CCl4): ñ = 1754, 1732, 1257, 1175 cm�1; MS (70 eV, EI): m/z (%): 521
(16) [M�C4H9]


+ , 441 (8), 333 (10), 301 (14), 207 (13), 174 (16), 117 (81),
73 (100); HRMS (EI): found: 521.0691; C16H31FIO6Si2 calcd 521.0688;
elemental analysis calcd (%) for C20H40FIO6Si2 (578.6): C 41.51, H 6.97;
found: C 41.57, H 6.79.


Compound (R)-69 : amorphous solid (41.5%): [a]D = ++4.5 (c = 0.22);
1H NMR: d = 0.05 (s, 3H), 0.06 (s, 3H), 0.13 (s, 3H), 0.14 (s, 3H), 0.89
(s, 9H), 0.93 (s, 9H), 2.09 (s, 3H), 3.69 (dd, J = 5.5, 11.3 Hz, 1H), 3.72
(dd, J = 5.5, 11.3 Hz, 1H), 3.80 (ddd, J = 3.1, 6.6 Hz, 3J(F,H) =


10.2 Hz, 1H), 5.11 (dd, J = 3.5, 6.6 Hz, 1H), 5.21 (ddd, J = 3.5, 5.5,
5.5 Hz, 1H), 6.85 (dd, J = 3.1 Hz, 2J(F,H) = 48.1 Hz, 1H), 8.11 (s,
1H) ppm; 13C NMR: d = �5.55 (CH3), �5.48 (CH3), �4.6 (CH3), �3.9
(CH3), 18.2 (2îC), 20.7 (CH3), 25.7 (3îCH3), 25.9 (3îCH3), 61.7 (CH2),
72.0 (2îCH), 73.6 (2J(F,C) = 21.1 Hz, CH), 78.0 (1J(F,C) = 256.0 Hz,
CH), 160.1 (CH), 169.1 (C) ppm; IR (CCl4): ñ = 1760, 1734, 1222,
1173 cm�1; MS (70 eV, EI): m/z (%): 521 (30) [M�C4H9]


+ , 441 (12), 415
(11), 333 (15), 301 (20), 174 (16), 117 (72), 73 (100); HRMS (EI): found:
521.0675; C16H31FIO6Si2 calcd 521.0688; elemental analysis calcd (%) for
C20H40FIO6Si2 (578.6): C 41.51, H 6.97; found: C 41.60, H 6.61.


(5RS)-1-O-Benzyl-5-deoxy-5-fluoro-2-O-formyl-5-iodo-3,4-O-isopropili-
dene-d-arabinitol (72): Diastereoisomeric mixture (3:2), separated by
careful Chromatotron chromatography (hexanes/EtOAc 98:2). Com-
pound (R)-72 : Oil (42%); [a]D = ++54 (c = 0.2); 1H NMR: d = 1.39 (s,
3H), 1.47 (s, 3H), 3.67 (ddd, J = 5.2, 5.2, 13.1 Hz, 2H), 4.41 (ddd, J =


4.9, 9.2 Hz, 3J(F,H) = 4.5 Hz, 1H), 4.52 (dd, J = 4.9, 5.2 Hz, 1H), 4.53
(d, J = 11.8 Hz, 1H), 4.56 (d, J = 11.8 Hz, 1H), 5.39 (ddd, J = 5.2, 5.2,
5.2 Hz, 1H), 6.84 (dd, J = 9.2 Hz, 2J(F,H) = 48.5 Hz, 1H), 7.29±7.37 (m,
5H), 8.09 (s, 1H) ppm; 13C NMR: d = 25.1 (CH3), 27.4 (CH3), 68.2
(CH2), 68.5 (CH), 73.4 (CH2), 73.6 (1J(F,C) = 268.4 Hz, CH), 74.5 (CH),
79.7 (2J(F,C) = 29.8 Hz, CH), 109.4 (C), 127.7 (2îCH), 127.9 (CH),
128.5 (2îCH), 137.4 (C), 159.9 (CH) ppm; IR: ñ = 3032, 1735, 1375,
1223, 1166 cm�1; MS (70 eV, EI): m/z (%): 438 (1) [M]+ , 423 (2), 380 (2),
185 (10), 147 (40), 91 (100); HRMS (EI): found: 438.0313; C16H20FIO5


calcd 438.0340; elemental analysis calcd (%) for C16H20FIO5 (438.2): C
43.83, H 4.60; found: C 43.78, H 4.67.


Compound (S)-72 : Oil (37%); [a]D = ++13.1 (c = 0.13); 1H NMR: d =


1.42 (s, 3H), 1.54 (s, 3H), 3.58 (dd, J = 7.0, 9.8 Hz, 1H), 3.70 (dd, J =


5.3, 9.8 Hz, 1H), 4.39 (t, J = 6.3 Hz, 1H), 4.47 (ddd, J = 3.3, 6.3 Hz,
3J(F,H) = 24.3 Hz, 1H), 4.53 (s, 2H), 5.39 (ddd, J = 6.3, 6.3, 6.0 Hz,
1H), 6.92 (dd, J = 3.3 Hz, 2J(F,H) = 49.8 Hz, 1H), 7.28±7.39 (m, 5H),
8.09 (s, 1H) ppm; 13C NMR: d = 25.6 (CH3), 26.3 (CH3), 68.5 (CH2),
69.1 (CH), 71.6 (1J(F,C) = 261.1 Hz, CH), 73.7 (CH2), 76.3 (CH), 81.3
(2J(F,C) = 17.2 Hz, CH), 110.3 (C), 127.9 (2îCH), 128.2 (CH), 128.6
(2îCH), 136.9 (C), 159.9 (CH) ppm; IR: ñ = 3032, 1733, 1372, 1220,
1169, 1134 cm�1; MS (70 eV, EI): m/z (%): 438 (1) [M]+ , 423 (3), 380 (1),
185 (7), 147 (19), 91 (100); HRMS (EI): found: 438.0349; C16H20FIO5


calcd 438.0340; elemental analysis calcd (%) for C16H20FIO5 (438.2): C
43.85, H 4.60; found: C 43.62, H 5.04.


(5RS)-1-O-Benzyl-5-chloro-5-deoxy-2-O-formyl-5-iodo-3,4-O-isopropyli-
dene-d-arabinitol (73): Diastereoisomeric mixture (3:2), separated by
careful Chromatotron chromatography (hexanes/EtOAc 98:2). Com-
pound (R)-73 : Oil (52%); [a]D = ++43 (c = 1.33); 1H NMR: d = 1.40
(s, 3H), 1.52 (s, 3H), 3.63 (dd, J = 6.9, 9.6 Hz, 1H), 3.67 (dd, J = 6.1,
9.7 Hz, 1H), 4.45 (dd, J = 5.9, 9.7 Hz, 1H), 4.50 (dd, J = 2.2, 5.8 Hz,
1H), 4.54 (s, 2H), 5.45 (m, 1H), 5.69 (d, J = 9.3 Hz, 1H), 7.29±7.36 (m,
5H), 8.10 (s, 1H) ppm; 13C NMR (50.3 MHz): d = 25.3 (CH3), 25.8
(CH), 26.8 (CH3), 68.2 (CH2), 68.5 (CH), 73.3 (CH2), 74.2 (CH), 82.2
(CH), 109.3 (C), 127.7 (2îCH), 127.9 (CH), 128.4 (2îCH), 137.4 (C),
160.2 (CH) ppm; IR: ñ = 1728 cm�1; MS (70 eV, EI): m/z (%): 441/439
(2/5) [M�Me]+ , 398/396 (0.3/1), 277/275 (2/6), 185 (12); HRMS (EI):
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found: 440.9737; C15H17
37ClIO5 calcd 440.9780; elemental analysis calcd


(%) for C16H20ClIO5 (454.7): C 42.27, H 4.43; found: C 42.47, H 4.17.


Compound (S)-73 : Oil (40%); [a]D = �25 (c = 0.5); 1H NMR: d =


1.42 (s, 3H), 1.58 (s, 3H), 3.59 (dd, J = 6.8, 9.8 Hz, 1H), 3.68 (dd, J =


5.9, 9.9 Hz, 1H), 4.42 (dd, J = 4.7, 5.9 Hz, 1H), 4.54 (d, J = 11.8 Hz,
1H), 4.55 (d, J = 11.8 Hz, 1H), 4.71 (dd, J = 6.5, 6.5 Hz, 1H), 5.53
(ddd, J = 6.1, 6.1, 6.1 Hz, 1H), 5.75 (d, J = 6.8 Hz, 1H), 7.30±7.38 (m,
5H), 8.10 (s, 1H) ppm; 13C NMR (50.3 MHz): d = 25.4 (CH), 25.6
(CH3), 26.3 (CH3), 68.6 (CH2), 68.6 (CH), 73.6 (CH2), 76.7 (CH), 82.9
(CH), 110.4 (C), 127.8 (2îCH), 128.0 (CH), 128.6 (2îCH), 137.1 (C),
160.1 (CH) ppm; IR: ñ = 1725 cm�1; MS (70 eV, EI): m/z (%): 456/454
(0.2/0.6) [M]+ , 441/439 (1/3), 277/275 (1/3), 185 (9); HRMS (EI): found:
454.0011; C16H20


35ClIO5 calcd 454.0044; elemental analysis calcd (%) for
C16H20ClIO5 (454.7): C 42.27, H 4.43; found: C 42.35, H 4.27.


(5RS)-1-O-Benzyl-5-bromo-5-deoxy-2-O-formyl-5-iodo-3,4-O-isopropyli-
dene-d-arabinitol (74): Diastereoisomeric mixture (3:2) separated by
careful Chromatotron chromatography. Compound (R)-74 : Oil (56%);
[a]D = ++38 (c = 0.64); 1H NMR: d = 1.41 (s, 3H), 1.54 (s, 3H), 3.62
(dd, J = 6.8, 9.8 Hz, 1H), 3.66 (dd, J = 6.3, 9.8 Hz, 1H), 4.50 (dd, J =


1.5, 5.9 Hz, 1H), 4.54 (s, 2H), 4.58 (dd, J = 6.0, 10.0 Hz, 1H), 5.41 (d, J
= 10.0 Hz, 1H), 5.50 (ddd, J = 1.3, 6.6, 6.6 Hz, 1H), 7.28±7.34 (m, 5H),
8.11 (s, 1H) ppm; 13C NMR: d = 6.3 (CH), 25.4 (CH3), 26.7 (CH3), 68.3
(CH2), 68.5 (CH), 73.4 (CH2), 74.6 (CH), 82.1 (CH), 109.4 (C), 127.8 (2î
CH), 127.9 (CH), 128.4 (2îCH), 137.5 (C), 160.2 (CH) ppm; IR: ñ =


1725 cm�1; MS (70 eV, EI): m/z (%): 500/498 (<1) [M]+ , 485/483 (3),
321/319 (3), 209/207 (15); HRMS (EI): found: 499.9565; C16H20


81BrIO5


calcd 499.9518; elemental analysis calcd (%) for C16H20BrIO5 (499.1): C
38.50, H 4.04; found: C 38.72, H 3.98.


Compound (S)-74 : Oil (37%): [a]D = �12 (c = 0.73); 1H NMR: d =


1.42 (s, 3H), 1.58 (s, 3H), 3.61 (dd, J = 6.8, 9.9 Hz, 1H), 3.66 (dd, J =


6.2, 9.9 Hz, 1H), 4.46 (dd, J = 3.3, 6.1 Hz, 1H), 4.54 (d, J = 11.9 Hz,
1H), 4.55 (d, J = 11.9 Hz, 1H), 4.74 (dd, J = 6.1, 8.4 Hz, 1H), 5.44 (d, J
= 8.4 Hz, 1H), 5.54 (ddd, J = 3.5, 6.8, 6.8 Hz, 1H), 7.30±7.37 (m, 5H),
8.11 (s, 1H) ppm; 13C NMR: d = 6.1 (CH), 25.5 (CH3), 26.5 (CH3), 68.4
(CH2), 68.5 (CH), 73.5 (CH2), 76.4 (CH), 82.7 (CH), 110.2 (C), 127.8 (2î
CH), 128.0 (CH), 128.6 (2îCH), 137.3 (C), 160.2 (CH) ppm; IR: ñ =


1725 cm�1; MS (70 eV, EI): m/z (%): 500/498 (<1) [M]+ , 485/483 (1),
321/319 (2), 209/207 (9); HRMS (EI): found: 499.9483; C16H20


81BrIO5


calcd 499.9518; elemental analysis calcd (%) for C16H20BrIO5 (499.1): C
38.50, H 4.04; found: C 38.67, H 3.93.


1-O-Benzyl-5-deoxy-2-O-formyl-5,5-diiodo-3,4-O-isopropylidene-d-arabi-
nitol (75): Oil (90%): [a]D = ++29 (c = 1.88); 1H NMR: d = 1.40 (s,
3H), 1.54 (s, 3H), 3.60 (dd, J = 6.6, 9.9 Hz, 1H), 3.63 (dd, J = 6.4,
9.9 Hz, 1H), 4.50 (dd, J = 1.8, 5.9 Hz, 1H), 4.53 (s, 1H), 4.54 (s, 1H),
4.62 (dd, J = 5.9, 10.1 Hz, 1H), 4.91 (d, J = 10.1 Hz, 1H), 5.50 (ddd,
J = 1.8, 6.4, 6.6 Hz, 1H), 7.97±7.27 (m, 5H), 8.10 (s, 1H) ppm; 13C
NMR: d = �34.2 (CH), 25.5 (CH3), 26.7 (CH3), 68.2 (CH), 68.5 (CH2),
73.3 (CH2), 75.0 (CH), 82.6 (CH), 109.6 (C), 127.8 (2îCH), 127.8 (CH),
128.5 (2îCH), 137.4 (C), 160.3 (CH) ppm; IR: ñ = 3010, 2938,
1724 cm�1; MS (70 eV, EI): m/z (%): 546 (<1) [M]+ , 531 (2), 91 (100);
HRMS (EI): found: 545.9393; C16H20I2O5 calcd 545.9400; elemental anal-
ysis calcd (%) for C16H20I2O5 (546.1): C 35.17, H 3.69; found: C 35.41,
H 3.60.


(5RS)-5-Deoxy-1-O-(3,5-dinitrobenzoyl)-5-fluoro-2-O-formyl-5-iodo-3,4-
O-isopropylidene-d-arabinitol (76): Diastereoisomeric mixture (92%,
5:4), partially separated by careful Chromatotron chromatography (hex-
anes/EtOAc 85:15). Compound (R)-76 : crystalline solid (51.3%): m.p.
122±124 8C (from n-hexane/EtOAc); [a]D = ++43.2 (c = 0.8); 1H NMR:
d = 1.43 (s, 3H), 1.52 (s, 3H), 4.48 (dd, J = 3.4, 5.7 Hz, 1H), 4.59±4.63
(m, 1H), 4.78 (dd, J = 3.4, 12.0 Hz, 1H), 5.70±5.71 (m, 2H), 6.87 (dd, J
= 8.8 Hz, 2J(F,H) = 48.7 Hz, 1H), 8.14 (s, 1H), 9.14 (d, J = 2.1 Hz,
2H), 9.25 (dd, J = 2.1, 2.1 Hz, 1H) ppm; 13C NMR (100 MHz): d = 25.2
(CH3), 27.2 (CH3), 65.7 (CH2), 67.2 (3J(F,C) = 3.2 Hz, CH), 71.6 (1J(F,C)
= 248.6 Hz, CH), 75.1 (CH), 80.3 (2J(F,C) = 28.4 Hz, CH), 110.2 (C),
122.7 (CH), 129.6 (2îCH), 133.2 (C), 148.7 (2îC), 159.7 (CH), 162.2
(C); IR ñ = 3094, 2984, 1742, 1372, 1240, 1170 cm�1; MS (70 eV, EI): m/z
(%): 527 (40) [M�Me]+, 415 (21), 195 (100), 149 (32); HRMS (EI):
found: 526.9603; C15H13FIN2O10 calcd 526.9599; elemental analysis calcd
(%) for C16H16FIN2O10 (542.2): C 35.44, H 2.97, N 5.17; found: C 35.71,
H 2.74, N 5.13.


Crystal data and structure refinement for (R)-76 : C16H16FIN2O10, Mt =


542.21, monoclinic, space group P21, a = 7.9686 (1), b = 7.5629 (1), c =


17.7602 (3) ä, b = 102.262 (1), V = 1045.91 (3) ä3, Z = 2, 1calcd =


1.722 Mgm�3, m(MoKa) = 0.71073 ä, F(000) = 536, T = 150(2) K; color-
less crystal, 0.20î0.16î0.08 mm, collected reflections 27779. The struc-
ture was solved by direct methods, all hydrogen atoms were refined ani-
sotropically by use of full-matrix, least-squared based F2 to give R1 =


0.0356, wR2 = 0.0726 for 6094 independently observed reflections (jFo j
>2s(jFo j )) and 274 parameters.


Compound (S)-76 : Oil (40.3%): [a]D = �17.9 (c = 0.47); 1H NMR: d
= 1.46 (s, 3H), 1.60 (s, 3H), 4.46 (dd, J = 2.6, 6.5 Hz, 1H), 4.54 (dd, J =


7.5, 11.9 Hz, 1H), 4.73 (dd, J = 3.6, 11.9 Hz, 1H), 4.81 (ddd, J = 6.5,
6.5 Hz, 3J(F,H) = 15.8 Hz, 1H), 5.70 (ddd, J = 0.8, 3.6, 7.5 Hz, 1H), 6.76
(dd, J = 6.5 Hz, 2J(F,H) = 50.2 Hz, 1H), 8.17 (s, 1H), 9.13 (d, J =


2.1 Hz, 2H), 9.25 (dd, J = 2.1, 2.1 Hz, 1H) ppm; 13C NMR: d = 25.5
(CH3), 26.4 (CH3), 65.6 (CH2), 67.7 (CH), 68.2 (1J(F,C) = 257.7 Hz, CH),
75.2 (3J(F,C) = 3.2 Hz, CH), 81.3 (2J(F,C) = 18.0 Hz, CH), 111.7 (C),
122.7 (CH), 129.5 (2îCH), 133.0 (C), 148.7 (2îC), 159.9 (CH), 162.2
(C); IR ñ = 3102, 2939, 1735, 1551, 1343, 1276, 1171 cm�1; MS (70 eV,
EI): m/z (%): 527 (51) [M�CH3]


+ , 371 (16), 254 (12), 195 (100), 149
(31); HRMS (EI): found 526.9588; C15H13FIN2O10 calcd 526.9599; ele-
mental analysis calcd (%) for C16H16FIN2O10 (542.2): C 35.44, H 2.97, N
5.17; found: C 35.61, H 3.04, N 4.95.


(5RS)-5-Chloro-5-deoxy-1-O-(3,5-dinitrobenzoyl)-2-O-formyl-5-iodo-3,4-
O-isopropylidene-d-arabinitol (77): Diastereoisomeric mixture (92%,
2:1), partially separated by careful Chromatotron chromatography (hex-
anes/EtOAc 85:15). Compound (R)-77: crystalline solid (67%): m.p.
102.5±104 8C (from n-pentane/EtOAc); [a]D = ++28.6 (c = 0.22); 1H
NMR (400 MHz): d = 1.45 (s, 3H), 1.57 (s, 3H), 4.50 (ddd, J = 1.3, 1.3,
6.0 Hz, 1H), 4.60 (dd, J = 7.3, 12.1 Hz, 1H), 4.63 (dd, J = 5.8, 10.6 Hz,
1H), 4.75 (dd, J = 3.7, 11.9 Hz, 1H), 5.64 (d, J = 10.3 Hz, 1H), 5.76
(dddd, J = 1.3, 1.3, 3.7, 7.2 Hz, 1H), 8.19 (s, 1H), 9.14 (d, J = 2.1 Hz,
2H), 9.24 (dd, J = 2.3, 2.3 Hz, 1H) ppm; 13C NMR (100.6 MHz): d =


23.4 (CH), 25.3 (CH3), 26.5 (CH3), 65.9 (CH2), 67.6 (CH), 74.6 (CH), 82.6
(CH), 110.1 (C), 122.7 (CH), 129.5 (2îCH), 133.2 (C), 148.7 (2îC),
160.0 (CH), 162.2 (C) ppm; IR: ñ = 3102, 1736, 1549 cm�1; MS (70 eV,
EI): m/z (%): 545/543 (19/59) [M�Me]+ , 433/431 (6/20), 405/403 (2/7),
347/345 (2/8), 277/275 (7/24), 195 (100); HRMS (EI): found: 544.9273;
C15H13


37ClIN2O10 calcd 544.9274; elemental analysis calcd (%) for
C16H16ClIN2O10 (558.7): C 34.40, H 2.89, N 5.01; found: C 34.75, H 2.83,
N 4.74.


Crystal data and structure refinement for (R)-77: C16H16ClIN2O10, Mt =


558.66, monoclinic, space group P21, a = 8.0771 (1), b = 7.5186 (1), c =


17.4913 (2) ä, b = 101.362 (1), V = 1041.40 (2) ä3, Z = 2, 1calcd =


1.782 Mgm�3, m(MoKa) = 0.71073 ä, F(000) = 552, T = 150(2) K; color-
less crystal, 0.45î0.42î0.32 mm, collected reflections 22552. The struc-
ture was solved by direct methods, all hydrogen atoms were refined ani-
sotropically by use of full-matrix, least-squared based F2 to give R1 =


0.0162, wR2 = 0.0355 for 4757 independently observed reflections (jFo j
>2a(jFo j )) and 273 parameters.


Compound (S)-77: oil (33%): [a]D = ++24.6 (c = 0.24); 1H NMR
(400 MHz): d = 1.47 (s, 3H), 1.60 (s, 3H), 4.51 (ddd, J = 1.3, 1.3,
6.0 Hz, 1H), 4.55 (dd, J = 7.4, 11.7 Hz, 1H), 4.72 (dd, J = 4.0, 11.4 Hz,
1H), 4.82 (dd, J = 6.1, 9.8 Hz, 1H), 5.53 (d, J = 10.1 Hz, 1H), 5.77
(dddd, J = 1.3, 1.3, 4.0, 7.7 Hz, 1H), 8.20 (s, 1H), 9.14 (d, J = 2.1 Hz,
2H), 9.24 (dd, J = 2.1, 2.1 Hz, 1H) ppm; 13C NMR (100.6 MHz): d =


23.0 (CH), 25.6 (CH3), 26.6 (CH3), 65.7 (CH2), 67.6 (CH), 76.2 (CH), 82.9
(CH), 111.5 (C), 122.7 (CH), 129.6 (2îCH), 133.1 (C), 148.8 (2îC),
160.1 (CH), 162.2 (C) ppm; IR: ñ = 3102, 1737, 1549 cm�1; MS (70 eV,
EI): m/z (%): 545/543 (19/53) [M�Me]+ , 433/431 (1/3), 277/275 (7/23),
195 (100); HRMS (EI): found: 544.9225; C15H13


37ClIN2O10 calcd
544.9274; elemental analysis calcd (%) for C16H16ClIN2O10 (558.7): C
34.40, H 2.89, N 5.01; found: C 34.73, H 3.00, N 4.82.


(5RS)-5-Bromo-5-deoxy-1-O-(3,5-dinitrobenzoyl)-2-O-formyl-5-iodo-3,4-
O-isopropylidene-d-arabinitol (78): Diastereoisomeric mixture (93%,
2:1), partially separated by careful Chromatotron chromatography (hex-
anes/EtOAc 98:2!90:10). Compound (R)-78 : crystalline solid (66%);
m.p. 99±100 8C (from n-hexane/EtOAc); [a]D = ++23 (c = 0.45); 1H
NMR: d = 1.46 (s, 3H), 1.58 (s, 3H), 4.52 (d, J = 5.8 Hz, 1H), 4.58 (dd,
J = 7.6, 11.7 Hz, 1H), 4.72 (dd, J = 6.1, 10.5 Hz, 1H), 4.73 (dd, J = 4.7,
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11.0 Hz, 1H), 5.32 (d, J = 10.8 Hz, 1H), 5.78 (dd, J = 3.6, 7.2 Hz, 1H),
8.20 (s, 1H), 9.13 (d, J = 1.8 Hz, 2H), 9.24 (dd, J = 2.0, 2.0 Hz,
1H) ppm; 13C NMR: d = 3.6 (CH), 25.4 (CH3), 26.6 (CH3), 65.9 (CH2),
67.6 (CH), 74.8 (CH), 82.4 (CH), 110.2 (C), 122.6 (CH), 129.5 (2îCH),
133.2 (C), 148.7 (2îC), 160.1 (CH), 162.2 (C) ppm; IR: ñ = 3100, 1731,
1549 cm�1; MS (70 eV, EI): m/z (%): 589/587 (90) [M�Me]+ , 477/475 (9),
321/319 (28), 195 (100); HRMS (EI): found: 588.8742; C15H13


81BrIN2O10


calcd 588.8778; elemental analysis calcd (%) for C16H16BrIN2O10 (603.1):
C 31.86, H 2.67, N 4.64; found: C 31.95, H 2.51, N 4.51.


Crystal data and structure refinement for (R)-78 : C16H16BrIN2O10, Mt =


603.12, monoclinic, space group P21, a = 8.0662 (2), b = 9.0388 (3), c =


14.8243 (6) ä, b = 105.710 (2)o, V = 1040.45 (6) ä3, Z = 2, 1calcd =


1.925 gcm�3, m(MoKa) = 0.71073 ä, F(000) = 588, T = 150 (2) K; color-
less crystal, 0.55î0.40î0.25 mm, Rigaku AFC7-S diffractometer, collect-
ed reflections 6834. The structure was solved by direct methods, all non-
hydrogen atoms were refined anisotropically by use of full-matrix, least-
squared based on F2 to give R1 = 0.0247, wR2 = 0.0631 for 3585 inde-
pendently observed reflections (jFo j>2a(jFo j )) and 274 parameters.


Compound (S)-78 : Crystalline solid (34%): m.p. 129±129.5 8C (from n-
hexane/EtOAc); [a]D = �10 (c = 0.88); 1H NMR: d = 1.47 (s, 3H),
1.60 (s, 3H), 4.53 (d, J = 5.8 Hz, 1H), 4.55 (dd, J = 7.2, 11.7 Hz, 1H),
4.71 (dd, J = 4.0, 11.7 Hz, 1H), 4.83 (dd, J = 6.1, 10.5 Hz, 1H), 5.25 (d,
J = 10.8 Hz, 1H), 5.76 (dd, J = 4.0, 7.6 Hz, 1H), 8.20 (s, 1H), 9.13 (d, J
= 1.8 Hz, 2H), 9.24 (dd, J = 2.0, 2.0 Hz, 1H) ppm; 13C NMR: d = 3.3
(CH), 25.6 (CH3), 26.6 (CH3), 65.7 (CH2), 67.5 (CH), 76.1 (CH), 82.7
(CH), 111.2 (C), 122.7 (CH), 129.5 (2îCH), 133.2 (C), 148.7 (2îC),
160.1 (CH), 162.1 (C) ppm; IR: ñ = 3101, 1728, 1549 cm�1; MS (70 eV,
EI): m/z (%): 589/587 (20) [M�Me]+ , 393/395 (14), 321/319 (35), 195
(57); HRMS (EI): found: 588.8747; C15H13


81BrIN2O10 calcd 588.8778; ele-
mental analysis calcd (%) for C16H16BrIN2O10 (603.1): C 31.86, H 2.67, N,
4.64; found: C 31.97, H 2.64, N, 4.39.


(5RS)-1-O-[tert-Butyl(dimethyl)silyl]-5-chloro-5-deoxy-2-O-formyl-5-
iodo-3,4-O-(oxomethylene)-d-arabinitol (80): Diastereoisomeric mixture
(65%, 4:3) separated by careful column chromatography (hexanes/
EtOAc 98:2); Compound (R)-80 : crystalline solid; m.p. 130±132 8C (from
n-hexane/EtOAc); [a]D = �4.8 (c = 0.44); 1H NMR: d = 0.1 (s, 6H),
0.89 (s, 9H), 3.69 (dd, J = 9.0, 9.5 Hz, 1H), 3.79 (dd, J = 5.7, 9.5 Hz,
1H), 5.09 (dd, J = 7.3, 10.0 Hz, 1H), 5.16 (d, J = 7.3 Hz, 1H), 5.38 (dd,
J = 5.7, 9.0 Hz, 1H), 5.64 (d, J = 10.0 Hz, 1H), 8.08 (s, 1H) ppm; 13C
NMR: d = �5.7 (CH3), �5.6 (CH3), 16.9 (CH), 18.2 (C), 25.6 (3îCH3),
59.4 (CH2), 68.8 (CH), 74.7 (CH), 81.8 (CH), 151.1 (C), 159.2 (CH); IR
(CCl4): ñ = 1844, 1736, 1163, 1086 cm�1; MS (79 eV, EI): m/z (%): 409/
407 (2/5) [M�C4H9]


+ , 319/317 (4/11), 245/243 (6/18), 190 (12), 117 (32),
103 (100); HRMS (EI): found: 406.9234; C9H13


35ClIO6Si calcd 406.9215;
elemental analysis calcd (%) C13H22ClIO6Si (464.7): C 33.60, H 4.77;
found: C 33.66, H 4.63.


Compound (S)-80 : crystalline solid; m.p. 73±75 8C (from n-hexane/
EtOAc); [a]D = �26.8 (c = 0.40); 1H NMR: d = 0.09 (s, 6H), 0.87 (s,
9H), 3.70 (dd, J = 9.0. 9.7 Hz, 1H), 3.79 (dd, J = 5.7, 9.7 Hz, 1H), 5.05
(dd, J = 2.9, 7.1 Hz, 1H), 5.20 (dd, J = 7.1, 8.5 Hz, 1H), 5.50 (ddd, J =


2.9, 5.7, 9.0 Hz, 1H), 5.71 (d, J = 8.5 Hz, 1H), 8.07 (s, 1H) ppm; 13C
NMR: d = �5.5 (CH3), �5.4 (CH3), 18.1 (C), 20.0 (CH), 25.7 (3îCH3),
60.1 (CH2), 68.3 (CH), 76.5 (CH), 82.4 (CH), 152.1 (C), 159.2 (CH); IR
(CCl4): ñ = 1842, 1736, 1161, 1085 cm�1; MS (70 eV, EI): m/z (%): 409/
407 (1/3) [M�C4H9]


+ , 319/317 (3/7), 245/243 (5/15), 190 (10), 117 (30),
103 (100); HRMS (EI): found: 316.9261; C7H11


35ClIO2Si calcd 316.9264;
elemental analysis calcd (%) for C13H22ClIO6Si (464.7): C 33.60, H 4.77;
found: C 33.85, H 4.75.


1-O-[tert-Butyl(dimethyl)silyl]-5-deoxy-2-O-formyl-5,5-diiodo-3,4-O-
(oxomethylene)-d-arabinitol (82): Crystalline solid (75%): m.p. 138.4±
140.3 8C (from n-hexane/EtOAc); [a]D = �14 (c = 0.53); 1H NMR: d =


0.09 (s, 6H), 0.88 (s, 9H), 3.69 (dd, J = 9.0, 9.6 Hz, 1H), 3.75 (dd, J =


5.8, 9.7 Hz, 1H), 4.84 (d, J = 10.4 Hz, 1H), 5.15 (d, J = 6.9 Hz, 1H),
5.18 (dd, J = 6.9, 10.4 Hz, 1H), 5.44 (dd, J = 5.8, 8.8 Hz, 1H), 8.07 (s,
1H) ppm; 13C NMR: d = �42.8 (CH), �5.5 (CH3), �5.4 (CH3), 18.1 (C),
25.7 (3îCH3), 59.5 (CH2), 68.1 (CH), 75.4 (CH), 80.2 (CH), 151.3 (C),
159.3 (CH) ppm; IR: ñ = 2955, 2931, 1833, 1814, 1731 cm�1; MS (70 eV,
EI): m/z (%): 499 (4) [M�C4H9]


+ , 103 (100); HRMS (EI): found:
498.8576; C9H13I2O6Si calcd 498.8571; elemental analysis calcd (%) for
C13H22I2O6Si (556.2): C 28.06, H 3.99; found: C 28.14, H 3.75.


5-Deoxy-4-O-(2,2-dimethylpropanoyl)-2-O-formyl-5-diiodo-1,3-O-(tetra-
isopropyldisiloxane-1,3-diyl)-d-arabinitol (86): Crystalline solid (84%):
m.p. 76.9±78.2 8C (from n-hexane/EtOAc); [a]D = �19 (c = 0.84); 1H
NMR: d = 1.01±1.30 (m, 28H), 1.31 (s, 9H), 3.76 (dd, J = 10.4, 10.4 Hz,
1H), 3.82 (dd, J = 5.9, 10.4 Hz, 1H), 4.17 (d, J = 8.5 Hz, 1H), 4.96 (dd,
J = 5.8, 10.3 Hz, 1H), 5.07 (dd, J = 1.8, 8.5 Hz, 1H), 5.56 (d, J =


1.9 Hz, 1H), 7.92 (s, 1H) ppm; 13C NMR: d = �27.9 (CH), 12.3 (CH),
13.2 (2îCH), 15.2 (CH), 17.0 (CH3), 17.1 (2îCH3), 17.3 (CH3), 17.4 (2î
CH3), 17.6 (CH3), 17.9 (CH3), 27.1 (3îCH3), 39.2 (C), 57.6 (CH2), 69.7
(CH), 71.1 (CH), 75.4 (CH), 160.2 (CH), 176.5 (C) ppm; IR: ñ = 2948,
2869, 1727, 1725 cm�1; MS (70 eV, EI): m/z (%): 699 (16) [M�C3H7]


+ , 57
(100); HRMS (EI): found: 699.0163; C20H37I2O7Si2 calcd 699.0167; ele-
mental analysis calcd (%) for C23H44I2O7Si2 (742.6): C 37.20, H 5.97;
found: C 37.29, H 5.69


2,3-Di-O-acetyl-1,5-dideoxy-4-O-formyl-1,1-diiodo-l-arabinitol (102): Oil
(90%): [a]D = �65 (c = 0.48); 1H NMR: d = 1.27 (d, J = 6.5 Hz, 3H),
2.14 (s, 3H), 2.16 (s, 3H), 5.02 (d, J = 7.8 Hz, 1H), 5.04 (dddd, J = 6.5,
6.5, 6.5, 6.7 Hz, 1H), 5.31 (dd, J = 2.8, 7.9 Hz, 1H), 5.64 (dd, J = 2.8,
6.7 Hz, 1H), 7.97 (s, 1H) ppm; 13C NMR: d = �32.9 (CH), 16.1 (CH3),
20.77 (CH3), 20.83 (CH3), 68.0 (CH), 71.8 (CH), 73.4 (CH), 159.7 (CH),
169.3 (C), 169.6 (C) ppm; IR: ñ = 3018, 2940, 1754, 1728 cm�1; MS
(70 eV, EI): m/z (%): 485 (<1) [M+H]+ , 439 (76), 269 (100); HRMS
(EI): found: 484.8932; C10H15I2O6 calcd 484.8958; elemental analysis
calcd (%) for C10H14I2O6 (484.0): C 24.81, H 2.92; found: C 24.92,
H 2.96.


2-O-Acetyl-3,5-O-benzylidene-1-deoxy-4-O-formyl-1,1-diiodo-d-ribitol
(103): Oil (76%): [a]D = ++2.4 (c = 0.74); 1H NMR: d = 2.21 (s, 3H),
3.62 (dd, J = 9.5, 10.9 Hz, 1H), 4.01 (dd, J = 7.6, 9.3 Hz, 1H), 4.47 (dd,
J = 5.3, 10.9 Hz, 1H), 4.96 (dd, J = 2.6, 7.6 Hz, 1H), 5.12 (ddd, J = 5.3,
9.3, 9.5 Hz, 1H), 5.53 (s, 1H), 5.55 (d, J = 2.6 Hz, 1H), 7.40±7.42 (m,
3H), 7.46±7.48 (m, 2H), 7.95 (s, 1H) ppm; 13C NMR: d = �28.0 (CH),
20.9 (CH3), 65.3 (CH), 67.1 (CH2), 76.6 (CH), 78.9 (CH), 101.2 (CH),
126.9 (2îCH), 128.3 (2îCH), 129.3 (CH), 136.2 (C), 158.6 (CH), 159.5
(C) ppm; IR: ñ = 3024, 1752, 1373, 1144, 1004 cm�1; MS (70 eV, EI): m/z
(%): 546 (3) [M]+ , 486 (2), 419 (9), 101 (100); HRMS (EI): found:
545.9064; C15H16I2O6 calcd 545.9036; elemental analysis calcd (%) for
C15H16I2O6 (546.1): C 32.99, H 2.95; found: C 32.88, H 2.67.


2,3-Di-O-acetyl-4-deoxy-1-O-formyl-4,4-diiodo-l-erythritol (107): Crys-
talline solid (82%): m.p. 60.9±61.1 8C (from n-hexane/EtOAc); [a]D =


�52 (c = 1.31); 1H NMR: d = 2.11 (s, 3H), 2.22 (s, 3H), 4.15 (dd, J =


3.5, 12.5 Hz, 1H), 4.49 (dd, J = 2.4, 12.5 Hz, 1H), 5.10 (m, 1H), 5.10 (m,
1H), 5.34 (d, J = 2.9 Hz, 1H), 8.03 (s, 1H) ppm; 13C NMR: d = �31.5
(CH), 20.8 (2îCH3), 60.0 (CH2), 72.4 (CH), 73.8 (CH), 160.2 (CH), 169.1
(C), 169.2 (C) ppm; IR: ñ = 3029, 2959, 1753 cm�1; MS (70 eV, EI): m/z
(%): 470 (1) [M]+ , 410 (47), 343 (29), 241 (100); HRMS (EI): found:
469.8680; C9H12I2O6 calcd 469.8723; elemental analysis calcd (%) for
C9H12I2O6 (470.0): C 23.00, H 2.57; found: C 23.15, H 2.42.


3,5-Di-O-acetyl-1,2-dideoxy-4-O-formyl-1,1-diiodo-D-erythro-pentitol
(108): Oil (94%): [a]D = ++5 (c = 0.44); 1H NMR: d = 2.05 (s, 3H),
2.06 (s, 3H), 2.65 (ddd, J = 9.9, 10.7, 15.2 Hz, 1H), 2.86 (ddd, J = 2.6,
3.6, 15.2 Hz, 1H), 4.14 (dd, J = 7.0, 12.1 Hz, 1H), 4.23 (dd, J = 4.0,
12.1 Hz, 1H), 4.93 (dd, J = 3.6, 10.7 Hz, 1H), 5.03 (ddd, J = 2.6, 3.5,
9.9 Hz, 1H), 5.39 (ddd, J = 3.5, 4.0, 7.0 Hz, 1H), 8.06 (s, 1H) ppm; 13C
NMR: d = �36.7 (CH), 20.6 (CH3), 20.7 (CH3), 47.7 (CH2), 61.6 (CH2),
70.0 (CH), 73.0 (CH), 159.6 (CH), 169.8 (C), 170.3 (C) ppm; IR: ñ =


3025, 2945, 1738 cm�1; MS (70 eV, EI): m/z (%): 484 (<1) [M]+, 357
(23), 209 (100); HRMS (EI): found: 483.8832; C10H14I2O6 calcd 483.8880;
elemental analysis calcd (%) for C10H14I2O6 (484.0): C 24.81, H 2.92;
found: C 25.05, H 2.90.


1,1-Diiodo-4-O-formyl-1,2,3-trideoxy-6-O-(triisopropylsilyl)-d-glycero-
pentitol (109): Oil (90%): [a]D = ++0.6 (c = 1.08); 1H NMR: d = 1.05
(m, 21H), 1.80 (m, 1H), 1.89 (m, 1H), 2.38 (m, 2H), 3.75 (dd, J = 5.0,
10.6 Hz, 1H), 3.79 (dd, J = 5.6, 10.6 Hz, 1H), 5.05 (dddd, J = 4.9, 4.9,
4.9, 9.4 Hz, 1H), 5.15 (dd, J = 6.2, 6.2 Hz, 1H), 8.10 (s, 1H) ppm; 13C
NMR: d = �27.7 (CH), 11.9 (3îCH), 17.9 (6îCH3), 32.7 (CH2), 43.6
(CH2), 64.3 (CH2), 72.6 (CH), 160.7 (CH) ppm; IR: ñ = 1721, 1185 cm�1;
MS (70 eV, EI): m/z (%): 541 (2) [M+H]+ , 495 (35), 367 (4), 159 (100);
HRMS (EI): found: 541.0208; C15H31I2O3Si calcd 541.0132; elemental
analysis calcd (%) for C15H30I2O3Si (540.3): C 33.35, H 5.60; found: C
33.33, H 5.93.
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(1E)-3,5-Di-O-acetyl-1,2-dideoxy-4-O-formyl-1-iodo-d-erythro-pent-1-
enitol ((E)-111) and (1Z)-3,5-di-O-acetyl-1,2-dideoxy-4-O-formyl-1-iodo-
d-erythro-pent-1-enitol ((Z)-111): Dry, deoxygenated DMF (48 mL,
0.62 mmol) was added to a suspension of CrCl2 (76 mg, 0.62 mmol) in
dry, deoxygenated THF (2 mL), and the mixture was stirred at room tem-
perature under nitrogen for 30 min. A solution of compound 22 (82.4 mg,
0.15 mmol) in dry THF (1.5 mL) was then added, and stirring was contin-
ued at this temperature for 30 min. The reaction mixture was poured into
ice/water and extracted with EtOAc. The organic extracts were washed
with brine, dried, and evaporated. The residue was purified by column
chromatography (n-hexane/EtOAc, 90:10!80:20) to provide vinyl io-
dides (E)-111 (18.2 mg, 0.051 mmol, 34%) and (Z)-111 (29.8 mg,
0.084 mmol, 55%). Compound (E)-111: Oil, [a]D +52.5 (c = 1.14); 1H
NMR: d = 2.07 (s, 3H), 2.09 (s, 3H), 4.19 (dd, J = 12.4, 6.6 Hz, 1H),
4.26 (dd, J = 3.8, 12.4 Hz, 1H), 5.34 (ddd, J = 3.8, 4.6, 6.6 Hz, 1H), 5.42
(dd, J = 4.6, 7.4 Hz, 1H), 6.53 (dd, J = 7.4, 14.6 Hz, 1H), 6.65 (d, J =


14.6 Hz, 1H), 8.08 (s, 1H) ppm; 13C NMR (50.3 MHz): d = 20.7 (CH3),
20.8 (CH3), 61.4 (CH2), 70.2 (CH), 73.3 (CH), 83.8 (CH), 138.4 (CH),
159.7 (CH), 169.3 (C), 170.4 (C) ppm; IR: ñ = 3024, 2943, 1734 cm�1;
MS (70 eV, EI): m/z (%): 356 (<1) [M]+ , 313 (<1), 311 (<1), 229 (<1),
183 (100); HRMS (EI): found 355.9768; C10H13IO6 calcd 355.9757; ele-
mental analysis calcd (%) for C10H13IO6 (356.1): C 33.73, H 3.68; found:
C 33.61, H 3.92.


Compound (Z)-111: Oil, [a]D �2.8 (c = 1.35); 1H NMR d = 2.07 (s,
6H), 4.18 (dd, J = 7.3, 12.1 Hz, 1H), 4.26 (dd, J = 4.0, 12.1 Hz, 1H),
5.49 (ddd, J = 4.0, 4.2, 7.3 Hz, 1H), 5.72 (dd, J = 4.2, 8.5 Hz, 1H), 6.32
(dd, J = 8.0, 8.5 Hz, 1H), 6.74 (d, J = 8.0 Hz, 1H), 8.10 (s, 1H) ppm;
13C NMR d = 20.69 (CH3), 20.74 (CH3), 61.6 (CH2), 70.4 (CH), 74.3
(CH), 88.5 (CH), 134.4 (CH), 159.7 (CH), 169.3 (C), 170.4 (C) ppm; IR:
ñ = 3025, 2939, 1736 cm�1; MS (70 eV, EI): m/z (%): 356 (1) [M]+ , 229
(<1), 183 (100); HRMS (EI): found 355.9695; C10H13IO6 calcd 355.9698;
elemental analysis calcd (%) for C10H13IO6 (356.1): C 33.73, H 3.68;
found: C 33.58, H 4.07.


(1S,3E)-1-[(1R)-2-Acetyloxy-1-(formyloxy)ethyl]-6-phenyl-3-hexenyl ace-
tate (112): Dry, deoxygenated DMF (38 mL, 0.49 mmol) was added to a
suspension of CrCl2 (60 mg, 0.49 mmol) in dry, deoxygenated THF
(1 mL), and the mixture was stirred at room temperature under nitrogen
for 30 min. A solution of compound 108 (82 mg, 0.17 mmol) and hydro-
cinnamaldehyde (23 mg, 0.17 mmol) in dry THF (1 mL) was then added,
and stirring was continued at this temperature for 2.5 h. The reaction
mixture was poured into ice/water and extracted with EtOAc. The organ-
ic extracts were washed with brine, dried, and evaporated. The residue
was purified by column chromatography (n-hexane/EtOAc, 90:10) to
give compound 112 (41 mg, 0.12 mmol, 70%): Oil, [a]D +25.5 (c =


1.71); 1H NMR d = 2.04 (s, 3H), 2.06 (s, 3H), 2.34 (m, 4H), 2.66 (dd, J
= 7.9, 7.9 Hz, 2H), 4.18 (dd, J = 7.2, 12.4 Hz, 1H), 4.32 (dd, J = 3.1,
12.4 Hz, 1H), 5.11 (ddd, J = 5.1, 5.1, 7.5 Hz, 1H), 5.29 (ddd, J = 3.7,
3.7, 7.2 Hz, 1H), 5.36 (ddd, J = 7.3, 7.3, 14.8 Hz, 1H), 5.56 (ddd, J =


7.2, 7.2, 14.7 Hz, 1H), 7.18 (m, 3H), 7.28 (m, 2H), 8.06 (s) ppm; 13C
NMR d = 20.7 (CH3), 20.8 (CH3), 33.5 (CH2), 34.2 (CH2), 35.6 (CH),
61.7 (CH), 71.0 (2îCH), 124.0 (CH), 125.8 (CH), 128.3 (2îCH), 128.5
(2îCH), 134.2 (CH), 141.6 (C), 159.9 (C), 170.0 (C), 170.6 (C) ppm; IR:
ñ = 3027, 2938, 1732 cm�1; MS (70 eV, EI): m/z (%): 348 (<1) [M]+ , 289
(<1), 288 (<1), 243 (<1), 242 (<1), 228 (18), 182 (16), 109 (35), 91
(100); HRMS (EI): found 348.1499; C19H24O6 calcd 348.1573; elemental
analysis calcd (%) for C19H24O6 (348.4): C 65.50, H 6.94; found: C 65.83,
H 6.57.
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Kinetics of Aquation and Anation of Ruthenium(ii) Arene Anticancer
Complexes, Acidity and X-ray Structures of Aqua Adducts


Fuyi Wang, Haimei Chen, Simon Parsons, Iain D. H. Oswald, James E. Davidson, and
Peter J. Sadler*[a]


Introduction


Recently we have shown that RuII arene complexes of the
type [(h6-arene)Ru(XY)(Z)], where XY is a chelating di-
amine such as ethylenediamine (en), and Z is a leaving
group such as Cl� , are cytotoxic to cancer cells including cis-
platin-resistant cell lines.[1,2] The cytotoxicity increases with
the size of the arene ring system[2] in the series arene=ben-
zene<p-cymene<biphenyl<dihydroanthracene< tetrahydro-
anthracene with X=Cl and PF6 as counteranion. Other
groups have reported anticancer activity for certain phos-


phino[3] and aminoacidato[4] RuII arene complexes. The
stable water-soluble complex [(h6-biphenyl)Ru(en)Cl][PF6]
(1) is active in the A2780 human ovarian cancer xenograft
and non-cross-resistant in the A2780cis xenograft.[2]


Since DNA is a potential target for ethylenediamine
RuII arene complexes, we have investigated interactions
with nucleotides. The arene complexes exhibit a high selec-
tivity for N7 of guanine and, in contrast to cis-
[PtCl2(NH3)2], cisplatin, show little binding to adenine.[5] Re-
actions of the chloro RuII arene ethylenediamine complexes
with nucleotides appear to involve initial aquation of the
arene complexes, and reactions of the aqua complexes with
cyclic guanosine monophosphate are much faster (ca. 3î)
than those of the chloro complexes.[5] However, reactions of
the aqua complexes were retarded at high pH (e.g. 9) sug-
gesting that Ru�OH bonds may be less reactive than Ru�
OH2 bonds. Such behaviour appears to parallel that of PtII


diam(m)ine anticancer complexes.[6]


In view of the potential importance of aquation in the
biological mechanism of action of these RuII arene anticanc-
er complexes, we have made detailed studies of the rates of
aquation and anation of the series of complexes [(h6-Bip)-
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I. D. H. Oswald, J. E. Davidson
School of Chemistry, University of Edinburgh
West Mains Road, Edinburgh EH9 3JJ (UK)
Fax: (+44)131-650-6452
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Supporting information for this article is available on the WWW
under http://www.chemeurj.org/ or from the author. Additional de-
tails for X-ray crystallography (Tables S1±S2, Figure S1 and S2), ESI-
MS analysis (Figure S3) and kinetic studies (Table S3, Figures S4±
S10) as indicated in the text are available.


Abstract: The aqua adducts of the anti-
cancer complexes [(h6-X)Ru(en)Cl]
[PF6] (X=biphenyl (Bip) 1, X=


5,8,9,10-tetrahydroanthracene (THA)
2, X=9,10-dihydroanthracene (DHA)
3; en=ethylenediamime) were separat-
ed by HPLC and characterised by mass
spectrometry as the products of hydrol-
ysis in water. The X-ray structures of
the aqua complexes [(h6-X)Ru(en)Y]
[PF6]n, X=Bip, Y=0.5H2O/0.5OH,
n=1.5 (4), X=THA, Y=0.5H2O/
0.5OH, n=1.5 (5A), X=THA, Y=


H2O, n=2 (5B), and X=DHA, Y=


H2O, n=2 (6), are reported. In com-
plex 4 there is a large propeller twist of
458 of the pendant phenyl ring with re-
spect to the coordinated phenyl ring.


Although the THA ligand in 5A and
5B is relatively flat, the DHA ring
system in 6 is markedly bent (hinge
bend ca. 358) as in the chloro complex
3 (418). The rates of aquation of 1±3
determined by UV/Vis spectroscopy at
various ionic strengths and tempera-
tures (1.23±2.59î10�3 s�1 at 298 K, I=
0.1m) are >20î faster than that of cis-
platin. The reverse, anation reactions
were very rapid on addition of 100 mm


NaCl (a similar concentration to that
in blood plasma). The aquation and


anation reactions were about two times
faster for the DHA and THA com-
plexes compared to the biphenyl com-
plex. The hydrolysis reactions appear
to occur by an associative pathway.
The pKa values of the aqua adducts
were determined by 1H NMR spectros-
copy as 7.71 for 4, 8.01 for 5 and 7.89
for 6. At physiologically-relevant con-
centrations (0.5±5 mm) and temperature
(310 K), the complexes will exist in
blood plasma as >89% chloro com-
plex, whereas in the cell nucleus signifi-
cant amounts (45±65%) of the more
reactive aqua adducts would be formed
together with smaller amounts of the
hydroxo complexes (9±25%, pH 7.4,
[Cl�]=4 mm).


Keywords: anticancer agents ¥
hydrolysis ¥ kinetics ¥ organometal-
lic compounds ¥ ruthenium
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Ru(en)Cl][PF6] (1), [(h6-THA)Ru(en)Cl][PF6] (2) and [(h6-
DHA)Ru(en)Cl][PF6] (3), where en=ethylenediamine,
Bip=biphenyl, THA=5,8,9,10-tetrahydroanthracene and
DHA=9,10-dihydroanthracene, using HPLC, MS, UV/Vis
and NMR spectroscopy (Scheme 1). Complexes 1±3 are all


cytotoxic towards A2780 cancer cells,[2] with a potency order
2>3>1. We have determined the acid dissociation con-
stants of the aqua adducts (pKa) and their X-ray crystal
structures. Finally we consider the implications of these find-
ings for the mechanism of biological action.


Results


X-ray structures of aqua ruthe-
nium arene complexes: Crystal-
lographic data for aqua rutheni-
um arene complexes 4±6 are
listed in Table 1, and selected
bond lengths and angles in
Table 2 and Table S1 in the
Supporting Information. A
comparison of the configura-
tions of the aqua complexes
and those of their parent chloro
complexes 1±3 is given in
Table 3. For the biphenyl com-
plex 4, the X-ray data for one
single crystal showed that it
could be formulated as a mixed
aqua/hydroxo complex [(h6-Bip)-
Ru(en)(H2O)0.5(OH)0.5][PF6]1.5.
For the tetrahydroanthracene


complex 5, two single crystals from the same batch were se-
lected for X-ray determination. One crystal could also be
formulated as an aqua/hydroxo complex [(h6-THA)Ru(en)-
(H2O)0.5(OH)0.5][PF6]1.5 (5A), whereas the second crystal
consisted of the aqua complex only, [(h6-THA)Ru(en)-
(H2O)][PF6]2¥H2O (5B). In 5B the coordinated OH2 was dis-
ordered and placed at two positions (see Figure S1 in the
Supporting Information). For the dihydroanthracene com-
plex 6, the crystal corresponded to [(h6-DHA)Ru(en)(H2O)]
[PF6]2¥2H2O and contained only the aqua complex.


In the Bip complex 4 (Figure 1), the propeller twist of
the pendant phenyl ring with respect to the coordinated
phenyl ring of the Bip ligand is 45.38, which is 19.18 larger
than that for the chloro complex 1 (Table 3). The long axis


Scheme 1. Hydrolysis and deprotonation of ruthenium arene anticancer
complexes.


Table 1. Crystal structure data for [(h6-Bip)Ru(en)(H2O)0.5(OH)0.5][PF6]1.5 (4), [(h6-THA)Ru(en)-
(H2O)0.5(OH)0.5][PF6]1.5 (5A), [(h6-THA)Ru(en)(H2O)][PF6]2¥(H2O) (5B), and [(h6-DHA)Ru(en)(H2O)]
[PF6]2¥2(H2O) (6).


4 5A 5B 6


formula C28H39F18N4O2P3Ru2 C32H47F18N4O2P3Ru2 C16H26F12N2O2P2Ru C16H20F12N2O3P2Ru
molar mass 1100.68 1156.79 669.40 685.40
crystal system monoclinic orthorhombic triclinic triclinic
crystal size [mm] 0.43î0.21î0.09 0.22î0.10î0.06 0.28î0.24î0.18 0.30î0.14î0.12
space group C2/c Ibam P1≈ P1≈


crystal orange yellow yellow orange
a [ä] 14.400(4) 23.313(5) 9.3030(17) 11.586(3)
b [ä] 16.011(5) 12.272(2) 9.8849(18) 13.319(4)
c [ä] 17.049(5) 14.249(3) 13.086(2) 16.241(4)
a [8] 90 90 85.585(3) 98.663(4)
b [8] 106.881(4) 90 88.262(3) 94.970(4)
g [8] 90 90 85.679(3) 91.094(4)
T [K] 150 (2) 150(2) 150 (2) 150(2)
Z 4 4 2 4
R [F>4s(F)][a] 0.0524 0.0650 0.0562 0.0936[d]


Rw
[b] 0.1254 0.1394 0.1409 0.0772[d]


GOF[c] 1.055 1.232 1.034 1.117
D1 max and min [eä�3] +1.64, �1.12 +0.91, �1.25 +1.31, �1.02 + 2.28, �1.21


[a] R=S j jFo j� jFc j j /S jFo j . [b] Rw= [Sw(Fo
2�Fc


2)2/SwFo
2)]1/2. [c] GOF= [Sw(Fo


2�Fc2)2/(n�p)]1/2, where n=
number of reflections and p=number of parameters. [d] Refinement based on F with 7242 data with F>
6s(F).


Table 2. Selected bond lengths (ä) and angles (8) for [(h6-Bip)Ru(en)-
(H2O)0.5(OH)0.5][PF6]1.5 (4), [(h6-THA)Ru(en)(H2O)][PF6]2¥(H2O) (5B)
and [(h6-DHA)Ru(en)(H2O)][PF6]2¥2(H2O) (6a). For numbering schemes
see Figure 1.


4 5B[a] 6a (Ru1)[a]


Ru1�O1W 2.090(4) 2.163(5) (O1)[b] 2.161(5) (O1)
2.163(8) (O1’)[c]


Ru1�N1B 2.113(5) 2.111(4) 2.138(7) (N12)
Ru1�N2B 2.130(5) 2.115(5) 2.135(6) (N22)
Ru1�C1A 2.207(6) 2.224(5) 2.235(7) (C11)
Ru1�C2A 2.188(6) 2.180(5) 2.176(7) (C21)
Ru1�C3A 2.164(7) 2.175(5) 2.174(7) (C31)
Ru1�C4A 2.162(7) 2.156(5) 2.164(7) (C41)
Ru1�C5A 2.173(7) 2.146(5) 2.210(7) (C51)
Ru1�C6A 2.201(6) 2.216(5) 2.207(7) (C61)
N1B-Ru1-N2B 79.4(2) 79.44(18) 78.6(3) N12-Ru1-N22
N1B-Ru1-O1W 79.4(2) 77.4(2) (O1)[b] 81.5(2) N12-Ru1-O1


88.4(4) (O1’)[c]


N2B-Ru1-O1W 82.7(2) 87.6(2) (O1)[b] 81.9(2) N22-Ru1-O1
70.8(4) (O1’)[c]


[a] The bond lengths and angles for complex 5A and cation 6b are listed
in Table S1 in the Supporting Information. [b] With an occupancy factor
of 0.7. [c] With an occupancy factor of 0.3.
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of Bip is rotated away from the Ru�O vector by 23.38,
which is 3.58 smaller than that for complex 1. The distance
from the Ru centre to the centroid of the coordinated
phenyl (A) is 1.66 ä, similar to that in complex 1.


For the THA complex 5, the geometry of cation 5A (see
Figure S1 in the Supporting Information) showed high sym-
metry along a plane through the long axis of the THA ring,
Ru1 and O1W atoms. Thus the long axis of THA nearly
overlaps with the Ru±O1W vector (Table 3). The outer ring
(C) of the THA ligand is slightly bent down towards the
O1W atom (hinge bending) by 11.68. For the cation 5B (Fig-
ure 1b), the coordinated H2O molecule was disordered over
two positions O1 and O1’ with occupancy factors of 0.7 and
0.3, respectively (see Figure S1 in the Supporting Informa-
tion). The THA tricyclic ring system is nearly flat. The outer
ring (C) is slightly bent up away from the O atom (hinge
bending) by 1.88, similar to that in complex 2 (7.58). The
long axis through the THA ligand is rotated away from the
major Ru�O vector by 63.78, which is 18.68 larger than in
complex 2. The distance from Ru to the centroid of coordi-
nated ring (A) is 1.66 ä, similar to that in complex 2.


For the DHA complex 6, there are two kinds of inde-
pendent cations (two 6a cations, Figure 1c and two 6b cat-
ions, see Figure S2 in the Supporting Information) in the
asymmetric unit, and two water solvent molecules. The
structures of these two cations 6a and 6b differ significantly
only in the orientation and hinge bending of the DHA ring.
The outer ring (C) is bent down towards the O atom by
31.88 in cation 6a and by 38.48 in cation 6b, comparable to
that in complex 3 (40.68). The long axis through the DHA
ligand is rotated away from the Ru±O vector by 32.58 in
cation 6a and by 35.58 in cation 6b, values which are about
308 smaller than that in complex 3 (Table 3). The distance
from the Ru atom to the centroid of the coordinated ring
(A) is 1.67 ä in both 6a and 6b, similar to that in complex
3. There is an interesting chain of intermolecular hydrogen


bonds O4¥¥¥O1¥¥¥O3¥¥¥O5¥¥¥O2¥¥¥O6 involving the coordinated
and solvent water molecules, and en NH¥¥¥O4/O6 hydrogen
bonding contributes to the crystal packing of both cations
6a and 6b (see Figure S2 in the Supporting Information).


HPLC separation and ESI-MS identification of hydrolysis
products: Aqueous solutions of the chloro complexes [(h6-
Bip)Ru(en)Cl][PF6] (1), [(h6-THA)Ru(en)Cl][PF6] (2) or
[(h6-DHA)Ru(en)Cl][PF6] (3) were allowed to equilibrate
for 12 h at ambient temperature and were then analysed by
HPLC. Two well-separated peaks were observed for each
complex (Figure 2), which were identified by the subsequent
ESI-MS assays. The observed positive ions are listed in
Table 4, and mass spectra are shown in Figure S3 in the Sup-
porting Information.


The seven isotopes of ruthenium give rise to a character-
istic pattern in the mass spectra of ruthenium complexes.[7]


The first HPLC fraction (retention time: 5.03 min) from
complex 1 in aqueous solution gave rise to two ion peaks at
m/z 314.8 and 428.9 assignable on the basis of mass-to-
charge ratios and isotopic models (see Figure S3a in the
Supporting Information) to the aqua complex [(h6-Bip)-
Ru(en)(H2O)]2+ (42+) (calcd m/z 315.0 for [42+�H2O�H]+)
and its TFA adduct (calcd m/z 429.0 for [42+�H2O+TFA]+


), respectively. The second HPLC fraction (9.61 min) gave a
peak at m/z 350.9 corresponding to the intact cation of 1
(calcd 351.0 for 1+). Analogous products in aqueous equili-
brium solutions of complexes 2 and 3 were also identified
by ESI-MS analysis of their HPLC fractions (see Figures
S3b and S3c in the Supporting Information).


pKa determinations: Complexes 4, 5 and 6 all give rise to
two 1H NMR resonances assignable to the two non-equiva-
lent NH protons on each NH2 group of coordinated en
(NHd protons are oriented away from the coordinated
arene, and NHu towards the coordinated arene). As the pH


Table 3. Comparison of the conformations of aqua Ru arene complexes 4±6 (Figure 1) and their parent chloro-complexes[1, 19] 1±3. X=H2O or Cl. Com-
parison of biphenyl complex 4 (H2O) and 1 (Cl).


4 (H2O) 1 (Cl)[1] 5A (H2O) 5B (H2O) 2 (Cl)[19] 6 (H2O) 3 (Cl)[19]


Bip orientation, a (I) 23.3(3) 26.8(2)
[Da][b] [8] [�3.5]
Bip propeller twist, c[a] 45.3(3) 26.2(4)
[Dc][b] [8] [+19.1]
Ru-coordinated ring 1.663 (3) 1.663 (3) 1.653(3) 1.664 (2) 1.676(3) 1.671(3)[e] 1.678(3)[f] 1.667(3)
(centroid) [ä]
THA/DHA orientation, a (II) 0.00(17) 63.7(2) 45.12(6) 32.5(3)[e] 35.5(3)[f] 64.09(8)
[Da][d] [8] [�45.12] [+18.58] [�31.59] [�28.6]
Hinge bending angle, b (III)[c] + 11.60 �1.8(3) �7.53(12) +31.8(4)[e] +38.4(4)[f] +40.65(16)
[Dc][d] [8] [�19.13] [+5.73] [�8.85] [�2.25]


[a] c : twist of pendant phenyl ring (B) with respect to coordinated phenyl ring (A) of Bip. [b] The change in torsion angle for 4 compared to 1. [c] The
hinge is defined by C7A±C10A, see Figure 1. A + ve sign for b indicates movement towards Ru�X. [d] The change of torsion angles for 5 and 6 com-
pared to 2 and 3, respectively. [e] Cation 6a. [f] Cation 6b.
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is increased, these peaks shifted to lower frequency as
shown for the NHd protons of complex 4 in Figure 3a. Anal-
ysis of the NMR titration curves (Figure 3b) gave pKa


values of 7.71�0.01, 8.01�0.03 and 7.89�0.02 for com-
plexes 4, 5 and 6, respectively.


The UV/Vis spectra of the aqua complexes 4, 5 and 6 all
showed significant changes in the region 215±400 nm on


varying the pH from 1 to 11 (for 4, see Figure 4a), accompa-
nied by two isosbestic points suggesting that the spectral
changes arise from an equilibrium involving the aqua and
hydroxo complexes. No evidence was found for time-de-
pendent changes on variation of the pH (which might have
been indicative of the formation of hydroxo bridged spe-
cies). This interpretation agrees with the NMR data. The
UV/Vis pH titration curve for complex 4 was fitted to the
Henderson±Hasselbalch equation giving a pKa value of
7.71�0.01 from 270 nm data, 7.70�0.04 from 242 nm data
(Figure 4b), in agreement with the pKa value obtained by
NMR spectroscopy.


Kinetics of aquation and anation: The time dependences of
the absorption spectra of aqueous solutions of complexes 1±3
in 0.1m NaClO4 at 298 K are shown in Figure 5 (difference
spectra) and Figure S4 in the Supporting Information. In
each case the presence of an isosbestic point (292, 261 and
259 nm for 1, 2 and 3, respectively) suggested a single step
reaction, conversion of the initial chloro complexes to the
aqua products. The pKa values of complexes 4, 5 and 6 are
all >7.7 so that the deprotonation of the aqua products is
negligible at the pH range of the kinetic studies. The maxi-


Figure 1. X-ray structures and atom numbering schemes for a) [(h6-Bip)-
Ru(en)(H2O)0.5(OH)0.5]


1.5+ in complex 4, b) [(h6-THA)Ru(en)(H2O)]2+


in complex 5B, and c) [(h6-DHA)Ru(en)(H2O)]2+ (6a) in complex 6, at
30% probability thermal ellipsoids. Complex 5A and cation 6b are
shown in Figures S1 and S2 in the Supporting Information.


Figure 2. HPLC chromatograms with UV detection at 254 nm for 2 mm


equilibrium aqueous solutions of a) [(h6-Bip)Ru(en)Cl][PF6] (1), b) [(h6-
THA)Ru(en)Cl][PF6] (2), and c) [(h6-DHA)Ru(en)Cl][PF6] (3). Peak
labels: 1, 2 and 3 correspond to the chloro complex cations, and 4, 5 and
6 to the corresponding aqua adducts, respectively. Retention times (min)
1: 9.61, 2 : 7.17, 3 : 6.08, 4 : 5.03, 5 : 4.37, 6 : 4.61.


Table 4. Positive ions detected by HPLC-ESI-MS for aqueous solutions
of complexes [(h6-Bip)Ru(en)Cl][PF6] (1), [(h6-THA)Ru(en)Cl][PF6] (2)
and [(h6-DHA)Ru(en)Cl][PF6] (3).


RT [a] [min] Obs (Calcd)[b] m/z Observed ions


1 5.03 314.8 (315.0) [42+ [c]�H2O�H[d]]+


428.9 (429.0) [42+�H2O+TFA]+


9.61 350.9 (351.0) 1+


2 4.37 343.1 (343.1) [52+ [c]�H2O�H]+


457.1 (457.1) [52+�H2O + TFA]+


7.17 379.1 (379.1) 2+


3 4.61 341.1 (341.1) [62+ [c]�H2O�H]+


455.1 (455.1) [62+�H2O+TFA]+


6.08 377.1 (377.0) 3+


[a] RT is the retention time in HPLC traces (Figure 2). [b] Observed
(Obs) and calculated (Calcd) mass-to-charge ratios for the observed ions.
Mass type: monoiso. For mass spectra see Figure S3. [c] Complexes 4, 5
and 6 are the respective aqua adducts of 1, 2 and 3. [d] H indicates gain
or loss of a proton.
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mum change in absorption in the region of 250±500 nm oc-
curred at 319, 316 and 315 nm for 1, 2 and 3, respectively.
These wavelengths were selected for the subsequent kinetic
studies, and the extinction coefficients of the chloro and re-
spective aqua complexes at these wavelengths are listed in
Table 5.


The aquation of complexes 1, 2 and 3 at 298 K in aque-
ous solutions with various ionic strengths (0.015±0.5m
NaClO4) was monitored at the selected wavelengths as
shown in Figure 6 and Figure S5 in the Supporting Informa-
tion. In each case the time dependence of the absorbance
followed first-order kinetics, corresponding to the rate con-
stants kH2O listed in Table 6. For all three complexes, it can
be seen that the rate of aquation was almost independent of
ionic strength, and was about twofold faster for the THA
and DHA complexes 2 and 3 than for the Bip complex 1.


The reverse anation reactions were studied by adding
excess NaCl to equilibrium solutions of the chloro com-
plexes 1, 2 and 3. The anation reactions were rapid (Figure 6
and Figure S5), reaching equilibrium within periods of 100±
1600 s. The second-order rate constants kCl were calculated
from the slopes of the plots of the pseudo-first-order rate
constants k’Cl vs. [Cl�] (inserts in Figure 6 and Figure S5)
and are listed in Table 6. It can be seen that the anation re-
actions of the THA and DHA complexes 5 and 6 are about


2.5-fold faster than that of the biphenyl complex 4, and that
the rates decrease by about twofold on increasing the ionic
strength from 0.015 to 0.5m (NaClO4).


The rates of the aquation and anation reactions in
100 mm NaClO4 were also determined at 288 and 310 K
(Table 6, Figures S6±S8 in the Supporting Information)
which allowed the Arrhenius activation energy (Ea), activa-
tion enthalpy (DH�) and activation entropy (DS�) to be de-
termined (Figure S9; see Supporting Information). The acti-
vation parameters resulting from the Arrhenius and Eyring
plots for the aquation and anation of complexes 1/4 are
listed in Table 7, and for 2/5 and 3/6 in Table S3. The reac-
tions of complexes 2/5 and 3/6 were faster than those of 1/4,


Figure 3. a) Variation of the 1H NMR chemical shift of the NHd protons
of [(h6-Bip)Ru(en)(H2O)][PF6]2 (4, 6 mm) in 100 mm NaClO4, 298 K with
pH. The peak labelled * is from residual [(h6-Bip)Ru(en)Cl][PF6] (1). b)
Comparison of complexes 4 (*), 5 (&) and 6 (*). The full lines represent
computational fits giving the pKa values listed in Table 5.


Figure 4. a) UV/Vis spectra for a 0.3 mm aqueous solution of [(h6-Bip)-
Ru(en)(H2O)][PF6]2 (4) at pH 1.70 and 10.39, 298 K. The insert shows
the difference spectrum. b) Variation of the absorbance at 242 nm (&)
and 270 nm (&) with pH. The full lines are computational fits giving the
pKa values shown.


Table 5. Extinction coefficients (e) at selected wavelengths (l) for ruthe-
nium arene complexes, and pKa values of aqua complexes in 0.1m
NaClO4 at 298 K.


Complex[a] e [m�1 cm�1](l [nm]) pKa


[(h6-Bip)Ru(en)Cl]+ (1) 1576 (319)
[(h6-THA)Ru(en)Cl]+ (2) 850.6 (316)
[(h6-DHA)Ru(en)Cl]+ (3) 1090 (315)
[(h6-Bip)Ru(en)(H2O)]2+ (4) 1139 (319) 7.71�0.01
[(h6-THA)Ru(en)(H2O)]2+ (5) 590.1 (316) 8.01�0.03
[(h6-DHA)Ru(en)(H2O)]2+ (6) 775.0 (315) 7.89�0.02


[a] pH values all within range of 6.29±6.41 (aqua complexes).
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so the errors of the measurements over the accessible tem-
perature range are higher. To assess further the reliability of
the activation parameters, the variation with temperature of
the aquation rate constant for the benzene complex 7, [(h6-
benzene)Ru(en)Cl][PF6], was also determined by the same
method (Table S3 and Figure S10 in the Supporting Infor-
mation). It can be seen that DS� values are negative for the
aquation or anation reactions of all seven complexes (except
aquation of complex 3).


The values of the equilibri-
um constants for all hydrolysis
reactions were calculated from
the ratios of kH2O/kCl and are
listed in Table 6. The constants
increase with ionic strength and
are similar for all three com-
plexes. In the presence of 0.1m
NaClO4, about 8.8% of com-
plex 1 is aquated in an equili-
brium aqueous solution con-
taining 100 mm NaCl at 298 K.
For complexes 2 and 3, under
the same conditions the propor-
tions are 6.9% and 6.8%, re-
spectively.


The equilibrium constants
(Kan) for the anation reactions
of aqua complexes 4±6 in
100 mm NaClO4 at 298 K were
also determined by spectropho-


Figure 6. Time-dependence of the absorbance at 319 nm for the hydroly-
sis of 0.3 mm [(h6-Bip)Ru(en)Cl][PF6] (1) in 100 mm NaClO4 solution at
298 K. The full lines represent computer fits giving the first order rate
constants listed in Table 6 for aquation, and pseudo-first order rate con-
stants for anations. Labels: aquation (&), anation with addition of 5 (~),
20 (*), 50 (!) or 100 (^) mM NaCl to the hydrolysis equilibrium solu-
tion.


Table 6. Rate and equilibrium constants for aquation of complexes 1±3 at various ionic strengths and tempera-
tures.


[NaClO4] [m
�1] T [K] kH2O [10�3 s�1] (t1/2)H2O [min] kCl [m


�1 s�1] K [10�3
m]


[(h6-Bip)Ru(en)Cl][PF6]
[a] 1


0.015 298 1.28�0.01 9.02�0.04 0.146�0.009 8.8�0.6
0.1 288 0.42�0.02 27.5�1.4 0.045�0.001 9.3�0.7
0.1 298 1.23�0.01 9.39�0.03 0.127�0.006 9.7�0.5
0.1 310 3.95�0.09 2.92�0.07 0.435�0.029 9.1�0.9
0.25 298 1.23�0.01 9.39�0.06 0.096�0.008 12.8�1.1
0.5 298 1.28�0.01 9.02�0.07 0.088�0.005 14.5�0.9


[(h6-THA)Ru(en)Cl][PF6]
[a] 2


0.015 298 2.36�0.02 4.90�0.04 0.360�0.014 6.6�0.3
0.1 288 0.60�0.01 19.2�0.3 0.091�0.017 6.6�1.6
0.1 298 2.26�0.01 5.11�0.02 0.306�0.022 7.4�0.6
0.1 310 6.84�0.07 1.69�0.02 0.583�0.028 11.7�0.7
0.5 298 2.59�0.02 4.26�0.06 0.169�0.011 15.3�1.2


[(h6-DHA)Ru(en)Cl][PF6]
[a] 3


0.015 298 2.23�0.02 5.18�0.05 0.347�0.019 6.4�0.4
0.1 288 0.40�0.03 28.9�1.5 0.072�0.004 5.6�0.6
0.1 298 2.15�0.03 5.37�0.08 0.293�0.018 7.3�0.6
0.1 310 6.49�0.10 1.78�0.03 0.722�0.020 9.0�0.4
0.5 298 2.44�0.02 4.73�0.04 0.144�0.010 16.9�1.4


[a] Initial concentration: 0.3 mm for 1, 0.5 mm for 2 and 3, and pH: 1 6.29, 2 6.37, 3 6.41.


Figure 5. Time evolution of UV-Vis difference spectra for the aquation of
a) [(h6-Bip)Ru(en)Cl][PF6] (1) (0.3 mm, pH 6.29), b) [(h6-THA)-
Ru(en)Cl][PF6] (2) (0.5 mm, pH 6.37), and c) [(h6-DHA)Ru(en)Cl][PF6]
(3) (0.5 mm, pH 6.41) in 100 mm NaClO4 solution at 298 K. The down
arrows indicate the wavelengths selected for subsequent kinetic studies,
and the up arrows indicate isosbestic points. DA=At �A0, where At=ab-
sorbance at time t, and A0=absorbance at t=0.5 min (i.e. immediately
after dilution of methanol solutions with water).


Table 7. Activation parameters for the aquation of complex 1 and the
anation of complex 4.


Complex Ea


[kJmol�1]
DH�


[kJmol�1]
DS�


[JK�1mol�1]


[(h6-Bip)Ru(en)Cl]+ 1 75.6�0.6 73.1�0.6 �55.7�2.0
[(h6-Bip)Ru(en)(H2O)]2+ 4 76.7�1.3 74.1�1.3 �13.6�4.5
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tometric titration as 109.1, 129.6 and 133.9m�1, respectively.
These values give equilibrium constants Kaq (Kaq=1/Kan) for
the respective aquation reactions of 9.2î10�3, 7.7î10�3 and
7.5î10�3


m, respectively, in agreement with the values ob-
tained from kinetic data (Table 6).


Discussion


The aqua adducts of the anticancer complexes [(h6-arene)-
RuII(en)Cl]+ may play key roles in the biological mecha-
nism of action of this class of complexes. We studied the
aquation and anation rates, and characterised the aqua com-
plexes by HPLC, mass spectrometry, NMR spectroscopy
and X-ray crystallography. The chloro and hydroxo adducts
appear to be less reactive than the aqua adducts,[5] and the
pKa values of the aqua complexes were therefore also deter-
mined.


Structures of aqua ruthenium arene complexes: To prepare
crystalline aqua complexes, the coordinated chloride ligands
were removed from the chloro ruthenium arene complexes
1±3 by addition of AgPF6. AgNO3 was avoided because of
the possible coordination of the nitrate ligand to Ru, as re-
ported for crystals of a-[Ru(azpy)2(NO3)2]


[8] and cis-
[Pt(NH3)2(NO3)2].


[9]


The X-ray structures of 4±6 revealed coordinated Ru�
O(H2) bond lengths of 2.1±2.2 ä (Table 2 and Table S2 in
the Supporting Information), within the range reported for
other aqua Ru arene compounds.[10] The coordinated OH2


ligand showed acidity through deprotonation as revealed in
solid state structures of 4 and 5A, where about 50% of the
aqua ligands in the unit cell are deprotonated in each case.
There is an interesting arene conformation for each aqua
compound as shown in Figure 1 and Table 3. Notably, the
propeller twist of the biphenyl in 4 is 19.18 larger than that
in chloro complex 1. For the aqua THA complex 5, the
small hinge bending of 11.68 down toward the O atom in
cation 5A and of 1.88 away from the O atom in cation
5B shows that the tricyclic ring system is still rather flat
as in the chloro THA complex 2. For the aqua DHA com-
plex 6, the outer ring (C) is significantly bent down toward
the O atom by 31.88 (6a, 38.48(6b)), comparable with the
hinge bending of 40.68 in the chloro complex 3. Such large
hinge bending toward the O atom in the DHA complex 6
may impose a steric constraint G N7 coordination in
reactions with DNA. For the biphenyl complexes 1 and 4,
the propeller twist of the biphenyl ring may present an
even larger steric constraint towards aquation and DNA
binding.


Effects of ionic strength and temperature on hydrolysis
rates: The rate constants for aquation of the chloro com-
plexes 1±3 are almost independent of the ionic strength, but
the rate constants for anation of the aqua complexes 4±6 all
decrease with increase in the ionic strength (Table 6). This
result is in agreement with the prediction of the Br˘nsted
equation:[11] the rate constant is expected to be independent
of the ionic strength when one of the reactants is uncharged,


whereas the rate constant decreases with ionic strength if
the charges on the two ions are of opposite sign.


When the temperature was increased from 288 to 310 K,
the rate constants for hydrolysis of complexes 1, 2 and 3 in
0.1m NaClO4 increased by about 9-, 11- and 16-fold, respec-
tively, while the rate constants for anation of the aqua com-
plexes 4, 5 and 6 in 0.1m NaClO4 at 310 K were about 10-,
6- and 10-fold, respectively, higher than those at 288 K. The
activation parameters resulting from the Arrhenius and
Eyring plots for the aquation and anation of complexes 1±6
(Table 7 and Table S3) show that the mean DS� values for
both reactions are negative, except for the aquation of com-
plex 3. Unfortunately, the activation parameters, especially
the activation entropies for complexes 2/5 and 3/6 are sub-
ject to large errors. The rate constant for aquation of the
benzene analogue 7, 1.98î10�3 s�1 at 298 K, is intermediate
between that of complexes 1 and 2, and the errors associat-
ed with the activation parameters are also between those for
complexes 1 and 2 (Table S3 in the Supporting Information).
This indicates that the lower errors for the activation param-
eters of complexes 1/4 and 7 are reliable, and that the
higher errors for complexes 2/5 and 3/6 result not only from
the small accessible temperature range but also from the
fast rate of the reactions. The apparent negative entropies
for the reactions of complexes 1/4 and 7 suggest that hydrol-
ysis of this class of ruthenium(ii) arene complexes occurs by
an associative pathway (vide infra).


Relationship between structure, aquation and anation rates:
The pseudo-first-order rate constants for the anation of the
aqua arene complexes 4±6 are within the range of 1.3±3.1î
10�2 s�1 (Table S2; see the Supporting Information). These
are comparable with the rate constants for water exchange
on [Ru(H2O)6]


2+ [12] (1.8î10�2 s�1), but 100î lower than that
(11.5 s�1) for [(h6-C6H6)Ru(H2O)3]


2+ .[13] Although there is a
strong trans-labilising effect of the benzene ligand in [(h6-
C6H6)Ru(H2O)3]


2+ ,[13] this was not observed for anation of
the ethylenediamine ruthenium(ii) arene complexes 4±6.
This implies that, in the current work, the chelate ligand en
slows down the anation rate. For complexes 1±3 [(h6-arene)-
Ru(en)Cl]+ (arene=biphenyl (Bip), 5,8,9,10-tetrahydroan-
thracene (THA), 9,10-dihydroanthracene (DHA)), the rate
constants (1.23±2.26î10�3 s�1) are much lower than that for
cis-[Ru(H2O)4Cl2]


[14] (130î10�3 s�1; see Table S2 in the Sup-
porting Information), also indicating that the en ligand in
[(h6-arene)Ru(en)Cl]+ reduces the lability of the leaving
group Cl� .


The effect of chelate ligands on substitution reactions is
dependent on the nature of the central metal and the posi-
tion of the chelate ligand relative to the leaving group. Che-
late ligands such as en in cis- and trans-[Co(en)2Cl2]


+ [15] and
2,2’-bipyridine (bpy) in [(h6-C6H6)Ru(bpy)(H2O)]2+ [16] slow
down the substitution of the labile groups chloride and
water. In contrast, for the ruthenium(iii) complexes[17]


[Ru(NH3)5Cl]
2+ , cis-[Ru(NH3)4Cl2]


+ , cis-[Ru(en)2Cl2]
+ , cis-


[Ru(en)2(H2O)Cl]2+ , cis-a-[Ru(trien)Cl2]
+ and cobalt(iii)


complex b-[Co(trien)Cl2]
+ ,[18] the hydrolysis rate increases


with increase in chelation. The present work indicates that
for (h6-arene)ruthenium(ii)en complexes, the en ligand cis to
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the leaving group Cl� or H2O, as for the bpy ligand in [(h6-
C6H6)Ru(bpy)(H2O)]2+ , slows down the aquation and ana-
tion reactions due to its electronic and steric effects.


Reaction mechanism: The X-ray structures[1,19] show that
the Ru�Cl bond lengths in complexes 1±3 (2.408(15),
2.405(6) and 2.407(9) ä, respectively) are almost the same.
However, the hydrolysis rates of the THA and DHA com-
plexes 2 and 3 are about 2î faster than that of the Bip com-
plex 1, implying that bond-breaking alone is not rate-con-
trolling in this case and suggesting that an associative inter-
change mechanism (Ia) applies to the substitution reactions
of the ruthenium(ii) arene complexes studied here. The neg-
ative DS� values (Table 7) support this conclusion. It might
be expected that Ia substitution reactions would be more in-
fluenced by steric factors than those which occur by Id path-
ways. Indeed, the aquation and anation of the Bip complexes
1 and 4 are slowed down by the steric hindrance of the
pendant phenyl ring twisting towards the labile groups Cl�


and H2O. Crowding around the central atom does not favour
the formation of associative states with a higher coordina-
tion number (seven).[15] Additional support for an Ia mecha-
nism is provided by studies on the kinetics of reactions with
other nucleophiles.[20] The rates of aquation of the complexes
[(h6-biphenyl)Ru(en)X]+ X=Cl, Br and I follow the order
Cl~Br> I, consistent with an associative mechanism in
which bond-making and not bond-breaking is rate-controlling.


The acidic hydrolysis of ruthenium(iii) complexes such
as [Ru(NH3)4X2]


+ , [Ru(NH3)5X]2+ (X=Cl� , Br� , I�) occurs
by an SN2 associative pathway.[17a] Bond making is more im-
portant than bond breaking. The strong dependence of the
substitution rate on the nature of incoming group in substi-
tution reactions of [Ru(EDTA)(H2O)]� ,[21] and the complete
stereoretention in the substitution and hydrolysis reactions
of chiral ruthenium(iii) complexes[22] also support predomi-
nant associative pathways. In contrast, most ruthenium(ii)
complexes tend to react via dissociative pathways.[12] The
rates of substitution of the pyridine (py) ligand in rutheniu-
m(ii) complexes such as cis-[Ru(phen)2(py)2]


2+ by X� (Cl� ,
Br� , I� , NCS� , N3


� , NO2
�) are independent of the nature of


X[23] and these complexes are thought to react by Id path-
ways.


However, p-acid ligands such as benzene in [(h6-
C6H6)Ru(H2O)3]


2+ are thought to accept electron density
from the central ruthenium atom to produce a higher charge
on the metal. Thus RuII in {(h6-C6H6)RuII}2+ behaves like a
Ruiii centre.[13] This electronic effect makes the substitution
reactions of the ruthenium(ii) complexes [(h6-
C6H6)Ru(H2O)3]


2+ appear to occur by interchange pathways
in which bond-breaking is only slightly less favourable than
bond-making. A similar effect has been reported for water
substitution reactions of the complexes [(h6-X)Ru(bpy)-
(H2O)]2+ (X=benzene, p-cymene or hexamethylbenzene),
though the rates were said to be only slightly affected by the
nature of the entering ligand L (L=H2O, SCN� , I� , Br� ,
N3


�).[16] Therefore, strong p-acid ligands such as Bip, THA
and DHA might be responsible for the shift towards a more
associative pathway in the Id $ Ia mechanistic continuum
for the (h6-arene)ruthenium(ii)(en) complexes studied here.


Speciation of ruthenium complexes in plasma and cell nu-
cleus: We can use the pKa values of (h


6-arene)RuII(en) aqua
adducts and equilibrium constants for aquation of the
chloro complexes in Table 5 and Table 6 to predict the speci-
ation of these chloro anticancer complexes under various bi-
ological conditions (Table 8).


In blood plasma, the Cl� concentration is high, about
104 mm, and all three complexes would exist largely
(>89%) in their chloro forms. In contrast, the chloride con-
centrations in the cell cytoplasm and cell nucleus are much
lower, about 22.7 and 4 mm, respectively.[24] Hence the
extent of aquation would increase from about 30% in the
cytoplasm to about 70% in the nucleus. This would repre-
sent an activation mechanism for these chloro (h6-arene)-
RuII(en) complexes since the Ru�Cl adducts react much
more slowly with nucleotides such as 5’-GMP than the Ru�
OH2 adducts and aquation is the initial step in reactions of
the chloro complexes.[5]


Only small amounts (< 10% of the total RuII arene
complexes) of hydroxo adducts are predicted to exist inside
cells since the pKa values of the aqua complexes are all rela-
tively high (7.7±8.0). We found previously that arene RuII


aqua complexes reacted with guanine nucleotides much
more slowly at pH 9 compared to pH 7.[5] At pH 9 they
would exist largely as Ru�OH complexes and, just as with
PtII diam(m)ine complexes it seems that Ru�OH bonds are
less reactive than Ru�OH2 bonds.


For cisplatin, the hydrolysis products are present mostly
as hydroxo forms both in plasma and in the cell nucleus due
to the higher acidity of the aqua adducts (pKa cis-
[Pt(NH3)2Cl(H2O)]+ 6.41, cis-[Pt(NH3)2(H2O)2]


2+ 5.39 and
7.21),[25] although the extent of aquation is higher than that
for the ruthenium(ii) arene complexes. In the cell nucleus,
the chloride concentration is about 4 mm, and the dominant
species for cisplatin are unreactive hydroxo forms, including
the monohydroxo species cis-[PtCl(OH)(NH3)2] (30%) and
dihydroxo species cis-[Pt(OH)2(NH3)2] (35%).[24b]


Conclusion


The aquation reactions of en RuII arene complexes 1±3
reach equilibrium within 50 min at 298 K. This is an order of


Table 8. Speciation of ruthenium arene anticancer complexes in blood
plasma, the cell cytoplasm and nucleus, pH 7.4, 310 K.


Complex [Ru][a] [Cl�] % species X=


[mm] [mm] Cl H2O OH


[(h6-Bip)Ru(en)X]n+ 5.0 plasma 104 92.0 5.2 2.8
5.0 cytoplasm 22.7 71.4 18.6 10.0
5.0 nucleus 4 30.5 45.2 24.3


[(h6-THA)Ru(en)X]n+ 0.5 plasma 104 89.9 8.8 1.3
0.5 cytoplasm 22.7 66.0 29.7 4.3
0.5 nucleus 4 25.4 65.2 9.4


[(h6-DHA)Ru(en)X]n+ 2.0 plasma 104 92.1 5.6 2.3
2.0 cytoplasm 22.7 71.6 20.2 8.2
2.0 nucleus 4 30.8 49.1 20.1


[a] Initial concentration of chloro complexes are the IC50 values.
[2]
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magnitude faster than platinum diam(m)ine complexes such
as cisplatin. The twofold difference in rate between the bi-
phenyl complex 1 and the tetrahydroanthracene complex 2
or the dihydroanthracene complex 3 suggests that variations
in the steric and electronic effects of arene ligands modulate
the aquation rate. Since the anation reactions are rapid, the
equilibrium constants for hydrolysis are small (K=7.3±9.7 î
10�3


m, 298 K, I=0.1m (NaClO4)). Hence in blood plasma
these complexes will exist largely as the less reactive chloro
complexes and the percentage of aqua species will increase
markedly in the cell cytoplasm and nucleus where the chlo-
ride concentrations are lower (22.7 and 4 mm, respectively).


Variation of the arene had little effect on the pKa of the
coordinated water ligands. Since the pKa values were high
(7.7±8.0), only small amounts of the less reactive hydroxo
species would be present at biological pH (7.2±7.4). Howev-
er hydroxo adducts of complexes 4 and 5 readily co-crystal-
lised with the aqua adducts even at pH 3±6. Whereas the
tetrahydroanthracene ligand remains relatively flat in the
aqua complexes, as it is in the chloro complex, the dihy-
droanthracene ligand is significantly bent towards the coor-
dinated oxygen. The biphenyl ligand in the aqua complex 4
has a relatively large propeller twist. These structural fea-
tures illustrate how the arene ligand can influence access to
the substitution site. The variation of rate constants of com-
plexes 1, 2 and 3 indicates that bond-breaking is not rate-
controlling and suggests that the hydrolysis reactions of the
chloro (arene)RuIIen complexes occur by associative path-
ways. The electronic effect of arene ligands may account for
the shift from an Id towards an Ia pathway.


These findings show that there are some common fea-
tures in the aqueous chemistry of arene RuII ethylenedi-
amine and PtII diam(m)ine chloro anticancer complexes.
Both undergo hydrolysis in water, which is largely sup-
pressed at blood chloride concentration. Such hydrolysis can
be the rate-limiting step for interaction of these complexes
with DNA bases. It should be possible to control both the
rate and extent of hydrolysis of organometallic RuII com-
plexes with variation in the arene, the monodentate (halide
and other) ligand, and the chelate ligand (en), and such
changes may aid the optimisation of the anticancer activity
of this class of complexes.


Experimental Section


Chemicals : NaCl and NaClO4 were purchased from Fisher Chemicals,
AgNO3, AgPF6 and ruthenium atomic absorption standard solution
(1030 mgmL�1 in 5wt% HCl) from Aldrich, and CF3COOH (TFAH)
from Arcos.


Preparation of chloro ruthenium complexes: [(h6-Bip)Ru(en)Cl][PF6] (1),
[(h6-THA)Ru(en)Cl][PF6] (2), [(h6-DHA)Ru(en)Cl][PF6] (3) and [(h6-
benzene)Ru(en)Cl][PF6] (7) were synthesised as described previously.[1,19]


Preparation of crystalline of aqua ruthenium complexes: A solution of
AgPF6 (1.3 mol equiv) in H2O was added to a solution of [(h6-arene)-
Ru(en)Cl][PF6] (complex 1: 100 mg, 0.20 mmol; complex 2 : 49.4 mg,
0.09 mmol; or complex 3 : 61 mg, 0.12 mmol) in H2O (20 mL), giving a
yellow-orange solution and an immediate precipitate of AgCl. This mix-
ture was stirred overnight at 313 K (protected from light) and was then
filtered to remove AgCl. Evaporation of the solution to dryness gave a
dark-yellow product. This was recrystallised from water to afford a crop
of fine yellow crystals, which were then recrystallised a second time from


water at 277 K to give yellow needles suitable for X-ray structure deter-
mination.


[(h6-Bip)Ru(en)(H2O)][PF6]2 (4): 1H NMR (10% D2O/90% H2O,
500 MHz, 298 K,): d=7.800 (m, 2H), 7.618 (m, 3H), 6.116 (d, 2H), 5.991
(t, 2H), 5.844 (t, 1H), 5.967 (broad, 2H), 3.768 (broad, 2H), 2.455 (m,
2H), 2.390 ppm (m, 2H).


[(h6-THA)Ru(en)(H2O)][PF6]2 (5): 1H NMR (10% D2O/90% H2O,
500 MHz, 298 K): d=6.057 (broad, 2H), 5.863 (s, 2H), 5.808 (m, 2H),
5.729 (m, 2H), 4.045 (broad, 2H), 3.357 (q, 2H), 3.015 (q, 2H), 2.760 (s,
4H), 2.448 (m, 2H), 2.368 ppm (m. 2H).


[(h6-DHA)Ru(en)(H2O)][PF6]2 (6): 1H NMR (10% D2O/90% H2O,
500 MHz, 298 K): d=7.473 (m, 2H), 7.407 (m, 2H), 5.954 (m, 2H), 5.857
(m, 2H), 5.737 (broad, 2H), 3.98 (q, 2H), 3.864 (q, 2H), 3.654 (broad,
2H), 2.10 (m, 2H), 2.011 ppm (m, 2H).


Preparation of NMR and UV/Vis samples : For solution work, stock solu-
tions of the aqua complexes 4, 5 and 6 were prepared as follows: aliquots
of the chloro complexes 1, 2 or 3 were dissolved in methanol (1 mL) and
the Ru concentration (5±10 mm) was determined by ICP-AES. Then one
mol equiv of AgNO3 (an aliquot of a 100 or 50 mm aqueous solution) was
added and left to react for 24 h in the dark. The precipitate of AgCl was
removed by filtration and the resulting aqua complexes were used for the
determination of pKa values by UV/Vis spectroscopy. For 1D 1H NMR
experiments aliquots of the solutions were lyophilised and re-dissolved in
10% D2O/90% H2O containing 0.1m NaClO4.


Ultraviolet and visible (UV/Vis) spectrometry : A Perkin-Elmer Lambda-
16 UV/Vis recording spectrophotometer was used with 1 cm path-length
quartz cuvettes (0.5 mL) and a PTP1 Peltier temperature controller.
Spectra were processed using UVWinlab software for Windows’ 95.


High-performance liquid chromatography±electrospray ionisation mass
spectrometry (HPLC-ESI-MS): Positive-ion electrospray ionisation mass
spectra were obtained with a Platform II mass spectrometer (Micromass,
Manchester, U.K.). A Waters 2690 HPLC system was interfaced with the
mass spectrometer, using a PLRP-S reversed-phase column (250 î
4.6 mm, 100 ä, 5 mm, Polymer Labs). Mobile phase: 25% acetonitrile
(for HPLC application, Fisher Chemicals)/75% water (purified using a
Millipore Elix 5 system) containing 0.1% (for complex 1) or 0.01% (for
complexes 2 and 3) TFA as the ion-pairing reagent with a flow rate of
1.0 mLmin�1 and a splitting ratio of 1/6. The spray voltage and the cone
voltage were 3.50 kV and 20 V, respectively. The capillary temperature
was 373 K with a 450 Lh�1 flow of nitrogen drying gas. The quadrupole
analyser, operated at a background pressure of 2 î 10�5 Torr, was scan-
ned at 900 Das�1. Data were collected and analysed on a Mass Lynx (ver.
2.3) Windows NT PC data system using the Max Ent Electrospray soft-
ware algorithm and calibrated versus an NaI calibration file.


NMR spectroscopy : 1D 1H NMR spectra were acquired at a temperature
of 298 K on a Bruker DMX500 NMR spectrometer equipped with a
triple resonance (1H, 13C, 15N) z-gradient probehead, using 32 transients
into 32 k data points over a frequency width of 7 kHz and using presatu-
ration to suppress the water resonance. All NMR data were processed
using Xwin-nmr (Version 2.0, Bruker U.K. Ltd.).


Inductively coupled plasma atomic emission spectrometry (ICP-AES):
Stock solutions of ruthenium complexes 1±3 (5±10 mm) in methanol were
diluted with deionised water for Ru determination using an IRIS plasma
spectrometer (Thermo Jarrell Ash Co.) with ThermoSPEC/CID software.


pH measurements : All pH measurements were made using a Corning
240 pH meter equipped with an Aldrich micro combination electrode
calibrated with Aldrich standard buffer solutions of pH 4, 7 and 10. For
NMR samples in 10% D2O/90% H2O, no correction has been applied
for the effect of deuterium on the glass electrode.


pH titrations : a) NMR samples. NMR samples of aqua complexes 4 and
5 (5 mm), 6 (3 mm) were prepared in 10% D2O/90% H2O, and the values
of pH were adjusted with 0.01±1m NaOH or HClO4 as appropriate. A
small amount of leakage of Cl� ions from the combination electrode into
the NMR solutions occurred (reduction in intensity of peak for aqua
complex, appearance of new peak for chloro complex) but this did not
affect the shifts of the aqua/hydroxo species. b) UV/Vis samples. For the
UV/Vis titration, an aliquot (13.2 mL) of a stock solution of the aqua
complex 4 (9.09 mm) was diluted to 400 mL with 100 mm NaClO4 solution
to which 0.01±1m NaOH or HClO4 was added to give a range of pH
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values. Immediately after recording the absorption spectrum, the pH
value was determined using a glass electrode.


X-ray crystallography : Single crystal diffraction data were collected with
MoKa radiation on a Bruker SMART APEX CCD diffractometer equip-
ped with an Oxford Cryosystems low temperature device operating at
150 K. Absorption corrections were applied by using the SADABS[26]


procedure (based on an algorithm given by Blessing[27]). The structures of
4, 5A and 6 were solved by Patterson methods (DIRDIF),[28] the struc-
ture of 5B was solved by direct methods (SHELXTL).[29] Data collection
and refinement parameters are listed in Table 1. All four of the structures
exhibit either disorder or twinning. Data analyses utilised the program
PLATON.[30]


The two independent PF6
� ions in 4 are both disordered over two orien-


tations; in one case the disorder components are related by a crystallo-
graphic twofold axis. Similarity restraints were applied to chemically
equivalent PF distances and FPF angles. The ratio of Ru to PF6


� in the
unit cell of 4 is 8:12, suggesting that the oxygen atom attached to Ru can
be assigned to a 1:1 mixture of OH2 and OH. Though it is rare, there are
five crystal structures in the Cambridge Database[31] which contain termi-
nal OH attached to RuII. The average Ru�OH distance in these struc-
tures is 1.922(11) ä, with a range of 1.897±1.978 ä. A similar search for
terminal RuII±OH2 moieties (56 structures) yielded an average Ru�O dis-
tance of 2.133(5) ä with a range of 2.058±2.218 ä. Based on these data, a
disordered Ru±OH/Ru±OH2 moiety might be expected to exhibit a Ru�O
distance of about 2.02 ä. The Ru1�O1W distance in 4 is 2.090(4) ä and
rather long compared with this value, although given the rather wide
ranges spanned by the literature bond lengths and the lengths of the only
ordered Ru�OH2 bonds observed in this series (2.161(5) and 2.155(5) ä
in 6), perhaps not unreasonably so. The anisotropic displacement param-
eter of O1W also seems quite normal, and shows no elongation along the
Ru�O vector. There is thus little direct crystallographic evidence for our
proposed disorder model, except that other possible explanations for the
observed unit cell stoichiometry, such as partial occupancy of the PF6


�


sites or a mixture of Ru oxidation states, seem rather less plausible.


Similar OH/OH2 disorder is observed in the structure of 5A, which also
contains disordered PF6


� ions. There is no question of this kind of disor-
der in the crystal structure of 5B, though in this case the water molecule
is disordered over two positions in response to the positions of a disor-
dered water of crystallisation. The two Ru�O distances were restrained
to be equal.


Crystals of 6 were twinned and generally of rather poor quality. The dif-
fraction pattern was indexed by using the program GEMINI,[32] and the
twin law, a twofold rotation about a* identified with ROTAX.[33] This op-
eration can be expressed by the matrix I and reflections from the two do-
mains of the crystal were considered to be overlapped if they lay within
0.07 ä�1. The structure was refined against F using data with I>3s(I)
using the program CRYSTALS.[34] Aqua-hydrogen positions could not be
identified in Fourier maps, and were left out of the model, although it is
clear from the O¥¥¥O contact distances in the structure that a hydrogen
bonded network is formed.


CCDC-199475 (5B), CCDC-199476 (4), CCDC-199477 (6), and CCDC-
199478 (5A) contain the supplementary crystallographic data for this
paper. These data can be obtained free of charge via www.ccdc.cam.
ac.uk/conts/retrieving.html (or from the Cambridge Crystallographic
Data Centre, 12 Union Road, Cambridge CB2 1HZ, UK; Fax: (+44)
1223-336033 or deposit@ccdc.cam.ac.uk).


Kinetic analyses : a) For aquation studies, aliquots (12 mL for 1, 20 mL for
2, or 40 mL for 3) of stock solutions of the chloro complexes 1 (10 mm), 2
(10 mm) or 3 (5 mm) in methanol were diluted to 400 mL with 0.015±0.5m
aqueous NaClO4, and the absorbance at selected wavelengths was then
recorded at 20 s intervals. The absorbance/time data for each complex


were computer-fitted to the first-order rate equation [Eq. (1)], which
gave the kH2O value (k) for each aquation, where C0 and C1 are comput-
er-fitted constants, A is the absorbance corresponding to time t.


A ¼ C0 þ C1e
�kt ð1Þ


b) For the measurement of rate constants of the anation reactions, solu-
tions containing 0.3 mm 1, 0.5 mm 2 or 3, in presence of various concen-
trations of NaClO4 (0.015±0.5m) were left to equilibrate overnight. An
aliquot (392 or 390 mL) of the hydrolysis equilibrium solution was trans-
ferred into the UV cell, and the initial absorbance was recorded at the
selected wavelength. Then an aliquot of an NaCl solution (8 mL of 5, 2.5,
or 1m, or 10 mL 0.2m NaCl) was added to the above solution and the ab-
sorbance was determined at 6±20 s intervals to allow measurement of the
pseudo-first-order rate constants. Finally, the second-order rate constants
kCl of the anation reactions were calculated from the slope of plots of the
pseudo-first-order rate constants (k’Cl) versus chloride concentration
[Cl�]. All kinetic data were computer-fitted to the appropriate equation
using the programme Microcal Origin 5.0.


Measurement of equilibrium constants K : a) the equilibrium constants
Kaq for the aquation reactions were calculated from Kaq=kH2O/kCl. b) In
order to confirm the precision of the equilibrium constants obtained
from the kinetic data, the equilibrium constants Kan (= [Ru(Cl)]/
[Ru(H2O)][Cl�], where [Ru(H2O)] and [Ru(Cl)] represent the concentra-
tion of aqua and chloro complexes, respectively) for the anation reactions
of complexes 4±6 in 100 mm NaClO4 at 298 K were determined by spec-
trophotometric titration. The absorbance at equilibrium (A) is related to
Kan by Equation (2), where, A0 and A¥ refer to the absorbance of the
aqua complex [(h6-arene)Ru(en)(H2O)][PF6]2 (in the absence of Cl�) and
the chloro complex (formed from the aqua complex in the presence of
0.1m NaCl), respectively.[16]


A ¼ ðA0 þA1Kan½Cl�Þ=ð1þK½Cl�Þ ð2Þ


Additions of NaCl were made giving chloride concentrations of 5±50 mm


and the value of Kan was obtained by a computer fit to equation 2. The
respective aquation equilibrium constants Kaq were calculated from the
equation Kaq=1/Kan, where Kan is the equilibrium constant corresponding
to a chloride concentration which is the same as that of the initial aqua
complexes.
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(9Z)- and (11Z)-8-Methylretinals for Artificial Visual Pigment Studies:
Stereoselective Synthesis, Structure, and Binding Models


Rosana Alvarez,[a] Marta DomÌnguez,[a] Yolanda Pazos,[b] Fredy Sussman,[b] and
Angel R. de Lera*[a]


Introduction


The light-sensitive visual rhodopsin (Rhs) pigments are
members of the G-protein coupled receptor (GPCR) super-
family, which also consists of proteins sensitive to cell stimu-
li as diverse as calcium ions, neurotransmitters, hormones,
and even other proteins.[1] Common to this large family of
receptors is a protein backbone architecture of seven a-heli-


ces, which span the lipid bilayer of the receptor cell mem-
brane. In contrast to other GPCR subfamilies, the ligand in
Rhs is covalently attached to the protein as an inverse ago-
nist. In the binding pocket of bovine Rhs (a 40 kDa protein
with 348 aminoacids) the light-sensitive chromophore 11-cis-
retinal 1 (Figure 1) is attached to Lys296 in helix VII
through a protonated Schiff base, while Glu113 in helix III
acts as a counterion.[2] Upon light absorption, the 11-cis
bond of the protonated Schiff base photoisomerizes to the
trans geometry; this is one of the fastest (less than 200 fs)[3]


and most efficient (quantum yield of 0.67) chemical reac-
tions known. As a result, the cyclohexenyl ring and several
of the polyene sidechain substituents are displaced to other
regions within the binding pocket. These perturbations are
linked to the protein structure alterations (such as displace-
ment of helices and reorganization of citoplasmic loops), the
Schiff base deprotonation (with concomitant proton uptake
by Glu134), and detachment of trans-retinal 2 (Figure 1)
from the apoprotein.[4,5] The isolation of intermediates,
which were spectrometrically detected at low temperature,
and their carefully monitored interconversion provides evi-
dence for these changes.[2] The Meta II intermediate, which
contains a deprotonated trans-retinal Schiff base, is the
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Abstract: Artificial visual pigment for-
mation was studied by using 8-methyl-
substituted retinals in an effort to un-
derstand the effect that alkyl substitu-
tion of the chromophore side chain has
on the visual cycle. The stereoselective
synthesis of the 9-cis and 11-cis isomers
of 8-methylretinal, as well as the 5-de-
methylated analogues is also described.
The key bond formations consist of a
thallium-accelerated Suzuki cross-cou-
pling reaction between cyclohexenyl-
boronic acids and dienyliodides (C6�
C7), and a highly stereocontrolled
Horner±Wadsworth±Emmons or Wittig
condensation (C11�C12). The cyclo-


hexenylboronic acid was prepared by
trapping the precursor cyclohexenyl-
lithium species with B(OiPr)3 or
B(OMe)3. The cyclohexenyllithium
species is itself obtained by nBuLi-in-
duced elimination of a trisylhydrazone
(Shapiro reaction), or depending upon
the steric hindrance of the ring, by
iodine±metal exchange. In binding ex-
periments with the apoprotein opsin,
only 9-cis-5-demethyl-8-methylretinal


yielded an artificial pigment; 9-cis-8-
methylretinal simply provided residual
binding, while evidence of artificial pig-
ment formation was not found for the
11-cis analogues. Molecular-mechanics-
based docking simulations with the
crystal structure of rhodopsin have al-
lowed us to rationalize the lack of
binding displayed by the 11-cis ana-
logues. Our results indicate that these
isomers are highly strained, especially
when bound, due to steric clashes with
the receptor, and that these interac-
tions are undoubtedly alleviated when
9-cis-5-demethyl-8-methylretinal binds
opsin.


Keywords: cross-coupling ¥ docking
models ¥ membrane proteins ¥
receptors
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active state of Rhs that interacts with a heterotrimeric G-
protein, transducin, through the extracellular loops that con-
nect the seven transmembrane helices. The protein±protein
interaction then triggers a biochemical cascade which leads
to neural signals that provide the sensation of vision.[2,4,5]


Advances in protein extraction protocols have facilitated
the growth of Rhs crystals suitable for X-ray analysis. Al-
though the ground-state (inactive) structure of Rhs[6a] re-
veals detailed information about the chromophore±opsin in-
teraction, the resolution (2.8 ä) is still insufficient for the
11-cis-retinal conformation to be unambiguously assigned.[6]


In particular, some discrepancies of the C6�C7 bond[7] have
been noted with respect to the values reported for the 6-s-
cis (by X-ray diffraction)[6a] or 6-s-trans conformer (by solid-
state deuterium NMR spectroscopy using a labeled chromo-
phore).[8] Therefore, the use of synthetic retinals[9] that have
structural modifications in the cyclohexenyl ring or in the
adjacent side chain might help clarify the role that confor-
mational changes of the chromophore play in the visual
cycle.[10] Interestingly, recent results suggest that the 6-s-cis
to 6-s-trans transition, which occurs by a ring flip following
the 11-cis to trans photoisomerization, is involved in the ac-
tivation step of the visual process.[11±13] Indeed, the X-ray
structure of Rhs shows C5�CH3 and C8�H to be in close
proximity.[6] We reasoned that by substituting the native hy-
drogen atom at C8 with a
methyl group (8-methylretinal),
steric interactions of greater se-
verity would occur between
C8�CH3 and C5�CH3, and that
this might lead to changes in
the C6�C7 conformation.[14]


Furthermore, it was considered
that positional exchange of C5�
CH3 and C8�H (5-demethyl-8-
methylretinal) might result in a
small shift of steric bulk within
the chromophore,[6] and would
afford a derivative with an
opsin-bound conformation
close to that of the native chro-
mophore.


Since both 11-cis-retinal 1
and 9-cis-retinal 3 are known to


form visual pigments (rhodop-
sin and isorhodopsin, respec-
tively),[15] we herein describe
the stereoselective synthesis of
each of these isomers of 8-
methylretinal and 5-demethyl-
8-methylretinal (compounds 4±
7, Figure 1). Opsin-binding
studies have revealed the pres-
ence of polyene distortions, es-
pecially in the 11-cis derivatives
4 and 5, which fail to bind the
apoprotein. These are a result
of the structural perturbation
introduced by the methyl group


at C8. Structural and molecular mechanic docking simulation
studies of the apoprotein±ligand interaction based on the
crystal structure of rhodopsin are also presented. The bind-
ing rankings of compounds 4 and 5 were calculated relative
to 1, and thus allowed us to put forth a rationale for the
binding experiment results observed for the 11-cis- and 9-
cis-retinal analogues. Our results indicate that the 11-cis de-
rivatives do not bind because of the strain induced in these
molecules from steric clashes between the putative ligands
and the Trp265 residue, which is located in the binding
pocket of the receptor. Therefore, the superior binding be-
havior of one of the 9-cis-retinal analogues (compound 7)
arises because of the smaller strain energy it encounters
when bound.


Results and Discussion


Synthesis : Our previously described protocol for the prepa-
ration of 9-cis-retinoic acid was considered to be the most
convenient approach to the desired analogues.[16] This
straightforward stereocontrolled synthesis involves the con-
struction of the C6�C7 bond by convergent Suzuki cou-
pling[17] of a cyclohexenylboronic acid 8 and a stereodefined
w-iodotetraenyl ester 9 (path A, Scheme 1).


Figure 1. 9-cis- and 11-cis-Retinal analogues with a methyl substituent at C8 of the parent retinal isomer.


Scheme 1. Retrosynthesis of compounds 4±7.
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The appropriate choice of isomer of the commercially
available 3-methylpent-4-yn-1-ol [(E)-11 or (Z)-11] starting
material should control the C9�C10 geometry of the retinal.
Functionalization of these enynols by methylalumination±io-
dination,[18] which proceeds by syn-addition, should afford
(E)-10 or (Z)-10, and would provide the C7�C8 trans geom-
etry required in the desired analogues 4±7. Moreover, ster-
eoselective Wittig or related condensations can be utilized
to attach the terminal five-carbon fragment of the polyenic
side chain, and thus, depending upon the order of steps in
the sequence, set the C11�C12 configuration in either 4±7
(path B) or 9 (path A).


The attempted stereocontrolled route to w-iodotetraenyl-
ester (Z)-9 is shown in Scheme 2. Zirconium-promoted
methylalumination[18] of cis-enynol (Z)-11 and subsequent
treatment of the resultant dimethylalkenylallane intermedi-


ate with iodine in THF at �40 8C afforded iododienol (Z)-10
(52% yield). Owing to its degradation after rapid valence
isomerization to the a-pyran,[19] aldehyde (Z)-13, which was
obtained by MnO2 oxidation of (Z)-10 in the presence of
K2CO3,


[20] was used immediately without purification. Hor-
ner±Wadsworth±Emmons (HWE) condensation of (Z)-13
with the anion derived from phosphonate 14 in the presence
of DMPU[21] provided tetraenyliodide 9. The C4�C5 bond
formation was highly trans stereoselective, but the 1H NMR
spectrum of 9 displayed signals for both geometric isomers
at the C8�C9 bond (1:2 ratio) (Scheme 2); this resulted
from the reversible valence isomerization indicated above.
Although reports describing the successful carboalumination
of polyene±ynes[18,22] exist, iodide (Z)-9 could not be ob-
tained from (Z)-16 (itself prepared as indicated in Scheme 2
by HWE condensation of enynal (Z)-15,[23] and the phos-
phonate anion obtained from 14) by this procedure. These
and related observations highlight the instability of w-iodo-
tetraenyl esters, which should be able to be prepared from
the corresponding tetraenylstannanes by tin±iodine ex-


change prior to their subsequent cross-coupling with organo-
metallic reagents.[16]


With the shorter iododienols (Z)-10 and (E)-10 in hand,
attention was directed to the sequence indicated in path B
of Scheme 1. Here, the Suzuki reaction to afford (Z)-12 and
(E)-12 precedes the condensation step (C11�C12 bond in
retinoid numbering) that completes the polyenic side
chain.[16] Cyclohexenylboronic acids such as 8 are routinely
acquired from the corresponding organolithium species by a
lithium±boron exchange process. The desired alkenyllithium
compound can be obtained in two ways from commercially
available ketones; the choice depends on the steric hin-
drance of the precursor carbonyl group. Since the Shapiro
reaction of unhindered cyclohexanone hydrazones is
known,[24] trienols (Z)-12a and (E)-12a were prepared in
this manner, as shown in Scheme 3. 2,2-Dimethylcyclohexa-


none trisylhydrazone 17[25] was treated with nBuLi, and the
resultant alkenyllithium species was trapped with B(OiPr)3


to afford boronate 8a. Sequential addition of [Pd(PPh3)4],
iodide (Z)-10 or (E)-10, and a 10% aqueous TlOH solu-
tion[26] provided, after stirring for 4 h at 25 8C, alcohols (Z)-
12a or (E)-12a in 60 and 98% combined yields, respectively
(Scheme 3).


Synthesis of the 8-methylretinal analogues illustrates the
alternative method available for the generation of the alke-
nyllithium precursor.[25] The halogen±lithium exchange reac-
tion is suitable for hydrazones that are derived from hin-
dered ketones in which deprotonation of the Ca tertiary
carbon with nBuLi, as in the Shapiro reaction, is inefficient.
Oxidation of the hydrazone derived from 2,2,6-trimethylcy-
clohexanone with iodine using Barton×s procedure[27]


(Scheme 3) afforded the cycloalkenylboronic acid 8b[25] pre-


Scheme 3. a) i) nBuLi, THF, �78 8C; ii) B(OiPr)3, 0 8C; iii) [Pd(PPh3)4],
iodide (Z)-10 or (E)-10, 10% aq. TlOH [(Z)-12a, 60%; (E)-12a, 98%];
b) i) tBuLi, THF, �78 8C; ii) B(OMe)3, 0 8C; iii) H2O (77%);
c) [Pd(PPh3)4], iodide (Z)-10 or (E)-10, 10% aq. TlOH [(Z)-12b, 60%;
(E)-12b, 65%].


Scheme 2. a) i) [ZrCp2Cl2], Me3Al, CH2Cl2, 25 8C; ii) I2, THF, �50 8C
[(Z)-10, 52%; (E)-10, 60%]; b) MnO2, K2CO3, CH2Cl2, 25 8C, 1.5 h [(Z)-
15, 84%]; c) phosphonate 14, nBuLi, DMPU, THF, �78!�35 8C (9,
75%; (Z)-16, 61%).
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cursor, cycloalkenyliodide 18 (77% yield). Compound 8b
was immediately coupled to iodide (Z)-10 or its geometric
isomer in the same manner as that described for the de-
methylated analogues (Scheme 3) to afford, after stirring for
8 h, trienols (Z)-12b and (E)-12b in 60 and 65% yield, re-
spectively.


It was envisaged that the geometry of the C11�C12
double bond, which is required to complete the polyene side
chain, could be controlled by the use of stereoselective var-
iations of the Wittig and HWE reactions. Trienols (Z)-12a
and (Z)-12b were oxidized with catalytic quantities of tetra-
n-propylammonium perruthenate (TPAP) in CH2Cl2 in the
presence of N-methylmorpholine N-oxide (NMO) as co-oxi-
dant (Scheme 4).[28] The resultant aldehydes (Z)-19a and
(Z)-19b were then treated with the anion of phosphonate 14


as indicated[21] to afford the (11E)-pentaenyl esters (Z)-20a
and (Z)-20b in high yields. Subsequent functional-group ma-
nipulation, which included a DIBAL-H reduction and MnO2


oxidation, afforded the desired retinals 6 and 7.
For the stereoselective preparation of the (11Z)-reti-


noids, we turned our attention to the procedure described
by Kobayashi;[29] this uses the (E)-oxidoallylic phosphorane
reagent derived from phosphonium salt 22 (Scheme 5). Al-
though this (Z)-selective Wittig condensation is rarely used,
we found it to be a potentially useful and reliable method
when a freshly opened bottle of KHMDS was used. Treat-


ment of aldehydes (E)-21a and (E)-21b at �78 8C with the
phosphorane derived from 22 provided the unstable 11-cis-
retinols. These were immediately oxidized under basic
MnO2 conditions to afford retinals 4 and 5 in 60 and 51%
combined yields, respectively, after purification by HPLC
(Scheme 5). Examination of the peak intensities in the
HPLC trace allowed the Z/E stereoselectivity for the Wittig
reaction to be estimated at a remarkable 20±22:1 ratio.


Structural studies : It was anticipated that the increase in
steric bulk at C8 relative to the native retinal would alter
the conformation of the bonds that are proximal to the hy-
drophobic ring, particularly for the 8-methyl retinal isomers
4 and 6. On the other hand, we considered that exchange of
the C5 and C8 substituents in the 5-demethyl-8-methylreti-
nal isomers 5 and 7 would mimic the steric interactions pres-
ent in the same region of the parent retinal (Figure 1). Dis-
tortions as a result of the C8 methyl substituent in the reti-
nal polyene conformation are supported by spectroscopic
and molecular mechanic studies. For example, broad signals
for the C1�(CH3)2 groups appeared in the room tempera-
ture 1H NMR spectra of 6, as well as in the simpler systems
(E)-12b and (E)-21b ; this indicates a low-exchange regime.
When a solution of 6 in [D8]toluene was cooled to �35 8C,
individual methyl resonance signals were observed, and a
dynamic NMR study revealed that these signals coalesced at
�15 8C. From these experiments, the free energy of activa-
tion (DG�) at the coalescence temperature was estimated to
be about 14.2�0.5 kcalmol�1.[30] For the shorter trienal
model (E)-21b, coalescence occurs at room temperature,
while at �20 8C, the two C1 methyl groups appear as sharp
singlets (DG� is about 14.9�0.5 kcalmol�1). In principle,
the barrier to interconversion could be ascribed either to cy-
clohexene ring inversion or to C6�C7 bond rotation. The
retinal cyclohexene has a half-chair conformation,[31] but
there are indications that a dynamic process occurs even in
the solid state, in which ring inversion through a cyclohex-
ene boat-form transition state with an energy barrier of
about 6.3 kcalmol�1 interconverts these half-chair conforma-
tions. The conformation of the C6�C7 bond has been found
to be close to s-cis (i.e. , in the crystal structure of 11-cis-reti-
nal).[32±34] Ab initio studies have also addressed the confor-
mational equilibria of retinal models derived from b-
ionone.[35] In the latter, diastereomeric minima were found
in which the C6�C7 s-cis conformation exhibited dihedral
angles of 60.7 and �64.98, and barrier heights of about
5 kcalmol�1 were estimated for bond rotation about the C6�
C7 bond.


The retinal derivatives (4 and 6) synthesized in this
study contain an additional methyl group at C8. It is reason-
able to assume that this sterically-demanding methyl group
has less influence on the cyclohexene ring inversion (i.e., se-
quential movement of C2 and C3 through the plane of the
double bond) than on the rotation of the ring sidechain
bond, as in the latter there is a severe steric interaction with
the C5�CH3 group. Inspection of Dreiding molecular
models clearly shows that upon rotation about the C6�C7
bond, steric clashes occur between C8�CH3 and C5�CH3 on
one side, and C8�CH3 and C1�CH3 on the other side.


Scheme 4. a) TPAP, NMO, 4 ä MS, CH2Cl2, 25 8C [(Z)-19a, 77%; (Z)-
19b, 91%]; b) i) hosphonate 14, nBuLi, DMPU, THF, 0 8C; ii) aldehyde
(Z)-19a or (Z)-19b, �78!�40 8C [(Z)-20a, 95%; (Z)-20b, 94%];
c) i) DIBAL-H, THF, �78 8C; ii) MnO2, Na2CO3, CH2Cl2, 25 8C (7, 79%;
6, 90%).


Scheme 5. a) TPAP, NMO, 4 ä MS, CH2Cl2, 25 8C [(E)-21a, 92%; (E)-
21b, 67%]; b) i) phosphonium salt 22, KHMDS, THF, �78!25 8C; ii) al-
dehyde (E)-21a or (E)-21b, THF, �78!25 8C; c) MnO2, Na2CO3,
CH2Cl2, 25 8C (5, 51%; 4, 60%).
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Therefore, we consider that the dynamic process observed
by 1H NMR spectroscopy corresponds to interconversion of
the most stable conformers. Since the energy barrier is con-
siderably higher than that calculated for the model
system,[36] we computed the energy profile that corresponds
to the C6�C7 bond rotation of compound 6 by using molec-
ular mechanic calculations on a CHARMM force field (see
Experimental Section).[37] Two energy minima, which
showed a high departure from planarity, were found at �40
and 1208. The barrier for interconversion was calculated to
be 13.8 kcalmol�1; this value is similar to that found for the
experimental free energy of activation at the coalescence
temperature discussed above.


To further document the existence of steric clashes in
the C8�CH3±C11�H region, nOe difference spectra were re-
corded. The nuclear Overhauser effect study for 9-cis-reti-
nals 6 and 7 in CD3OD solution at ambient temperature re-
veals a highly distorted polyene, in particular, around the
C6�C7 and C8�C9 bonds. The most relevant data are de-
picted in Figure 2. The through-space interactions of C8�


CH3 with C11�H, and C9�CH3 with C7�H are negligible
(less than 1% nOe); this indicates that the C8�C9 bond of
the unbound chromophore has a twisted conformation.
Through-space interaction is not apparent between C8�CH3


and the ring methyl substituents, as is expected in a predom-
inantly twisted conformation.


The UV spectra of analogues 6 and 7 (listed in Table 1)
also suggest that the C8 methyl group causes a loss of pla-
narity since the absorption maxima displays a 30 nm blue-
shift with respect to 9-cis-retinal 3. The 11-cis-analogues, 4
and 5, show a moderate shift of around 10 nm relative to
the parent system 1. Therefore, we surmised that the hypso-
chromic shift in 6 and 7 origi-
nates from the C8�CH3¥¥¥C11�
H steric interaction, and that
this is lessened in the C8�
CH3¥¥¥C10�H region of the 11-
cis-retinal analogues. Taken to-
gether, the spectroscopic data
for the 8-methylretinal series 4±
7 indicates that the ring-chain
steric crowding is somehow al-
leviated by both a twist of the
adjacent C8�C9 single bond
and by the simultaneous reten-


tion of a partial conjugative interaction of all the polyene
double bonds.


Protein binding–molecular modelling studies : Preliminary
opsin-binding experiments revealed that the added steric
bulk at C8 in compounds 4 and 5 with respect to native 11-
cis-retinal 1 was detrimental to apoprotein binding, since
pigment formation was not detected for 4, while the yield
for 5 was very low (~5%); this discouraged further stud-
ies.[39] At first it was speculated that the added steric bulk at
C8 had induced a conformational change around the C6�C7
bond, particularly in the more substituted derivative 4, and
that this had prevented its entry into the binding pocket.
However, a conformational search of 4 and 5 using molecu-
lar mechanic calculations (see Figure 3 below) revealed that
the polyene side chain is folded in a manner similar to that
adopted in the crystal structure of free and opsin-bound 11-
cis-retinal.[6,32] As expected, the absorption spectra of ana-
logues 4 and 5 (Table 1) do not significantly differ from that
of 1; a small blue-shift (around 12 nm) is observed for the
more substituted 4. Therefore, on the assumption that the
conjugated polyene structure is close to that of 1, the reti-
nals 4 and 5 fail to form pigments because of enhanced
ligand±protein steric interactions. Given the recent availabil-
ity of a rhodopsin crystal structure,[6] we performed molecu-
lar modelling calculations on the free and bound ligand (see
Experimental Section), and attempted to find a rationale for
the results based on energy criteria.


The energy difference for Schiff base formation with
opsin between the cognate retinal and its analogues can
be calculated and analyzed by using the thermodynamic
cycle shown in Scheme 6,[40] in which Op�+NH3 is the opsin
molecule, R1�CHO and R4�CHO/R5�CHO are the cognate
11-cis-retinal 1 and analogues 4 and 5, respectively, and


Figure 2. Relevant through-space interactions (nOe difference values) for
compounds 6 and 7.


Table 1. Absorption maxima of the parent retinal isomers and their ana-
logues.


Retinal Absorption maxima [nm] Retinal Absorption maxima [nm]


1[a] 365[b] , 380[d] 5 371[c]


3[a] 363[b] , 373[d] 6 342[c] , 344[d]


2[a] 368[c] , 383[d] 7 345[c] , 343[d]


4 368[c]


[a] Taken from ref. [38]. [b] In hexane. [c] In methanol. [d] In ethanol.


Scheme 6. Thermodynamic cycle for analysis of the energy difference for Schiff base formation with opsin be-
tween the cognate retinal and its analogues.
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Rho�+NH=CHR are the native and artificial rhodopsins,
that is, the putative Schiff base adducts. DG1 and DG2 are
the reaction energies for Schiff base formation, DG3 is the
energy when the Schiff base adduct of 11-cis-retinal 1 trans-
forms into the Schiff base adducts of analogues 4 and 5, and
DG4 gives the energy difference between native retinal and
an analogue in the unbound state.


The closure property of this cycle yields the differential
binding energy between any two ligands [Eq. (1)]:


DDGbin ¼ DG2�DG1 ¼ DG3�DG4 ð1Þ


In other words, as Karplus has pointed out,[40a] the bind-
ing free-energy change can be calculated either from the
™alchemical∫ vertical legs or from the ™chemical∫ horizontal
legs of the thermodynamic cycle.


The ranking binding free-energy function is made up of
an internal energy [DDGbin(int)] term, which can be calculat-
ed by molecular mechanics, and a solvation term [DDGbin(-
solv)]. Entropy contributions have been neglected, because
we expect that the analogue modification would have negli-
gible effects. Hence, the binding ranking can be written as a
sum of two terms [Eq. (2)]:


DDGbin ¼ DDGbinðintÞ þ DDGbinðsolvÞ ð2Þ


The solvation term contains a polar component, which
penalizes the desolvation of polar groups, as well as a term
for hydrophobic desolvation, which favors binding.[41] The li-
gands studied here are highly apolar. Hence, we have ap-
proximated the desolvation energy in a hydrophobic term
that is directly proportional (the proportionality constant
has been suggested by Sharp et al.[42]) to the solvent accessi-
bility.


Table 2 lists the differential binding energy values for an-
alogues 4, 5, and native 11-cis-retinal 1, as given by Equa-
tions (1) and (2). As seen from Table 2, the internal energy
differences for the rhodopsin adducts (DG3) in the thermo-


dynamic cycle are positive for both 11-cis-retinal analogues;
this indicates that the Schiff base formation will be adverse-
ly effected when the cognate 11-cis-retinal 1 is replaced with
analogues 4 or 5. The general trend in DG3(int) did not
change when interactions were restricted only to those resi-
dues that were used in the energy minimization (10 ä), or
when the whole molecule was taken into consideration for


our calculations (see values in parenthesis, Table 2). The
values for DG4 are rather small relative to DG3. As a result,
they do not affect the outcome, that is, the condensation re-
action of analogues 4 and 5 is highly unfavorable in compar-
ison to Schiff base formation with 11-cis-retinal.


The rationale behind the preferential binding can be
found by analyzing the internal energy of the bound ligands.
Table 3 lists the internal energy differences for the opsin-


bound analogues (4 and 5) relative to the native ligand. This
quantity contributes to DDGbin(int) [see Eq. (2)], and corre-
sponds to the change in strain energy between the native
ligand and its analogues when bound. As can be seen, when
the Schiff bases are formed the internal energy of the ana-
logues is much greater than that of 11-cis-retinal; this indi-
cates that the binding of these analogues is burdened by a
higher amount of strain than the original ligand. To estimate
the direct effect the additional methyl group has on the
strain energy of the molecule, we evaluated the strain ener-
gies of the unoptimized bound retinal analogue structure
without the C8 methyl group. The difference in strain
energy with respect to the native ligand was still found to be
large. This indicates that the strain resides not only around
the modified region (at the C8 position), but is also trans-
mitted to the rest of the molecule, such as the ring moiety
and the polyenic system. To visualize the distortions induced
by binding we have superimposed the resultant models for
the free and bound structures for every analogue. The re-
sults are displayed in Figure 3A±C and allow the extent of
the distortion that the ligands undergo upon binding to be
compared. In agreement with the energy results, the smallest
changes in ligand conformation upon binding arise in the
native ligand 11-cis-retinal 1. The largest changes brought
about by binding can be found in the ring conformation and
in the orientation of the methyl groups attached to the poly-
enic system of analogues 4 and 5, both of which are critical
structural determinants for efficient binding.[6,8]


The strain energy difference is considerably smaller for
the unbound analogues (see Tables 2 and 3). Hence, our re-
sults indicate that 4 and 5 fail to form artificial visual pig-
ments because of the strain they experience upon being
bound to the apoprotein opsin. The source of this strain can
be explained upon inspection of the unoptimized artificial
rhodopsin models. Figure 3D shows a close up of the bind-
ing region for the structure on which the rhodopsin adducts
were modeled, and includes the bound analogue 4 and resi-
due Trp265, which is the closest fragment to the additional
methyl group. As can be seen, the additional methyl group
is located well below van der Waals contact distances from
the methyl group located off the ligand ring, as well as from
the indole ring of residue Trp265. Structure optimization of


Table 2. Differential binding free energies for the schiff base formation
of ligands 4 and 5 with opsin relative to 1.


Energy difference[a] 4 5


DG3(int)[b] 110.2 (53.0)[d] 118.3 (51.3)
DG4(int) 3.0 �3.3
DDGbind(int) 107.2 (50.0) 121.6 (54.6)
DDGbind(solv)[c] �1.3 �2.0
DDGbind 105.9 (48.7) 119.6 (52.6)


[a] Energies in Kcalmol�1. [b] The first two rows list the difference in the
internal energy component for the terms indicated in Equation (1).
[c] Differential in solvation energy. [d] The numbers in parenthesis were
obtained taking the full molecule into account.


Table 3. Differences in internal energy between 11-cis-retinal and its ana-
logues [Kcalmol�1]


4 5


including Me group (bound) 52.5 55.6
excluding Me group (bound) 29.6 27.4
unbound 3.0 �3.3
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4 and 5 may relieve the steric clashes that preclude them
from binding by substantially increasing the internal strain
energy of these analogues.


Interestingly, when analogue 7, in which the C8�H and
C5�CH3 groups from the parent 9-cis-retinal 3 have been
exchanged, was incubated with apoprotein, the artificial pig-
ment 5-demethyl-8-methylisorhodopsin was formed, albeit
only in 20% relative yield with respect to the native 9-cis-
retinal. The pigment showed roughly similar UV maxima
(525 nm) to that displayed by native isorhodopsin; this indi-
cates that the structural changes were adequately compen-
sated by the protein binding-pocket flexibility. The proper-
ties of the pigment so generated have been described else-
where.[39]


Since a crystal structure is not yet available for isorho-
dopsin, we can only hypothesize that the bound conforma-
tion of compound 7 has reduced steric clashes with the re-
ceptor, and is therefore, not highly strained.


Since only residual pigment formation was detected
upon incubating 6 with opsin, the additional methyl group
probably causes a greater alteration of the chromophore
structure, which in turn makes it unable to fit in the binding
pocket.


In summary, an additional methyl substituent at the C8
sidechain position abrogates the ability of the retinal to bind
to the apoprotein opsin. Molecular modeling studies indi-
cate that the strain penalty energy that analogues 4 and 5
must incur upon binding precludes them from forming a
stable artificial pigment. If the structural perturbation is
compensated by removal of the C5 methyl group, the 9-cis


isomer 7, but not the 11-cis
isomer 6, forms the corre-
sponding artificial visual pig-
ment, albeit in low yield.


Experimental Section


General : All reactions were carried
out under an atmosphere of argon,
and those that did not involve aque-
ous reagents were carried out in
oven-dried glassware. Tetrahydro-
furan (THF) was distilled over
sodium benzophenone ketyl, and di-
chloromethane was distilled over
calcium hydride. Flash column chro-
matography was carried out under
pressure using Merck Kieselgel 60
(230±400 mesh). High-performance
liquid chromatography was per-
formed on a Waters machine with a
dual-wave detector (254 and
390 nm). Analytical thin-layer chro-
matography (TLC) was performed
on aluminum plates with Merck
Kieselgel 60 F254, and were visual-
ised by UV irradiation (254 nm) or
by staining with a solution of phos-
phomolybdic acid. UV/Vis spectra
were recorded on a HP5989A spec-
trophotometer. Infrared spectra of
thin films deposited onto NaCl glass


were obtained on a MIDAC Prospect FTIR spectrophotometer. Electron
ionization mass spectra were obtained on a Hewlett-Packard HP59970 in-
strument operating at 70 eV. High-resolution mass spectra (HRMS) were
taken on a VG Autospec instrument. 1H NMR spectra were recorded in
CDCl3 or C6D6 at ambient temperature on a Bruker AMX-400 spectrom-
eter at 400 MHz using residual protic solvent as the internal reference
(CHCl3, dH=7.23; C6D6, dH=7.26); chemical shifts (d) are given in ppm,
and coupling constants (J) are given in Hz. The 1H NMR spectra are re-
ported as follows: d (multiplicity, coupling constant J, number of protons;
assignment). 13C NMR spectra were recorded in CDCl3 at ambient tem-
perature on the same spectrometer at 100 MHz using the central peak of
CHCl3 (d=77.0) or C6H6 (d=128.0) as the internal reference. DEPT135
spectra aided the assignment of signals in the 13C NMR spectra; differ-
ence nOe experiments were also performed in a number of cases.


General procedure for methylalumination±iodination


(2Z,4E)-3,4-Dimethyl-5-iodopenta-2,4-dien-1-ol ((Z)-10): Trimethylalu-
minum (3.1 mL, 31.26 mmol) and (Z)-11 (1.0 g, 10.42 mmol) were added
to a cooled (0 8C) suspension of [ZrCp2Cl2] (3.03 g, 10.42 mmol) in
CH2Cl2 (20 mL). After stirring for 12 h, the mixture was cooled (�50 8C),
and a solution of iodine (7.93 g, 31.26 mmol) in THF (27 mL) was added.
The reaction was carefully poured over THF/H2O (50:50, v/v) and was
then extracted with Et2O (3î). The combined organic layers were
washed with saturated Na2S2O3 solution (3î) and H2O (3î), dried over
Na2SO4, and the solvent was removed. The residue was purified by
column chromatography (silica gel, 80:20 hexane/EtOAc) to afford a
yellow oil (1.29 g, 52%). 1H NMR (400.13 MHz, CDCl3, 25 8C, TMS): d=
1.54 (s, 3H; CH3), 1.74 (d, J(H,H)=1.2 Hz, 3H; CH3), 3.90 (d, J(H,H)=
6.8 Hz, 2H; CH2), 5.30 (t, J(H,H)=6.8 Hz, 1H; CH), 5.91 ppm (q,
J(H,H)=1.2 Hz, 1H; CH); 13C NMR (100.62 MHz, CDCl3): d=22.1 (q),
23.3 (q), 59.7 (t), 78.9 (d), 127.4 (d), 140.0 (s), 147.3 ppm (s); IR (NaCl):
ñ=3600±3100, 2966, 2917, 2872, 1595, 1437, 1252, 998 cm�1; MS: m/z
(%): 221 (18) [M+�17], 189 (3), 173 (6), 149 (12), 127 (7), 111 (20), 94
(100), 79 (64), 77 (28); HMRS m/z : calcd for C7H11O: 111.0810; found:
111.0809 [M+�I].


(2E,4E)-3,4-Dimethyl-5-iodopenta-2,4-dien-1-ol ((E)-10): (E)-11 (0.5 g,
5.21 mmol) was treated with [ZrCp2Cl2] (1.51 g, 5.21 mmol), Me3Al


Figure 3. A±C) Modeled structure of the 11-cis-retinals (1, 4, and 5) as they form a Schiff base with Lys296
(magenta) in rhodopsin; this has been superimposed over the modelled free ligands (coloured by their atom
types). For clarity, hydrogens have been left out of the displayed structures. The upper left (A), upper right
(B), and lower left (C) panels correspond to native 11-cis-retinal 1 and its analogues 4 and 5, respectively. D)
The lower right panel depicts a close up of the unoptimized rhodopsin complex binding site in the presence of
analogue 4. The retinal adduct and the closest residue (Trp265) to the additional methyl substituent are includ-
ed.
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(1.6 mL, 15.6 mmol), and iodine (3.96 g, 15.6 mmol) following the general
procedure for methylalumination±iodination to give, after purification by
column chromatography (silica gel, 80:20 hexane/EtOAc), a yellow oil
(0.74 g, 60%). 1H NMR (400.13 MHz, CDCl3): d=1.83 (s, 3H; CH3),
2.05 (d, J(H,H)=0.8 Hz, 3H; CH3), 4.27 (d, J(H,H)=6.4 Hz, 2H; CH2),
5.81 (dd, J(H,H)=6.4, 0.8 Hz, 1H; CH), 6.42 ppm (s, 1H; CH); 13C
NMR (100.62 MHz, (CD3)2CO): d=14.6 (q), 22.8 (q), 59.8 (t), 80.1 (d),
130.6 (d), 135.7 (s), 148.8 ppm (s); IR (NaCl): ñ=3500±3200, 2923, 2864,
1570, 1442, 1376, 1003 cm�1; MS: m/z (%): 238 (36) [M+], 236 (7),
219 (13), 149 (22), 148 (17), 131 (42), 119 (25), 111 (63), 94 (31), 93 (33),
78 (28), 69 (100); HMRS m/z : calcd for C7H11IO: 237.9855; found:
237.9849.


General procedure for Shapiro±Suzuki cross coupling


(2Z,4E)-5-(6,6-Dimethylcyclohex-1-en-1-yl)-3,4-dimethylpenta-2,4-dien-1-
ol ((Z)-12a): A cooled (�78 8C) solution of 17[25] (0.87 g, 2.14 mmol) in
THF (6 mL) was treated with nBuLi (2.6 mL, 2.47m in hexane,
6.43 mmol). After stirring for 30 min, B(OiPr)3 (0.98 mL, 4.250 mmol)
was added, and the temperature was raised to 0 8C. The mixture was stir-
red for 1 h at 0 8C and for 10 min at 25 8C. The solution was then added,
by cannula, to a separate flask that contained a solution of [Pd(PPh3)4]
(0.2 g, 0.17 mmol) and (Z)-10 (0.41 g, 1.70 mmol) in THF (4 mL). After
addition of a 10% aqueous TlOH solution (14.7 mL, 6.57 mmol), the
mixture was stirred for 4 h at 25 8C. The reaction mixture was diluted
with Et2O (8 mL) and was then washed with aqueous NaHCO3 (3î).
The organic layer was dried over Na2SO4 and the solvent was evaporated.
The residue was purified by column chromatography (silica gel, 80:15:2
hexane/EtOAc/Et3N) to afford a yellow oil (0.22 g, 60%). 1H NMR
(250.13 MHz, CDCl3): d=0.99 (s, 3H; CH3), 1.00 (s, 3H; CH3), 1.40±1.70
(m, 4H; 2CH2), 1.76 (d, J(H,H)=1.4 Hz, 3H; CH3), 1.83 (d, J(H,H)=
1.1 Hz, 3H; CH3), 2.00±2.20 (m, 2H; CH2), 4.15 (d, J(H,H)=6.4 Hz, 2H;
CH2), 5.20±5.50 (m, 2H; CH2), 5.67 ppm (s, 1H; CH); 13C NMR
(100.62 MHz, CDCl3): d=16.9 (q), 19.1 (t), 22.9 (q), 25.8 (t), 28.2 (q, 2î
), 33.8 (s), 38.9 (t), 60.4 (t), 123.9 (d), 125.2 (d), 127.6 (d), 136.5 (s), 142.2
(s), 144.6 ppm (s); IR (NaCl): ñ=3600±3100, 2957, 2926, 1434, 1374,
999 cm�1; UV (MeOH): lmax=234 nm; MS: m/z (%): 203 (6) [M+�17],
189 (11), 167 (18), 149 (88), 119 (100), 97 (82), 71 (86); HMRS m/z : calcd
for C15H24O: 220.1827; found: 220.1824.


(2E,4E)-5-(6,6-Dimethylcyclohex-1-en-1-yl)-3,4-dimethylpenta-2,4-dien-1-
ol ((E)-12a): Following the general procedure for the Shapiro±Suzuki
cross coupling reaction, (E)-12a was obtained in 98% yield after purifi-
cation by column chromatography (silica gel, 80:15:2 hexane/EtOAc/
Et3N). 1H NMR (400.13 MHz, CDCl3): d=0.92 (s, 6H; 2CH3), 1.40±1.50
(m, 2H; CH2), 1.50±1.60 (m, 2H; CH2), 1.83 (s, 3H; CH3), 1.84 (s, 3H;
CH3), 1.90±2.00 (m, 2H; CH2), 4.30 (d, J(H,H)=6.7 Hz, 2H; CH2), 5.28
(td, J(H,H)=3.8, 1.4 Hz, 1H; CH), 5.73 (t, J(H,H)=6.7 Hz, 1H; CH),
6.13 ppm (s, 1H; CH); 13C NMR (100.62 MHz, CDCl3): d=14.6 (q), 15.8
(q), 19.6 (t), 26.3 (t), 28.7 (2q), 34.6 (s), 39.4 (t), 60.5 (t), 125.4 (d), 125.7
(d), 127.7 (d), 137.2 (s), 139.9 (s), 143.5 ppm (s); IR (NaCl): ñ=3600±
3200, 2930, 2865, 1455, 1377, 1019 cm�1; UV (MeOH): lmax=247 nm.
MS: m/z (%): 221 (28) [M+], 1203 (7), 193 (13), 181 (31), 177 (21), 175
(26), 165 (31), 137 (27), 133 (21), 123 (18), 119 (10bb0), 109 (26), 108
(28), 105 (20), 95 (24); HMRS m/z : calcd for C15H24O: 220.1827; found:
220.1822.


2,6,6-Trimethylcyclohex-1-en-1-ylboronic acid (8b): tBuLi (2.34 mL, 1.7m
in pentane, 3.99 mmol) was added to a cooled (�78 8C) solution of alken-
yliodide 18[25] (0.48 g, 1.90 mmol) in THF (22 mL) at �78 8C, and the re-
sultant mixture was stirred for 30 min. Trimethylborate (2.16 mL,
18.9 mmol) was then added, and the reaction was stirred for 2 h at 25 8C.
Water (5 mL) was subsequently added, and the mixture was stirred for
2 h. The solution was diluted with Et2O, the layers were separated, and
the aqueous layers were extracted with tert-butyl methyl ether (TBDME;
3î). The combined organic layers were washed with 1n HCl (2î), dried
over Na2SO4, and the solvent was evaporated. The residue was purified
by column chromatography (silica gel, 80:20 hexane/EtOAc) to afford a
white solid (0.24 g, 77%) (m.p. 108±109 8C, hexane/EtOAc). 1H NMR
(400.13 MHz, CD3OD): d=1.25 (s, 6H; 2CH3), 1.50±1.60 (m, 2H; CH2),
1.80±1.90 (m, 2H; CH2), 1.87 (s, 3H; CH3), 2.08 (t, J(H,H)=6.1 Hz, 2H;
CH2), 5.05 ppm (s, 2H; CH2);


13C NMR (100.62 MHz, CD3OD): d=21.0
(d), 25.1 (q), 31.1 (q, 2î), 34.5 (d), 35.7 (s), 39.7 (d), 135.1 ppm (s, 2î);
IR (NaCl): ñ=3500±3300, 2925, 1321 cm�1; MS: m/z (%): 169 (5)[M+


+1], 168 (33) [M+], 154 (15), 153 (99), 152 (23), 123 (13), 110 (12), 109


(100), 81 (15); HMRS m/z : calcd for C9H17BO2: 168.1322; found:
168.1322.


General procedure for Suzuki cross coupling


(2Z,4E)-3,4-Dimethyl-5-(2,6,6-trimethylcyclohex-1-en-1-yl)penta-2,4-
dien-1-ol ((Z)-12b): A solution of alkenylboronic acid 8b (0.23 g,
1.36 mmol), [Pd(PPh3)4] (0.125 g, 0.108 mmol), and 10% aqueous TlOH
(9.2 mL, 4.16 mmol) in THF (7 mL) was added to a solution of (Z)-10
(0.26 g, 1.08 mmol) in THF (7.0 mL). After stirring for 8 h at 25 8C, the
mixture was diluted with Et2O (6 mL) and washed with aqueous
NaHCO3 (3î). The organic layer was dried over Na2SO4 and the solvent
was evaporated. The residue was purified by column chromatography
(silica gel, 80:15:2 hexane/EtOAc/Et3N) to afford a yellow oil (0.15 g,
60%). 1H NMR (400.13 MHz, CDCl3): d=0.95 (s, 6H; 2CH3), 1.40±1.70
(m, 4H; 2CH2), 1.53 (s, 3H; CH3), 1.56 (d, J(H,H)=1.3 Hz, 3H; CH3),
1.85 (s, 3H; CH3), 1.90±2.00 (m, 2H; CH2), 4.20 (d, J(H,H)=6.8 Hz, 2H;
CH2), 5.40 (tq, J(H,H)=6.8, 1.3 Hz, 1H; CH), 5.61 ppm (s, 1H; CH); 13C
NMR (100.61 MHz, CDCl3): d=16.9 (q), 19.3 (t), 21.2 (q), 23.4 (q), 28.4
(2q), 31.9 (t), 34.7 (s), 39.1 (t), 60.6 (t), 123.8 (d), 126.2 (d), 128.3 (s),
135.3 (s), 137.6 (s), 144.3 ppm (s); IR (NaCl): ñ=3600±3100, 2927, 2864,
1436, 1371, 1001 cm�1; UV (MeOH): lmax=226 nm; MS: m/z (%): 234 (2)
[M+�17], 217 (64), 203 (41), 161 (18), 147 (31), 133 (100), 119 (26), 109
(15), 105 (16), 95 (16), 83 (20), 69 (42); HMRS m/z : calcd for C16H26O:
234.1984; found: 234.1979.


(2E,4E)-3,4-Dimethyl-5-(2,6,6-trimethylcyclohex-1-en-1-yl)penta-2,4-
dien-1-ol ((E)-12b): Following the general procedure for the Suzuki cross
coupling, (E)-12b was obtained in 65% yield after purification by
column chromatography (silica gel, 80:15:2 hexane/EtOAc/Et3N). 1H
NMR (400.13 MHz, CDCl3): d=0.70±1.20 (m, 6H; 2CH3), 1.38 (s, 3H;
CH3), 1.40±1.60 (m, 4H; 2CH2), 1.60 (s, 3H; CH3), 1.82 (s, 3H; CH3),
1.90±2.00 (m, 2H; CH2), 4.26 (d, J(H,H)=6.6 Hz, 2H; CH2), 5.69 (t,
J(H,H)=6.6 Hz, 1H; CH), 6.04 ppm (s, 1H; CH); 13C NMR
(100.62 MHz, CDCl3): d=14.2 (q), 15.3 (q), 19.4 (t), 21.1 (q), 28.3 (q, 2î
), 31.9 (t), 34.9 (s), 39.2 (t), 60.1 (t), 124.4 (d), 126.2 (d), 128.1 (s), 136.3
(s), 137.7 (s), 139.1 ppm (s); IR (NaCl): ñ=3600±3200, 2926, 2863, 1448,
1373, 1011 cm�1; MS: m/z (%): 234 (11) [M+], 203 (17), 147 (17), 134
(12), 133 (100), 119 (21), 84 (15), 83 (11), 73 (60); HMRS m/z : calcd for
C16H26O: 234.1984; found: 234.1976.


General procedure for alcohol oxidation using TPAP/NMO


(2Z,4E)-5-(6,6-Dimethylcyclohex-1-en-1-yl)-3,4-dimethylpenta-2,4-dienal
((Z)-19a): A solution of (Z)-12a (0.22 g, 1.01 mmol) in CH2Cl2 (3 mL)
was added to a cooled (0 8C) and stirred suspension of N-methylmorpho-
line N-oxide (0.18 g, 1.51 mmol) and 4 ä molecular sieves in CH2Cl2
(6 mL). After stirring for 10 min, TPAP (0.017 g, 0.05 mmol) was added
and the mixture was stirred at 25 8C for 4 h. The mixture was diluted with
CH2Cl2 (10 mL) and was washed with aqueous Na2SO3 (3î). The organic
layer was dried over Na2SO4 and the solvent was evaporated. The residue
was purified by column chromatography (silica gel, 93:5:2 hexane/
EtOAc/Et3N) to afford a yellow oil (0.17 g, 77%). 1H NMR
(400.13 MHz, C6D6): d=0.93 (s, 6H; 2CH3), 1.40±1.60 (m, 4H; CH2),
1.60 (d, J(H,H)=1.3 Hz, 3H; CH3), 1.62 (d, J(H,H)=1.3 Hz, 3H; CH3),
1.80±2.00 (m, 2H; CH2), 5.30 (dt, J(H,H)=3.8, 1.3 Hz, 1H; CH), 5.92
(dq, J(H,H)=7.8, 1.3 Hz, 1H; CH), 5.95 (s, 1H; CH3), 10.04 ppm (d, J=
7.8 Hz, 1H; CH); 13C NMR (100.61 MHz, C6D6): d=16.6 (q), 19.4 (t),
23.1 (q), 26.1 (t), 28.2 (q, 2î), 33.9 (s), 39.0 (t), 126.6 (d), 129.4 (d), 132.3
(d), 135.2 (s), 141.9 (s), 164.6 (s), 191.1 ppm (d); IR (NaCl): ñ=2958,
2929, 2865, 2833, 1678, 1611, 1384, 1140 cm�1; UV (MeOH): lmax=234,
282, 338 nm; MS: m/z (%): 218 (18) [M+], 189 (34), 133 (19), 119 (100),
109 (28), 105 (18), 91 (17), 79 (15), 77 (16); HMRS m/z : calcd for
C15H22O: 218.1671; found: 218.1676.


(2Z,4E)-3,4-Dimethyl-5-(2,6,6-trimethylcyclohex-1-en-1-yl)penta-2,4-
dienal ((Z)-19b): Following the general procedure for TPAP/NMO oxi-
dation, reaction of (Z)-12b (0.17 g, 0.71 mmol) with TPAP (0.011 g,
0.034 mmol) and NMO (0.13 g, 1.06 mmol) in CH2Cl2 (18 mL) afforded,
after purification by column chromatography (silica gel, 93:5:2 hexane/
EtOAc/Et3N), a yellow oil (0.15 g, 91%). 1H NMR (400.13 MHz, C6D6):
d=0.89 (s, 6H; 2CH3), 1.37 (s, 3H; CH3), 1.39 (d, J=1.2 Hz, 3H; CH3),
1.40±1.60 (m, 4H; 2CH2), 1.58 (s, 3H; CH3), 1.70±1.90 (m, 2H; CH2),
5.85 (t, J(H,H)=1.0 Hz, 1H; CH), 5.90 (dq, J(H,H)=7.9, 1.2 Hz, 1H;
CH), 10.12 ppm (d, J(H,H)=7.9 Hz, 1H; CH); 13C NMR (100.62 MHz,
C6D6): d=16.6 (q), 19.5 (t), 21.3 (q), 23.5 (q), 28.4 (q, 2î), 32.1 (t), 34.8
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(s), 39.3 (t), 129.4 (s), 129.5 (d), 131.2 (d), 135.2 (s), 136.5 (s), 164.1 (s),
190.9 ppm (d); IR (NaCl): ñ=2927, 2864, 2830, 1679, 1612, 1438, 1383,
1139 cm�1; UV (MeOH): lmax=226, 272, 334 nm; MS: m/z (%): 232 (4)
[M+], 203 (40), 161 (17), 147 (17), 134 (15), 133 (100), 119 (22), 109 (29),
105 (12), 91 (16), 83 (19), 77 (12); HMRS m/z : calcd for C16H24O:
232.1827; found: 232.1833.


General procedure for Horner±Wadsworth±Emmons olefination


Ethyl (2E,4E,6Z,8E)-9-(6,6-dimethylcyclohex-1-en-1-yl)-3,7,8-trimethyl-
nona-2,4,6,8-tetraenoate ((Z)-20a): A cooled (0 8C) solution of 14 (0.22 g,
0.82 mmol) and DMPU (0.19 g, 1.61 mmol) in THF (2 mL) was treated
with nBuLi (2.03 mL, 2.35m in hexane, 0.87 mmol) and stirred for
20 min. The mixture was cooled to �78 8C and a solution of (Z)-19a
(0.13 g, 0.60 mmol) in THF (2 mL) was added. The resultant mixture was
allowed to warm to �40 8C, at which temperature H2O (4 mL) was
added. The reaction was extracted with Et2O (3î) and the organic layers
were washed with brine (3î), dried over Na2SO4, and the solvent was
evaporated. The residue was purified by column chromatography (silica
gel, 95:5 hexane/EtOAc) to afford a yellow oil (0.19 g, 95%). 1H NMR
(400.13 MHz, CDCl3): d=1.02 (s, 6H; 2CH3), 1.27 (t, J(H,H)=7.1 Hz,
3H; CH3), 1.40±1.60 (m, 4H; 2CH2), 1.81 (d, J(H,H)=1.4 Hz, 3H; CH3),
1.93 (s, 3H; CH3), 2.00±2.20 (m, 2H; CH2), 2.27 (d, J(H,H)=0.8 Hz, 3H;
CH3), 4.16 (q, J(H,H)=7.1 Hz, 2H; CH2), 5.30±5.50 (td, J(H,H)=3.8,
1.3 Hz, 1H; CH), 5.73 (s, 1H; CH), 5.82 (d, J(H,H)=1.3 Hz, 1H; CH),
5.95 (d, J(H,H)=11.0 Hz, 1H; CH), 6.19 (d, J(H,H)=15.3 Hz, 1H; CH),
6.92 ppm (dd, J(H,H)=15.3, 11.0 Hz, 1H; CH); 13C NMR (100.62 MHz,
CDCl3): d=13.8 (q), 14.3 (q), 16.9 (q), 19.2 (t), 23.6 (q), 25.9 (t), 28.3 (q,
2î), 34.0 (s), 38.9 (t), 59.5 (t), 117.9 (d), 125.2 (d), 125.3 (d), 129.1 (d),
132.9 (d), 133.2 (d), 136.7 (s), 142.2 (s), 148.4 (s), 153.2 (s), 167.2 ppm (s);
IR (NaCl): ñ=2959, 2931, 2866, 1711, 1603, 1444, 1350, 1239, 1150,
967 cm�1; UV (MeOH): lmax=320 nm; MS: m/z (%): 328 (100) [M+],
313 (47), 267 (19), 255 (25), 201 (65), 185 (33), 175 (24), 173 (51), 171
(38), 161 (36), 139 (57); HMRS m/z : calcd for C22H32O2: 328.2402;
found: 328.2387.


Ethyl (2E,4E,6Z,8E)-3,7,8-trimethyl-9-(2,6,6-trimethylcyclohex-1-en-1-
yl)nona-2,4,6,8-tetraenoate ((Z)-20b): Following the general procedure
for HWE olefination, (Z)-20b was obtained in 94% yield after purifica-
tion by column chromatography (silica gel, 95:5 hexane/EtOAc). 1H
NMR (400.13 MHz, CDCl3): d=1.01 (s, 6H; 2CH3), 1.28 (t, J(H,H)=
7.1 Hz, 3H; CH3), 1.40±1.70 (m, 4H; 2CH2), 1.60 (s, 3H; CH3), 1.62 (d,
J(H,H)=1.2 Hz, 3H; CH3), 1.96 (s, 3H; CH3), 2.00±2.20 (m, 2H; CH2),
2.27 (d, J(H,H)=0.8 Hz, 3H; CH3), 4.16 (t, J(H,H)=7.1 Hz, 2H; CH2),
5.74 (s, 1H; CH), 5.76 (s, 1H; CH), 5.98 (d, J(H,H)=10.9 Hz, 1H; CH),
6.20 (d, J(H,H)=15.4 Hz, 1H; CH), 7.00 ppm (dd, J(H,H)=15.4,
10.9 Hz, 1H; CH); 13C NMR (100.62 MHz, CDCl3): d=13.8 (q), 14.3 (q),
16.8 (q), 19.3 (t), 21.1 (q), 23.8 (q), 28.4 (q, 2î), 32.0 (t), 34.8 (s), 39.1 (t),
59.5 (t), 117.9 (d), 125.2 (d), 127.7 (d), 128.4 (s), 133.0 (d), 133.1 (d),
135.3 (s), 138.0 (s), 148.0 (s), 153.1 (s), 167.2 ppm (s); IR (NaCl): ñ=


2960, 2928, 2864, 1710, 1603, 1442, 1238, 1151, 969 cm�1; UV (MeOH):
lmax=322 nm; MS: m/z (%): 342 (100) [M+], 327 (20), 281 (21), 269 (23),
215 (22), 199 (39), 187 (27), 185 (33), 159 (26), 157 (19), 139 (61), 133
(25), 119 (19), 105 (14), 91 (16); HMRS m/z : calcd for C23H34O2:
342.2559; found: 342.2559.


General procedure for reduction of esters±oxidation of alcohols


(2E,4E,6Z,8E)-9-(6,6-Dimethylcyclohex-1-en-1-yl)-3,7,8-trimethylnona-
2,4,6,8-tetraenal (7) [(9Z)-5-demethyl-8-methylretinal]: DIBAL-H
(0.7 mL, 1m in hexane, 0.7 mmol) was added to a solution of (Z)-20a
(0.06 g, 0.18 mmol) in THF (2 mL) at �78 8C, and the resultant suspen-
sion was stirred for 2 h. After careful addition of H2O, the mixture was
extracted with Et2O (3î), and the organic layers were dried over Na2SO4


and concentrated. The residue was oxidized without further purification.


Manganese dioxide (0.27 g, 3.08 mmol) and Na2CO3 (0.33 g, 3.08 mmol)
were added to a solution of the above compound in CH2Cl2 (4 mL), and
the suspension was stirred for 4 h. The mixture was filtered throught
Celite and the solvent was removed. The residue was purified by column
chromatography (silica gel, 95:5 hexane/EtOAc) to afford a yellow oil
(0.04 g, 79%). 1H NMR (400.13 MHz, C6D6): d=1.01 (s, 6H; 2CH3),
1.40±1.50 (m, 2H; CH2), 1.50±1.60 (m, 2H; CH2), 1.75 (d, J(H,H)=
1.3 Hz, 3H; CH3), 1.76 (s, 3H; CH3), 1.80 (d, J(H,H)=1.0 Hz, 3H; CH3),
1.90±2.00 (m, 2H; CH2), 5.46 (td, J(H,H)=3.9, 1.4 Hz, 1H; CH), 5.80 (d,
J(H,H)=10.9 Hz, 1H; CH), 5.94 (s, 1H; CH), 5.98 (d, J(H,H)=7.9 Hz,


1H; CH), 6.02 (d, J(H,H)=15.4 Hz, 1H; CH), 7.03 (dd, J(H,H)=15.4,
10.9 Hz, 1H; CH), 9.98 ppm (d, J(H,H)=7.9 Hz, 1H; CH); 13C NMR
(100.62 MHz, (CD3)2CO): d=14.1 (q), 18.2 (q), 20.9 (t), 24.7 (q),
27.5 (t), 29.7 (q, 2î), 35.7 (s), 40.6 (t), 127.2 (d), 127.3 (d), 130.6 (d),
130.9 (d), 134.8 (d), 135.8 (d), 138.9 (s), 143.9 (s), 151.4 (s), 156.2 (s),
192.2 ppm (d); IR (NaCl): ñ=2927, 2850, 1663, 1594, 1449, 1196 cm�1;
UV (MeOH): lmax=345 nm; MS: m/z (%): 285 (24) [M++1], 284 (84)
[M+], 269 (37), 202 (25), 199 (21), 187 (54), 185 (28), 176 (44), 173 (68),
171 (35), 161 (69), 159 (57), 157 (37), 145 (47), 133 (39), 119 (100),
105 (38), 95 (64); HMRS m/z : calcd for C20H28O: 284.2140; found:
284.2135.


(2E,4E,6Z,8E)-3,7,8-Trimethyl-9-(2,6,6-trimethylcyclohex-1-en-1-yl)nona-
2,4,6,8-tetraenal (6) [(9Z)-8-methylretinal]: Following the general com-
bined procedure for DIBAL-H reduction/MnO2 oxidation, compound 6
was obtained in 75% yield after purification by column chromatography
(silica gel, 95:5 hexane/EtOAc). 1H NMR (400.13 MHz, C6D6): d=1.01
(s, 6H; CH3), 1.40±1.50 (m, 2H; CH2), 1.54 (s, 3H; CH3), 1.58 (s, 3H;
CH3), 1.60±1.70 (m, 2H; CH2), 1.78 (s, 3H; CH3), 1.80 (s, 3H; CH3),
1.90±2.00 (m, 2H; CH2), 5.81 (d, J(H,H)=11.0 Hz, 1H; CH), 5.85 (s, 1H;
CH), 6.00 (d, J(H,H)=7.9 Hz, 1H; CH), 6.02 (d, J(H,H)=15.4 Hz, 1H;
CH), 7.08 (dd, J(H,H)=15.4, 11.0 Hz, 1H; CH), 9.99 ppm (d, J(H,H)=
7.9 Hz, 1H; CH); 13C NMR (100.62 MHz, (CD3)2CO): d=14.2 (q), 18.2
(q), 21.0 (t), 22.5 (q), 25.0 (q), 29.8 (q, 2î), 33.6 (t), 36.5 (s), 40.9 (t),
127.3 (d), 129.4 (d), 130.4 (s), 130.6 (d), 134.9 (d), 135.9 (d), 137.0 (s),
140.3 (s), 151.1 (s), 156.2 (s), 192.2 ppm (d); UV (MeOH): lmax=344 nm;
MS: m/z (%): 299 (23) [M++1], 298 (100) [M+], 216 (20), 213 (20), 201
(37), 187 (24), 173 (20), 171 (23), 159 (37), 147 (27), 145 (28), 91 (28);
HMRS m/z : calcd for C21H30O: 298.2297; found: 298.2299.


(2E,4E)-5-(6,6-Dimethylcyclohex-1-en-1-yl)-3,4-dimethylpenta-2,4-dienal
((E)-21a): Following the general procedure for oxidation of alcohols with
TPAP/NMO, reaction of (E)-12a (0.15 g, 0.68 mmol) with TPAP (0.012 g,
0.034 mmol) and NMO (0.12 g, 1.02 mmol) in CH2Cl2 (7 mL) afforded,
after purification by column chromatography (silica gel, 95:5 hexane/
EtOAc), (E)-21a as a yellow oil (0.14 g, 92%). 1H NMR (400.13 MHz,
CD2Cl2): d=1.04 (s, 6H; 2CH3), 1.50±1.60 (m, 2H; CH2), 1.60±1.70 (m,
2H; CH2), 1.95 (d, J(H,H)=1.1 Hz, 3H; CH3), 2.12 (m, 2H; CH2), 2.35
(d, J(H,H)=0.9 Hz, 3H; CH3), 5.45 (td, J(H,H)=3.9, 1.5 Hz, 1H; CH),
6.08 (d, J(H,H)=7.9 Hz, 1H; CH), 6.67 (s, 1H; CH), 10.16 ppm (d,
J(H,H)=7.9 Hz, 1H; CH); 13C NMR (100.62 MHz, CD2Cl2): d=14.5 (q),
15.5 (q), 19.4 (t), 26.3 (t), 28.4 (q, 2î), 34.5 (s), 39.2 (t), 126.5 (d), 127.4
(d), 134.1 (d), 137.0 (s), 143.1 (s), 158.7 (s), 192.2 ppm (d); UV (MeOH):
lmax=305 nm; MS: m/z (%): 218 (9) [M+], 203 (11), 189 (23), 179 (15),
148 (12), 133 (16), 119 (100), 105 (11), 91 (12); HMRS m/z : calcd for
C15H22O: 218.1671; found: 218.1674.


(2E,4E)-3,4-Dimethyl-5-(2,6,6-trimethylcyclohex-1-en-1-yl)penta-2,4-
dienal ((E)-21b): Following the general procedure for TPAP/NMO oxi-
dation, reaction of (E)-12b (0.061 g, 0.26 mmol) with TPAP (0.004 g,
0.011 mmol) and NMO (0.05 g, 0.39 mmol) in CH2Cl2 (3 mL) afforded,
after purification by column chromatography (silica gel, 95:5 hexane/
EtOAc), (E)-21b as a yellow oil (0.04 g, 67%). 1H NMR (400.13 MHz,
CDCl3): d=0.80±1.10 (brm, 6H; 2CH3), 1.45 (s, 3H; CH3), 1.40±1.50
(br t, J(H,H)=5.7 Hz, 2H; CH2), 1.60±1.70 (m, 2H; CH2), 1.72 (s, 3H;
CH3), 1.90±2.00 (m, 2H; CH2), 2.36 (s, 3H; CH3), 6.13 (d, J(H,H)=
7.8 Hz, 1H; CH), 6.62 (s, 1H; CH), 10.17 ppm (d, J(H,H)=7.8 Hz, 1H;
CH); 13C NMR (100.62 MHz, CDCl3): d=14.3 (q), 15.2 (q), 19.2 (t), 21.1
(q), 28.4 (q, 2î), 31.9 (t), 35.0 (s), 39.0 (t), 125.6 (d), 129.5 (s), 133.6 (d),
135.7 (s), 137.7 (s), 157.6 (s), 192.1 ppm (d); UV (MeOH): lmax=289 nm;
MS: m/z (%): 232 (3) [M+], 205 (12), 203 (20), 191 (16), 177 (15), 162
(17), 161 (15), 147 (21), 134 (100), 119 (32), 69 (84); HMRS m/z : calcd
for C16H24O: 232.1827; found: 232.1824.


General procedure for Wittig olefination and oxidation


(2E,4Z,6E,8E)-9-(6,6-Dimethylcyclohex-1-en-1-yl)-3,7,8-trimethylnona-
2,4,6,8-tetraenal (5) [(11Z)-5-demethyl-8-methylretinal]: KHMDS
(2.52 mL, 0.5m in toluene, 1.23 mmol) was added to a cooled (�78 8C)
suspension of phosphonium salt 22 (0.25 g, 0.56 mmol) in THF (4 mL).
After stirring for 10 min at �78 8C and 1 h at 25 8C, the mixture was
cooled to �78 8C and a solution of (E)-21a (0.14 g, 0.62 mmol) in THF
(4 mL) was added. The resultant mixture was stirred for 30 min at �78 8C
and for 30 min at 25 8C. The mixture was poured over H2O and extracted
with Et2O (4î). The combined organic layers were dried over Na2SO4
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and the solvent was evaporated. The residue was purified by column
chromatography (80:18:2 hexane/EtOAc/Et3N) to afford a yellow oil,
which was used immediately in the next reaction.


Manganese dioxide (0.49 g, 5.66 mmol) and Na2CO3 (0.60 g, 5.66 mmol)
were added to a solution of the above compound in CH2Cl2 (15 mL), and
the suspension was stirred at room temperature for 3 h. The mixture was
filtered through Celite and the solvent was removed. The residue was pu-
rified by column chromatography (silica gel, 94:3:3 hexane/EtOAc/Et3N)
to afford a yellow oil (0.09 g, 51%). 1H NMR (400.13 MHz, C6D6): d=
1.03 (s, 6H; 2CH3), 1.40±1.70 (m, 4H; 2CH2), 1.81 (d, J(H,H)=0.8 Hz,
3H; CH3), 1.82 (s, 3H; CH3), 1.93 (d, J(H,H)=0.8 Hz, 3H; CH3), 1.90±
2.00 (m, 2H; CH2), 5.46 (td, J(H,H)=3.8, 1.5 Hz, 1H; CH), 5.62 (d,
J(H,H)=11.7 Hz, 1H; CH), 6.13 (d, J(H,H)=7.7 Hz, 1H; CH), 6.40±6.50
(m, 1H; CH), 6.45 (t, J(H,H)=11.8 Hz, 1H; CH), 6.82 (d, J(H,H)=
11.8 Hz, 1H; CH), 9.98 ppm (d, J(H,H)=7.7 Hz, 1H; CH); 13C NMR
(100.62 MHz, C6D6): d=14.0 (q), 15.6 (q), 17.5 (q), 19.5 (t), 26.2 (t), 28.5
(q, 2î), 34.5 (s), 39.2 (t), 122.9 (d), 126.2 (d), 129.7 (d), 130.6 (d), 131.2
(d), 131.6 (d), 137.7 (s), 143.2 (s), 143.3 (s), 154.1 (s), 189.8 ppm (d); IR
(NaCl): ñ=2928, 1662, 1594, 1445, 1116 cm�1; UV (MeOH): lmax=255,
371 nm; MS: m/z (%): 284 (54) [M+], 269 (23), 202 (21), 187 (47), 176
(39), 173 (58), 171 (28), 161 (60), 159 (51), 145 (42), 133 (37), 119 (100),
105 (34), 95 (67), 91 (43); HMRS m/z : calcd for C20H28O: 284.2140;
found: 284.2150.


(2E,4Z,6E,8E)-3,7,8-Trimethyl-9-(2,6,6-trimethylcyclohex-1-en-1-yl)nona-
2,4,6,8-tetraenal (4) [(11Z)-8-methylretinal]: Following the general proce-
dure for Wittig olefination and oxidation, compound 4 was obtained in
60% yield after purification by column chromatography (silica gel,
94:3:3 hexane/EtOAc/Et3N). 1H NMR (400.13 MHz, CDCl3): d=0.80±
1.10 (brm, 6H; 2CH3), 1.49 (s, 6H; 2CH3), 1.50±1.60 (m, 2H; CH2),
1.70±1.80 (m, 2H; CH2), 1.83 (s, 3H; CH3), 1.86 (s, 3H; CH3), 1.90±2.00
(m, 2H; CH2), 5.66 (d, J(H,H)=11.6 Hz, 1H; CH), 6.18 (d, J(H,H)=
7.5 Hz, 1H; CH), 6.35 (s, 1H; CH), 6.48 (t, J(H,H)=11.6 Hz, 1H; CH),
6.87 (d, J(H,H)=11.6 Hz, 1H; CH), 9.97 ppm (d, J(H,H)=7.5 Hz, 1H;
CH); 13C NMR (100.63 MHz, (CD3)2CO): d=14.2 (q), 15.7 (q), 18.1 (q),
20.1 (d), 21,5 (q), 28.9 (q, 2î), 32.5 (d), 35.7 (s), 39.9 (d), 123.0 (d), 129.2
(d), 130.9 (d), 131.9 (d), 132.4 (d), 137.2 (s), 139.4 (s, 2î), 143.5 (s), 156.2
(s), 191.4 ppm (d); IR (NaCl): ñ=2923, 2852, 1661, 1594, 1463 cm�1; UV
(MeOH): lmax=253, 348, 368 nm; MS: m/z (%): 298 (28) [M+], 284 (14),
201 (25), 175 (28), 173 (35), 171 (29), 159 (58), 147 (34), 145 (42), 133
(99), 119 (63), 109 (65), 97 (60), 95 (74), 83 (51), 73 (61), 71 (61),
69 (100), 67 (60); HMRS m/z : calcd for C21H30O: 298.2297; found:
298.2292.


Calculation methods : The structure of bovine rhodopsin (opsin bound to
11-cis-retinal), pdb file 1HXZ, was used as the starting point for our cal-
culations. Hydrogen atoms were added and a CHARMM potential was
used throughout our calculations.[37] The unbound structures were mod-
eled by excising the retinal fragment from the complex and converting
the polar end of the polyene side chain to an aldehyde using the Builder
module found in the InsightII suite of programs (from Accelrys, Inc.).[43]


The retinal analogues, in their free and bound forms, were modeled by
adding (4) and then deleting (5) methyl groups from the original struc-
ture. To avoid having to deal with the residue gaps observed in the pro-
tein surface of the original crystallographic structure, the rhodopsin com-
plexes with retinals 1, 4, and 5 were optimized only 10 ä around the re-
action center; this left the surface gaps out of the calculation. All the rho-
dopsin structures were energy minimized by using the Adopted Basis
Newton Raphson (ABNR) protocol.[44]


The final structure of the unbound retinals was obtained from a 120 ps
NVT molecular dynamic (MD) simulation. The MD production stage
lasted 100 ps and generated a set of 100 frames that were ordered by
their internal energy. The lowest energy conformer obtained in the pro-
duction stage was taken as an energy minimum that yielded the model
used in our thermodynamic-cycle calculations.


Rotation barrier calculation : The rotation barrier around the C6�C7
bond in compound 6 was evaluated using the CHARMM molecular mod-
eling suite.[37] A set of rotamers in 108 increments around this bond
was set up for the unbound analogue, and an energy minimization, in
which the torsion angle around this bond was frozen, was carried out for
all conformers. In all cases, an energy tolerance of 10�4 to 10�5 was
reached.
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Quantitative Chirality Analysis of Molecular Subunits of
Bis(oxazoline)copper(ii) Complexes in Relation to
Their Enantioselective Catalytic Activity


Santiago Alvarez,*[a] Sabine Schefzick,[b] Kenny Lipkowitz,[b] and David Avnir*[c]


Introduction


Bis(oxazoline)±CuII complexes 1 are important enantioselec-
tive catalysts.[1,2] The interest in this family has originated in
part from the possibility of affecting the chirality through
the use of a wide variety of substituents on the basic skele-
ton of 1. We recall that, in general, tetracoordinated com-
plexes with two pairs of ligands (connected or not) have a
chiral coordination shell if the torsion angle, t, between the
two pairs (see 2) is not 0 or 908. Whereas both of these ex-
treme angles belong to the achiral C2v symmetry point


group, all t values in-between lead to the chiral C2 symme-
try point group of the coordination shell. In the copper oxa-
zoline complexes, 1, there is in fact another possible source
of chirality, namely that of the oxazoline ligands themselves.


We have focused recently[3] on the chirality/enantioselec-
tivity relations in the family of spirocyclic bisoxazoline
copper complexes (3, n=1±4), which had been reported to
catalyze a Diels±Alder reaction between acrylimide and cy-
clopentadiene. In that study we found that the enantiomeric
excess (ee) of the product changes with n and, by theoreti-
cally optimizing the geometry of these compounds, an excel-
lent correlation was found between a quantitative chirality
measure–to be defined shortly–of the whole molecule and
the ee. Yet, since various subunits of 3 have different levels
of chirality, it is of interest to try and identify possible corre-
lations between the level of chirality of selected moieties of
the catalyst and its enantioselectivity. This, indeed, is the


[a] Prof. S. Alvarez
Departament de QuÌmica Inorg‡nica and
Centre de Recerca en QuÌmica TeÚrica
Universitat de Barcelona, MartÌ i Franquõs 1±11
08028 Barcelona (Spain)
Fax: (+34)93-4907725
E-mail : santiago@qi.ub.es


[b] S. Schefzick, Prof. K. Lipkowitz
Department of Chemistry, North Dakota State University
Fargo, North Dakota 58105 (USA)
Fax: (+1)701-231-8831
E-mail : Kenny.Lipkowitz@ndsu.nodak.edu


[c] Prof. D. Avnir
Institute of Chemistry and
The Lise Meitner Minerva Center for Computational Quantum
Chemistry
The Hebrew University of Jerusalem, Jerusalem 91904 (Israel)
Fax: (+972) 2-6520099
E-mail : david@chem.ch.huji.ac.il


Supporting information for this article is available on the WWW
under http://www.chemeurj.org/ or from the author.


Abstract: The analysis of the quantita-
tive chirality of molecular subunits of
spirocyclic bisoxazoline copper com-
plexes was carried out in order to iden-
tify the molecular portions most re-
sponsible for the chirality of the whole
molecule, and therefore also for its cat-
alytic enantioselectivity. It is shown
that the smallest fragment that carries


the information on molecular chirality
contains only a portion of the bidentate
bisoxazoline ligands and most atoms of


the two monodentate ligands. The
structural parameters that are best cor-
related to the chirality measures of the
studied systems are the bond angles at
the bridgehead spiro-carbon atom. A
prediction is made for an analogous
catalyst with potentially high enatiose-
lectivity.


Keywords: chirality ¥ coordination
compounds ¥ enantioselectivity ¥
homogeneous catalysis
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main aim of this report. Such correlations, if found, may
help in the rational design of better catalysts.


The continuous chirality measure (CCM) methodology
we employ–see references [4±12] for some of its applica-
tions–is a distance function which evaluates of how far a
given structure is from being achiral.[13,14] It is a special dis-
tance function, in that the reference achiral shape to which
that distance is minimal, is unknown a priori, but is
searched.


S ¼


PN


k¼ 1
jQk�Pkj2


PN


k¼ 1
jQk�Q0j2


ð1Þ


Here, N is the number of atoms in the investigated frag-
ment (or of the whole molecule), Qk is the vector of the po-
sition of each of these atoms, Pk is the vector of the posi-
tions of each of the N points of the nearest achiral structure,
the denominator is a size normalization factor (Q0 is the
vector of coordinates of the center of mass of the investigat-
ed structure) and the factor of 100 is introduced for conven-
ience.[15] The measure takes values between 0 (achiral mole-
cule) and less than 100; the larger the S, the more chiral the
molecule is. In another application of Equation (1), also
used in this report, one can select Pk to be a reference achi-
ral shape which is not necessarily that of the minimal dis-
tance.


In the context of this report we mention the application
of the CCM approach to hexacoordinate transition metal
complexes–many of which are catalytically important as
well–which has resulted in some interesting findings. For
instance, we were able to generalize the chirality behaviour
of a variety of homoleptic, monodentate ML6 complexes
with metaprismatic structures[16] (intermediate between octa-
hedral and trigonal prismatic), and have provided computa-
tional evidence that the racemization in such complexes
may be slow at room temperature.[17] In another study of the
CCM of tris(chelate) complexes[8] it was shown that the chir-
alities of the first atomic shell (i.e., the metal and its imme-
diate donor atoms) and of the second shell (comprising the
spacers between two donor atoms of a bidentate ligand)


provide a good estimate for the chirality of the full mole-
cule; and that the chirality of the inner shell is amplified or
damped depending on the type of bidentate ligand used. In
a study of spin crossover in hexacoordinate complexes,[18] we
showed how the chirality of the coordination sphere is
strongly correlated to changes in temperature and to the
magnetic moment in these systems. Tetracoordinate metal
complexes of catalytic relevance were also subjected to the
CCM analysis. Thus, in a study of the chirality of tetracoor-
dinate bischelate metal complexes, we have shown that the
rigidity of the bidentate ligands imposes a variety of chiral
structures, all of which can be found along a strictly well de-
fined distortion route, namely that of the tetrahedral to
square planar twist interconversion pathway,[9] among which
the double stranded helicates were found to be a particular
case of this general behaviour.


In the present study we undertake a detailed quantita-
tive analysis of the chirality measures of the family of 3 and
address the three following issues: i) What are the structural
differences among the members of this family that are re-
sponsible for differences in the chirality values of the whole
molecules? ii) Which is the smallest common molecular por-
tion that reproduces the trend of the chirality of the full
molecules and the correlation with the ee? iii) How do struc-
tural parameters (bond or torsion angles) affect the chirality
measures?


Results and Discussion


A relationship between the bite angle of bidentate diphos-
phine complexes of Pd and Rh catalysts and their enantiose-
lectivity has been reported in several reactions.[19,20] Hence,
a starting point for our analysis of complexes 3 is to assume
that differences in the N-Cu-N bite angle (a, shown in 1)
might be responsible for their different chirality measures
and for the resulting different ee values. However, no such
correlation was found for 3. Likewise, no correlation was
found for 3 between the chirality value and the torsion
angle t (shown in 2 ; t between 24 and 368).[9]


Since the only change within the family of compounds 3
is the size of the spiro-cycloalkane, our next choice was to
focus on the geometry around the bridgehead carbon (Cb in
1), as a ™wrench∫ for inducing chirality in remote portions
of the molecule. Indeed, the distortive power of the cycloal-
kane ring is transmitted to the Cb-connected oxazoline
rings: As the size of the cycloalkane increases, so does the
C-Cb-C bridgehead bond angle within the ring (g, Table 1).
This, in turn, affects both the bridgehead bond angle within
the chelate ring, b (in 1) and the R2R3CC torsion angle, d,
between the cycloalkane and the chelate ring. The angles b,
g and d are seen (Figure 1 and Table 1) to be well correlated
to each other but not to a. Even more important is the ob-
servation of a good correlation between the geometry
around the bridgehead carbon atom and the chirality of the
full molecule, Sf (calculated with all non-hydrogen atoms) as
shown (for b) in Figure 2. This correlation between b and Sf


confirms that the spiro-cycloalkane modulates the chirality


Abstract in Catalan: Una an‡lisi quantitativa de la quiralitat
de fragments moleculars en complexos de coure amb bisoxa-
zolines espirocÌcliques s×ha portat a terme amb L×objectiu d×i-
dentificar quins d×aquests fragments sÛn responsables de la
quiralitat de la molõcula en conjunt i, al capdavall, de la seva
enantioselectivitat catalÌtica. Es mostra que el fragment mÿs
petit que emmagatzema la informaciÛ sobre la quiralitat mo-
lecular contÿ tan sols una porciÛ dels lligands bisoxazolina i
la major part dels ‡toms dels dos lligands monodentats. Els
par‡metres estructurals que es correlacionen millor amb les
mesures de quiralitat dels sistemes estudiats sÛn els angles
d×enllaÁ a L×µtom de carboni espir‡nic. Es fa una predicciÛ
d×un nou catalitzador d×aquesta famÌlia que hauria de tenir
una enantioselectivitat molt elevada.


Chem. Eur. J. 2003, 9, 5832 ± 5837 www.chemeurj.org ¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 5833


5832 ± 5837



www.chemeurj.org





of other portions of the molecule and we will devote some
effort below to find out the origin of this effect.


Since the reported correlation between the chirality
measures of 3 and the resulting ee values[3] indicated an in-
crease in the ee with Sf, one can attempt at this point to pro-
pose a useful prediction as to other derivatives of 3 which
may show high ee activity. Focusing on the bridgehead
angles, it is seen that higher Sf (and therefore higher ee)
would require a b angle larger than 1158 (Figure 2). What
does this mean about the spiro-cycloalkane? Extrapolation
of the curve in Figure 1 (fitted to a second order polyno-
mial) predicts b �1178 and g = 08. The interpretation of
this pair of values is straightforward, namely that Cb should
be of sp2 hybridization as would correspond to the smallest
possible ™spiro-cycloalkane∫ in the 3 series with n=0 (tanta-
mount to considering the C=CH2 group as a ™two-member∫
ring). This corresponds to the hypothetical molecule 4 ; the


geometry of which we had therefore optimized (geometry
optimization has been carried out as described in ref. [3]).
The results (Table 1) tell us that indeed the value of b for
such a compound is practically that expected for g=08
(Figure 1, white circle) and its calculated molecular chirality
(Sf value, Table 1) is higher than for compounds 3, with a
predicted ee value of 98%.


Our second goal is to identify the smallest fragment of 3
and 4 that carries the chirality of the full molecule (and
therefore is the minimal unit responsible for the ee depend-
ence). The strategy we use consists of two elements: First,
gradual ™shaving∫ of the molecule from the outer periphery
towards the copper atom; and second–for the sake of con-
sistency–determination of the chirality value with respect
to a fixed reference plane, namely the nearest one found for
the full molecule within the pseudotetrahedral symmetry
(i.e., t=908, C2v symmetry) around the Cu atom; it is the
plane perpendicular to the chelate ring, shown in Figure 3.


A full listing of all the fragments of complexes 3 ob-
tained by the shaving procedure is provided as Supporting
Information. The most relevant fragments for the subse-
quent discussion are shown in Figure 4, where only the sym-
bols of those atoms considered for a given chirality measure
(S1, S2, Sb, or Sg) are shown. Our first finding using this strat-
egy was that removing the spiro-cycloalkane and the phenyl
rings in the flaps (Figure 4, Sb) preserves the chirality infor-
mation, diminishing somewhat the chirality values
(Figure 5). Further ™shaving∫ of four carbon atoms and two
oxygen atoms (Figure 4, Sg) leaves a fragment which still re-
tains the chirality behaviour of the whole molecule


Figure 1. Correlation between the two C-Cb-C bond angles (1) at the
bridgehead carbon atom in compounds 3 (*) and 4 (*). The line corre-
sponds to a least-squares fitting of the black circles only.


Figure 2. Relationship between the chirality measures of the full mole-
cules 3 (excluding the H atoms) and the bridghead C-Cb-C bond angle
within the chelate ring of 1.


Table 1. Some structural parameters[a] and chirality measures[b] for the theoretically optimized copper(ii) bisoxazolines 3 (n=1±4) and 4 and of several
fragments.


Compound t[c] a[c] b[c] g[c] d[c] H¥¥¥CuNN O¥¥¥HC Sf S1 S2 Sb Sg


2 (n=1) 33 95.0 114.9 58.5 33.6 0.87 1.813 5.81 0.27 7.02 8.11 9.22
2 (n=2) 24 95.3 113.4 88.8 49.5 0.80 1.828 5.59 0.29 8.10 7.61 8.45
2 (n=3) 31 95.8 112.4 106.3 58.1 0.79 1.812 5.46 1.10 7.72 7.55 8.40
2 (n=4) 36 94.9 111.4 112.5 60.4 0.74 1.808 4.92 0.01 4.47 6.47 7.36
4 33 95.1 116.9 0.0 0.0 0.96 1.815 5.98 0.26 7.01 8.25 9.36


[a] All distances in ä, angles in degrees. [b] Sf corresponds to the chirality measure of the full molecule without hydrogen atoms, the other symmetry
measures correspond to the fragments defined in Figure 4. [c] The angles a, b, g and t are defined in 1 and 2 ; d is the R2R3CC torsion angle around the
bridgehead carbon atom.
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(Figure 5). If further atoms are removed (e.g., the F atoms
of the triflate anions, or the C5 rings of the bisoxazoline
flaps), the correlation becomes poor. We have also calculat-
ed the chirality measures of the bisoxazoline ligands alone
and that of the Cu(OTf)2 moieties, but neither correlates
with Sf. We can therefore conclude that the smallest frag-
ment that contains the full molecular chirality information is
g, shown in Figure 6 in a side view. It follows from Figure 5
that the catalytic enantioselectivity of 3 should be well rep-
resented by Sg, and this is nicely seen in Figure 6. To further
check these results we have also optimized compound 5, the
analogous of 4 in which the C=CH2 bridgehead is substitut-
ed by C=O. The resulting Sf value is plotted in Figure 5 as a
function of the corresponding Sb and Sg measures (white
symbols) and is seen to fit very well with the behavior of 3
and 4.


As seen from the above analysis, neither the chiral bisox-
azoline ligand, nor the monodentate ligands alone are re-
sponsible for the chirality contents of these compounds
(hence for their enantioselectivity), but both contribute sig-
nificantly to the molecular chirality. Interestingly the two tri-
flate residues have a similar conformation for 3 (n=1±3),
but a different orientation for 3 (n=4), as shown in
Figure 7. Still, the chirality measure seems to take into ac-
count these conformational differences.


Figure 4. Some fragments of the complexes 3 for which chirality meas-
ures were determined. For a given chirality measure (S1, S2, Sb, or Sg),
only the atoms whose symbols are shown were considered.


Figure 6. View along the C2 axis of the optimized structure of complex 4 and of its smallest fragment holding all the chirality information (g, Figure 4).
Note the helix formed by the C5 flaps and the triflate ligands.


Figure 3. Perspective view of the molecular structure of 3 (n=1) showing
the pseudosymmetry reference plane for the chirality measures.


Figure 5. Relationship between the chirality measure of the full mole-
cules of complexes 3 and 4, and those of their fragments b (*) and g (~,
see Figure 4 for a description of fragments). The corresponding values
for compound 5 (4 with a C=O replacing the C=CH2 group at the bridge-
head position) are also presented (empty symbols).
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We know now that the enantioselectivity is determined
by both the bisoxazoline and triflate chiralities and also that
the chirality changes are brought about by just adjusting the
geometry at the bridgehead carbon atom through variations
in the size of the spirocyclic substituent in 3. But, interest-
ingly enough, the molecular chirality measures seem to be
practically unaffected by the spirocyclic group itself, which
is absent in fragment g. How then are the geometry changes
at Cb transmitted to the rest of the molecule? The best clue
we have found is a short distance between one of the two
non-coordinated oxygens in each triflate arm and the a


asymmetric carbon atom (Figure 7) in the corresponding ox-
azoline ring (approximately a constant distance of 1.81 ä,
see Table 1), indicating a weak O¥¥¥H-C hydrogen bond.[21]


But the position of this hydrogen atom above and below the
plane of the chelate ring varies with b, the C-Cb-C bond
angle at the bridgehead carbon atom (Figure 8), which is in
turn nicely correlated with the angle g (Figure 1) at the cy-
cloalkane ring, determined solely by the size of the cycloal-


kane ring. In the case of 3 (n=4), only one of the triflate
groups is forming such a short contact, and this may explain
why this compound has a different conformation of one of
the triflate arms and, consequently, is significantly less chiral
than the rest of the family. So it is reasonable to conclude
that changes at the spirocyclic alkane are transmitted to the
monodentate ligands through weak interactions with the H
atoms at the asymmetric carbons of the oxazoline groups.


As a consequence of the
correlation between the chirali-
ty measures Sf and Sg, the ee is
also well correlated with the
latter (Figure 9). It thus seems
clear that the strain of the cy-
cloalkane ring, represented by
the bond angle g, is transmitted
to the chelate ring by modifying
the bond angle at the bridge-
head carbon atom, b, in a small
but significant way. These bond
angle variations modulate the


spatial orientation of the side rings in 3, thus modifying the
voids through which the monodentate ligands may coordi-
nate and decoordinate during a catalytic cycle.


As our analysis has focused on 3, one may wonder now
whether a similar quantitative chirality analysis can apply to
other families of bisoxazoline copper complexes, and partic-
ularly to active species that form during the catalytic cycle,
in which the coordination positions occupied here by triflate
ligands may be substituted by a dienophile. Dienophiles
have been proposed to be coordinated through two carbonyl
groups (as shown in 5) in the catalytically active species,[22]


and so the experimentally characterized structures of com-
plexes 6 (R1= tBu[23,24] or Ph[24]) may be suitable candidates.
Since in these compounds the C5 flaps and the pending
oxygen atoms of the triflate ligands are missing, we cannot
expect variations in the bridgehead bond angle b to affect
the molecular chirality in the same way as in the family of
compounds 3. Indeed, the only correlation we have found
between b and fragment chirality measures for these experi-
mental structures (even if only three points are available) is
with S2, the chirality measures of the second coordination
shell (atoms directly linked to the donor atoms) as seen in
Figure 10. We stress that the tBu derivative 6a, with a negli-
gible S2 value, is deemed to be an inefficient enantiocatalyst,
whereas the Ph derivatives 6b have S2 values of around 1.0
(see Figure 10) and have been experimentally found to be
efficient enantioselective catalysts for the cycloaddition re-
action between the related acrylimide and cyclopentadiene
(7).[25] These results suggest that molecular chirality in the
family of compounds 6 is mostly associated to that of the


Figure 7. Projection of the basic skeleton of compounds 3 (n=3, left) and 3 (n=4, right), showing the two dif-
ferent conformations adopted by the triflate ligands. A short O¥¥¥H distance between the triflate and bisoxazo-
line ligands is indicated by stripes in the case of 3 (n=3, left). The conformation in the left is also presented
by 3 (n=1, 2) and by 4.


Figure 8. Relationship between the shortest distance of an a-H atom to
the CuN2 plane and the C-Cb-C bridgehead bond angle within the chelate
ring 1.


Figure 9. Enantiomeric excess of the complexes 3 as a function of the
chirality measure of molecular fragment g (defined in Figure 4).
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metal coordination sphere, at difference with the family of
complexes 3, in which it depends to a significant degree also
on the geometry of the bisoxazoline ligand. However, in
both cases the bond angle b within the chelate ring seems to
be a good parameter to calibrate molecular chirality.


In conclusion, we have seen that the relevant chirality of
catalytic precursor 3 is associated with the orientation of the
C5 flaps at the bisoxazoline ligands which is twisted by the
spiro-cycloalkane bridge. The C5 flaps, in turn, affect the ori-
entation of the monodentate ligands through weak hydrogen
bonding and these contribute to molecular chirality as well.
Following the quantitative chirality correlations presented
here, it is predicted that 4 might give high ee in Diels±Alder
reactions.


Programs Availability


Readers who would like to test and use our programs are encouraged to
contact us at david@chem.ch.huji.ac.il
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Figure 10. Chirality measure of the second shell in the copper(ii) bisoxa-
zoline complexes 6 as a function of the bridgehead bond angle within the
chelate ring.
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Molecular Dynamics Simulations of Small Peptides: Can One Derive
Conformational Preferences from ROESY Spectra?


Christine Peter,[a] Magnus Rueping,[b] Hans Jakob Wˆrner,[a] Bernhard Jaun,[b]


Dieter Seebach,[b] and Wilfred F. van Gunsteren*[a]


Introduction


b-Peptides belong to the group of so called foldamers,[1] that
is, non-natural oligomeric compounds with a strong tenden-
cy to adopt specific, three-dimensional conformations. They
exhibit secondary structure elements that are very similar to
the ones found in a-peptides and proteins, namely they are
able to form intramolecular hydrogen bonds to generate var-
ious left- and right-handed helices (314, 2.512 and 10/12 heli-
ces), turns and sheets.[2,3] Due to this feature and the fact
that the secondary structure elements found are very stable
already for rather short oligomers, these systems are ideal to
study folding properties, that is both the propensities of spe-
cific sequences for special secondary structure elements and
the process of folding.[1,4] Especially for helical structures,
the helix type is closely related to a specific hydrogen-bond-


ing pattern. The relative stability of the helix types depends
on the substitution pattern, that is, the types of the amino
acid side chains, the substitution pattern, the backbone
carbon atom (a or b) to which the side chain is attached,
and the stereochemistry at this backbone carbon atom. The
shortest possible b-peptide that can still form the hydrogen
bonds that are characteristic for the various helix types, is a
dimer, which is, therefore, the ideal test system to systemati-
cally analyze the influence of the three mentioned factors
on the hydrogen-bond and consequently on the secondary-
structure formation.


NMR and circular dichroism (CD) spectroscopy are the
commonly used experimental tools for structure determina-
tion of peptides. They can be optimally complemented by
molecular dynamics (MD) simulations, which not only pro-
vide an atomic resolution picture to compare with but also
insight into dynamical processes, which can be essential for
a correct interpretation of the experimental data. Simulation
studies of several b-peptides which adopt different secon-
dary structures have already proven that it is possible to cor-
rectly reproduce the experimentally predicted structure by
unbiased MD simulations and to obtain a well-sampled fold-
ing/unfolding equilibrium.[5±7] As simulations provide both
structural and dynamical information they also reveal possi-
ble problems when interpreting experimental data of pepti-


[a] Prof. W. F. van Gunsteren, C. Peter, H. J. Wˆrner
Laboratorium f¸r Physikalische Chemie
ETH-Hˆnggerberg, HCI, 8093 Z¸rich (Switzerland)
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[b] M. Rueping, Prof. B. Jaun, Prof. D. Seebach
Laboratorium f¸r Organische Chemie
ETH Z¸rich, 8093 Z¸rich (Switzerland)


Abstract: Folding properties of b-pepti-
des were investigated by means of
NMR experiments and MD simulations
of b-dipeptides, which serve as small
test systems to study the influence of
stereocenters and side chains on hydro-
gen-bond and consequently on secon-
dary-structure formation. Two stereo-
isomers, SR and SS, of a Val-Phe di-
peptide, and of the corresponding Ala-
Ala dipeptide, and a Gly-Gly dipeptide
were simulated in methanol for 40 ns.
In agreement with experiment, the iso-
mers of the Val-Phe dipeptide adopt
quite different conformers at 298 K,


the differences being reduced at 340 K.
Interestingly, the SR isomer shows en-
hanced hydrogen bonding at the higher
temperature. The adopted conforma-
tions are primarily determined by the
R or S side chain substitution, and less
by the type of side chain. Back-calcula-
tion of 1H ROESY spectra and 3J cou-
pling constants from the MD simula-
tions and comparison with the experi-


mental data for the Val-Phe dipeptides
shows good agreement between simula-
tion and experiment, and reveals possi-
ble problems and pitfalls, when deriv-
ing structural properties of a small and
extremely flexible molecule from NMR
data only. Inclusion of all aspects of in-
ternal dynamics is essential to the cor-
rect prediction of the NMR spectra of
these small molecules. Cross compari-
son of calculated with experimental
spectra for both isomers shows that
only a few out of many ROESY peaks
reflect the sizeable conformational dif-
ferences between the isomers at 298 K.


Keywords: b-peptides ¥ conforma-
tion analysis ¥ molecular dynamics ¥
NMR spectroscopy ¥ peptides
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des which are–compared to proteins–small and highly
flexible compounds. The experimental structure analysis is
by no means trivial if the underlying ensemble cannot be
represented by a single conformation but rather by an equi-
librium of possibly even very different structures.[8,9] In our
study, we will focus on the influence of internal dynamics
and conformational equilibria on NMR, particularly on 1H
ROESY, spectra of short b-peptides. We will point out, why
the experimental tools that were developed for the structur-
al and dynamical analysis of proteins have to be applied
with caution as soon as it comes to smaller systems. There
are several methods to analyze the dynamics of proteins
based on NMR relaxation data,[10,11] namely the so called
model free approach,[12] spectral-density mapping,[13] or ap-
proaches that fit the experimental data to analytical motion-
al models.[14,15] Common to most of these approaches is the
fact, that they consider a relatively large molecule where the
overall rotational motion is slow compared with the internal
motion and where overall and internal dynamics are com-
pletely decoupled. Another way to analyze NMR relaxation
data is by comparison with MD simulations. For this, it is
important to understand the relationship between the inter-
proton distances, or more precisely the time series of inter-
proton vectors, which can be obtained from an MD simula-
tion, and the relaxation rates which finally determine the in-
tensities in the spectrum. The individual cross-relaxation
rates belonging to each pair of protons are determined
through the spectral densities, that is, the Fourier coeffi-
cients of the time correlation function which represents the
reorientational motion of the corresponding interproton
vector. Detailed derivations can be found in the litera-
ture.[16, 11] These relaxation rates describe the relaxation of
the system of spins through a set of coupled differential
equations, which can be solved by diagonalization of the so-
called relaxation matrix.[17±19] There are several ways how in-
ternal dynamics contribute to the relaxation rates:


* Fluctuationsin the interproton distances.
* The individual effective correlation times of the motions


of the interproton vectors contain contributions from
both tumbling motions and internal dynamics and are
thus different for each proton pair.


* Due to the angular or orientational averaging in the
time correlation functions and due to superposition of
overall rotation and possibly various types of internal
motions, the individual time correlation functions can
have different (non-monoexponential) functional forms.


Besides these three factors, another contribution to the
final intensities results from spin-diffusion, that is, indirect
cross-relaxation through a more than pairwise interaction of
spins, which is only taken into account by solving the cou-
pled relaxation±matrix equation. Not doing this is equiva-
lent to assuming that the intensity of each peak linearly de-
pends on the corresponding cross-relaxation rate, which is
correct in the limit of a zero-mixing time. For this reason,
this is called the initial-rate approximation.[20]


When comparing NMR relaxation data (namely
NOESY or ROESY intensities) with results from MD simu-


lations, various levels of accuracy can be applied. The crud-
est approach is to compare distance averages obtained from
the simulation with experimentally derived distances. The
appropriate averaging method (hr�6i or hr�3i averaging) de-
pends on the system size and the relation between the time-
scales of rotational motion and internal fluctuations.[21] This
method assumes that any other contribution to the individu-
al cross-relaxation rates is identical for all proton pairs. The
next, more accurate approach is to explicitly compute the
time correlation functions of all or only of selected proton
pairs and to obtain the corresponding spectral densities
either by numerical Fourier transformation or analytically
after fitting the correlation functions to a set of exponential
functions. This has been done for proteins,[22,23] where often
only the correlation functions representing the internal dy-
namics are computed, and for lipid membranes.[24] This
method additionally accounts for individual correlation
times and individual functional forms of the correlation
functions but not for spin diffusion. The separation into
overall and internal dynamics can be problematic if they are
in the same time scales. A related approach to compute the
required spectral densities is the reorientational eigenmode
dynamics developed by Br¸schweiler and co-workers.[25] Fi-
nally, for systems such as peptides which are small enough
to sufficiently sample all, internal and rotational, motional
processes in an MD simulation, all interproton vector time
correlation functions and spectral densities can be comput-
ed, and the relaxation-matrix equation can be solved. A pro-
cedure to carry out this back-calculation of NOESY and
ROESY spectra from MD simulations of peptides has been
implemented and tested before.[26,27]


Here, we present a structural analysis of an N-acetylated
and C-amidated b-dipeptide with residues homologuous to
valine and phenylalanine (Val-Phe, see Figure 1), which
serves as a small test system to investigate the influence of
the substitution pattern on the formation of hydrogen bonds
as described above. The theoretically possible hydrogen
bonds and the nomenclature used are also shown in
Figure 1. The specific substitution pattern (the N-terminal
residue a-substituted and the C-terminal residue b-substitut-
ed) and the side-chain types were chosen since this dipep-
tide is a fragment of a longer peptide for which helix forma-
tion had been observed.[3] Predictions–based on chemical
intuition, experience from larger oligomers[3] and prelimina-
ry ab initio modelling–on the conformations preferentially
adopted by this dimer, are different for the two types of dia-
stereomers: the SS (or RR) diastereomer is predicted to
form a 10-membered hydrogen bond, whereas no preferen-
tial hydrogen bonding is predicted for the SR (or RS) dia-
stereomer. The present study focuses on two major topics,
the conformational analysis of the dipeptides with the help
of MD simulations, and the NMR analysis, where we com-
pare simulated and experimental 1H ROESY spectra and 3J
coupling constants. For the conformational analysis the in-
fluence of the backbone stereocenters and the side chains
on the hydrogen bonding and the backbone torsional angles
is investigated, and the simulated structures are grouped
into so-called clusters of structures each representing a con-
formation. By performing not only MD simulations of the
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experimentally accessible SR and SS isomers of Val-Phe at
298 K, but also simulations of Val-Phe at 340 K and of the
corresponding b-dipeptides with residues homologuous to
alanine (di-Ala, both SR and SS) and glycine at 298 K, that
is, the corresponding b-dipeptides with methyl groups as
side chains and the one without any side chain, one obtains
a more precise picture of hydrogen-bond and secondary-
structure formation.


In the NMR analysis, the influence of structural and dy-
namical properties on NMR (particularly ROESY) spectra
is tested. This offers the possibility to assess the sensitivity
of the spectra to structural changes and consequently the
significance of the data obtained from these spectra for
structure prediction of such small systems. Three methods to
back-calculate the spectra from the MD trajectories with
varying levels of accuracy are used and denoted as follows:


* flexible : The spectra are computed by determining time
correlation functions and spectral densities for all proton
pairs, inserting the relaxation rates into the relaxation
matrix and solving the relaxation-matrix equation. This
method accounts for all aspects of internal dynamics
(fluctuating distances, individual correlation times, ™ori-
entational∫ effects), correlation with overall dynamics
and spin diffusion.


* rigid : No time correlation functions are computed, but
the hr�6i-averaged distances of all proton pairs are in-
serted into an analytical function for the spectral density
for an isotropically tumbling rigid molecule. These spec-
tral densities are used to solve the relaxation-matrix
equation. This method accounts only for fluctuating dis-
tances and spin diffusion.


* naive : Here, the spectral intensities are naively assumed
to be proportional to the hr�6i-averaged distances of the
corresponding interproton vectors, which corresponds to


the conventional method to
compare distance averages
from the simulation with ex-
perimentally derived distan-
ces (initial-rate approxima-
tion).
Comparison of the spectra


obtained with these approaches
allows to test the influence of
the above-mentioned aspects of
internal dynamics on the spec-
tra and to evaluate the various
methods to analyze NMR relax-
ation data, particularly with
regard to small flexible mole-
cules.


We address a number of
questions. Does one observe
the (experimentally) predicted
conformational differences be-
tween the SR and the SS iso-
mers of Val-Phe in the MD sim-
ulations at 298 K? Do the MD
simulations reproduce the ex-


perimental data, particularly the ROESY spectra? Does the
flexible approach reproduce the experimental spectra better
than the rigid and naive ones? Upon comparing the simulat-
ed spectra of the SR and SS isomers, does one observe sig-
nificant differences, that is, are conformational differences
reflected in the NMR spectra? Upon modifying the simula-
tion conditions (temperature, side chains): do the MD simu-
lations sample different structures? Which effects does this
have on the ROESY spectrum?


Results and Discussion


35 ns MD simulations at constant temperature (298 K or
340 K) and constant pressure (1 atm) of the following mole-
cules in methanol were carried out using the GROMOS
package[28,29] and the GROMOS 43A1 force field[29]: the SR
and SS diastereomers of Val-Phe as shown in Figure 1 at 298
and at 340 K (denoted as Val-PheSR,298, Val-PheSS,298, Val-
PheSR,340 and Val-PheSS,340), the corresponding SR and SS dia-
stereomers of Ala-Ala at 298 K (di-AlaSR and di-AlaSS) and
of Gly-Gly at 298 K (di-Gly). The resulting trajectories were
analyzed using the cluster algorithm described by Daura
et al.[30] (see also Computational methods section), the num-
bering of the clusters of structures is according to their rela-
tive population: cluster 1 is most populated, etc. The present
section is organized as follows: first, we describe the MD
simulations of the two diastereomers of Val-Phe at 298 K,
analyze the resulting conformations particularly with respect
to the predicted structural differences and compare simulat-
ed and experimental data, namely 1H ROESY spectra and
3J coupling constants. In the second part, we investigate
more closely possible effects of the method to compute the
ROESY spectra. Third, the influence of the temperature on


Figure 1. A) chemical formula of the investigated b-dipeptide Val-Phe, * indicates the two stereocenters, the
numbers refer to more closely investigated protons, the Greek letters to the carbon atoms. B) Theoretically
possible hydrogen bonds (HB) and the nomenclature used.
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the simulated ensembles will be studied, and fourth, the in-
fluence of the side chains is considered.


Val-PheSR,298 and Val-PheSS,298–Influence of the stereocen-
ters : Figure 2 presents the central member structures of the
most populated clusters of simulations Val-PheSR,298 (A) and
Val-PheSS,298 (C). The SR isomer shows an open, S-shaped


conformation, whereas the SS isomer exhibits a closed struc-
ture with the possibility to form a 10-membered ring
through hydrogen bond HB10. This hydrogen bond is present
in 60% of all structures in cluster 1 (see Figure 2C) and in
39% of all structures in the complete simulation Val-
PheSS,298 (see Table 1). In contrast, HB10 is not at all found in
simulation Val-PheSR,298. Table 1 summarizes the hydrogen-


bond populations in all MD
simulations performed (of those
hydrogen bonds which appear
for more than 1% in any of the
simulations). Figure 3 monitors
the formation of hydrogen
bonds throughout the simula-
tions and the atom-positional
root-mean-square distance
(RMSD) of the structures in
the simulations from the central
member structure of the corre-
sponding most populated clus-
ters. Simulation Val-PheSR,298
does not show any significant
hydrogen bonding at all. Only
HB8b is formed in 2% of the
structures (Table 1), but it
cannot be attributed to a specif-
ic conformation or cluster or to
a specific period in the simula-
tion, it appears transiently in
many clusters at many time
points in the simulation (see
Figure 3A). Simulation Val-
PheSS,298 (Figure 3C) shows–in
addition to the dominant 10-
membered ring structure
formed by HB10 and to HB8b,
which is also here formed only
transiently–a 12-membered
ring structure formed by HB12.
HB12 is present in 2% of all
structures (Table 1) and pre-
dominantly in specific clusters
(e.g. for 28% in cluster 3 and
for 42% in cluster 11), which
indicates that this hydrogen
bond defines a specific confor-
mation. Looking at the popula-
tions of the predominant clus-
ters of Val-PheSR,298 (16%) and
Val-PheSS,298 (58%) (Figure 2A
and C), one can see that the
most populated cluster is less
representative of the complete
simulation in case of Val-
PheSR,298 than in case of Val-
PheSS,298. This shows, together
with the different hydrogen
bonding patterns, that the SR
isomer has less well-defined


Figure 2. Central member structures of the most populated clusters in the MD simulations, the corresponding
relative populations of these clusters and the 10-membered ring hydrogen bond (HB10, see Figure 1) popula-
tions therein: A) Val-PheSR,298 ; B) Val-PheSR,340 ; C) Val-PheSS,298 ; D) Val-PheSS,340 ; E) di-AlaSR,298 ; F) di-AlaSS,298 ;
G) di-Gly298.
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structural preferences and is more flexible. On the other
hand, for both isomers the RMSD from cluster 1 remains
low for most of the time (Figure 3A and C), which means
that most of structures of the SR isomer resemble the open,
S-shaped conformation, whereas the SS isomer shows some
sort of ring structure for most of the time. Summarizing, it
can be said that these results confirm the predictions about
the hydrogen-bond formation of the two stereoisomers at
room temperature. The domi-
nance of the 10- over the 12-
membered ring is in good
agreement with observations
made with longer b-peptides,
where it was found that confor-
mationally restricted amide
bonds with two neighbouring
substituents induce the forma-
tion of 10-membered hydrogen-
bonded rings, whereas amide
bonds without adjacent sub-
stituents favour 12-membered
rings.[3]


In order to compare the re-
sults obtained from the MD
simulations with experimental
data, the 1H ROESY spectra at
two mixing times tm=100 and
150 ms and a set of 10 3J cou-
pling constants were analyzed.
Figure 4 shows that the agree-
ment of simulated ROESY in-
tensities computed from simula-
tions Val-PheSR,298 (left) and
Val-PheSS,298 (right) using the
flexible (full circles, solid line)
and the rigid (empty squares,
dashed line) approach and ex-
perimental intensities recorded
at 298 K after a mixing time of
100 ms is very good. Since the
absolute intensities in the ex-
perimental spectra depend on
the exact circumstances of the
measurement and on the exact
concentration in the probe, in-
tensities are not compared in
absolute numbers but only in


terms of correlation. This
agreement is confirmed by the
corresponding correlation coef-
ficients (96 to 94%) given in
Table 2 (upper part, first line)
for both mixing times.


Table 3 shows experimental
and simulated 3JHNHC and 3JHCHC


coupling constants, the 3JHCHC


values were computed from the
simulations using one set of
Karplus coefficients,[31] the


3JHNHC values were computed using four sets[32±35] of different
Karplus coefficients. In general, the agreement between the
experimental and simulated 3J values is comparably good
for both isomers. It should be noted though that in most
cases the deviation between the simulated and experimental
3J values is larger than the difference between the two iso-
mers. These deviations do not improve upon varying the
Karplus parameters. Yet, in all (10) cases the simulations


Table 1. Hydrogen-bond populations (in% reported if population >1%) in seven simulations of different b-
dipeptides in methanol. The hydrogen bonds are defined in Figure 1 and the hydrogen-bond criterion is a max-
imum distance of 0.25 nm between hydrogen and acceptor atom and a minimum angle of 1358 between donor,
hydrogen and acceptor. The different stereoisomers at the central a- and b-carbons are denoted by S and R.
The indices denote temperatures.


SR SS
Val-Phe298 Val-Phe340 di-Ala298 Val-Phe298 Val-Phe340 di-Ala298 di-Gly298


HB8a ± 1.2 1.6 ± ± ± ±
HB8b 1.9 2.5 2.1 1.1 2.1 1.5 ±
HB10 ± 13.0 4.4 38.7 25.4 29.6 2.8
HB12 ± 3.6 ± 2.1 3.6 2.1 2.0


Table 2. Correlation of experimental and simulated intensity for the Val-Phe b-dipeptides in methanol.[a]


Experiment
SR SS


tm=100 ms tm=150 ms tm=100 ms tm=150 ms


simulation flexible 0.96 0.95 0.94 0.94
rigid 0.88 0.86 0.85 0.84
naive 0.87 0.85 0.85 0.83


Simulation (flexible)
SR SS


298 K 340 K 298 K 340 K


experiment SR 0.96 0.75 0.91 0.87
SS 0.90 0.66 0.94 0.92


[a] Different stereoisomers (R,S) at Phe, different simulation temperatures (298, 340 K), different mixing
times (tm) and different motional models (flexible, rigid, naive) are considered. Upper part of table: ™correct∫
comparison of simulation with corresponding experiment (Graphs see Figure 4); lower part: cross-comparison
with tm=100 ms (see Figure 6).


Table 3. Comparison of simulated and experimental 3J coupling constants [Hz] for the Val-Phe b-dipeptides in
methanol. Different stereoisomers (R,S) at Phe and different simulation temperatures are considered.[a]


Simulated (298 K) (340 K) Exptl (298 K)
Protons Isomer (a) (b) (c) (d) (a)


3JHNHb,1 (Val) SR 5.4 5.4 5.5 4.9 5.7 6.1
SS 6.5 6.9 6.7 6.1 6.1 7.2


3JHNHb,2 (Val) SR 6.1 6.4 6.3 5.8 5.8 5.8
SS 5.4 5.5 5.5 5.0 5.7 4.8


3JHb,1Ha (Val) SR 8.2 8.8 9.2
SS 11.0 9.8 9.9


3JHb,2Ha (Val) SR 4.5 4.2 4.5
SS 3.8 4.3 4.2


3JHaHg (Val) SR 7.2 6.8 8.5
SS 6.2 6.1 8.4


3JHNHb (Phe) SR 7.0 7.4 7.2 6.6 6.1 8.4
SS 7.1 7.5 7.3 6.7 6.2 8.4


3JHbHa,1 (Phe) SR 4.0 4.1 5.8
SS 3.5 4.2 5.3


3JHbHa,2 (Phe) SR 10.8 10.6 8.2
SS 11.3 10.3 8.3


3JHbHg,1 (Phe) SS 3.9 4.2 5.0
3JHbHg,2 (Phe) SS 11.0 10.6 9.2


[a] Parameters of the Karplus Equation (1) were taken according to a) refs. [31,32], b) ref. [33], c) ref. [34],
and d) ref. [35], for details see Computational Methods and Table 4.
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correctly predict which of the two isomers yields the larger
3J value. In the next section the back-calculation of the
ROESY spectra is more closely discussed, especially with
respect to the applied method, the sensitivity of the intensi-
ties to dynamics and structural changes, and as a conse-


quence the relevance of the good agreement between simu-
lation and experiment for structure prediction.


Val-PheSR,298 and Val-PheSS,298–Simulated ROESY spectra :
Table 2 (upper part) presents the correlation coefficients be-


Figure 3. Backbone atom-positional root-mean-square distance (RMSD) of structures in the simulations from the corresponding central member struc-
ture of cluster 1 (see Figure 2) and occurrence of some hydrogen bonds as a function of time: A) Val-PheSR,298 ; B) Val-PheSR,340 ; C) Val-PheSS,298 ; D) Val-
PheSS,340 ; E) di-AlaSR,298 ; F) di-AlaSS,298 ; G) di-Gly298. For a definition of the hydrogen bonds, see Figure 1. Due to low plotting resolution a hydrogen bond
may be on average less present than implicated by the figure.
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tween experimental intensities of the spectra of the two iso-
mers and theoretical intensities obtained from the MD sim-
ulations using the three above-mentioned approaches, that
is, flexible, rigid and naive. The agreement of the flexible
spectra with the experiments (94 to 96% correlation) is sig-
nificantly better than that for the rigid (84 to 88%) and
naive (83 to 87%) ones, for example, the difference in corre-
lation between the flexible and the rigid approach lies be-
tween 8 and 10%, which means that the inclusion of all as-
pects of internal dynamics is relevant for the correct predic-
tion of NMR relaxation parameters of such small molecules.
The correlation coefficients of the rigid and naive ap-
proaches, however, are almost identical, with the maximal
difference between the two approaches being 1%. This
means that for this system and these mixing times spin-diffu-
sion effects are negligible. In order to assess the influence of
the structural differences between the two isomers on the
spectral intensities, the simulated spectra of the two stereo-
isomers computed from the various simulations are com-
pared to each other. Figure 5A shows the simulated intensi-
ties computed from Val-PheSS,298 versus those from Val-


PheSR,298 with the flexible ap-
proach, Figure 5B those using
the rigid approach. Proton pairs
for which the intensities differ
significantly between the two
isomers are indicated in the
figure. The largest deviations
are found within the first resi-
due (Val). The relative intensity
differences between the two
isomers are a little larger when
calculated with the flexible than
with the rigid method, which
shows that they are at least
partly due to differences in in-
ternal dynamics. In spite of the
large structural differences be-
tween the isomers, the differen-
ces in the spectra are limited to


a very small set of peaks. In Figure 5 it is also indicated
which of these peaks would be observable in the true spec-
trum (squares), that is, superposition is taken into account.
Obviously the anyway meagre differences between the iso-
mers are even partly compensated by superposition. To esti-
mate the significance of these differences with respect to the
experimental data, Figures 6A and B show a cross compari-
son of the intensities computed from the simulations Val-
PheSR,298 and Val-PheSS,298 with the experimental ones of the
SS and the SR isomers. The corresponding correlation coef-
ficients are given in Table 2 (lower part). In the Figure,
those peaks which should stand out (from what we know
from Figure 5A) are highlighted. The conclusion of this
cross comparison is, that it is indeed very difficult to detect
the structural differences between the isomers in the experi-
mental spectra.


Val-PheSR,340 and Val-PheSS,340–Influence of temperature :
Increasing the temperature has very different effects on the
two diastereomers. The SS isomer does not show strong dif-
ferences between the two temperatures. The 10-membered


Figure 4. Comparison of experimental and simulated (at 298 K) ROESY intensities at a mixing time of 100 ms.
Left: Val-PheSR ; right: Val-PheSS ; * flexible approach; & rigid approach; c linear fit for flexible ; a : linear
fit for rigid. The intensities cannot be compared in absolute numbers, only in terms of correlation. Correlation
coefficients can be found in Table 2.


Figure 5. Comparison of simulated ROESY intensities of the SS and the SR isomers (tm = 100 ms). A) Val-PheSS,298 vs Val-PheSR,298 (flexible); B: Val-
PheSS,298 vs Val-PheSR,298 (rigid); C) Val-PheSS,340 vs Val-PheSR,340 (flexible). * simulated intensities; & simulated intensities translated to observable peaks
(accounting for superposition of peaks in the experiment). Arrows indicate special proton pairs (for numbering see Figure 1).


¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2003, 9, 5838 ± 58495844


FULL PAPER W. F. van Gunsteren et al.



www.chemeurj.org





ring is still the predominant conformation (see Figure 2D),
hydrogen-bond populations are very similar (see Table 1),
HB10 is formed a little less, HB12 slightly more often than at
lower temperature. For the SR isomer, however, the situa-
tion changes dramatically upon increasing the temperature
from 298 to 340 K. The predominant structure is now a 10-
membered ring (see Figure 2B). HB10 is found in 13% of all
structures, and HB12 is formed as well (�4%). This means
that in terms of the ring structures found, the simulations of
the two isomers are similar at higher temperature. Neverthe-
less, the SS isomer is still structurally more stable than the
SR isomer, as can be seen in Figure 3, where the SR isomer
unfolds many times to the extended conformation (Fig-
ure 3B), whereas the RMSD of the SS isomer remains low
with respect to the first cluster throughout the whole simula-
tion (Figure 3D). The first cluster has a relative population
of 41% in case of Val-PheSS,340 but only of 17% in case of
Val-PheSR,340 (Figure 2), and HB10 is observed for 25 and
13%, respectively (Table 1). In order to study the impact of
the structural changes that occur when increasing the tem-
perature, the 3J coupling constants and the ROESY spectra
were calculated from simula-
tions Val-PheSR,340 and Val-
PheSS,340 as well. No larger ef-
fects on the 3J coupling con-
stants can be observed, the
overall agreement with the ex-
perimental 3J values neither im-
proved nor deteriorated com-
pared with the simulations at
298 K. The cross comparison
between the simulated spectra
for the two stereoisomers at
340 K and the experimental
spectra is presented in Figur-
es 6C and D. The corresponding
correlation coefficients are
given in the lower part of
Table 2. The spectrum comput-
ed from Val-PheSS,340 is in com-
paratively good agreement with
the experimental spectrum of
the SS isomer (recorded at
room temperature), but as well
in reasonable agreement with
the experimental spectrum of
the SR isomer, whereas the
spectrum computed from Val-
PheSR,340 much more severely
deviates from both experimen-
tal spectra. This indicates that
in simulation Val-PheSR,340 a
process occurs which does not
correctly reproduce the experi-
mental equilibrium at 298 K of
either diastereomer. In addition
to the comparison with experi-
mental intensities, the simulated
spectra computed from Val-


PheSS,340 (with the flexible method) are compared to those
computed from Val-PheSR,340 in Figure 5C. Compared with
panel A, where the same is done for the simulations at
298 K, one sees that the deviations between SS and SR
isomer occur for completely different proton pairs, the dif-
ferences are now located around the central peptide bond,
whereas at lower temperature they are found within the first
residue. In order to understand this observation in terms of
molecular structure and dynamics, the values of the back-
bone dihedral angles (including the first side chain dihedral
angle) were investigated. This study of the torsional angle
profiles also helps to interpret the observed, at first sight
counterintuitive enhancement of hydrogen bonding (struc-
ture formation) in the SR isomer upon temperature in-
crease, for which one could give two possible explanations,
i) the sampling of dihedral angle transitions is not sufficient
at lower temperature, an explanation which would be sup-
ported by major changes in the torsional angle profiles of
the simulations between the two temperatures, or ii) an en-
tropic effect where the balance between intramolecular hy-
drogen bonding and intermolecular hydrogen bond forma-


Figure 6. Cross comparison of simulated and experimental ROESY intensities at tm = 100 ms. A: Simulated
intensities of Val-PheSR,298 (full circles and solid line) and Val-PheSS,298 (empty squares and dashed line) vs ex-
perimental intensities of the SR isomer (298 K). B) Simulated intensities of Val-PheSS,298 (full circles and solid
line) and Val-PheSR,298 (empty squares and dashed line) vs experimental intensities of the SS isomer (298 K).
C) Simulated intensities of Val-PheSR,340 (full circles and solid line) and Val-PheSS,340 (empty squares and
dashed line) vs experimental intensities of the SR isomer (298 K). D) Simulated intensities of Val-PheSS,340 (full
circles and solid line) and Val-PheSR,340 (empty squares and dashed line) vs experimental intensities of the SS
isomer (298 K). Correlation coefficients can be found in Table 2. Arrows indicate special proton pairs (for
numbering see Figure 1).
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tion with solvent molecules changes with temperature. Fig-
ure 7A shows the torsional profiles in simulations Val-
PheSR,298 (grey) and Val-PheSS,298 (striped). For the second
residue (right panels), the torsional profiles of the SR and
SS isomers are mirror images (around 1808) due to the in-
version of the stereocenter in this residue. The largest differ-
ence between the two simulations appears in the dihedral
(b1) around the bond between the Cb and Ca atom (and
slightly in the dihedral (c1) around the bond between the Ca


and the carbonyl C atom) in the first residue, where the SR
isomer samples an additional minimum. This is probably re-
sponsible for the fact, that the largest differences between
the spectra computed from Val-PheSS,298 and Val-PheSR,298
(Figure 5A) are found within the first residue. For several
other dihedrals, the torsional angle profiles of the SR isomer
(grey) are more symmetric than those of the SS isomer
(striped). All these differences reflect that the SS isomer
adopts a comparatively rigid ring conformation, whereas the
SR isomer is rather extended and flexible. Figure 7B pres-
ents the same profiles for the corresponding simulations at
340 K. Two major observations can be made, i) the SS
isomer now also samples the third conformation (at 3008) of
the torsional angle (b1) around the Cb�Ca bond in residue 1,
which explains why the differences for proton pairs in the
first residue in the spectra vanishes going from Figure 5A to
C, and ii) simulation Val-PheSR,340 starts sampling new con-
formations (at 3008) of the torsional angle (a2) around the
N�Cb bond in the second residue, which explains why in Fig-
ure 5C and also in Figure 6C and D the deviations occur
around the central amide bond. These additional conforma-
tions are probably not present in the experimental equilibri-
um.


For our understanding of the sampling of conformational
space, it is also interesting to determine, how much the con-
formational spaces sampled by the various simulations of
Val-Phe overlap. This is done by clustering the concatenated
trajectories (structures taken every 20 ps) and analysing the
composition of the clusters.[9,36] The result is presented in
Figure 8A. By far the largest cluster (25% of all structures)
represents the 10-membered ring formed by HB10. This clus-
ter only contains structures from simulations Val-PheSS,298
and Val-PheSS,340. HB10 is found in three other clusters
(among the first 30 clusters): cluster 2 containing structures
from Val-PheSS,298, Val-PheSS,340 and Val-PheSR,340, cluster 12
again containing structures from Val-PheSS,298 and Val-
PheSS,340, and cluster 15 only containing structures from Val-
PheSR,298 and Val-PheSR,340. This shows, that the conforma-
tional space occupied by the two isomers is separated, even
if one only considers the 10-membered ring structures. Only
few clusters contain structures from both the SS and the SR


Figure 7. Torsional angle profiles in the MD simulations of the various b-
dipeptides in methanol at different temperatures. A) Val-Phe at 298 K;
B) Val-Phe at 340 K; C) di-Ala and di-Gly; grey filled curves: SR isomer;
striped dashed curves: SS isomer; empty solid curves (only panel C): di-
Gly. Definition of the torsional angles (i : residue number): ai: C(carbon-
yl)i�1-Ni-Ci
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isomers, and overlap always involves simulation Val-
PheSR,340.


di-AlaSR, di-AlaSS and di-Gly–Influence of the side chains :
How much is the backbone conformation dominated by the
type and the bulkiness of the side chains? This can easily be
investigated by performing simulations with less side chain
atoms. Figures 2E±G show the central member structures of
the largest clusters of the di-alanine and di-glycine variants
of the Val-Phe peptides. The predominant conformation of
di-AlaSS,298 (Figure 2F) is a 10-membered ring, just as in Val-
PheSS,298 (Figure 2C). The predominant conformation of di-
AlaSR,298 (Figure 2E) is an open, S-shaped structure, just as
in Val-PheSR,298 (Figure 2A). In terms of hydrogen bonding
(Table 1), di-AlaSS,298 lies between Val-PheSS,298 and Val-
PheSS,340, and di-AlaSR,298 lies between Val-PheSR,298 and Val-
PheSR,340, respectively. This shows, that the type of side chain


does not alter the conformational preferences of each
isomer much, they are determined by the substitution pat-
tern and the stereochemistry in the backbone. The fact that
the properties of the di-Ala simulations at 298 K range
somewhere between those of the Val-Phe simulations at 298
and at 340 K indicates, that reducing the side chains leads to
enhanced flexibility. This is confirmed by Figure 3E and F,
where several transitions between the open and the closed
structures are observed for di-Ala. Also in case of the tor-
sional angle profiles (see Figure 7), the di-Ala298 simulations
(Figure 7C) show features both of Val-Phe298 (Figure 7A)
and of Val-Phe340 (Figure 7B), namely the additional rotam-
er (b1) around the Cb�Ca bond in residue 1, which is only
sampled by di-AlaSR,298 (grey) not by di-AlaSS,298 (striped),
just as in Val-Phe298, and an additional rotamer (at 608, c1)
around the Ca�C=O bond in residue 1 which is sampled sig-
nificantly only by di-AlaSS,298, di-AlaSR,298 and Val-PheSR,340.
The first cluster of di-Gly298 is an extended conformation,
and the low hydrogen-bond populations and the low cluster
populations show that di-Gly is extremely flexible. The tor-
sional angle profiles of di-Gly (Figure 7C, solid lines) are
almost as perfectly symmetrical as expected, as no stereo-
center induces any preferences in any direction, and di-Gly
samples rotamers which di-Ala and Val-Phe cannot sample
because of their side chains. Figure 8 (lower panel) shows
the populations of the clusters of a combined clustering
analysis of all five dipeptide simulations at 298 K (Val-
PheSR,298, Val-PheSS,298, di-AlaSR,298, di-AlaSS,298 and di-Gly298).
It shows, that at this temperature, the conformational space
sampled by the two stereoisomers has no overlap, that is,
clusters either contain structures from Val-PheSS,298 and di-
AlaSS,298 or structures from Val-PheSR,298 and di-AlaSR,298.
Most of the clusters contain a tiny fraction of the di-Gly298
simulation, which shows that di-Gly samples the complete
space accessible to the substituted dimers. Additionally,
there are pure di-Gly clusters, confirming the above obser-
vation that di-Gly samples more rotamers than the substitut-
ed dimers.


Conclusion


The MD simulations of the SS and SR diastereomers of the
Val-Phe b-dipeptide at 298 K confirm the predicted structur-
al differences. The SS isomer forms a 10-membered ring,
whereas the SR isomer prefers an S-shaped open conforma-
tion. As predicted for peptides where the amide bond is
conformationally restricted by two adjacent side chains, the
hydrogen bond which leads to a 12-membered ring structure
is only very lowly populated. The MD simulations reproduce
the available experimental data quite well. Upon closer in-
vestigation, it has to be questioned though, whether the ex-
perimental data can significantly distinguish between SR
and SS isomer. As far as 3J coupling constants are con-
cerned, the deviations between simulated and experimental
values for each isomer are in the same order of magnitude
as the deviations between the (structurally completely differ-
ent) diastereomers. Yet, the simulations correctly predict
which of the two isomers yields the larger 3J value. After a


Figure 8. Clustering of merged trajectories: total cluster populations and
fraction that belongs to the single MD trajectories. A) Concatenation of
Val-PheSR,298, Val-PheSR,340, Val-PheSS,298 and Val-PheSS,340 (structures taken
every 20 ps, 7000 structures in total); B) concatenation of Val-PheSR,298,
Val-PheSS,298, di-AlaSR,298, di-AlaSS,298 and di-Gly298 (structures taken every
20 ps, 8750 structures in total). Hydrogen bonds that are predominant in
a cluster are indicated.
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temperature increase in the simulations, which at least in
case of the SR isomer causes substantial structural changes,
the agreement of the simulated and measured 3J values re-
mains essentially unaffected. Similar conclusions can be
drawn for the 1H NMR ROESY spectra. Again, the differ-
ences in the spectral intensities between SS and SR are
small, and it requires an extremely careful analysis of a
rather small set of cross peaks to find the structural and dy-
namical differences between the isomers reflected in the
spectrum. For such a detailed analysis, it is essential to re-
place the conventional method of comparing distance aver-
ages computed from the MD simulations with experimental-
ly derived distances by a back-calculation of the relaxation
rates and intensities from the MD simulations using the flex-
ible approach which includes all aspects of internal dynam-
ics. The differences in the spectra can be understood by in-
vestigating the torsional angle profiles of the backbone and
the first side chain dihedral angles of the MD simulations.
Increasing the temperature in the simulations leads in case
of the SR isomer of Val-Phe to enhanced sampling of dihe-
dral space and to formation of new conformations. One ob-
serves the formation of both structures (10- and 12-mem-
bered rings) at 340 K. The conformational study of the two
Val-Phe isomers, their di-Ala and the di-Gly variants shows
that the conformational space sampled by the di-Ala iso-
mers is very similar to the space sampled by the correspond-
ing Val-Phe isomers. The properties of di-Ala at 298 K lie
between the properties of Val-Phe at 298 K and at 340 K.
Thus, variation of side chains does not completely alter the
conformational preferences of each isomer, it mainly deter-
mines the flexibility of the molecule. The di-Gly simulation,
which shows a high degree of flexibility, samples the com-
plete space accessible to the substituted dimers and addi-
tional conformations which are accessible only to the unsub-
stituted peptide.


Experimental Section


The b-peptides were synthesized as previously described (ref. [3] and ref-
erences therein).


NMR Spectroscopy of b-peptides sample : 10±12 mg dissolved in 0.6 mL
CD3OH. 1D NMR (DRX500): 1H NMR (500 MHz): suppression of the
CD3OH signal by presaturation; 90 K data points, 128 scans, 5.6 s acquisi-
tion time. {1H}-BB-decoupled-13C NMR (125 MHz): 80 K data points,
20 K scans, 1.3 s acquisition time, 1 s relax. delay 458 excitation pulse.
Processed with 1.0 Hz exponential line broadening. 2D NMR: All with
solvent suppression by presatd DQF-COSY (500 MHz, CD3OH) with
pulsed field gradients (PFG) for coherence pathway selection[37]: Acquisi-
tion: 2 K(t2)î512 (t1) data points. 10 scans per t1 increment, 0.17 s acquisi-
tion time in t2 ; relaxation delay 2.0 s. TPPI quadrature detection in w1.
Processing: Zero filling and FT to 1 Kî1 K real/real data points after
multiplication with sin2 filter shifted by p/3 in w 2 and p/2 in w1.
ROESY[38] (500 MHz, CD3OH). Acquisition: five ROESY spectra with
tm = 50, 100, 150, 200 and 400 ms were acquired. CW-spin lock (2.7 kHz)
between trim pulses, 2 K(t2)î512 (t1) data points, 64 scans per t1 incre-
ment. 0.17 s acquisition time in t2, other parameters identical to DQF-
COSY. Processing: Zero filling and FT to 1 Kî512 K real/real data data
points points after multiplication by cos2 filter in w2 and w1. Baseline cor-
rection with 3rd degree polynomial in both dimensions. Crosspeak inten-
sities were determined via integration of the peak volumes with
XWINNMR. For comparison with the MD simulations, a reduced set of
11 unambiguous, reliable peaks from proton pairs involving N-H, Ca-H,


Cb-H, and Cg-H was considered. No indications of aggregation were ob-
served.


Computational methods : All simulations were performed using the
GROMOS96 package of programs[28,29] with the standard GROMOS96
43A1 united atom force field.[29] The methanol model was taken from the
standard GROMOS96 set of solvents.[28,29, 39] Initially, the solute was
placed in an extended conformation (with all backbone torsional angles
in trans) at the center of a truncated octahedron with a minimum dis-
tance of the solute atoms to the square box walls of 1.8 nm. The resulting
numbers of solvent molecules are 886 (Val-PheSR,298 and Val-PheSR,340),
888 (Val-PheSS,298 and Val-PheSS,340), 894 (di-AlaSS), 889 (di-AlaSR), 893
(di-Gly). Periodic boundary conditions were applied. The system was re-
laxed by initially performing a steepest descent energy minimization. The
MD simulations were started by taking the initial velocities from a Max-
wellian distribution at the corresponding temperature. Solvent and solute
were independently weakly coupled to a temperature bath with a relaxa-
tion time of 0.1 ps.[40] The pressure was calculated with a molecular virial
and kept constant at 1 atm by also applying the weak coupling algorithm
with a relaxation time of 0.5 ps and an isothermal compressibility of
4.575î10�4 (kJmol�1nm�3)�1. Bond lengths were constrained using the
SHAKE algorithm with a geometric tolerance of 10�4,[41] so that the time
step for the leapfrog integration scheme could be set to 0.002 ps. For the
non-bonded interactions a twin-range method with cutoff radii of 0.8 and
1.4 nm was used.[28,29] Outside the longer cutoff radius a reaction field ap-
proximation[42] was used with a relative dielectric permittivity of 17.7.
The center of mass motion of the whole system was removed every
10000 time steps. The system was equilibrated for 5 ns and the trajectory
coordinates were saved every 0.5 ps for analysis over a period of 35 ns.


Structure analysis : A cluster analysis was performed on all trajectories
using the structures every at 0.01 ns. Clustering was done as described in
ref. [30] by performing a rotational and translational atom-positional
least-squares fit on every pair of structures and calculating the atom-posi-
tional root-mean-square difference (RMSD) between the two structures
using all backbone atoms. The similarity criterion used was an RMSD �
0.05 nm. The criterion for a hydrogen bond in a given structure was a
maximum distance of 0.25 nm between the hydrogen atom and the ac-
ceptor atom and a minimum angle of 1358 between donor, hydrogen and
acceptor.


NMR analysis : The method to back-calculate NOESY and ROESY spec-
tra based on MD simulations can be found in ref. [26]. Compared to the
procedure described there a small modification was made, namely the
spectral density functions were computed for all proton pairs and not
only for a selected set. This was made possible by the use of fast Fourier
transforms (FFTs) when computing the time-correlation functions. 3J cou-
pling constants were calculated from the MD simulations using the Kar-
plus relation[43]


3JHH ¼ A cos2qþB cosqþC ð1Þ


in which q is the dihedral angle defined by the three bonds and the two
protons. The parameters A, B and C were taken from the literature as
summarized in Table 4.
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Unique Guest-Inclusion Properties of a Breathing Ionic Crystal of
K3[Cr3O(OOCH)6(H2O)3][a-SiW12O40]¥16H2O


Sayaka Uchida and Noritaka Mizuno*[a]


Introduction


Crystalline microstructured materials such as zeolites pos-
sess molecule-sized spaces in their lattice and have attracted
considerable attention owing to their guest-inclusion proper-
ties. Inorganic aluminosilicate zeolites are composed of co-
valently bonded [TO4] units with structurally rigid micro-
pores. There is a long history of research into such materi-
als.[1] Currently there is great interest in the synthesis of self-
organized supramolecular complexes. A wide variety of
complexes have been synthesized by the incorporation of or-
ganic groups and these complexes are expected to display
unique guest-inclusion properties and catalysis.[2] In this con-


text, these supramolecular complexes are often called ™or-
ganic zeolites∫.[3] The guest molecules are included with spe-
cific interactions such as coordination bonds,[4] hydrogen
bonds,[5] or aromatic interactions.[6] Therefore, organic zeo-
lites often exhibit unique guest-inclusion properties and the
three-dimensional arrangements of the constituent mole-
cules are apt to change with the type and amount of the
guests.[2e,3a,5, 6b]


There are some examples of catalysis (for example, cya-
nosilylation,[2a] photochemical reactions,[2g] selective esterifi-
cation,[2c] and oxidation of sulfides[2f]) by supramolecular
complexes and the guest-inclusion properties in these sys-
tems have been extensively studied. However, scarcely any-
thing is known about the size-selective oxidation of alcohols
by such complexes. The incorporation of catalytically active
sites or molecules into the crystal lattice of the microstruc-
ture could lead to the development of novel catalysts in this
area.


Polyoxometalates are discrete metal±oxygen cluster
anions and possess redox or acid±base properties.[7] In addi-
tion, some polyoxometalates in the solid state show sorption
properties or have micropores. For example, an acid-form
polyoxometalate compound, H3PW12O40, absorbs polar mol-
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Abstract: A microstructured ionic crys-
tal, K3[Cr3O(OOCH)6(H2O)3][a-
SiW12O40]¥16H2O (1) was synthesized
by the complexation of the Keggin-
type polyoxometalate of [a-SiW12O40]


4�


with a macrocation of
[Cr3O(OOCH)6(H2O)3]


+ . Compound 1
possessed a straight channel, with an
opening of approximately 0.5î0.8 nm,
which contained the water of crystalli-
zation. The use of the macrocation
with large size (0.7 nm) and small
charge (+1) reduced the anion±cation
interaction and was essential for the
channel formation. The molecular
structures of the polyoxometalate and
the macrocation in 1 were retained
under vacuum at 473 K. Analogues of


1 were synthesized with [a-
PVW11O40]


4� or [Fe3O(OOCH)6-
(H2O)3]


+ . The water of crystallization
in 1 was removed under vacuum at
room temperature to form the closely
packed guest-free phase 2. Compound
2 reversibly and repeatedly included
water and polar organic molecules with
two carbon atoms or less. Guest inclu-
sion was highly selective and a differ-
ence of even one methylene group in
the organic guest molecule was discri-
minated by the host. Polar organic mol-


ecules with longer methylene chains
and nonpolar molecules such as dini-
trogen and methane were completely
excluded. The guest-inclusion proper-
ties could be explained by the ion±
dipole interaction between the host
and the guest, which is proportional to
the dipole moment of the guest mole-
cule and inversely proportional to the
ion±dipole (host±guest) distance. Thus,
small polar molecules were selectively
absorbed. These distinctive guest-inclu-
sion properties were successfully ap-
plied to the oxidation of methanol
from a mixture of C1 and C2 alcohols.
These results show unique guest inclu-
sion and catalysis by rationally de-
signed ionic crystals.


Keywords: host±guest systems ¥
polyoxometalates ¥ selective
sorption ¥ thermodynamics
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ecules into the solid bulk in a nonselective way and then
acid-catalyzed reactions proceed in the bulk.[8] On the other
hand, the substitution of H+ with Cs+ renders the com-
pound insoluble and produces micropores between the
nanocrystallites. Acid or oxidation reactions proceed in the
micropores in a shape-selective manner.[9] Nanosized poly-
oxometalates are also suitable building blocks for crystalline
microstructured materials[10] and some of these compounds
contain nitriles or alcohols as guests,[11] although they can
not be removed or reversibly included.


We have preliminarily communicated the selective and
reversible guest inclusion of alcohols and nitriles smaller
than C3 by an ionic crystal of K3[Cr3O(OOCH)6(H2O)3]-
[a-SiW12O40]¥16H2O (1).[12] Herein, we report the full details
of the synthesis and crystal structure of 1, the guest-inclu-
sion properties of the guest-free phase 2, and the investiga-
tion of the physico-chemical factors controlling the highly
selective inclusion of polar organic molecules with two
carbon atoms or less. The nature of the guest inclusion of 2
can be explained by the magnitude of the ion±dipole inter-
action between the host and guest. The distinctive guest-in-
clusion properties of 2 have been applied to the size-selec-
tive oxidation of a mixture of C1 and C2 alcohols. The results
show novel guest inclusion and catalysis by rationally de-
signed ionic crystals.


Results and Discussion


Synthesis, crystal structure, and stability of 1: Figure 1 de-
picts the synthesis and the crystal structure of 1 (ab and ac
planes). The molecular structures of [a-SiW12O40]


4�[13] (poly-
oxometalate) and [Cr3O(OOCH)6(H2O)3]


+ [14] (macrocation)


in 1 agreed with previous reports. As shown in Figure 1, the
polyoxometalates and macrocations lined up alternately
along the c axis to form a column and three potassium ions
compensated for the minus charge. The columns were hex-
agonally placed to construct a straight channel with an
opening of approximately 0.5î0.8 nm (36% of the unit
cell).[15] The large size and the small charge of the ions (poly-
oxometalate: size�1.0 nm, charge=�4; macrocation: size
�0.7 nm, charge=++1) reduced the ion±ion interaction and
were crucial to the creation of the channel. The bridging for-
mate groups of the macrocation were positioned toward the
polyoxometalates and were weakly hydrogen-bonded to the
oxygen atoms (O¥¥¥H�C: 0.324±0.336 nm). The water of crys-
tallization (light blue circles in Figure 1) was positioned in
the channel and was in the vicinity of potassium ions
(K¥¥¥Ow: 0.273±0.287 nm) or was hydrogen-bonded to the
oxygen atoms of the macrocations (O¥¥¥Ow: 0.258±0.267 nm)
or polyoxometalates (O¥¥¥Ow: 0.281±0.308 nm). These water
molecules were desorbed under vacuum at room tempera-
ture to form a closely packed guest-free phase, 2. Details of
the structure and properties of 2 will be described in later
sections. Ionic crystals were also synthesized with Keggin-
type vanadium-substituted polyoxometalate [a-PVW11O40]


4�


or the iron(iii) macrocation [Fe3O(OOCH)6(H2O)3]
+ . The


IR spectra showed characteristic bands for the polyoxometa-
late and the macrocation, thereby indicating that the molec-
ular structures of the ions were maintained in the ionic crys-
tals. The chemical formulae of the ionic crystals were deter-
mined as K3[Fe3O(OOCH)6(H2O)3][a-SiW12O40]¥16H2O (3)
and K3[Cr3O(OOCH)6(H2O)3][a-PVW11O40]¥16H2O (4) by
elemental analysis (see the Experimental Section). Ionic
crystals 3 and 4 showed essentially the same powder X-ray
diffraction (XRD) patterns as that of 1, a fact showing that


the anion±cation arrangements
were identical to 1 (see Figure
S-1 in the Supporting Informa-
tion).[16]


Next, the stability of the
constituent ions of 1 was inves-
tigated by IR spectroscopy (see
Figure S-2 in the Supporting In-
formation). Drying of 1 under
vacuum at room temperature to
form 2 resulted in a weight loss
of 7.6%, which corresponds to
16 molecules of water of crys-
tallization (calcd. 7.6%). The
weight loss of 1 under vacuum
at 473 K was 9.4%, which is ap-
proximately equal to the loss of
the water of crystallization to-
gether with the 3 molecules of
the coordination water of the
macrocation (calcd. 9.0%). The
IR spectra of 1 under vacuum
at 473 K showed the character-
istic bands of [a-SiW12O40]


4�[17]


at around 980 (nasym(W=O)),
930 (nasym(Si�O)), 890


Figure 1. Syntheses and crystal structures (ab and ac plane) of 1 and 2. Blue and light blue spheres are K+


ions and oxygen atoms of the water of crystallization, respectively.
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(nasym(W�Oc�W)), and 790 cm�1 (nasym(W�Oe�W)) and
those of the macrocation[18] at around 1635 (nasym(OCO)),
1380 (nsym(OCO)), and 660 cm�1 (nasym(Cr3�O)). This fact
shows that the molecular structures of the constituent ions
were retained up to 473 K. No changes were observed for
the characteristic IR bands of K4[a-SiW12O40] and
[Cr3O(OOCH)6(H2O)3](OOCH) under vaccum at 473 K, a
fact that supports the stability of the structures. The weight
loss of 1 under vacuum at 773 K was >18% and the charac-
teristic bands of the macrocation disappeared; this indicates
decomposition of the macrocation. The thermogravimetric
(TG) measurement of 1 showed a sharp weight loss around
573±623 K due to decomposition of the macrocation, a
result which is consistent with the IR data (Figure S-3 in the
Supporting Information). The retention of the molecular
structures of the constituent ions up to 473 K was also con-
firmed by the diffuse reflectance UV/Vis spectrum.[19] The
IR spectrum of 1 showed a broad band at around 2000±
3500 cm�1, which may be attributed to the n(OH) bands of
the water molecules.[20] The band intensity decreased under
vacuum and was restored upon exposure of the crystal to
water vapor, which suggests reversible sorption/desorption
of the water molecules.


Sorption/desorption of water molecules by 1 and 2: Figures
2a and 2b show the XRD patterns of 1 and 2, respectively.


The distinct peaks of 1 were considerably broadened under
vacuum at 298 K, as shown in Figure 2b. The broad pattern
is possibly explained by a closest-packing model of the col-
umns, which would be in accord with the low BET surface
area (2 m2g�1) and the fact that 2 showed type-II isotherms
for N2 sorption at 77 K, as is characteristic for nonporous
solids.[21] Figures 2c±2 i show the changes in the in situ XRD
pattern of 2 with exposure to water vapor. An exothermic
peak was observed after the increase in the water vapor
pressure. At P/P0�0.80, a broad pattern similar to that in
Figure 2b was observed. The diffraction peaks sharpened
slightly and shifted to lower angles with the increase in the
water vapor pressure, a result indicating lattice expansion of
the host solid.[22] A single crystalline phase identical to 1 was
formed at and above P/P0=0.90.


On the other hand, exposure of 2 to vapors of small
polar organic molecules gave XRD patterns different from
1.[23] These differences show the changes in the anion±cation
arrangement with the kind of organic molecules and their
inclusion as guests into the solid bulk. Some organic or orga-
nometallic complexes exhibit structural transformation upon
the inclusion of polar molecules and the structural change
can be explained by specific interactions such as hydrogen-
bonding between the host and the guest.[2e,3a, 5,6b] No changes
in the IR and diffuse reflectance UV/Vis bands characteris-
tic of the polyoxometalate and macrocation were observed
upon exposure of 2 to vapors of water or organic molecules;
this result shows that the molecular structures of the constit-
uent ions are retained.


The water sorption/desorption isotherm of 2 was investi-
gated to quantify the inclusion properties. Figure 3 shows
the results at 298 K. For the sorption branch, the amount of
water uptake increased monotonically with the vapor pres-
sure and reached approximately 12 molecules per 2 at
P/P0�0.8. The slope became steeper above this point and
the uptake reached approximately 18 molecules per 2 at
P/P0�0.95. This number was approximately equal to that of
the water of crystallization in 1. The XRD pattern of the
sample after the sorption run was identical to 1, a result
which shows that the water molecules are included into the
bulk in the same way as in 1.


The desorption branch overlapped with the sorption
branch at high pressures while a hysteresis existed at low


Figure 2. XRD patterns of a) 1 and b) 2. c)±i) Changes of in situ XRD
patterns of 2 with changes in partial pressures of water vapor at 298 K.
The water vapor pressure was controlled with N2 balance.


Figure 3. Water sorption/desorption isotherm of 2 at 298 K. Closed and
open symbols represent sorption and desorption branches, respectively.
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pressures. Similar isotherms of
polar absorbents have been re-
ported for montmorillonite. The
low-pressure hysteresis has
been explained by the specific
host±guest interaction (that is,
ion±dipole or hydrogen bond-
ing), which alters the crystal
structure of the host and allows
the guest to escape only very
slowly during the desorption
run.[24,25] As shown by the light
blue circles in Figure 1, the
water of crystallization in 1 was
in the vicinity of the potassium
ions (K¥¥¥Ow: 0.273±0.287 nm)
or was hydrogen-bonded to the
oxygen atoms of the macroca-
tions (O¥¥¥Ow: 0.258±0.267 nm)
or polyoxometalates (O¥¥¥Ow:
0.281±0.308 nm), showing an
ion±dipole or hydrogen-bond-
ing interaction. Structural
changes (lattice expansion of
the host solid) with the inclu-
sion of water molecules were observed as described. There-
fore, the water sorption/desorption isotherm of 2 can be ex-
plained as follows. Water molecules penetrate and diffuse
into the closely packed structure of 2 and the lattice of the
ionic crystal expands (P/P0�0.8). A crystalline phase with a
channeled structure, 1, forms with the completion of the in-
clusion of water molecules. Water molecules are trapped
into the host solid through ion±dipole or hydrogen-bonding
interactions and these specific interactions prevent facile de-
sorption and lead to a low-pressure hysteresis. These low-
pressure hystereses are different from those for the conven-
tional type-IV isotherms with loops closing at low pressures,
due to capillary condensation into mesopores.


Guest-inclusion properties of 2 : The guest inclusion of 2 was
investigated with various kinds of molecules. Small polar or-
ganic molecules such as acetaldehyde and formic acid were
absorbed as well as water, alcohols, and nitriles. Polar organ-
ic molecules with longer methylene chains and nonpolar
molecules such as dinitrogen and methane were completely
excluded. Thus, the guest-inclusion properties of 2 seem to
be affected by the number of carbon atoms and the dipole
moments[26] of the guest molecules. Only water and the C1


molecules (methanol and formic acid) were included at a
low P/P0 value of 0.2. Inclusion of C2 molecules suddenly
began at a definite pressure; the existence of such a ™gate
pressure∫ in guest inclusion has been reported in several ar-
ticles.[5e,27] This phenomenon can be explained by the magni-
tude of the ion±dipole interaction between the host and the
guest and by the change in the chemical potential of the
guest molecule with the gas pressure, which will be de-
scribed in the next section. Figure 4 summarizes the results
at P/P0=0.8. It was clearly shown that the guest-inclusion
properties of 2 depended greatly on the number of carbon


atoms and the polarity of the guest molecule and that only
polar molecules with two carbon atoms or less were includ-
ed into the solid bulk.


The amounts of inclusion in terms of liquid at P/P0�1
for water, formic acid, ethanol, and acetonitrile were 0.084,
0.092, 0.157, and 0.140 mLmol�1, respectively. The amounts
change with the guests, but values could not be determined
for methanol and acetaldehyde due to the irreversible swel-
ling of the host above a P/P0 value of 0.6. The XRD pat-
terns after the sorption run differed with the guests. There-
fore, the differences in the inclusion amounts are probably
caused by transformations in the anion±cation arrangements
with the inclusion of various guests.


Solid-state magic-angle-spinning (MAS) NMR spectra of
2 loaded with organic molecules were taken to quantify
their states. 13C MAS NMR spectra of 2 after the inclusion
of six molecules of methanol per 2 exhibited an isotropic
peak at d=57.9 ppm (methyl carbon) with a half-width of
approximately 1.5 kHz and spinning side bands. The position
of the isotropic peak showed a lower-field shift of approxi-
mately 8 ppm from the d=50 ppm signal of the methanol
solution. In general, 13C NMR peaks of methanol molecules
adsorbed on the surface show much smaller lower-field
shifts (<1 ppm) and are much sharper (half-width
<100 Hz).[28] Therefore, the large lower-field shift and the
broadness of the isotropic 13C NMR peak were probably
caused by the inclusion of methanol into the host ionic
solid.


Investigation of factors controlling the guest-inclusion prop-
erties of 2:


Quantitative explanation of the inclusion of small polar mole-
cules : As discussed in a previous section, 2 has a closely


Figure 4. Effect of the number of carbon atoms and the dipole moments of guest molecules on the inclusion
properties of 2 at P/P0=0.8.
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packed structure and the distance among the constituent
ions must increase in order to include guests into the solid
bulk, as depicted for the water sorption in Figure 2. An
energy diagram for the inclusion of guest molecules is sche-
matically shown in Figure 5. If the ion±dipole interaction be-
tween the host and the guest (Eint) is larger than the energy
needed for the solid bulk expansion (E1) then the guest


sorption energy (Eint�E1=Eabs) becomes >0 and the guest
molecule can be accommodated into the solid bulk. Eint be-
tween the host and the guest can be calculated according to
the Equation (1), where Q, m, and r are the charge of the
constituent ion [C],[29] the dipole moment of the guest
[debye], and the ion±dipole (host±guest) distance, respec-
tively. e0 and NA are the dielectric constant of vacuum
(8.854î10�12 J�1C2m�1) and the Avogadro number (6.022î
1023 mol�1), respectively.[30]


Eint ¼ � Qm


4pe0r2
�NA ð1Þ


Thus, the ion±dipole interaction is proportional to the
dipole moment of the guest and inversely proportional to
the ion±dipole (host±guest) distance. The latter becomes
larger with the increase in the number of carbon atoms in
the guest molecule. Therefore, Eint increases with the de-
crease in the number of carbon atoms and the increase in
the dipole moment of the guest molecule. Thus, the easy in-
clusion of small polar molecules into 2 can be quantitatively
explained by these interactions.


Quantitative explanation of the inclusion of water : Next, the
water sorption was investigated in more detail on the basis
of Figure 5. Eint for the water sorption can be divided into
three components since there were three kinds of constitu-
ent ions (K+ , [Cr3O(OOCH)6(H2O)3]


+ , [a-SiW12O40]
4�). The


polyoxometalate (r�0.5 nm) and macrocation (r�0.35 nm)
are much larger than K+ (r=0.152 nm) and the ion±dipole
interaction energies are proportional to the square inverse
of the ion±dipole distance. The former interaction energies
were less than 10% of that for K+ (�357 kJmol�1 (a)) and
are probably negligible. However, water molecules possess


hydroxy groups and can additionally interact with the
oxygen atoms of the polyoxometalate or the macrocation
through hydrogen bonding. Therefore, the interaction of
water molecules with the oxygen atom of the polyoxometa-
late (�119 kJmol�1 (b)) or macrocation (�266 kJmol�1 (c))
were also considered. The sum (Eint) of the host±guest inter-
action energies for (a), (b), and (c) was �742 kJmol�1.[31]


Eabs was estimated from the water sorption isotherm at
different temperatures by using the Clausius±Clapeyron
equation.[32] Figure 6a shows the water sorption isotherms of


2. The water sorption energy calculated from the Clausius±
Clapeyron equation is shown in Figure 6b. The total water
sorption energy for 2 was estimated from the sum of ener-
gies for the 16 water molecules and a value of Eabs=�519�
20 kJmol�1 was obtained.[33] Therefore, the energy for the
bulk expansion (E1=Eint�Eabs) was 223�20 kJmol�1. In a
separate way, E1 could also be estimated by the difference
in the lattice energies, since 1 and 2 are ionic crystals. The
lattice energies of 1 and 2 can be estimated according to the
equation of Glasser and Jenkins[34] and were approximately
�2700 and �2900 kJmol�1, respectively. Thus, E1 was esti-
mated to be approximately 200 kJmol�1. This value agrees
fairly well with the value of 223�20 kJmol�1 and supports
the idea that the E1 values do not change much with the
guests.


Figure 5. Schematic model of energy changes of the host ionic crystal
upon guest inclusion.


Figure 6. a) Water sorption isotherms of 2 at different temperatures.
b) Water sorption energy of 2 calculated by using the Clausius±Clapeyron
equation.
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Gate pressure : The nature of the gate pressures in the case
of C2 guests was considered. If the potential energy of the
guest molecule in the solid phase (Es) was larger than that
in the gas phase (Eg), the guest molecule would be included
into the solid bulk. The gate pressure is a unique pressure
where Eg is equal to Es. The potential energy of the included
guest (Es) can be described as in Equation (2), where ms is
the chemical potential of the liquid guest.[35,36]


Es ¼ Eint þ ms�E1 ð2Þ


Since Eint, ms, and E1 are independent of the gas pressure,
Es is also independent of the gas pressure. On the other
hand, the potential energy or the chemical potential of the
guest molecule in the gas phase is defined as in Equa-
tion (3),[37] where P8 is 1 atm (101.3 kPa) and mg8 is the
chemical potential of the molecule in the gas phase at stan-
dard state (1 atm, 298 K). Since Eg decreases with the in-
crease in P, the guest inclusion becomes favorable at high
gas pressures.


Eg ¼ mg ¼ mo
g þ RTlnðP=PoÞ ð3Þ


Here we attempted to calculate Es and Eg values upon
inclusion of 16 water molecules into 2. From Equation (2),
Es was calculated to be �4314 kJmol�1 since E1 and Eint


were 223 and �742 kJmol�1, respectively, and ms8 for water
was reported to be �237.18 kJmol�1.[38] From Equation (3),
Eg was calculated to be (�3657+16RTln(P/P0)) kJmol�1,
since mg8 for water was reported to be �228.59 kJmol�1.[38]


Therefore, Eg is equal to Es at P=6.44î10�3 Pa (gate pres-
sure). The value was almost zero and agreed with the fact
that the water sorption started at very low pressure, as
shown in Figure 3.


In the case of ethanol, ms8 (�174.2 kJmol�1) and mg8
(�168.3 kJmol�1) values have been reported.[38] On the as-
sumption that the E1 value for ethanol sorption is the same
as that for water sorption and that the position of ethanol
included is the same as that of water included, the gate pres-
sure is estimated to be 2.88 kPa.[39] This value agrees fairly
well with the experimental value of approximately
3.3 kPa.[12]


Selective oxidation of mixed alcohols : The inclusion proper-
ties of 2 were reflected in the oxidation of a mixture of alco-
hols with hydrogen peroxide. Oxidation of the alcohols did
not proceed when K4[a-SiW12O40] (heterogeneous phase) or
(TBA)4[a-SiW12O40] (homogeneous phase; TBA= tetrabutyl-
ammonium) were added, while addition of [Cr3O(OOCH)6-
(H2O)3](OOCH) (homogeneous phase) produced 75 mmol
of formaldehyde and 100 mmol of acetaldehyde. These facts
show that the macrocation ([Cr3O(OOCH)6(H2O)3]


+) in 2 is
the active species for the oxidation of alcohols. Figures 7a
and b show changes in the concentrations of the aldehydes
and alcohols, respectively, as a function of time. The concen-
tration of methanol initially decreased while that of ethanol
started to decrease after a short induction period (0.5 h).
These concentrations of alcohols reached constant values
after about 2 h. The concentration of formaldehyde in-


creased after 1 h and reached a constant value of 35 mmol
after 9 h, while the concentration of acetaldehyde was negli-
gible. No hydrogen peroxide was detected after 9 h. There-
fore, the oxidation was completed after 9 h. After the com-
plete consumption of hydrogen peroxide, the amounts of al-
cohols, aldehydes, and water were confirmed by the dissolu-
tion of 2 by addition of acetonitrile into the reaction solu-
tion. The amounts of methanol, ethanol, formaldehyde,
acetaldehyde, and water retained in 2 were 200, 70, 7, 0, and
500 mmol, respectively. These results show that only metha-
nol is oxidized to formaldehyde and no oxidation of ethanol
occurs. Thus, the selective oxidation of methanol could be
achieved by the utilization of the selective inclusion proper-
ties of 2. The sum of the amount of formaldehyde produced
was 42 mmol and the turnover number was 0.84 on the as-
sumption that the whole macrocation is effective for the oxi-
dation. The inclusion of ethanol under the oxidation condi-
tions is probably caused by the presence of water in aqueous
30% hydrogen peroxide (H2O, 580 mmol; H2O2, 250 mmol).
In fact, when 1.50 mmol of water was added to the 1,2-di-
chloroethane solution (4 mL) containing 1.50 mmol of etha-
nol and 50 mmol of 2, the ethanol uptake reached approxi-
mately 0.8 molecules per 2, while ethanol was excluded
without the addition of water.


Figure 7. Time courses of alcohol oxidation by 2 at 298 K. Changes in
a) aldehyde and b) alcohol concentrations. Initial conditions: 0.175 g
(50 mmol) of 2, 1.50 mmol of methanol and ethanol, and 0.25 mmol of
30% H2O2 in 1,2-dichloroethane (4 mL, 50 mmol).
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Conclusion


A microstructured ionic crystal K3[Cr3O(OOCH)6(H2O)3][a-
SiW12O40]¥16H2O (1) was synthesized by the complexation
of Keggin-type polyoxometalate and a large macrocation.
The water of crystallization in 1 was easily removed under
vacuum to form a guest-free phase 2. Compound 2 reversi-
bly absorbed water and polar organic molecules with two
carbons or less. The unique inclusion properties of 2 could
be quantitatively explained by the magnitude of the ion±
dipole interaction between the host and the guest. This
guest-inclusion property was successfully applied to the se-
lective oxidation of a mixture of alcohols. These results
could first be achieved by rationally designed ionic crystals.


Experimental Section


Synthesis of ionic crystals : A crystalline sample of K3[Cr3O(OOCH)6-
(H2O)3][a-SiW12O40]¥16H2O (1) was synthesized by using our published
procedure.[12] CCDC-160502 contains the crystallographic data for 1.
These data can be obtained free of charge via www.ccdc.cam.ac.uk/conts/
retrieving.html (or from the Cambridge Crystallographic Data Centre, 12
Union Road, Cambridge CB2 1EZ, UK; fax: (+44)1223-336033; or de-
posit@ccdc.cam.uk). Compound 2 was prepared by evacuation of 1 at
room temperature.


K3[Fe3O(OOCH)6(H2O)3][a-SiW12O40]¥16H2O (3): K4[a-SiW12O40]¥
nH2O


[17] (1.0 g, 0.30 mmol) and [Fe3O(OOCH)6(H2O)3](NO3)¥nH2O
[18]


(0.33 g, ca 0.6 mmol) were dissolved into dilute aqueous HCOOH
(30 mL, pH 1.8). KCl (0.8 g, 10.7 mmol) was then added. The solution
was filtered after 30 min and the filtrate was kept at 6 8C for 2±3 days.
Red crystals of 3 were isolated in approximately 70% yield. IR (KBr):
ñ=1617 (vs, nasym(OCO)), 1370 (vs, nsym(OCO)), 981 (s, nasym(W=O)), 929
(br, nasym(Si�O)), 885 (m, nasym(W�Oc�W)), 791 (br, nasym(W�Oe�
W)) cm�1; elemental analysis: calcd for C6H44Fe3K3O72SiW12: Fe 4.42, K
3.09, Si 0.74, W 58.26; found: Fe 4.40, K 3.25, Si 0.80, W 59.00.


K3[Cr3O(OOCH)6(H2O)3][a-PVW11O40]¥16H2O (4): K4[a-PVW11O40]¥
nH2O


[40] (1.1 g, 0.37 mmol) and [Cr3O(OOCH)6(H2O)3](OOCH)¥nH2O
[18]


(0.22 g, 0.4 mmol) were dissolved into dilute aqueous HNO3 (30 mL,
pH 2.0). KCl (0.8 g, 10.7 mmol) was then added. The solution was filtered
after 30 min and the filtrate was kept at 6 8C for 1±2 days. Yellow-green
crystals of 4 were isolated in approximately 70% yield. IR (KBr): ñ=
1635 (vs, nasym(OCO)), 1377 (vs, nsym(OCO)), 1099, 1078 (m, nasym(P�O)),
1065 (sh, nasym(P�O)), 983 (s, nasym(W=O)), 885 (m, nasym(W�Oc�W)), 793
(br, nasym(W�Oe�W)), 660 (m, nasym(Cr3�O)) cm�1; elemental analysis:
calcd for C6H44Cr3K3O72PVW11: Cr 4.28, K 3.20, P 0.85, V 1.39, W 55.48;
found: Cr 4.25, K 3.15, P 0.83, V 1.37, W 55.16.


Physical measurements : FT-IR spectra were recorded from KBr pellets
with a Paragon 1000 PC (Perkin Elmer) spectrometer. Diffuse reflectance
UV/Vis spectra were recorded with a Lambda 12 (Perkin Elmer) spec-
trometer with BaSO4 as a standard. TG measurements were performed
with a SSC5200H instrument (Seiko Instruments) with a-Al2O3 as a ref-
erence under N2 flow (300 mLmin�1). Solid-state MAS NMR spectra
were recorded with a Chemagnetics CMX-300 Infinity spectrometer op-
erating at 7.05 T (300 MHz). The resonance frequencies for 1H and 13C
were 300.51 and 75.57 MHz, respectively. Compound 2 with a known
amount of alcohol guests was transferred to a glass cell and sealed. The
cell was set into a zirconia rotor and spun at a MAS rate of 3±5 kHz.
XRD measurements with controlled water vapor pressure (N2 balance)
were carried out with an XRD-DSCII instrument (Rigaku Corporation)
under the following conditions: CuKa radiation (50 kV-200 mA), 2q=4±
388, scan rate of 38min�1. The equilibrium of the water sorption was con-
firmed by the fact that the DSC curve showed no endothermic or exo-
thermic peaks and the XRD pattern remained unchanged.


Sorption measurements : The gas sorption isotherms of 2 were measured
with an automatic Omnisorp 100CX sorption apparatus (Coulter corpora-
tion). P0 is the saturation pressure of the sorbents at 298 K, as follows:


Nitrogen monoxide 101.3, methane 101.3, methanol 15.6, ethanol 6.67, 1-
propanol 2.67, 1-butanol 1.35, acetonitrile 10.7, propionitrile 6.27, butylo-
nitrile 2.67, formic acid 4.80, and acetaldehyde 101.3 kPa. The N2 sorp-
tion isotherm at 77 K (P0=101.3 kPa) was measured with an ASAP 2000
gas analyzer (Micromeritics).


Oxidation of alcohols : 30% H2O2 (0.25 mmol) was added to the mixture
of methanol (1.50 mmol) and ethanol (1.50 mmol) in 1,2-dichloroethane
(4 mL, 50 mmol). Compound 2 (0.175 g, 5.0î10�2 mmol) was added to
the solution but was insoluble, so a heterogeneous mixture was formed.
Concentrations of alcohols and their oxidative products were detected by
GC (Shimadzu GC-8A model with Porapak QS and N columns and a
TCD detector).
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Theoretical Study of Rhodium(i) Carbene Complexes: The Structural
Versatility of Phosphino- Compared with Aminocarbenes


Karinne Miqueu,[a] Emmanuelle Despagnet-Ayoub,[b] Philip W. Dyer,[c]


Didier Bourissou,*[b] and Guy Bertrand*[b, d]


Introduction


Since the pioneering work of Fischer and Schrock,[1] transi-
tion-metal carbene complexes[2] have been extensively ap-
plied in stoichiometric and catalytic reactions.[3] The isola-


tion of a broad range of metal-free singlet carbenes over the
last 15 years[4,5] has stimulated further spectacular develop-
ments. In particular, N-heterocyclic carbenes (NHCs) that
bind strongly to almost all transition metals,[6] are widely
used as ligands in homogeneous catalysis, and even chal-
lenge phosphines.[7] Despite the chronologically earlier dis-
covery of stable phosphinocarbenes (PCs) and their compu-
tationally established propensity to form complexes,[8] only
four PC transition metal complexes A±D have been pre-
pared by direct complexation of the corresponding free car-
bene (Scheme 1).[9]


Striking differences are observed between the PC and
NHC coordination modes. Indeed, the h2-coordination mode
observed in most of the PC complexes[10] remains unknown
for NHCs and is very rare for acyclic aminocarbenes.[11] To
obtain more insight into ligand properties of PCs versus
NHCs, here we report a theoretical investigation of model
complexes with the general formula [(carbene)RhClL2]. The
influence of the L ligand (L=C2H4, PH3, CO) on the struc-
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Scheme 1. Structure of the h1- and h2-phosphinocarbene rhodium(i) com-
plexes (A±D). R= iPr2N and Ar=2,6-(CF3)2C6H3.


Abstract: Density functional calcula-
tions are reported for complexes of
general formula [(carbene)RhClL2]
featuring model phosphino- and amino-
carbenes. Both the cis and trans iso-
mers of the rhodium(i) h1-complexes
(1±9) were investigated, and the influ-
ence of the rhodium co-ligands (L=


ethylene, phosphine, or carbon monox-
ide) was evaluated. In the case of phos-


phinocarbenes and carbon monoxide as
a ligand, a somewhat unusual coordina-
tion mode was observed, in which a
significant intramolecular Cl!Ccarbene


interaction is present. The propensity
of phosphino- and aminocarbenes to
behave as four electron donors was
also investigated both structurally and
energetically on the related h2-com-
plexes 10±18. These results as a whole
emphasize the structural versatility of
phosphino- compared with aminocar-
bene complexes.
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ture of the carbene complexes, and the propensity of phos-
phino- and aminocarbenes to behave as two- versus four-
electron donors is discussed in terms of both structure and
energy considerations.


Computational Details


Calculations were performed with the Gaussian 98 program,[12, 13] by using
the density functional method.[14] The various structures were fully opti-
mized with the hybrid exchange functional B3LYP.[15] This functional is
built with Becke×s three-parameter exchange functional, and the
Lee±Yang±Parr correlation functional. The basis set retained for all cal-
culations is CEP-31G(d). This means that the relativistically corrected ef-
fective core potentials of Stevens, Basch, and Krauss were used with a
double z basis expansion for the valence space for all the atoms (P, N, C,
Cl, Rh and H).[16] All heavy main group atoms were augmented with a
single set of polarization functions as provided by Petersson et al.[17]


(aP=0.55, aN=0.8 ; aC=0.8; aO=0.8; aCl=0.75). The optimized struc-
tures were confirmed as minima on the potential energy. The frequencies
were calculated with analytical second derivative.


All total energies were corrected for zero-point energy (ZPE) and tem-
perature by using unscaled density functional frequencies. The population
analyses at the given optimized geometries (Wiberg bond indices) were
carried out according to the Weinhold-Reed partitioning scheme.[18]


Results and Discussion


For this study, rhodium complexes were chosen as models
for the experimentally characterized compounds A±D. The
rhodium co-ligands L were chosen for their complementary
electronic properties; alkenes such as ethylene act both as
weak s-donors and p-acceptors, PH3 is essentially a s-donor,
and carbon monoxide is a strong s-donor and p-acceptor.


For all the complexes investigated, [h1-(R2PCH)RhClL2]
(R=H, NH2) and [h1-(H2NCH)RhClL2] (L=CO, PH3,
C2H4), the rhodium adopts a more or less distorted square
planar geometry with the carbene center taking up a trigo-
nal planar environment. Both the trans and cis isomers (ac-
cording to the relative positions of the two ligands L) were
studied. For the trans isomer, a single energy minimum
(trans) was found, the coordination planes around the rhodi-
um and the carbene being almost coplanar. For the cis
isomer, several energy minima have been located (cis, cis’
and cis*) (Scheme 2). They differ primarily in the position of


the chlorine atom and the phosphorus or nitrogen centers
(cis : CP or CN and RhCl bonds in synperiplanar conforma-
tion; cis’: CP or CN and RhCl bonds in antiperiplanar con-
formation; cis*: CP or CN and RhCl bonds in perpendicular
conformation). Since all of these energy minima present
very similar structures, except cis*, in which L=CO (as de-
picted), and are very close in energy (see Supporting Infor-
mation), only the cis conformation will be taken into consid-
eration for the cis isomers of all complexes in the discus-
sions that follow. For all complexes featuring ethylene as co-
ligands, various conformers can be anticipated, because of
the relative orientation of the two olefin ligands. This aspect
has not been studied in detail, and all the h1-complexes re-
ported feature parallel ethylene ligands.


[h1-(H2PCH)RhClL2] complexes : Complexes [h1-(carbe-
ne)RhClL2] (1±3) that feature the parent phosphinocarbene
(H2PCH) were investigated first. Optimized structures of
the trans and cis isomers are shown in Figure 1. The most
important geometric parameters (bond lengths with related
Wiberg bond indices, bond, and torsion angles), and relative
energies for complexes 1±3 are listed in Table 1. As ob-
served by Schoeller et al. for the W(CO)5 fragment, the ge-
ometry of the phosphinocarbene is strongly affected upon
coordination.[8a] Indeed, the PC bond is considerably length-
ened (from 1.66 ä for the free carbene to 1.75±1.82 ä for
complexes 1±3), and the geometry around the phosphorus
changes from trigonal planar to strongly pyramidal (the


Scheme 2. Schematic representation of the trans and cis isomers of h1-
R2ECH)RhClL2] complexes. ER2=PH2, P(NH2)2, NH2 and L=C2H4,
PH3, CO.


Figure 1. Structures of the trans and cis energy minima for the complexes
[h1-(H2PCH)RhCl(C2H4)2] (1), [h1-(H2PCH)RhCl(PH3)2] (2) and [h1-
(H2PCH)RhCl(CO)2] (3).
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sums of the bond angles around the phosphorus for 1±3 lie
in the range 300±3158).


Overall, the geometries of the trans and cis isomers are
rather similar for all of complexes 1±3. However, a some-
what peculiar structure (3cis*) was located on the energy
surface for the cis isomer with carbon monoxide, in which
the PCH plane is almost perpendicular to the rhodium coor-
dination plane (Figure 2). The carbene center is slightly pyr-


amidalized (sum of the bond angles, 3cis : 3608, 3cis*: 3518),
and the Ccarbene-Rh-Cl bond angle is considerably contracted
(3cis : 918, 3cis*: 498). An elongation of the RhCl bond is
apparent (3cis : 2.39 ä, 3cis*: 2.49 ä), while the CcarbeneCl
distance is found to be significantly shortened (3cis : 3.13 ä,
3cis*: 1.93 ä compared with 1.76 ä for a typical C�Cl
single bond). These data suggest the existence of a dative
Cl!Ccarbene interaction, (note, that a similar CcarbeneCl inter-
action has recently been observed in a vanadium com-
plex).[19] As a consequence of this interaction, the donation
of the phosphorus lone pair to the vacant carbene orbital is
reduced; this is apparent from the considerable lengthening
of the PC bond (3cis : 1.76 ä, 3cis*: 1.84 ä).


The dominant bonding interactions in Fischer-type com-
plexes 1±3, arise from carbene!metal s-donation, and
metal!carbene p-back-donation[20,21] that competes with p-
donation from the phosphino group[22] (Figure 3). As a
result of its pronounced s-donor character, the phosphino-
carbene exerts a strong trans influence. Indeed, the Rh�L
bonds trans to the carbene are significantly elongated rela-


tive to those in the cis positions (1cis : Rh�Ltrans 2.485 ä/
Rh�Lcis 2.271 ä, 2cis : Rh�Ltrans 2.449 ä/Rh�Lcis 2.259 ä, 3
cis : Rh�Ltrans 2.007 ä/Rh�Lcis 1.879 ä).


The geometric variations observed within the series of
complexes 1±3 give further insight into the influence of the
ligand L. As expected, major differences were found for the
cis isomers, in which one of the L ligands is trans to the car-
bene. The PC and RhC bond lengths are very similar for
L=C2H4 and PH3 (1cis, 2cis : PC 1.79±1.80 ä, RhC 1.88±
1.91 ä). However, for L=CO (3cis : PC 1.75 ä, RhC
1.97 ä), the PC bond is shorter, while the RhC bond is elon-
gated. These changes are governed by the electronic proper-
ties of ligand L: the greater the p-acceptor, the lower the
Rh!Ccarbene back-donation, and the greater the P!Ccarbene


p-donation. The influence of these structural changes on the
stability of these carbene complexes is apparent from their
relative energies (Table 1). Indeed, the trans isomer is fa-
vored by 3±6 kcal/mol for ethylene and phosphine as co-li-
gands, while with carbon monoxide, the unusual structure 3
cis* is about 6 kcalmol�1 more stable than 3 trans and 3cis.


[h1-{(H2N)2PCH}RhClL2] complexes : Calculations have al-
ready led us to emphasize the importance of amino substitu-
ents at phosphorus in phosphinocarbenes.[23] Therefore, anal-
ogous studies were carried out with (H2N)2PCH replacing
the H2PCH moiety. Geometric data and relative energies
for complexes [h1-{(H2N)2PCH}RhClL2] 4±6 are collected in
Table 2.


The major structural differences, induced by the intro-
duction of two amino substituents at the phosphorus atom,
are observed on comparing 6cis with 3cis (L=CO). The PC
bond length is much shorter, and the pyramidalization much
less pronounced for the (H2N)2PCH relative to the H2PCH
coordinated carbenes. In fact, the structure of 6cis is very
similar to that observed experimentally for complex B.[9]


The PC bond distance lies within the range that is typical
for a PC double bond, while the phosphorus is in a trigonal
planar environment. These data indicate that back-donation
from the metal to the carbene center is negligible compared
with the degree of donation from the phosphorus lone pair.
Accordingly, the plot of the 2pp(carbene)-centered molecu-
lar orbital of 6cis revealed that the carbene vacant orbital
interacts with the phosphorus lone pair, but not with metal-
based orbitals (Figure 4).[24]


Interestingly the bonding situation is rather different in
the related complexes 6 trans and 6cis*. The corresponding


Table 1. Geometrical parameters (bond lengths in ä and bond angles in degrees) and relative energies (kcalmol�1, with zero-point vibration energy cor-
rections) for the trans and cis isomers of the [h1-(H2PCH)RhClL2] (X=C2H4, PH3, CO) complexes 1±3. Wiberg Bond Indices in brackets. (see Figure 1)


P�C Rh�C aClRhCP �aC �aP DE


H2PCH 1.662 (2.085) / / / 360.0 /
(1 trans) 1.812 (1.197) 1.893 (1.147) �164.2 358.9 300.7 �3.1
(1cis) 1.792 (1.276) 1.881 (1.153) �32.1 359.8 303.5 0
(2 trans) 1.816 (1.180) 1.898 (1.188) �176.3 359.9 299.7 �6.2
(2cis) 1.794 (1.276) 1.908 (1.070) �26.3 359.9 303.9 0
(3 trans) 1.794 (1.257) 1.932 (1.057) �178.5 359.4 304.3 0.4
3cis 1.755 (1.451) 1.974 (0.806) �26.8 359.7 314.8 0
3cis* 1.842 (1.066) 2.059 (0.509) 115.9 350.9 294.7 �5.7


Figure 3. Schematic representation of the competition between the phos-
phorus lone pair donation and metal back-donation to the carbene
vacant orbital.


Figure 2. Structure of the energy minima 3cis* for [h1-
(H2PCH)RhCl(CO) 2].
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plots show that both phosphorus lone pair donation, and
metal back-donation are involved in 6 trans, while the car-
bene vacant orbital interacts with the chlorine and phospho-
rus lone pairs in 6cis*. These results are corroborated by
NBO population analyses, (see Supporting Information)
that reveal the presence of either pPC (6cis), pCRh (6 trans)
or sCCl (6cis*) bonding interactions.


From an energetic point of view, the introduction of
amino groups at phosphorus induces slightly larger energy
discrepancies, except with ethylene as a co-ligand. For the
strong donor ligand PH3, 5 trans is about 9 kcalmol�1 more
stable than all the cis conformers, while for the strong ac-
ceptor ligand CO, the situation is completely reversed, and
the trans isomer is approximately 12±14 kcal/mol higher in
energy than all the corresponding cis conformers. These re-
sults demonstrate that the nature of the metal-bound ligands
plays a crucial role in determining the structure of such rho-
dium(i) complexes.


To gain further insight into the influence of the carbene
substituent, calculations were then carried out for related
rhodium(i) complexes that feature the parent aminocarbene
H2NCH.


[h1-(H2NCH)RhClL2] complexes : Geometric data and rela-
tive energies for complexes [h1-(H2NCH)RhClL2] 7±9 are
depicted and summarized in Table 3 (Figure 5). Whereas the
phosphorus center was strongly pyramidalized in most of
the phosphinocarbene complexes (except for 6cis), the ni-
trogen atom adopts a trigonal planar geometry in complexes
7±9. This difference results from the lower inversion barrier
of nitrogen relative to phosphorus, which leads to the higher
p-donor ability of the amino relative to the phosphino
group.[25] This hypothesis is corroborated by the N-Ccarbene


bond distances (1.32±1.36 ä), which indicate a significant
double-bond character (Wiberg bond indices for 7±9 : 1.4±
1.6). The Rh-Ccarbene bond distances are slightly elongated in
the aminocarbene (1.93±2.05 ä) relative to the phosphino-
carbene (1.88±1.97 ä) complexes. Lastly, the absence of
Cl!Ccarbene interaction in 9cis* is indicated by the long C-Cl
distance (2.82 ä) relative to that observed in the related
phosphinocarbene complexes (3cis*: 1.93 ä, 6cis*: 1.96 ä).


The ligand L has only a slight effect on the structures of
the aminocarbene complexes 7±9, relative to that for the re-
lated phosphinocarbene complexes 1±3. This is illustrated by
the variations in the Wiberg bond indices for the Rh�Ccarbene


bond (amino: 0.60!0.97, phosphino: 0.51!1.19), and E�
Ccarbene bond (E=N: 1.39!1.63, E=P: 1.07 ! 1.45). Irre-
spective of the electronic properties of the ligands L, back-
donation from the metal center does not compete with the
strong p-donation from the amino group. Accordingly, the
NBO population analyses reveal the presence of pNC, but
not pCRh interactions.


Figure 4. Plots of the 2pp(carbene)-centered molecular orbitals for struc-
tures 6trans, 6cis and 6cis* of complex [h1-{(H2N)2PCH}RhCl(CO)2].


Table 2. Geometrical parameters (bond lengths in ä and bond angles in degrees) and relative energies (kcalmol�1, with zero-point vibration energy cor-
rections) for the trans and cis isomers of the [h1-{(H2N)2PCH}RhClL2] (L=C2H4, PH3, CO) complexes 4±6. Wiberg Bond Indices in brackets.


P�C Rh�C aClRhCP �aC �aP DE


(H2N)2PCH 1.622 (2.205) / / / 360.0 /
[h1-{(H2N)2PCH}RhCl(C2H4)2] 4 trans 1.817 (1.109) 1.890 (1.159) �167.4 356.6 315.9 �0.4
4cis 1.774 (1.312) 1.909 (1.047) �20.7 359.0 322.1 0
[h1-{(H2N)2PCH}RhCl(PH3)2] 5 trans 1.821 (1.071) 1.894 (1.216) �173.94 360.0 311.1 �8.7
5cis 1.775 (1.299) 1.934 (0.960) �26.8 358.8 324.0 0
[h1-{(H2N)2PCH}RhCl(CO)2] 6 trans 1.799 (1.156) 1.925 (1.097) �177.27 359.6 317.5 12.4
6cis 1.648 (1.812) 2.107 (0.445) 41.7 359.2 357.8 0
6cis* 1.837 (0.999) 2.054 (0.514) 113.0 353.1 310.8 �2.2


Table 3. Geometrical parameters (bond lengths in ä and bond angles in degrees) and relative energies (kcalmol�1, with zero-point vibration energy cor-
rections) for the trans and cis isomers of the [h1-(H2NCH)RhClL2] (L=C2H4, PH3, CO) complexes 7±9 (Figure 5). Wiberg bond indices are in brackets.


N�C Rh�C aClRhCN �aC �aN DE


H2NCH 1.339 (1.570) / / / 360.0 /
7 trans 1.352 (1.422) 1.927 (0.901) �175.48 360.0 360.0 3.2
7cis 1.330 (1.568) 1.973 (0.813) 0.78 360.0 360.0 0
8 trans 1.359 (1.387) 1.928 (0.975) 175.7 360.0 360.0 1.8
8cis 1.335 (1.541) 1.982 (0.782) 0.43 360.0 360.0 0
9 trans 1.347 (1.451) 1.962 (0.868) �164.4 360.0 360.0 9.5
9cis 1.321 (1.632) 2.053 (0.597) 0.0 360.0 360.0 0
9cis* 1.327 (1.565) 2.030 (0.559) 106.0 359.6 359.7 4.2
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[h2-(R2PCH)RhClL2] and [h
2-(H2NCH)RhClL2] complexes :


In the h1-complexes described above, the phosphino- and
aminocarbenes act as two-electron donors that afford 16-
electron [h1-(carbene)RhClL2] complexes. Due to the pres-
ence of the heteroatom lone pair in the a position to the
carbene center, these carbenes can also act as four-electron
donors, which result in 18-electron [h2-(carbene)RhClL2]
complexes (Figure 6). The influence of both the carbene and
the ligands L on such a coordination mode has been studied
computationally.


Irrespective of the phosphinocarbene [H2PCH or
(H2N)2PCH], or the ligand L (C2H4, PH3 or CO), only a
single energy minimum could be located in each case. The
geometric data and relative energies of all of the resulting
complexes 10±15 are collected in Table 4. The structures of
complexes 10±12 (H2PCH) and 16±18 (H2NCH) are shown
in Figure 7


The four ligands (carbene, Cl, and two L) adopt a slight-
ly distorted tetrahedral arrangement around the rhodium


center.[26] The PCcarbene and RhCl bonds are anti-periplanar
in the ethylene complexes 10 and 13, but almost perpendicu-
lar in the phosphine and carbon monoxide complexes 11, 12,
14, and 15. The other geometric data for all of these h2-com-
plexes are very similar. The PC and RhC bond lengths (PC:
1.74!1.78 ä, RhC: 1.86!1.93 ä) are at the lower limit of
those observed for the corresponding h1-complexes 1±6 (PC:
1.75!1.84 ä, RhC: 1.88 ! 2.11 ä). The RhP bond lengths
(2.30!2.40 ä) are in the range of those observed for Rh�
PH3 bonds, and are thus consistent with dative bonds. These
data, as a whole, are in good agreement with those observed
experimentally.[27]


From an energetic point of view, all of the 18-electron
h2-PC complexes 10±15 are only slightly higher in energy
than the corresponding 16-electron h1-complexes 1±6 (the
cis isomer as a reference). The h1-coordination mode is fa-
vored by 12±15 kcalmol�1 with ethylene and carbon monox-
ide, but by only 1±2 kcalmol�1 with phosphine as a co-
ligand. The influence of the ligand L is easily rationalized,
since the presence of strong s-donor phosphines on the
metal increases the back-donation from the metal to the car-
bene, and consequently reduces the P!Ccarbene p-interaction.
As a result, the phosphorus lone pair is more ™available∫ for
direct coordination to the rhodium center, hence the h2-
complex is energetically more favorable than those formed
with other L ligands.


The related h2-(aminocarbene) complexes 16±18 also
adopt tetrahedral geometries (Table 4). The NC bond
lengths are significantly longer than those of the correspond-
ing h1-complexes 7±9, lying in the range typical for single
bonds. In contrast, the RhCcarbene bonds of 16±18 are signifi-
cantly shortened relative to those of 7±9, and clearly feature
some double-bond character (Wiberg bond indices: 1.16!
1.32). Lastly, the RhN bond lengths (2.25±2.38 ä) are rather
long.


Energetic considerations clearly highlight differences be-
tween the phosphino- and aminocarbene h2-complexes.
Indeed, the h1-coordination mode is considerably more fa-
vored for the aminocarbene, the related h2-structure is more
than 40 kcalmol�1 higher in energy (Table 4). This noticea-
ble difference between these two types of carbene probably
results from both steric and electronic factors. Although
phosphorus has a greater ability to accommodate small
bond angles than nitrogen,[28] the greater strain of the nitro-
gen-containing three-membered rings can only partly ex-
plain such a difference in behavior. The major factor is
again the higher p-donor ability of nitrogen relative to phos-
phorus.[25] This is apparent in the NBO population analyses
that reveal the presence of pNC interactions for all aminocar-
bene h1-complexes 7±9, while pPC bonding is only observed
for the phosphinocarbene h1-complex 6. As a result, the
N!Ccarbene p-donation (h1-complexes) is more favored than
the N!Rh s-donation (h2-complexes), while both interac-
tions are of similar strength for phosphorus.


These results demonstrate the propensity of phosphino-
carbenes to act as two- as well as four-electron donors, while
only h1-coordination is strongly favored for aminocarbenes,
in agreement with experimental data. Indeed, the h2-coordi-
nation mode has only been observed in the case of acyclic


Figure 5. Structures of the trans and cis energy minima for the complexes
[h1-(H2NCH)RhCl(C2H4)2] (7), [h1-(H2NCH)RhCl(PH3)2] (8) and [h1-
(H2NCH)RhCl(CO)2] (9).


Figure 6. Schematic representations of the end-on and side-on coordina-
tion modes for amino- and phosphinocarbenes.
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di(amino)carbenes,[11] in which one amino group is engaged
in p-donation to the carbene center, which leaves the other
available for coordination to the transition metal center.


Bonding energies of the [h1- and h2-(carbene)RhClL2] com-
plexes : The propensity of phosphino- and aminocarbenes to
split the chloride bridges of [Rh(m-Cl)L2]2, and to coordinate
to the resulting RhClL2 fragments have been investigated
quantitatively by determining the energy balance (DE1) for
reaction 1 in Table 5. For all the phosphino- and aminocar-
bene h1-complexes, the bonding energies are calculated to
be negative and very similar (�25!�33 and �33!
�37 kcalmol�1, respectively). The situation is rather differ-
ent for the h2-complexes. Irrespective of the nature of the li-
gand L, the aminocarbene is reluctant to adopt the h2-coor-
dination mode, as shown by the positive energy balances
predicted for 16±18. In contrast, negative DE1 values are ob-
tained for all of the h2-(phosphinocarbene) complexes 10±
15. This coordination mode is favored by donor ligands L,


since the bonding energies are
approximately twice as large
for L=phosphine (ca. �30 kcal
mol�1) as for L=ethylene and
carbon monoxide (ca. � 15 kcal
mol�1).


Conclusion


These results as a whole dem-
onstrate the propensity of phos-
phinocarbenes to adopt various
bonding modes to transition-
metal centers. For [(h1-carbe-
ne)RhClL2] complexes, several
bonding situations that result in
important structural modifica-
tions were predicted to occur
by simply varying the nature of
the co-ligands L. When L is
carbon monoxide, a somewhat
unusual coordination mode was
observed, in which there is a
significant intramolecular Cl!


Ccarbene interaction. For the related h2-complexes, striking dif-
ferences were predicted between phosphino- and aminocar-
benes. Indeed, calculations revealed that phosphinocarbenes
are much more prone to act as four-electron donors than


Figure 7. Structures of the h2-complexes of (H2PCH) 10-12 and of (H2NCH) 16-18.


Table 4. Geometrical parameters (bond lengths in ä and bond angles in degrees) for the [h2-(R2PCH)RhClL2] (R=H, NH2; L=C2H4, PH3, CO) com-
plexes 10±15, and for the [h2-(H2NCH)RhClL2] (L=C2H4, PH3, CO) complexes 16±18 (Figure 7). Wiberg bond indices in brackets. DE : energy difference
(kcalmol�1, with zero-point vibration energy corrections) between the h2 complex and the corresponding h1-complex (cis isomer as a reference).


P�C Rh�C P�Rh aClRhCP �aC DE


10 1.780 (1.182) 1.861 (1.192) 2.392 (0.360) �179.9 360.0 14.4
11 1.769 (1.225) 1.879 (1.078) 2.406 (0.323) 76.0 359.9 1.9
12 1.761 (1.234) 1.896 (1.015) 2.382 (0.347) 78.0 360.0 12.8
13 1.749 (1.158) 1.890 (1.120) 2.314 (0.467) �177.4 359.9 11.9
14 1.744 (1.210) 1.908 (1.028) 2.315 (0.426) 75.8 359.9 1.4
15 1.741 (1.204) 1.926 (0.964) 2.305 (0.430) 72.8 360.0 13.0


N�C Rh�C N�Rh aClRhCN �aC DE


16 1.442 (1.058) 1.806 (1.324) 2.381 (0.202) �179.7 360.0 42.9
17 1.439 (1.080) 1.813 (1.232) 2.282 (0.237) �179.7 360.0 40.0
18 1.433 (1.092) 1.822 (1.157) 2.250 (0.239) �179.8 360.0 50.0


Table 5. Bonding energies DE1 in kcalmol�1, with zero-point vibration
energy corrections.[a]


Compound d1 Compound d1


1cis �30.1 14 �27.8
10 �15.7 6cis �29.6
2cis �32.7 15 �16.6
11 �30.8 7cis �33.5
3cis �29.0 16 9.5
12 �16.2 8cis �37.3
4cis �24.6 17 2.7
13 �12.8 9cis �37.0
5cis �29.2 18 13.0


[a] carbene + 1=2 dimer ! complex + DE1 (1) DE1=Ecomplex�Ecarbene�1=2
Edimer
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aminocarbenes. The higher structural flexibility of phosphi-
no- compared with aminocarbenes has been attributed to
the weaker p-donor character of the carbene phosphino sub-
stituent, and the higher ability of phosphorus to accommo-
date small bond angles. These properties should be of major
importance for the stabilization of coordinatively, and/or
electronically unsaturated catalyst ™resting states∫ and thus,
phosphinocarbenes may very well find applications as li-
gands for transition-metal-based catalysis.
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LaSeTe2–Temperature Dependent Structure Investigation and Electron
Holography on a Charge-Density-Wave-Hosting Compound


Thomas Doert,*[a] Boniface Polequin Tsinde Fokwa,[a] Paul Simon,[b] Sven Lidin,[c] and
Tilo Sˆhnel[a]


Dedicated to Professor Peter Bˆttcher


Introduction


Polychalcogenides are, in general, characterized by the oc-
currence of E�E bonds (E=S, Se, Te). Due to the formation
of oligomeric or polymeric anions, these types of compounds
often crystallize with low-dimensional structures that can
give rise to interesting physical properties, such as charge-
density waves (CDWs), anisotropic optical properties, or
thermoelectricity. Especially in polytellurides, extended Te�
Te bonding is frequently observed. The crystal structures of
all lanthanide polytellurides LnTen (Ln=Y, La, Ce±Lu; n>
1.5), for example, contain one-dimensional chains or two-di-
mensional square nets of the anions. Depending on the elec-


tron count, these square nets are prone to distortions and
many of the compounds are found to crystallize with com-
mensurately or incommensurately modulated superstruc-
tures, rather than with a high-symmetry square arrangement
of the chalcogen atoms.[1,2] The structures of the rare-earth
dichalcogenides LnE2�d (0�d<0.4), as well as those of
some related pnictides LnY2 (Y=P, As, Sb) and pnicochal-
cogenides LnEY can, for example, be regarded as super-
structures of the ZrSSi type (cf. e.g., ref. [2] and references
cited therein).


Rare-earth tritellurides LnTe3 were first described in the
1960s.[3] According to these early investigations, all of the
compounds crystallize with a NdTe3-type structure in space
group Cmcm (No.63). The structure consists of puckered
[LnTe] double slabs and square-planar [Te] layers stacked
along the b axis in the order -[LnTe]-[Te]-[Te]-. A single-
crystal X-ray structure determination of SmTe3, confirmed
the structure-type assignment.[4] However, the electron dif-
fraction patterns of several LnTe3 compounds exhibit satel-
lite reflections due to incommensurate lattice distortions,
which were described to be of the CDW type.[5] The origin
of the modulation can be understood by the considerable
nesting of the Fermi surface. As a consequence of the distor-
tion, an energy gap at the Fermi surface occurs. A direct ob-
servation of this energy gap by angle-resolved photoemis-
sion spectroscopy has been reported for CDW-hosting
SmTe3.


[6] Nevertheless, refinements of the modulated struc-
tures of the LnTe3 compounds have not yet been published.
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Abstract: Single crystals of LaSeTe2
have been prepared by reaction of the
elements in a LiCl/RbCl flux at 970 K
for seven days. Satellite reflections ob-
served in diffraction experiments indi-
cate the presence of an incommensu-
rate lattice distortion, which is of the
charge-density-wave (CDW) type. The
modulated structure has been solved
from X-ray data at 173, 293, and 373 K.


LaSeTe2 crystallizes in the 3+1-dimen-
sional orthorhombic superspace group
Cmcm(00g)s00 (No. 63.2) with lattice
parameters of a=4.295(1), b=


25.371(4), c=4.306(1) ä (173 K), a=
4.297(1), b=25.408(4), c=4.309(1) ä
(293 K), and a=4.309(1), b=25.481(6),
c=4.321(1) ä (373 K). The modulation
vector q= (0, 0, 0.288) does not change
over the temperature interval. Electron
holographic investigations confirm the
existence of the modulation and help
to visualize the charge-density wave.


Keywords: charge-density wave ¥
electron holography ¥ lanthanides ¥
polychalcogenides ¥ solid-state
structure
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Recently, we reported the structure of PrSeTe2, an or-
dered ternary rare-earth polychalcogenide adopting the
NdTe3 structure.[7] PrSeTe2, in contrast to all binary com-
pounds of this structure type, does not show any satellite re-
flections in X-ray or electron diffraction experiments at
room temperature. However, for LaSeTe2, a further example
of this class of compounds, satellite reflections are indeed
observed. The results of our investigations on this CDW
compound are reported here.


Results and Discussion


HREM and electron holography : High-resolution electron
microscopy (HREM) and selected area electron diffraction
(SAED) are widely used in the structural investigation of
solids. In both imaging techniques, however, the amplitude
of the image wave, which corresponds to the intensity of the
image, is transmitted, whereas the phase information is par-
tially lost. In electron holography, both the phase and the
amplitude of the image wave are transferred simultaneously.
This additional information allows the visualization of phase
shifts caused by the investigated object. Electron holography
has, until now, mainly been used in materials science to
image potential and charge distribution in ceramic or semi-
conducting materials, for example, charge distribution across
interfaces between doped layers or across quantum well
structures.[8] However, electron holography can also be used
to visualize the direction and magnitude of charge-density
waves, as will be demonstrated in the following.


Any modulation in LaSeTe2 would be expected to occur
in the [Te] net and should thus be visible in the pseudo-tet-
ragonal ac plane. Several crystals were checked along the
[010] zone axis by HREM and by their Fourier transforms
(FT), which corresponds to the conventional diffraction
image. In the high-resolution micrographs of the majority of
the crystals examined several domains with different orien-
tations were observed. It is not clear whether this is a conse-
quence of the preparation (grinding) of the crystals or a fea-
ture of original crystal growth. As a consequence, it is neces-
sary to choose very small, highly ordered parts of the
HREM image for a distinct imaging of satellite reflections
for the FT. This, in turn, leads to low contrasts and poor in-
tensities because of the small number of scattering centers.


The domain structure of the material can be seen in
Figure 1 (top). The corresponding Fourier transform, depict-
ed in the bottom part of Figure 1, shows a set of Bragg re-
flections, indicating an almost quadratic mesh with lattice
parameters of 4.30 and 4.31 ä. These data match quite well
with those obtained from X-ray investigations (cf. Table 1).
However, satellite intensities, indicated by arrows, are
hardly visible in the FT.


In the top part of Figure 2, the reconstructed phase
image of an electron hologram of LaSeTe2 is depicted. The
FT of an electron hologram originally contains the central
band, sometimes called auto correlation function, which cor-
responds to the conventional diffraction pattern, and two
sidebands, which contain the phase information of the com-
plex image wave. After masking out the central band and


one sideband, the complex image wave is obtained by in-
verse FT of the remaining sideband. The FT of this recon-
structed phase image of the electron hologram, depicted in
the bottom part of Figure 2, clearly shows the Bragg reflec-
tions and two first-order satellite reflections, indicated by
arrows. These main reflections and satellites are used to re-
build an image of the superstructure in direct space
(Figure 3). The striped structure observed in Figure 3 indi-
cates the orientation and width of the modulation wave of
approximately 15 ä.


X-ray structure refinement : Complete X-ray data sets at
three different temperatures (173, 293, and 373 K) were col-
lected for one suitable single crystal. Assuming isotypic
average structures for PrSeTe2 and LaSeTe2 at room temper-
ature,[7] a conventional three-dimensional starting model in
space group Cmcm is easily available and the corresponding
refinement converges to wR2=0.044 for 19 parameters and
361 reflections (data set recorded at 173 K). However, some
reflections which should be systematically absent due to the
extinction conditions of this space group are observed with
I>3sI (see below).


Figure 1. High-resolution micrograph (top) with its Fourier transform
(bottom) showing weak satellite intensities (marked with white arrows)
due to the occurrence of the superstructure.
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The satellites obey the superspace reflection condition
0klm, m=2n, indicating the presence of a superspace glide
plane perpendicular to the a axis. The modulation vector is
q=gc* with g=0.288. On this basis, the 3+1-dimensional
superspace group was assigned as Cmcm(00g)s00 (No.63.2)
according to the standard setting of the International Tables
for Crystallography, Part C.[9]


If the general positional atomic modulation function M
is given as a sum of harmonic functions, Mx(n) can be ex-
pressed as Equation (1):


MxðnÞ ¼
Xm


n¼1


Snx sinð2pnnÞ þ Cnx cosð2pnnÞ ð1Þ


Similar expressions are obtained for My(n)and Mz(n).
The symmetry restrictions generated by the site symmetry
common to all atoms reduces the first harmonic terms (n=
1) to that given in Equation (2):


MxðnÞ ¼ Snx sinð2pnnÞ MyðnÞ ¼ MzðnÞ ¼ 0 ð2Þ


It is then easy to generate an initial phasing model for
the modulation by introducing small amplitude waves and
trying all possible combinations of signs of S1x for the differ-
ent atoms. Since it was expected that the main contribution
to the modulation would come from the Te atoms, the
number of combinations could be reduced to four possibili-
ties that are equivalent pairs. The proper choice turned out
to be that of using opposite signs for S1x(Te(1)) and
S1x(Te(2)). After making this choice, refinement proceeded
smoothly. Because of the lack of higher order satellites with
intensities above the detection threshold, it was deemed
prudent not to introduce higher order harmonics for the de-
scription of the modulated behavior. In the final stages of
the refinement, modulation waves for the lanthanum and se-
lenium atoms, as well as modulation waves for the displace-
ment parameters of all atoms were introduced. This led to a
considerable drop in the R values for the satellite reflec-
tions, despite the small modulation of the displacement pa-
rameters. The structure model, however, yielded four fairly
high residual electron density peaks (up to 5 eä�3) close to
the positions of all four atoms in the refinement. This was
determined to be a consequence of twinning of the crystal,
the twin symmetry element being the mirror plane in (1≈ 01).
The twin refinement converged to the residuals given in
Table 1 with a twin fraction of 0.11(2); the subsequent dif-
ference Fourier map was featureless (cf. Table 1). The twin-
ning explains the appearance of reflections that should be
systematically absent. Because of the comparatively small
scattering contribution of the second individual, not many
satellites with intensities above the detection threshold are
observed for this twin component. The refinements for the
data sets collected at 293 and 373 K yielded comparable re-
sults and the resulting structure models exhibit only minor
differences in the displacement parameters and the disloca-
tion of the Te atoms (cf. Tables 1 and 2). The following
structure description is based on the results of the low-tem-
perature data collection (173 K). Information concerning
crystallography, data collection, and structure refinement for
all three data collections and refinements is listed in Table 1.
The results of the refinement calculations are given in
Table 2, interatomic distances and angles in Table 3.[10]


Structure description and discussion : Figure 4 shows the
average structure of LaSeTe2; the close relationship to the


Figure 2. Reconstructed phase image of the electron hologram (top) and
its power spectrum (FT, bottom) of the phase image with satellite reflec-
tions indicated by white arrows.


Figure 3. Recalculated image of the power spectrum of the phase image.
Only one set of main reflections and its satellites were chosen in order to
rebuild the superstructure. Evidently, a striped structure appears, indicat-
ing the orientation and width of the superstructure to be about 15 ä.
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NdTe3 type is immediately ap-
parent. The structure consists of
puckered double layers of lan-
thanum and selenium atoms
that are separated by two
square-planar layers of telluri-
um atoms.


Lanthanum is surrounded
by four tellurium (3.42±3.43 ä)
and five selenium atoms (3.05±
3.12 ä) forming a monocapped
tetragonal antiprism. The sele-
nium atom is coordinated by
five lanthanum atoms in a
square-pyramidal manner. The
La�Se distances in the tetrago-
nal base plane are approximate-
ly 3.11 ä, while the apical lan-
thanum atom is slightly closer
(3.05 ä). The shortest Se�Te
distances of about 3.97 ä are
too large to be considered as
bonding.


In the average structure,
every tellurium atom is sur-
rounded by four other tellurium
atoms in a square-planar fash-
ion at distances of 3.04 ä (Te�
Te intralayer distance). These
distances are only 11% longer
than the sum of the covalent
radii (2.74 ä) and fall within
the typical range for bonding
involving hypervalent tellurium
atoms.[11] The coordination
sphere is completed by two lan-
thanum atoms at distances of
3.42 ä.


The modulation mainly af-
fects the tellurium positions
and thus primarily alters the


Table 1. Crystallographic and refinement data for LaSeTe2.


LaSeTe2 at 173 K LaSeTe2 at 293 K LaSeTe2 at 373 K


superspace group Cmcm(00g)s00
(No.63.2)


Cmcm(00g)s00
(No.63.2)


Cmcm(00g)s00
(No.63.2)


a [ä] 4.295(1) 4.297(1) 4.309(1)
b [ä] 25.371(4) 25.408(4) 25.481(6)
c [ä] 4.306(1) 4.309(1) 4.321(1)
V [ä3] 469.2(1) 470.4(1) 474.4(2)
g [8] 0.288 0.288 0.288
1calcd [gcm


�3] 6.69 6.66 6.61
m [mm�1] 28. 8 28.7 28.5
q range [8] 3.2±28.1 3.2±28.0 3.2±29.3
reflections measured 5527 8289 6144
independent reflections 854 801 959
observed reflections [I>3s(I)] 536 459 560
main reflections 356 334 397
observed reflections [I>3s(I)] 351 323 388
satellites reflections 439 467 562
observed reflections [I>3s(I)] 180 136 172
Rint/Rsigma 0.0362/0.005 0.039/0.009 0.051/0.008
weighting scheme w=1/[s2(I)+ (0.0016(I2)] w=1/[s2(I)+ (0.0016(I2)] w=1/[s2(I)+ (0.0016(I2)]
min/max transmission 0.069/0.761 0.124/0.795 0.135/0.796
exctinction parameter residu-
als


0.10(1) 0.04(2) 0.20(2)


main reflections and satellites
R1/wR2 (I>3s); R1/wR2 (all I) 0.018/0.058; 0.036/0.070 0.027/0.076; 0.048/0.087 0.022/0.064; 0.046/0.074
main reflections only
R1/wR2(I>3s); R1/wR2(all I) 0.016/0.056; 0.017/0.057 0.024/0.070; 0.025/0.071 0.019/0.060; 0.020/0.060
satellites only
R1/wR2(I>3s); R1/wR2(all I) 0.037/0.069; 0.180/0.119 0.056/0.121; 0.238/0.177 0.053/0.095; 0.236/0.151
gooF (I>3s)/(all I) 1.13/1.21 1.32/1.56 1.13/1.28
largest diff. peak/hole [eä�3] 1.50/�1.62 2.96/�3.06 1.75/�1.97


Table 2. Atomic coordinates, displacement parameter Ueq (ä
2î104) and Fourier coefficient S1x of the modula-


tion function for LaSeTe2.


173 K 293 K 373 K
atom x y z Ueq S1x y Ueq S1x y Ueq S1x


La 0 0.1766(1) 1=4 49(1) 0.0059(2) 0.1767(1) 59(2) 0.0051(2) 0.1767(1) 98(1) 0.0051(2)
Se 0 0.2968(1) 1=4 49(1) 0.0008(3) 0.2967(1) 60(2) 0.0008(4) 0.2966(1) 100(1) 0.0005(3)
Te(1) 0 -0.0715(1) 1=4 65(3) �0.0224(3) �0.0717(1) 85(2) �0.0195(5) �0.0716(1) 129(1) �0.0198(4)
Te(2) 0 0.5718(1) 1=4 68(3) 0.0198(3) 0.5718(1) 86(2) 0.0175(5) 0.5718(1) 132(1) 0.0160(4)


Ueq is defined as 1/3 of the trace of the orthogonalized Uij tensors.


Table 3. Average, minimum, and maximum interatomic distances [ä]
and angles [8] for LaSeTe2 at 173 K.


av min max max�min


La�Se 3.047(1) 3.047(1) 3.047(1) 0
La�Se 3.116(1) 3.101(1) 3.132(1) 0.031
La�Se 3.117(1) 3.101(1) 3.133(1) 0.032
La�Se 3.116(1) 3.101(1) 3.132(1) 0.031
La�Se 3.116(1) 3.101(1) 3.133(1) 0.032
La�Te(1) 3.428(1) 3.427(1) 3.429(1) 0.002
La�Te(1) 3.428(1) 3.427(1) 3.429(1) 0.002
La�Te(2) 3.418(1) 3.382(1) 3.457(1) 0.075
La�Te(2) 3.421(1) 3.382(1) 3.457(1) 0.075
Se�Te(2) 3.970(1) 3.970(1) 3.971(1) 0.001
Se�Te(2) 3.970(1) 3.970(1) 3.971(1) 0.001
Te(1)�Te(2) 3.043(1) 2.934(1) 3.155(1) 0.221
Te(1)�Te(2) 3.036(1) 2.930(1) 3.160(1) 0.230
Te(1)�Te(2) 3.044(1) 2.934(1) 3.155(1) 0.221
Te(1)�Te(2) 3.052(1) 2.923(1) 3.160(1) 0.237
aTe-Te-Te 89.98(3) 86.44(4) 94.08(5) 7.64


Figure 4. Average structure of LaSeTe2; projection approx. along [100];
La: black circles, Se: open circles, Te: grey circles.
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distances and angles within the [Te] layer. The slight sinusoi-
dal modulation of the Te atoms can be visualized by the sec-
tion of the Fourier maps along the modulation direction
(Figure 5). The Te�Te distances vary between 2.92 and


3.16 ä, illustrating the tendency to form oligomeric Tem
n�


ions. The definition of a maximum Te�Te bonding distance
is somewhat arbitrary, but if we consider only distances less
than 3.00 ä, the [Te] layer can be described as containing
™V-shaped∫ trimers and ™N-shaped∫ tetramers, as well as
heptamers resulting from the connection of one trimer and
one tetramer (Figure 6, left). Distorted Te nets containing
™V-shaped∫ trimers along with other tellurium entities are
found in the modulated structures of K1/3Ba2/3AgTe2,


RbUSb0.33Te6, and K0.65Ag2Eu1.35Te4
[12,1] (isolated Te3


2� trim-
ers are, of course, frequently found, e.g., in the structures of
A2Te3 (A=alkali metal)[13]). If we take Te�Te distances of
up to 3.04 ä (i.e. , the Te�Te distance in the undistorted net
of the average structure) into account, these oligomeric enti-
ties are then interconnected to give one-dimensional infinite
chains (Figure 6, right), which show some similarities to the
one-dimensional Te3


2� chains in the structure of Tl2Te3 and
the distorted Te net in K2.5Ag4.5Ce2Te9.


[14, 1]


Since S1x(Te(1)) and S1x(Te(2)) are of opposite sign and
of similar amplitudes, the overall coordination of the lantha-
num atoms is not much influenced by the modulation. The
bond valence sum for La changes only slightly over one
modulation period and shows almost no noticeable differen-
ces compared to that in the unmodulated structure.[15] The
dislocations of the lanthanum and especially the selenium
atom are so small that effective changes in their coordina-
tion geometry can be neglected.


A simple electron count according to the Zintl±Klemm
concept shows that if we consider lanthanum as La3+ and se-
lenium as Se2�, each Te atom has to carry a formal charge of
�0.5 giving the structural formula [LaSe]1+[Te]0.5�[Te]0.5�.
As has been stated previously, covalently bonded 44 nets of
chalcogen atoms with an electron count of six or more va-
lence electrons per atom are prone to distortion due to a
Peierls type instability.[16] Different types of distortions have
been observed in compounds of this type. In the stoichio-
metric rare-earth dichalcogenides LnE2.0 (with E=S, Se,
Te), which have a larger amount of excess electrons per E
atom in the square layer (formally E1�), a localization of
electrons in oligomeric anionic units, mainly in E2


2� dimers,
turns out to be the most favorable.[17] Most of the rare-earth
diselenides and ditellurides are semiconductors, but metallic
behavior was reported, for example, for LaTe2 and
CeTe2.


[17k,f] The lanthanide chalcogenides LnE2�d (0<d<0.4)
contain chalcogen vacancies, as well as monomeric and oli-
gomeric anionic entities in their defective [E] layer, and
they are usually semiconducting (cf. ref. [18]). Lanthanide
tritellurides LnTe3 and dilanthanide pentatellurides Ln2Te5
were found to host charge-density waves. The modulations
of the compounds LnTe3 and the related dichalcogenides
LaSe2 and LaTe2 have been discussed in terms of Fermi sur-
face nesting,[4,19,20] and the direction of the distortions can be
deduced from the nesting vectors. Nevertheless, SmTe3 and
Sm2Te5 still exhibit metallic conductivity parallel to the [Te]
layers in their modulated state, indicating that only a partial
gap opens over the Fermi surface.[4] Semimetallic or semi-
conducting behavior is also found for some ternary and qua-
ternary rare-earth polytellurides.[1] DFT (density functional
theory) calculations of the band structure were in a first step
carried out based on the average structure of LaSeTe2, sug-
gesting that the compound should be a poor metal in its
non-modulated state. The complete density of states (DOS)
is given in the right-hand part of Figure 7. A non-zero DOS
at the Fermi level suggests metallic behavior for the non-
modulated phase of LaSeTe2. The left-hand part of this
figure shows the band structure; bands with Te contributions
are emphasized. As can be seen from the figure, states at
the Fermi level have mainly Te 5px and 5py contributions, in-


Figure 5. Fourier map plotted along the modulation direction (t); the cal-
culated position of the Te atoms is given by the central grey line; only
positive contour lines are given; one contour line per 20 eä�3.


Figure 6. Projection on the [Te] net of the modulated structure of
LaSeTe2. Te�Te distances up to 3.0 ä (left) and up to 3.04 (right) ä are
indicated as bonds.


Chem. Eur. J. 2003, 9, 5865 ± 5872 www.chemeurj.org ¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 5869


LaSeTe2 5865 ± 5872



www.chemeurj.org





dicating that the metallic conductivity should essentially be
related to these bands. In the Te�Te crystal orbital overlap
population curve based on extended H¸ckel calculations of


the average structure (Figure 8), the electron excess dis-
cussed above is clearly visible in the occupation of anti-
bonding states below the Fermi level. A second calculation
was performed at the extended H¸ckel level, with the atoms
of the Te nets arranged in a sevenfold supercell (a, b, 7c ;
space group C2/c) as a commensurate approximation of the
modulated structure (Figure 9). Although the modulation
leads to an alteration of the Te�Te distances of less than
five percent, a fairly large change in the dispersion of the
bands along the modulation direction (G!Z) results. Fur-
thermore, the top of the highest occupied band and the


bottom of the lowest unoccupied band are clearly shifted
away from each other along the G!Y direction, and an indi-
rect band gap opens as a consequence. According to these
results the modulated phase of LaSeTe2 should be consid-
ered to be a semimetal, consistent with the description as a
compound with imperfect Fermi surface nesting.


The temperature dependence of the electrical resistivity
of LaSeTe2 as a powder pellet is given in Figure 10. The neg-
ative slope of the resistivity between 4 K and room tempera-
ture indicates semiconducting or semimetallic behavior, in
accordance with the calculation based on the commensurate
approximation of the modulated structure. The resistivity
data suggests that a change in the transport properties
occurs slightly above room temperature; this should be cor-
related with a transition into a non-modulated state. At
373 K, however, satellite reflections are still present. The
displacement parameters of all atoms increase with increas-
ing temperature, while the dislocations of the Te atoms de-
crease (cf. Table 2); this can be taken as a further hint for a
transition to a non-modulated state. The modulation vector
q does not change noticeably between 173 and 373 K.


Figure 7. Left: Band structure of the average structure of LaSeTe2, states
with Te contributions are given as fat bands. Right: total density of states
(DOS) of the average structure; G= (0, 0, 0), Y= (1=2, 0,0), Z= (0, 0, 1=2),
T= (1=2, 0,


1=2).


Figure 8. Plot of the crystal orbital overlap population for the Te�Te in-
teractions.


Figure 9. Band structure of the modulated phase of LaSeTe2 (commensu-
rate approximation in a sevenfold supercell); the opening of the indirect
band gap is emphasized with the box; G= (0, 0, 0), Y= (1=2, 0,0), Z= (0, 0,
1=2).


Figure 10. Plot of the resistivity versus temperature.


¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2003, 9, 5865 ± 58725870


FULL PAPER T. Doert et al.



www.chemeurj.org





Experimental Section


Preparation : All preparational steps were carried out under dried argon
(Messer-Griesheim, Krefeld, Germany, 99.96%). Stoichiometric amounts
of lanthanum (Chempur, Karlsruhe, Germany, powder, 99.9%), selenium
(Strem, Kehl, Germany, powder, 99.99%), and tellurium (Fluka, Germa-
ny, pieces, 99.999%) were loaded into silica ampoules together with a
tenfold excess of a 1:1 mixture of LiCl and RbCl as flux material. LiCl
and RbCl (both: Merck, Darmstadt, Germany, 99+ %) were dried by
heating under dynamic vacuum prior to use. The ampoules were sealed
under vacuum and placed into an oven. The mixtures were heated to
970 K at 10 Kmin�1 and kept at this temperature for 7 days. The am-
poules were then cooled to room temperature (0.03 Kmin�1) and
opened. The flux was removed with water, and the crystals were washed
with ethanol and then dried in air. Thin, shiny gold platelets with sizes up
to 0.2 mm grew under these conditions.


Analysis : EDX analyses (Zeiss Digital Scanning Microscope 982 Gemini
with Noram Voyager analytic unit) showed no detectable impurities of
flux or other element in the crystals and confirmed the composition of
the compound.


Electron microscopy : HREM and electron holography were carried out
at the Triebenberg Special Laboratory (Dresden) with a Philips CM200
FEG\SuperTwin-Lorentz Microscope. The microscope was equipped with
a field emission gun operating with an accelerating voltage of 200 kV.
Holograms were taken at a magnification of 868.000î , with hologram
fringe spacings of 1.6 ä (corresponding to a nominal resolution of 3.2 ä)
and a biprism voltage of 230 V. Micrographs and holograms were record-
ed with a 1î1 k CCD-camera and were fed into the computer for on-line
processing and reconstruction in nearly real-time mode. The holograms
were evaluated by the software Digital Micrograph 3.3.1 (Gatan). In the
holographic experiments, the incoming wave is separated into an object
and a reference wave. The reference wave runs through vacuum and is
not influenced by the object. A biprism superimposes both waves to pro-
duce the interference pattern, the electron hologram. The digitalized
hologram was processed in the computer, where the phase and the ampli-
tude of the recorded wave was reconstructed.


For these investigations, the crystals were ground under ethanol. Some
drops of this suspension were placed on a copper grid coated with a
holey carbon foil. The ethanol was then allowed to evaporate. Due to
their laminar structure, the crystals cleave quite easily to give very thin
platelets, some being transparent to the electron beam. In addition, this
preparation method results in a preferred orientation of the platelets per-
pendicular to [010], the desired orientation for both electron diffraction
and holography. The samples were then coated with a carbon layer to
prevent radiation damage and charging. Due to the mechanical strain
during grinding, distortion and translocation of atomic layers (e.g., a slip-
ping of the [Te] layers) can easily occur, leading to stacking faults in the
crystals.


X-ray investigations : Several crystals of LaSeTe2 were mounted on quartz
capillaries and precession images were recorded. No satellite reflections
were observed in zero-level layer photographs, but after long exposures
satellites did appear in the upper-level records h1l near main reflections
with L=2n, and h2l near main reflections with L=2n+1, indicating a
one-dimensional incommensurate modulation of the structure. Subse-
quently, a suitable crystal of dimensions 0.02î0.06î0.15 mm3 was mount-
ed on a diffractometer (STOE IPDS-II, MoKa radiation, graphite mono-
chromator) equipped with a N2-cryosystem (Cryostream controller 700,
Oxford, UK) for temperature control, and complete data sets including
first-order satellites were recorded at 173, 293, and 373 K. Absorption
corrections of the 3+1-dimensional data sets were performed using the
program JANA2000;[21] the shape of the crystal was determined and re-
fined based on average structure data using the STOE software pack-
age.[22] The full-matrix least-squares refinements of both the average and
modulated structures were carried out with JANA2000 against F2. Extinc-
tion effects were corrected according to Becker and Coppens.[23]


Calculations : DFT (density functional theory) calculations were per-
formed with the WIEN97 code with the LAPW (linearized augmented
plane wave) method.[24] The muffin-tin radii were chosen to be 2.5 au for
La, Te, and Se. RKMAX and GMAX were taken to be 9 and 13 au�1, re-
spectively. The generalized gradient approximation functional PBE-GGA


was used as the exchange-correlation functional.[25] The Brillouin zone in-
tegration was performed by means of a tetrahedron method with 155 in-
equivalent k points corresponding to 1000 k points throughout the whole
Brillouin zone within the SCF cycles.[26] For calculation of the density of
states (DOS) 392 inequivalent k point (3000 k points in the Brillouin
zone) were used. The extended H¸ckel calculations were performed by
using the program YAeHMOP with the following parameters: orbital en-
ergies Hij [eV] (coefficient z1): Se: 4s �20.50 (2.44), 6p �14.40 (2.07);
Te: 5s �20.80 (2.51), 5p �14.80 (2.16); La 6s �7.67 (2.14), 6p �5.01
(2.08), 5d �8.21 (3.78); double z-functions for La: 0.7765, 1.381,
0.4586.[27]


Electrical transport properties : Since the single crystals obtained by flux
reactions were too small for electrical contacting, the resistivity was
measured on powder pellets using van der Pauw×s method.[28]


Representation of the crystal structure : Figures displaying parts of the
crystal structure were generated with DIAMOND.[29]
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Comparison of Micro- and Mesoporous Inorganic Materials in the Uptake and
Release of the Drug Model Fluorescein and Its Analogues


Karen A. Fisher,[a] Katherine D. Huddersman,*[a] and M. Joan Taylor[b]


Abstract: The uptake of the three spe-
cies of the drug model fluorescein (fluo-
rescein sodium salt (FNa), fluorescein
free acid (F), and fluorescein diacetate
(FDA)) by zeolite NaX and the meso-
porous zeotype MCM-41 was investigat-
ed as well as their release rates into
solutions at pH 7 and pH 4.5. UV/Vis
analysis was carried out at a wavelength
of 490 nm. Uptakes of the sodium salt of
9% for zeolite X and 14% for MCM
suggest little penetration of the pores.
The use of ethanol as the loading solvent
for F resulted in little uptake for both
zeolitic materials due to the successful


competition of the ethanol for binding
sites. Use of acetone (weaker proton
acceptor) as loading solvent significantly
improved the uptake of F to 17% and
12% for zeolite X and MCM, respec-
tively, whilst the uptake of FDA in
acetone increased still further to 22%
and 17% for zeolite X and MCM, re-
spectively. Generally there was a large
initial release of the fluorescein ana-


logues from the surface of the zeolites
with very little further increase over
time. The prescence of an esterase
enzyme in the release medium of FDA
tripled the release from MCM to 15%
but left the release from zeolite X un-
affected at 6%. The results obtained
show that uptake of fluorescein and its
analogues is dependent on the loading
solvent used, the amount released is
influenced by not only the solvent but
the pH and the presence of enzymes in
the release medium.


Keywords: drug models ¥
fluorescein ¥ mesoporous materials
¥ sorption ¥ zeolites


Introduction


Zeolites : Zeolites have a three-dimensional structure consist-
ing of silicate (SiO44�) and aluminate (AlO45�) tetrahedra
joined by bent oxygen bridges, which may link two, three, or
all four corners. The charge imbalance that exists due to
substitution of Si4� with Al3� is accounted for by metal cations
such as Na� ions, which are held within the channels of the
zeolite.[1] Some of the most important zeolite structures are
based on the sodalite unit, for example the synthetic zeolite A
and the naturally occurring zeolite Faujasite (zeolite X and
Y). The Mobil Oil Corporation discovered the M415 group of
mesoporous molecular sieves in 1992[2] and one of the most
studied mesopores is MCM-41. MCM-41 has a hexagonal
arrangement of pores and is synthesized in the presence of
alkyltrimethylammonium ions of 8 ± 18 carbon atoms in
length. The proposed synthesis involves the formation of


rodlike micelles that then arrange themselves to give a
structure with hexagonal long-range order.[3]


Dehydrated zeolites have very open porous structures and
are able to absorb up to 50% of their own weight of water[1] as
well as considerable amounts of other substances, because of
their large internal surface area. The adsorbate, in this case
fluorescein, is able to interact with the zeolite adsorbant in a
variety of ways. The adsorbate ± absorbent interactions can be
defined as the sum of the dispersion energy (ED), repulsion
energy (ER), polarization energy (EP), and the energy of the
electrostatic interactions (EE).[3] These electrostatic interac-
tions are present only when the adsorbate molecule possesses
quadrupole moments or permanent dipole moments.
Herein we use zeolite Na-X as well as the synthetic


mesoporous material MCM-41.


Zeolites in drug delivery : Zeolites have many useful proper-
ties, in this case the most interesting is their ability to act as
molecular sieves and where variation in pore size allows them
to selectively accept guest molecules into their pores. The
best-fit molecules are preferentially sorbed, in some cases
leading to activation of the molecule.[4]


Zeolites have been investigated for use as carriers for a
variety of drugs, such as aspirin,[5] anthelmintics,[6] and
antitumor agents.[7] Use of zeolite Y as a slow release agent
for anthelmintic drugs[6] was found to be more successful in
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killing adult worms in rodent patients than administration of
the pure drug. Unlike natural zeolites, MCM-41 has only
recently been considered for use in drug delivery. It has been
shown that MCM-41 can be loaded with 30% of its own
weight of the anti-inflammatory drug ibuprofen.[8]


Drug model : The xanthene dye fluorescein (Figure 1) was
chosen as the model compound as it is a good model for
cytotoxic drugs such as doxorubicin. The use of prodrugs


activated by, for example, cer-
tain enyzmes or change in pH
is advantageous since it may
mean that the drug only be-
comes active when it reaches
the intended target. The diac-
etate form of fluorescein (Fig-
ure 2) is nonfluorescent, and
can be cleaved enzymatically


to yield fluorescein, which is fluorescent. In this manner it is
able to mimic a prodrug. Fluorescein exhibits pH-dependent


Figure 2. The structure of fluorescein diacetate.


ionic equilibria, and in solutions above pH 9 the dianion is
formed with the phenol and carboxylic acid groups almost
totally ionized.[9] Lowering the pH initially causes the phenol
to be protonated giving the monoanion, further acidification
produces the neutral species. It is only the dianion and
monoanion which are fluorescent. Changes in pH affect both
the absorbance and emission spectra of fluorescein. An
increase in pH leads to a shift of the �max value to a higher
wavelength, and below pH 7 there is a significant reduction in
fluorescence.[9] In this respect it again shares properties with
drugs such as doxorubicin.
The uptake of three forms of fluorescein, the sodium salt,


the free acid, and fluorescein diacetate by zeolite X and
MCM-41 was investigated as well as the subsequent release
into aqueous environments of pH 7 and 4.5. Nonspecific
esterases were added to the release medium of the fluorescein
diacetate experiments to see what effect if any cleavage of the
acetate groups would have on the release of the compound
from the porous material.


Results and Discussion


Characterization of zeolite X and MCM-41: The MCM
material obtained from Mobil had a Si/Al ratio of 40/1. It
was further characterized by X-ray powder diffraction, which
determined the d100 spacing as 5.2 nm, and nitrogen sorption
studies, which revealed the surface area to be 403 m2g�1 and


the average pore size to be 4.6 nm. Zeolite X obtained from
Aldrich is quoted as having a Si/Al ratio of 1.25:1, a pore
diameter of 8 ä, and nitrogen sorption studies showed the
surface area to be 610 m2g�1.


Sorpton uptake : The percentage uptakes (g per g zeolite)
achieved are summarized in Table 1.


Zeolite X : Not unsurprisingly, the uptake of fluorescein
sodium salt was poor (9%) (Figure 3) since the fluorescein
carries a negative charge and is repelled by the framework of
the zeolite, which is also negatively charged. The low uptake


Figure 3. Sorption uptake of fluorescein sodium salt. � �MCM; �� ac-
tivated MCM; �� zeolite X.


suggests that mainly surface adsorption is occurring. This was
confirmed by kinetic uptake studies which revealed there was
little increase in the amount of fluorescein sodium salt sorbed
after 30 min. The sorption uptake of the narrower methylene
blue cation from aqueous solution into zeolite X was found to
be 6% also suggesting surface sorption.[10] Although the
methylene blue molecule is not negatively charged, molecular
modeling suggested that its low uptake was because the
molecule was too planar and rigid to access the pore system
except to a limited extent. The use of the uncharged free acid
did not improve sorption uptake when ethanol was used as the
loading solvent; however, when acetone was used instead of
ethanol uptake increased to 17% (Figure 4). The single-
crystal data for disodium fluorescein octahydrate[11] was
loaded into the molecular graphics program Cameron[12] to
determine the dimensions of the molecule. These were found
to be 10.40 ä in length, 8.00 ä in height, and 7.00 ä at the


Figure 1. The structure of the
fluorescein dianion.


Table 1. Maximum uptake [%] of fluorescein analogues into zeolite X and
MCM-41.


Fluorescein Loading Molecular Maximum uptake
analogue solvent sieve (g per g zeolite) [%]


FNa water zeolite X 9
FNa water MCM-41 14
F ethanol activated zeolite X 4
F ethanol activated MCM-41 3
F acetone activated zeolite X 17
F acetone activated MCM-41 12
FDA acetone activated zeolite X 22
FDA acetone activated MCM-41 14
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Figure 4. Sorption uptake of fluorescein free acid. � �MCM acetone;
��MCM ethanol; �� zeolite X ethanol; �� zeolite X acetone.


widest point. The same method was used to determine the
dimensions of fluorescein diacetate[13] as 15.37 ä in length,
7.80 ä in height, and 6.08 ä at the widest point. The pore of
zeolite X has a diameter of 8 ä, meaning that if both
molecules approach the pore in the correct orientation and
are able to undergo conformational changes, then they can
gain access to the pores and be accommodated in the cages,
which are approximately 13 ä in diameter. The best uptake
(22%) achieved by this zeolite for the systems studied was for
the sorption of fluorescein diacetate with acetone as the
loading solvent (Figure 5). Kinetic uptake studies showed that


Figure 5. Sorption uptake of fluorescein diacetate. � � zeolite X; ��
MCM.


maximum sorption was reached after 1.5 h. Zeolite X has a
large number of Na� ions in the pores, and the electronegative
oxygen atoms of the fluorescein diacetate are attracted to
these ions, which leads to a favorable affect on the sorption of
the molecule. Fluorescein diacetate is likely to be preferred to
acetone even though they have similar functional groups
because of the greater van der Waals forces exhibited by the
large fluorescein diacetate molecule with the walls of the
zeolite. Previous work has shown that larger molecules such as
lindane rather than smaller molecules such as toluene are
preferentially sorbed into zeolites.[14]It has been suggested
that other large organic molecules such as pyrene can be
accommodated in the pores of zeolite X.[15]


MCM-41: Using the larger pore MCM-41 the uptake of
fluorescein sodium salt is increased to 14% (Figure 3). Using


activated MCM-41 does not increase maximum uptake, this is
not surprising as water is the loading solvent used. Repulsion
of the negative fluorescein with the framework of the MCM is
reduced as the anion is hydrogen-bonded to water molecules
that it is able to retain on sorption into the larger pores. Other
work has shown that the presence of negatively charged
groups such as carboxylates reduces the sorption uptake into
MCM-41.[16]


Sorption of the free acid form of fluorescein is again
affected by the loading solvent employed (Figure 4). The use
of ethanol gives an uptake of 3% compared to the 12%
obtained when acetone is used. Solvent-dependent uptake of
taxol into mesoporous silicas of varying pore size has been
reported.[17] Uptake in solvents with lower solubility param-
eters, particularly a low solubility parameter for proton
acceptors (�a), for example �a� 0.5 for toluene, was found
to be higher than for solvents with higher �a values, for
example �a� 7.5 for methanol.[17]Fluorescein has hydroxyl
groups, which are able to form hydrogen bonds, as well as
oxygen atoms, which are possible acceptors for hydrogen
bonding. This may mean that for a solvent with a high
solubility parameter for proton acceptors (�a) the affinity of
the fluorescein with the solvent will be high resulting in a low
uptake into the porous material. Comparing the �a values for
ethanol and acetone, 5 and 2.5,[18] respectively, the affinity of
fluorescein for ethanol is higher than that for acetone for
which the interaction with the porous material is relatively
stronger, resulting in uptake. The uptake of fluorescein
diacetate (Figure 5) loaded in acetone by MCM-41 (17%) is
comparable to the uptake of the sodium salt loaded in water
(14%) and the free acid loaded in acetone (12%). The uptake
by MCM-41 seems less dependent on the nature of the
fluorescein analogue than for zeolite X for which the sodium
salt is not sorbed and the diacetate is the preferred species.
The greater uptake of fluorescein diacetate is probably due to
the increased electrostatic field within the pores of the zeolite
caused by the presence of a greater number of counter-
balancing cations and the tightness of the fit of the molecules
with the pore walls, which increases the heats of sorption and
encourages sorption. One interesting observation is that the
larger pored MCM-41 does not sorb as much of the free acid
or diacetate analogue as zeolite X. This is not seen with the
sodium salt due to the repulsion of the fluorescein anion with
the negative framework of the zeolite. It is not always true
that the use of a larger pored material will result in a higher
uptake.[19] When silicalite-1, dealuminated NaY, and MCM-41
were investigated for the sorption of volatile organic com-
pounds, silicalite-1, which has the smallest pore dimensions,
was found to be the superior adsorber for trichloroethylene in
both the gaseous and aqueous phases.[19] This is thought to be
due to water not being sorbed inside the small hydrophobic
pores of the silicalite, which allowed uptake of the hydro-
phobic compound. The percentage uptakes of the fluorescein
analogues into MCM-41 (�14%) are all similar, but lower
than the uptake of other drugs, for example Ibuprofen at
30%, by MCM-41.[8] This is probably because the loading
solvent used for the Ibuprofen work was hexane (with a �a
value of 0) which will promote sorption uptake as previously
described.
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Release rates : The release rates of fluorescein sodium salt and
fluorescein free acid from zeolite X and MCM-41 are
summarized in Table 2.


Zeolite X : At neutral pH, 50% of the sorbed fluorescein
sodium salt is released (Figure 6) this value decreases to 27%
when the pH is lowered to 4.5 (Figure 7). In both cases there is
an initial sharp increase in the amount released, with very


Figure 6. Release of fluorescein sodium salt at pH 7 and 37 �C. � � zeo-
lite X; ��MCM.


Figure 7. Release of fluorescein sodium salt at pH 4.5 and 37 �C. � �
zeolite X; ��MCM.


little further release. This agrees with the suggestion that
sorption of the sodium salt was mainly on the surface of the
zeolite. At the lower pH value the free acid form of
fluorescein dominates, and as this is less water-soluble than
the sodium salt it prefers to remain sorbed into/on the zeolite
rather than the aqueous environment of the release medium.
The amount of fluorescein free acid released from zeolite X
when loaded in ethanol was below detection limits, which is
undoubtedly due to the poor sorption uptake observed. A


total of 9% of the free acid sorbed when acetone is used as the
loading solvent is released into the medium at pH 7. Again an
initial increase is seen in the first few minutes (Figure 8),
thereafter, however, very little further release occurs. This


Figure 8. Release of fluorescein free acid at pH 7 and 37 �C. ��
F(ethanol) MCM; � � F(acetone) MCM; �� F(acetone) zeolite X.


suggests that the fluorescein is tightly held within the pores of
zeolite X, and the interactions resulting from the close fit of
the molecule with the pore walls is greatly favored over the
interactions of the fluorescein with the aqueous release
medium. The percentage release values for fluorescein
diacetate are summarized in Table 3. Low releases were


observed at both pH values with only 7% and �1% being
released at pH 7 and 4.5, respectively. Fluorescein diacetate is
insoluble in water so it is unsurprising that little release is
seen. The higher release at neutral pH (Figure 9) is due to
cleaving of the acetate groups of fluorescein diacetate to leave
fluorescein, which occurs at this pH. The addition of non-


Figure 9. Release of fluorescein diacetate at pH 7, pH 4.5 and 37 �C. � �
zeolite X pH 7; �� MCM pH 7.; �� MCM pH 4.


Table 2. Release [%] of fluorescein sodium salt (FNa) and fluorescein free
acid (F) from zeolite X and MCM-41.


Fluorescein Loading pH 7 pH4.5
analogue solvent % mg % mg


FNa-zeolite X water 50 4.26 27 2.43
FNa-MCM-41 water 70 10.01 28 3.85
F-zeolite X ethanol � 1 � 0.04 � 1 � 0.04
F-MCM-41 ethanol 48 1.78 45 1.53
F-zeolite X acetone 9 1.49 6 0.981
F-MCM-41 acetone 13 1.02 10 0.87


Table 3. Release [%] of fluorescein diacetate (FDA) from zeolite X and
MCM-41.


Fluorescein Loading pH 7 pH 4.5
analogue solvent % mg % mg


FDA-zeolite X acetone 7 1.68 � 1 � 0.20
FDA-MCM-41 acetone 5 0.60 5 0.60
FDA-zeolite X[a] acetone 6 1.68 6 1.68
FDA-MCM-41[a] acetone 15 2.03 15 2.05


[a]Esterases present in release medium







Drug Uptake on Inorganic Materials 5873±5878


Chem. Eur. J. 2003, 9, 5873 ± 5878 www.chemeurj.org ¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 5877


specific esterases to the release medium has no effect on the
release at pH 7 (Figure 10) but increases the release at pH 4.5
to 6%. Since the zeolite has a small pore it is likely that only
fluorescein diacetate located on the surface of the zeolite will
be �activated�, that is converted to the fluorescent fluorescein
by the enzymes in the medium. No increase in release at pH 7
is seen because the fluorescein diacetate has already been
converted to fluorescein by the pH of the medium.


Figure 10. Release of fluorescein diacetate at pH 7 and 37 �C in the
presence of esterases. �� total FDA�F; � �F; ��FDA.


MCM-41: Almost 70% of the fluorescein sodium salt sorbed
is released at neutral pH with no increase seen after 1 h. The
sodium salt is freely soluble in water and so a high percentage
release is expected. By lowering the pH the release decreases
to 28%, which is due to the dominance of the free acid form of
fluorescein at this pH as previously discussed.
At pH 7, 48% (1.78 mg) of the ethanol sorbed fluorescein


free acid is released compared to 13% (1.015 mg) of the
fluorescein sorbed when acetone is used as the loading
solvent. There is little change observed on lowering the pH to
4.5 (Figure 8) with 45% (1.53 mg) of the ethanol sorbed free
acid and only 10% (0.865 mg) of the acetone sorbed
fluorescein released (Figure 11). When acetone is used for


Figure 11. Release of fluorescein free acid at pH 4.5 and 37 �C. ��F-
(ethanol) MCM; � � F(acetone) MCM; � F(acetone) zeolite X.


the sorption of fluorescein, release is rapid and begins to level
off after only 10 min indicating release from the surface of the
mesopore. With the ethanol sorbed fluorescein there is an
initial large release followed by a further small but steady
increase over the first hour. There is a significant difference in
the nature of the release rates depending on the loading


solvent used, which is due to the relative strengths of the
interactions involved. For release to occur mesopore ± sub-
strate and substrate ± substrate interactions must be less
favorable than substrate ± solvent interactions. It is likely that
ethanol successfully competed with fluorescein for the silanol
groups of the MCM-41, and thus fluorescein ±mesopore is not
the predominant interaction and release occurs. The 3%
uptake achieved when ethanol is the solvent indicates that the
fluorescein is only held weakly on the surface of the mesopore
and can be therefore be released relatively easily.
The percentage of fluorescein diacetate released from


MCM-41 is independent of the pH of the release medium with
only 5% (0.60 mg) being released in both cases (Figure 10).
An initial release of the fluorescein diacetate sorbed on the
surface of the mesopore occurs followed by a slight increase
over one hour. Again some of the diacetate was cleaved in a
release medium of pH 7. With the addition of nonspecific
esterases to the release medium the total amount of fluo-
rescein diacetate released triples to 15% in both cases; all
fluorescein diacetate released is cleaved to give fluorescein.
Since the pores of MCM-41 are larger than those of zeolite X
the enyzme may be able to gain access to the mouth of the
pore, and thus be in a position to cleave the acetate groups
and yield fluorescein which is then released.
These release rates are much lower than those achieved for


the release of Ibuprofen from MCM-41 (80%).[8] This may be
due to the loading solvents used, Ibuprofen was loaded in
hexane which has a �a value of 0 meaning that it is unlikely to
form hydrogen bonds with the molecule being sorbed.
Unpublished results[20] obtained previously found the per-
centage uptake by NaY zeolite of aspirin with ethanol as the
loading solvent to be 17%, 27% of this was then released into
water. The uptake suggests that in this case ethanol is not able
to compete with the sorbate effectively. The results obtained
for the release of the fluorescein analogues from porous
materials indicate that the pH of the release medium, the
loading solvent, and the form of fluorescein present all have
an effect on release rates.


Experimental Section


Characterization of MCM-41: Surface analysis was carried out using a
Coutler SA 3100 surface analyser at 77 K for 3 ± 4 h. Samples were
degassed at 383 K for 30 minu.


The powder X-ray diffraction pattern of the material was recorded by using
a Scintag XDS2000 diffractometer at 298 K using CuK�1 radiation (��
1.54056 ä) operating in theta-theta mode with an EG&G Ortec GLP
series solid-state detector. The sample was mounted on a static platform.
Results were processed by using the Scintag propriety software package
DMS200 V3.43 running on a DEC Microvax 3100 computer.


Uptake : Solutions ranging from 0 ± 120 mg for fluorescein sodium salt
(Aldrich), and 0 ± 70 mg for both fluorescein free acid (Aldrich) and
fluorescein diacetate (Aldrich) were made up in solvent (10 mL). The
solvents used were distilled water for fluorescein sodium salt, ethanol and
acetone for fluorescein free acid, and acetone for fluorescein diacetate .


Zeolite NaX with a Si/Al ratio of 1.25:1 (Aldrich), MCM-41 with an Si/Al
ratio of 40:1 and pore size of 40 ä (Mobil), or activated material (0.1 g) was
weighed into 10 mL vials.


The porous material was activated by heating under nitrogen at 350 �C for
2 h, whereupon there was immediate transfer to a glove bag under nitrogen
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for weighing into vials. The solutions of fluorescein analogues were added
to the vials, which were then sealed, covered in foil, and left to rotate
overnight. For analysis supernatant (10 �L) was extracted from each vial
using a syringe and diluted to 10 mL. Distilled water adjusted with 0.1�
NaOH to pH 7 was used for the fluorescein sodium salt, while for
fluorescein free acid and fluorescein diacetate 0.1� NaOHwas used instead
of distilled water. Fluorescein diacetate samples were allowed to stand for
30 min so that the acetate groups were cleaved to yield fluorescein. All
solutions were then analyzed by UV/Vis spectroscopy (Unicam UV/VIS
2000) at a walength of 490 nm.


Release : The porous materials loaded with the fluorescein analogues were
filtered and washed quickly with acidified distilled water (pH 4). An acidic
wash was used to limit any release that may take place at this stage.


Releases were performed into phosphate buffer (900 mL) of either pH 7 or
pH 4.5 heated to 37 �C. Samples of release medium (5 mL) were removed
for analysis at given time intervals using a syringe with a filter attached, and
replaced with the same volume of fresh preheated release medium.
For the fluorescein sodium salt the samples were diluted to 10 mL using
distilled water, and the pH was adjusted to 7 by using 0.1� NaOH. For the
fluorescein free acid and fluorescein diacetate 0.1� NaOH was used as the
diluent. Samples were analyzed as described above.


Calculation of the corrected concentration of fluorescein released, taking
into account that the volume replaced was fresh medium was as given in
Equation (1), where Ctcorr is the corrected concentration at time t, Ct is the
apparent concentration at time t, v is the volume of sample taken and V is
the total volume of dissolution medium.


Ctcorr�Ct�
�


V


�t�1


0


Ct (1)
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A Functionalized Noncovalent Macrocyclic Multiporphyrin Assembly from a
Dizinc(��) Bis-Porphyrin Receptor and a Free-Base Dipyridylporphyrin


Elisabetta Iengo,*[a, b] Ennio Zangrando,[a] Enzo Alessio,[a] Jean-Claude Chambron,[b, c]
Vale¬rie Heitz,[b] Lucia Flamigni,*[d] and Jean-Pierre Sauvage*[b]


Abstract: The bis-porphyrin system
ZnP2, in which two zinc porphyrins are
connected by a phenanthroline linker in
an oblique fashion, acts as a bifunctional
receptor towards the complexation of
free-base meso-5,10-bis(4�-pyridyl)-
15,20-diphenylporphyrin (4�-cisDPyP).
In solution, NMR spectroscopy evi-
denced quantitative formation of the
tris-porphyrin macrocyclic assembly
ZnP2(4�-cisDPyP), in which the two
fragments are held together by two axial


4�-N(pyridyl) ±Zn interactions. The re-
markable stability of the edifice (an
association constant of about 6�
108��1 was determined by UV/Vis ab-
sorption and emission titration experi-
ments in toluene) is due to the almost
perfect geometrical match between the


two interacting units. The macrocycle
was crystallized and studied by X-ray
diffraction, which confirmed the excel-
lent complementarity of the two com-
ponents. Photoinduced energy transfer
from the singlet excited state of the zinc
porphyrin chromophores to the free-
base porphyrin occurs with an efficiency
of 98% (ken� 2� 1010 s�1 in toluene,
ambient temperature) with a mechanism
consistent with a dipole ± dipole process
with a low orientation factor.


Keywords: antenna systems ¥
energy transfer ¥ macrocycles ¥
porphyrinoids ¥ self-assembly


Introduction


The elaboration of noncovalent multiporphyrin assemblies is
an important challenge with regard to mimicking the bacterial
photosynthetic reaction center (RC),[1] light-harvesting an-
tenna complexes (LH1 and LH2),[2] and electron transfer


processes in proteins containing several heme groups.[3]


Convenient synthetic strategies exploit the formation of
coordinative bonds, multiple hydrogen bonds, or both.[4] A
few recent examples leading to elaborate cyclic structures are
particularly noteworthy.[5]


Oblique dizinc(��) bis-porphyrin systems I, consisting of an
organic spacer that connects two zinc porphyrin moieties in a
V-shaped and roughly cofacial disposition, have been em-
ployed for the construction of stable, noncovalently linked
assemblies by means of multiple ligand ±metal interactions or
multiple hydrogen bonds. The length and the flexibility of the


organic spacer usually define the interporphyrin separation of
the host cavity (bite), a crucial parameter in determining the
affinity for guests of different sizes. Complexation of an easily
reducible ditopic guest such as dipyridylbenzoquinone,[6a]


pyromellitimide[6b, c] or naphthalene imide[6c, d] by means of
two simultaneous zinc ± nitrogen interactions allowed the
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assembly of donor ± acceptor systems capable of undergoing
photoinduced electron transfer processes from the porphyrin
host to the encapsulated guest. In addition, porphyrins
bearing peripheral heteroatoms for coordination to Zn have
been also used as guest molecules, and they allow the study of
interporphyrin photoinduced energy-transfer processes.[7, 8]


None of these multiporphyrin assemblies was structurally
characterized in the solid state.


Similar oblique bis-porphyrin systems were investigated for
their molecular recognition capabilities, such as enantiomeric
discrimination of amino acids,[9a±c] amines,[9d] and sugars,[9e]


and for the formation of three-dimensional capsules.[9f±h]


Some of us have worked extensively on the synthesis of
rotaxanes incorporating porphyrins.[10] In early work, the
isolated dumbbell of the rotaxanes, consisting of an oblique
dizinc(��) bis-porphyrin with a 1,10-phenanthroline spacer
(ZnP2, Scheme 1), was prepared separately and used in
energy- and electron-transfer studies.[11]


The X-ray structure of ZnP2 showed that the center-to-
center distance between the zinc porphyrin rings (Zn ¥¥¥ Zn) is
about 13.5 ä.[12] When these structural data were applied to
CPK models, they suggested that good complementarity
could be achieved with 5,10-bis(4�-pyridyl)-15,20-diphenyl-
porphyrin (4�-cisDPyP), a meso-4�-cis-dipyridylporphyrin
with an N ¥¥¥ N distance of about 10.7 ä, under the assumption
of an average axial Zn�N bond length of 2.2 ä. Thus, we
expected that treatment of ZnP2 with 4�-cisDPyP should lead
to formation of a stable 1:1 macrocyclic adduct.


We demonstrate here that formation of the expected
macrocyclic assembly ZnP2(4�-cisDPyP) (36-membered ring)
is quantitative in solution, as evidenced by 1H NMR spectro-
scopy and UV/Vis absorption and emission titration experi-
ments. Its structure could be further detailed by X-ray
crystallography. The new assembly shows photoinduced
intramolecular energy transfer, the parameters of which are
in agreement with a Fˆrster mechanism characterized by
unfavorable interactions of transition dipole moments.


Results and Discussion


NMR spectroscopy: 1H NMR spectroscopy established that
addition of stoichiometric amounts of 4�-cisDPyP to a


solution of ZnP2 in CDCl3 leads readily to quantitative
formation of ZnP2(4�-cisDPyP) (1), a 1:1 macrocyclic adduct
in which 4�-cisDPyP is encapsulated between the two oblique
zinc porphyrin units of ZnP2 by axial ligation of the pyridyl N
atoms to the Zn atoms (Scheme 1).


Titration of ZnP2 with 4�-cisDPyP in CDCl3 results in the
appearance of sharp signals for coordinated 4�-cisDPyP in the
1:1 complex 1, the intensity of which increases till the
stoichiometric ratio between the reagents is reached. No
signal for uncoordinated 4�-cisDPyP was observed. The
signals of ZnP2 are only slightly affected by progressive
addition of 4�-cisDPyP, and this indicates that the symmetry
of ZnP2 is maintained in the adduct (see below). When the
stoichiometric ratio is reached, the H2,6 and, to a minor
extent, the H3,5 resonances of the 4�-cisDPyP pyridyl rings
bound to zinc broaden, but they sharpen again on lowering
the temperature to below 0 �C.[13] This broadening indicates
that when formation of the 1:1 adduct from the reagents is
complete, 4�-cisDPyP in 1 is involved in a relatively fast
dissociation equilibrium, which becomes apparent in the
absence of excess ZnP2.


Below 0 �C the resonances of the 4�-cisDPyP pyrrole
protons (�-H) and of the internal NH protons, together with
some of the resonances of ZnP2, first broaden and eventually
split below �40 �C, that is, dynamic processes are present in 1
(Figure 1). Since the downfield region of the 1H NMR
spectrum of 1 is quite crowded, a combination of 2D H,H-
COSY and NOESY-EXSY experiments at different temper-
atures was needed for complete assignment of the signals of 1.


We examine first the main features of the ambient-temper-
ature 1H NMR spectrum of 1 that unambiguously establish
the nature and geometry of the adduct: 1) Relative integra-
tion of 4�-cisDPyP and ZnP2 signals indicates that a 1:1
adduct is quantitatively formed. 2) Axial coordination of 4�-
cisDPyP is unequivocally established by the overall upfield
shifts of its resonances due to the combined effects of the ring
currents of the two zinc porphyrin units of ZnP2. This effect is
particularly large for the pyridyl H2,6 and H3,5 protons (���
�6.06 and�1.90, respectively).[13, 14] The pyridyl protons of 4�-
cisDPyP give rise to only two equally intense signals, which
implies that the two pyridyl rings are equivalent and sym-
metrically coordinated. 3) The pattern of the pyrrole protons
(�H) of 4�-cisDPyP, two singlets and two doublets of equal


Scheme 1. Schematic synthesis of 1 with labeling scheme. NOE and exchange connections observed in the 2D NOESY-EXSY spectrum at �40 �C are
indicated by numbers and letters, respectively. The numbering scheme for NOE connections and labels for exchange connections refer to Figure 2.
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Figure 1. 1H NMR spectrum (CDCl3) of 1 at ambient temperature (top)
and at�50 �C (bottom); upfield region with H3,5, H2,6, tBux, tBuy, and NH
resonances is omitted. See Scheme 1 for labeling scheme and Supporting
Information for H,H-COSY cross-peaks.


intensities, indicates that the symmetry of the bridging
porphyrin is maintained in the adduct; compared to free 4�-
cisDPyP these resonances are spread over a wider range of
chemical shifts (�� 8.62, 8.37, 7.50, and 7.32) due to the
anisotropic shielding cones of the axial zinc porphyrin
units.[15, 16] The resonances of the phenyl rings of ZnP2 in
meso position 5 (oH�� andmH��) and those of the ortho protons
of the phenyl ring in meso position 20 (oHx) broaden on
formation of 1; each of these resonances splits into two signals
of equal intensity on lowering the temperature, this effect
being particularly significant for oH�� and mH�� (Figure 1). In
agreement with the formation of a 1:1 cyclic adduct, these
phenyl rings in 1 have one side oriented towards the inside
(endo) and the other towards the outside (exo) of the
macrocycle; thus, the endo protons are more shielded by the
combined anisotropic cones of the three porphyrin units than
the corresponding exo protons and therefore resonate further
upfield. At room temperature the rotation around the
Cmeso�Cring bond is relatively fast on the NMR timescale,
and the corresponding signals are averaged. On lowering the
temperature the rotation becomes slow on the NMR time-
scale, and endo and exo protons have resolved signals (below
�20 �C for oH�� and mH��; below �40 �C for oHx; Figure 1).
Accordingly, in the 2D EXSY-NOESY spectrum of 1 at
�40 �C each pair of resonances of endo and exo aromatic
protons is connected by an exchange cross-peak (Figure 2).


Figure 2. Downfield region of the 2D NOESY-EXSY spectrum (CDCl3) of
1 at �40 �C; exchange peaks are marked with letters, while NOE peaks are
numbered (2,2�; 3,3�; 6,6� identify exchange NOE connections). See
Scheme 1 for labeling and numbering scheme.


In addition, as the two oblique zinc porphyrin units in 1
induce large shifts in the resonances of the axial bridging 4�-
cisDPyP, resolution of the signal for the internal NH protons
into three resonances can be expected if the rate of the
tautomeric equilibrium that exchanges positions I and III with
II and IV is sufficiently slow on the NMR timescale (Figure 3).
Indeed, upon lowering the temperature the NH protons of 4�-
cisDPyP in 1 at first showed strong broadening and then split
into three signals at ���3.67, �3.89, and �4.05 with 1:2:1
relative integration. The central resonance with double
intensity was assigned to the protons in the equivalent
positions I and III, while the upfield resonance was attributed
to the proton in position II, closest to the shielding cone of the
two zinc porphyrin units (Figure 3). The reduced rate of
tautomeric equilibrium also affects the resonances of the
pyrrole protons of 4�-cisDPyP (�H): at�50 �C each splits into
two equally intense signals, as expected. However, owing to
the presence of several resonances in this region of the
spectrum, only some of them do not overlap with other
signals, and thus complete assignment was not possible.[17]


This phenomenon has already been described by Imamura
et al. for a trimer composed of two Os(OEP)(CO) units
axially coordinated to 4�-cisDPyP (OEP� 2,3,7,8,12,13,17,18-
octaethylporphyrin).[18]


Absorption and luminescence spectroscopy: The NMR data
obtained in CDCl3 solution clearly indicated that 1 is formed
from its components with a large association constant Ka. A
quantitative determination of Ka was performed by means of
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Figure 3. Schematic representation of NH tautomeric equilibrium of 4�-
cisDPyP in 1 and VT 1H NMR spectra of NH resonance of 4�-cisDPyP
showing low-temperature resolution into three signals.


absorption and emission titration experiments in toluene.[19]


The absorption spectrum of uncomplexed 4�-cisDPyP dis-
plays an intense Soret band at 419 nm and four Q bands with
maxima at 514, 547, 590, and 645 nm, in excellent agreement
with other free-base dipyridyl porphyrins.[8b, 13] The spectrum
of ZnP2 is the sum of the spectral properties of the individual
constituents: an intense Soret band at 424 nm and Q bands at
551 and 591 nm due to the porphyrinic components, and a
broad absorption around 300 nm due to the phenanthroline
chromophore.[13] Thus, it can be safely assumed that the
components of ZnP2 interact only weakly.


Addition of increasing amounts of 4�-cisDPyP to a constant
concentration of ZnP2 induces spectral changes in the
resulting mixture that are not consistent with the simple
superposition of the spectra of the two fragments.[13] In fact, it
is well known that on axial coordination of pyridyl residues,
the absorption bands of zinc porphyrins display a red shift of a
few nanometers.[6c, 8b, 20] For a quantitative treatment of the
absorption data it is convenient to define a derived spectral
profile �A(�) as the difference between the experimental
absorbance detected for the mixture and the cumulative
absorbances of the individual components at any given
concentration.[8b] Figure 4 shows �A(�) for a series of
increasing 4�-cisDPyP concentrations in 4.3� 10�7� toluene
solutions of ZnP2. Equation (1) can be used to derive the
association constant Ka� 1/Kd:


Obs � Obs0�
�Obs


2 S0


{Kd�X�S0 � [(Kd�X�S0)2 � 4XS0]1/2} (1)


where Obs is an observable (e.g., absorbance or emission
intensity), S0 is the concentration of ZnP2 (constant), X is the
concentration of 4�-cisDPyP (variable), and �Obs is the
maximum variation of the observable under examina-
tion.[8b, 21] Fitting the data points at 433 nm (inset of Figure 4)
reveals a 1:1 stoichiometry for 1 and gives an association
constant of 8� 108��1.


Figure 4. �A (see text for details) for a series of toluene solutions
containing 4.3� 10�7� ZnP2 and increasing concentrations of 4�-cisDPyP
(from 4.4� 10�8 to 6.5� 10�6�). In the inset the data points at 433 nm are
fitted according to Equation (1).


The luminescence spectra of optically matched solutions of
ZnP2 and 4�-cisDPyP excited at 422 nm are shown in Figure 5,
and the luminescence decays measured in a single-photon
time-correlated apparatus (1 ns resolution) appear in the
inset.


Figure 5. Luminescence spectra of optically matched toluene solutions
(A� 0.29) of ZnP2 (dashed) and 4�-cisDPyP (continuous line) on
excitation at 422 nm. In the inset the luminescence decay of the solutions
and fittings measured at 650 nm for 4�-cisDPyP (�) and at 600 nm for ZnP2
(�) are shown together with the flash profile (––).


The luminescence properties of the two components of 1 at
298 and 77 K are summarized in Table 1. The luminescence of
a ZnP2 solution is modified by addition of increasing
concentrations of 4�-cisDPyP in a way that is not consistent
with the simple addition of the luminescence from the
individual components. It is again convenient to define a
derived spectral profile �I(�) as the difference between the
experimental luminescence intensity detected for the mixture
and the luminescence intensity of 4�-cisDPyP at a given
concentration. The �I(�) determined on excitation at 428 nm
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(isosbestic point of the complexed and uncomplexed forms of
ZnP2) for addition of increasing concentrations of 4�-cisDPyP
to 4.3� 10�7� toluene solutions of ZnP2 are reported in
Figure 6. The band at 600 nm, ascribable only to the ZnP2
component, decreases, and the band at 714 nm, typical of 4�-
cisDPyP, correspondingly increases. This effect, due to the


Figure 6. �I (see text for details) for a series of toluene solutions
containing 4.3� 10�7� ZnP2 and increasing concentrations of 4�-cisDPyP
(from 0 to 6.5� 10�6�). In the inset the data points at 597 nm are fitted
according to Equation (1).


quenching of the host fluorescence and the sensitization of the
guest fluorescence, can be correlated with complex formation.
Indeed, fitting the luminescence signal in the region of the
exclusive ZnP2 emission according to Equation (1) yields an
association constant of 4� 108��1 for the 1:1 complex (inset
of Figure 6). In view of the large errors (see Experimental
Section) generally involved in this type of determination this
value can be considered to be in reasonable agreement with
the value of 8� 108��1 derived from the absorption signals.
The two results can be averaged to obtain Ka� 6� 108��1.


X-ray structure : The X-ray diffraction analysis of crystals
obtained from CDCl3 confirms that in 1 the bis(pyridyl)por-
phyrin unit is axially coordinated to both the zinc centers of
ZnP2 to form a multiporphyrin macrocyclic assembly. Figure 7
shows two space-filling views of 1. The planes of the
phenanthroline moiety and of 4�-cisDPyP, which have a
coplanar arrangement, are almost orthogonal to the porphyr-
in units of ZnP2. The planes through the zinc porphyrin units
of ZnP2 form dihedral angles of 80.7(2) and 84.6(2)� with the
phenanthroline mean plane, and 88.7(1) and 88.9(1)� with the
4�-cisDPyP mean plane. The former values, when compared
with those found for the two crystallographically independent
molecules of ZnP2 [46 and 81� (A); 68 and 73� (B)],[12]


Figure 7. Two perspective views of the solid-state molecular structure of 1
in space-filling (CPK) representation.


indicate that coordination of 4�-cisDPyP between the two zinc
porphyrins is accompained by conformational changes of the
host. Therefore, compound 1 has a C2h symmetry, although
some distortions are apparent from the crystal structure, such
as the different arrangement of the arene groups at the meso
positions of ZnP2 and the bowed conformation of the 2,9-
diaryl-1,10-phenanthroline linker and the 4�-cisDPyP moiety.
The Zn ¥ ¥ ¥Zn distance in 1 (14.045(5) ä), which is slightly
longer than the corresponding intermetallic distances meas-
ured in ZnP2 (13.79 and 13.44 ä),[12] evidences a slight
widening of the zinc porphyrin bite. Thus, the ZnP2 fragment
in 1 maintains its original oblique V-shaped arrangement, but
complexation with 4�-cisDPyP induces a more symmetrical
arrangement of the two zinc porphyrin units, the mean planes
of which now form a dihedral angle of 66.2(1)�.


The two Zn2� cations exhibit very similar square-pyramidal
coordination geometries, and the Zn�N bond lengths for the
axial positions (2.106(11) ± 2.134(11) ä) are slightly longer
than those in the equatorial plane (2.024(11) ± 2.118(12) ä).
The Zn atoms are displaced by about 0.3 ä from the basal
plane towards the apical pyridyl ligand. The phenyl rings (Ph)
at positions 2 and 9 of the phenanthroline spacer (phen) are
only slightly tilted with respect to the phen mean plane
(dihedral angles of 20.2(7) and 24.3(6)�). This almost coplanar
arrangement allows delocalization of � electrons over the
Ph ± phen ±Ph system.


The crystal packing of 1 involves pairs of molecules
arranged about a center of symmetry with two 4�-cisDPyP
units stacked on top of each other (Figure 8). Since each
pyridylporphyrin assumes a conformation that is bent out-
ward with respect to the inversion center, the shortest contact


Table 1. Photophysical properties of ZnP2 and 4�-cisDPyP in toluene.


298 K 77 K
State �max [nm] � [ns] �fluo


[a] �max [nm] � [ns] E [eV][b]


ZnP2 1ZnP2 597, 648 2.0 0.065 602, 658 2.8 2.06
3ZnP2 788 1.57


4�-cisDPyP 14�-cisDPyP 648, 714 9.3 0.11 640, 710 14.8 1.94
34�-cisDPyP 774 1.60


[a] Fluorescence quantum yields; see Experimental Section for details. [b] Deter-
mined from the emission maxima at 77 K.
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Figure 8. Schematic drawing of two molecules of 1 in the crystal arranged
about a symmetry center, showing the stacking interaction between the 4�-
cisDPyP moieties.


is between the nitrogen atoms inside the porphyrin core, with
a mean distance of 3.81 ä.


The fact that the solid-state structure is in good agreement
with the 1H NMR spectrum of 1 in CDCl3 indicates that the
same average architecture also exists in solution. Crystals of 1
dissolved in CDCl3 gave the same 1H NMR spectrum as
described above.


Photoinduced processes : Photophysical studies were carried
out on toluene solutions.[19] On formation of complex 1 the
fluorescence of ZnP2 is quenched and the corresponding
fluorescence of the 4�-cisDPyP component is sensitized
(Figure 6). This result can be interpreted on the basis of
energy transfer from the lowest singlet excited state of the
ZnP2 component to the lowest singlet excited state of the 4�-
cisDPyP component in 1. The energies of these excited states
are 2.06 eV for ZnP2 and 1.94 eV for 4�-cisDPyP (Table 1),
from which a�G 0 value of�0.12 eV is derived for the energy-
transfer process. This process is therefore moderately exer-
gonic and is expected to occur rapidly. Time-resolved experi-
ments with 20 ps resolution indicate a lifetime of 50 ps for the
decay of the luminescence of the ZnP2 component, measured
at 610 nm; the same lifetime was measured for the rise of the
luminescence of the 4�-cisDPyP band at 715 nm, and thus the
occurrence of the postulated intramolecular energy transfer in
1 is established. In Figure 9 the evolution of the luminescence
with time at the above two wavelengths is shown with an
exponential fitting corresponding to 50 ps at both wave-
lengths. In the inset of Figure 9, the time-resolved spectrum in
the time window immediately after excitation (0 ± 80 ps) is
compared with the spectrum detected well after excitation
(600 ± 680 ps) and clearly indicates that the ZnP2 lumines-
cence band (600 nm) present in the early stages disappears
and is later replaced by the 4�-cisDPyP luminescence band
(715 nm).


Figure 9. Luminescence time profiles and exponential fitting for a 1:1
toluene solution of ZnP2 and 4�-cisDPyP at selected wavelengths. Time-
resolved spectra collected in a time window of 80 ps at different time delays
are displayed in the inset.


On the basis of a lifetimes of 50 ps (�) for ZnP2 in 1 and 2 ns
(�0) for uncomplexed ZnP2 (Table 1), a rate ken � 2� 1010 s�1


can be calculated for the energy-transfer process by using the
equation ken � 1/� � 1/�0.


Energy transfer between singlet states can occur by two
mechanisms: the Fˆrster mechanism (dipole ± dipole interac-
tion) and the Dexter mechanism (electron exchange).[22, 23]


For the former case the rate kF
en can be accurately calculated


by means of Equation (2)[22]


kF
en �


8�8 � 10�25 �2�


n 4�d6
DA


J F (2)


where � and � are the emission quantum yield (0.065) and
lifetime (2 ns) of the donor ZnP2, respectively, dDA is the
donor ± acceptor center-to-center distance (10.1 ä), n the
refractive index of toluene, and J F the overlap integral. The
calculated value of J F is 3.43� 10�14 cm3��1,[22b] and Equa-
tion (3) can be derived.


ken
F � 3� 1011 s�1�2 (3)


where �2, the orientation factor, takes into account the
relative orientation of the transition dipole moments of the
donor and the acceptor. For a pair of reacting partners which
freely diffuse in solution, the value is statistical (0.6667), since
they approach one another randomly. The statistical value for
�2 is clearly not applicable when the two partners are locked in
rigid positions with respect to each other. From Equation (2)
and the experimental rate ken � 2� 1010 s�1, a �2 value of 0.066
can be calculated for 1, under the assumption that quenching
occurs exclusively by a Fˆrster mechanism. This assumption is
justified by the good overlap of the emission of the donor and
the absorption of the acceptor [Figure 5 and Figure S5
(Supporting Information)]. If the Dexter mechanism contrib-
utes to the process of energy transfer, �2 would have even
lower values. The calculated �2� 0.066, which is considerably
lower than the statistical value, is in agreement with previous
studies and shows that we are dealing with a well-defined,
stable assembly in which the energy transfer partners are
locked in rigid positions that are unfavorable for interactions
of transition dipole moments.[8b, 24]
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This consideration was supported by measurements in
glassy toluene solutions at 77 K, in which a lifetime of 370 ps
was measured for the donor showing a tenfold decrease of the
energy transfer rate (from 2� 1010 s�1 at 298 K to 2.3� 109 s�1


at 77 K; Table 1). This decrease is remarkable for exergonic
energy-transfer reactions, which are usually temperature-
independent.[25] Likely, the rigidification of the solvent
prevents internal molecular motions that can facilitate a
favorable orientation of the transition dipoles involved in
Fˆrster energy transfer. Note that although the X-ray
structure shows an almost perpendicular orientation of the
chromophores, this orientation cannot be extrapolated to
solution conditions.


It is interesting to compare the present results to those
obtained in a similar adduct based on oblique dizinc bis-
porphyrinic hosts encapsulating a free base. In our case the
light energy collected by ZnP2 is conveyed with 98%
efficiency to the free-base 4�-cisDPyP (antenna effect), which
plays the role of an energy sink. A similar behavior is
observed in most free-base/zinc porphyrin dyads in which the
excited singlet state of the zinc component lies above that of
the free-base fragment.[7b, 26] The opposite behavior found in
the macrocycles based on the dizinc bis-porphyrin host
synthesized by Johnston et al.,[7b] that is, photoinduced energy
transfer from the free-base guest to the host,[8b] is an exception
and must be ascribed to the presence of quinazoline groups at
the periphery of the zincated host, which lowers its excited-
state energy (1.86 vs 2.06 eV for ZnP2).[8a]


Conclusion


The quantitative formation in solution of a 1:1 tris-porphyrin
macrocyclic assembly with a 36-membered ring between the
oblique dizinc(��) bis-porphyrin system ZnP2 and 4�-cisDPyP
was shown to occur through the formation of two axial 4�-
N(pyridyl)�Zn interactions. An association constant of about
6� 108��1 was measured by both UV/Vis absorption and
emission titrations. The assembly was fully characterized in
solution by NMR spectroscopy. Furthermore, the complex
was characterized by X-ray crystallography. Solid-state data
confirmed the almost perfect size match between 4�-cisDPyP
and ZnP2, reflected in the very small conformational changes
induced in the dizinc bis-porphyrin moiety by axial coordina-
tion of 4�-cisDPyP. To our knowledge this is the first time that
the solid-state structure of a macrocyclic porphyrin assembly
of this kind has been determined.


The photophysical data in toluene indicate that 1 has useful
photophysical features as a donor± acceptor multiporphyrin
conjugate: the free-base porphyrin guest behaves as an energy
sink that displays almost quantitative collection of the light
energy absorbed by the two zinc porphyrin units, the main
chromophores of the system, on irradiation.


The present synthetic strategy represents a new and
convenient noncovalent approach to the construction of large
rings incorporating various electrophores and chromophores,
such as porphyrins. Simple mixing at room temperature of two
classical porphyrinic fragments, already described in the


literature many years ago,[12, 27, 28] leads to the quantitative
assembly of a highly stable macrocycle. Formation of multi-
macrocyclic species can be anticipated if 4�-cisDPyP is
replaced by a species with more than two appended pyridyl
ligands. In particular, 5,10,15,20-tetra(4�-pyridyl)porphyrin
and related fragments bearing peripheral ligands properly
disposed to interact with the zinc atoms of ZnP2
are particularly promising (e.g. II). In addition, we will
investigate the capability of the bis-porphyrin difunctional
receptorZnP2 to discriminate between dipyridylporphyrins of
different geometries, for example, 4�-cisDPyP versus 4�-
transDPyP.


Interestingly, the macrocyclic species is functionalized with
a chelating unit (phen) which can be exploited in subsequent
reactions to incorporate transition metals, such as tetrahedral
CuI,[10] and trigger various coordination reactions, possibly
leading to higher order multicomponent species. Of particular
interest is the potential of the cyclic compound 1 as a
precursor building block to threaded rings, such as catenanes
(e.g., III). These higher order architectures might display an
enhanced antenna effect. Inclusion of a CuI ± phen unit in the
array introduces metal-to-ligand charge transter (MLCT)
excited states of low energy localized on the metal complex,
which could, in principle, compete for energy collection with
the free-base porphyrin.[10c] Nonetheless, the reaction rate
constant we previously determined for the transfer of energy
from the zinc porphyrin donor to the CuI complex acceptor in
an essentially identical structure is 5� 109 s�1,[10c] which can be
compared with the rate determined here for energy transfer
from the zinc porphyrin to the free-base porphyrin acceptor of
2� 1010 s�1. This could, at most, reduce the efficiency of
energy transfer from the zinc porphyrin to the free base-
porphyrin to a still remarkably high 80%.
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Experimental Section


General methods : 4�-cisDPyP was prepared and purified as described
before.[15] Zn2P was synthesized as previously reported.[27]


1H NMR spectra were recorded at 400 MHz on a JEOL Eclipse 400 FT
instrument. All spectra were recorded at room temperature in CDCl3
(Aldrich), unless otherwise stated. Proton peak positions were referenced
to the peak of residual nondeuterated chloroform at �� 7.26. Assignments
were made with the aid of 2D correlation spectroscopy (H,H-COSY) and
2D exchange spectroscopy (NOESY-EXSY) experiments, as detailed in the
text; a mixing time of 500 ms was used for NOESY-EXSY experiments.


Titration experiments for the determination of the association constant
were performed with a constant concentration of host ZnP2 and variable
concentrations of guest 4�-cisDPyP. Precise aliquots of 4�-cisDPyP
solutions in dichloromethane were vacuum dried and then dissolved in
toluene or solutions of ZnP2 in toluene. The absorption and emission
spectra of reference solutions containing only 4�-cisDPyP or ZnP2 at each
concentration used were determined together with those of 4�-cisDPyP/
ZnP2 mixtures. The estimated error in the determination of the association
constants is on the order of �30%.


Absorption spectra were recorded with a Perkin ±Elmer Lambda 9
spectrophotometer, and emission spectra, uncorrected if not otherwise
noted, were detected with a Spex Fluorolog II spectrofluorimeter equipped
with a Hamamatsu R928 photomultiplier. In the titration experiments,
excitation was performed at the isosbestic point for the absorptions of ZnP2
in the uncomplexed and complexed forms. Relative luminescence inten-
sities were evaluated from the area (on an energy scale) of the
luminescence spectra, corrected for the photomultiplier response. Lumi-
nescence quantum yields � for the components were obtained with
reference to a ZnII 5,10,15,20-tetra(4�-tert-butylphenyl)porphyrin standard
in toluene with �� 0.08.[29] Luminescence lifetimes in the range 20 ± 2000 ps
were determined by an apparatus based on a Nd/YAG laser (Continuum
PY62-10) with a 35 ps pulse at 10 Hz, 532 nm excitation, 1 mJ per pulse, and
a Streak Camera.[30] Lifetimes longer than 2 ns were detected by an IBH
time-correlated single-photon counting apparatus with excitation at
337 nm. Fitting of the luminescence decays was performed by standard
iterative nonlinear programs taking into consideration the instrumental
response. Air-equilibrated samples in 10 mm quartz cuvettes were used
and, for luminescence experiments at 77 K, quartz capillary tubes with the
samples were immersed in liquid nitrogen contained in a home-made
quartz Dewar. Estimated errors are 10% for lifetimes and 20% for
quantum yields.
The integral overlap and the rates of energy transfer by Dexter or Fˆrster
mechanisms were calculated with Matlab 5.2 (MatWorks).[31]


UV/Vis spectra in toluene (�max [nm] � [cm�1��1]): 4�-cisDPyP : 419
(381000), 514 (18600), 547 (6800), 590 (5500), 645 (2900); ZnP2 : 424
(896500), 551 (43250), 591 (12700).


ZnP2(4�-cisDPyP) (1): The multiporphyrin macrocyclic adduct 1 was
obtained by addition of one equivalent of 4�-cisDPyP to a solution of ZnP2
in CDCl3 (ca. 4� 10�3�); the reaction was monitored by 1H NMR
spectroscopy and the ratio of the reactants adjusted accordingly. Analyti-
cally pure purple crystals of 1 were obtained by addition of n-hexane to the
solution. Yield of isolated product: ca. 80%. UV/Vis spectrum in toluene
(�max [nm] � [cm�1��1]): 425 (854800), 514 (22800), 556 (31900), 603
(17300). 1H NMR at ambient temperature: �� 9.08 (�Hy, 4H, d), 9.08
(�Hy, 4H, d), 8.97 (�Hy� oH, 12H), 8.62 (�H, 2H, s), 8.54 (4H, m,
H3,4phen; H7,8phen), 8.37 (2H, brd, �H), 8.11 (oHz, 4H, m), 8.09 (oHx,
8H, m), 7.99 (2H, s, H5,6phen), 7.90 (oH, 4H m), 7.77 (pHz, m, 4H), 7.68
(2H, m, pH), 7.61 (4H, m,mH), 7.50 (2H, brd, �H), 7.32 (2H, br s, �H), 6.26
(4H, br s, H3,5), 2.98 (4H, vbs, H2,6), 1.55 (36H, s, tBuz), 1.54 (18H, s,
tBux), �3.65 (2H, br s, NH).


Crystal data for 1: C190H182N16Zn2 ¥ 5.5CHCl3, M� 3478.80, triclinic, space
group P1≈, a� 16.396(4), b� 26.852(5), c� 26.946(5) ä, �� 68.49(2), ��
85.94(2), �� 75.03(2)�, V� 10659(6) ä3, Z� 2, 	calcd� 1.084 gcm�3, 
�
2.552mm�1, F(000)� 3630, 14119 unique reflections, R1(I� 2�(I))�
0.1304, wR2� 0.2929, GOF� 1.227 for 6401 observed reflections (I�
2�(I)) and 997 parameters.


The intensity data were collected at the X-ray diffraction beamline of
Elettra Synchrotron (Trieste, Italy), on a 30 cm MAR2000 image plate with
a monochromatic wavelength (�� 1.0000 ä) by the rotating-crystal method


to 2�max� 53.2� at 100 K. Data reduction and cell refinement were carried
out by using the programs Mosflm and Scala.[32] The structure was solved by
direct methods and successive Fourier analyses (SHELXS-97) and refined
by full-matrix least-squares procedures on F 2 (SHELXL-97).[33] The carbon
atoms were isotropically treated with hydrogen atoms at geometrically
calculated positions. All the calculations were performed by using the
WinGX System, Ver 1.64.03.[34]


A difference Fourier map revealed the presence of 2.5 molecules of CHCl3
per asymmetric unit. Additional solvent molecules included in the formula
were used for density calculation, by taking into account the analysis of the
accessible voids in the unit cell obtained with the Platon package.[34]


CCDC-198481 contains the supplementary crystallographic data for this
paper. These data can be obtained free of charge via www.ccdc.cam.ac.uk/
conts/retrieving.html (or from the Cambridge Crystallographic Data
Centre, 12 Union Road, Cambridge CB21EZ, UK; fax: (�44)1223-336-
033; or deposit@ccdc.cam.uk).
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Synthesis and Inhibition Properties of Conformational Probes for the Mutase-
Catalyzed UDP-Galactopyranose/Furanose Interconversion


Audrey Caravano,[a] Dominique Mengin-Lecreulx,[b] Jean-Marc Brondello,[c]
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Abstract: UDP-galactose mutase is a
flavoenzyme that catalyzes the isomer-
ization of UDP-galactopyranose into
UDP-galactofuranose, a key step in the
biosynthesis of important bacterial oli-
gosaccharides. Several mechanisms for
this unique ring-contraction have been
proposed, one of them involving a
putative 1,4-anhydrogalactopyranose as
an intermediate in the reaction. The
purpose of this study was to probe the
mutase binding site with conformation-
ally restricted analogues of its substrate.
Thus, we describe the straightforward
synthesis of two C-glycosidic UDP-gal-
actose derivatives: analogue 1, present-
ing a galactose moiety locked in a
bicyclic 1,4B boat conformation, and


UDP-C-Galf 2, where the galactose
residue is locked in the conformation
of the mutase substrate. The two mole-
cules were found to be inhibitors of
UDP-galactose mutase at levels depend-
ing on the redox state of the enzyme.
Strong inhibition of the native enzyme,
but a low one of the reduced mutase,
were observed with UDP-C-Galf 2,
whereas 1 displayed intermediate inhib-
ition levels under both native and re-
ducing conditions. These data provide
evidence of a significant conformational


difference of the mutase binding pocket
in the reduced enzyme and in the native
one, the enzyme switching from a low
Galf-affinity state (reduced enzyme) to
a very strong one (native enzyme). It is
remarkable that the mutase binds the
boat-locked analogue 1 with similar
affinities in both its conformational
states. These results support a mecha-
nism involving the formation of 1,4-
anhydrogalactopyranose as a low-ener-
gy intermediate. An alternative explan-
ation would be that the distortion of the
galactose moiety during the cycle con-
traction transiently brings the carbohy-
drate into a conformation close to a
1,4B boat.


Keywords: C-glycosides ¥ galacto-
furanose ¥ inhibitors ¥ locked
conformations ¥ nucleotides


Introduction


Galactan biosynthesis is emerging as an important research
field at the frontiers of microbiology, enzymology and
bioorganic chemistry.[1] Galactans are oligosaccharides with
galactofuranose (Galf) and galactopyranose (Galp) residues
as main components. Galf moieties are expressed in the
membranes of prokaryotes but are totally absent in mamma-


lian cells, thus making the enzymes responsible for their
biosynthesis potential targets for applications in antibiother-
apy.[2, 3] Galactofuranosyl moieties have been found in lip-
opolysaccharides (LPSs) of Gram-negative bacterial outer
membranes, in capsular oligosaccharides of different bacterial
strains, and also in mycobacterial cell walls.[4] Furthermore,
they are key components of the arabinogalactan complex
characteristic of mycobacterial membranes, where they are
present as an oligo-(Galf) made up of over 20 Galf residues
with a typical �-1,5-Galf-�-1,6-Galf repeated unit. The en-
zymes responsible for the galactan biosynthesis are a mutase[5]


catalyzing the isomerization of UDP-galactopyranose into
UDP-galactofuranose and transferases[6] triggering the glyco-
sylation of a growing oligosaccharide acceptor with UDP-Galf
as the donor substrate. Importantly, studies on mutants of
Mycobacterium smegmatis have demonstrated that the inhib-
ition of the arabinogalactan biosynthesis effected through
UDP-Gal mutase inactivation prevents mycobacterial prolif-
eration.[7] Although few Galf-transferases (GalfTs) have been
fully characterized, it has been shown that the same GalfT can
catalyze two subsequent Galf transfers.[8] The most studied
enzyme of the galactan biosynthesis is the UDP-Gal mutase
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cloned from Escherichia coli,
Klebsiella pneumoniae, and
Mycobacterium tuberculosis,
the three-dimensional structure
of which is now available.[9] The
mechanism by which this en-
zyme catalyzes this unique iso-
merization, formally a ring-con-
traction, remains very puzzling
to date. First, all characterized
mutases are flavoenzymes, but
the exact role of the FAD
cofactor is far from being well
understood. From a study em-
ploying membrane extracts of
P. charlesii, it was first hypothe-
sized that an oxidation at the
2-position of the galactose moi-
ety would occur during the
enzymatic process.[10±12] However, several UDP-Gal ana-
logues fluorinated at the 2-, 3-, and 4-positions have been
synthesized and tested as inhibitors or substrates of the E. coli
mutase.[13±15] Interestingly, 2F-Galf-UDP and 3F-Galf-UDP
were found to be substrates of the enzyme when the mutase


was maintained in its reduced state (thus ruling out the
hypothesis of an oxidation at the 2-position), whereas the
same molecules displayed inhibition properties under non-
reducing conditions.[15] At about the same time, Naismith
et al. concluded from analysis of the three-dimensional
mutase structure that an oxidation/reduction reaction in the
vicinity of the anomeric center is likely to occur.[9] In a more
recent investigation, it was shown that the enzyme can
stabilize the semiquinone form (FADH¥) of the flavin cofactor
and that the fully reduced flavin was FADH�.[16] However, no
redox turnover of the flavin cofactor has ever been found. The
specific role of the FAD cofactor thus remains to be defined to
allow both a clear understanding of this unique molecular
rearrangement and the design of mechanism-based inhibitors
of UDP-Gal mutase.


Nevertheless, Blanchard et al. have provided interesting
information regarding this enzymatic ring-contraction by
positional isotope exchange (PIX) experiments.[17] Indeed, it
was shown with K. pneumoniaemutase (and later reproduced
with E. coli)[15] that a cleavage of the C1-O(UDP) bond of
UDP-Gal occurs during the enzymatic process. From these
results, it was hypothesized that 1,4-anhydrogalactopyranose
A (Scheme 1) could be an intermediate in the isomerization.
Although this mechanistic suggestion does not take account of
any oxido-reduction process, it may, if confirmed, provide
interesting knowledge about the conformation(s) of the
galactose moiety at the transition(s) state(s) (if a 1,4-
anhydrogalactopyranose is an intermediate in this reaction,
two transition states might be invoked). Thus, to strengthen
this mechanistic hypothesis, a non-enzymatic model of the
mutase-catalyzed isomerization was designed by our group
and showed that 2,3,6-tribenzyl-1,4-anhydrogalactopyranose,
in the presence of a nucleophile and a catalytic amount of
camphorsulfonic acid (CSA), yields an anomeric mixture of
galactosides, exclusively in furanose configurations.[18] Similar
selective ring-opening had previously been described in the
literature and had been explained by stereoelectronic ef-
fects.[19] Given the positions of the lone-pair electrons of the
oxygen O-4 and O-5 relative to the C1�O4 and C1�O5 �


bonds, the C1�O5 bond may be considered weakened by


Abstract in French : L�UDP-galactose mutase est une flavoen-
zyme catalysant l�isome¬risation de l�UDP-galactopyranose en
UDP-galactofuranose (UDP-Galf), une e¬tape cle¬ de la biosyn-
the¡se d�oligosaccharides bacte¬riens. Plusieurs me¬canismes
re¬actionnels de cette contraction de cycle ont e¬te¬ propose¬s,
l�un d�entre eux faisant intervenir le 1,4-anhydrogalactopyra-
nose comme interme¬diaire hypothe¬tique. Le but de cette e¬tude
est de sonder le site actif de cette mutase avec des analogues du
substrat fige¬s dans des conformations distinctes. Ainsi, nous
avons synthe¬tise¬ deux C-glycosides analogues de l�UDP-
galactose: le nucle¬otide sucre 1 pre¬sentant un groupe galactose
bloque¬ dans une conformation bateau 1,4B, et l�analogue 2 dont
l�unite¬ galactose est bloque¬e dans une configuration furanose.
Ces deux mole¬cules se sont ave¬re¬es e√tre des inhibiteurs de
l�UDP-galactose mutase avec des niveaux d�inhibition de¬pen-
dant de l�e¬tat d�oxydo-re¬duction de l�enzyme. L�UDP-C-Galf 2
inhibe fortement l�enzyme native, mais faiblement l�enzyme
re¬duite, tandis que l�analogue 1 posse¡de un pouvoir inhibiteur
interme¬diaire a¡ la fois dans des conditions natives et re¬duc-
trices. Ces donne¬es d�inhibition mettent clairement en e¬vidence
des diffe¬rences significatives de la conformation du site actif de
l�enzyme, celle-ci passant d�un e¬tat de forte affinite¬ pour le Galf
(conditions natives) a¡ un e¬tat de faible affinite¬ (conditions
re¬ductrices). Il est par ailleurs remarquable que ces deux e¬tats
conformationnels posse¡dent des affinite¬s comparables pour le
groupe galactose fige¬ dans une conformation bateau 1,4B. Ces
re¬sultats montrent qu�un me¬canisme faisant intervenir le 1,4-
anhydrogalactopyranose en tant qu�interme¬diaire a¡ basse
e¬nergie est possible. Toutefois, ces re¬sultats peuvent e¬galement
mettre en e¬vidence le fait que l�enzyme peut stabiliser, au cours
de cette isome¬risation, une conformation transitoire proche
d�un bateau 1,4B.


Scheme 1. Hypothetical mechanism of the mutase-catalyzed UDP-Galp/UDP-Galf interconversion. a) Mutase-
catalyzed pyranose/furanose interconversion through a putative 1,4-anhydrogalactose intermediate. b) Chemical
models for 1,4-anhydrogalactose opening reactions exclusively giving galactofuranosides.
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stereoelectronic effects, due to its antiperiplanarity with one
of the O-4 doublets (Scheme 1).


From the mechanistic investigations (PIX experiments) and
the non-enzymatic model we designed the phosphonate 1 as a
mechanistic probe with which to confirm or rule out the


involvement of an intermediate possessing a structure close to
a 1,4-anhydrogalactopyranose, or at least to measure the
affinity of this enzyme for a galactose moiety locked in a
1,4B boat conformation. This molecule is made up of a 1,4-
anhydrogalactopyranose substructure, to test the mechanistic
assumption, together with a UDP moiety required for tight
binding to the enzyme. The two substructures are linked
through a methylene group between the anomeric carbon
atom of the constrained sugar and the �-phosphate of UDP, to
provide both chemical and enzymatic stability to the final
nucleotide sugar. Thus, 1 can also be seen as a conformational
probe for this particular glycosyl processing enzyme. For
comparison of the binding affinities, we also report a new
synthesis of UDP-C-Galf 2, the phosphonate analogue of
UDP-Galf, in which the galactose moiety is in the ground
state conformation.


Results and Discussion


After retrosynthetic analysis, we reasoned that it should be
advantageous to choose the commercially available 1,4-
galactonolactone 3 as starting material. Two synthetic strat-
egies were then explored, differing in the two key steps that
had to be envisioned: a cyclization yielding the 1,4-anhydro
motif and the installation of the phosphonate group. Indeed,
we first had to define which step, the phosphonylation or the
cyclization, should be performed first. The 2,3,6-tri-O-sily-
lated lactone 4, possessing a free hydroxy group at the
5-position, could easily be obtained on large scale, by a known
procedure (Scheme 2).[20] We then found that, even in the
presence of the 5-hydroxy group, a Tebbe reaction could


easily be performed, giving the intermediate exo-glycal 5
(Scheme 2). This reactive enol ether could not be purified by
standard silica gel chromatography. Interestingly, the main
degradation product on silica gel was the cyclization product
6, with a 1,4-anhydrogalactopyranose structure, thus showing
the effective propensity of galactofuranosyl exo-glycals to
cyclize under mild conditions. The intermediate 5 was there-
fore not isolated, but was directly treated, in one-pot fashion,
with an excess of NIS in anhydrous CH2Cl2, to give the
cyclized iodide 7 in 62% from 4. Unfortunately, attempts to
phosphonylate 7 under Arbuzoff ((RO)3P, heat) or Arbuz-
off ±Becker ((RO)2PONa, heat) conditions proved unsuc-
cessful. This lack of reactivity is probably due to the neopentyl
nature of this primary iodide.


We then turned our attention to the second strategy, based
on the cyclization of a pre-phosphonylated exo-glycal. The
desired enol ethers 10 and 11 were prepared by a straightfor-
ward two-step procedure from the galactonolactone 4
(Scheme 3). This lactone was condensed with the lithium
anion of dibenzyl (or dimethyl) methylphosphonate to give
the lactol 8 (or 9).[21] The subsequent elimination was achieved
through a slight modification of a procedure recently descri-
bed in the literature.[22, 23] The presence of the unprotected
hydroxy group at the 5-position does not significantly modify
the yields of these two steps. It is worth noting that the lactols
8 and 9 were isolated, characterized, and induced to react in
their furanose forms. Since the 5-OH group is free, an
isomerization to a pyranose form might have been observed.
However, NMR spectral data on lactols 8 and 9, as well as on
exo-glycals 10 and 11, are consistent with furanosides. To
demonstrate the furanosidic structure of the central inter-
mediate 10 unambiguously, we also performed the methyl-
enephosphonylation/elimination sequence on the 1,4-galacto-
nolactone protected at the 5-position as a pivaloyl ester
(compounds 12 to 14, Scheme 3). Removal of the pivaloate
from glycal 14 gave a 5-hydroxylated compound strictly
identical to compound 11. These experiments both confirmed
the structures of compounds 10 and 11 and outlined the
efficiency of this sequence: the exo-glycal 10 possesses a free
5-hydroxy group, ready to cyclize, without protective group
manipulation. The exo-glycals were isolated as single diaster-
eomers with Z configurations, as shown by a NOE between
H-1� (the olefinic proton) and H-2, a result consistent with
literature data.[22±24] Owing to the electron-withdrawing char-
acter of the phosphoryl moiety, these exo-glycals are stable on
silica gel.


Scheme 2. Synthesis of a non-phosphonylated 1,4-anhydrogalactopyranose substructure. Reagents and conditions: a) acetone, CuSO4; b) TBDMSCl, Im,
DMF; c) AcOH, H2O; d) TBDMSCl, Im, DMF; e) Tebbe reagent, f) silica gel; g) NIS, CH2Cl2. TBDMS� tert-butyldimethylsilyl, Im� imidazole, NIS�N-
iodosuccinimide. TBS� tert-butyldimethylsilyl.
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The phosphonylated glycal 10 readily cyclized in the
presence of CSA in refluxing CH2Cl2 to give the constrained
structure 15 in 88% yield. The 1,4B conformation was con-
firmed by comparison with 1H NMR data of analogous
compounds,[25±27] with typically small coupling constants
between H-2, H-3, H-4, and H-5 (0.9 Hz� J� 1.2 Hz). The
three tert-butyldimethylsilyl (TBDMS) groups of intermedi-
ate 15 were removed with tetrabutylammonium fluoride
(TBAF) in THF at �5 �C. Deprotection was completed by
hydrogenolysis under standard conditions, affording 16 in
78% yield for the two deprotection steps.


Coupling to UMP : To circumvent the often problematic
coupling of hindered phosphonates to UMP-morpholidate,
we explored a procedure recently developed by Bogachev for
the large-scale synthesis of nucleoside triphosphates.[28] This
methodology was first exploited by Kiessling et al., for the
synthesis of UDP-Galf, and then by our group for the
synthesis of GDP-hexanolamine.[29, 30] The procedure consists
of the sequential activation of UMP by trifluoroacetic
anhydride (TFAA) followed by the addition of an excess of
N-Me-imidazole, affording a reactive phosphoimidazolium
intermediate in situ. This undergoes a fast nucleophilic
substitution upon phosphonate addition (Scheme 4). This
reaction usually gives good to excellent yields with reaction
times within hours, comparing very favorably with those
required for classical morpholidate couplings. Under opti-
mized conditions, coupling of phosphonate 16 with the
activated UMP afforded the desired UDP-C-1,4-anhydroga-
lactopyranose 1 in 76% yield after size exclusion chromatog-
raphy. From 31P NMR spectra performed on aliquots of crude
reaction mixture, we estimated that the conversion into 1 was


90% after 12 h. The only observed side product was the
expected UMP dimer (UppU), in proportions (typically 5%)
highly dependant on the proper drying of the reaction
mixture. We have thus demonstrated the efficiency of this
coupling methodology, allowing the preparation of 1 in good
yield from a hindered neopentyl phosphonate.


A new synthesis of UDP-C-Galf : UDP-C-Galf, the phospho-
nate analogue of UDP-Galf (Scheme 5), was first synthesized
in our laboratory in eight steps by exploiting, as the key
cyclization step, an �-stereospecific iodoetherification.[25]


Here we report a shorter and still stereospecific sequence to
this target molecule. Persilylated (TBS)4-1,4-galactonolactone
17 was subjected to a one-pot sequence affording exo-glycal
18 in 77% yield. Hydrogenation over Pearlman×s catalyst in
AcOEt gave the desired �-phosphonate 19 in 82% yield (no �


product could be isolated or even detected by 31P NMR on the
final crude reaction mixture). The � configuration at the
1-position could be confirmed by 1H NMR (NOEs between
H-1 andH-4 could be observed in molecules 19 and 20) as well
as by comparison with the previously characterized phospho-
nate 20.[25] The source of the selectivity is probably the steric
hindrance of the TBDMS group at the 2-position. Excess
TMSI in CCl4 quantitatively removed all the protecting
groups. Phosphonate 20 was then coupled to UMP to afford
pure UDP-C-Galf in five steps from commercial 1,4-galacto-
nolactone (Scheme 5). We observed that UDP-C-Galf 2
decomposes through an intramolecular cyclization during
the course of the reaction and the purification, to afford UMP
and the bicyclic phosphonate 21. This side reaction explains
the poorer yield in relation to the same coupling method
affording 1 (Scheme 4), despite almost total consumption of


Scheme 3. Synthesis of the 1,4-anhydrogalactopyranose-phosphonate substructure. Reagents and conditions: a) (RO)2POCH2Li, THF; b) Py, (CF3CO)2O;
c) PivCl; d) Dibal-H, CH2Cl2, O �C; e) CSA, CH2Cl2, reflux; f)TBAF, THF; g) H2, Pd/C, MeOH. Piv�pivaloyl, Dibal-H� diisobutylaluminum hydride,
CSA� camphorsulfonic acid.


Scheme 4. Synthesis of nucleotide-sugar 1. DMA�N,N-dimethylaniline.
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starting phosphonate 20. This tendency was also observed in
the preparation of other cyclic 1,2-syn-hydroxy-pyrophos-
phates such as UDP-Galf[29] and ADP-�-mannoheptopyra-
nose[31] .


Enzymatic assay : Two methods to evaluate UDP-galactose
mutase kinetics have been described: a HPLCmethod and the
use of radiolabeled UDP-Galf*.[9] The HPLC method was
first described by McNeil et al., and was based on the
separation of UDP-Galp (used as the substrate) and UDP-
Galf (as the product of the enzymatic reaction).[32] Because of
the small amount of furanose formed at the equilibrium (8%),
this method was improved by Liu et al. ,[15, 33] by following the
reaction in the reverse direction (Galf to Galp). In this study
we followed Liu×s procedure as strictly as possible to compare
the binding properties of our molecules with those of the
described fluorinated inhibitors.[15] UDP-Gal mutase was
overexpressed and purified by an improved procedure, similar
to that described by Liu et al.,[33] but with the concomitant
expression of chaperones that allowed an increase in the yield
of soluble protein. A very intriguing and important observa-
tion was that fluorinated molecules were found to be
inhibitors of UDP-Gal mutase when the native enzyme was
used, and substrates of the enzyme when reductive conditions
were employed (upon addition of freshly prepared sodium
dithionite).[15] Furthermore, Zhang and Liu showed that their
inhibitors did not display the same inhibition properties if the
inhibitors were preincubated with the enzyme.[15] This binding
and catalytic behavior might suggest significant changes in the
conformation and/or the chemical state of the UDP-galactose
binding pocket, when the enzyme is maintained (or not) in a
reduced form. To provide a complete comparative inhibition
pattern, we measured the residual mutase activities in the
presence of our molecules under both native and reductive
conditions, with and without preincubation. The results are
summarized in Table 1. As in the case of 2-fluoro and 3-fluoro
analogues of UDP-Galf, compounds 1 and 2 displayed better


inhibition properties when the native enzyme was used. The
most significant information provided by this study is in the
relative inhibition levels observed from native to reduced
conditions: strong inhibition by UDP-C-Galf 2 (81 to 91%)
was observed when the native enzyme was used, whereas the
inhibition–with or without preincubation of the inhibitor–
collapsed to 2 ± 14% under reductive conditions. Under the
same assay conditions, the boat-locked molecule 1 displayed a
moderate decrease in the inhibition level on going from the
native enzyme (42 ± 53%) to the reduced one (32 ± 34%),
making 1 a better inhibitor than 2 when the enzyme is
maintained in its optimal catalytic efficiency. These results
corroborate the previously described inhibition levels of
UDP-2F-Galf and UDP-3F-Galf (Table 1), with which strong
inhibition was observed when the native enzyme was used
whereas these fluorinated molecules were either substrates or
poor inhibitors of the reduced enzyme.[15] The inhibitory
activity of the fluorinated analogues of UDP-Galf on the
native enzyme could be explained by the irreversible inacti-
vation of the enzyme, whereas such a phenomenon is not
likely to occur with ether-phosphonates such as 1 and 2. Thus,
our results clearly demonstrate that UDP-galactose mutase
displays two different conformational states, a ™native∫ and a
™reduced∫ state, characterized by high and low affinity,
respectively, for the galactofuranose moiety, and comparable
affinities for the 1,4-anhydrogalactopyranose substructure.


The activity of the native enzyme, without dithionite
addition, is typically very low compared to that of the reduced
one. Photoreduction of the flavin cofactor has been proposed
to explain the residual activity of the enzyme when no
chemical reductant is added.[9] The kinetic and binding
properties of the same enzyme under reducing or native
conditions are very different: the Km values for UDP-Galf
were determined to be 22 �� and 194 �� under reduced and
native conditions, respectively.[15, 33] Similar values could be
reproduced in our hands. A recent report showed that the
flavosemiquinone FADH¥ is stabilized in the presence of


Scheme 5. Synthesis of UDP-C-Galf 2. Reagents and conditions: a) (RO)2POCH2Li, THF, concentrated then THF/Py, (CF3CO)2O; b) H2, Pd(OH)2/C,
AcOEt; c) TMSI, CCl4.


Table 1. Inhibition percentages of UDP-galactose mutase at [UDP-Galf]� 1 m� and [inhibitor]� 1 m�.


UDP-1,4-anh-Galp (1) [%] UDP-C-Galf (2) [%] UDP-2F-Galf[15] [%] UDP-3F-Galf[15] [%]


native enzyme, no preincubation[a] 42 81 nd[c] 87
native enzyme, preincubated[b] 53 91 61 98.6
reduced enzyme, no preincubation 34 14 nd 10
reduced enzyme, preincubated 32 2 nd nd


[a] For conditions, see Experimental Section. [b] The inhibitor was incubated with the enzyme for 1 h at 21 �C before addition of UDP-Galf. [c] Not
determined.
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UDP-galactose and that the fully reduced flavin is the anionic
FADH� rather than FADH2, suggesting a crypto-redox
process.[16] Nevertheless, no redox turnover of the flavin
cofactor has ever been detected during the UDP-Galp/UDP-
Galf interconversion, which is also the case for several other
flavoenzymes where the FAD has no apparent redox activ-
ity.[34] The exact role of the FAD cofactor therefore remains
obscure, two different mechanistic assumptions being possi-
ble: 1) the flavin acts as a conformational switch, its bent
conformation, when reduced as FADH�, inducing a confor-
mational change in the enzyme catalytic pocket, and 2) single-
electron transfers are part of an activation of the galactose
moiety at the anomeric center, triggering the cycle contrac-
tion.


At first sight, our data suggest that a 1,4B conformation is
not adopted by the galactose moiety at the transition state(s);
otherwise stronger inhibition levels would have been ob-
served in both native and reduced conditions. If a 1,4-
anhydrogalactopyranose A is involved as a low-energy
intermediate (mechanism depicted in Scheme 1), it might
have been expected that 1 and 2 should bind to the enzyme
with similar affinities; that is, with inhibition levels of similar
magnitudes. The fact that a stronger inhibition level was
observed with the boat-locked molecule 1 than with the
corresponding furanose-locked 2 suggests that such a mech-
anism is possible. However, one cannot conclude solely on the
basis of our inhibition study that the postulated mechanism[17]


gives a complete picture of the furanose/pyranose intercon-
version catalyzed by UDP-galactose mutase. An alternative
explanation would be that the distortion of the galactose
moiety during the cycle contraction transiently brings the
carbohydrate into a conformation close to a 1,4B boat to allow
nucleophilic substitutions at the anomeric position from the 4-
and the 5-hydroxy groups. Co-crystallization of the mutase
with molecules 1 and 2 might provide a better understanding
of the conformational changes involved in this enzymatic
reaction.


Conclusion


In summary, this study describes the straightforward synthesis
of two C-glycosidic UDP-galactose derivatives: analogue 1,
presenting a galactose moiety locked in a bicyclic 1,4B boat
conformation, and analogue 2, in which the galactose residue
is locked in the conformation of the UDP-Gal mutase
substrate. The two molecules were found to be inhibitors of
the mutase at levels depending on the redox state of the
enzyme. UDP-C-Galf 2 is a strong inhibitor of the native
enzyme but a poor inhibitor of the reduced one, while 1
displayed intermediate inhibition levels under both native and
reducing conditions. These data indicate a significant con-
formational difference in the mutase binding pocket on going
from the reduced enzyme to the native one, the enzyme
switching from a low Galf-affinity (reduced enzyme) to a
strong one (native enzyme). It is remarkable that the mutase
in its two conformational states binds the boat-locked
analogue 1 with related affinities. These results support a


mechanism involving the formation of 1,4-anhydrogalacto-
pyranose as a low-energy intermediate.


Experimental Section


Materials and procedures : All chemicals were purchased from Sigma,
Aldrich, or Fluka and were used without further purification. Tetrahy-
drofuran, diethyl ether, and toluene were freshly distilled over sodium
benzophenone, dichloromethane over P2O5, and acetonitrile over CaH2.
1H, 13C, and 31P NMR spectra were recorded with Bruker AC 250 and
AMX 400 spectrometers. All compounds were characterized by 1H, 13C,
and 31P NMR, as well as by 1H,1H and 1H,13C correlation experiments.
Specific optical rotations were measured on a Perkin Elmer 241 polar-
imeter in a 1 dm cell. Melting points were determined with a B¸chi 535
apparatus. Column chromatography was performed on silica gel (Kieselgel
Si 60, 40 ± 63 �m). Size exclusion chromatography was carried out on a
Sephadex G15 column (2.5� 60 cm) on a Pharmacia Biotech ækta FPLC
apparatus, fractions containing uridine derivatives being detected by UV.
When required, purifications of nucleotide-sugars were achieved by semi-
preparative HPLC, by use of a Waters Delta prep 4000 chromatography
system fitted with a NovaPack C18 (1� 10cm) column (eluent triethylam-
monium acetate 50 m�, pH� 6.8). For enzymatic assays, a Waters 600 E
analytical apparatus fitted with a Zorbax C18-SB column (25� 0.46 cm,
5 �m) was used (eluent triethylammonium acetate 50 m�, pH� 6.8). UDP-
Galf was prepared by known procedures.[29, 33]


Bacterial strains, plasmid vectors, and growth conditions : The E. coli
strains DH5� (Life Technologies, Inc.) and BL21(DE3)pLysS (Novagen)
were used as hosts for plasmids and for the preparation of the over-
produced Glf enzyme. The pREP4groESL plasmid allowing overproduc-
tion of the bacterial chaperones was obtained from K. Amrein.[35] Unless
otherwise noted, 2YT (Miller) was used as a rich medium and growth was
monitored at 600 nm with a Shimadzu UV-1601 spectrophotometer. For
strains carrying drug resistance genes, antibiotics were used at the following
concentrations (�gml�1): ampicillin (100), kanamycin (35), and chloram-
phenicol (25).


General DNA techniques : DNA restriction and modification enzymes
were obtained from New England Biolabs and oligonucleotides were
obtained from MWG-Biotech. Small- and large-scale plasmid isolations
from E. coli cells were carried out by the alkaline lysis method, and
standard procedures were used for endonuclease digestions, ligation, and
agarose electrophoresis.[36] E. coli cells were made suitable for trans-
formation with plasmid DNA by treatment with CaCl2.[37]


Construction of plasmids : A plasmid allowing expression of the glf gene
fromE. coli in the 6xHis-tagged form under control of the T7 promoter was
constructed as follows. Firstly, a vector pET2160 that derived from pET21d
(Novagen) was constructed by removal (filling-in) of its unique BglII site
and replacement of the NcoI-HindIII polylinker by that from the pQE60
vector (Qiagen), as described previously for the construction of
pTrcHis60.[38] Polymerase chain reaction (PCR) primers were designed to
incorporate a BspLU11I site (in bold) 5� at the initiation codon (under-
lined) of the glf gene (5�-GAGGATTACATGTACGATTATAT-
CATTGTTGGTTC-3�), and a BglII site (in bold) 3� to the gene and
replacing the stop codon (5�-ATAGAAGATCTATCCGTACTCATTA-
TATTTTTCAC-3�). PCR amplification from the E. coli chromosome was
performed in a Thermocycler 60 apparatus (Bio-med) by use of the
polymerase Expand-Fidelity from Roche. The resulting 1.1 Kb product was
purified by use of the Wizard PCR Preps DNA purification kit (Promega),
treated with BspLU11I and BglII, and cloned between the compatible sites
NcoI and BglII of vector pET2160, giving rise to plasmid pMLD200. DNA
sequencing was performed to check that the sequence of the cloned
fragment was correct.


Preparation of crude enzyme : Cells of BL21(DE3)pLysS carrying the two
plasmids pREP4groESL and pMLD200 were grown exponentially at 37 �C
in 2YT-ampicillin medium (1 L cultures). When the optical density of the
culture reached 1, the temperature of the culture was decreased to 22 �C
and expression of both the chaperones and the Glf protein was induced by
addition of isopropyl-�-�-thiogalactopyranoside (IPTG) at a final concen-
tration of 1 m�. Growth was continued for 16 h at 22 �C and cells were
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harvested and washed with 40 mL of cold 20 m� potassium phosphate
buffer, pH 7.4, containing 0.5 m� MgCl2 and 0.1% �-mercaptoethanol
(buffer A). The cell pellet was then resuspended in 20 mL of the same
buffer and disrupted by sonication (sonicator VibraCell, Bioblock, Illkirch,
France) for 10 min in the cold. The resulting suspension was centrifuged at
4 �C for 30 min at 200000� g and the supernatant (20 mL, 350 mg of
proteins) designated as crude enzyme was stored at �20 �C. SDS-PAGE
analysis of proteins was performed as previously described, by use of 12%
polyacrylamide gels.[39] Protein concentrations were determined by the
method of Bradford,[40] with bovine serum albumin as standard.


Purification of the 6xHis-tagged Glf enzyme : The one-step purification
procedure was carried out under native conditions, basically by following
the steps in the manufacturer×s (Qiagen, Santa Clarita, Calif.) recommen-
dations: binding of 6xHis-Glf on Ni2�-nitrilotriacetate-agarose (Ni2�-
NTA), washing with buffer A containing 200 m� KCl and 20 m� imidazole
to remove impurities, and elution of the protein with increasing concen-
trations of imidazole added to buffer A (from 40 to 300 m� ; the 6xHis-Glf
protein eluted in 100 m� and 200 m�). The purified protein was then
concentrated to 10 mL on PM10 membranes (Millipore) and dialyzed
overnight against buffer A at 4 �C. The 6xHis-tagged enzyme prepared in
this manner was more than 95% pure, as estimated by SDS-PAGE.
Glycerol (15%) was added for its storage at �20 �C.


Enzyme kinetics and inhibition assays : The conditions described by Liu
et al. were followed.[15] All assays were performed with a potassium
phosphate buffer (100 m�, pH� 6.8) at T� 21 �C. Under reductive
conditions, freshly prepared sodium dithionite solutions were used to
allow a final concentration of 20 m�. When native mutase was used
(without sodium dithionite), reactions were conducted in the dark under
aerobic conditions. All inhibition studies consisted of measurement of the
conversion of pure starting UDP-Galf into UDP-Galp (compared with a
commercially available sample) by analytical HPLC (C18 column, elution
by triethylammonium acetate 50 m�, pH� 6.8, detection at 262 nm).
Substrate and inhibitor concentrations were adjusted at 1 m� from titrated
mother solutions. Incubation times were always 1 h at 21 �C. As a control,
the relative concentrations of any species in the reaction mixtures could be
titrated with UMP as an internal standard. Enzyme concentrations were
adjusted to allow a conversion of UDP-Galp between 5 and 15%.
Reactions were stopped by freezing the solution in liquid nitrogen.
Residual enzyme activities were then measured in the presence of
inhibitors at three different times, compared with the same experiment
conducted without inhibitors, and averaged.


Atom and position numberings : We have systematically numbered the
phosphonate methylene group as 1� and adopted the usual numbering for
carbohydrates from 1 to 6, with 1 for the anomeric position. For nucleotide-
sugars, we used the conventional ribose and pyrimidine numberings: 1� for
the anomeric position, 1�� for the nitrogen atom linked to the ribose.


Uridine diphosphate-C-�-�-1,4-anhydrogalactopyranose (1): 5�UMP (trie-
thylammonium salt, 59.6 mg, 0.14 mmol) was suspended in a mixture of
freshly distilled MeCN (750 �L), N,N-dimethyl-aniline (70 �L, 0.56 mmol),
and Et3N (40 �L, 0.28 mmol), cooled to 0 �C and stirred under argon.
Trifluoroacetic anhydride (118 �L, 0.84 mmol) was slowly added dropwise
to the flask containing 5�-UMP. The reaction mixture was stirred for a few
minutes at room temperature, after which a red-brown coloration was
obtained. Excess trifluoroacetic anhydride and trifluoroacetic acid were
removed from the reaction mixture under vacuum (by use of an oil pump
and a liquid N2 trap). In a separate flask, a mixture of N-Me-imidazole
(56 �L, 0.70 mmol) in anhydrous MeCN (150 �L) and Et3N (118 �L,
0.84 mmol) was prepared, cooled to 0 �C, and then added to the flask
containing the mixed phosphoryl anhydride. The reaction mixture was
stirred for 5 ± 10 min at 0 �C, after which a bright yellow solution was
obtained. In the meantime, a flask containing 16 (tributylammonium salt,
73 mg, 0.117 mmol) and preactivated 4 ä molecular sieves in MeCN
(800 �L) was stirred for 30 min at 0 �C. The solution of UMP-N-
methylimidazolide was then added dropwise to the solution containing
16. The resulting mixture was stirred at 0 �C under Ar for 2 h and then for
13 h at room temperature. The reaction was quenched with cold aqueous
ammonium formate (3 mL, 250 m�, pH 7). After filtration through a celite
pad, the amines were extracted from the aqueous phase with CH2Cl2
(3 mL). The organic phase was washed with cold aqueous ammonium
formate (2 mL, 250 m�, pH� 7) and the combined aqueous phases were
pooled and lyophilized. They were purified by size exclusion chromatog-


raphy (Sephadex G15) eluted with water. The appropriate fractions were
pooled and lyophilized. Compound 1 was further purified by HPLC on a
C18 column with 1% acetonitrile in 50 m� triethylammonium acetate
buffer pH� 6.8 as eluent and a flow rate of 1 mLmin�1. The retention time
of 1 under these conditions was 12.6 min. This protocol afforded 1 as a
white solid (triethylammonium salt, 61 mg) in 76% yield.
1H NMR (400 MHz, D2O): �� 7.95 (d, J(5��,6��)� 8.0 Hz, 1H; H-6��), 5.97
(d, J(1�,2�)� 4.1 Hz, 1H; H-1�), 5.95 (d, J(5��,6��)� 8.0 Hz, 1H; H-5��), 4.49
(d, J(3,4)� 1.0 Hz, 1H; H-4), 4.36 (m, 2H; H-2�, H-3�), 4.27 (m, 1H; H-4�),
4.22 ± 4.18 (m, 2H; H-5�a, H-5�b), 3.95 (br s, 1H; H-3), 3.83 (dd, 1H; H-5),
3.80 (d, J(2,3)� 0.6 Hz, 1H; H-2), 3.60 (syst. ABX, J(5,6a)� 4.4 Hz,
J(6a,6b)� 12.0 Hz, 1H; H-6a), 3.53 (ABX, J(5,6b)� 5.6 Hz, J(6a,6b)�
12.0 Hz, 1H; H-6b), 3.18 (q, J� 7.3 Hz; CH2 (Et3N)), 2.51 (ABX, J�
19.1 Hz, J(H,P)� 19.0 Hz, 2H; CH2P), 1.26 (t, J� 7.3 Hz; CH3


(Et3N)) ppm; 13C NMR (NH4
� salt, 100 MHz, D2O): ��� 168.48 (C-4��),


153.58 (C-2��), 141.76 (C-6��), 106.99 (d, J(1,P)� 4.0 Hz; C-1), 103.00 (C-5��),
89.02 (C-1�), 84.33 (d, J(3,P)� 5.2 Hz; C-3), 83.78 (C-4), 83.32 (d, J(4�,P)�
9.0 Hz; C-4�), 78.03 (C-2), 76.87 (C-5), 74.07 (C-3�), 62.58 (C-2�), 65.18 (d,
J(5�,P)� 5.5 Hz; C-5�), 62.58 (C-6), 29.59 (d, J(C,P)� 138.5 Hz;
CH2P) ppm; 31P NMR (101 MHz, D2O): �� 8.95 (d, J� 24.7 Hz), �11.43
(d, J� 24.8 Hz) ppm; MS (ESI): m/z (%): 561 (100) [M�H]� , 280 (64)
[�B(M� 2H)/2�]� , 583 (21) [M� 2H��Na]� , 599 (21) [M� 2H��K]� ;
HRMS: found 561.05049; C16H23N2O16P2 calcd (%) 561.05228


Uridine diphosphate C-�-�-galactofuranose (2): The procedure for the
preparation of 1 was followed. Compound 20 and activated UMP were
allowed to react for 1.5 h at 0 �C. The eluent for size exclusion chromatog-
raphy was 50 m� triethylammonium acetate buffer (pH� 6.8) to prevent
decomposition of the desired nucleotide-sugar. This protocol afforded 2 as
a viscous solid (triethylammonium salt, 35% yield). 1H, 13C, 31P NMR and
mass spectra were in agreement with those published.[25]


1,4-Anhydro-2,3,6-tri-O-tert-butyldimethylsilyl-1-methyl-�-�-galactopyra-
nose (6): Tebbe×s reagent (0.4� in toluene, 0.55 mL) was added dropwise at
0 �C to a solution of lactone 4[20] (49 mg, 94 �mol) in an anhydrous mixture
of toluene (1 mL), THF (1 mL), and pyridine (0.4 mL). This dark red
solution was stirred for 1 h at 0 �C and for 30 min at room temperature. The
reaction was stopped by dropwise addition of NaOH (1�, 2.0 mL) at 0 �C.
The resulting mixture was filtrated through a short pad of celite and
concentrated under vacuum. The resulting enol ether decomposed during
the flash chromatography on silica gel (eluent cyclohexane/AcOEt 9:1) to
give 6 (28 mg, 57%).
1H NMR (400 MHz, CDCl3): �� 4.34 (d, J(3,4)� 1.3 Hz, 1H; H-4), 3.79
(br t, J(2,3)� J(3,4)� 1.2 Hz, 1H; H-3), 3.70 (d, J(2,3)� 1.0 Hz, 1H; H-2),
3.66 (dd, J(5,6a)� 4.4 Hz, J(5,6b)� 9.7 Hz, 1H; H-5), 3.56 (dd, J(5,6a)�
4.4 Hz, J(6a,6b)� 9.7 Hz, 1H; H-6a), 3.38 (t, J(5,6b)� J(6a,6b)� 9.7 Hz,
1H; H-6b), 1.52 (s, 3H; CH3), 0.95 (s, 9H; Si�tBu), 0.94 (s, 9H; Si�tBu),
0.91 (s, 9H; Si�tBu), 0.13 (s, 6H; 2�Si�Me), 0.12 (s, 6H; 2� Si�Me), 0.08
(s, 6H; 2� Si�Me) ppm; 13C NMR (100 MHz, CDCl3): �� 107.13 (C-1),
87.38 (C-3), 83.65 (C-4), 80.82 (C-2), 76.53 (C-5), 62.32 (C-6), 25.79, 25.66,
25.55, 18.02, 17.95, 16.11 (CH3), �4.23, �4.49, �4.66, �4.71, �5.45,
�5.47 ppm; MS (DCI-NH3): m/z (%): 536 (100%) [M�NH4]� .


1,4-Anhydro-2,3,6-tri-O-tert-butyldimethylsilyl-1-iodomethyl-�-�-galacto-
pyranose (7): Tebbe×s reagent (0.4� in toluene, 1.4 mL) was added
dropwise at 0 �C to a solution of lactone 4[20] (226 mg, 435 �mol) in an
anhydrous mixture of toluene (4 mL), THF (2 mL), and pyridine (0.7 mL).
This dark red solution was stirred for 1 hour at 0 �C and for 30 min at room
temperature. The reaction was stopped by dropwise addition of NaOH (1��
2.0 mL) at 0 �C. The resulting mixture was filtrated through a short pad of
celite and concentrated under vacuum. The crude material was dried twice
by azeotropic evaporation with anhydrous toluene, and then dissolved in
anhydrous CH2Cl2 (5 mL). Molecular sieves (4 ä, 300 mg) were added to
this solution, followed by NIS (170 mg, 756 �mol, 1.7 equiv) at 0 �C. The
resulting mixture was stirred for 45 min at 0 �C, and then filtrated through
celite, diluted with CH2Cl2 (15 mL), and washed twice with sodium
dithionite (0.5�, 10 mL). The organic phase was dried over MgSO4,
filtered, and concentrated. The residue was purified by silica gel chroma-
tography, eluted with cyclohexane/AcOEt (2:1) to give 7 (174 mg, 62%
yield).
1H NMR (400 MHz, CDCl3): �� 4.42 (d, J(3,4)� 1.3 Hz, 1H; H-4), 4.04
(br t, 1H; H-3), 3.87 (d, J(2,3)� 0.9 Hz, 1H; H-2), 3.82 (dd, J(5,6a)�
4.5 Hz, J(5,6b)� 9.9 Hz, 1H; H-5), 3.61 (dd, J(5,6a)� 4.5 Hz, J(6a,6b)�
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9.8 Hz, 1H; H-6a), 3.52 (t, J(5,6b)� J(6a,6b)� 9.8 Hz, 1H; H-6b), 3.47
(AB, J(AB)� 11.5 Hz, 2H; CH2�I), 0.94 (s, 9H; Si�tBu), 0.93 (s, 9H;
Si�tBu), 0.91 (s, 9H; Si�tBu), 0.14 (s, 3H; Si�Me), 0.13 (s, 6H; 2�Si�Me),
0.12 (s, 3H; Si�Me), 0.09 (s, 3H; Si�Me), 0.08 (s, 3H; Si�Me) ppm;
13C NMR (100 MHz, CDCl3): �� 105.44 (C-1), 84.89 (C-3), 83.66 (C-4),
81.80 (C-2), 77.20 (C-5), 61.72 (C-6), 25.76, 25.74, 18.05, 17.93, 17.89, 0.52
(CH2�I), �4.19, �4.46, �4.71, �4.79, �5.43, �5.44 ppm; MS (DCI-NH3):
m/z (%): 662 (100) [M�NH4]� .


1-(Dibenzyloxyphosphoryl)methyl-2,3,6-tri-O-tert-butyldimethylsilyl-�,�-
�-galactofuranose (8): Butyllithium (3.75 mL, 9.37 mmol, of a 2.5�
solution in hexane) was added under Ar to a cooled (�70 �C) solution of
dibenzyl methylphosphonate (2.59 g, 9.37 mmol) in anhydrous THF
(18 mL), followed after 20 min by a solution of 2,3,6-tri-O-tert-butyldime-
thylsilyl-�-galactono-1,4-lactone 4[20] (1.95 g, 3.75 mmol) in anhydrous THF
(4 mL). The temperature was maintained at �70 �C for 10 min, and the
reaction mixture was then allowed to come to�40 �C over a 1 h period. The
solution was then diluted with phosphate buffer (1�, 70 mL, pH� 7) and
extracted with CH2Cl2 (2� 180 mL). The combined organic phases were
dried over MgSO4, filtered, and concentrated. The residue was purified by
silica gel chromatography eluted with cyclohexane/AcOEt (4:1) to give 8
(2.42 g, 81% yield) as a white solid. �/� ratio: 20:80.
1H NMR (400 MHz, CDCl3): �� 7.40 ± 7.33 (m, 12.5H; H arom.), 5.14 ± 5.05
(m, 4H; CH2Ph�), 5.00 ± 4.93 (m, 1H; CH2Ph�), 4.84 (br s, 1H; OH-1�), 4.57
(br s, 0.25H; OH-1�), 4.42 (d, J(2,3)� 2.4 Hz, 0.25H; H-2�), 4.25 (dd,
0.25H; H-3�), 4.24 (d, J(3,4)� 4.0 Hz, J(4,5)� 1.8 Hz, 1H; H-4�), 4.15 (t,
J(3,4)� 4.0 Hz, J(2,3)� 3.8 Hz, 1H; H-3�), 4.10 (d, J(2,3)� 3.8 Hz, 1H;
H-2�), 4.07 (t, J(3,4)� J(4,5)� 2.6 Hz, 0.25H; H-4�), 3.71 ± 3.53 (m, 3.75H;
H-5�,�, H-6a�,�, H-6b�,�), 3.28 (d, J(5,OH)� 7.3 Hz, 1H; OH-5�), 3.08 (d,
J(5,OH)� 5.5 Hz, 0.25H; OH-5�), 2.70 (ABX, J(1�a,1�b)� 15.3 Hz,
J(1�a,P)� 18.4 Hz, 0.25H; H-1�a�), 2.55 (ABX, J(1�a,1�b)� 15.3 Hz,
J(1�b,P)� 19.0 Hz, 0.25H; H-1�b�), 2.52 (ABX, J(1�a,1�b)� 15.4 Hz,
J(1�a,P)� 19.2 Hz, 1H; H-1�a�), 2.29 (ABX, J(1�a,1�b)� 15.4 Hz,
J(1�b,P)� 17.9 Hz, 1H; H-1�b�), 0.97 (s, 2.25H; Si�tBu), 0.93 (s, 9H;
Si�tBu), 0.92 (2� s, 11.25H; 2� Si�tBu), 0.90 (s, 9H; Si�tBu), 0.89 (s,
2.25H; Si�tBu), 0.23 (2� s, 1.5H; 2�Si�Me), 0.17 (s, 3H; Si�Me), 0.16 (s,
3H; Si�Me), 0.15 (2� s, 7.5H; 4Si�Me), 0.12 (s, 0.75H; Si�Me), 0.06 (2� s,
6H; 2� Si�Me), 0.04 (s, 0.75H; Si�Me) ppm; 13C NMR (100 MHz,
CDCl3): �� 136.61 (d, J(C,P)� 6.5 Hz; Cq arom.�), 136.26 (d, J(C,P)�
6.4 Hz; Cq arom.�), 136.20 (d, J(C,P)� 6.5 Hz; Cq arom.�), 136.01 (d,
J(C,P)� 6.5 Hz; Cq arom.�), 128.81 ± 127.60 (CH arom.), 104.60 (d, J(1,P)�
6.0 Hz; C-1�), 102.72 (d, J(1,P)� 6.0 Hz; C-1�), 83.65 (C-4�), 82.79 (C-4�),
82.45 (d, J(2,P)� 7.7 Hz; C-2�), 80.15 (d, J(2,P)� 4.2 Hz; C-2�), 78.50 (C-
3�), 78.27 (C-3�), 71.09 (C-5�), 70.45 (C-5�), 67.84 (d, J(C,P)� 5.9 Hz;
CH2Ph�), 67.64 (d, J(C,P)� 6.0 Hz; CH2Ph�), 67.26 (d, J(C,P)� 6.3 Hz;
CH2Ph�), 66.50 (d, J(C,P)� 6.3 Hz; CH2Ph�), 63.58 (C-6�, C-6�), 34.20 (d,
J(1�,P)� 137 Hz; C-1��), 32.90 (d, J(1�,P)� 138.5 Hz; C-1��), 26.26, 26.07,
25.87, 25.80, 25.78, 25.72, 18.21, 17.89, 17.77, �4.30, �4.42, �4.44, �4.47,
�4.57, �4.64, �5.38, �5.41, �5.44 ppm; 31P NMR (101 MHz, CDCl3): ��
29.36 (major diast.), 26.58 (minor diast.) ppm; MS (DCI-NH3): m/z (%):
797 (25) [M�H]� , 814 (37) [M�NH4]� , 779 (100) [M�H�H2O]� ;
elemental analysis calcd (%) for C39H69O9PSi3: C 58.76, H 8.72; found: C
58.61, H 8.84.


2,3,6-Tri-O-tert-butyldimethylsilyl-1-(dimethoxyphosphoryl)methyl-�,�-�-
galactofuranose (9): The procedure used for the preparation of 8 was
followed. The residue was purified by silica gel chromatography eluted with
cyclohexane/AcOEt (2:1) to give 9 (65% yield) as a colorless syrup. �/�
ratio: 35:65.
1H NMR (400 MHz, CDCl3): �� 4.32 (d, J(2,3)� 2.5 Hz, 0.5H; H-2�), 4.25
(dd, J(3,4)� 3.8 Hz, J(4,5)� 1.9 Hz, 1H; H-4�), 4.23 (t, J(2,3)� J(3,4)�
2.5 Hz, 0.5H; H-3�), 4.16 (tdd, J(2,3)� 2.7 Hz, J(3,4)� 3.8 Hz, J(3,P)�
0.8 Hz, 1H; H-3�), 4.07 (d, J(2,3)� 2.7 Hz, 1H; H-2�), 4.05 (m, 0.5H;
H-4�), 3.82 (d, J(H,P)� 11.2 Hz, 3H; OCH3�), 3.81 (d, J(H,P)� 11.1 Hz,
1.5H; OCH3�), 3.79 (d, J(H,P)� 10.9 Hz, 3H; OCH3�), 3.74 (d, J(H,P)�
10.9 Hz, 1.5H; OCH3�), 3.74 ± 3.58 (m, 4.5H; H-5�,�, H-6a�/�, H-6b�/�), 2.56
(ABX, J(1�a,1�b)� 15.3 Hz, J(1�a,P)� 18.5 Hz, 0.5H; H-1�a�), 2.46 (ABX,
J(1�a,1�b)� 15.3 Hz, J(1�b,P)� 19.1 Hz, 0.5H; H-1�b�), 2.45 (ABX,
J(1�a,1�b)� 15.4 Hz, J(1�a,P)� 19.1 Hz, 1H; H-1�a�), 2.25 (ABX,
J(1�a,1�b)� 15.4 Hz, J(1�b,P)� 18.1 Hz, 1H; H-1�b�), 0.96 (s, 4.5H; Si�t-
Bu), 0.95 (s, 9H; Si�tBu), 0.93 (s, 4.5H; Si�tBu), 0.92 (s, 9H; Si�tBu), 0.91
(s, 9H; Si�tBu), 0.90 (s, 4.5H; Si�tBu), 0.23 (s, 3H; 2� Si�Me), 0.22 (s,


1.5H; Si�Me), 0.20 (s, 3H; Si�Me), 0.19 (s, 3H; Si�Me), 0.15 (s, 4.5H; 2�
Si�Me), 0.14 (s, 3H; Si�Me), 0.12 (s, 1.5H; Si�Me), 0.08 (s, 4,5H; Si�Me),
0.07 (s, 3H; Si�Me) ppm; 13C NMR (100 MHz, CDCl3): �� 104.80 (d,
J(1,P)� 5.9 Hz; C-1�), 102.48 (d, J(1,P)� 2.8 Hz; C-1�), 83.59 (C-4�), 83.55
(C-4�), 82.36 (d, J(2,P)� 7.8 Hz; C-2�), 80.43 (d, J(2,P)� 5.3 Hz; C-2�),
78.68 (C-3�), 78.53 (C-3�), 70.99 (C-5�), 70.64 (C-5�), 63.75 (C-6�), 63.49 (C-
6�), 52.97 (d, J(C,P)� 6.2 Hz, OCH3�), 52.83 (d, J(C,P)� 6.3 Hz, OCH3�),
52.24 (d, J(C,P)� 6.2 Hz, OCH3�), 51.81 (d, J(C,P)� 6.3 Hz, OCH3�), 33.27
(d, J(1�,P)� 136.8 Hz; C-1��), 31.39 (d, J(1�,P)� 139.3 Hz; C-1��), 25.87,
25.83, 25.77, 25.71, 25.66, 18.24, 18.20, 17.92, 17.91, 17.75, �4.30, �4.38,
�4.43, �4.48, �4.57, �4.68, �4.70, �5.39, �5.44, �5.49 ppm; 31P NMR
(101 MHz, CDCl3): �� 30.59 (major diast.), 28.19 (minor diast.) ppm; MS
(DCI-NH3): m/z (%): 645 (17) [M�H]� , 662 (100) [M�NH4]� ; elemental
analysis calcd (%) for C27H61O9PSi3: C 50.28, H 9.53; found: C 50.27, H 9.61.


(1(1�)Z)-1-(Dibenzyloxyphosphoryl)methylidene-2,3,6-tri-O-tert-butyldi-
methylsilyl-�-galactofuranose (10): Pyridine (510 �L, 6.32 mmol) and
trifluoroacetic anhydride (440 �L, 3.16 mmol) were added at 0 �C to a
solution of 8 (503 mg, 0.63 mmol) in anhydrous THF (20 mL). After 3 h at
0 �C, the reaction was stopped by addition of saturated aqueous NaHCO3,
and the mixture was extracted with AcOEt (100 mL). The organic phase
was dried over MgSO4, filtered, and concentrated at reduced pressure.
Purification by silica gel chromatography, eluted with cyclohexane/AcOEt
(2:1), afforded 10 in (378 mg, 77% yield) as a colorless syrup.
[�]23D �55.4 (c� 1.2, CHCl3); 1H NMR (400 MHz, CDCl3): �� 7.38 ± 7.30
(m, 10H; H arom.), 5.09 ± 5.01 (m, 4H; CH2Ph), 4.75 (dd, J(1�,2)� 1.5 Hz,
J(1�,P)� 12.4 Hz, 1H; H-1�), 4.53 (ddd, J(1�,2)� 1.5 Hz, J(2,P)� 4.1 Hz,
J(2,3)� 6.6 Hz, 1H; H-2), 4.44 (d, J(3,4)� 6.3 Hz, 1H; H-4), 4.35 (dd,
J(2,3)� 6.6 Hz, J(3,4)� 6.3 Hz, 1H; H-3), 3.73 ± 3.64 (m, 3H; H-5, H-6a,
H-6b), 0.95 (s, 9H; Si�tBu), 0.93 (s, 9H; Si�tBu), 0.91 (s, 9H; Si�tBu), 0.17
(s, 3H; Si�Me), 0.14 (2� s, 6H; 2� Si�Me), 0.12 (s, 3H; Si�Me), 0.06 (s,
6H; 2� Si�Me) ppm; 13C NMR (100 MHz, CDCl3): �� 174.29 (d, J(1,P)�
2.0 Hz; C-1), 136.50 (d, J(C,P)� 7.2 Hz; Cq arom.), 136.40 (d, J(C,P)�
7.2 Hz; Cq arom.), 128.45 ± 127.75 (10�CH arom.), 84.35 (C-4), 83.81 (d,
J(1�,P)� 193.5 Hz; C-1�), 78.38 (d, J(2,P)� 12.5 Hz; C-2), 75.67 (C-3), 70.36
(C-5), 67.20 (d, J(C,P)� 5.2 Hz; CH2Ph), 66.90 (d, J(C,P)� 5.2 Hz;
CH2Ph), 62.82 (C-6), 25.81, 25.78, 25.70, 18.12, 17.83, 17.81, �4.01, �4.1,
�4.28, �4.56, �5.44, �5.53 ppm; 31P NMR (101 MHz, CDCl3): ��
20.69 ppm; MS (DCI-NH3): m/z : 779 [M�H]� ; elemental analysis calcd
(%) for C39H67O8PSi3: C 60.12, H 8.67; found: C 60.03, H 8.76.


(1(1�)Z)-2,3,6-Tri-O-tert-butyldimethylsilyl-1-(dimethoxyphosphoryl)me-
thylidene-�-galactofuranose (11): Triethylamine (320 �L, 2.28 mmol) and
trifluoroacetic anhydride (475 �L, 3.42 mmol) were added at 0 �C to a
solution of 9 (489 mg, 0.76 mmol) in anhydrous pyridine (10 mL). The
resulting solution was allowed to reach room temperature for a period of
2 h. Solvents were evaporated, and the crude mixture was diluted with
CH2Cl2 (20 mL) and washed with saturated aqueous NaHCO3. The organic
phase was dried over MgSO4, filtered, and concentrated at reduced
pressure. The purification by silica gel chromatography, eluted with
cyclohexane/AcOEt (1:1), afforded 11 (300 mg, 63%) as a white solid.


M.p. 95 ± 96 �C; [�]24D �50.3 (c� 1.0, CHCl3); 1H NMR (400 MHz, CDCl3):
�� 4.68 (dd, J(1�,2)� 1.5 Hz, J(1�,P)� 12.0 Hz, 1H; H-1�), 4.55 (ddd,
J(1�,2)� 1.5 Hz, J(2,P)� 4.0 Hz, J(2,3)� 6.3 Hz, 1H; H-2), 4.45 (d,
J(3,4)� 5.9 Hz, 1H; H-4), 4.35 (t, J(2,3)� J(3,4)� 6.3 Hz, 1H; H-3), 3.76
(d, J(H,P)� 11.6 Hz, 3H; OCH3), 3.74 (d, J(H,P)� 11.3 Hz, 3H; OCH3),
3.81 ± 3.69 (m, 3H; H-5, H-6a, H-6b), 0.98 (s, 9H; Si�tBu), 0.93 (s, 9H;
Si�tBu), 0.92 (s, 9H; Si�tBu), 0.18 (s, 3H; Si�Me), 0.17 (s, 3H; Si�Me), 0.14
(s, 3H; Si�Me), 0.09 (s, 9H; 3Si�Me) ppm; 13C NMR (100 MHz, CDCl3):
�� 174.31 (d, J(1,P)� 2.0 Hz; C-1), 84.71 (C-4), 82.82 (d, J(1�,P)�
193.3 Hz; C-1�), 78.46 (d, J(2,P)� 12.5 Hz; C-2), 75.80 (C-3), 70.43 (C-5),
62.91 (C-6), 52.44 (d, J(C,P)� 5.6 Hz, OCH3), 51.99 (d, J(C,P)� 5.5 Hz,
OCH3), 25.82, 25.77, 25.69, 18.16, 17.86, 17.82, �4.05, �4.19, �4.29, �4.58,
�5.44,�5.57 ppm; 31P NMR (101 MHz, CDCl3): �� 22.60 ppm; MS (DCI-
NH3):m/z (%): 627 (100) [M�H]� , 644 (70) [M�NH4]� ; elemental analysis
calcd (%) for C27H59O8PSi3: C 51.72, H 9.48; found: C 51.57, H 9.64.


2,3,6-Tri-O-tert-butyldimethylsilyl-5-O-pivaloyl-�-galactono-1,4-lactone
(12): 2,3,6-Tri-O-tert-butyldimethylsilyl-�-galactono-1,4-lactone 4[20] (1 g,
1.92 mmol) was dissolved in anhydrous pyridine (15 mL) under Ar
atmosphere. Excess pivaloyl chloride (0.9 mL, 7.29 mmol) and a catalytic
amount of 4-dimethylaminopyridine (DMAP) (94 mg, 0.77 mmol) in
anhydrous pyridine (1.5 mL) were slowly added to this solution, and the
resulting mixture was stirred for an additional 12 h at room temperature.
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The solution was washed with saturated aqueous NaHCO3 and brine, and
dried over MgSO4. After solvent evaporation, the residue was purified by
silica gel chromatography eluted with cyclohexane/AcOEt (96:4) to give 12
(1.12 g, 96.5% yield) as a white solid.


m.p. 35 ± 36 �C; [�]24D �2.5 (c� 1.01, CHCl3); 1H NMR (400 MHz, CDCl3):
�� 5.01 (ddd, J(4,5)� 1.1 Hz, J(5,6a)� 7.1 Hz, J(5,6b)� 7.3 Hz, 1H; H-5),
4.48 (dd, J(4,5)� 1.1 Hz, J(3,4)� 7.0 Hz, 1H; H-4), 4.43 (d, J(2,3)� 7.0 Hz,
1H; H-2), 4.13 (t, J(2,3)� J(3,4)� 7.0 Hz, 1H; H-3), 3.74 ± 3.72 (m, 2H;
H-6a, H-6b), 1.23 (s, 9H; Piv), 0.95 (s, 9H; Si�tBu), 0.93 (s, 9H; Si�tBu),
0.91 (s, 9H; Si�tBu), 0.24 (s, 3H; Si�Me), 0.18 (s, 3H; Si�Me), 0.13 (s, 3H;
Si�Me), 0.12 (s, 3H; Si�Me), 0.10 (s, 3H; Si�Me), 0.09 (s, 3H;
Si�Me) ppm; 13C NMR (100 MHz, CDCl3): �� 177.49 (C�O , Piv),
172.88 (C-1), 78.78 (C-4), 76.53 (C-2), 75.42 (C-3), 70.03 (C-5), 59.59 (C-
6), 39.0, 27.09, 25.71, 25.64, 18.13, 18.06, 17.76, �4.19, �4.29, �4.77, �5.49,
�5.57 ppm; MS (DCI-NH3): m/z (%): 622 (100) [M�NH4]� ; elemental
analysis calcd (%) for C29H60O7Si3: C 57.57, H 10.00; found: C 57.70, H
10.00.


2,3,6-Tri-O-tert-butyldimethylsilyl-1-(dimethoxyphosphoryl)methyl-5-O-
pivaloyl-�,�-�-galactofuranose (13): The procedure used for the prepara-
tion of 8was applied. The residue was purified by silica gel chromatography
eluted with cyclohexane/AcOEt (2:1) to give 13 (511 mg, 65% yield) as a
colorless oil. �/� ratio: 45:55.
1H NMR (400 MHz, CDCl3): �� 5.31 (dt, J(4,5)� 9.1 Hz, J(5,6a,b)�
3.9 Hz, 0.8H; H-5�), 5.08 (q, J(4,5)� 4.7 Hz, J(5,6a,b)� 5.0 Hz, 1H;
H-5�), 4.39 (s, 0.8H; H-2�), 4.31 (t, J(3,4)� J(4,5)� 4.7 Hz, 1H; H-4�), 4.08
(d, J(3,4)� 0.9 Hz, 0.8H; H-3�), 4.07 (d, J(2,3)� 2.9 Hz, 1H; H-2�), 4.02 (d,
J(4,5)� 9.1 Hz, 0.8H; H-4�), 3.96 (ddd, J(2,3)� 2.9 Hz, J(3,4)� 4.6 Hz,
J(3,P)� 0.7 Hz, 1H; H-3�), 3.83 (d, J(H,P)� 11.1 Hz, 3H; OCH3�), 3.79 (d,
J(H,P)� 11.3 Hz, 3H; OCH3�), 3.76 (d, J(H,P)� 11.2 Hz, 2.4H; OCH3�),
3.72 (d, J(H,P)� 10.9 Hz, 2.4H; OCH3�), 3.81 ± 3.72 (m, 5.4H; H-5�/�,
H-6a�/�, H-6b�/�), 2.51 (AX, J(1�,P)� 18.3 Hz, 1.6H; H-1�a� , H-1�b�), 2.30
(ABX, J(1�a,1�b)� 15.4 Hz, J(1�a,P)� 18.1 Hz, 1H; H-1�a�), 2.24 (ABX,
J(1�a,1�b)� 15.4 Hz, J(1�b,P)� 18.1 Hz, 1H; H-1�b�), 1.25 (2� s, 16.2H;
Piv�/�), 0.98 (s, 7.2H; Si�tBu), 0.95 (s, 7.2H; Si�tBu), 0.93 (s, 7.2H; Si�tBu),
0.92 (s, 9H; Si�tBu), 0.91 (2� s, 18H; 2� Si�tBu), 0.19 (s, 2.4H; Si�Me),
0.17 (s, 2.4H; Si�Me), 0.16 (s, 3H; Si�Me), 0.14 (2� s, 8.4H; 3Si�Me), 0.13
(2� s, 5.4H; 2� Si�Me), 0.09 (2� s, 5.4H; 2�Si�Me), 0.08 (s, 5.4H; 2�
Si�Me); 13C NMR (100 MHz, CDCl3): �� 178.47 (C�O , Piv�), 177.64
(C�O, Piv�), 104.82 (d, J(1,P)� 6.2 Hz; C-1�), 104.12 (C-1�), 84.24 (d,
J(2,P)� 8.7 Hz; C-2�), 83.04 (C-4�), 81.69 (C-4�), 79.32 (d, J(2,P)� 2.9 Hz;
C-2�), 78.71 (C-3�), 78.67 (C-3�), 72.69 (C-5�), 71.99 (C-5�), 62.40 (C-6�),
61.66 (C-6�), 53.11 (d, J(C,P)� 5.9 Hz, OCH3�), 52.89 (d, J(C,P)� 6.3 Hz,
OCH3�), 51.71 (d, J(C,P)� 6.0 Hz, OCH3�), 51.65 (d, J(C,P)� 6.0 Hz,
OCH3�), 38.91, 35.21 (d, J(1�,P)� 136.4 Hz; C-1��), 31.80 (d, J(1�,P)�
137.2 Hz; C-1��), 27.29, 27.25, 25.85, 25.83, 25.76, 25.74, 25.63, 18.26, 18.20,
17.98, 17.96, 17.83, 17.81, �4.26, �4.37, �4.40, �4.49, �4.72, �4.74, �4.78,
�4.88, �5.39, �5.41, �5.47 ppm; 31P NMR (101 MHz, CDCl3): �� 31.07
(major diast.), 28.18 (minor diast.) ppm; MS (DCI-NH3): m/z (%): 746
(100) [M�NH4]� , 728 (45) [M�NH4�H2O]� ; elemental analysis calcd (%)
for C32H69O10PSi3: C 52.71, H 9.54; found: C 52.53, H 9.71.


(1(1�)Z)-2,3,6-Tri-O-tert-butyldimethylsilyl-1-(dimethoxyphosphoryl)me-
thylidene-5-O-pivaloyl-�-galactofuranose (14): Trifluoroacetic anhydride
(266 �L, 1.91 mmol) was added to a solution of 13 (278 mg, 0.38 mmol) in
anhydrous pyridine (4 mL). The resulting solution was stirred at 0 �C
overnight. Solvents were evaporated and the crude mixture was diluted
with CH2Cl2 (10 mL) and washed with saturated aqueous NaHCO3. The
organic phase was dried over MgSO4, filtered, and concentrated at reduced
pressure. Purification by silica gel chromatography, eluted with cyclo-
hexane/AcOEt (2:1), afforded 14 (108 mg, 40%) as a colorless oil.


[�]24D �34.8 (c� 1.0, CHCl3); 1H NMR (400 MHz, CDCl3): �� 5.10 (ddd,
J(4,5)� 3.5 Hz, J(5,6a)� 7.3 Hz, J(5,6b)� 4.9 Hz, 1H; H-5), 4.59 (dd,
J(3,4)� 4.8 Hz, J(4,5)� 3.5 Hz, 1H; H-4), 4.58 (d, J(1�,P)� 10.2 Hz, 1H;
H-1�), 4.55 (dt, J(1�,2)� J(2,P)� 1.2 Hz, J(2,3)� 4.8 Hz, 1H; H-2), 4.07 (t,
J(2,3)� J(3,4)� 4.8 Hz, 1H; H-3), 3.82 (ABX, J(5,6a)� 7.3 Hz, J(6a,6b)�
9.9 Hz, 1H; H-6a), 3.76 (ABX, J(5,6b)� 4.9 Hz, J(6a,6b)� 9.9 Hz, 1H;
H-6b), 3.74 (d, J(H,P)� 11.4 Hz, 3H; OCH3), 3.73 (d, J(H,P)� 11.4 Hz,
3H; OCH3), 1.23 (s, 9H; Piv), 0.95 (s, 9H; Si�tBu), 0.93 (s, 9H; Si�tBu),
0.91 (s, 9H; Si�tBu), 0.24 (s, 3H; Si�Me), 0.18 (s, 3H; Si�Me), 0.13 (s, 3H;
Si�Me), 0.12 (s, 3H; Si�Me), 0.10 (s, 3H; Si�Me), 0.09 (s, 3H;
Si�Me) ppm; 13C NMR (100 MHz, CDCl3): �� 177.67 (C�O, Piv), 172.50


(d, J(1,P)� 2.5 Hz; C-1), 85.80 (C-4), 81.67 (d, J(1�,P)� 194.3 Hz; C-1�),
79.97 (d, J(2,P)� 13.3 Hz; C-2), 76.31 (C-3), 71.74 (C-5), 60.47 (C-6), 52.13
(d, J(C,P)� 5.1 Hz, OCH3), 51.99 (d, J(C,P)� 5.3 Hz, OCH3), 29.69, 27.10,
25.78, 25.73, 25.65, 18.15, 17.80, �4.21, �4.27, �4.31, �4.41, �5.47,
�5.59 ppm; 31P NMR (101 MHz, CDCl3): �� 21.16 ppm; MS (DCI-
NH3): m/z (%): 711 (100) [M�H]� ; elemental analysis calcd (%) for
C32H67O9PSi3: C 54.05, H 9.50; found: C 53.81, H 9.80.


1,4-Anhydro-1-(dibenzyloxyphosphoryl)methyl-2,3,6-tri-O-tert-butyldime-
thylsilyl-�-�-galactopyranose (15): Camphorsulfonic acid (272 mg,
1.17 mmol) was added to a solution of 10 (537 mg, 0.69 mmol) and
molecular sieves (4 ä, 900 mg) in dry dichloromethane (21 mL). The
reaction mixture was heated at reflux under Ar for 17 hours, and then
filtered through a pad of celite. The filtrate was washed with saturated
aqueous NaHCO3, dried over MgSO4, filtered, and concentrated. The
residue was chromatographed on silica gel with cyclohexane/AcOEt (4:1)
as eluent. The product 15 was obtained as a colorless oil (596 mg, 74%
yield), along with 15� (65 mg, 14% yield), the product of monodesilylation
at the 6-position. Compounds 15 and 15� could be pooled for the removal of
the TBDMS groups.


[�]20D �26.6 (c� 1.2, CHCl3); 1H NMR (400 MHz, CDCl3): �� 7.38 ± 7.30
(m, 10H; H arom.), 5.16 ± 5.03 (2ABX, 4H; CH2Ph), 4.46 (d, J(3,4)�
1.5 Hz, 1H; H-4), 4.12 (t, J(2,3)� J(3,4)� 1.3 Hz, 1H; H-3), 3.69 (br s,
1H; H-2), 3.66 (dd, J(5,6a)� 4.5 Hz, J(5,6b)� 9.9 Hz, 1H; H-5), 3.53
(ABX, J(5,6a)� 4.5 Hz, J(6a,6b)� 9.8 Hz, 1H; H-6a), 3.45 (ABX,
J(5,6b)� J(6a,6b)� 9.8 Hz, 1H; H-6b), 2.50 (ABX, J(1�a,1�b)� 15.7 Hz,
J(1�a,P)� 19.5 Hz, 1H; H-1�a), 2.43 (ABX, J(1�a,1�b)� 15.7 Hz,
J(1�b,P)� 19.4 Hz, 1H; H-1�b), 0.93 (s, 9H; Si�tBu), 0.92 (s, 9H; Si�tBu),
0.90 (s, 9H; Si�tBu), 0.13 (s, 6H; 2�Si�Me), 0.11 (s, 3H; Si�Me), 0.05 (s,
9H; 3Si�Me) ppm; 13C NMR (100 MHz, CDCl3): �� 136.54 (d, J(C,P)�
6.5 Hz; Cq arom.), 136.38 (d, J(C,P)� 6.5 Hz; Cq arom.), 128.46 ± 127.88
(10�CH arom.), 105.32 (d, J(1,P)� 4.3 Hz; C-1), 86.72 (d, J(3,P)� 6.4 Hz;
C-3), 84.09 (C-4), 79.99 (C-2), 76.49 (C-5), 67.58 (d, J(C,P)� 5.9 Hz;
CH2Ph), 67.05 (d, J(C,P)� 6.1 Hz; CH2Ph), 61.94 (C-6), 27.57 (d, J(1�,P)�
141.7 Hz; C-1�), 25.76, 25.75, 25.72, 18.03, 17.90, 17.86, �4.21, �4.52, �4.66,
�4.77,�5.46 ppm; 31P NMR (101 MHz, CDCl3): �� 24.66 ppm; MS (DCI-
NH3): m/z (%): 779 (100) [M�H]� ; elemental analysis calcd (%) for
C39H67O8PSi3: C 60.12, H 8.67; found: C 60.01, H 8.76.


Analytical data for molecule 15�: [�]20D �84.6 (c� 1.9, CHCl3); 1H NMR
(400 MHz, CDCl3): �� 7.39 ± 7.35 (m, 10H; H arom.), 5.19 ± 5.02 (2�ABX,
4H; CH2Ph), 4.57 (d, J(3,4)� 1.4 Hz, 1H; H-4), 3.94 (ABX, J(5,6a)�
2.0 Hz, J(6a,6b)� 12.9 Hz, 1H; H-6a), 3.79 (br s, 1H; H-3), 3.78 (br t,
J(5,6a,b)� 2.0 Hz, 1H; H-5), 3.68 (br s, 1H; H-2), 3.64 (ABX, J(5,6b)�
2.0 Hz, J(6a,6b)� 12.9 Hz, 1H; H-6b), 2.61 (ABX, J(1�a,1�b)� 15.7 Hz,
J(1�a,P)� 19.4 Hz, 1H; H-1�a), 2.45 (ABX, J(1�a,1�b)� 15.7 Hz,
J(1�b,P)� 18.1 Hz, 1H; H-1�b), 0.95 (s, 9H; Si�tBu), 0.93 (s, 9H; Si�tBu),
0.15 (s, 3H; Si�Me), 0.14 (s, 3H; Si�Me), 0.12 (s, 3H; Si�Me), 0.09 (s, 3H;
Si�Me) ppm; 13C NMR (100 MHz, CDCl3): �� 136.19 (d, J(C,P)� 6.7 Hz;
Cq arom.), 136.17 (d, J(C,P)� 6.6 Hz; Cq arom.), 128.49 ± 128.04 (10�CH
arom.), 104.97 (d, J(1,P)� 9.7 Hz; C-1), 87.70 (d, J(3,P)� 12.6 Hz; C-3),
84.33 (C-4), 80.41 (d, J(2,P)� 3.2 Hz; C-2), 77.37 (C-5), 67.63 (d, J(C,P)�
6.1 Hz; CH2Ph), 67.39 (d, J(C,P)� 6.0 Hz; CH2Ph), 63.73 (C-6), 27.78 (d,
J(1�,P)� 142.3 Hz; C-1�), 25.66, 17.86, 17.83, �4.17, �4.48, �4.73,
�4.76 ppm; 31P NMR (101 MHz, CDCl3): �� 27.26 ppm; MS (DCI-NH3):
m/z (%): 665 (100) [M�H]� ; elemental analysis calcd (%) for C33H53O8P-
si2: C 59.61, H 8.03; found: C 59.41, H 8.23.


(1,4-Anhydro-�-�-galactopyranosyl)methyl phosphonic acid (16): A sol-
ution of 15 (186 mg, 0.24 mmol) in THF (10 mL) was cooled to �20 �C.
Tetrabutylammonium fluoride (226 mg, 0.72 mmol) was added, and the
solution was stirred for 16 h at �5 �C. The solvent was then removed from
the reaction mixture under reduced pressure. The residue was first purified
by flash chromatography on silica gel with AcOEt/EtOH (9:1) as eluent
and secondly repurified by flash chromatography with acetone/CH2Cl2
(8:2) to afford 16a (86 mg, 83%) as a colorless oil.


[�]24D �33.7 (c� 1.0, CHCl3); 1H NMR (400 MHz, CD3OD): �� 7.56 ± 7.52
(m, 10H; H arom.), 5.29 ± 5.18 (2�ABX, 4H; CH2Ph), 4.64 (d, J(3,4)�
1.5 Hz, 1H; H-4), 4.00 (t, J(2,3)� J(3,4)� 1.3 Hz, 1H; H-3), 3.97 (dd,
J(5,6a)� 6.0 Hz, J(5,6b)� 4.9 Hz, 1H; H-5), 3.88 (d, 1H; H-2), 3.72 (ABX,
J(5,6a)� 6.0 Hz, J(6a,6b)� 11.6 Hz, 1H; H-6a), 3.67 (ABX, J(5,6b)�
4.9 Hz, J(6a,6b)� 11.6 Hz, 1H; H-6b), 2.84 (ABX, J(1�a,1�b)� 15.9 Hz,
J(1�a,P)� 19.2 Hz, 1H; H-1�a), 2.80 (ABX, J(1�a,1�b)� 15.9 Hz,
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J(1�b,P)� 19.0 Hz, 1H; H-1�b) ppm; 13C NMR (100 MHz, CD3OD): ��
137.90 (d, J(C,P)� 6.0 Hz; Cq arom.), 137.87 (d, J(C,P)� 6.3 Hz; Cq arom.),
129.91 ± 129.45 (10 CH arom.), 107.08 (d, J(1,P)� 5.9 Hz; C-1), 86.98 (d,
J(3,P)� 8.1 Hz; C-3), 85.84 (C-4), 79.86 (d, J(2,P)� 1.6 Hz; C-2), 78.86 (C-
5), 69.36 (d, J(C,P)� 6.5 Hz; CH2Ph), 69.28 (d, J(C,P)� 6.5 Hz; CH2Ph),
63.79 (C-6), 28.36 (d, J(1�,P)� 141.8 Hz; C-1�) ppm; 31P NMR (101 MHz,
CDCl3): �� 26.94 ppm; MS (DCI-NH3): m/z (%): 437 (100) [M�H]� , 454
(20) [M�NH4]� ; elemental analysis calcd (%) for C21H25O8P: C 57.80, H
5.77; found: C 57.74, H 5.94.


Compound 16a (55 mg, 0.13 mmol) in a mixture of MeOH (5 mL) and
diisopropylamine (18 �L, 0.13 mmol) was stirred overnight at room
temperature under H2 atmosphere (1 bar) with 10% activated Pd/C
(16 mg) as catalyst. After being filtered through a celite pad, the solution
was concentrated to dryness to yield 16 as its monodiisopropylammonium
salt (43 mg, 94% yield).


[�]20D �28.0 (c� 1.0, H2O); 1H NMR (400 MHz, CD3OD): �� 4.44 (br s,
1H; H-4), 4.07 (br s, 1H; H-3), 3.92 (t, J(5,6a)� J(5,6b)� 6.1 Hz, 1H;
H-5), 3.87 (d, J(2,3)� 0.7 Hz, 1H; H-2), 3.66 ± 3.64 (d, J(5,6a,b)� 6.1 Hz,
2H; H-6a, H-6b), 3.63 (sept, J� 6.5 Hz, 2H; (CH3)2CH), 2.51 (ABX,
J(1�a,1�b)� 14.7 Hz, J(1�a,P)� 18.1 Hz, 1H; H-1�a), 2.45 (ABX,
J(1�a,1�b)� 14.7 Hz, J(1�b,P)� 18.7 Hz, 1H; H-1�b), 1.51 (d, J� 6.5 Hz,
12H; (CH3)2CH) ppm; 13C NMR (100 MHz, CD3OD): �� 108.77 (d,
J(1,P)� 1.4 Hz; C-1), 86.69 (C-3), 84.59 (C-4), 80.31 (C-2), 78.60 (C-5),
64.17 (C-6), 48.66, 48.59, 33.07 (d, J(1�,P)� 129.4 Hz; C-1�), 19.66,
19.65 ppm; 31P NMR (101 MHz, D2O): �� 15.80 ppm; MS (negative
ESI): m/z (%): 255 (100) [M�H]� ; HRMS found 255.02751; C7H12O8P
calcd 255.02698.


2,3,5,6-Tetra-O-tert-butyldimethylsilyl-�-galactono-1,4-lactone (17): �-
Galactono-1,4-lactone (2.69 g, 15.1 mmol) was dissolved in DMF (40 mL)
and treated with imidazole (7.3 g, 107 mmol) and tert-butyldimethylsilyl
chloride (13.4 g, 89.2 mmol) at 70 �C for 5 h under argon. The solution was
then allowed to warm to room temperature and stirred overnight. The
reaction mixture was concentrated to dryness under vacuum, diluted with
CH2Cl2 (800 mL), washed with water (2� 100 mL), and dried over MgSO4.
After solvent evaporation, the residue was purified by flash chromatog-
raphy with cyclohexane/AcOEt (25:1 to 23:1) as eluent to give 17 (9.39 g,
98% yield) as a white solid.


M.p. 49 ± 50 �C; [�]23D �11.4 (c� 1.0, CHCl3); 1H NMR (400 MHz, CDCl3):
�� 4.45 (t, J(2,3)� J(3,4)� 6.1 Hz, 1H; H-3), 4.38 (d, J(2,3)� 6.1 Hz, 1H;
H-2), 4.35 (dd, J(3,4)� 6.1 Hz, J(4,5)� 1.7 Hz, 1H; H-4), 3.85 (ddd,
J(4,5)� 1.7 Hz, J(5,6a)� 7.7 Hz, J(5,6b)� 5.8 Hz, 1H; H-5), 3.70 (ABX,
J(5,6a)� 7.7 Hz, J(6a,6b)� 9.7 Hz, 1H; H-6a), 3.66 (ABX, J(5,6b)�
5.8 Hz, J(6a,6b)� 9.7 Hz, 1H; H-6b), 0.95 (s, 9H; Si�tBu), 0.92 (s, 9H;
Si�tBu), 0.91 (s, 9H; Si�tBu), 0.90 (s, 9H; Si�tBu), 0.23 (s, 3H; Si�Me),
0.18 (s, 3H; Si�Me), 0.16 (s, 3H; Si�Me), 0.15 (s, 3H; Si�Me), 0.14 (s, 3H;
Si�Me), 0.11 (s, 3H; Si�Me), 0.09 (s, 6H; 2� Si�Me) ppm; 13C NMR
(100 MHz, CDCl3)� 173.51 (C-1), 81.53 (C-4), 76.91 (C-2), 75.59 (C-3),
71.52 (C-5), 63.04 (C-6), 25.83, 25.76, 25.74, 25.62, 18.18, 18.15, 18.08, 17.77,
�3.42, �4.13, �4.16, �4.32, �4.71, �4.85, �5.45, �5.49 ppm; MS (DCI-
NH3): m/z (%): 652 (100) [M�NH4]� ; elemental analysis calcd (%) for
C30H66O6Si4: C 56.73, H 10.47; found: C 56.87, H 10.58.


(1(1�)Z)-2,3,5,6-Tetra-O-tert-butyldimethylsilyl-1-(dimethoxyphosphoryl)-
methylidene-�-galactofuranose (18): Butyllithium (2.5� solution in hex-
ane, 7.9 mL, 19.8 mmol) was added under argon to a cooled (�70 �C)
solution of freshly distilled dimethyl methylphosphonate (2.24 mL,
20.7 mmol) in anhydrous THF (41 mL), followed after 20 min by a solution
of 17 (5.24 g, 8.26 mmol) in anhydrous THF (8 mL). The temperature was
maintained at�70 �C for 10 min, and the mixture was then allowed to come
to �40 �C over a 1 h period. The solution was then diluted with phosphate
buffer ((1�, pH� 7, 190 mL) and extracted with CH2Cl2 (2� 400 mL). The
combined organic phases were dried over MgSO4, filtered, concentrated,
and dried overnight in vacuo. The crude product was then dissolved at 0 �C
in anhydrous THF (58 mL), and pyridine (6.7 mL, 82.6 mmol) and
trifluoroacetic anhydride (5.8 mL, 41.7 mmol) were added. The resulting
solution was stirred at 0 �C for 3 h, quenched by addition of saturated
aqueous NaHCO3, and extracted with AcOEt (400 mL). The organic phase
was dried over MgSO4, filtered, and concentrated at reduced pressure.
Purification by silica gel chromatography, eluted with cyclohexane/AcOEt
(3:1), afforded 18 (4.7g, 77%) as a white solid.


m.p 60 ± 61 �C; [�]19D �9.4 (c� 1.1, CHCl3); 1H NMR (400 MHz, CDCl3):
�� 4.51 (ddd, J(1�,2)� 1.3 Hz, J(2,3)� 3.8 Hz, J(2,P)� 4.6 Hz, 1H; H-2),
4.48 (dd, J(1�,2)� 1.3 Hz, J(1�,P)� 10.3 Hz, 1H; H-1�), 4.39 (t, J(3,4)�
J(4,5)� 3.8 Hz, 1H; H-4), 4.33 (t, J(2,3)� J(3,4)� 3.8 Hz, 1H; H-3), 3.89
(ddd, J(4,5)� 3.8 Hz, J(5,6a)� 7.4 Hz, J(5,6b)� 5.0 Hz, 1H; H-5), 3.74
(ABX, J(5,6a)� 7.4 Hz, J(6a,6b)� 10.0 Hz, 1H; H-6a), 3.70 (d, J(H,P)�
11.6 Hz, 3H; OMe), 3.69 (d, J(H,P)� 11.4 Hz, 3H; OMe), 3.65 (ABX,
J(5,6b)� 5.0 Hz, J(6a,6b)� 10.0 Hz, 1H; H-6b), 0.92 (s, 9H; Si�tBu), 0.90
(s, 9H; Si�tBu), 0.89 (s, 9H; Si�tBu), 0.88 (s, 9H; Si�tBu), 0.15 (s, 3H;
Si�Me), 0.14 (s, 6H; 2� Si�Me), 0.11 (s, 3H; Si�Me), 0.10 (s, 3H; Si�Me),
0.09 (s, 3H; Si�Me), 0.08 (s, 3H; Si�Me), 0.07 (s, 3H; Si�Me) ppm;
13C NMR (100 MHz, CDCl3): �� 173.12 (d, J(1,P)� 2.8 Hz; C-1), 89.26 (C-
4), 80.99 (d, J(2,P)� 13.7 Hz; C-2), 80.39 (d, J(1�,P)� 194.9 Hz; C-1�), 76.47
(C-3), 72.55 (C-5), 63.99 (C-6), 52.00 (d, J(C,P)� 5.4 Hz, OMe), 51.86 (d,
J(C,P)� 5.6 Hz, OMe), 25.88, 25.77, 25.65, 25.63, 18.25, 18.09, 17.79, 17.71,
�3.72, �3.88, �4.32, �4.37, �5.00, �5.46, �5.53 ppm; 31P NMR
(101 MHz, CDCl3): �� 22.01 ppm; MS (DCI-NH3): m/z (%): 741 (100)
[M�H]� ; elemental analysis calcd (%) for C33H73O8PSi4: C 53.47, H 9.93;
found: C 53.51, H 9.93.


Dimethyl (1-deoxy-2,3,5,6-tetra-O-tert-butyldimethylsilyl-�-�-galactofura-
nosyl)methyl phosphonate (19): Compound 18 (1 g, 1.35 mmol) was
dissolved in ethyl acetate (105 mL) and was vigorously stirred at room
temperature under H2 atmosphere (1.5 bar) with palladium hydroxide
(470 mg, 20% Pd on carbon, wet) as catalyst. After 24 h, the catalyst was
removed by filtration through a pad of celite and the filtrate was
concentrated. The residue was purified by chromatography on silica gel
with cyclohexane/AcOEt (4:1) as eluent. Product 19 was obtained as a
colorless oil (826 mg, 82% yield).


[�]19D �10.6 (c� 1.1, CHCl3); 1H NMR (400 MHz, CDCl3): �� 4.32 (tdd,
J(1,2)� 2.8 Hz, J(1,1�a,b)� 6.3 Hz, J(1,P)� 9.7 Hz, 1H; H-1), 4.05 (d,
J(3,4)� 1.1 Hz, 1H; H-3), 3.88 (d, J(1,2)� 2.8 Hz, 1H; H-2), 3.79 (m, 1H;
H-5), 3.78 (d, J(H,P)� 10.9 Hz, 3H; OMe), 3.77 (d, J(H,P)� 10.8 Hz, 3H;
OMe), 3.72 (ABX, J(5,6a)� 3.7 Hz, J(6a,6b)� 10.5 Hz, 1H; H-6a), 3.69
(dd, J(3,4)� 1.1 Hz, J(4,5)� 6.9 Hz, 1H; H-4), 3.59 (ABX, J(5,6b)�
5.4 Hz, J(6a,6b)� 10.5 Hz, 1H; H-6b), 2.17 (AXX�, J(1,1�a,b)� 6.3 Hz,
J(1�,P)� 18.0 Hz, 2H; H-1�a, H-1�b), 0.95 (s, 9H; Si�tBu), 0.92 (s, 18H; 2�
Si�tBu), 0.89 (s, 9H; Si�tBu), 0.15 (s, 3H; Si�Me), 0.14 (s, 3H; Si�Me), 0.12
(s, 3H; Si�Me), 0.11 (s, 6H; 2� Si�Me), 0.10 (s, 3H; Si�Me), 0.08 (s, 6H;
2� Si�Me) ppm; 13C NMR (100 MHz, CDCl3): �� 88.55 (C-4), 79.41 (d,
J(2,P)� 8.0 Hz; C-2), 78.80 (C-3), 75.26 (C-1), 74.50 (C-5), 63.43 (C-6),
52.38 (d, J(C,P)� 6.5 Hz, OMe), 52.22 (d, J(C,P)� 6.4 Hz, OMe), 26.10,
26.02, 25.90, 25.62, 25.25 (d, J(1�,P)� 141.4 Hz; C-1�), 18.52, 18.30, 18.08,
17.73, �4.15, �4.25, �4.31, �4.36, �4.49, �4.90, �5.17, �5.28 ppm; 31P
NMR (101 MHz, CDCl3): �� 32.52 ppm; MS (DCI-NH3): m/z (%): 743
(40) [M�H]� , 760 (100) [M�NH4]� ; elemental analysis calcd (%) for
C33H75O8PSi4: C 53.33, H 10.17; found: C 53.29 10.30.


(1-Deoxy-�-�-galactofuranosyl)methyl phosphonic acid (20): Trimethylsil-
yl iodide (0.9 mL, 6.14 mmol) was added at 0 �C to a solution of 19 (304 mg,
0.41 mmol) in anhydrous carbon tetrachloride (24 mL). The solution was
stirred for 4 h at 0 �C and was then allowed to come to room temperature
for a period of 1 h. The solvent was evaporated and the residue was dried
overnight in vacuo. The residue was dissolved in water and extracted three
times with ether, and the combined aqueous phases were pooled and
lyophilized. The resulting product was dissolved in a minimum amount of
water and applied to a Dowex 50WX8 ± 200 column (Bu3NH� form). The
appropriate fractions (detected by TLC EtOH/NH4OH/H2O 5:3:1) were
pooled and lyophilized to give 20 as a white hygroscopic solid (bistribu-
tylammonium salt, 223 mg, 87% yield). Analysis corresponded to those
previously published.[25]
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Lanthanide(iii) Complexes of Novel Mixed Carboxylic-Phosphorus Acid
Derivatives of Diethylenetriamine: A Step towards More Efficient
MRI Contrast Agents


Jan Kotek,[a, b] Petra Lebdusœkovµ,[a, b] Petr Hermann,[b] Luce Vander Elst,[c] Robert
N. Muller,[c] Carlos F. G. C. Geraldes,[d] Thomas Maschmeyer,[a] Ivan Lukesœ,*[b] and
Joop A. Peters*[a]


Introduction


Metal chelates of the polyaminocarboxylates DTPA5�


(DTPA5� = diethylenetriamine-N,N,N’,N’’,N’’-pentaacetate),
DOTA4� (DOTA4� = 1,4,7,10-tetraazacyclododecane-
1,4,7,10-tetraacetate) and derivatives thereof have found
widespread use in medical diagnosis (e.g. Magnetic Reso-
nance Imaging, MRI; Positron Emission Tomography, PET;
or Single-Photon Emission Computed Tomography, SPECT)
and in radiotherapy.[1±3] These complexes have high thermo-
dynamic and kinetic stabilities, essential features for in vivo
applications, since the metal aqua ions as well as their li-
gands are toxic, whereas the complexes are not. The applica-
bility of radioactive complexes also requires that complexa-
tion should be rapid enough to allow radiolabelling by a
simple procedure just prior to the diagnostic procedure or
the treatment. Complexes of DTPA5� meet this require-
ment, while the formation of complexes of DOTA4� is usu-
ally very slow.
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Abstract: Three novel phosphorus-con-
taining analogues of H5DTPA (DTPA
= diethylenetriaminepentaacetate)
were synthesised (H6L


1, H5L
2, H5L


3).
These compounds have a -CH2-
P(O)(OH)-R function (R = OH, Ph,
CH2NBn2) attached to the central ni-
trogen atom of the diethylenetriamine
backbone. An NMR study reveals that
these ligands bind to lanthanide(iii)
ions in an octadentate fashion through
the three nitrogen atoms, a P�O
oxygen atom and four carboxylate
oxygen atoms. The complexed ligand
occurs in several enantiomeric forms
due to the chirality of the central nitro-
gen atom and the phosphorus atom
upon coordination. All lanthanide com-


plexes studied have one coordinated
water molecule. The residence times
(t298M ) of the coordinated water mole-
cules in the gadolinium(iii) complexes
of H6L


1 and H5L
2 are 88 and 92 ns, re-


spectively, which are close to the opti-
mum. This is particularly important
upon covalent and noncovalent attach-
ment of these Gd3+ chelates to poly-
mers. The relaxivity of the complexes


studied is further enhanced by the
presence of at least two water mole-
cules in the second coordination sphere
of the Gd3+ ion, which are probably
bound to the phosphonate/phosphinate
moiety by hydrogen bonds. The com-
plex [Gd(L3)(H2O)]2� shows strong
binding ability to HSA, and the adduct
has a relaxivity comparable to MS-325
(40 s�1mm


�1 at 40 MHz, 37 8C) even
though it has a less favourable tM value
(685 ns). Transmetallation experiments
with Zn2+ indicate that the complexes
have a kinetic stability that is compara-
ble to–or better than–those of
[Gd(dtpa)(H2O)]2� and [Gd(dtpa-
bma)(H2O)].


Keywords: chelates ¥ imaging
agents ¥ lanthanides ¥ NMR
spectroscopy ¥ phosphinate
complexes ¥ phosphonate com-
plexes


Chem. Eur. J. 2003, 9, 5899 ± 5915 DOI: 10.1002/chem.200305155 ¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 5899


FULL PAPER







MRI contrast agents are mostly Gd3+ complexes, as this
paramagnetic ion has a relatively long electronic relaxation
time, which leads to high nuclear relaxation efficiency. This
is usually expressed as the relaxivity, r1, which is the en-
hancement of the water proton relaxation rate in s�1mm


�1.
Other important parameters governing the relaxivity are the
rotational correlation time (tR), the number of Gd3+-bound
water molecules (q), their residence time (tM) and the elec-
tron spin relaxation times (Tie, i = 1,2). Theory predicts op-
timal efficiency for high-molecular-weight gadolinium(iii)
chelates if the residence time, tM, is in the range of 20±50
ns.[4] All current commercial Gd3+-based contrast agents
have low molecular weights and are hydrophilic. Conse-
quently, these compounds are distributed rather unselective-
ly over the extracellular fluids. More efficient contrast
agents are being developed that may be directed to targets
of interest, thereby achieving higher local concentrations at
lower dosages.[5] These agents usually are conjugates of one
or more Gd3+ chelates and a targeting vector. The criterion
regarding the water exchange rate is particularly critical to
achieve optimal efficiency for this new class of compounds.
The current commercial Gd3+ chelates show water exchange
rates that are an order of magnitude lower than the optimal
value.[1,2, 4,6] Recently, it was shown that phosphorus-contain-
ing analogues of the commercially used [Gd(dota)(H2O)]�


complex have faster water exchange than the parent system.
[7] Similar results were observed on pyridine-containing mac-
rocyclic ligands with phosphonic acid pendant arms.[8,9]


Moreover, these compounds show rapid complex formation,
which makes them suitable for radiodiagnostic and radio-
therapeutic applications. The phosphorus-containing arm
can be functionalised (e.g. with an ester moiety or some
alkyl or aryl group) to afford bifunctional ligands that can
be easily linked to a biologically active compound that de-
termines the biodistribution of the final complex. The inter-
action of a paramagnetic Gd3+ complex with a macromole-
cule results in an increase in relaxivity due to the elongation
of tR.


We have extended these studies to phosphorus-containing
analogues of open-chain DTPA5� complexes. In this paper,
we describe the synthesis and physicochemical characterisa-
tion of lanthanide complexes of three novel DTPA5� deriva-
tives with a phosphorus acid pendant arm on the central ni-
trogen atom of the diethylenetriamine backbone, H6L


1, H5L
2


and H5L
3 (see Scheme 1). Ligand H6L


1 is the parent struc-
ture, while H5L


2 is a ligand that, after appropriate substitu-
tion of the phenyl group, can be linked covalently to a poly-
mer. Ligand H5L


3 has a dibenzylamino moiety attached to
the phosphorus function, a structural motif that has some
similarity with that occurring in MS-325.[10] The Gd3+ com-
plex of the latter ligand is known to be a very efficient
blood-pool contrast agent due to its ability to bind noncova-
lently to human serum albumin (HSA).


Results and Discussion


Synthesis of the ligands : Attempts to build up the ligands
from benzylamine (2) by treatment with tosylaziridine (1),


followed by deprotection of the tosyl groups and alkylation
with ethyl bromoacetate to give a H5DTPA analogue with a
N-benzyl-protected central amino group of the skeleton (5)
were not successful due to the formation of a very stable
lactam (6) after debenzylation (Scheme 2). This lactam was
found to be extremely stable towards hydrolysis; it could be
hydrolysed only under very harsh conditions (i.e., 20%
NaOH, 90 8C, overnight), affording the tetraacetic derivative
(7). Therefore, it was decided first to attach the phosphorus-
containing moiety to the diethylenetriamine backbone. This
was achieved by a Mannich-type reaction between N,N’’-
bis(phthaloyl)diethylenetriamine (8), paraformaldehyde and
the appropriate phosphorus derivative, followed by depro-
tection of phthaloyl moieties with hydrazine. Then, alkyla-
tion of intermediate (10) with ethyl bromoacetate and hy-
drolysis of the ester groups afforded the desired compounds
H6L


1, H5L
2 and H5L


3 in overall isolated yields of 50±80%
(Scheme 3).


Determination of the ligand-protonation constants by using
1H and 31P NMR chemical-shift titrations : Since the thermo-
dynamic stability of the Ln3+ complexes of aminocarboxy-
lates is related to the summed protonation constants of the
free ligand,[11±13] insight into the structural effects on these
constants is desirable. Therefore, the protonation constants
of all the ligands were determined by using the pH depend-
ence of 1H and 31P NMR chemical shifts. The chemical shift
curves (see Figure 1) display sharp changes at several ranges
of pH values; they may be ascribed to the shift dependence
on the changes of the protonation state of the ligand con-
cerned.


Since the protonation equilibria are fast on the NMR
timescale, the chemical shift of each signal can be given as a
weighted average of the shifts of the various protonated spe-
cies (see [Eq. (1)]).[14]


dobs ¼
X


Xi � di ð1Þ


Here dobs is the observed chemical shift of a given signal,
Xi is the molar fraction of species i and di is its chemical
shift. The observed 1H and 31P chemical shifts were fitted si-
multaneously according to Equation (1) by using the dissoci-
ation constants (pKai) and the values of di as adjustable pa-


Scheme 1. Molecular structures of a) the ligands discussed and of b)
H5DTPA, c) atom-labelling scheme for NMR assignment.
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rameters. The fits of experimental data points are shown in
Figure 1, and the resulting pKa and di values are compiled in
Table 1 and the Supporting Information (Tables S1±S3), re-
spectively. For comparison, pKa values for H5DTPA report-
ed in the literature[15] are included in Table 1.


The 1H NMR chemical shifts, Ddn
i , calculated for each


proton Hi at the various degrees of protonation of the li-
gands (L1)6�, (L2)5� and (L3)5� (see Tables S1±S3) were then
used to evaluate the protonation fractions fi (i = 1±5) at the
nitrogen and oxygen basic sites of the ligands (Scheme 1c)
for their successive protonated forms, with the empirical


procedure of Sudmeier and Reilley.[14] This assumes that the
chemical shifts of methylene protons in aminocarboxylates
can be estimated by considering the effects of protonation
of various basic sites to be additive and characteristic for
the position of the given methylene group with respect to
the protonation site, as expressed in Equation (2).


Ddni ¼
X


CNfN þ
X


CN0 fN þ
X


COfO þ
X


CPfP ð2Þ


The protonation shifts of the methylene groups of the di-
ethylenetriamine backbone reflect the protonation fractions
of each of the terminal N(1) (f1) and the central N(2) (f2) ni-
trogen atoms of the ligands through the shielding constants
CN and CN’ for the protonation of those amino groups, when


they are at an a or b position,
respectively, relative to those
methylene groups (values of CN


= 0.75 ppm and CN’ = 0.35
ppm have been listed).[14,15] The
protonation fractions of the
oxygen atoms at the terminal
carboxylates O(3) (f3) and at
the central phosphonate group


Scheme 2. Unsuccessful approach to ligand synthesis–formation of
lactam (6), reagents: i) HBr; ii) BrCH2COOEt, NaOH; iii) H2, Pd/C; iv)
NaOH.


Scheme 3. Synthesis of H6L
1 (R = OH), H5L


2 (R = Ph) and H5L
3 (R =


CH2N(CH2Ph)2); reagents: i) HP(O)(R)(OEt), CH2O; ii) N2H4; iii)
BrCH2COOEt; iv) HCl or NaOH.


Table 1. Dissociation constants (pKa) of the ligands studied (0.1m, 25 8C) and comparison with those of
H5DTPA.


pKa1 pKa2 pKa3 pKa4 pKa5 �pKa


H6L
1 10.747(5) 7.88(2) 6.92(7) 2.7(2) 2.17(6) 30.4


H5L
2 9.60(5) 9.10(4) 2.63(19) 2.15(12) 0.72(14) 24.2


H5L
3 10.1(1) 9.4(2) 7.13(2) 1.32(5) 28.0 (20.8)[a]


H5DTPA[15] 10.2 8.6 4.2 2.9 1.8 27.7


[a] Values in parenthesis exclude the pKa value associated with protonation of side-chain nitrogen atom.
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O(4) (f4) were also calculated by using shielding constants
CO = 0.20 ppm for a-carboxylate protonation[15] and CP =


0.20 ppm for a-phosphonate/phosphinate protonation.[16,17]


The results are given in Table 2 together with data for
DTPA5� reported previously.[15] It can be seen that the first
two protons bind exclusively to the backbone nitrogens in
the three cases. The first protonation of the phosphonate
ligand (HL1)5� takes place mainly on the central nitrogen
atom of the backbone (f2), whereas in HDTPA4� and
(HL3)4�, the preference for the central nitrogen is somewhat
less, so that the central nitrogen atom is protonated to about
the same extent as the sum of the two terminal ones. This is
in agreement with the basicity of the nitrogen atom in ami-
nomethylphosphonates, which is generally higher than that


in aminomethylcarboxylates.[13] However, aminomethylphos-
phinates are less basic than the corresponding aminomethyl-
carboxylates; this explains why the central nitrogen atom
(f2) of the phenylphosphinic derivative (L2)5� is only poorly
protonated in the monoprotonated species (HL2)4�. In all
cases, the protons of the (H2L)


x� species are located mainly
on the outer nitrogen atoms (f1), this can be rationalised by
the electrostatic repulsion between the two incoming protons.


For n>2, the protonation also involves the basic atoms
located at the pendant arms of the ligands. For the ligand
(L1)6�, the fi values show that the third protonation step
mainly occurs at the phosphonate moiety; this is in agree-
ment with its value of pKa3 (6.92) being close to the pKa


values commonly observed for phosphonates.[18] The next


Figure 1. 1H and 31P NMR chemical-shift titration curves of 0.1m solutions of H6L
1 (a,b), H5L


2 (c,d) and H5L
3 (e,f) in H2O/D2O (9:1 v/v) at 25 8C and 7 T.


Vertical lines mark the dissociation constants (for values, see Table 1). For labelling of hydrogen atoms see Scheme 1c: a (^), b (&), c (*), d (~), e (^), f
(~).
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proton is mainly equally distributed over the four carboxy-
late oxygens, while the fifth shows a preference for the cen-
tral nitrogen. In the cases of the phosphinate derivative li-
gands, (L2)5� and (L3)5�, the central phosphinate oxygen is
never protonated (f4 = 0) under the conditions applied (2<
pH<13), but the value of pKa3 of the second ligand (7.13)
corresponds to protonation of the dibenzylamino moiety, as
shown by the value f5 = 100% (Table 2) and the shifts of
the protons e and f next to the N(5) atom of its side chain
(Figure 1f). Thus, for the (L2)5� ligand, the third proton is
about equally distributed over the four carboxylate oxygens,
while the fourth binds preferentially to the central nitrogen.
However, in the case of (L3)5�, the fourth proton is almost
equally distributed over the four carboxylate oxygens and
the central nitrogen atom.


This protonation scheme is qualitatively confirmed by the
31P NMR titration curves (Figure 1a,c,e). Protonation of
N(2) dramatically affects the charge density of the phospho-
rus atom of the phosphonate group, and to a lesser extent
that of the phosphinate group. This can be ascribed to for-
mation of a strong intramolecular hydrogen bond between
N(2)H+ and the phosphonate O� , forming stable five-mem-
bered rings and resulting in a shift of the 31P resonance to
low frequency.[17,19] This can be seen in Figure 1, where low-
frequency 31P shifts are observed when N(2) and/or N(5) are
protonated. Deprotonation of N(2) or protonation of the
phosphonate/phosphinate group leads to high-frequency 31P
shifts, as both processes lead to the disappearance of the in-
ternal NH+ ¥¥¥O� bonds.[17]


The sum of the pKa values of the atoms of the ligand that
are involved in binding to the Ln3+ ion of H6L


1, H5L
2 and


H5L
3 (for the last one, thus excluding the pKa value associat-


ed with the protonation of the side-chain nitrogen atom,
Table 1) is a good indication of the thermodynamic stability
of the lanthanide complexes. Their values indicate that the


complexes of the first two ligands will be comparable with
those of the corresponding H5DTPA complexes, whereas the
protonation of the side-chain nitrogen of the third ligand is
expected to lead to a somewhat reduced stability of the cor-
responding complexes.


The hydration numbers of the lanthanide complexes of
H6L


1, H5L
2 and H5L


3 as determined from the lanthanide-in-
duced water 17O NMR shifts : The 17O NMR chemical shifts
for water oxygen in 0.2m solutions of complexes of all li-
gands with 14 different Ln3+ ions were measured at 40.7
MHz, 70 8C and pH 5±6. Under these conditions, the ex-
change between the Ln3+-bound and bulk-water protons
was rapid on the NMR timescale. Therefore, the observed
chemical shifts with respect to free water (dobs, see Table S4
in the Supporting Information) are related to those of Ln3+-
bound water (dM) by Equation (3), in which q is the number
of water molecules in the first coordination sphere of Ln3+


and 1w is the Ln3+/water molar ratio in the sample. The
bound shifts comprise diamagnetic (dd), contact (dc) and
pseudocontact contributions (dp) [see Eq. (4)].[20]


dobs ¼ q � 1w � dM ð3Þ


dM ¼ dd þ dc þ dp ð4Þ


The contact contribution is the result of a through-bond
transmission of unpaired-electron-spin density from the cen-
tral ion to the ligand nucleus, and the pseudocontact contri-
bution results from a dipolar interaction between the mag-
netic moment of the central ion and the nucleus in question.
Both paramagnetic contributions, dc and dp, can be ex-
pressed as the product of lanthanide-dependent but ligand-
independent constants (hSzi and CD, respectively) and terms
characteristic for the nucleus under study (F and G, respec-
tively) as given in Equation (5).


D ¼ dobs=1w ¼ qðhSzi � F þ CD �G þ ddÞ ð5Þ


Values for hSzi and CD are tabulated in the literature.[21±25]


For isostructural complexes, the ligand-dependent parame-
ters F and G for the water 17O nucleus are the same for all
paramagnetic Ln3+ ions, and thus Equation (5) can be line-
arised in two different ways [Eqs. (6) and (7), in which D’ =
D�q¥dd].


[20] In other words, if the observed data afford
linear plots according to Equations (6) and (7), it may be
concluded that the complexes concerned are isostructural.


D�q � dd
CD


¼ D0
CD


¼ hSzi
CD


q � F þ q �G ð6Þ


D�q � dd
hSzi


¼ D0
hSzi


¼ q � F þ CD
hSzi


q �G ð7Þ


It has previously been shown that the value of parameter
F is in the narrow range of 70
11 for one coordinated
oxygen-donor atom, independent of the nature of that atom
and of the other ligands present in the Ln3+ complex.[20]


Thus, the slopes of the plots of the experimental data ac-
cording to Equation (6) are proportional to the number of


Table 2. Percent protonation fractions of the different basic sites of the
ligands (L1)6�, (L2)5�, (L3)5� and DTPA5� in the protonated forms HnL


x�


at increasing values of n (for DTPA5�, f3 and f4 correspond, respectively,
to the terminal and central carboxylates. The errors in fi values are

10%).


HnL
x� f1 f2 f3 f4 f5


(HnL
1)(n�6)�


n=1 13 74 0 0 ±
n=2 92 16 0 0 ±
n=3 100 17 0 83 ±
n=4 100 20 20 100 ±
n=5 100 76 31 100 ±
(HnL


2)(n�5)�


n=1 46 8 0 0 ±
n=2 100 0 0 0 ±
n=3 100 8 23 0 ±
n=4 100 48 38 0 ±
(HnL


3)(n�5)�


n=1 23 54 0 0 0
n=2 94 12 0 0 0
n=3 98 4 0 0 100
n=4 100 18 16 0 100
(HnDTPA)(n�5)� [15]


n=1 26 41 0 0 ±
n=2 87 16 5 0 ±
n=3 80 64 0 76 ±
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water molecules coordinated in the inner sphere of the Ln3+


ion.
The observed chemical shifts for the diamagnetic La3+


and Lu3+ complexes of the ligands under study were taken
as q¥dd. Plots of the values of D’ for the Ln3+ complexes of
the ligands studied according to Equation (6) were perfectly
linear (see Figure 2a,c,e). The slopes of the lines and thus
the values of q¥F are �59, �65 and �70 for complexes of
H6L


1, H5L
2 and H5L


3, respectively. The values of q¥F are
close to that observed for H5DTPA (�53),[26] in agreement
with the presence of one water molecule in the inner coordi-
nation sphere of the Ln3+ ion for these complexes. This
structural feature is the most common motif in the chemis-
try of Ln3+ complexes of H5DTPA and related ligands.[1]


The plots according to Equation (7) (see Figure 3b,d,f)
show a break between lighter (Ln = Ce!Eu) and heavier
(Ln = Tb!Yb) Ln3+ ions, whereas the plots according to
Equation (6) are linear. Such a break, observed exclusively
in the former plots, can be ascribed to some small gradual
changes of complex geometry[27] and/or to a change of crys-
tal-field parameters along the lanthanide series.[28]


The pH dependence of the 17O NMR shifts was studied in
some detail for the Dy3+ complex of H5L


2. A plot of the D


values for this system as a function of the pH (see Support-
ing Information Figure S1) shows that, at pH close to 0, the
value of D (�21000 ppm) is almost the same as that ob-
served for the free Dy3+±aqua ion (�21685 ppm), which has
eight water molecules coordinated to the Dy3+ ion. Upon
increase of the pH to 2.5, the value of D changes to about


�3600 ppm; this reflects the substitution of 7 coordinated
water molecules by the organic ligand, H5L


2. Between pH
2.5 and 9.5, D is invariant, and no precipitation of hydrox-
ides is observed; once again, this demonstrates the high sta-
bility of the complex formed.


Structure of the lanthanide complexes of H6L
1 and H5L


2 in
solution as determined from 13C and 31P relaxation enhance-
ments : The coordination number of Ln3+ ions in complexes
of polyaminocarboxylates is, in general, nine. The 17O NMR
measurements described above show that one water mole-
cule is bound in the first coordination sphere of the Ln3+


ion in the complexes of H6L
1, H5L


2 and H5L
3. Therefore, it


is most likely that these ligands are bound in an octadentate
fashion, with binding occurring through the three nitrogen
atoms of the backbone, four carboxylate oxygen atoms and
one phosphonate/phosphinate oxygen atom. This is a bind-
ing mode similar to that of H5DTPA itself. The NMR spec-
tra of the Ln3+ complexes all displayed multiple resonances
for the various types of nuclei. For example, the 13C NMR
spectrum of the diamagnetic complexes [Y(L1)(H2O)]3� and
[Y(L2)(H2O)]2� at 25 8C showed two resonances in the car-
boxylate region (intensities 1:1) and some broad signals for
the aliphatic 13C nuclei. This indicates that several isomers
of these complexes exist in solution and are in exchange
with each other.


To support the coordination mode proposed, we evaluated
the Nd3+�C and Nd3+�P distances from the 13C and 31P par-
amagnetic lanthanide-induced longitudinal-relaxation-rate


enhancements. The Nd3+ ion
was selected for this purpose,
since it has the longest elec-
tron-spin-relaxation times
among the light Ln3+ ions (Ln
= Ce!Eu). The measurements
were performed at 80 8C, at
which temperature the spectra
displayed relatively sharp lines
(Dn1/2<10 Hz). In order to cor-
rect for diamagnetic contribu-
tions, the relaxation rates of the
corresponding La3+ complexes
were subtracted from the meas-
ured values for the Nd3+ com-
plexes. Under the conditions
employed, the 13C NMR spectra
of the Nd3+ complexes of H6L


1


and H5L
2 showed two carboxyl


resonances, two resonances of
carboxymethyl methylenes, two
signals of the diethylenetria-
mine backbone and one dou-
blet for the central methylene
carbon, whereas the 31P NMR
spectra showed a single reso-
nance. Since the outer-sphere
contribution to longitudinal re-
laxation rates (1/T1,OS) becomes
significant only for remote


Figure 2. Linearisation of lanthanide-induced 17O NMR shifts observed in D2O solutions of the Ln3+ com-
plexes of H6L


1 (a,b), H5L
2 (c,d) and H5L


3 (e,f) according to Equations (6) and (7).
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nuclei, this was neglected. From the electron-spin relaxation
for Nd3+ (T1e�10�13 s),[29] it can be estimated that the con-
tact contribution to the paramagnetic relaxation is negligi-
ble. Therefore, two contributions are of importance: the di-
polar relaxation and the Curie relaxation. These are repre-
sented by a combination of a simplified Solomon±Bloember-
gen equation with one for Curie relaxation, giving Equation
(8):[20]


1
T1


¼
�
4
3


�
m0
4p


�2
� m2 � g2I � b2 � T1e


þ
�
6
5


�
m0
4p


�2 g2I �H2
0 � m4 � b4


ð3kBTÞ2
�
� tR


�
1
r6


ð8Þ


Here m0/4p is the permeability of a vacuum, m is the effec-
tive magnetic moment of Nd3+ , gI is the gyromagnetic ratio
of the nucleus under study (13C and 31P), b is the Bohr mag-
neton, T1e is electronic spin relaxation time for Nd3+ ,[29] H0


is the strength of the magnetic field, kB is the Boltzmann
constant, T is the temperature, tR is the rotational correla-
tion time for the complex species and r is the distance of
Nd3+ to the nuclei in the complex. This equation can be
used to calculate the Nd3+�C and Nd3+�P distances r. For
these calculations, values of tR at 80 8C of the corresponding
Gd3+ complexes (23.1 ps for [Nd(L1)(H2O)]3� and 33.2 ps
for [Nd(L2)(H2O)]2�) were employed. These values were
evaluated from variable-concentration 2H NMR data per-
formed on the deuterated La3+ complexes by using the acti-
vation energy for tR as obtained from the fitting of the 17O
and nuclear magnetic relaxation dispersion (NMRD) data
(see below).Table 3 lists the experimental values of longitu-
dinal relaxation rates observed for Nd3+ and La3+ com-
plexes, together with the Nd3+�C and Nd3+�P distances cal-
culated from them by using Equation (8). For comparison,
results obtained for complexes of H5DTPA and its bis(ami-
de)derivatives reported previously[26,30,31] have been included
in the Table. The similarity of these values confirms the pro-
posed octadentate binding mode (similar to structures of
well-known complexes of H5DTPA) of the new ligands in
their lanthanide complexes.


Interconversion between isomers of the Ln3+ complexes of
the ligands under study : Upon binding of the ligands H6L


1,
H5L


2 and H5L
3 to a Ln3+ ion in an octadentate fashion


through the diethylenetriamine nitrogen atoms, a phospho-
nate/phosphinate oxygen atom and four carboxylate oxygen
atoms, the central nitrogen atom and the phosphorus atom
become chiral. An inspection of crystal structures of Ln3+


complexes of DTPA derivatives has shown that the two eth-
ylene moieties can adopt either a ll or a dd conforma-
tion.[32,33] Therefore, this is most likely to also be the case
for the presently studied ligands. Then, four enantiomers
(two diastereomeric pairs) are possible: llR, llS, ddR and
ddS, where R and S denote the chirality of the phosphorus
atom. In a static situation, all 13C nuclei in an isomer are
chemically different. Therefore, for example four carboxy-
late resonances should be expected for each diastereomeric
pair, leading to an expected total number of eight carboxy-
late resonances.


The variable-temperature behaviour of the 13C NMR
spectrum of the diamagnetic [Y(L2)(H2O)]2� complex was
studied in some detail. At 0.5 8C, four carboxylate resonan-
ces of about equal intensity were observed. Upon increasing
the temperature, these resonances broadened and coalesced
to two resonances at about 9 8C, and sharpened again upon
further temperature increase. Similar behaviour was ob-
served for the other 13C resonances; this indicates that a rac-
emisation process becomes rapid on the NMR timescale.
Racemisation of the central nitrogen atom can be achieved
by a wagging motion of the diethylenetriamine moiety,
which interconverts its ll and dd conformations. The phos-
phorus atom can racemise by decoordination of the phosphi-
nate moiety followed by ™inversion∫ of the phosphorus
atom, that is, rotation around the CH2�P bond and recoordi-
nation. Apparently, one of these two racemisation processes
is already rapid on the NMR timescale at 0.5 8C, whereas
the other becomes fast above 9 8C. From the coalescence
temperature of the carboxylate resonances (9 8C), the free
enthalpy of activation of the exchange process concerned
(DG282) can be estimated to be 56
3 kJmol�1. The value is
in the range of DG values generally found for the racemisa-


Table 3. Observed longitudinal relaxation rates in La3+ and Nd3+ complexes of ligands H6L
1 and H5L


2 and calculated nonbonding distances r(Nd-P) and
r(Nd-C).


longitudinal relaxation rates 1/T1 [s
�1] distances from Nd3+ [ä]


atom La�H6L
1 Nd�H6L


1 La�H5L
2 Nd�H5L


2 H6L
1 H5L


2 H5DTPA[a] H3DTPA-bis(amides)[b]


P 0.356 10.06 0.291 9.73 3.49 3.52
CO 0.17[c] 6.02±6.25[c] 0.10[c] 6.29±8.93[c] 3.22±3.24[c] 3.03±3.22[c] 3.15±3.20 3.14±3.30
N-CH2-CO 2.56[c] 7.04±7.46[c] 2.62[c] 7.52±7.69[c] 3.33±3.38[c] 3.33±3.35[c] [d] 3.20±3.59
N-CH2-P 3.00[e] 5.39[e] 1.72 8.71 3.76[e] 3.15 3.17[f] 3.14±3.30[f]


CH2-N-CH2-P 3.11 6.99 3.10 7.52 3.47 3.41 3.48[g] 3.04±3.48[g]


CH2-N-CH2-CO 2.82 7.09 3.11 8.40 3.41 3.30 3.21 3.04±3.48
P-C(arom) ± ± 0.11 1.96 ± 3.94 ± ±
C(arom-o) ± ± 0.72 1.29 ± 4.79 ± ±
C(arom-m) ± ± 0.70 0.89 ± 5.75 ± ±
C(arom-p) ± ± 1.28 1.41 ± 6.13 ± ±


[a] Taken from ref. [26]. [b] Taken from ref. [31]. [c] Two different signals of equal intensity are found in 13C NMR spectra. [d] Not determined. [e] The
signal has low intensity and overlaps others; this makes it unsuitable for the determination of relaxation rates. [f] Value corresponding to the signal of an
acetate pendant moiety bound to the central nitrogen atom. [g] Value corresponding to the signal of a backbone carbon atom bound to the central nitro-
gen atom.
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tion of the central nitrogen atom in Ln3+ complexes of
H5DTPA and its derivatives;[32,33] this suggests that the ex-
change process observed here can be assigned to such a rac-
emisation. The racemisation at the phosphorus atom has a
considerably lower barrier, as at 0 8C the exchange between
the corresponding two enantiomeric forms is already rapid
on the NMR timescale.


These results were confirmed by a variable-temperature
and variable-pH study of the 1H and 31P NMR spectra of a
0.1m aqueous solution of the diamagnetic [La(L3)(H2O)]2�


complex. The 31P and 1H NMR signals of the complex were
quite broad at 25 8C, but considerably sharpened at 60 8C.
The proton resonances were assigned with the aid of a
COSY spectrum at 60 8C, pH 6.4. A value of pKa = 6.58(4)
was obtained from fitting the pH dependence of the 31P and
He and Hf resonances of the [La(L3)(H2O)]2� complex, with
the protonation shift values indicating that the process
occurs at the side-chain N(5) atom. At 60 8C, two resonances
of about equal intensity were observed for each of the back-
bone (Hc,c’, Hd,d’) and acetate (Ha,a’, giving two AB patterns
with 2JHH values of 16.6 Hz) protons of the complex, while
only one sharp resonance was observed for each of the side-
chain protons (singlet Hf, doublets He and Hb with 2JPH
values of 9.8 and 8.0 Hz, respectively). This again indicates
that at 60 8C the racemisation processes for the central nitro-
gen and the phosphorus atom are rapid on the NMR time-
scale.


Evaluation of rotational correlation times by 2H NMR : The
rotational correlation time, tR, is one of the parameters gov-
erning the relaxivity of a Gd3+ complex. Usually, a relatively
large discrepancy exists between the t298R values evaluated
from the 1H and 17O NMR data. Therefore, we decided to
determine the rotational correlation times independently
using the deuterium longitudinal relaxation rates of the deu-
terated ligands [D8]H6L


1, [D8]H5L
2 and [D8]H5L


3 in their dia-
magnetic La3+ complexes.[34] In such a diamagnetic system,
the deuterium relaxation depends only on quadrupolar in-
teractions and is given by Equation (9):


R1 ¼ 1
T1


¼ 3
8


�
e2qQ
�h


�2
tR ð9Þ


The quadrupolar coupling constant (e2qQ/�h) has a value
of 170î2p kHz for an sp3-hybridised C�2H bond. It has
been demonstrated that tR values obtained in this way agree
well with those obtained from 1H NMRD measurements.[34]


The 1/T1 values and, therefore, also the tR values for 2H in
samples of the La3+ complexes of the deuterated ligands
were found to be dependent on the concentration of the
complex for concentrations varying between 4 and 200 mm


(Figure 3). Extrapolation of the curves in Figure 3 to the
concentration used in the NMRD measurements (1 mm, see
below) gave estimated values of 86, 110 and 121 ps for t298R


of the Gd3+ complexes of [D8]H6L
1, [D8]H5L


2 and [D8]H5L
3,


respectively. The trend of these t298R values agrees with the
expected increase of the rotational correlation time upon in-
crease of the molecular volume.


Evaluation of the parameters governing the relaxivity from
a variable-temperature 17O NMR and 1H NMRD study on
the Gd3+ complexes : From a comparison of the observed
longitudinal (T1) and transversal (T2) relaxation times and
the frequencies (w) of the 17O NMR signal of water in the
presence of Gd3+ complexes and the same parameters of
the signal of pure water, the corresponding reduced parame-
ters T1r, T2r and Dwr were calculated by using Equations (10)
and (11):


1=Tir ¼ 1=Pmð1=Ti�1=TiwÞ; i ¼ 1; 2 ð10Þ


Dwr ¼ 1=Pm:ðw�wwÞ ð11Þ


Here, the index ™w∫ denotes the variable corresponding
to pure water and Pm is the molar fraction of coordinated
water. The calculated reduced variables are plotted in
Figure 4a±f and listed in the Supporting Information
(Tables S5±S7).


The magnetic-field dependence of the proton longitudinal
relaxation was recorded as 1H NMRD profiles at 5, 25 and
37 8C. The relaxation rates are, as usual, expressed in terms
of relaxivity (r1) in s


�1mm
�1 (see Figure 4g±i).


The 17O NMR and 1H NMRD data obtained were fitted
with the sets of equations usually used to predict variable-
temperature 17O NMR data, with the Solomon±Bloember-
gen±Morgan equations (which describe the field dependency
of the inner-sphere relaxivity, r1) and with the Freed equa-
tion for the outer-sphere contribution of the relaxivity.[35]


The set of equations used is given in the Supporting Infor-
mation.


17O NMR and 1H NMRD data are influenced by a large
number of parameters, many of which are common for these
measurements. The fittings of these data were performed si-
multaneously; this has the advantage of putting constraints
on these common parameters. Further constraints were ach-
ieved by fixing some of the parameters. It was assumed that
the number of inner-sphere water molecules, q, is 1, the
value that was obtained from the analyses of the Ln3+-in-
duced 17O NMR shifts of bound water in the complexes
under study (see above). The distance between Gd3+ and
the oxygen atom of the coordinated water molecule, which
is usually not dependent on the nature of the coordinated
ligand,[36] was fixed at 2.5 ä. The distance between Gd3+


Figure 3. Rotational correlation times at 298 K (t298R ) obtained from solu-
tions of [La([D8]L


1)(H2O)]3� (&), [La([D8]L
2)(H2O)]2� (^) and


[La([D8]L
3)(H2O)]2� (~) in H2O at different concentrations.
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and a water proton was fixed at 3.1 ä, whereas the distance
of closest approach of a water molecule to Gd3+ , aH, was
fixed at 3.5 ä. The value of EV, the activation energy of the
correlation time tv, was fixed at 1 kJmol�1. Attempts to
unfix this parameter led to negative values of the activation
energy. The hyperfine coupling constants A/�h were fixed at
the values calculated from the F values obtained from the
17O NMR studies described above and by using Equation
(12), in which b is the Bohr magneton, k is the Boltzmann
constant and gI is the 17O magnetogyric ratio. Furthermore,
the quadrupolar coupling constant of the bound water,
c(1+h2)1/2, was taken equal to that determined recently for
the complex [Gd(dota)(H2O)]� of 5.2 MHz.[37]


F ¼ b


3kTgI


A
�h
106 ð12Þ


Fitting of the data with a single rotational correlation
time resulted in bad fits, whereas separate fitting of the 17O
and NMRD data resulted in good fits, but with different tR
values. This may be ascribed to the large difference in con-
centration at which the 17O (200 mm) and the NMRD meas-


urements (1 mm) were carried out (see above).[34] Further-
more, the 17O and 1H relaxation rates are modulated by ro-
tation of the Gd�O and the Gd�H vectors, respectively. It
may be expected that these rotations have different correla-
tion times.[37] Therefore, two rotational correlation times
were taken into consideration, tHR and tOR. The parameter tHR
was fixed at the values obtained from the 2H NMR meas-
urements (see above).


A comparison of the values of the fitted parameters of
the complexes under study with those of [Gd(dtpa)(H2O)]2�


(see Table 4) reveals significant differences in the parame-
ters related to the electronic relaxation (the square of the
zero-field-splitting tensor, D2, and the corresponding correla-
tion time, tv and, particularly, in the diffusion coefficient,
DGdH, (see Table 4), which is unexpectedly low. DGdH de-
pends on the self-diffusion coefficients of the Gd3+ complex
concerned, Dcomplex, and that of water, Dwater [Eq. (13)].


DGdH ¼ Dcomplex þ Dwater ð13Þ


Since Dwater at 298 K is 2.23î10�9 m2s�1,[38] it should be ex-
pected that D298


GdH is larger than this value. The relatively low


Figure 4. Simultaneously fitted data from 17O NMR and 1H NMRD measurements of [Gd(L1)(H2O)]3� (a,d,g), [Gd(L2)(H2O)]2� (b,e,h) and
[Gd(L3)(H2O)]2� (c,f,i). First row (a,b,c): the temperature dependence of logarithms of the reduced relaxation rates (upper line (~) corresponds to T2r,
lower line (&) corresponds to T1r). Second row (d,e,f): the temperature dependence of the reduced frequency (^). Third row (g,h,i): proton-relaxivity de-
pendence on the magnetic field at 37 8C (^), 25 8C (~) and 5 8C (&).
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values obtained for D298
GdH indicate that the outer-sphere con-


tribution to the total relaxivity is overestimated in the calcu-
lations. Most likely, this is due to an unaccounted contribu-
tion of water molecules in the second coordination sphere
of Gd3+ , which may be bound to the ligand through hydro-
gen bonds to, for example, the negatively charged phosphi-
nate/phosphonate group.[39] To account for such a contribu-
tion of second-sphere water molecules, we included a series
of equations that are similar to those for the inner-sphere
contribution (see Supporting Information). It should be
noted, however, that it is very difficult to evaluate the
second-sphere parameters because strong correlations exist
among some of them. Moreover, the second-sphere water
protons probably do not occupy a unique location but may
exchange among various sites. We fixed the distance be-
tween the Gd3+ ion and the protons of the second-sphere
water molecules, rH2s, at 3.5 ä in the fitting procedure. Fur-
thermore, the values of DT


water at various temperatures were
calculated with the semiempirical relationship proposed by
Hindman [Eq. (14)].[38] The size of the Gd3+ complexes of
H6L


1, H5L
2 and H5L


3 is much larger than that of water and,
consequently, the self-diffusion constants of these complexes
will be much smaller than that of water. In the present fit-
tings Dcomplex was, therefore, neglected.


�lnDT
water ¼ ln ½3:11815� 10�4 eð5:06258�103=TÞ


þ 1:54792� 102 eð1:62931�103=TÞ�
ð14Þ


A good fit was obtained by assuming about two second-
sphere water molecules (q2s�2). The resulting optimised pa-
rameters are included in Table 4, and the results are also
shown as curves in Figure 4g±i. Now, the optimised parame-
ters obtained all compare well with those previously report-


ed for [Gd(dtpa)(H2O)]2�.[36] The residence times of these
second-sphere water molecules (t298M2s = 35±60 ps) are of the
same magnitude as those obtained for other systems.[39±41]


Although the accuracy of the second-sphere parameters ob-
tained may be low due to the many assumptions made, it is
clear that at least two second-sphere water molecules, with a
residence time that is sufficiently long to be detected, have
to be included in the model to adequately explain the
NMRD profile. Aime et al.[42] have reported that two
second-sphere water molecules are present in [Gd(pcp2a)-
(H2O)2]


� , a complex of a pyridine containing macrocycle
bearing one methylenephosphonic and two acetate arms.
Apparently, phosphonate/phosphinate groups are capable of
forming hydrogen bonds to two water molecules. Previously,
it has been shown that second-sphere water molecules con-
tribute to the relaxivity of several other phosphonate-bear-
ing ligands including [Gd(dotp)]5� (H8DOTP = 1,4,7,10-tet-
raazacyclododecane-1,4,7,10-tetrakis(methylphosphonic
acid)).[42]


While the results of simultaneous fits of the present data
gave a t289R O/t


289
R H ratio of 2.7±3.0, the concentration depend-


ence of tR as determined from 2H NMR (see above) gave
an estimate of this ratio of about 1.4 for equal concentra-
tions. The latter value (1.4) is in agreement with that report-
ed by Dunand et al. for the [Gd(dota)(H2O)]� complex.[37]


The differences between t289R H and t289R O may be ascribed to
differences in the rotation rates of the Gd3+�H and
Gd3+�O vectors.


The residence time of the Gd3+-bound water molecule,
tM, is an important parameter with regard to the efficiency
of an MRI contrast agent. The theoretical curve of the re-
laxivity as a function of tM has a sharp maximum between
20 and 50 ns.[1,2,4] The values of t298M for the [Gd(L1)(H2O)]3�


and [Gd(L2)(H2O)]2� systems (88 and 92 ns, respectively)


Table 4. Parameters for Gd3+ complexes as obtained from the simultaneous fitting of 17O NMR and 1H NMRD data by using a model including second-
sphere water molecules and a model without second-sphere water molecules (see text), compared with literature values for [Gd(dtpa)(H2O)]2� complex.


Parameter [Gd(L1)(H2O)]3� [Gd(L2)(H2O)]2� [Gd(L3)(H2O)]2� [Gd(dtpa)(H2O)]2� [a]


no 2nd sphere 2nd sphere no 2nd sphere 2nd sphere no 2nd sphere 2nd sphere no 2nd sphere


t298M [ns] 62
20 88
26 74
25 92
29 543
120 685
297 303
DH# [kJmol�1] 38
10 41
8 36
9 37
8 29
10 37
9 51.6
t298R H [ps] 86.4[b] 86.4[b] 109.5[b] 109.5[b] 121.0[b] 121.0[b] 58
ER [kJmol�1] 14
2 21
3 15
3 19
3 20
3 23
3 17.3
t298R O/t


298
R H 2.3
0.4 2.7
0.4 2.5
0.4 2.7
0.4 3.5
0.4 3.7
0.4 ±


t298V [ps] 30
3 22
3 34
3 26
3 31
3 25
3 25
EV [kJmol�1] 1[b] 1[b] 1[b] 1[b] 1[b] 1[b] 1.6
D2 [1020 s�2] 0.29
0.03 0.45
0.09 0.22
0.02 0.32
0.06 0.26
0.03 0.36
0.02 0.46
dgL


2 [10�2] 5
2 6
2 8
2 8
3 12
2 11
2 1.2
Ah�1 [106 rads�1] �3.28[b] �3.28[b] �4.2 �3.61[b] �3.69[b] �3.69[b] �3.8
D298


GdH [10�10 m2 s�1] 14.3
0.7 22.75[c] 13.2
0.5 22.75[c] 12.4
0.6 22.75[c] 20
EDGdH [kJ mol�1] 28.7
3 ± 39.6
3 ± 25
3 ± 19.4
rGdO [ä] 2.50[b] 2.50[b] 2.50[b] 2.50[b] 2.50[b] 2.50[b] 2.20
c(1+h2/3)1/2 [MHz] 5.2[b] 5.2[b] 5.2[b] 5.2[b] 5.2[b] 5.2[b] 14
q2s 0 2.2
0.4 0 2.0
0.3 0 1.9
0.3 ±
rGdH2s [ä] ± 3.5[b] ± 3.5[b] ± 3.5[b] ±
t298M2s [ps] ± 35
8 ± 50
9 ± 60
10 ±
DH2s [kJ mol�1] ± 36
11 ± 48
12 ± 35
10


ln(1/T2e) exp
[d] 23.65 23.47 23.25


ln(1/T2e) calcd
[e] 22.53 22.24 22.35


[a] Taken from ref. [36]. [b] Parameters were fixed during the fitting. [c] Calculated with Equation (14), [d] Determined from EPR line widths; [e] Calcu-
lated by using fitted parameters.
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are close to the optimum value. These tM values are lower
than those of the current commercial contrast agents. For
example, [Gd(dtpa)(H2O)]2� and [Gd(dota)(H2O)]� have
t298M values of 303 and 243 ns, respectively.[36] Consequently, it
may be expected that very efficient MRI contrast agents can
be obtained from [Gd(L2)(H2O)]2� by increasing its tR value
through covalent or noncovalent binding to macromolecules.
Unfortunately, the t298M value of the [Gd(L3)(H2O)]2� com-
plex is considerably higher (685 ns) and, thus, it may be ex-
pected that for this complex tM is limiting the relaxivity
upon binding to a high-molecular-weight compound.


It has been shown that the water exchange in Gd3+-polya-
minocarboxylates with one Gd3+-bound water generally
takes place through a dissociative mechanism.[35] Then,
steric strain at the water site may increase the energy of the
initial state and, therefore, decrease the activation energy.
The decrease in t298M upon replacement of the central �
CH2COO� moiety in [Gd(dtpa)(H2O)]2� by a �CH2PO3


2� to
form [Gd(L1)(H2O)]3� may be rationalised by an increase in
steric strain around the Gd3+-bound water molecule due to
the relatively large size of the �PO3


2� function compared
with the �COO� function. An inspection of molecular
models shows that the phenyl group in [Gd(L2)(H2O)]2� is
in the proximity of the Gd3+-bound water. Most likely,
[Gd(L3)(H2O)]2� has a preferred conformation with the
phenyl groups at large distances from the water site. The ni-
trogen atom of the dibenzylamino moiety is protonated
(pKa = 6.58 for the corresponding La3+ complex, see
above) and is in close proximity of the Gd3+-bound water
molecule. Possibly, the positive charge and the hydrogen
bonding between these functions may slow down the water
exchange rate and thus explain the rather long t298M for this
complex.


The temperature dependence of the NMRD profiles usu-
ally gives a good indication of the parameter limiting the
proton relaxivity. If the relaxivity at high field (>10 MHz)
increases with increasing temperature, it is limited by slow
water exchange, whereas in the opposite case fast rotation is
the limiting factor. From the temperature dependence of re-
laxivity at constant magnetic field (20 MHz, see Figure 5) it
can be concluded that the total relaxivity decreases with in-
creasing temperature, mainly because of a decrease of t298R .


Evaluation of the electron-spin relaxation times T2e of the
Gd3+ complexes from EPR measurements : The X-band
(0.34 T) EPR spectra of the Gd3+ complexes in aqueous sol-
ution at 298 K give approximately Lorentzian lines of g~2.0.
The transverse electronic relaxation rates (1/T2e) were calcu-
lated from the experimental peak-to-peak line widths, DHpp,
by using Equation (15), in which the symbols have their
usual meaning.[43]


1=T2e ¼ ðgLmBp
ffiffiffiffiffiffi
3h


p
ÞDHpp ð15Þ


The experimental values of DHpp obtained at 298 K were
0.122
0.05 mT ([Gd(L1)(H2O)]3�), 0.103
0.05 mT
([Gd(L2)(H2O)]2�) and 0.182
0.04 mT ([Gd(L3)(H2O)]2�).
The corresponding values of ln (1/T2e)exp are compared in
Table 4 with the ln(1/T2e)calcd values calculated by using
Equation (S9) (see Supporting Information), from the
values of the parameters D2 and t298V obtained from the si-
multaneous fitting of the 17O NMR and 1H NMRD data. Al-
though the relative experimental and calculated 1/T2e values
follow very similar trends in the three Gd3+ complexes, the
experimental values are systematically larger by a factor of
about three. This discrepancy has been noted before[36,44,45]


and corrected by introducing both static and dynamic zero-
field-splitting effects in the electronic relaxation mechanisms
of Gd3+ .[46]


Interaction of [Gd(L3)(H2O)]2� with human serum albumin :
To study the interaction between [Gd(L3)(H2O)]2� and
HSA, a solution of the complex was added stepwise to a
4% solution of HSA in water. A nonlinear increase of the
water-proton paramagnetic longitudinal relaxation rate was
observed (see Figure 6) when plotted as a function of the
concentration of the Gd3+ complex. The paramagnetic re-
laxation rate of a solution containing 0.81 mm of
[Gd(L3)(H2O)]2� in 4% HSA is 3.9 times higher than that of
0.81 mm of [Gd(L3)(H2O)]2� in pure water; this indicates a
strong interaction between the complex studied and HSA.
This interaction is characterised by a stability constant (KAS)
of an adduct of HSA with the Gd3+ complex [Eq.


Figure 5. Relaxivity at 20 MHz as a function of temperature for
[Gd(L1)(H2O)]3� (^), [Gd(L2)(H2O)]2� (~) and [Gd(L3)(H2O)]2� (&). Ex-
perimental data were not fitted–the lines are only guides for the eye.


Figure 6. Proton longitudinal paramagnetic relaxation rates in solutions
containing 4% HSA and increasing amounts of [Gd(L3)(H2O)]2� (^)
measured at 20 MHz and 310 K. The full line corresponds to the fitting
of the data, and the dashed line represents Rp


1 in an aqueous solution in
the absence of albumin.
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(16)].[47]The proton relaxivity data obtained in HSA, Rp obs
1 ,


were fitted to Equation (17)]; here p0 is the protein concen-
tration, s0 is the concentration of the paramagnetic complex,
n is the number of independent interaction sites and rc1 and
rf1 are the relaxivities of the [Gd(L3)(H2O)]2� complex when
noncovalently bound to HSA and free, respectively. In this
fitting procedure, the association constant, KAS, and r


c
1 were


used as adjustable parameters.


nGdL þ HSAÐ ðGdLÞn�HSA KAS ¼ ½ðGdLÞn�HSA�
½GdL�n ½HSA�


ð16Þ


Rp obs1 ¼ 1000�
�
ðrf1 � s0Þ þ 1


2
ðrc1�rf1Þ


�
ðn � p0Þ þ s0


þ K�1
AS�


ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ððn � p0Þ þ s0 þ K�1


ASÞ2�4N � s0 � p0
q �� ð17Þ


A good fit between experimental and calculated values
was obtained by using a model for one binding site (n = 1)
with an association constant KAS = 4500
175m�1. The re-
laxivity of noncovalently bound complex (rc1) was calculated
to be 43
0.4 s�1mm


�1, while the value of the relaxivity of
free complex (rf1) is 5.9
0.3 s�1mm


�1 (see above). Thus, in a
solution containing 0.81 mm of [Gd(L3)(H2O)]2� and 4%
(0.6 mm) HSA, 48.4% of Gd3+ complex interacts with the
protein.


Longitudinal relaxation rates of the solution containing
4% HSA and [Gd(L3)(H2O)]2� (0.81 mm) were measured at
310 K over the range of magnetic fields 4î10�4±7.05 T. The
corresponding NMRD profile (Figure 7a) shows the expect-
ed hump, characteristic for interactions with macromole-
cules, appearing in the high-frequency part (�20 MHz) of
the recorded profile; this represents the combined contribu-
tions of the bound and free Gd3+ complex in the solution.
The theoretical 1H NMRD profile of the [Gd(L3)(H2O)]2�-
HSA adduct was then calculated from the known NMRD
profile of free [Gd(L3)(H2O)]2� and the concentrations of
free and bound complex obtained from the estimated stabili-
ty constant of the adduct (see above) (Figure 7b). The relax-
ivities in the frequency region of importance for MRI (20±
100 MHz) are similar to those of MS-325.[48] The NMRD
curve of the [Gd(L3)(H2O)]2�±HSA adduct could only be
fitted with a model that assumed ten water molecules in the
second sphere of the Gd3+ ion (see Figure 7b). A lower
number of second-sphere water molecules always resulted in
calculated relaxivities too low for the low-field part (<10
MHz) of the NMRD curve. The results of the fitting possi-
bly reflect the presence of mobile HSA protons that are di-
polarly relaxed by the proximity of the Gd3+ ion.[6] Alterna-
tively, reduced mobility of solvent molecules in the second
coordination sphere of Gd3+ upon noncovalent binding of
[Gd(L3)(H2O)]2� to HSA can explain this result.


Transmetallation : An important parameter determining the
toxicity of Gd3+-based contrast agents is the kinetic stability
of the complexes. Transmetallation by endogenous metal
ions may afford free Gd3+ ion, which is highly toxic. To get
an impression of the kinetic stability of the phosphorus-con-


taining complexes studied, we performed some transmetalla-
tion studies with Zn2+ according to a previously described
protocol.[49]


Samples containing the Gd3+ complexes of H6L
1, H5L


2,
H5L


3 and a phosphate buffer containing ZnCl2 were moni-
tored by measuring the 1H relaxivity at 20 MHz. Upon
transmetallation with Zn2+ , the free Gd3+ formed immedi-
ately precipitated as the phosphate salt and, therefore, did
not contribute to the total relaxivity any more. The resulting
decrease in the proton-relaxation rate observed is a good es-
timate of the extent of transmetallation and, therefore, also
for the kinetic stability of the Gd3+ complex. The results of
the transmetallation experiments are displayed in Figure 8,
while Table 5 shows the percentage of Gd3+ complexes left
in the solution after 3 d. Thus, the kinetic stability de-
creases in the following order: [Gd(dtpa)(H2O)]2�@
[Gd(L1)(H2O)]3�� [Gd(L3)(H2O)]2�� [Gd(dtpa-
bma)(H2O)]> [Gd(L2)(H2O)]2�. Therefore, all complexes
studied are less stable towards Zn2+ transmetallation than
[Gd(dtpa)(H2O)]2�, but [Gd(L1)(H2O)]3� and
[Gd(L3)(H2O)]2� are slightly more kinetically stable than
[Gd(dtpa-bma)(H2O)].


Figure 7. a) Proton-relaxation rate (Rp1) of [Gd(L3)(H2O)]2� (0.81 mm)
dissolved in 4% HSA (*). The dotted line corresponds to the proton-re-
laxation rate of [Gd(L3)(H2O)]2� in pure water at the same concentra-
tion. b) Calculated theoretical 1H NMRD profile of the complex
[Gd(L3)(H2O)]2� fully bound to human serum albumin at 310 K (&), 1H
NMRD profile of the complex simulated with the parameters obtained
from simultaneous fit and optimal tR = 14 ns.
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Conclusion


A useful synthetic approach for a new class of H5DTPA-
based ligands in which the central pendant arm has a �
P(OH)(O)R moiety is reported. Their Ln3+ complexes show
structural features analogous to the H5DTPA complexes, in-
cluding the presence of one water molecule coordinated in
the first coordination sphere of the metal ion. The phospho-
nate (H6L


1) and the phenylphosphinate derivatives (H5L
2)


have t298M values that are close to optimal (88 and 92 ns, re-
spectively). Therefore, these complexes are very suitable for
attachment to polymers, which should result in compounds
with very high relaxivity. The relaxivity will be less limited
by water exchange than in most conjugates of chelates of
the H5DTPA or H4DOTA type. Furthermore, an additional
increase in the relaxivity is obtained by virtue of the pres-
ence of two water molecules in the second coordination
sphere and which are probably bound to the phosphonate/
phosphinate moiety through hydrogen bonds. The
[Gd(L3)(H2O)]2� complex has a less favourable water-ex-
change rate (t298M = 685 ns), but it has a high affinity to
HSA and a relaxivity that is comparable with that of the
well-known blood pool contrast agent MS-325.


Experimental Section


Materials and methods : Commercially available benzylamine (2), diethy-
lenetriamine, phthalanhydride, ethyl chloroformate, ethyl bromoacetate,
diethylphosphite and phenylphosphinic acid had synthetic purity and
were used as received. The 10% Pd/C catalyst for the hydrogenation re-


actions was obtained from Acros. Bis(phthaloyl)diethylenetriamine (8),[50]


ditosylethanolamine,[51] N-tosylaziridine (1),[52] and ethyl phenylphosphi-
nate[53] were prepared by published methods. Paraformaldehyde was ob-
tained by filtration of aged aqueous formaldehyde solutions and was
dried in a desiccator over concentrated sulfuric acid.
1H (300 MHz), 2H (46.1 MHz), 13C (75.5 MHz), 17O (40.7 MHz) and 31P
NMR spectra (121.5 MHz) were recorded on a Varian INOVA-300 spec-
trometer with 5 mm sample tubes. Unless stated otherwise, NMR experi-
ments were performed at 25 8C. Chemical shifts are reported as d values
and are given in ppm. For measurements in D2O, tert-butyl alcohol was
used as an internal standard with the methyl signal calibrated at 1.2 ppm
(1H) or 31.2 ppm (13C). Deuterium oxide (100%) was used as an external
chemical-shift reference for 17O resonances. The 31P chemical shifts were
measured with respect to 1% H3PO4 in D2O as an external standard
(substitution method). The pHs of the samples were measured at ambient
temperature by using a Corning 125 pH meter with a calibrated micro-
combination probe from Aldrich. The pH values of the solutions were
adjusted by using dilute solutions of NaOH and HCl. The variable-tem-
perature 17O measurements were performed at a magnetic field of 7.05 T
on a Varian INOVA-300 spectrometer equipped with a 5 mm probe.
Thin-layer chromatography was performed on silica-coated aluminium
sheets (Silufol, Kavalier, Czech Republic).


Mass spectra were obtained with a VG AUTOSPEC 6F mass spectrome-
ter (VG Analytical, Manchester, UK) or on a Bruker ESQUIRE3000
with ion-trap detection in positive or negative modes.


Preparation of N’-benzyldiethylenetriamine (4): N-tosylaziridine (1)
(32.0 g, 162 mmol) was dissolved in ethanol (150 mL). Benzylamine (2)
(8.00 g, 75 mmol) was added, and the solution was heated under reflux
for 3 days. Then, the mixture was cooled and concentrated aqueous am-
monia (5 mL) was added to quench the excess of tosylaziridine. The mix-
ture obtained was heated under reflux for 15 min. Solvents were re-
moved, and the residual brown oil was dissolved in a mixture of concen-
trated HBr/AcOH (300 mL, 1:1, v/v). The solution was heated under
reflux for 24 h. After cooling, the reaction mixture was evaporated to
dryness leaving a brown oil, which solidified upon cooling. This solid was
dissolved in NaOH (100 mL, 15%), and the solution obtained was ex-
tracted with chloroform (7î50 mL). The organic phases were combined
and evaporated to dryness to leave the mixture of monotosylated inter-
mediate and the required product as a yellow oil. These compounds were
separated by chromatography on silica by using gradient elution with in-
creasing concentration of concentrated ammonia in ethanol from a ratio
of 1:25 (mixture A) to 1:5 (mixture B), detection by ninhydrine (purple
spots). Note: extension of the reaction period to 36±48 h reduces the
yield of the final product due to decomposition.


Yield: 8.25 g (57%), Rf (mixt. A) = 0.1, Rf (mixt. B) = 0.3; 1H NMR
(CDCl3): d = 2.05 (br, 4H; NH2), 2.52, 2.75 (2m, 4H; NCH2CH2N), 3.58
(s, 2H; NCH2Ph), 7.31 (m, 5H; Ph); 13C NMR (CDCl3): d = 34.58 (2C),
57.05 (2C, NCH2CH2N), 59.14 (1C, PhCH2N), 127.02 (1C), 128.30 (2C),
128.86 (2C) and 139.49 (1C, all Ph); ESI-MS: positive m/z : 194.0
[M+H]+ .


N-Tosyl-N’-benzyldiethylenetriamine : Yield: 4.55 g (18%); Rf (mixt. A)
= 0.8, Rf (mixt. B) = 0.9; 1H NMR (CDCl3): d = 2.40 (s, 3H; CH3),
2.49 (m, 2H), 2.58 (m, 2H), 2.76 (m, 2H) and 2.95 (m, 2H; all
NCH2CH2N), 3.05 (br, 1H; NH), 3.52 (s, 2H; NCH2Ph), 7.20 (m, 2H;
Ts), 7.27 (m, 5H; Ph), 7.73 (m, 2H; Ts); 13C NMR (CDCl3): d = 22.12
(1C, CH3), 39.73, 42.11, 53.14, 55.99 (4î1C, NCH2CH2N), 59.83 (1C,
NCH2Ph), 127.67 (2C), 127.82 (1C), 129.01 (2C), 129.45 (2C), 130.20
(2C), 137.82 (1C), 139.51 (1C), 143.58 (1C); ESI-MS: positive m/z : 348.3
[M+H]+ .


Preparation of N’-benzyldiethylenetriamine-N,N,N’’,N’’-tetraacetic acid
(5): N’-benzyldiethylenetriamine (4) (1.00 g, 5.2 mmol) was dissolved in
water (5 mL) and then 1 mL of a solution of NaOH (2.5 g, 62.5 mmol,
dissolved in 10 mL of water) was added. The mixture was heated to
90 8C. Ethyl bromoacetate (4.34 g, 26 mmol) and the remaining NaOH
solution were added in 6 portions during 1.5 h. The solution was then
heated under reflux for 24 h to hydrolyse the ester groups. After cooling,
the mixture was poured onto a column containing a strong cation ex-
change resin (150 mL, Dowex50) in the H+ form. The column was
washed with water and the product was eluted with diluted aqueous am-
monia (1:3). The eluate was evaporated to dryness to leave the crude


Figure 8. Evolution of the relative water proton paramagnetic longitudi-
nal relaxation rate R p


1 (t)/R
p
1 (0) vs. time for [Gd(dtpa)(H2O)]2� (^),


[Gd(L1)(H2O)]3� (&), [Gd(L2)(H2O)]2� (&) and [Gd(L3)(H2O)]2� (~). The
lines are only guides for the eye. The solution initially contained Gd3+


complex (2.5 mm), ZnCl2 (2.5 mm) and phosphate (H2PO4
� , HPO4


2�,
PO4


3�, 67 mm).


Table 5. Percentage of remaining Gd3+ complexes after 3 d of transme-
tallation with Zn2+ .


Complexes R1
p
(t=3d)/R1


p
(t=0) [%]


[Gd(L1)(H2O)]3� 13
[Gd(L2)(H2O)]2� 1.9
[Gd(L3)(H2O)]2� 11
[Gd(dtpa)(H2O)]2� 49
[Gd(dtpa-bma)(H2O)] 9
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product as a yellow oil. This product was purified by chromatography on
a strong anion exchanger (Dowex1) in the acetate form. After washing
with 10% AcOH, the product was eluted with 5% HCl. The product was
precipitated as a nonstoichiometric hydrochloride (2.5±3 equiv HCl per
ligand molecule) upon trituration in acetone. Yield: 2.10 g (~75%); 1H
NMR (D2O, pD 2.5): d = 2.95 and 3.17 (br, 8H; NCH2CH2N), 3.57 (s,
8H; NCH2CO), 3.62 (s, 2H; NCH2Ph), 7.36 (m, 5H; Ph); 13C NMR
(D2O, pD 2.5): d = 48.60 (2C, NCH2CH2N), 53.70 (2C, NCH2CH2N),
58.26 (4C, NCH2CO), 59.30 (1C, NCH2Ph), 129.54 (1C, Ph), 130.42 (2C,
Ph), 131.07 (2C, Ph), 138.50 (1C, Ph), 171.53 (4C, CO).


Preparation of the lactam of diethylenetriamine-N,N,N’’,N’’-tetraacetic
acid (6): N-benzylated tetraacetate (5) (1.00 g of the hydrochloride) was
dissolved in water (10 mL). Acetic acid (5 mL) was added, followed by
10% Pd/C catalyst (0.10 g). The mixture was stirred at room temperature
under a hydrogen atmosphere for 48 h. Then the catalyst was removed
by filtration, and all solvents were evaporated in vacuo. The product was
purified by chromatography on Dowex 1 in the acetate form (75 mL).
Some unidentified impurities were eluted with acetic acid (1±5% in
water) and, subsequently, the required product was eluted with 10%
AcOH. Evaporation of solvents afforded the product as yellowish oil
(0.56 g, 95%). 1H NMR (D2O, pD 3.5): d = 2.5±2.7 (br, 8H;
NCH2CH2N), 3.03 (2H), 3.13 (s, 2H; CH2CO), 3.18 (s, 4H; CH2CO); 13C
NMR (D2O, pD 3.5): d = 44.40, 44.90, 50.41, 54.22 (4î1C, NCH2CH2N),
56.19 (1C, NCH2CO), 56.36 (2C, NCH2CO), 57.33 (1C, NCH2CO),
166.56 (1C, CON), 168.63 (1C) and 169.51 (2C, COO).


Preparation of diethylenetriamine-N’-methylenephosphonic-N,N,N’’,N’’-
tetraacetic acid (H6L


1): Bis(phthaloyl)diethylenetriamine (8) (10.00 g,
27.5 mmol) and diethylphosphite (11.4 g, 82.5 mmol) were dissolved in a
mixture of toluene (100 mL) and dry ethanol (30 mL), then the mixture
was heated under reflux with a Dean±Stark trap. Over a period of 6 h,
paraformaldehyde (2.48 g, 82.5 mmol) was added in portions. The reac-
tion mixture was heated under reflux for another 12 h. After cooling, the
mixture was filtered and the solvent was evaporated under vacuum.
13C NMR of intermediate (9) (CDCl3): d = 16.08 (2C, CH3), 35.00 (2C,
NCH2CH2NPht), 48.24 (d, 1JCP=150 Hz, 1C, NCH2P), 52.47 (2C,
NCH2CH2NPht), 61.45 (2C, POCH2), 122.66, 131.79 and 133.61 (all Pht),
167.64 (4C, CO). Signals due to the excess of diethylphosphite overlap-
ped the ethoxy resonances of the product in spectra of the crude mixture.
Furthermore, an additional signal of diethyl hydroxymethylphosphonate
(doublet of NCH2P centred at 57.5 ppm) was observed.


The material obtained was dissolved in dry ethanol (60 mL). Hydrazine
hydrate (3.44 g, 68 mmol) was added, and the mixture was heated under
reflux for 6 h. Precipitation of phthalhydrazide began after ~10 min of
reflux. The mixture was cooled, and phthalhydrazide was filtered off. The
ethanol was evaporated, and water was removed by co-distillation with
dry ethanol.


The intermediate obtained (10) was dissolved in DMF (70 mL), and then
BrCH2CO2Et (36.7 g, 220 mmol, 8 equiv) and K2CO3 (30.4 g, 220 mmol)
were added. The mixture was stirred at room temperature for 18 h. The
solids were filtered off, after which the reaction mixture was diluted with
a saturated aqueous solution of NaHCO3 (70 mL). Subsequently, the
product was extracted into toluene (200 mL). The organic layer was
washed with a saturated solution of NaHCO3 (70 mL) and of brine (70
mL). The toluene phase was dried over Na2SO4, filtered and then evapo-
rated to dryness. NMR of intermediate (11): 1H NMR (CDCl3): d = 1.16
(m, 18H; CH3), 2.80 (m, 8H; backbone CH2), 3.04 (d, 2JCP=10 Hz, 2H;
NCH2P), 3.51 (s, 8H; CH2CO2), 4.15 (m, 12H; OCH2);


31P NMR
(CDCl3): d = 26.00. ESI-MS: positive m/z : 598.4 [M+H]+ .


The crude ethyl ester (11) obtained above was dissolved in diluted HCl
(250 mL, 1:1), and the mixture was heated under reflux for 18 h. During
this time, some precipitate (probably remains of phthalic acid) was
formed. The mixture was filtered and then evaporated to dryness.


The residue was dissolved in water and poured onto a column of cation
exchange resin (Dowex 50, 170 mL, H+ form). Nonbasic compounds
were removed by elution with water. The crude product was eluted using
a diluted ammonia (1:3) solution. The yellow fraction was evaporated to
dryness, dissolved in water and then purified by chromatography on an
anion exchange column (Dowex 1, 250 mL, acetate form). After being
washed with water, some yellow impurities were removed by elution with
10% acetic acid. The product was collected in diluted HCl (3%) frac-


tions. The fractions containing the product were evaporated to dryness
leaving a glassy solid, which was dissolved in small amount of water and
crystallised by standing for several days. The white solid obtained was fil-
tered, washed with acetone and air-dried. Yield: 10.15 g (76%); m.p.
133±135 8C (dec.); 1H NMR (D2O, pD 0.7): d = 3.01 (2H; NCH2P), 3.22
(4H; NCH2CH2N) 3.39 (4H; NCH2CH2N), 3.96 (8H; NCH2CO); 13C
NMR (D2O, pD 0.7): d = 49.64 (d, 1JCP=147 Hz, 1C, NCH2P), 50.89
(2C, PCH2NCH2), 51.86 (2C, PCH2NCH2CH2N), 55.30 (4C, NCH2CO),
169.56 (4C, CO); 31P NMR (D2O, pD 0.7): d = 15.75; elemental analysis
calcd (%) for H6L


1¥HCl¥H2O (C13H27ClN3O12P, M = 483.79): C 32.27, H
5.63, Cl 7.33, N 8.69; found: C 31.90, H 5.49, Cl 7.33, N 8.45; ESI-MS:
positive m/z : 430.3 [M+H]+ ; negative m/z : 428.3 [M�H]� .


Preparation of diethylenetriamine-N’-methylene(phenyl)phosphinic-
N,N,N’’,N’’-tetraacetic acid (H5L


2): Freshly prepared ethyl phenylphos-
phinate[53] (13.80 g, 81.1 mmol, 2.9 equiv) was transferred into a 250 mL
flask and dissolved in a mixture of toluene (150 mL) and dry ethanol (30
mL). Bis(phthaloyl)diethylenetriamine (8) (10.00 g, 27.5 mmol) was
added, and then the mixture was heated under reflux with a Dean±Stark
trap. During the next 6 h, paraformaldehyde (2.48 g, 82.5 mmol, 3 equiv)
was added in portions. The solvent in the trap was removed, and then the
mixture was heated for another 14 h at 100 8C. The mixture was cooled
and filtered. Ethyl hydroxymethyl(phenyl)phosphinate formed as a by-
product (d = 40.1 ppm in 31P NMR spectra) and some starting ethyl phe-
nylphosphinate were extracted with water (10î50 mL), the organic layer
was dried over Na2SO4 and then evaporated to dryness leaving a yellow
oil. 31P NMR spectra indicated that the product (9) was contaminated
with a small amount of starting ethyl phenylphosphinate. 13C NMR
(CDCl3): d = 16.32 (2C, CH3), 35.30 (2C, NCH2CH2NPht), 52.89 (d,
3JCP=5.4 Hz, 2C, NCH2CH2NPht), 52.96 (d, 1JCP=112 Hz, 1C, NCH2P),
60.65 (d, 2JCP=6.6 Hz, 2C, POCH2), 123.01, 132.04 and 133.75 (all Pht),
128.39 (d, 3JCP=12.1 Hz, 2C, Ph), 130.32 (d, 1JCP=119 Hz, 1C, Ph),
131.76 (d, 2JCP=9.4 Hz, 2C, Ph), 132.30 (1C, Ph), 167.97 (4C, CO); 31P
NMR (CDCl3): d = 40.18.


The material obtained was dissolved in dry ethanol (80 mL). Hydrazine
hydrate (3.44 g, 68 mmol) was added, and the mixture was heated under
reflux for 10 h. Precipitation of phthalhydrazide began after about 10 min
of reflux. The mixture was cooled, and the phthalhydrazide formed was
filtered off. The ethanol was evaporated, and water was removed by co-
distillation with dry ethanol. The residue (intermediate (10)) was dis-
solved in DMF (80 mL). Then, BrCH2CO2Et (36.7 g, 220 mmol, 8 equiv)
and K2CO3 (30.4 g, 220 mmol) were added. The mixture was stirred at
room temperature for 24 h. After filtering off the solids, the reaction mix-
ture was diluted with a saturated aqueous solution of NaHCO3 (50 mL),
and the product was extracted into toluene (150 mL). The organic layer
was washed with a saturated solution of NaHCO3 (2î150 mL) and with
brine (1î100 mL). The toluene phase was dried (Na2SO4), filtered and
evaporated to dryness. NMR data of intermediate (11): 1H NMR
(CDCl3): d = 1.26 (m, 15H; CH3), 2.73 (m, 8H; backbone CH2), 3.10 (d,
2JCP=10 Hz, 2H; NCH2P), 3.48 (s, 8H; CH2CO2), 4.15 (m, 10H; OCH2),
7.50, 7.84 (m, 5H; Ph); 31P NMR (CDCl3): d = 40.48, and small impuri-
ties at ~20, 22, 35 and 40 ppm (<10%).


The crude intermediate (11) obtained above was dissolved in diluted HCl
(250 mL, 1:1) and the mixture was heated under reflux for 18 h. During
this time some precipitate formed. After cooling, the suspension was fil-
tered, and nonpolar impurities were extracted with CHCl3 (3î50 mL).
Then, the aqueous phase was evaporated to dryness. The residue was dis-
solved in water and poured onto a cation-exchange column (Dowex 50,
170 mL, H+ form). The nonbasic impurities were removed by elution
with water. A yellow fraction containing the desired product was ob-
tained by elution with a diluted ammonia (1:3) solution. This fraction
was evaporated to dryness, redissolved in water and chromatographed on
an anion exchanger (Dowex 1, 250 mL, OH� form). After washing with
water, some yellow-coloured impurities were removed with 10% acetic
acid. The product was collected by elution with HCl (1:3). The solvents
were evaporated off, and the product was dissolved in concentrated HCl
(30 mL). Treatment with acetone (800 mL) gave a light yellow oil, which
solidified upon standing. The white precipitate was filtered off, washed
with acetone and dried at 80 8C. Yield: 8.63 g (54%); m.p. 132±134 8C
(dec.); 1H NMR (D2O, pD 0.5): d = 3.07 and 3.12 (10H; unresolved mul-
tiplets, NCH2CH2N and NCH2P), 4.02 (s, 8H; NCH2CO), 7.58, 7.63 and
7.80 (m, 5H; Ph); 13C NMR (D2O, pD 0.5): d = 47.19 (d, 3JCP=6.0 Hz,
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2C, PCH2NCH2), 49.83 (2C, PCH2NCH2CH2N), 52.10 (d, 1JCP=111 Hz,
1C, NCH2P), 56.69 (4C, NCH2CO), 125.89 (d, 3JCP=12.1 Hz, 2C, Ph),
128.57 (d, 2JCP=9.1 Hz, 2C, Ph), 128.71 (1C, Ph), 133.03 (d, 1JCP=122
Hz, 1C, Ph), 167.97 (4C, CO); 31P NMR (D2O, pD 0.5): d = 31.63; ESI-
MS: positive m/z : 490.3 [M+H]+ , negative m/z : 488.3 [M�H]� ; elemen-
tal analysis calcd (%) for H5L


2¥2HCl¥H2O (C19H32Cl2N3O11P, M =


580.35; based on 1H NMR, the product is slightly contaminated by ace-
tone) C 39.32, H 5.56, Cl 12.22, N 7.24; found: C 39.82, H 5.43, Cl 11.50,
N 7.17.


After evaporation of the mother liquor, a second crop of the product
(1.02 g) was isolated in the same way.


Preparation of (N,N-dibenzylamino)methylphosphinic acid : Dibenzyla-
mine (5.00 g, 25.3 mmol) was dissolved in ethanol (50 mL, 96%). Two
equivalents of paraformaldehyde (1.52 g, 50.7 mmol) were added, and the
mixture was heated to 60 8C. Hypophosphorus acid (10.0 g of 50% aq.
solution, 76.0 mmol) was added, and the reaction mixture was stirred at
60 8C for 24 h. Then, chromatography on a strong cation exchanger in the
H+ form (Dowex 50, 200 mL, elution with water/ethanol 1:1 v/v and di-
luted ammonia), followed by chromatography on a strong anion exchang-
er (Dowex 1, 250 mL, acetate form, elution with water and 10% acetic
acid), afforded the product as slightly yellow oil, which crystallised upon
standing at room temperature. Yield: 6.30 g (85%); m.p. 66±68 8C; 1H
NMR (CDCl3): d = 2.91 (d, 2JPH=7.2 Hz, 2H; CH2P), 4.27 (s, 4H;
CH2Ph), 7.31 (d, 1JPH=534 Hz, 1H; Ph), 7.36 (m, 10H; Ph), 7.51 (m,
10H; Ph); 13C NMR (CDCl3): d = 50.60 (d, 1JPC=84 Hz, CH2P), 58.36
(d, 3JPC=4.6 Hz, NCH2Ph), 129.04, 129.56, 129.73 and 131.37 (all Ph); 31P
NMR (CDCl3): d = 7.97 (dm, 1JPH=537 Hz); ESI-MS: negative m/z :
274.1 [M�H]� ; elemental analysis calcd (%) for monohydrate
(C15H20NO3P, M = 293.30) C 61.43, H 6.87, N 4.78; found: C 61.24, H
6.69, N 4.96.


Preparation of ethyl (N,N-dibenzylamino)methylphosphinate : (N,N-di-
benzylamino)methylphosphinic acid (3.03 g, 11.0 mmol) was suspended in
chloroform (50 mL), and ethyl chloroformate (1.31 g, 12.1 mmol) was
added. After 15 min, pyridine (0.96 g, 12.1 mmol) was added drop-wise
(CO2 was evolved immediately, the mixture remained heterogeneous).
After 24 h at room temperature, a sample for 31P NMR was filtered off.
It showed only 65% conversion of acid to ester. Therefore, new portions
of chloroformate (1 g) and pyridine (1.5 g) were added. After another 24
h, only one signal belonging to the desired ethyl ester was observed in
the 31P NMR spectrum (~35 ppm). The reaction mixture was washed
with water (3î30 mL), dried (Na2SO4) and evaporated to dryness. The
residue, a yellowish oil, was redissolved in toluene and evaporated in
order to remove any excess of chloroformate. Yield: 3.30 g (99%); 1H
NMR (CDCl3): d = 1.34 (t, 3H; CH3), 2.99 (m, 2H; NCH2P), 3.78 (4H;
AB-system, CH2Ph), 4.07 (m, OCH2), 6.97 (m, P-H, 1JPH=540 Hz, 1H),
7.35 (m, 10H; Ph); 13C NMR (CDCl3): d = 16.45 (d, 3JCP=6.0 Hz, 1C,
CH3), 51.42 (d, 1JCP=114 Hz, 1C, NCH2P), 60.01 (d, 3JCP=7.7 Hz, 2C,
CH2Ph), 62.45 (d, 3JCP=7.7 Hz, 1C, OCH2), 127.58 (2C), 128.58 (4C),
129.20 (4C) and 138.37 (2C; all Ph); 31P NMR (CDCl3): d = 36.85 (dm,
1JPH=547 Hz).


Preparation of diethylenetriamine-N’-methylene(dibenzylaminomethyl)-
phosphinic-N,N,N’’,N’’-tetraacetic acid (H5L


3): The freshly prepared ethyl
(N,N-dibenzylamino)methylphosphinate (3.30 g, 10.9 mmol, 2 equiv) was
dissolved with bis(phthaloyl)diethylenetriamine (8) (2.00 g, 5.5 mmol) in
a mixture of toluene (50 mL) and ethanol (30 mL). The mixture was
heated under reflux with a Dean±Stark trap. Over a period of 6 h, para-
formaldehyde (0.50 g, 16.7 mmol, 3 equiv) was added in portions. The re-
action mixture was refluxed overnight. An undecoupled 31P NMR spec-
trum showed some unreacted P�H precursor (doublet at ~33 ppm) to-
gether with some phosphonic acid (~15 ppm) and two signals at ~48
ppm (probably the desired product (9) and hydroxymethyl(N,N-dibenzyl-
amino)methylphosphinate). More paraformaldehyde was added, and the
mixture was heated under reflux for another 12 h. During that time all of
the P�H precursor disappeared. The reaction mixture was evaporated to
dryness and re-dissolved in dry ethanol (40 mL). Hydrazine hydrate
(0.83 g, 16.5 mmol, 3 equiv) was added, and the mixture was heated
under reflux overnight. Precipitation of phthalhydrazide began after 10
min of reflux. The mixture was cooled, phthalhydrazide was filtered off,
and the solvent was evaporated, yielding a yellowish oil. The product
(10) was separated by chromatography on silica by using an aqueous am-
monia/ethanol gradient (1:20 to 1:5). Yield 1.45 g (63%); 1H NMR


(CDCl3): d = 1.08 (br, 3H; CH3), 1.75 (br, 4H), 2.45 (br, 8H), 2.50 (br,
8H), 2.68 (br, 8H), 3.60 (s, 4H; CH2Ph), 4.00 (br, 2H; OCH2), 7.10 (br,
10H; Ph); 13C NMR (CDCl3): d = 16.98 (1C, CH3), 39.82 (2C, CH2Ph),
50.59 (d, 1JCP=113 Hz, 1C, CH2P), 51.99 (d, 1JCP=116 Hz, 1C, CH2P),
59.17 and 59.91 (2î2C, CH2CH2), 60.90 (d, 2JCP=7 Hz, 1C, OCH2),
127.45 (2C, Ph), 128.49 (4C, Ph), 129.35 (4C, Ph), 138.59 (2C, Ph); 31P
NMR (CDCl3): d = 49.69.


Compound (10) (5.90 g, 14.1 mmol) was stirred with BrCH2COOEt (11.8
g, 70 mmol) and K2CO3 (9.7 g, 70 mmol) in DMF (50 mL) at room tem-
perature for 24 h. The reaction mixture was then extracted with toluene
(100 mL), and the organic phase was extracted aqueous NaHCO3 (3î
100 mL). After evaporation, a solution of NaOH (10 g) in water (50 mL)
was added. Then, EtOH (�50 mL) was added to obtain a homogeneous
solution. This solution was stirred at room temperature for two days. The
31P NMR spectrum showed that the reaction was complete (one major
peak at 35.9 ppm). The reaction mixture was evaporated until dryness.
The residue was dissolved in a minimum amount of water and then puri-
fied on a column of a strong cationic exchanger (Dowex 50, 150 mL,
NH4


+ form), with water (�1000 mL) as the eluent. After elution, a 31P
NMR spectrum of the eluate was taken and showed the presence of
H5L


3. The fractions concerned were evaporated to obtain a yellow oil,
which was crystallised at room temperature from an ethanol solution
containing a small amount of acetone. The crystallisation started immedi-
ately. The product was filtered, washed with small amounts of ethanol
and acetone, and dried at 80 8C. Yield: 4.1 g (47%); m.p. 139±142 8C
(dec.); 1H NMR (D2O, pD 8.02): d = 2.66 (dd, 2JHP=9.6, 8.0 Hz, 4H;
NCH2PCH2N), 2.85 (t, 3JHH=6.8 Hz, 4H; NCH2CH2N), 3.07 (t, 3JHH=


6.8 Hz, 4H; NCH2CH2N), 3.58 (s, 8H; NCH2COOH), 3.72 (s, 4H;
NCH2Ph), 7.33 (m, 10H; Ph), 7.40 (m, 10H; Ph); 13C NMR (D2O, pD
8.02): d = 51.50 (d, 3JCP=5 Hz, 2C, NCH2CH2NCH2CH2N), 53.06 (d,
1JCP=29.8 Hz, 1C, PCH2NCH2CH2N), 53.58 (d, 1JCP=75.5 Hz, 1C,
PCH2NBn), 58.89 (2C, NCH2CH2NCH2COOH), 60.63 (d, 3JCP=6.8 Hz,
2C, NCH2Ph), 71.34 (4C, NCH2COOH), 129.18 (Ph), 130.18 (Ph), 131.65
(Ph), 139.73 (Ph), 174.14 (4C, CO); 31P NMR (D2O, pD 8.02): d =


34.54; elemental analysis calcd (%) for H5L
3¥2NH3¥0.5H2O


(C28H46N6O10.5P, M = 565.68) C 50.52, H 6.97, N 12.62; found: C 50.38,
H 6.69, N 12.68; ESI-MS: positive m/z : 623.4 [M+H]+ ; negative m/z :
621.7 [M�H]� .


pH Dependence of 1H and 31P NMR spectra : For these experiments,
0.1m solutions of ligands H6L


1 and H5L
2 in H2O/D2O (9:1) and H5L


3 and
[La(L3)(H2O)]2� in D2O were prepared. The pH was adjusted by stepwise
addition of a solution of NaOH or HCl (both prepared in H2O/D2O (9:1)
for H6L


1 and H5L
2 and in pure D2O for H5L


3 and [La(L3)(H2O)]2�). The
pH values reported for H5L


3 were corrected for the deuterium effect by
using the relationship pD=pH + 0.4.[54] A drop of tBuOH (d = 1.2
ppm) was added to the samples as internal reference for 1H. The assign-
ment of the backbone hydrogen atoms was done by using selective 1H-
decoupled 13C NMR spectroscopy for the free ligands and COSY spectra
for [La(L3)(H2O)]2�. The calculations were performed by using the com-
puter programs Micromath Scientist, version 2.0 (Salt Lake City, UT,
USA) or OPIUM.[55] Both of them resulted in the same values of pKa


(within standard errors).


Analysis of induced shifts in 17O NMR spectra of lanthanide(iii) com-
plexes : Samples with a complex concentration of about 0.2m were pre-
pared. The solid lanthanide(iii) chlorides and solid ligands (~10%
excess) were dissolved in a weighed amount of D2O in a small vial con-
taining a stirring bar and a microscopic grain of methyl red indicator.
The vials were capped with a septum, and then a solution of 10±15%
sodium hydroxide in D2O was added dropwise from a syringe with stir-
ring till a colour change of the indicator (pH~4±6). Then the vial was
weighed again. From the increase of the weight, the molar ratio of ex-
changeable oxygen atoms per Ln3+ ion was calculated.


Relaxation enhancements in 13C and 31P NMR spectra of lanthanide(iii)
complexes: For these experiments, the samples prepared for 17O NMR
experiments described above were used. The longitudinal relaxation
rates were measured at 80 8C by using the inversion-recovery method.[56]


Variable temperature 17O NMR study of Gd3+ complexes: Solutions of
Gd3+ complexes of H6L


1, H5L
2 and H5L


3 with a concentration of about
0.15m were prepared by dissolution of exactly weighed solid GdCl3¥6H2O
and the solid ligands (H6L


1 and H5L
2 as the hydrochloride salts, ~10%
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excess) in a weighed amount of deionised water. Calculated amounts of
sodium hydroxide (9 and 8 equivalents for H6L


1 and H5L
2 or H5L


3, re-
spectively, as 10% solution) were added dropwise with stirring. After the
mixture had stood for 30 min at room temperature, the pH was checked.
All samples gave a negative Xylenol orange test for the presence of free
Gd3+ . All NMR spectra were conducted without a frequency lock. To
correct the 17O NMR shift for the contribution of the bulk magnetic sus-
ceptibility (BMS), the difference between chemical shifts of proton sig-
nals of acetone (or tert-butanol) in the paramagnetic sample and in pure
water was used.[57] Longitudinal (1/T1) and transversal (1/T2) relaxation
rates were obtained by the inversion-recovery method[56] and the Carr±-
Purcell±Meiboom±Gil pulse sequence,[58] respectively. Experimental data
were fitted with a computer program written by Dr. …. TÛth and Dr. L.
Helm (EPFL Lausanne, Switzerland) using the Micromath Scientist pro-
gram, version 2.0 (Salt Lake City, UT, USA).


Concentration dependence of 2H NMR longitudinal-relaxation time :
Deuterium-containing ligands were prepared by H±D exchange from
H6L


1, H5L
2 and H5L


3 in D2O/K2CO3 (pD 10.5) by heating mixtures at
95 8C for 5 d, analogously to the method reported in the literature.[31] The
ligand and LaCl3¥7H2O (equivalent amounts) were dissolved in deuteri-
um-depleted water (1 mL). Then the pH was adjusted to a value close to
neutral by addition of small portions of solid LiOH¥H2O. The transversal-
relaxation rates were measured by using the inversion-recovery pulse se-
quence.


EPR Measurements : EPR spectra of the LnIII complexes in aqueous sol-
ution were recorded on a Bruker ESP300E spectrometer operating at
9.43 GHz (0.34 T, X-band). 5 mm aqueous solutions of the complexes
were measured at 298 K in a quartz flat cell. Typical parameters used
were: sweep width 40 mT, microwave power 20 mW, modulation ampli-
tude 0.32 mT and time constant 0.02 s. The frequency was calibrated with
diphenylpicrylhydrazyl (dpph) and the magnetic field with Mn2+ in MgO.


Measurements of NMRD profiles : The samples were prepared by mixing
the ligand under study with a slight excess of solid GdCl3¥6H2O, followed
by dissolution in water. The pH values of the solutions were adjusted to
about 7 with a NaOH solution. The solutions were then stirred overnight
in the presence of Chelex 20 to remove the remaining free Gd3+ . The
solids were removed in a centrifuge, and the remaining solutions were
freeze-dried. The solid complexes were dissolved in an appropriate
amount of water. The absence of free Gd3+ was checked with an Arsena-
zo III indicator. The concentrations of Gd3+ in the samples were deter-
mined from proton-relaxivity measurements at 20 MHz and 37 8C after
complete hydrolysis. The purity of complex solutions was checked by
ESI-MS; [Gd(L1)]3� : m/z : 651 [M+3Na]+ , 673 [M+4Na]+ , 695
[M+5Na]+ , 730 [M+5Na+K]+ ; [Gd(L2)]2� : m/z : 711 [M+3Na]+ , 769
[M+2Na+K]+ ; [Gd(L3)]2� : m/z : 822 [M+2Na]+ ; 844 [M+3Na]+ .


The complexes [Gd(L1)(H2O)]3�, [Gd(L2)(H2O)]2� and [Gd(L3)(H2O)]2�


were studied by 1H longitudinal-relaxation-time measurements. NMRD
profiles were measured at 5, 25 and 37 8C at magnetic field strengths be-
tween 4.7î10�4 and 0.35 T (Stelar SpinMaster FFC-2000). Measurements
at 0.47, 1.42 and 7.05 T were performed on Bruker Minispec 20 and 60
MHz and on a Bruker AMX-300 spectrometer (Bruker, Karlsruhe, Ger-
many), and were included in the profiles. The experimental data were
fitted simultaneously with 17O NMR data, 1H NMRD data and data ob-
tained from the temperature dependence of relaxivity at constant mag-
netic field (20 MHz), by using a least-squares fitting procedure with the
Micromath Scientist program version 2.0 (Salt Lake City, UT, USA).


Interaction of [Gd(L3)(H2O)]2� with HSA : For human serum albumin in-
teraction studies, a stock solution of [Gd(L3)(H2O)]2� in water was pre-
pared as described in the preceding section. The dependence of the
proton-relaxation rate on the concentration of the Gd3+ complex at con-
stant HSA concentration (4%) was measured by using a Minispec PC-20
at a constant magnetic field of 0.47 T and a constant temperature of 310
K. The concentrations of [Gd(L3)(H2O)]2� varied from 0.038 to 0.81 mm.
Longitudinal-relaxation rates of the solution containing 4% HSA and
0.81 mm complex were measured at 310 K over the range of magnetic
fields 4î10�4±7.05 T.


Transmetallation experiments : The stability of Gd3+ complexes was de-
termined by transmetallation with ZnCl2. These measurements were
done by using a buffered solution (phosphate buffer, total concentration
67 mm, pH 7) containing of Gd3+ complex (2.5 mm) and ZnCl2 (2.5 mm).


The transmetallation was followed by the 1H longitudinal-relaxation rates
of the water at Bruker Minispec 20 MHz (Bruker, Karlsruhe, Germany)
at 37 8C.
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Theoretical Studies on the Mode of Inhibition of Ribonucleotide Reductase
by 2’-Substituted Substrate Analogues


Pedro Alexandrino Fernandes and Maria Joào Ramos*[a]


Introduction


Ribonucleotide reductases (RNRs) are fundamental en-
zymes present in all living organisms. They catalyze the re-
duction of ribonucleotides to 2’-deoxyribonucleotides, the
rate-limiting step in DNA replication and repair.[1±6] They
play a prominent role in the regulation and control of cell
replication, and have recently emerged as a promising target
for the design of new chemotherapeutics for antitumor and
antiviral treatments.[5,7±10] The inactivation of the enzyme re-
sults in significant antiproliferative effects against a wide


range of tumor cell lines,[10±12] as well as human xenografts in
mice.[10,13,14] Recently, Gemcitabine 5’-diphosphate (2’,2’-di-
fluoro-2’-deoxycitidine-5’-diphosphate) has been approved
for the treatment of non-small cell lung cancer in Europe
and pancreatic cancer in the United States.[15, 16] RNRs are
divided in three classes according to the cofactors required
for catalytic activity. Evidence that all of them follow a radi-
cal mechanism to dehydrate the substrate has been obtained
in the last decades. Class I RNRs possess a stable tyrosyl
radical adjacent to a diiron cluster.[17, 18] Class II RNRs use
AdoCbl as cofactor.[19,20] Class III RNRs are expressed in an
anaerobic environment and possess a glycyl radical generat-
ed by a FeS cluster.[21,22] This study is devoted to class I
RNRs. The E. coli RNR has been extensively investigated
and is considered as a prototype for the mammalian pro-
tein.[2±4] It is a a2b2 tetramer, constituted by two homodim-
ers. The dimers must associate to catalyze nucleotide reduc-
tion. When separated, none of the dimers presents any cata-
lytic activity.[4] The a2 dimer (R1 subunit) has a molecular
weight of 171 kDa; the b2 dimer (R2 subunit) has a molecu-
lar weight of 87 kDa and (in Class I RNR) it possesses a
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REQUIMTE/Faculdade de CiÜncias do Porto
Rua do Campo Alegre, 687
4169007 Porto (Portugal)
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Supporting information for this article is available on the WWW
under http://www.chemeurj.org or from the author: Molecular coordi-
nates for all stationary points.


Abstract: Several 2’-substituted-2’-de-
oxyribonucleotides are potent time-de-
pendent inactivators of the enzyme ri-
bonucleotide reductase (RNR), which
function by destructing its essential ty-
rosil radical and/or by performing co-
valent addition to the enzyme. The
former leads to inhibition of the R2
dimer of RNR and the latter to inhibi-
tion of the R1 dimer. Efforts to eluci-
date the mechanism of inhibition have
been undertaken in the last decades,
and a general mechanistic scheme has
emerged. Accordingly, two alternative
pathways lead either to the inhibition
of R1 or R2, for which the 2’-chloro-2’-
deoxynucleotides serve as the model
for the inhibition of R1 and the 2’-
azido-2’-deoxynucleotides the model
for the inhibition of R2. However, the


underlying reason for the different be-
havior of the inhibitors has remained
unknown until now. Moreover, a fun-
damental mechanistic alternative has
been proposed, based on results from
biomimetic reactions, in which the 2’-
substituents would be eliminated as
radicals, and not as anions, as previous-
ly assumed. This would lead to further
reactions not predicted by the existing
mechanistic scheme. To gain a better
understanding we have performed
high-level theoretical calculations on
the active site of RNR. Results from
this work support the general Stubbe×s


paradigm, although some changes to
that mechanism are necessary. In addi-
tion, a rational explanation of the fac-
tors that determine which of the
dimers (R1 or R2) will be inactivated
is provided for the first time. It has
been demonstrated also that the 2’-sub-
stituents are indeed eliminated as
anions, and not as radicals. Biomimetic
experiments have led to different re-
sults because they lack a basic group
capable of deprotonating the 3’-HO
group of the substrate. It has been
found here that the chemical character
of the leaving group (radical or anion-
ic) can be manipulated by controlling
the protonation state of the 3’-HO
group.


Keywords: density functional
calculations ¥ enzymes ¥ inhibitors ¥
ribonucleotide reductases
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stable tyrosil radical adjacent to a diiron cluster.[17,18] The ty-
rosil radical is generated in the R2 subunit, presumably
through hydrogen abstraction by the oxo-bridged diiron
center, located ~30 ä away from the active site. The radical
is transferred from Tyr122 in R2 to C439 at the active site in
R1. Although the detailed transfer mechanism is unknown,
it is believed that the transfer occurs through a conserved
chain of hydrogen-bonded residues.[26] The X-ray crystallo-
graphic structure of this enzyme with the bound substrate
has been determined, and the portion corresponding to the
active site is shown in Figure 1.[27] Five conserved residues,


namely three cysteines (C225, C439, and C462), one gluta-
mate (E441), and one asparagine (N437) have been estab-
lished as necessary for catalysis.[28,29]


In 1976 Thelander and Larsson discovered that 2-chloro-
2’-nucleosides-5’-diphosphates (NclDP) and 2’-azido-2’-nu-
cleosides-5’-diphosphates (NzDP) were potent inactivators
of RNR, although they act in very different ways. NclDP in-
hibits R1 without affecting R2, by covalent addition of a re-
action intermediate to the enzyme. NzDP inhibits R2 with-
out affecting R1, by destroying the essential tyrosyl radical
of R2.[30] Stubbe and Kozarich found later that 2’-fluoro-2’-
nucleosides-5’-diphosphates (NfDP) behave similarly to
NclDP.[31] Since then, the inactivation mechanism by 2-sub-
stituted nucleotides has been extensively studied,[10,32±55] and
a general pattern has emerged (Scheme 1).
The reaction begins by abstraction of the 3’-H of inhibi-


tor 1 by radical C439 to give the 3’ radical 2. This first step
is similar to the mechanism of the natural substrate. In a
second step, X is eliminated as X� (or HX) and a proton is
transferred from the 3’-HO group to E441, resulting in the
2’-ketyl radical 3. This radical abstracts a hydrogen atom
either from C225 in the a-face (3a), or from C439 in the b-
face (3b), both resulting in the stable closed-shell ketone 4.
In the latter case the radical is regenerated in R2, and inhib-


ition results from covalent addition of the furanone deriva-
tive 5 (2-methylene-3(2H)-furanone) to R1, most probably
to a lysine residue. The furanone is formed in solution upon
dissociation and subsequent chemical decomposition of the
ketone 4. Nucleophiles such as dithiothreitol, when present
in solution, protect the enzyme against alkylation by 5. In
the former case, inhibition results from destruction of the es-
sential tyrosil radical in R2. The furanone 5 is generated in
solution as well, and subsequently it also inactivates R1.


Figure 1. X-ray structure of the active site of ribonucleotide reductase
with the bound substrate. Relevant atom numbering is presented in the
inhibitor.


Scheme 1. The general paradigm for RNR inhibition by 2’-substituted
substrate analogues, according to reference [45].
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NclDP became the model for the first type of inactiva-
tion and NzDP became the model for the second type of in-
activation. However, the reason why they behave differently
has remained unknown.
Recently, a new fundamental alternative to the mecha-


nism presented in Scheme 1 was proposed. It is based on
compelling results from biomimetic reactions, where it was
unambiguously demonstrated that 2’-chloro-2’-deoxy-5’-O-
(tert-butyldimethylsilyl) nucleosides and 2’-chloro-2’-deoxy-
3’-phenoxythiocarbonil-5’-O-(tert-butyldimethylsilyl) nucleo-
sides, upon selective generation of 3’radicals in refluxing tol-
uene, eliminated radical chlorine, instead of chloride. The
latter nucleosides displayed the same behavior with azide
(instead of chlorine) in the 2’position, although in the
former the azide was reduced to amine.[46] The substrate an-
alogue 2’-chloro-2’-deoxy-6’-O-nitrohomouridine also elimi-
nated radical chlorine under similar conditions, to give 2-(2-
hydroxyethyl)-3(2H)-furanone, an analogue of 5.[47±49] That
would imply that the 2’-substituents, eliminated as radicals,
would need to react further with (probably) the active site
cysteines, to regenerate the radical at the active site, and dis-
sociate into solution as anions, which are the detected prod-
ucts of the enzymatic reaction.
Based on these results, and considering earlier mechanis-


tic results with other 2’-substituted nucleotide analogues, we
have explored the mechanism of these important reactions,
to try to shed some light on to the chemical nature of the
eliminated 2’-substituents, and to understand the factors that
determine which of the dimers (R1 or R2) will be inactivat-
ed by each inhibitor.


Methods


Density functional theory was used in all calculations, with the Gaussi-
an98 suite of programs,[57] at the unrestricted Becke3LYP level of
theory.[58±60] The 6-31G(d) basis set was used for geometry optimizations,
and to calculate the zero-point, thermal and entropic contributions. It is
well known that larger basis sets give very small additional corrections to
the above mentioned properties, and their use is hence considered unnec-
essary from a computational view.[61±63] The much larger 6-311+G(2d,2p)
basis set was used to calculate the final electronic energies. This basis set
is close to saturation in the present system. The calculations were per-
formed as follows: first, the transition states for each mechanistic step
were located and optimized. Internal reaction coordinate calculations,
followed by further tighter optimizations, were performed to confirm
which minima were connected to each transition state. A frequency anal-
ysis was performed at each stationary point on the potential energy sur-
face. All stationary points were characterized by the number of imagina-
ry frequencies (none for minima and only one for transition states). A
scaling factor of 0.9804 was used for the vibrational energies. Thermal
and entropic effects were calculated at physiological temperature. Ac-
cording to previous studies on active sites in proteins, the introduction of
a dielectric continuum in the calculations with an empirical dielectric
constant of 4 gives good agreement with experimental results, and ac-
counts for the average effect of both the protein and the buried water
molecules.[26,61, 63, 64] As our system contains charged species, it is impor-
tant to evaluate the influence of the environment on the energetics. Co-
herently, all energies were calculated under the influence of a dielectric
continuum. To this purpose we have used a Polarized Continuum Model,
named C-PCM, as implemented in Gaussian98.[57] This method considers
the solute as a set of interlocking spheres, centered in each atom, with
apparent surface charges, that interact with the wave function. The con-
tinuum is modeled as a conductor, instead of a dielectric. This simplifies


the electrostatic computations, and corrections are made a posteriori for
dielectric behavior. The contribution of the continuum was calculated
with the larger 6-311+G(2d,2p) basis set. Enzymes have highly aniso-
tropic charge distributions, which give them the capacity to achieve spe-
cific stabilizing effects. Those specific electrostatic effects are included in
the models through the explicit inclusion of the corresponding amino
acids. The continuum thus represents the long-range interaction of the
active site with the isotropic remaining part of the enzyme.


The hydrogen-bonded complexes illustrated in this work have a very
large number of minima. The particular structures discussed here were
the ones that most closely reproduced the geometry of the active site. So,
they are not necessarily the absolute minima for the complexes.


In open-shell systems, spin contamination is a frequent problem. It is
well known that DFT methods are quite robust to spin contamination,
and in the calculations presented here, the expectation value for S2 never
reached a value of 0.78, before annihilation. After annihilation, the ex-
pectation value for S2 never exceeded 0.7501. Atomic charges and spin
density distributions were calculated with a Mulliken population analy-
sis,[65] using the larger basis sets.In the calculations we have used the fol-
lowing models for the residues of the active site: the cysteines were mod-
eled by methylthiol molecules, the glutamate by a formate, the aspara-
gine by methylamide, and the substrate analogues were modeled without
the base and the diphosphate. The adequacy of these models was demon-
strated in earlier works.[61, 63, 66] The geometry of the resulting active site
model is very similar to the enzyme active site, as can be seen by compar-
ing Figure 1 (X-ray) with Figure 2 (models). We must keep in mind that
the X-ray structure in Figure 1 includes the natural substrate, whereas
the models include NclDP and NzDP. Another difference is that C439 in
the X-ray structure is protonated and in the models is in the radical form
(and is already attacking H3’ in Figure 2). So, we are not comparing
structures that should be expected to be superimposable.


The topography of the active site is retained in the models, with all
gas phase residues in their correct position, and retaining the important
network of hydrogen bonds seen in the X-ray structure (E441 to O3’ and
to N437, and C225 to the 2’ position (Cl or N3). The most noticeable dif-
ference is in the orientation of the oxygen of N437 and the methyl group
of C225. Upon optimization in gas phase these two groups turned one to
each other to make hydrogen bonds. This has a very small effect in the
reactions studied, and in general we can say that the gas phase models re-
produce very well the active site geometry.


Results and Discussion


Decomposition of the inhibitors : The first mechanistic step
in the normal catalytic pathway corresponds to the abstrac-
tion of the 3’-H atom by the radical C439. This step is un-
controversial, as it is well supported by experimental evi-
dence.[51] It was thus assumed in Scheme 1 that the first step
of the decomposition of the inhibitor would be similar to
the normal catalytic pathway. We started by investigating
such a step; however, the results were different than expect-
ed. We found that for both inhibitors, the hydrogen atom
abstraction, the subsequent proton transfer from the 3’-HO
to E441, and the elimination of the 2’-substituent were fully
coupled, and occurred in a single mechanistic step, through
a single transition state. Therefore, substrate 1 decomposes
spontaneously and directly to the open-shell 2’-ketyl radical
3 upon activation. The 3’radical 2 in Scheme 1 is not a sta-
tionary point on the potential energy surface.
Interestingly, the inhibition mechanism has already devi-


ated from the normal pathway, since the natural substrates
do not eliminate spontaneously the 2’-HO group. Elimina-
tion of the 2’-HO must be assisted by protonation.[63] The
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transition states associated with this step are shown in
Figure 2 for both inhibitors.
The transition states are very similar. Considering


NclDP, the transition state is achieved with the hydrogen
atom shared between the inhibitor and the sulfur atom of
C439. At this point the proton of the 3’-HO group is already
transferred to E441, and hydrogen-bonded to 3’-O. In the
reactants the proton was bound to 3’-O, and hydrogen-
bonded (1.640 ä) to E441. The 2’-C�Cl bond is slightly
elongated, from 1.833 ä in the reactants to 1.890 ä in the
transition state; this already reflects the tendency of the sub-
stituent to be eliminated. The conserved hydrogen bond be-
tween C225 and the 2’-substituent shortens when going from
the reactants (2.878 ä) to the transition state (2.811 ä), due
to the increasing charge of the chloride. In the products the
3’-H is transferred to the thiol group of C439, and the 2’-
substituent is fully eliminated as a chloride ion. It becomes
strongly hydrogen-bonded to the thiol group of C225, with
an even shorter bond length of 2.503 ä.
Concerning the spin density, it mainly moves from the


sulfur atom of C439 to the 2’-C atom. The spin density de-
localizes also to the 3’-O atom (0.21 a.u. in the products)
due to the keto±enol equilibrium, and to the chloride ion,
which still retains a small radical character (0.18 a.u.). Anal-
ysis of the charge distribution in the reactants and the prod-
ucts shows that during the reaction the charge moves from
E441 to the chloride. This last result has very important im-
plications, since it clearly shows that the 2’ substituent is
eliminated as anionic chloride, and not as radical chlorine,
contrary to the mechanism previously proposed and unam-
biguously demonstrated with biomimetic reactions.[46±49] The
reason for this discrepancy was explored in this work, and
will be explained later (see Biomimetic Experiments).


The transition state obtained for the first step with the
inhibitor NzDP is similar to the one previously described.
The 3’-H atom is also shared between the inhibitor and the
sulfur atom of C439. The proton of the 3’-HO group has
been also already transferred to E441, and hydrogen-
bonded to 3’-O. In the reactants the proton was bound to 3’-
O, and hydrogen-bonded (1.591 ä) to E441. The 2’-C�N
bond is slightly elongated, from 1.478 ä in the reactants to
1.496 ä in the transition state. This effect is less pronounced
with NzDP than with NclDP. In the products the 3’-H atom
is transferred to the thiol group of C439, and the azide
group is eliminated from the ring and becomes located
below the a face of NzDP, under the 2’-C�3’-C bond. The
spin density shifts from the sulfur atom of C439 to the 2’-C
atom. The spin density delocalizes also to 3’-O atom
(0.17 a.u. in the products) due to the keto-enol equilibrium,
and most significantly to the azide group, after it eliminates
from the inhibitor.
Analysis of the charge distribution in the reactants and


the products shows that during the reaction the charge de-
localizes from E441 to both the inhibitor and the azide. In
the products the protonated glutamate is neutral, the inhibi-
tor retains a total charge of �0.27 a.u. and the azide has a
total charge of �0.63 a.u. This result strongly suggests that
the azide is also eliminated as an anion, like in the previous
case, although the spin density is still shared with the azide
in the complex of the products.
The energetics of the two previous reactions is also simi-


lar. The activation free energy for NzDP corresponds to
7.0 kcalmol�1 and for NclDP it amounts to 5.7 kcalmol�1. In
one of our previous studies using the natural substrate,[37] an
activation enthalpy of 7.2 kcalmol�1 was obtained with a
similar model (without C225) and theoretical level, com-


Figure 2. Transition states for the abstraction of the 3’-H atom of NzDP (left) and NclDP (right) by C439. All distances in ängstrˆm and spin densities
in a.u.
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pared to the 5.6 kcalmol�1 and 3.4 kcalmol�1 enthalpy barri-
ers for NzDP and NclDP obtained here. We can thus con-
clude that activation of the inhibitors occurs faster than the
natural substrate, although the difference is small. The reac-
tion with both inhibitors is exothermic, having a reaction
free energy of �7.9 kcalmol�1 and �19.5 kcalmol�1 for
NzDP and NclDP, respectively. The reaction free energy is
lower with NclDP due to the strong hydrogen bonds be-
tween the chloride ion and C225 (and also N437) present in
the products.


Reduction of the 2’-C radical: We initially analyzed the re-
duction of the 2’-C radical generated in the previous steps.
Each inhibitor was studied separately, beginning with
NclDP. At this point the system has two redox-active cys-
teine groups, C225 and C439, both capable of transferring a
hydrogen atom to 2’-C, leading to the well-established inter-
mediate ketone 4. Inspection of the products of the last
mechanistic step reveals that the two cysteine groups are
not in equivalent steric and energetic conditions to transfer
the hydrogen atom. At the beginning of the catalytic cycle,
C225 was better positioned to reduce a radical at the 2’ posi-
tion. It was hydrogen-bonded to the chlorine atom at 2’-C,
in agreement with the X-ray structure of the active site of
RNR with the natural substrate, where it is hydrogen-
bonded to the 2’-HO group, and is known to transfer a
proton to the 2’O atom in the normal catalytic pathway.[1,61]


C439 is not so well positioned to reduce the 2’ position, as it
ponits directly at 3’-C and is known to react invariably with
the 3’-H atom in the first step. However, after the elimina-
tion of chloride, the hydrogen atom of the thiol group of
C225 becomes strongly hydrogen-bonded to the chloride.
This newly formed hydrogen bond hinders the access of the
thiol group of C225 to 2’-C, as it must decomplex the anion
prior to reaction with 2’-C. The other cysteine (C439) group
does not face such hindrance to access the 2’-C radical. We
have studied the reduction of the radical with each cysteine
in turn, beginning with C439.
Figure 3 shows the transition state for the hydrogen


atom transfer from C439 to 2’-C. The transition state is simi-
lar to the one found for the first step. The hydrogen atom is
shared between the 2’-ketyl radical and the sulfur atom of
C439. In the reactants both the 3’-C±3’-O and the 2’-C±3’-C
bond lengths lie between those for typical single and double
bonds, due to the delocalization of the radical between 2’-C
and 3’-O (1.255 ä and 1.413 ä, respectively). C225 becomes
strongly hydrogen-bonded to the chloride ion. In the prod-
ucts the thiol hydrogen atom is transferred to the 2’-C atom,
which makes the 2’-C±3’�C a typical single bond (bond
length: 1.516 ä) and the 3’-C�3’-O a typical double bond
(bond length: 1.222 ä). The distance between the chloride
ion and 2’-C increases upon reduction, from 2.678 ä to
3.402 ä, as predictable. However, the hydrogen bonding
pattern between chloride and the residues C255 and N437 in
the active site remains almost unchanged.
During the reaction the spin density shifts to the sulfur


atom of C439. Coherently, the spin densities at 2’-C, 3’-O,
and Cl� are zero in the products. The charge is even more
localized at the chloride in the products (�0.73 a.u.). The ac-


tivation free energy for this reaction corresponds to
12.6 kcalmol�1. The reaction is almost thermoneutral, with a
reaction free energy of 0.4 kcalmol�1.
We then studied the other alternative, that is reduction


of the 2’-C radical by C225. We started by performing a re-
laxed potential energy surface scan along the 2’-C±thiol dis-
tance, to be able to make an educated guess at the transition
state. The results from the scan are depicted in Figure 3
(bottom). During the scan we confirmed that C225 was hin-
dered to approach the 2’-C atom by the chloride ion, and
that it decomplexes the ion before approaching the transi-
tion state. Breaking (even partially) such a hydrogen bond


Figure 3. Top: Transition state for reduction of the 2’-C radical by C439.
All distances in ä and spin densities in a.u. Bottom: Relaxed potential
energy surface scan along the 2’-C-HS-C225 coordinate.
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has a high energetic cost, and from the scan we were able to
estimate the barrier to be about 21 kcalmol�1. At this point
we saw no reason to refine further the transition state and
the reactants, since such refinement would lower the energy
of the minimum and increase the energy of the transition
state, thus increasing even further the barrier, which was al-
ready very high compared to that for the alternative reac-
tion with C439.
From these results we can understand, for the first time,


why NclDP inhibits R1 without affecting R2. The main
reason is that the 2’ substituent is eliminated as an anion,
which becomes strongly hydrogen-bonded to C225, which in
turn hinders its access to 2’-C. This makes reduction by
C439 faster, and hence allows the regeneration of the radi-
cal in C439, and consequently, in R2. It seems that in gener-
al 2’ substituents that become hydrogen-bonded to C225 will
inhibit R1 without affecting R2. Another example of this
concerns the 2’-fluoro-2’-deoxynucleotides, which are shown
to behave like their chloro analogues, inhibiting R1 without
affecting R2.[31] It seems obvious now that in this case the
substituent will also be eliminated as an anion and will trap
the thiol of C225, forcing reduction by C439.
In previous work,[56] which focused on the full mecha-


nism of inhibition of RNR by NzDP, it was found that the
next step upon activation in the most favorable pathway is
addition of azide to C3’. The azide is already in a good posi-
tion to attack the C3’ atom, and the reaction proceeds with
a free energy barrier of 16.6 kcalmol�1.[56] The addition of


the azide to C3’ is consistent with conclusions from several
other experimental studies,[1,43,67] and so we did not repeat
the calculation for that step because the result would be
equivalent to the one from reference [56]. Thus we contin-
ued from the next intermediate, that is a structure in which
the azide is bound to the 3’-C atom. The obvious conse-
quence of this is that C225 is not hindered anymore from
reaching the 2’-C atom, and now both cysteine groups are in
a good position to reduce the 2’-ketyl radical. We have stud-
ied each reaction in turn and the corresponding transition
states are given in Figure 4.
Concerning the hydrogen atom transfer from C225, at


the transition state the hydrogen atom is located between
the inhibitor and the thiol sulfur atom. Contrary to the
other similar transition states shown above, the hydrogen
atom is closer to the sulfur atom than to the inhibitor. This
means that this is an early transition state, whose geometry
is close to that of the reactants, and hence should have a
lower barrier than the previous ones. In the reactants the
thiol bond is 1.356 ä long and the distance from the thiol
hydrogen atom to the 2’-C atom is 3.501 ä. In the products
the hydrogen atom is bound to the 2’-C atom and the cys-
teine group moves to 4.360 ä from the transferred hydrogen
atom.
The spin density shifts from the 2’-C atom to the sulfur


atom of C225. Notably, the spin pattern only changes slight-
ly until the transition state is achieved, and more extensive
changes occur only after the transition state. The activation


Figure 4. Transition state for reduction of the 2’-C radical by C225 (left) and C439 (right). All distances in ä and spin densities in a.u.
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free energy for this reaction is lower than that for the previ-
ous reactions, consistent with an earlier transition state, cor-
responding to only 9.0 kcalmol�1. The reaction is exother-
mic, with a reaction free energy of �8.3 kcalmol�1.
Reduction can also be carried out by C439. The transi-


tion state for this reaction is depicted also in Figure 4
(right). The hydrogen atom lies between the inhibitor and
the thiol sulfur atom of C439. The hydrogen atom is also
closer to the sulfur atom than to the inhibitor, which reveals
another early transition state, probably with a low barrier
too. In the reactants the thiol bond is 1.356 ä long and the
distance from the thiol hydrogen atom to the 2’-C atom is
3.349 ä. In the products the hydrogen adds to the 2’-C atom
and the cysteine group moves to its former position, close to
the 3’-C position and hydrogen-bonded to E441. The spin
density shifts from the 2’-C atom to the sulfur atom of C439.
The spin pattern again changes only slightly until the transi-
tion state is reached, and then more extensively after it. The
activation free energy for this exothermic reaction is very
slightly lower than that for the previous reaction (7.9 kcal -
mol�1), with a reaction free energy of �10.1 kcalmol�1.
If we consider only the free energy barriers, we can say


that the hydrogen atom transfer is kinetically equivalent
from both cysteine groups in the active site. Indeed, the dif-
ference between them (1.1 kcalmol�1) is too small to be
meaningful, and the high-level theoretical method used has
an uncertainty of about 2.5 kcalmol�1. The transition state
geometries and the spin density distributions are also almost
equivalent for both reactions. However, transfer from each
cysteine group has a very different consequence for the
enzyme; transfer from C225 will destroy the tyrosyl radical
and inhibit R2, whereas transfer from C439 will regenerate
the tyrosyl radical, and inhibit R1. Experimental data con-
firm that the second is the one that happens with NzDP, but
does not explain the reason for it.
High level theoretical calculations can determine the


barriers associated with the chemical steps, which usually
dominate the mechanisms. In this case we have demonstrat-
ed that both reactions are chemically equivalent, and there-
fore the steric factors become dominant. These can not be
obtained quantitatively by the present models, but here
their relative magnitude can be determined unambiguously.
Hence, we can see in the X-ray structure that C225 is al-
ready hydrogen-bonded to the 2’-C position, and there are
several pieces of evidence that it reacts with the 2’-C atom
in the normal catalytic pathway. Thus, no significant confor-
mational change is needed for the reaction to proceed. In-
versely, C439 is not hydrogen-bonded to 2’-C but instead to
3’-HO, which has moved to the b face upon addition of the
azide to 3’-C. Similarly, in the X-ray structure, C439 is inter-
acting with the 3’-H atom, which was originally in the b


face; moreover, it has been demonstrated experimentally
that the initial C439 radical always reacts with the hydrogen
in the 3’ position, and never with the hydrogen atom in the
2’ position. As both hydrogen atoms are chemically equiva-
lent, the ability of C439 to react with the 3’-H atom only re-
sults from the hindrance of C439 reaching the 2’-H atom
first, which means that conformational energy would be
needed to achieve it. As a result, this reaction becomes do-


minated by steric factors, and not by the chemical step. In
the present case, the steric rearrangement of the active site
unambiguously favors hydrogen transfers from C225 to the
2’-C atom. This factor is dominant because the chemical
steps are equivalent, a situation similar to that in the first
mechanistic step. Thus we can conclude that the reason why
NzDP inhibits R2 is the favored steric position of C225 over
C439 to reduce 2’-C, since both steps are chemically equiva-
lent.


Biomimetic experiments : During the last decade, a set of bi-
omimetic experiments were performed, to reproduce several
aspects of the mechanism of ribonucleotide reductase.
Those experiments proved to be very useful in several as-
pects. Giese and co-workers studied the dehydration of an
analogue of the natural substrate, showing that elimination
of the 2’-HO group is subject to general base-catalysis,
which in the active site of RNR was proposed to be assured
by E441.[23] Other examples include the successful reproduc-
tion of the cascade reaction occurring at the active site upon
activation of the substrate.[49,24,25] The first unambiguous
proof regarding the viability of the abstraction of the 3’-H
by a thiyl group was then obtained. Applied to inhibition
studies, such reactions clearly demonstrate that, upon selec-
tive generation of 3’ radicals in NclDP and NzDP analogues
in refluxing toluene (see above), the analogues eliminated
radical chlorine, and not anionic chloride, thus giving sup-
port to a new fundamental mechanistic alternative for the
reaction.[46±49] However, one of the first conclusions of this
study was that both 2’ substituents (chloride and azide) were
eliminated as anions. Such contradiction needs to be ex-
plained if the present results are to be considered as defini-
tive. Based on our previous knowledge about the chemistry
of this enzyme, and by looking at the two systems (the enzy-
matic and the biomimetic), we noted an important differ-
ence: the biomimetic systems do not include a basic group
capable of protonating/deprotonating the 3’-HO group. Such
function is crucial for the enzyme, since it allows the transfer
of charge from and into the substrate as needed. That func-
tionality in the enzyme is assured by E441, which was dem-
onstrated to be fundamental to several enzymatic reaction
steps.[29] Applied to the activation of the inhibitors we can
easily see that the basic function is crucial for this reaction.
Hence, with the basic function present, the inhibitor can
eliminate an anion without generating a system with a
charge separation. An anion is eliminated from the 2’ posi-
tion and a cation (proton) is eliminated from the 3’-HO
group, thus avoiding the charge separation. However, with-
out E441 (as happens in the biomimetic experiments using
the inhibitor analogues) the elimination of an anion will
result in a system with a charge separation: a negative
charge in the leaving substituent and a positive charge–an
unstable carbocation radical–in the 2’-C position
(Scheme 2). This seems to be the reason why in biomimetic
experiments the substituents are not eliminated as anions.
To verify our hypothesis, we performed theoretical calcu-


lations on simple model systems. We used two different sys-
tems, both including inhibitor model 1. One of the systems
included the E441 residue (system A; Scheme 2) and the
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other system did not (system B). We started by optimizing
the geometry of both systems, and afterwards simply deleted
the 3’-H atom and re-optimized the geometry. System A
spontaneously transferred the proton from the 3’-HO group
to E441 and eliminated anionic chloride. However, as pre-
dicted, system B did not eliminate the substituent spontane-
ously. By scanning along the 2’-C�Cl bond we verified that
system B has to cross a barrier of about 20 kcalmol�1 to be
able to eliminate the substituent, which indeed leaves as a
radical. As biomimetic experiments were performed in ben-
zene/toluene, which is known to stabilize chlorine radicals,[37,
49] it seems evident that elimination of the substituent as rad-
ical chlorine will occur also in the organic solvent, and
(probably) with a lower barrier than in the gas phase. This
reasoning makes it unnecessary to consider the presence of
the solvent in these particular calculations.
Thus we concluded that the nature of the leaving sub-


stituent can be controlled; it will be anionic or radical de-
pending on the presence or absence of a basic residue capa-
ble of deprotonating the 3’-HO group. In the enzyme such
functionality does exist, and so it can be concluded that the
enzyme indeed eliminates anions, and not radicals. We sug-
gest that biomimetic experiments with inhibitor analogues
can be made even more reliable if such functionality is in-
cluded, as was done previously by Giese and co-workers for
the natural substrate.[23]


Conclusion


This work was devoted to the study of the inhibition of
RNR by 2’-substituted nucleotide analogues. The main ob-
jectives were to understand what determines which enzyme
dimer will be inhibited by which inhibitor, and to investigate
an alternative mechanistic proposal, which considered the 2’
substituents as being eliminated as radicals (not anions),
thus leading to further reactions between the substituent
and the redox-active cysteines, not present in the actual
model. The obtained results allowed us to clarify all these
points. Our first conclusion was that the initial abstraction


of the 3’-H atom by the radical C439 was coupled with a
proton transfer from the 3’-HO group to E441 and with the
elimination of the substituent. Such spontaneous decomposi-


Scheme 3. A refined rational version of the model for RNR inhibition by
2’-substituted substrate analogues, taking into consideration the results
obtained herein. Relevant energies are depicted in kcalmol�1.


Scheme 2. Elimination of the 2’-substituents as anions with (top) and
without (bottom) a basic group able to deprotonate 3’-HO.
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tion of the inhibitors was unknown, and contrasts with the
behavior of the natural substrate, which does not decompose
similarly. It was believed beforehand that such transforma-
tions would occur in a stepwise fashion, through (at least)
two elementary steps (as in Scheme 1). After the decompo-
sition of the inhibitor two major pathways are possible, re-
duction from the a face (leading to R2 inhibition) or from
the b face (leading to R1 inhibition without affecting R2).
Our results allow us to conclude that reduction from the a


face will occur if the substituent does not hinder the ap-
proach of C225 to the 2’-C atom, through the formation of
hydrogen bonds. This was the case for NzDP, which adds to
the 3’-C atom before reduction of the 2’-C radical. If the
substituent becomes hydrogen-bonded to C225, and thereby
hinders the access of C225 to the 2’-C radical, reduction
occurs from the b face, through C439. In that case the radi-
cal is regenerated at R2 and inhibition results from alkyla-
tion of R1. Taking these conclusions into account we updat-
ed the model for inhibition (Scheme 3).
Another important conclusion of this work is that sub-


stituents are eliminated as anions in the enzymatic reaction,
and not as radicals. Model calculations clarified that the
nature of the leaving substituent (radical/anionic) depends
on the presence of a base capable of deprotonating the 3’-
HO group. If such a base is present (as in the case of RNR)
the substituents are eliminated as anions. However, if the
base is omitted (as in biomimetic experiments using inhibi-
tor analogues) the substituents are eliminated as anions.
This should provide a general way to control the nature of
the eliminated 2’ substituents from substituted ribonucleoti-
des.
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Design of Photoactivated DNA Oxidizing Agents: Synthesis and Study of
Photophysical Properties and DNA Interactions of Novel Viologen-Linked
Acridines


Joshy Joseph,[a] Nadukkudy V. Eldho,[a, b] and Danaboyina Ramaiah*[a]


Dedicated to Prof. Manapurathu V. George on the occasion of his 75th birthday


Introduction


There is widespread interest in studying the interaction of
small molecules, including drugs, dyes, and toxic compounds,
with DNA, as well as in the design of compounds that can
cleave DNA in unique and controllable ways.[1±5] These stud-
ies not only lead to the development of molecular probes
for the recognition of DNA but also provide a chemical
basis for carcinogenesis and serve as model compounds for
DNA±protein interactions.[6,7] Recently, there has been con-
siderable interest in the design of photoactivated DNA
cleaving agents based on intercalators, groove-binding


agents, and hybrid molecules consisting of both intercalative
and groove-binding moieties.[8±15] The multitude of synthetic
systems used for photoinitiated oligonucleotide cleavage
was recently reviewed.[16]


A number of photoactivated DNA cleaving agents,
which function by different mechanisms initiated by the ab-
sorption of light, including electron transfer, generation of
diffusible intermediates, and H-atom abstraction, have been
reported in the literature.[16±20] The inefficiency associated
with DNA cleaving agents which function by electron trans-
fer mechanisms can be attributed to the existence of effi-
cient electron back-transfer between the resultant oxidized
nucleic acid base and the reduced sensitizer. A few exam-
ples of attempts to overcome the drawback of the electron-
back-transfer processes associated with such systems, based
on co-sensitization mechanisms, have been reported.[20±24]


These systems consist of a sensitizer (intercalator) and a co-
sensitizer (electron acceptor). On excitation, the sensitizer
transfers an electron to the co-sensitizer bound on the sur-
face of DNA. The photosensitization involving a co-sensitiz-
er that is bound far from the sensitizer inhibits electron
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Abstract: A new series of photoactivat-
ed DNA oxidizing agents in which an
acridine moiety is covalently linked to
viologen by an alkylidene spacer was
synthesized, and their photophysical
properties and interactions with DNA,
including DNA cleaving properties,
were investigated. The fluorescence
quantum yields of the viologen-linked
acridines were found to be lower than
that of the model compound 9-methyl-
acridine (MA). The changes in free
energy for the electron transfer reac-
tions were found to be favorable, and
the fluorescence quenching observed in
these systems is explained by an elec-
tron transfer mechanism. Intramolecu-


lar electron transfer rate constants
were calculated from the observed
fluorescence quantum yields and sin-
glet lifetime of MA and are in the
range from 1.06î1010 s�1 for 1a (n=1)
to 6î108 s�1 for 1c (n=11), that is, the
rate decreases with increasing spacer
length. Nanosecond laser flash photoly-
sis of these systems in aqueous solu-
tions showed no transient absorption,
but in the presence of guanosine or
calf thymus DNA, transient absorption


due to the reduced viologen radical
cation was observed. Studies on DNA
binding demonstrated that the violo-
gen-linked acridines bind effectively to
DNA in both intercalative and electro-
static modes. Results of PM2 DNA
cleavage studies indicate that, on pho-
toexcitation, these molecules induce
DNA damage that is sensitive to for-
mamidopyrimidine DNA glycosylase.
These viologen-linked acridines are
quite stable in aqueous solutions and
oxidize DNA efficiently and hence can
be useful as photoactivated DNA-
cleaving agents which function purely
by the co-sensitization mechanism.


Keywords: co-sensitizers ¥ DNA
cleavage ¥ DNA damage ¥ donor±
acceptor systems ¥ electron transfer
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back-transfer to some extent and thus increases the efficien-
cy of DNA cleavage.[20] However, compounds that exhibit
considerable DNA binding affinity and specificity in cleav-
age are yet to be achieved.


In this context, we have been interested in the design of
DNA cleaving agents which can strongly bind to DNA and
can induce cleavage by the co-sensitization mechanism.[25±27]


Our strategy was to link an electron donor and an electron
acceptor through various spacer groups and induce efficient
electron transfer by changing the characteristics of the
spacer (Figure 1). We chose acridine, a known intercala-
tor,[28] as the donor and viologen as the acceptor. The excit-
ed state of the acridine chromophore can transfer an elec-
tron to the viologen moiety to give the radical cation of acri-
dine and a reduced viologen moiety. The radical cation of
acridine can oxidize DNA bases with preference for guanine
and thus can initiate oxidative modification of DNA. The
challenging difficulties involved are 1) generating sufficient-
ly long lived charge-separated states so that the acridine
radical cation, once formed, can oxidize the DNA base
before intramolecular charge recombination takes place,
and 2) achieving effective binding to DNA. Here we report
the synthesis, photophysical properties, and DNA interac-
tions of a series of viologen-linked acridines (Scheme 1).
Our results indicate that the viologen-linked acridines under
investigation constitute a potential group of DNA cleaving
agents which function purely through the co-sensitization
mechanism.


Results


Absorption properties : The absorption spectra of the violo-
gen-linked acridine 1a and the model compound 9-methyl-
acridine (MA) in water are shown in Figure 2. In water, the
absorption spectra of the viologen-linked acridine deriva-
tives can be best described as the sum of absorption bands
of acridine and methyl viologen (MV2+). There is no evi-
dence for any ground-state charge-transfer interaction be-


Figure 1. Schematic representation of the strategy adopted for the design of photoactivated DNA oxidizing agents.


Scheme 1. Preparation of the viologen-linked acridine derivatives 1a±c and 2a±c.


Figure 2. Absorption spectra of 1a (4.6î10�5
m) and MA (5î10�5


m) in
water. The inset shows the fluorescence emission spectra of 1a (1.8î
10�5


m), 1b (2î10�5
m) and 1c (2î10�5


m) in water. The emission spectra
of 1a and 1b are multiplied by a factor of 8 for clarity. Excitation wave-
length: 355 nm.
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tween the acridine and viologen moieties in these systems.
However, the absorption spectra of 1a and 2a (CH2 spacer)
exhibited a red shift of 8±9 nm, which indicates the existence
of considerable through-bond interaction between the donor
and acceptor moieties (Table 1).[29] On decreasing the pH of
the solution from 7 to 2, we observed a decrease in the ab-
sorption of the acridine chromophore and an increase in the
absorption around 415 nm. This long-wavelength absorption


observed at lower pH values was attributed to the acridini-
um moiety formed by protonation. By monitoring the
change in absorption spectra vs pH, we determined pKa


values of 3.2, 4.3, and 5.4 for 1a, 1b, and 1c, respectively.
The decrease in pKa value with decreasing spacer length
confirms the that considerable through-bond interactions
occur between the acridine and viologen moieties in 1a,
which is therefore more acidic than 1c (n=11).


Fluorescence properties : The inset of Figure 2 shows the
fluorescence emission spectra of 1a±c in water, and Table 1
summarizes the fluorescence emission properties of 1a±c,
2a±c, and MA. All these compounds show structurally simi-
lar fluorescence spectra with a maximum around 435 nm.
The fluorescence quantum yields of the viologen-linked acri-
dine derivatives with short spacers (n=1, 3) are two orders
of magnitude smaller than that of MA. For example, 1a and
1b have fluorescence quantum yields of 0.007 and 0.002,
while MA has a fluorescence quantum yield of 0.55. Com-
pared to 1a and 1b, the corresponding bisacridine com-
pounds 2a and 2b showed slightly higher fluorescence quan-
tum yields (0.012 and 0.004, respectively). In the case of 1c
and 2c, in which the spacer is much longer (n=11), the ob-
served fluorescence quantum yields are 0.1 and 0.025, re-
spectively. In this case, the bis-acridine derivative 2c is sub-
jected to more fluorescence quenching than the mono deriv-
ative 1c.


Electron transfer studies : The feasibility of photoinduced
electron transfer between 9-methylacridine (MA) and
methyl viologen (MV2+) was determined by calculating the
change in free energy, as well as by fluorescence titration ex-
periments. The changes in free energy for electron transfer
from the singlet excited state of MA to MV2+ are �1.24 and
�1.27 eV in methanol and water, respectively.[26] Figure 3


shows the effect of the concentration of MV2+ on the fluo-
rescence emission spectrum of MA in methanol, and the
inset shows the corresponding Stern±Volmer plot. The
quenching rate constant kq was calculated by employing
Equations (1) and (2), where I0 and I are the fluorescence
intensities in the absence and presence of quencher (Q), Ksv


the Stern±Volmer constant, and t the singlet lifetime of MA
in the absence of quencher.


I0=I ¼ 1þKsv½Q� ð1Þ


Ksv ¼ kq � t ð2Þ


A linear plot was obtained (inset of Figure 3), and the
bimolecular quenching rate constant kq was 4î1010m�1 s�1.
Interestingly, intermolecular fluorescence quenching studies
showed that the protonated form of acridine is also capable
of donating an electron to MV2+ under light-sensitized con-
ditions, albeit with 42 times lower efficiency than the neutral
form of MA. The bimolecular rate constant for quenching
of the protonated form of MA by MV2+ , estimated by the
fluorescence titration technique, is 0.96î109m�1 s�1.


From the relative fluorescence quantum yields and the
fluorescence lifetime of MA (tref=7.8 ns in water), an esti-
mate of the rate constant of electron transfer process kET


can be made by using Equation 3 where kET is the rate of
electron transfer, Fref and F are the relative fluorescence
quantum yields of the model compound and the viologen-
linked acridine derivative, respectively, and tref is the fluo-
rescence lifetime of the model compound MA. The calculat-
ed intramolecular electron transfer rate constants are sum-
marized in Table 1.


kET ¼ ½ðFref=FÞ�1�=tref ð3Þ


Laser flash photolysis studies : Laser flash photolysis experi-
ments were carried out to characterize the transient inter-
mediates involved in these systems. Figure 4 shows the tran-


Table 1. Absorption and fluorescence emission properties of the violo-
gen-linked acridine derivatives 1a±c and 2a±c and 9-methylacridine
(MA) in water.


Compound Absorption Emission Ff
[a] î102 kETî10


10 s�1


lmax [nm] lmax [nm]


1a 365 437 0.7	0.05 1.06
1b 358 435 0.2	0.03 3.4
1c 356 436 10	0.10 0.06
2a 365 437 1.2	0.05 0.6
2b 356 435 0.4	0.03 2.11
2c 356 435 2.5	0.03 0.3
MA 355 435 55	0.50 ±


[a] Mean values for 2±3 independent experiments.


Figure 3. Effect of viologen (MV2+) concentration on the fluorescence
spectra of MA (2.3î10�5


m) in methanol. [MV2+]: 0 (a), 3.2 (b), 6.3 (c),
9.3 (d), 12.3 (e), 15.2 (f), 18.1 (g) and, 21 mm (h). The inset shows the
Stern±Volmer plot for the fluorescence quenching of MA by MV2+ . Exci-
tation wavelength: 355 nm.
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sient absorption spectra obtained on laser excitation
(355 nm, pulse width 20 ns) of MA in the presence of MV2+.
On the basis of quenching experiments with molecular
oxygen, the transient species with a lifetime of 16 ms and ab-
sorption maximum at 440 nm could be assigned to the triplet
excited state of MA. The other transient with two absorp-
tion maxima at 395 nm and 610 nm could be assigned to the
reduced viologen radical cation, as per literature data.[30]


The inset of Figure 4 shows the growth of the reduced violo-


gen radical cation and decay of the triplet excited state of
acridine. Since the formation of reduced viologen radical
cation can be explained by an electron transfer process,
from either the singlet or triplet excited state of MA to
MV2+ , we examined the effect of the quencher (MV2+) con-
centration to estimate the contributions of these two states.
When the concentration of MV2+ used was very low (ca.
10�5


m), the growth of the reduced viologen radical cation
was found to be concomitant with the decay of the triplet
excited state of acridine. At these quencher concentrations
(<25 mm), formation of the reduced viologen radical cation
by quenching of the singlet excited state of acridine would
therefore be less than 5%. At higher concentrations of
MV2+ (>12 mm), the growth of the methyl viologen radical
cation becomes clearly biexponential with a sudden growth
immediately after the laser pulse followed by slow growth,
that is, both of these excited states contribute significantly
to the formation of the reduced viologen radical cation.


Direct 355 nm laser excitation of the viologen-linked ac-
ridine derivatives 1a±c and 2a±c in water or methanol did
not show any transients. However, in presence of an exter-
nal donor such as guanosine or calf thymus DNA (CT
DNA), characteristic transient absorption due to the re-
duced viologen radical cation was observed. For example,
Figure 5 shows the transient absorption spectra obtained on
laser excitation of 1c (n=11) in the presence of CT DNA in
buffered aqueous solutions. The transient absorption corre-
sponding to the radical cation of methyl viologen exhibited
second-order decay with a rate constant of 8î102m�1 s�1.


Similar observations were made for 1a, 1b, and 2a±c. The
formation of the reduced viologen radical cation in the pres-
ence of CT DNA indicates that these molecules are capable
of oxidizing DNA efficiently.


DNA binding properties : To understand how efficiently the
viologen-linked acridines interacts with DNA, we investigat-
ed their DNA binding properties with absorption and fluo-
rescence techniques. The addition of CT DNA in small ali-
quots to solutions of the viologen-linked acridines resulted
in a strong decrease in the absorption of the acridine chro-
mophore and a small red shift of around 3±5 nm in each
case. As a representative example, Figure 6 shows the
change in absorption spectrum obtained by gradual addition
of CT DNA to 1a.


As these molecules are donor±acceptor systems, the
fluorescence spectral properties showed an interesting varia-
tion. On addition of CT DNA to a solution of 1a, an initial
enhancement (Figure 7) followed by a strong quenching
(inset of Figure 7) of the fluorescence emission was ob-
served. Similar observations were made for 1b, whereas 1c


Figure 4. Transient absorption spectra of MA (5.65î10�5
m) in the pres-


ence of viologen (MV2+ , 5.85î10�5
m) in methanol recorded a) 7, b) 10,


c) 20, and d) 40 ms after 355 nm laser excitation. The inset shows the
decay of the triplet excited state of acridine at 440 nm and the growth of
the reduced viologen radical cation at 395 nm.


Figure 5. Transient absorption spectrum of 1c (3.6î10�5
m) in the pres-


ence of CT DNA (0.33 mm) in 10 mm phosphate buffer containing 2 mm


NaCl recorded 20 ms after 355 nm laser excitation. The inset shows the
decay of the reduced viologen radical cation at 395 nm.


Figure 6. Absorption spectra of 1a (3.7î10�5) in the presence of CT
DNA in 10 mm phosphate buffer containing 2 mm NaCl. [DNA]: 0 (a),
0.03 (b), 0.06 (c), 0.1 (d), 0.13 (e), 0.17 (f), 0.19 (g), and 0.22 mm (h).
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(n=11) showed a regular decrease in fluorescence yield on
addition of CT DNA. The viologen-linked bis-acridine de-
rivatives 2a±c in the presence of CT DNA, on the other
hand, behaved similarly to the mono-acridine analogues
1a±c.


The fluorescence spectral changes observed in the pres-
ence of CT DNA were analyzed and fitted to the noncoop-
erative model of McGhee and von Hippel to obtain the
DNA association constants.[31±33] As representative examples,
the Scatchard plots for 1a and 1c are shown in Figure 8, and
the DNA association constants are summarized in Table 2.
The DNA association constants of the viologen-linked acri-


dine derivatives depend on the salt concentration and the
length of the spacer. For example, 1a has an association
constant of 9.24î105m�1 in 10 mm phosphate buffer contain-
ing 2 mm NaCl, whereas in the presence of 100 mm NaCl, a
lower value of 1î105m�1 was observed. Compound 1c ex-
hibited higher affinity for DNA (5.24î106m�1) relative to
1a. The rate constants kDNA for the quenching of the singlet
excited state of the acridine chromophore in the viologen-
linked acridine derivatives in the presence of DNA were


evaluated on the basis of the limiting fluorescence intensity
(under conditions for which 99% of the substrate is bound
to DNA) and by using Equation (4)[24] where I0 and I are
the fluorescence intensities in the absence and presence of
DNA, and kSI is the sum of rate constants (kd+kET) for de-
activation of the singlet state.


I0=I ¼ 1þ kDNA=kSI ð4Þ


The kDNA values obtained for these compounds are sum-
marized in Table 2.


Binding selectivity of the viologen-linked acridine deriv-
atives was analyzed by employing polynucleotides such as
poly(dA).poly(dT) and poly(dG).poly(dC). Figure 9 shows
the effect of poly(dA).poly(dT) concentration on the fluo-
rescence emission spectrum of 1a, while the inset shows the
effect of poly(dG).poly(dC). A strong enhancement in the
fluorescence emission was observed in the case of 1a with
increasing concentration of poly(dA).poly(dT). A similar
observation was made for 1c. However, the negligible effect
of the polynuleotide poly(dG).poly(dC) on the absorption


Figure 7. Fluorescence spectra of 1a (3.7î10�5
m) in the presence of CT


DNA in 10 mm phosphate buffer containing 2 mm NaCl. [DNA]: 0 (a),
0.03 (b), 0.06 (c), 0.1 (d), 0.13 (e), 0.22 mm (f); The inset shows [DNA]
0.22 (f), 0.32 (g), 0.47 (h), 0.61 (i), 0.75 (j), 0.89 (k), 1.4 (l), 1.85 (m), and
2.45 mm (n). Excitation wavelength: 355 nm.


Figure 8. Scatchard plot for the binding of 1a to CT DNA in 10 mm phos-
phate buffer containing 2 mm NaCl. The inset shows the Scatchard plot
for 1c under similar conditions.


Table 2. DNA association constants K, site-exclusion parameters n, and
singlet deactivation rates of the viologen-linked acridines.[a]


Compd Ionic strength K [m�1] n[b] kSI
[c] [s�1] kDNA


[d] [s�1]


1a 2 mm NaCl 9.24î105 4 1.1î1010 0.98î1010


100 mm NaCl 1.01î105 11
1c 2 mm NaCl 5.24î106 7 7.3î108 0.52î1010


100 mm NaCl 1.64î105 15
2a 2 mm NaCl 1.30î106 5 6.1î109 0.65î1010


100 mm NaCl 3.90î105 14
2c 2 mm NaCl 2.2î106 9 3.1î109 0.87î1010


100 mm NaCl 2.1î105 18


[a] Determined in 10 mm phosphate buffer (pH 7.4) containing 2 or
100 mm NaCl. [b] Number of nucleotides occluded by a bound ligand.
[c] Taken as the sum of the radiative and nonradiative rate constants (kd)
for deactivation of the singlet excited state of acridine and the rate con-
stant for intramolecular electron transfer from acridine to viologen (kET).
[d] Calculated as per the equation reported in reference [24].


Figure 9. Fluorescence spectra of 1a (1.2î10�5
m) in the presence of poly-


(dA).poly(dT) in 10 mm phosphate buffer containing 2 mm NaCl. [poly-
(dA).poly(dT)]: 0 (a), 0.4 (b), 1.3 (c), 2.2 (d), 4.6 (e), and 20 mm (f). The
inset shows the fluorescence emission spectra of 1a (1.1î10�5


m) in the
presence of poly(dG).poly(dC) under similar conditions. [poly(dG).po-
ly(dC)]: 0 (a), 0.2 (b), 2.3 (c), 3.2 (d), 5.0 (e), 6.5 (f), 7.2 (g), 8.5 (h), 9.7
(j), and (k) 11.0 mm. Excitation wavelength: 355 nm.
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and fluorescence properties indicates preferential affinity of
the viologen-linked acridine derivatives to the former se-
quences.


DNA cleaving properties : To understand the efficiency and
nature of oxidative DNA damage induced by the viologen-
linked acridines, we examined the cleavage of supercoiled
DNA from bacteriophage PM2 (PM2 DNA, 104 bp) in the
presence and absence of various repair endonucleases.[34±36]


Phosphate-buffered (pH 7.4) solutions of PM2 DNA
(10 mgmL�1) at 0 8C were irradiated with 360 nm light in the
presence of various concentrations of 1a and 1c. Subse-
quently, the DNA was analyzed for the following types of
modifications: 1) single- and double-strand DNA breaks;
2) sites of base loss (AP sites) recognized by exonuclea-
se III; 3) base modifications plus AP sites sensitive to T4 en-
donuclease V; 4) base modifications plus AP sites sensitive
to endonuclease III; and 5) base modifications plus AP sites
sensitive to formamidopyrimidine DNA glycosylase (FPG
protein).


The results of various modifications induced by the pho-
toactivated viologen linked acridines 1a and 1c in the form
of damage profiles are shown in Figure 10. It is evident from
the damage profiles that both these compounds induced


very few AP sites and few modifications sensitive to endo-
nuclease III, but a large number of base modifications sensi-
tive to FPG protein. Compound 1a (n=1) was about four
times more efficient in inducing DNA damage than 1c (n=
11). However, no single-strand breaks (SSB) were observed
in each case. Since the FPG protein recognizes the major
damage, we investigated the effect of irradiation time and
concentration on the formation of FPG-sensitive modifica-
tions and SSBs induced by 1a (Figure 11) and 1c
(Figure 12). In each case, the damage sensitive to FPG pro-
tein increases with increasing irradiation time. No significant
increase in SSBs was observed, even after irradiation for
30 min. Similarly, an increase in FPG-sensitive modifications
was observed with increasing concentration of 1c (inset of
Figure 12). Furthermore, no significant DNA damage was
observed on irradiation of PM2 DNA alone or in presence


of viologen, or in the dark in presence of the viologen-
linked acridine derivatives at high concentrations, and this
indicates that the DNA damage observed is purely caused
by photoactivated viologen-linked acridine systems.


Discussion


For compounds in which a donor and an acceptor are sepa-
rated by flexible or rigid spacer groups the dependence of
electron transfer reactions on distance is well document-
ed.[37±40] In such systems, both through-bond and through-
space interactions play a role in determining the photophysi-
cal properties. In the case of the viologen-linked acridines
and bisacridines, the observed fluorescence quantum yields
were very low compared to that of the model compound


Figure 10. DNA damage profiles showing single-strand breaks (SSB) and
various endonuclease-sensitive modifications induced in PM2 DNA by
photoactivated 1a (250 nm, 18 kJm�2) and 1c (1 mm, 9 kJm�2).


Figure 11. Time dependence of single-strand breaks (SSB) and FPG-sen-
sitive modifications, induced in PM2 DNA by 1a (0.25 mm, 0 8C) on UV
irradiation with 360 nm light (4.6 kJm�2).


Figure 12. Time dependence of single-strand breaks (SSB) and FPG-sen-
sitive modifications induced in PM2 DNA by 1c (0.30 mm, 0 8C) upon UV
irradiation with 360 nm light (4.6 kJm�2). The inset shows the concentra-
tion dependence of SSB and FPG-sensitive modifications induced in
PM2 DNA by 1c on UV irradiation with 360 nm light (4.6 kJm�2).
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MA. For example 1a, in which the spacer is a single methyl-
ene group, showed a higher degree of fluorescence quench-
ing than the compound with the longer spacer 1c (n=11).
This indicates that the through-bond interactions are at a
maximum for 1a, while the through-space interactions play
significant role in 1c. On the other hand, in 1b, in which the
spacer length is medium (n=3), we observed maximum
fluorescence quenching, which may result from the cumula-
tive effect of through-bond and through-space interactions
between the donor and acceptor groups. The calculated
changes in free energy and the results of intermolecular
fluorescence quenching experiments showed that the acri-
dine chromophore can act as an efficient electron donor to
the viologen moiety. We observed a value of kET=1.06î
1010 s�1 for 1a (n=1), whereas 1c, with the longer spacer
(n=11), exhibited value around 15 times lower (kET=6.4î
108 s�1, Table 1), which indicates a decrease in intramolecu-
lar electron transfer rate with increasing spacer length.


As observed in the laser flash photolysis studies, both
the singlet and triplet excited states of MA can transfer an
electron to MV2+ to form the reduced methyl viologen radi-
cal cation. In the viologen-linked acridines, the rate of
charge separation kET and the rate of charge recombination
are expected to be fast, and hence the reduced viologen rad-
ical cation could not be observed by a nanosecond laser
flash photolysis technique. However, in the presence of an
external donor such as guanosine or DNA, we observed the
formation of the reduced methyl viologen radical cation.
This can be attributed to the enhanced lifetime of the
charge-separated species in the presence of a sacrificial
donor.


We observed a strong hypochromic effect in the absorp-
tion spectra of the viologen-linked acridines in the presence
of DNA, as reported for molecules that undergo intercala-
tive interactions with DNA.[28] However, we observed that
the spacer length and electrostatic interactions also contrib-
ute to the stability of the viologen-linked acridine±DNA
complexes. The involvement of
electrostatic interactions was
supported by the fact that the
DNA association constants
were reduced by nearly one
order of magnitude when the
salt concentration was varied
from 2 to 100 mm. Interestingly,
these compounds exhibited un-
usual fluorescence emission
properties in the presence of
DNA. Initial concentrations of
added CT DNA (<0.2 mm) re-
sulted in an enhancement of
fluorescence quantum yields of
the viologen-linked acridines
(n=1, 3), which was followed
by strong quenching of the fluo-
rescence at higher concentra-
tions of DNA. As these mole-
cules are donor±acceptor sys-
tems, their fluorescence proper-


ties in the presence of DNA could be controlled by several
factors. Of these, the predominant factor would be the per-
turbation of the interactions between the acridine and violo-
gen moieties in the presence of DNA. At lower concentra-
tions of DNA, perturbation of interactions between the acri-
dine and viologen moiety results in enhancement of fluores-
cence yields. However, at higher concentrations of DNA,
for which more than 95% of the molecules are intercalated
between the base pairs of DNA, the electron transfer proc-
esses from DNA bases become more predominant, and this
results in strong fluorescence quenching of these systems.


Considering the electron transfer processes in the pres-
ence of DNA, two pathways can be proposed for the forma-
tion of the reduced viologen radical cation, as shown in
Figure 13.


In path A electron transfer from the DNA base (prefera-
bly from guanine) to the excited acridine moiety is followed
by transfer of an electron from the acridine radical anion to
the viologen moiety with formation of the charge-separated
radical cation of viologen. In path B electron transfer from
the excited acridine moiety is followed by the reduction of
the acridine radical cation by DNA base. The efficiency of
these two pathways in the viologen-linked acridine deriva-
tives was evaluated in terms of the kDNA values and other
singlet deactivation processes [Eqs. (5) and (6)],[24] where
FA and FB are the efficiencies for paths A and B, respec-
tively, kDNA and kET the rate constants for the quenching of
the singlet excited state of acridine by DNA and covalently
linked viologen, respectively (data shown in Table 1 and
Table 2), and kd is the intrinsic rate constant for the deacti-
vation of the singlet excited state of acridine (kd = 1.28î
108 s�1).


FA ¼ kDNA=ðkETþkDNAþkdÞ ð5Þ


FB ¼ kET=ðkETþkDNAþkdÞ ð6Þ


Figure 13. Schematic representation of paths A and B for oxidative DNA damage induced by photoactivated
viologen-linked acridine derivatives (Acr=acridine moiety, V=viologen moiety, GS=ground-state complex,
ES=excited-state complex, CS=charge-separated state).
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In the case of 1a (n=1), it was observed that both
path A and path B contribute equally to deactivation of the
singlet state of acridine, whereas path A was the predomi-
nant process (>90%) for 1c (n=11). Both these mecha-
nisms finally lead to the formation of the charge-separated
radical cation of methyl viologen and the radical cation of
the nucleic acid base.


The PM2 DNA damage analysis confirms that the
charge-separated base radical cation, once formed, can
result in the oxidative DNA damage. It was furthermore ob-
served that most of the DNA damage induced by these sys-
tems was recognized by FPG protein,[34] which is known to
recognize oxidized DNA products such as 8-hydroxyguano-
sine and formamidopyrimidines, which can be formed by an
electron transfer mechanism.[34±36] The possibility of involve-
ment of singlet oxygen and hydroxyl radical intermediates
can be ruled out, since the viologen-linked acridine deriva-
tives exhibited negligible triplet excited states, and the
damage profiles observed are quite different from that in-
duced by the disodium salt of 1,4-etheno-2,3-benzoxlioxin-
1,4-dipropanoic acid (NDPO2) and ionizing radiation.[41,42]


These results clearly indicate the fact that the DNA modifi-
cations induced by these molecules originate from the oxi-
dation of guanosine. Since guanine has the lowest ionization
potential, it can be preferentially oxidized by the excited
state of the acridine chromophore of these compounds.
Moreover, the selective oxidation of guanine in DNA can
also be rationalized by the mechanism of fast hole hop-
ping[43,44] even if the initial electron transfer caused by the
photoexcited viologen-linked acridine occurs at a remote
site in the DNA duplex.


Conclusion


The absorption spectra of the viologen-linked acridines in
water closely resemble those of the model compounds 9-
methylacridine (MA) and viologen, and this indicates the
absence of ground-state interactions between the viologen
and acridine units. The lower fluorescence quantum yields
of the viologen-linked acridines relative to MA, suggest that
the fluorescence of acridine is efficiently quenched by the
viologen moiety, and that electron transfer is the predomi-
nant nonradiative decay pathway. Laser excitation (355 nm)
of these systems in the presence of external donors such as
guanosine or DNA showed transients due to the reduced vi-
ologen radical cation. The calculated kDNA and kET values in-
dicate that both paths A and B, involving the reduction and
oxidation of the excited state of acridine by DNA and the
viologen moiety, respectively, are important, and the pre-
dominance of these pathways depends on the spacer length.
Both these pathways result in the charge-separated reduced
viologen radical cation and the radical cation of the nucleic
acid base and cause DNA modifications that are sensitive to
FPG protein. Results of these investigations indicate that
this new series of bifunctional compounds, which are stable
in aqueous medium and efficient in oxidizing guanosine and
DNA, can have potential use as photoactivated DNA oxi-


dizing agents that function purely by the co-sensitization
mechanism.


Experimental Section


General techniques : The equipment and procedure for melting point de-
termination and recording spectra are described in earlier publica-
tions.[45,46] An Elico pH meter was used for pH measurements. The fluo-
rescence quantum yields were determined by using optically matched sol-
utions. 9-Aminoacridine in methanol (Ff=0.99) was used as standard.[47]


The fluorescence lifetimes were measured on an Edinburgh FL900CD
single-photon counting system and were determined by deconvoluting
the instrumental function with a mono- or biexponential decay and mini-
mizing the c2 values of the fit to 1	0.1. Laser flash photolysis experi-
ments were carried out in an Applied Photophysics Model LKS-20 Laser
Kinetic Spectrometer using the third harmonic (355 nm) of a Quanta
Ray GCR-12 series pulsed Nd:YAG laser. Cyclic voltammetry was per-
formed on a BAS CV50W Cyclic Voltammeter with tetrabutylammonium
tetrafluoroborate as supporting electrolyte in dry acetonitrile. A standard
three-electrode configuration was used with a glassy carbon working elec-
trode, a platinum auxiliary electrode, and a Ag/AgCl (3m NaCl) refer-
ence electrode. The potentials were calibrated against the standard calo-
mel electrode (SCE). The DNA binding studies were carried out in
10 mm phosphate buffer containing 2 or 100 mm NaCl. The absorption
and fluorescence titrations of the viologen-linked acridines with DNA
were carried out by adding small aliquots of DNA solution containing
the same concentration of the compound as in the test solution. The
binding affinities were calculated from fluorescence quantum yields ac-
cording to the method of McGhee and von Hippel by using the data
points of the Scatchard plot.[31±33] For compounds 1a,b and 2a,b, only
data that showed regular fluorescence quenching on addition of DNA
were used for the calculation of DNA association constants.


Materials : 4,4’-Bipyridine and methyl viologen dichloride hydrate (MV2+


; 98%) were purchased from Aldrich and used as received. Calf thymus
DNA (CT DNA), poly(dA).poly(dT) and poly(dG).poly(dC) were ob-
tained from the Pharmacia Biotech (USA). Solutions of CT DNA were
sonicated for 1 h and filtered through a 0.45 mm Millipore filter. The con-
centrations of DNA solutions were determined by using the molar ab-
sorptivities e=6600m�1 cm�1 at lmax=260 nm for CT DNA; e=


6000m�1 cm�1 at lmax=260 nm for poly(dA).poly(dT), and e=


7400m�1 cm�1 at lmax=253 nm for poly(dG).poly(dC).[48] DNA from bac-
teriophage PM2 (PM2 DNA) was prepared according to the method of
Salditt et al.[49] More than 95% was in the supercoiled form, as deter-
mined by the reported method. Formamidopyrimidine DNA glycosy-
lase[50] was obtained from Dr. S. Boiteux. Endonuclease was provided by
Dr. R. P. Cunningham.[51] T4 endonuclease V was partially purified by the
method of Nakabeppu et al.[52] Exonuclease III was purchased from
Boehringer. All repair endonucleases were tested for their incision at ref-
erence modifications under the applied assay conditions to ensure that
the correct substrate modifications are fully recognized and no incisions
at nonsubstrate modifications take place.


1-Butyl-4,4’-bipyridinium bromide was obtained in 95% yield by the re-
action of 4,4’-bipyridine with 1-bromobutane in the molar ratio 3:1 in dry
acetonitrile. 9-Methylacridine (MA), m.p. 114±115 8C (lit. m.p. 115±
116 8C),[53] 9-bromomethylacridine, m.p. 160±161 8C (lit. m.p.
160±161 8C),[53] 3-(acridin-9-yl)-1-bromopropane, m.p. 103±104 8C (lit.
m.p. 104±105 8C),[54,55] and 11-(acridin-9-yl)-1-bromoundecane, m.p.
58±59 8C (lit. m.p. 58±59 8C),[54,55] were synthesized as per reported proce-
dures.


Synthesis of monofunctional viologen-linked acridine derivatives 1a±c : A
solution of w-(acridin-9-yl)-a-bromoalkane (1 mmol) and 1-butyl-4,4’-bi-
pyridinium bromide (1 mmol) in dry acetonitrile (30 mL) was stirred at
30 8C for 12 h. The precipitated solid was collected by filtration and
washed with dry acetonitrile and dichloromethane to remove unchanged
starting material. The solid that remained was further purified by Soxhlet
extraction with dichloromethane and recrystallized from ethyl acetate/
acetonitrile (4/1) to give 1a±c in good yields.
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1-[(Acridin-9-yl)methyl]-1’-butyl-4,4’-bipyridinium dibromide (1a): 67%
yield, m.p. 260±261 8C; 1H NMR (300 MHz, [D6]DMSO, 30 8C, TMS): d=
0.91 (t, J=7.3 Hz, 3H, CH3), 1.26±1.33 (m, 2H, CH2), 1.89±1.94 (m, 2H,
CH2), 4.66 (t, J=7.3 Hz, 2H, CH2), 7.11 (s, 2H, CH2), 7.78 (t, J=7.6 Hz,
2H, Ar�H), 7.97 (t, J=7.6 Hz, 2H, Ar�H), 8.32 (d, J=8.7 Hz, 2H, Ar�
H), 8.53 (d, J=8.7 Hz, 2H, Ar�H), 8.59 (d, J=6.4 Hz, 2H, Ar�H), 8.66
(d, J=6.3 Hz, 2H, Ar�H), 9.18 (d, J=6.4 Hz, 2H, Ar�H), 9.31 ppm (d,
J=6.4 Hz, 2H, Ar�H); 13C NMR (75 MHz, [D6]DMSO, 30 8C, TMS): d=
149.8, 148.5, 146.0, 145.7, 131.4, 131.0, 130.2, 128.7, 127.1, 126.9, 126.0,
124.4, 121.4, 61.1, 55.4, 33.0, 19.1, 13.7 ppm; HRMS (ESI) calcd for
C28N3H27Br: 484.1372; found: 484.1378; elemental analysis (%) calcd for
C28H27Br2N3: C 59.49, H 4.81, N 7.43; found: C 59.28, H 4.98, N 7.31.


1-[3-(Acridin-9-yl)propyl]-1’-butyl-4,4’-bipyridinium dibromide (1b):
71% yield, m.p. 253±254 8C; 1H NMR (300 MHz, [D6]DMSO, 30 8C,
TMS): d=0.94 (t, J=7.4 Hz, 3H, CH3), 1.28±1.40 (m, 2H, CH2), 1.92±
2.02 (m, 2H, CH2), 2.46±2.51 (m, 4H, CH2), 3.95 (t, J=7.4 Hz, 2H, CH2),
4.74 (t, J=7.3 Hz, 2H, CH2), 7.80 (t, J=8.2 Hz, 2H, Ar�H), 8.05 (t, J=
7.3 Hz, 2H, Ar�H), 8.28 (d, J=8.6 Hz, 2H, Ar�H), 8.71 (d, J=8.6 Hz,
2H, Ar�H), 8.83±8.86 (m, 4H, Ar�H), 9.46 (d, J=6.3 Hz, 2H, Ar�H),
9.57 ppm (d, J=6.3 Hz, 2H, Ar�H); 13C NMR (75 MHz, [D6]DMSO,
30 8C, TMS): d=149.5, 149.3, 146.2, 145.4, 133.3, 127.5, 127.2, 125.9,
125.0, 61.5, 60.7, 33.2, 33.2, 24.8, 19.3, 13.8 ppm; MS (FAB): m/z (%): 433
[M+] (10), 376 (2); elemental analysis (%) calcd for C30H31Br2N3: C
60.72, H 5.27, N 7.08; found: C 60.51, H 5.21, N 7.27.


1-[11-(Acridin-9-yl)undecyl]-1’-butyl-4,4’-bipyridinium dibromide (1c):
65% yield, m.p. 248±249 8C; 1H NMR (300 MHz, [D6]DMSO, 30 8C,
TMS): d=0.95 (t, J=7.3 Hz, 3H, CH3), 1.23±1.71 (m, 18H, (CH2)9),
1.95±1.98 (m, 4H, CH2CH2), 3.65 (t, J=7.3 Hz, 2H, CH2), 4.74 (t, J=
7.3 Hz, 4H, CH2), 7.65 (t, J=7.6 Hz, 2H, Ar�H), 7.85 (t, J=7.6 Hz, 2H,
Ar�H), 8.14 (d, J=8.6 Hz, 2H, Ar�H), 8.38 (d, J=8.6 Hz, 2H, Ar�H),
8.82 (d, J=6.4 Hz, 4H, Ar�H), 9.43 ppm (d, J=6.4 Hz, 4H, Ar�H);
13C NMR (75 MHz, [D6]DMSO, 30 8C, TMS): d=149.0, 148.3, 147.7,
146.1, 130.5, 130.1, 127.0, 126.2, 125.1, 124.7, 61.3, 61.0, 33.1, 31.6, 31.2,
29.7, 29.3, 29.1, 28.8, 27.1, 25.8, 19.2, 13.7 ppm; MS (FAB): m/z (%): 545
[M+] (10), 488 (1); elemental analysis (%) calcd for C38H47Br2N3: C
64.68, H 6.71, N 5.98; found: C 64.42, H 6.44, N 5.72.


Synthesis of the bifunctional viologen-linked acridine derivatives 2a±c : A
solution of w-(acridin-9-yl)-a-bromoalkane (2 mmol) and 4,4’-bipyridine
(1 mmol) in dry acetonitrile (90 mL) was stirred at 30 8C for 12 h. The
precipitated solid was collected by filtration and washed with dichloro-
methane and acetonitrile. Soxhlet extraction of the solid with dichloro-
methane and recrystallization from ethyl acetate/acetonitrile (4/1) gave
2a±c in quantitative yield.


Bis-1,1’-[(acridin-9-yl)methyl]-4,4’-bipyridinium dibromide (2a): 80%
yield, m.p. >400 8C; 1H NMR (300 MHz, [D6]DMSO, 30 8C, TMS): d=
7.09 (s, 4H, CH2), 7.77±7.95 (m, 8H, Ar�H), 8.21±8.55 (m, 16H, Ar�H),
9.05±9.16 ppm (m, 8H, Ar�H); 13C NMR (75 MHz, [D6]DMSO, 30 8C,
TMS): d=150.9, 149.7, 148.5, 145.4, 133.9, 131.3, 128.8, 127.6, 126.4,
124.5, 58.5 ppm; HRMS (ESI) calcd for C38N4H28Br: 619.1498; found:
619.1503; elemental analysis (%) calcd for C38H28Br2N4: C 65.16, H 4.03,
N 8.00; found: C 64.98, H 3.79, N 7.91.


Bis-1,1’-[3-(acridin-9-yl)propyl]-4,4’-bipyridinium dibromide (2b): 75%
yield, m.p. 223±224 8C; 1H NMR (300 MHz, D2O, 30 8C) d=2.50±2.60 (m,
4H, CH2), 3.96 (t, J=7.4 Hz, 4H, CH2), 4.88 (t, J=7.4 Hz, 4H, CH2),
7.79±7.83 (m, 6H, Ar�H), 8.01±8.07 (m, 8H, Ar�H), 8.26 (d, J=6.3 Hz,
2H, Ar�H), 8.46±8.48 (m, 4H, Ar�H), 8.68±8.71 (m, 2H, Ar�H),
8.93 ppm (d, J=6.3 Hz, 2H, Ar�H); 13C NMR (75 MHz, [D6]DMSO,
30 8C, TMS): d=150.8, 148.4, 145.8, 132.7, 126.8, 126.5, 125.5, 125.3,
124.4, 121.9, 60.3, 32.4, 24.3 ppm; MS (FAB): m/z (%): 596[M+] (1), 376
(10); elemental analysis (%) calcd for C42H36Br2N4: C 66.68, H 4.80, N
7.41; found: C 66.49, H 4.91, N 7.21.


Bis-4,4’-[11-(acridin-9-yl)undecyl]bipyridinium dibromide (2c): 46%
yield, m.p. 152±153 8C; 1H NMR (300 MHz, [D6]DMSO, 30 8C, TMS): d=
1.22±1.94 (m, 36H, (CH2)9), 3.64 (t, J=7.3 Hz, 4H, CH2), 4.64 (t, J=
7.3 Hz, 4H, CH2), 7.65 (t, J=7.6 Hz, 4H, Ar�H), 7.85 (t, J=7.6 Hz, 4H,
Ar�H), 8.04 (d, J=5.8 Hz, 4H, Ar�H), 8.15 (d, J=8.6 Hz, 4H, Ar�H),
8.38 (d, J=8.6 Hz, 2H, Ar�H), 8.63 (d, J=6.3 Hz, 2H, Ar�H), 8.87 (d,
J=5.8 Hz, 2H, Ar�H), 9.24 ppm (d, J=6.3 Hz, 2H, Ar�H); 13C NMR
(75 MHz, [D6]DMSO, 30 8C, TMS): d=151.4, 148.4, 147.6, 145.7, 130.5,
130.1, 126.2, 125.8, 125.1, 122.3, 60.8, 31.6, 31.1, 29.7, 29.3, 29.1, 28.8, 27.1,


25.8 ppm; MS (FAB): m/z (%): 820 [M+] (1), 488 (10); elemental analy-
sis (%) calcd for C58H68Br2N4: C 71.01, H 6.99, N 5.71; found: C 70.88, H
6.67, N 5.92.


Free-energy calculations : The change in free energy of photoinduced
electron transfer DGel was calculated with the Rehm±Weller equation
[Eq. (7)],[56,57] where E0


ðDÞ is the oxidation potential of the donor, E0
ðAÞ the


reduction potential of the acceptor, E(0,0) the excitation energy of the sen-
sitizer, es the dielectric constant of the solvent used, rD and rA are the
radii of the donor and acceptor molecules, and dcc is the center-to-center
distance between the ions.


DGel ¼ E0
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The values of rD, rA, and dcc were estimated by using a computer model-
ing program.[58] The free-energy change for electron transfer from the sin-
glet excited state of acridine to viologen was calculated from the meas-
ured oxidation potential of MA (1.6 V versus SCE),[26] the reduction po-
tential of methyl viologen (�0.45 eV versus SCE),[59] and the singlet
energy of acridine (3.26 eV).[60] The change in free energy for electron
transfer from the excited state of the protonated acridine moiety (E0,0=


2.8 eV)[60] to methyl viologen was not calculated due to the lack of the
one-electron oxidation potential of the donor.


DNA damage analysis : The exposure of PM2 DNA (10 mgmL�1) to near-
UV radiation (360 nm) in the presence and absence of the viologen-
linked acridine derivatives was carried out on ice in phosphate buffer
(5 mm KH2PO4, 50 mm NaCl, pH 7.4) by means of a black light lamp
(Osram HQV; 5 min at 10 cm distance). The modified DNA was precipi-
tated by ethanol/sodium acetate and redissolved in BE1 buffer (20 mm


Tris-HCl, pH 7.5, 100 mm NaCl, 1 mm EDTA), and the DNA damage was
quantified by means of various endonucleases and DNA relaxation assay,
as reported earlier.[34, 35]
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Homo- and Heterometallic [2î2] Grid Arrays Containing RuII, OsII, and FeII
Subunits and their Mononuclear RuII and OsII Precursors: Synthesis,
Absorption Spectra, Redox Behavior, and Luminescence Properties


Dario M. Bassani,[a, b] Jean-Marie Lehn,*[a] Scolastica Serroni,[c] Fausto Puntoriero,[c] and
Sebastiano Campagna*[c]


Introduction


The development of nanoscale molecular and supramolec-
ular devices incorporating photo- and electro-active centers
has emerged as a viable route to smart functional materials
operating at the molecular level.[1±3] Supramolecular self-as-
sembly has played a major role in the move from isolated
molecules to complex, interactive ensembles, and a wide va-
riety of well-defined supramolecular architectures have been
prepared to date.[3,4] A major feature of the self-assembly
process is that individual components will spontaneously
combine in a pre-determined fashion due to the presence of
complementary molecular recognition sites, thus offering ef-
ficient access to nanometer-sized assemblies. The construc-
tion of metallo-supramolecular architectures in which metal
ions are spatially arranged in two-dimensional grid arrays is
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Abstract: The absorption spectra,
redox behavior, and luminescence
properties (both at 77 K in rigid matri-
ces and at room temperature in fluid
solution) of a series of [2 î2] molecular
grids have been investigated. The latter
were prepared either by means of se-
quential self-assembly, or by a stepwise
protection/deprotection procedure, and
are based on a ditopic hexadentate
ligand 1 in which two terpyridine-like
binding sites are fused together in a
linear arrangement. The molecular
grids studied include the homometallic
species [{Fe(1)}4]


8+ (Fe2Fe2), and the
heterometallic species
[{Ru(1)}2{Fe(1)}2]


8+ (Ru2Fe2) and
[{Os(1)}2{Fe(1)}2]


8+ (Os2Fe2). For com-
parison purposes, the properties of the
mononuclear complexes [Ru(1)2]


2+ (1-
Ru) and [Os(1)2]


2+ (1-Os) have been
studied. All these compounds exhibit


very intense absorption bands in the
UV region (e in the 105±106


m
�1 cm�1


range, attributed to spin-allowed
ligand-centered (LC) transitions), as
well as intense metal-to-ligand charge-
transfer (MLCT) transitions (e in the
104±105


m
�1 cm�1 range) that extend to


the entire visible region. The mononu-
clear species 1-Ru and 1-Os exhibit rel-
atively intense luminescence, both in
acetonitrile at room temperature (t=
59 and 18 ns, respectively) and in butyr-
onitrile rigid matrices at 77 K. In con-
trast, the tetranuclear molecular grids
do not exhibit any luminescence, either
at room temperature or at 77 K. This is


attributed to fast intercomponent
energy transfer from the Ru- or Os-
based subunits to the low-lying metal-
centered (MC) levels involving the FeII


centers, which leads to fast radiation-
less decay. The redox behavior of the
compounds is characterized by several
metal-centered oxidation and ligand-
centered reduction processes, most of
them reversible in nature (as many as
twelve for Fe2Fe2). Detailed assignment
of each redox process has been made,
and it is apparent that these systems
can be viewed as multilevel molecular
electronic species capable of reversibly
exchanging a number of electrons at
accessible and predetermined poten-
tials. Furthermore, it is shown that the
electronic interaction between specific
subunits depends on their location in
the structure and on the oxidation
states of the other components.


Keywords: cyclic voltammetry ¥
fluorescence spectroscopy ¥ grid-
type complexes ¥ N ligands ¥
self-assembly
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particularly interesting in view of their electro-optical and
magnetic properties.[5,6] An additional feature of these as-
semblies is the possibility of directing their deposition onto
solid substrates through secondary molecular recognition
motifs, such as hydrogen bonding.[7a,b] In light of this, the
design of advanced grid-type architectures containing differ-
ent metal ions localized in a specific arrangement represents
a significant step forward in the development of functional
molecular devices.


Previous examples of well-defined supramolecular struc-
tures that contained different metal ions relied on the use of
different binding sites, each adapted to a particular metal
ion.[8] The combination of binding sites and their spatial ar-
rangement can be viewed as a molecular program, to be
read-out by the metal ions through their coordination fea-
tures during the self-assembly process. This approach has re-
cently made it possible to direct the formation of highly
functionalized assemblies combining helical and grid-like
sub-structures.[8b,c] It relies on the use of metal ions that pos-
sess different coordination geometries coupled to the use of
specially designed ligands to direct the self-assembly pro-
cess. A complementary approach makes use of metal ions of
like coordination geometry, but of different kinetic stability
to construct complex architectures in a step-wise manner.


The mixed-metal complexes described in this study are
based on the ditopic hexadentate ligand 1, in which two ter-
pyridine-like binding sites are fused together in a linear ar-
rangement (Scheme 1). In principle, whereas the construc-


tion of a homometallic [2 î2] grid can only lead to one
structure, the incorporation of two different metal ions
during the assembly produces grid-type structures that may
exist as either anti or syn topoisomers (localization isomers).
When both ions possess identical coordination spheres, a se-
quential self-assembly strategy must be employed to direct
the formation of only one isomer. For this to be effective,
the second metal ion to be introduced must be of lower ki-
netic stability than the first, allowing the use of milder reac-
tion conditions to avoid scrambling with the metal centers
already present. We have previously reported the successful
use of this approach to prepare mixed-metal grids combin-
ing the kinetically inert RuII or OsII with a second metal ion


(FeII, CoII, or NiII).[9] The investigation of the spectroscopic,
redox, and luminescence properties of the multimetallic
structures described here provides new information concern-
ing the intra-assembly through-space and through-ligand
metal±metal interactions, ligand±ligand interactions mediat-
ed by the metal centers, and the occurrence of photoinduced
energy-transfer processes within the grid structures. A sche-
matic representation of all the species investigated here is
shown in Figure 1.


Results


Synthesis of mixed-metal [2î2] grid-type complexes : To
avoid scrambling of the metal centers, it is necessary to first
introduce the ruthenium(ii) and osmium(ii) ions. Complexes
Ru2Fe2 and Os2Fe2, each containing two different pairs of
octahedral metal ions located at opposite corners, were ob-
tained by reaction of the corresponding RuII or OsII


™corner∫ precursor 1-Ru or 1-Os, respectively, with FeII ions.
Different strategies were employed to obtain 1-Ru and 1-Os
from 1 (Scheme 2), while synthesis of the symmetric iron(ii)
grid was accomplished by using published protocols.[5,9]


In the case of 1-Ru, it was necessary to proceed through
the protection of one of the two binding sites by monometh-
ylation of 1 by using trimethyoxonium tetrafluoroborate.
Although 1 possesses six basic nitrogen sites, methylation of
the terminal pyridine heterocycles was expected to be fa-
vored, since reaction at the central pyridine is subject to
steric hindrance, and the pyrimidine nitrogen atoms are less
nucleophillic. The reaction of 2b with RuCl3 in ethanol/
water afforded the monoruthenium complex 3 in 48 % iso-
lated yield after purification by column chromatography.


Scheme 1. Schematic representation of the homometallic and heterome-
tallic tetranuclear [2î 2] grid structures obtained from ligand 1.


Figure 1. Structural formulae and schematic representation of the com-
pounds investigated.
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Deprotection of the two vacant binding sites was achieved
by demethylation with excess 1,4-diazabicyclo[2.2.2]octane
(dabco) in refluxing acetonitrile to afford 1-Ru as a dark
purple solid in 66 % yield after purification by chromatogra-
phy. The compounds were characterized by FAB-mass spec-
trometry and 1H NMR spectroscopy.


The necessity of the protection/deprotection approach is
apparently a consequence of cooperativity in metal com-
plexation by ligands containing bridging heterocyclic units.
In the case of 1, this may be due to increased electron densi-
ty in the central pyrimidine ring resulting from complexa-
tion of the first metal ion, thus rendering coordination of
the second ion more favorable. In contrast, the reaction of
ammonium hexachloroosmate with two equivalents of 1 in
refluxing ethylene glycol (5 h) proceeded smoothly to direct-
ly afford 1-Os in 40 % yield after purification by chromatog-
raphy. Compared to RuII, the higher kinetic inertness of OsII


complexes may sufficiently slow down the reaction after
complexation of one metal ion.


Addition of Fe[BF4]2 in acetonitrile to a solution of 1-Ru
or 1-Os results in a gradual color change from deep purple
to dark green over a period of a few minutes. Isolation and
purification of the complexes formed yielded Ru2Fe2 and
Os2Fe2 as dark green solids in 90 % and 70 % yield, respec-
tively, after purification. The composition of the complexes
was verified by MS(FAB), whereas the diagonal arrange-
ment of the metal ions was confirmed by 1H NMR spectros-
copy (Figure 2), which showed different environments for
the two binding sites of 1 in the complexes. During the puri-
fication, it was noted that the complexes have affinity for
chloride ions, and the complete exchange of chloride by hex-
afluorophosphate counteranions required repeated precipi-
tation from excess NH4PF6 solution. In the case of Ru2Fe2,
MS(FAB) analysis of the complex resulting from incomplete
anion exchange revealed the presence of at least one chlo-
ride ion, which was not lost during sample ionization. The
presence of chloride ions also affected the 1H NMR spec-
trum, particularly H2 and H5 of the central pyrimidine ring,
which were considerably broadened and shifted downfield.


Similar behavior was observed for Os2Fe2. The investigations
of the spectroscopic and redox properties were conducted
on the complexes from which the chloride ions were com-
pletely exchanged. Strong binding of chloride to a pentanu-
clear circular helicate has been reported by one of our
groups.[10]


Solid-state structure of the Ru2Fe2 grid complex : The crystal
structure of Ru2Fe2 has been determined.[9] It confirmed the
[2î 2] grid structure of the complex, with like metal ions lo-
cated at opposite corners of the assembly. Both the Ru and
Fe ions are in a distorted octahedral environment, in which
the terminal pyridine rings are pulled in towards the metal
center. Whereas [2 î 2] grid structures with four identical
metal ions are achiral, Ru2Fe2 is chiral and both enantiomers
are present in the unit cell. The packing within the crystal
induces the grids to be aligned along the b axis of the crystal
lattice, thereby placing the plane formed by the four metal
ions in the ab plane of the lattice. This is of interest as it
leads to a highly ordered solid-state structure in which each
enantiomer is organized in a single plane (the ac plane).


Spectroscopic, luminescence, and redox properties : All the
compounds exhibit very intense absorption bands in the UV
region (e in the 105±106


m
�1 cm�1 range) as well as intense


bands (e in the 104±105
m


�1 cm�1 range) that extend to the
entire visible region (with the exception of 1-Ru for which
the absorption at wavelengths longer than 650 nm is negligi-
ble). Figure 3 shows the absorption spectra of all the com-
pounds in acetonitrile. The mononuclear species 1-Ru and
1-Os exhibit relatively intense luminescence, both in aceto-
nitrile at room temperature and in butyronitrile rigid matri-
ces at 77 K. In all the cases, the luminescence decays are
strictly monoexponential; lifetimes are in the 10�8±10�7 s
range at room temperature and approximately one or two
orders of magnitude longer at 77 K. In contrast, the tetranu-
clear molecular grids do not exhibit any luminescence sig-
nals, even in the near IR region (up to 1000 nm), both at
room temperature and at 77 K. The luminescence spectra of
both the mononuclear complexes are shown in Figure 4, and


Scheme 2. Synthetic strategies for the assembly of the [2 î 2] grid-type
complexes (bottom right) via the corner-type precursors (bottom left).


Figure 2. Aromatic portion of the 1H NMR spectrum of the [2î 2] grids:
Fe2Fe2, (top), Ru2Fe2 (middle), and Os2Fe2 (bottom) containing a bound
Cl� ion that broadens the signals of the protons in the interior cavity.
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their absorption and luminescence data are collected in
Table 1.


All the compounds undergo several redox processes,
most of them reversible, in the potential window investigat-
ed (+2.00/�2.00 V vs SCE). Some of the oxidation process-
es are bielectronic in nature. The redox potentials are gath-
ered in Table 2. The cyclic voltammograms obtained for
Fe2Fe2, Ru2Fe2, and Os2Fe2 are shown in Figures 5±7.


Discussion


The metallosupramolecular grid species studied herein are
based on metal polypyridine-type complexes, and their spec-
troscopic, photophysical, and redox properties can be dis-
cussed within the framework of a localized molecular orbital
approximation.[11] Within this approximation, the electronic
transitions and excited states can be classified as metal cen-
tered (MC), ligand centered (LC), and charge transfer
(either metal-to-ligand, MLCT, or ligand-to-metal, LMCT),
while the redox processes can be considered as either metal
or ligand centered.


Electronic absorption spectra : On the basis of the known
absorption properties of polypyridine metal complexes,[11]


the intense absorption features in the UV region exhibited
by all the compounds investigated here (Table 1, Figure 3)
are assigned to spin-allowed LC electronic transitions in-
volving the polypyridine ligands. The electronic transitions
in the visible region up to 620 nm (Table 1, Figure 3) can be
attributed to spin-allowed MLCT transitions. This assign-
ment is supported by the observation that the band at ap-
proximately 535 nm in 1-Ru is similar to the MLCT band of
a closely related complex, [Ru(4)(terpy)]2+ (4=2-(9-an-
thryl)-4,6-bis(2’,2’’-bipyridyl-6’-yl)pyrimidine; terpy=
2,2’:6’,2’’-terpyridine), for which the lowest-lying spin-al-
lowed MLCT band (namely, the Ru!4 CT band) exhibits a
maximum at 510 nm.[12] The moderately intense band at l>


620 nm that is present in 1-Os
is assigned to spin-forbidden
MLCT transitions.[13]In the tet-
ranuclear grid Ru2Fe2, the
MLCT band is expected to
move towards the red with re-
spect to the mononuclear spe-
cies as a consequence of the
stabilization of the ligand-cen-
tered orbitals upon double
metal coordination, as often
found for bis-chelating polypyr-
idine ligands with interacting
chelating sites.[14] Comparison
of the absorption spectra of
Ru2Fe2 (Figure 3) with those of
the rack-type [(terpy)Ru(m-4)-


Figure 3. Absorption spectra of 1-Ru (b), 1-Os (c), Fe2Fe2 (a),
Ru2Fe2 (b), and Os2Fe2 (d) in acetonitrile.


Figure 4. Normalized luminescence spectra (arbitrary units) of 1-Ru (A
spectra) and 1-Os (B spectra) in acetonitrile at 298 K (solid lines) and in
butyronitrile rigid matrix at 77 K (dashed lines). Spectra are uncorrected
for detector response. Corrected maxima values are given in Table 1.


Table 1. Spectroscopic and photophysical data of the mononuclear complexes studied. Data are in deoxygen-
ated acetonitrile solution at 298 K, unless otherwise stated.


Compound Absorption Luminescence
298 K 77 K [a]


lmax [nm] (e [m�1 cm�1]) lmax [nm] t [ns] F lmax [nm] t


1-Ru 279 (80 420) 720 59 2.45 î 10�3 685 4.95 ms
302 (67 300)
329 (56 350)
454 (10 620)
500 (16 640)
543 (18 190)


1-Os 279 (77 820) 825 18 1.83 î 10�3 820 630 ns
331 (58 980)
462 (12 540)
549 (19 570)
762 (5840)


[a] In butyronitrile rigid matrix at 77 K.


Table 2. Redox data in acetonitrile solution. In the case of multielectron
processes, the number of exchanged electrons is reported in square
brackets.


E1/2 (ox) [V vs SCE] E1/2s (red) [V vs SCE]


1-Ru +1.31 �0.85; �1.02; �1.52; �1.60[a]


1-Os +0.96 �0.81; �1.03; �1.54; �1.82[a]


Fe2Fe2 +1.35; +1.40; �0.25; �0.32; �0.46; �0.52;
+1.59; +1.76 �1.09; �1.19; �1.38; �1.46


Ru2Fe2 +1.32; +1.38; +1.67 �0.27; �0.32; �0.46; �0.51;
�1.07; �1.17; �1.35[a]


Os2Fe2 +1.15 [2]; +1.53 [2] �0.30 [2]; �0.51; �0.57;
�1.04; �1.15


[a] Adsorption on the electrode.
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Ru(terpy)]4+ and related complexes[15] allows us to assign
the broad band around 600 nm of Ru2Fe2 to Ru!1 CT tran-
sitions. By comparing the spectra of the three molecular
grids (Figure 4), it is possible to assign the bands at 610 nm
in Os2Fe2 and at 660 nm in Fe2Fe2 to spin-allowed Os!1 CT
and Fe!1 CT transitions, respectively. Moreover, the band
in the 650±800 nm region of Os2Fe2 is likely to be a spin-for-
bidden MLCT transition, benefiting from mixing with the
spin-allowed transitions because of the stronger spin-orbit
coupling induced by the heavy osmium center.[16] In all the
grids, the presence of FeII-containing subunits suggests the
existence of low-energy MC transitions. However, such tran-
sitions are symmetry-forbidden and are probably obscured
by the more intense MLCT bands.


Luminescence properties : The luminescence of 1-Ru and 1-
Os (Figure 4, Table 1), both at room temperature and at
77 K, is assigned to 3MLCT excited states. This is based on
the emission energies, lifetimes, and quantum yields of the
complexes, which are in good agreement with literature data
for similar species.[11] In this respect, the room temperature
luminescence of 1-Ru is comparable to [Ru(4)terpy)]2+


(lmax=715 nm; t=30 ns; F=1.5 î 10�3),[12] further confirm-
ing the 3MLCT origin of the emission. The room-tempera-


ture emission spectrum of 1-Os is red-shifted compared to
that of 1-Ru, in agreement with the known differences in
the MLCT states of analogous RuII and OsII complexes,
which is directly related to the difference in oxidation be-
havior of the two metal centers.


The room-temperature luminescence of 1-Ru is not a
straightforward result. In fact, RuII complexes that contain
tridentate polypyridine ligands are rarely luminescent at
room temperature (and in case they are, their luminescence
quantum yields are usually weak and short-lived,[15,17] with
few exceptions[11,18]). The reason lies in the geometrical dis-
tortion of the octahedral metal coordination imposed by tri-
dentate chelates. Such a distortion reduces the ligand field
strength experienced by the metal and, therefore, the energy
gap between the (fully occupied, in a d6 configuration) t2g


and the (empty) eg metal-centered orbitals. Therefore, in
RuII complexes with tridentate ligands, MC levels are lower
in energy than in similar complexes that contain bidentate
ligands and lie very close to the potentially emitting MLCT
levels. The consequence is that such low-lying MC levels
strongly contribute to deactivate through radiationless path-
ways the MLCT states by thermally activated surface-cross-
ing processes.[11,16] This problem appears to be alleviated in
1-Ru, probably by the stabilization of the luminescent
MLCT level, which reduces the effect of the thermally acti-
vated process.


Figure 5. Electrochemical redox properties of the Fe2Fe2 grid. Cyclic vol-
tammetry curves in acetonitrile. Top: reduction; bottom: oxidation. Po-
tentials are given versus SCE. In the middle, assignment of the various
oxidation (a±d) and reduction (1±8) processes to specific sites is schema-
tized (see text for details). Fc stands for ferrocene, used as an internal
reference.


Figure 6. Electrochemical properties of the Os2Fe2 grid. Cyclic voltamme-
try curves in acetonitrile. Top: reduction; bottom: oxidation. Potentials
are given versus SCE. In the middle, assignment of the various oxidation
(a±d) and reduction (1±5) processes to specific sites is schematized (see
text for details). Fc stands for ferrocene, used as an internal reference.
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Metal-centered excited states in OsII complexes lie at
much higher energy than in RuII complexes, so that emission
from 1-Os was expected. However, the similarity of room
temperature and 77 K emission spectra for this species, in
particular the small difference in emission energy (Table 1,
Figure 4) warrants some discussion. Generally, RuII and OsII


polypyridine luminescence spectra are significantly blue-
shifted on passing from room temperature fluid solution to
77 K rigid matrix[11,14,19] due to their charge-transfer charac-
ter.[20] The origin of the blue-shift is mainly due to the sol-
vent reorganization occurring in the CT excited states. In
fluid solution, this process is normally much faster than the
decay processes to the ground state and stabilizes the CT
states before emission takes place (so decreasing the emis-
sion energy). However, the solvent reorganization processes
are hampered in rigid matrices and cannot stabilize the lu-
minescent levels. The difference in energy between fluid sol-
ution and rigid matrix emission spectra in CT emitters can
therefore be used to infer information on the extent of the
charge-transfer process inherent to the MLCT excitation.
The larger the energy difference between emission in fluid
solution and in rigid matrices, the larger is the extent of the
charge-transfer character of the excited state responsible for
the emission. From the data presented in Table 1 and


Figure 4, it appears that the emission spectrum of 1-Os un-
dergoes an almost negligible shift on going from fluid solu-
tion to a frozen matrix, suggesting that the charge-transfer
character of the (formally) 3MLCT state is rather small. This
may be due to strong Os-to-ligand p-backbonding in the
ground state, a consequence of the relatively easy-to-oxidize
OsII center and the easy-to-reduce ligand 1 (see redox data).
A non-negligible partial metal-to-ligand charge-transfer
character would therefore already be present in the ground
state, making it quite similar to the MLCT state as far as
the electronic distribution is concerned.


The lowest lying excited states of FeII polypyridine com-
plexes are highly distorted MC states that deactivate by fast
radiationless decay to the ground state, and these complexes
are usually not luminescent.[16b] Whereas the absence of
emission of Fe2Fe2 is therefore expected, the absence of lu-
minescence for the heteronuclear grids Ru2Fe2 and Os2Fe2 is
not evident. Good models for the excited state of the RuII-
based subunits contained in Ru2Fe2 are the previously inves-
tigated rack-type [(terpy)Ru(4)Ru(terpy)]4+ and [(terpy)R-
u(5)Ru(terpy)]4+ complexes (5=4,6-bis(2’,2’’-bipyridyl-6’-
yl)pyrimidine).[15] The excited state properties of both these
latter complexes are governed by triplet Ru!4 and Ru!5
CT states, respectively, which should be very similar to the
lowest-energy levels of the RuII-based components of
Ru2Fe2. The rack-type species mentioned above exhibit lu-
minescence at around 850 nm in acetonitrile and at around
780 nm in rigid matrix at 77 K.[15] By comparison, Ru2Fe2
should exhibit similar emission properties if the RuII-based
chromophores are isolated from the other components of
the grid structure. Although literature data for compounds
containing OsII-based subunits similar to those that are pres-
ent in the Os2Fe2 molecular grid are lacking, it can be fore-
seen that emission from these subunits should occur at
wavelengths shorter than 1000 nm, on the basis of compari-
son between the photophysical properties of homologous
RuII and OsII polypyridine complexes.[14] However, even by
employing a near-infrared sensitive luminescence spectrom-
eter, we were unable to detect emission for the mixed-metal
grid Os2Fe2. These results clearly indicate that an intra-as-
sembly pathway leading to the ultrafast deactivation of the
Ru- and Os-based excited states is present in both of the
mixed-metal grids. Most likely, the deactivation mechanism
involves fast energy transfer from the 3MLCT states of the
RuII or OsII centers to the 3MC levels of the FeII-based subu-
nits.


Recent investigations, with pump-probe femtosecond
spectroscopy, have shown that the rate constants of photoin-
duced energy transfer between Ru- and Os-based subunits
in multinuclear complexes based on the 2,3-bis(2’-pyridyl)-
pyrazine bridging ligand (which is similar to the bridging
ligand 1 used here as far as the electronic interactions al-
lowed between the metal centers are concerned) exceed 5 î
1012 s�1.[21] Since rate constants of similar order of magnitude
for the intercomponent energy-transfer processes occurring
in the molecular grids here investigated can be inferred,
quenching of the Ru- and Os-based luminescence by energy
transfer to Fe-based excited states is perfectly justified.[22]


Therefore, in the mixed-metal grids the electronic energy


Figure 7. Electrochemical redox properties of the Ru2Fe2 grid. Cyclic vol-
tammetry curves in acetonitrile. Top: reduction; bottom: oxidation. Po-
tentials are given versus SCE. In the middle, assignment of the various
oxidation (a±d) and reduction (1±7) processes to specific sites is schema-
tized (see text for details). Fc stands for ferrocene, used as an internal
reference.
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collected by light absorption by all of the subunits appears
to be efficiently channeled to the component(s) where the
lowest-energy excited states are located (in the present case,
the FeII subunits).


Redox behavior


Oxidation processes : For all the complexes investigated, the
reversibility (or in some cases, the quasi-reversibility) of the
processes suggests that all the oxidations are metal cen-
tered.[11] Therefore, the assignment of the oxidation process-
es of 1-Ru and 1-Os (Table 2) is straightforward. Further-
more, their half-wave potentials are in good agreement with
those of other RuII and OsII polypyridine complexes.[11,14,16]


The assignment of the oxidation processes of the three mo-
lecular grids to specific sites of the multicomponent struc-
tures is more complicated, since each species contains four
redox-active metal centers. For the sake of simplicity, we
start our discussion with the homonuclear grid Fe2Fe2
(Table 2, Figure 5 bottom). This species undergoes four
mono-electronic reversible oxidation processes. Following
the first oxidation of one of the four identical metal centers,
a second oxidation process is observed at a potential only
slighly more positive than the first (DE1/2=50 mV). Because
redox data of dinuclear RuII complexes containing a bridg-
ing pyrimidine ring (DE1/2=300 mV for [(terpy)Ru-
(4)Ru(terpy)]4+ [23]) indicate that there is significant electron-
ic interaction between metal centers connected to the same
bridge in these type of complexes, it can be concluded that
the second oxidation process involves the FeII center which
is farthest away, that is, diagonal to the first oxidized center
(Figure 5, middle). The third oxidation process concerns one
of the two other FeII centers. Its potential is significantly
more positive than the second one (DE1/2=190 mV), in
agreement with the presence of two nearby (formally) FeIII


centers. The fourth oxidation involves of course the remain-
ing FeII center.


It is interesting to note that the separation of the third
and fourth oxidation processes (170 mV), which depends on
the electronic interactions between two opposite corners of
the molecular grids when the other corners are FeIII centers,
is larger than the separation between the first two processes
(50 mV), in turn depending on the electronic interactions
between two opposite corners of the molecular grids when
the other corners are FeII centers. Such a difference clearly
indicates that the electronic interaction between two redox-
active sites localized at opposite corners of Fe2Fe2 is a func-
tion of the oxidation state of the other redox-active sites.The
Os2Fe2 grid exhibits two reversible oxidation processes, both
of them bi-electronic in nature (Table 2, Figure 6 bottom).
The assignment of these processes is based on the oxidation
data of the mononuclear 1-Os complex and of the homonu-
clear grid Fe2Fe2. The half-wave potential value of the first
wave indicates that it can be assigned to the simultaneous
one-electron oxidation of both the OsII centers (it should be
recalled that metal coordination of the second binding site
of a bridging ligand stabilizes the orbitals of the first metal,
so shifting the first oxidation process of the multinuclear
species to more positive values compared to the mononu-


clear precursor[14,24]). The second process can therefore be
assigned to the simultaneous one-electron oxidation of two
FeII centers. The potential value of this latter oxidation pro-
cess is in good agreement with that of the third oxidation of
Fe2Fe2, confirming the attribution. On the basis of the redox
data of Fe2Fe2, the bi-electronic nature of the oxidation
processes of Os2Fe2, which suggests that the electronic inter-
actions between opposite corners is negligible from an elec-
trochemical viewpoint for this latter species, is somewhat
puzzling. Apparently, the presence in Os2Fe2 of two pairs of
metal centers with substantially different electronic proper-
ties from one another (as indicated by the comparison be-
tween the oxidation potential of the mononuclear OsII com-
plex 1-Os and the first oxidation potential of Fe2Fe2) has the
effect of ™isolating∫ the redox-active sites. We have no
simple explanation for such a behavior at the moment.


The assignment of the oxidation processes of Ru2Fe2
(Table 2, Figure 7, bottom) is more complicated. A good
model for the first oxidation potential of RuII-based centers
is the first oxidation process of the rack-type complex [(ter-
py)Ru(4)Ru(terpy)]4+ , which occurs at +1.45 V.[23] Since
the potentials of the first and second oxidation processes of
Ru2Fe2 (+1.32 V and +1.38 V) are quite similar to those of
the first and second oxidation process of Fe2Fe2 (+1.35 V
and +1.40 V), and are in both cases less positive than that
of the first RuII oxidation process in the model mentioned
above, we assign the first two oxidation processes of Ru2Fe2
to successive oxidation of the two FeII centers. In agreement
with such an assignment, the separation between the two
processes (60 mV) is comparable to the separation of the
first two oxidation processes in Fe2Fe2 (see above). The sub-
sequent oxidation process is not fully reversible, so it cannot
be stated if it involves one or two electrons. Anyway, it can
be attributed to the RuII centers.


Reduction processes : The assignment of the reduction pro-
cesses of 1-Ru and 1-Os (Table 2) is straightforward. For
each complex, the first two reduction processes are assigned
to the first one-electron reduction of each ligand, and the
third process can be attributed to the second reduction of
one of the ligands. The fourth reduction occurs at more neg-
ative potentials, but its potential cannot be determined pre-
cisely because of adsorption of the complex on the electrode.
The separation between the second and third reduction proc-
esses (about 500 mV), correlates with the pairing energy in
the lowest p* orbital of 1, which is in agreement with the
values for the pairing energy of similar polypyridine ligands.[6,25]


On passing to the grid complexes, we have to recall that
the reductions of bridging ligands in polynuclear complexes
are usually shifted to less negative potentials relative to the
reductions of the same ligands in mononuclear complexes;
this is a consequence of the stabilization in bridging ligand
orbitals induced by the additional metal(s). For Fe2Fe2
(Table 2, Figure 5 top), the first reduction most likely in-
volves a ligand orbital that has a large contribution from the
pyrimidine ring, which, beside having its LUMO lower than
those of the pyridine rings, is also coordinated by two metal
centers. The second reduction takes place at a potential that
is more negative by 70 mV. Because the interaction between
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two identical ligands coordinated to the same metal center
in these complexes can be inferred by the separation be-
tween the two first reduction processes of the mononuclear
species (about 200 mV), the relatively small difference in
potential between the first two reduction processes of Fe2Fe2
indicates that the second reduction involves the bridging
ligand which is opposite to the first one (Figure 5 middle).
On the basis of the above discussion, the third and fourth
processes are assigned to one-electron reduction of the
other two bridging ligands. The separation between the
second and third processes (140 mV) and third and fourth
ones (60 mV) supports the assignment and points out the
dependence of the electronic interaction between ligands on
their relative location. At potentials more negative than
�1.00 V, Fe2Fe2 exhibits four additional, quasi-reversible,
processes. These are assigned to the second one-electron re-
duction of each ligand, following the same sequence of the
first four processes. The pairing energy in the bridging
ligand, related to the separation between the fourth and
fifth processes (540 mV), is comparable to that found for
the mononuclear species.


The reduction properties of Fe2Fe2 are in good agree-
ment with those recently reported for other homometallic
[2î 2] grids based on CoII, ZnII, and MnII, as well as on FeII


grids containing slightly different bridging ligands.[6] As far
as the heterometallic grids are concerned, it can be noted
that the reduction pattern of Ru2Fe2 (Table 2, Figure 6 top)
is very similar to that of Fe2Fe2, with the exception that the
seventh process coincides with adsorption at the electrode.
The assignment of the observable reduction processes of
this species is therefore identical to the corresponding pro-
cesses of Fe2Fe2. In contrast, the reduction pattern of Os2Fe2
(Table 2, Figure 7 top) is different from that of the other
two grids, as well as from that of other homometallic [2 î 2]
grids.[6] In fact, the first process is bi-electronic in nature and
can be assigned to two one-electron reductions, involving
two identical and non-interacting sites. By comparison with
the other systems presented here, these are identified as two
bridging ligands facing one another. This suggests that in
Os2Fe2 the interaction between these ligands is negligible.
Here also, the reason of such a behavior may lie in the elec-
tronic differences between OsII and FeII, which are much
larger than the differences between RuII and FeII. This effec-
tively makes each bridging ligand more ™dissymmetric∫ with
respect to the central pyrimidine from an electronic view-
point and might explain the coalescence of the two first re-
duction waves.[26] The two subsequent reduction processes
are attributed to successive one-electron reductions of the
remaining two bridging ligands, while the remaining process-
es are analogous to those of the other grids. The important
role of the metal ion in isolating (e.g., ZnII) or conversely, in
providing communication (e.g., CoII) between the ligands in
[2î 2] grid complexes has been discussed earlier.[6]


Conclusion


The metallosupramolecular [2 î 2] grid type species and
their mononuclear precursors investigated here exhibit quite


interesting spectroscopic and redox properties. Their absorp-
tion spectra are dominated by LC and MLCT bands, most
of which can be assigned to specific components of the
supramolecular structures. While the mononuclear RuII and
OsII precursors exhibit relatively intense 3MLCT lumines-
cence, the (potentially luminescent) RuII- and OsII-based
3MLCT excited states in the heteronuclear grids are quanti-
tatively quenched, most likely by intercomponent energy
transfer to the (nonluminescent) lower lying 3MC states of
the FeII subunits. This result suggests that the multicompo-
nent molecular grids investigated here can behave as effi-
cient light-harvesting antennas, because all the light absor-
bed by the various subunits is efficiently channelled to the
subunit(s) in which the lowest-energy excited states are lo-
cated.


All the species exhibit a very rich redox behavior, and
all the redox processes can be assigned to specific compo-
nents; in particular, for Fe2Fe2 it has been possible to identi-
fy up to twelve different redox states. Therefore, these sys-
tems can be viewed as multilevel molecular electronic spe-
cies,[6] capable of exchanging a number of electrons at acces-
sible and predetermined potentials in a reversible way. Fur-
thermore, it has also been found that the electronic
interaction between specific subunits depends on their loca-
tion in the structure as well as on the nature and the oxida-
tion states of the other components, in line with the redox
properties of ZnII and CoII [2î 2] grids studied earlier.[6] This
last result suggests that, in principle, it is possible to tune
the extent of the electronic interactions between specific
subunits by the use of suitable inputs, for example, external
potentials. Such a behavior is of particular significance with
respect to information storage through localized electron ex-
change amounting to ™bit∫ generation in well-defined pat-
terns.[1b] Grid-type structures may thus present much poten-
tial as functional supramolecular devices for information
storage and processing.


Experimental Section


Materials and methods : 1H and 13C NMR spectra were recorded on a
Bruker AC200 instrument at 200 and 50 MHz, respectively, with the re-
sidual solvent peak as reference. THF was dried over Na/benzophenone
and distilled prior to use. DMF and DMSO were dried over molecular
sieves. Other reagents were used as received without further purification.
Chromatography was carried out on Merk 60 silica gel (0.040±0.200 mm),
or Merk activity II±III alumina (0.063±0.200 mm). The synthesis of 4,6-
bis[4-(n-thiopropyl)-6-(pyrid-2-yl)pyrid-2-yl]pyrimidine (1) has been de-
scribed previously.[27]


Electronic absorption spectra were recorded on a Hitachi U-3300 spec-
trophotometer. For steady-state luminescence measurements at wave-
lengths shorter than 900 nm, a Jobin Yvon-Spex Fluoromax 2 spectro-
fluorimeter was used, equipped with a Hamamatsu R3896 photomultipli-
er, and the spectra were corrected for photomultiplier response using a
program purchased with the fluorimeter. For detecting (eventual) lumi-
nescence at wavelength longer than 900 nm, the 514 nm line of a Spectra-
Physics 265 Ar laser was used for excitation in a modified Edinburgh
FS900 spectrofluorimeter. Detection was accomplished by using a cooled
(77 K) North Coast EO-817 L Ge detector in combination with a Stan-
ford Research SR lock-in amplifier. For the luminescence lifetimes, an
Edinburgh FL 900 single-photon-counting spectrometer was used (nitro-
gen discharge; pulse width, 3 ns).
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Emission quantum yields were measured at room temperature by using
the optically dilute method.[28] [Os(bpy)3]


2+ in deaerated acetonitrile was
used as a quantum yield standard, assuming a value of 0.0066.[29]


Electrochemical measurements were carried out in argon-purged acetoni-
trile at room temperature with PAR 273 multipurpose equipment inter-
faced to a PC. The working electrode was a glassy carbon (8 mm2, Amel)
electrode. The counter electrode was a Pt wire, and the reference elec-
trode was an SCE separated with a fine glass frit. The concentration of
the complexes was about 5 î 10�4


m. Tetrabutylammonium hexafluoro-
phosphate was used as supporting electrolyte and its concentration was
0.05m. Cyclic voltammograms were obtained at scan rates of 20, 50, 200,
and 500 mV s�1. For reversible processes, half-wave potentials (vs SCE)
were calculated as the average of the cathodic and anodic peaks. The cri-
teria for reversibility were the separation of 60 mV between cathodic and
anodic peaks, the close to unity ratio of the intensities of the cathodic
and anodic currents, and the constancy of the peak potential on changing
scan rate. The number of exchanged electrons was measured with differ-
ential pulse voltammetry (DPV) experiments performed with a scan rate
of 20 mV s�1, a pulse height of 75 mV, and a duration of 40 ms, and by
taking advantage of the presence of ferrocene used as the internal refer-
ence.


Experimental uncertainties are as follows: absorption maxima, �2 nm;
molar absorption coefficient, 10%; emission maxima, �5 nm; excited
state lifetimes, 10%; luminescence quantum yields, 20%; redox poten-
tials, �10 mV.


Synthesis


Compounds 2a and 2b : Trimethyloxonium tetrafluoroborate (0.50 g,
3.58 mmol) was placed in a dry 50 mL round-bottomed flask and ground
to a fine powder with a glass rod under an argon atmosphere. After addi-
tion of 1 (1.40 g, 2.55 mmol), the flask was fitted with a condenser topped
with a septum and the entire apparatus flushed with argon. Thirty millili-
ters of 1,2-dichloroethane (previously dried over CaH2) was added
through a cannula, and the mixture was refluxed 4 h. Et3N (1 mL) was
then added to the cooled mixture, and the solvents removed on a rotary
evaporator. The solid was boiled in acetonitrile (20 mL) and filtered to
recover unreacted 1 (0.50 g, 36%) as a fluffy solid. The acetonitrile was
removed and the solid taken up in hot ethanol, cooled, and filtered to
give 1.28 g of a mixture of 2a and 2b as a white solid (the yellow filtrate
contains principally triethylamine salts). Separation was easily achieved
by column chromatography (alumina, 2:1 acetonitrile/toluene, Rf(2a)=
0.22, Rf( 2b)=0.76) to yield 0.61 g (37 %) of 2b and 0.46 g (24 %) of 2a.
Compound 2a : MS (FAB+ ): m/z (%): 780.1 (100) [M+]; compound 2b
1H NMR: d=1.10 (t, J=8 Hz, 3H), 1.13 (t, J=8 Hz, 3 H), 1.70±1.92 (m,
4H), 3.12 (t, J=8 Hz, 3H), 3.21 (t, J=8 Hz, 3H), 7.48 (br dd, 1 H), 7.72
(s, 1H), 7.95 (t, J=6 Hz, 1H), 8.12 (t, J=6 Hz, 1 H), 8.29 (t, J=6 Hz,
1 Hz), 8.29 (s, 1H), 8.32 (s, 1 H), 8.49 (d, J=6 Hz, 1 H), 8.62 (s, 1 H), 8.64
(d, J=6 Hz, 1 H), 8.69 (d, J=6 Hz, 1 H), 8.85 (d, J=6 Hz, 1 H), 9.24 (s,
1H), 9.30 (s, 1 H).


Complex [Ru(2b)2][PF6]4 (3[PF6]4): A mixture of 2b (0.811 g,
1.24 mmol) and ruthenium trichloride (0.162 g, 0.62 mmol) in EtOH/H2O
(1:1, 20 mL) was refluxed under argon for 16 h. The cooled black solution
was poured in an aqueous NH4PF6 solution and the precipitate collected
by filtration and washed well with water and air dried. The solid was re-
covered by dissolution with acetone and the product purified by column
chromatography (silica, MeOH/NH4Cl (2m)/MeNO2 7:2:1). The red band
was collected and the product recovered by addition of NH4PF6 followed
by removal of the volatile organic solvents under reduced pressure and
filtration. In cases where the material did not elute from the column,
10% v/v of aqueous ammonia was added to the eluent mixture. After
drying under vacuum, 0.530 g (48 %) of 3[PF6]4 were recovered as a red
powder. 1H NMR: d=1.03 (t, J=8 Hz, 6 H), 1.25 (t, J=8 Hz, 6 H), 1.75
(sextuplet, J=8 Hz, 4H), 2.02 (sextuplet, J=8 Hz, 4 H), 3.10 (t, J=8 Hz,
4H), 3.51 (t, J=8 Hz, 4H), 4.38 (s, 6H), 7.22 (br dd, 2 H), 7.37 (d, J=
6 Hz, 2H), 7.71 (s, 2 H), 7.98 (t, J=6 Hz, 2 H), 8.21 (m, 6 H), 8.29 (s, 2H),
8.59 (d, J=6 Hz, 2H), 8.63 (s, 2H), 8.70 (t, J=6 Hz, 2H), 8.84 (s, 2H),
8.91 (d, J=6 Hz, 2 H), 9.22 (s, 2 H); MS (FAB+ ): m/z (%): 1807 (0.5)
[M+], 1639 (5) [M+�PF6], 1494 (5) [M+�2PF6], 551 (100).


Complex [Ru(1)2][PF6]2 (1-Ru): A solution of 3 (150 mg, 0.084 mmol)
and dabco (750 mg, 6.70 mmol) were refluxed under argon in acetonitrile
(12 mL) for 48 h. The solution was then poured into an aqueous NH4PF6


solution; the precipitate was collected by centrifugation, dissolved in ace-
tone, and once again precipitated by addition to an aqueous NH4PF6 sol-
ution. Further purification was achieved by column chromatography (alu-
mina, 2:1 acetonitrile/toluene). Evaporation of the purple band yielded
99 mg (80 %) of 1-Ru (¥2 PF6). 1H NMR: d=0.70 (br t, 6H), 1.34 (t, J=
8 Hz, 6H), 1.34 (br m, 4 H), 2.08 (sextuplet, J=8 Hz, 4 H), 2.62 (br t, 4 H),
3.51 (t, J=8 Hz, 4H), 7.18 (br dd, 2H), 7.33 (t, J=6 Hz, 2 H), 7.57 (m,
6H), 8.01 (t, J=6 Hz, 2 H), 8.13 (m, 4 H), 8.34 (br s, 2 H), 8.42 (br d, 2H),
8.63 (s, 2H), 8.68 (t, J=6 Hz, 2H), 8.75 (d, J=6 Hz, 2H), 8.82 (br s, 2H);
MS (FAB+ ): m/z (%): 1381 (5) [M+�PF6], 1174 (8) [M+�2 PF6], 629
(30).


Complex [Os(1)2][PF6]2 (1-Os): A mixture of 1 (550 mg, 1.00 mmol) and
ammonium hexachloroosmate (219 mg, 0.50 mmol) in ethylene glycol
(20 mL) was purged with argon and plunged into an oil bath heated to
100 8C. The temperature was then increased to 220 8C and stirring contin-
ued for 5 h. The cooled solution was then poured into an aqueous
NH4PF6 solution, and the black solid was collected by filtration and
washed well with water. Purification by column chromatography (alumi-
na, 2:1 acetonitrile/toluene, fast-moving purple band) yielded 305 mg
(39 %) of 1-Os (¥2PF6) as a black powder. 1H NMR: d=0.89 (br t, 6 H),
1.32 (t, J=8 Hz, 6 H), 1.60 (br m, 4H), 2.0 (sextuplet, overlays with resid-
ual solvent, 4H), 2.94 (br t, 4H), 3.56 (t, J=8 Hz, 4 H), 7.19 (br dd, 2 H),
7.29 (br d, 2H), 7.53 (dd, J1=6 Hz, J2=4 Hz, 4 H), 7.81 (br dd, 2 H), 7.90
(s, 2H), 8.10 (s, 2 H), 8.50 (dd, J1=8 Hz, J2=2 Hz, 4H), 8.61 (t, J=8 Hz,
2H), 8.68 (s, 2H), 8.81 (br s, 2H), 8.85 (br d, 2H), 9.24 (br s, 2H); MS
(FAB+ ): m/z (%): 1554 (3) [M+], 1409 (100) [M+�PF6], 1264 (100)
[M+�2PF6].


Complex [{Ru(1)}2{Fe(1)}2][PF6]8 (Ru2Fe2): Precursor 1-Ru (20.0 mg,
13.66 mmol) and iron(ii)tetrafluoroborate hexahydrate (7.00 mg, 20 mmol)
were placed in a 10 mL round-bottomed flask. Upon addition of acetoni-
trile, the solution rapidly turned dark green. Stirring was continued over-
night, and the product precipitated by addition of TBAC and dilution
with diethyl ether. The solid was collected and purified by column chro-
matography (silica, MeOH/NH4Cl (2m)/MeNO2 7:2:1). The green band
was collected and the product recovered by addition of NH4PF6 followed
by removal of the volatile organic solvents under reduced pressure and
filtration. Reprecipitation with aqueous NH4PF6 solution and drying
yielded 15.26 mg of Ru2Fe2¥7 PF6¥Cl (62 %) as a dark green solid. Com-
plete anion exchange requires repeated reprecipitation from aqueous
NH4PF6 solution. 1H NMR: d=1.35 (t, J=8 Hz, 12H), 1.39 (t, J=8 Hz,
12H), 2.1 (m, overlaps with residual solvent, 16 H), 3.70 (m, 16H), 5.97
(s, 4H), 6.59 (d, J=6 Hz, 4 H), 6.80±6.95 (m, 12 H), 7.68 (t, J=6 Hz, 4 H),
7.77 (t, J=6 Hz, 4 H), 8.19 (d, J=6 Hz, 4H), 8.35 (d, J=6 Hz, 4H), 8.43
(s, 4 H), 8.47 (s, 4H), 8.80 (s, 4H), 8.83 (s, 4 H), 8.89 (s, 4H); MS (FAB+


) of Ru2Fe2¥7PF6Cl: m/z (%): 3365 (20) [M+�PF6], 3220 (55) [M+


�2PF6], 3072 (2) [M+�3 PF6]; elemental analysis calcd (%) for
C120H112F42ClN24P7S8Ru2Fe2: C 41.05, H 3.21, N 9.57; found: C 40.94, H
3.32, N 9.47.


Complex [{Os(1)}2{Fe(1)}2][PF6]8 (Os2Fe2): Precursor 1-Os (60.0 mg,
38.61 mmol) and iron(ii)tetrafluoroborate hexahydrate (24.00 mg, 71.22
mmol) were placed In a 10 mL round-bottom flask. Upon addition of ace-
tonitrile, the solution rapidly turned dark green. Stirring was continued
at room temperature overnight, and the product precipitated by addition
of TBAC and dilution with toluene. The solid was collected and purified
by column chromatography (silica, MeOH/NH4Cl (2m)/MeNO2 7:2:1).
The green band was collected and the product recovered by addition of
NH4PF6 followed by removal of the volatile organic solvents under re-
duced pressure and filtration. Reprecipitation with aqueous NH4PF6 solu-
tion and drying yielded 49.7 mg of Os2Fe2¥7PF6¥Cl (70 %) as a dark green
solid. Complete anion exchange requires repeated reprecipitation from
aqueous NH4PF6 solution. 1H NMR: d=1.39 (t, J=8 Hz, 12H), 1.41 (t,
J=8 Hz, 12H), 2.1 (m, overlaps with residual solvent, 16H), 3.65±3.96
(m, 16H), 5.97 (s, 4 H), 6.58 (d, J=5 Hz, 4 H), 6.65 (d, J=5 Hz, 4H), 6.82
(t, J=5 Hz, 4H), 6.87 (t, J=5 Hz, 4 H), 7.67 (t, J=6 Hz, 8H), 8.12 (d,
J=6 Hz, 4H), 8.33 (d, J=6 Hz, 4 H), 8.40 (s, 4 H), 8.49 (s, 4H), 9.20 (br s,
4H), 9.28 (br s, 4H), 9.73 (br s, 4 H); MS (FAB+ ): m/z (%): 3654 (2)
[M+�Cl], 3544 (18) [M+�PF6], 3508 (8) [M+�Cl�PF6], 3399 (15) [M+


�2PF6], 3363 (8) [M+�Cl�2PF6); elemental analysis calcd (%) for
C120H112F42ClN24P7S8Os2Fe2: C 39.06, H 3.04, N 9.11; found: C 38.87, H
3.27, N 9.05.
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Complex [{Fe(1)}4][PF6]8 (Fe2Fe2): Compound 1 (200.0 mg, 0.37 mmol)
and iron(ii)tetrafluoroborate hexahydrate (0.13 mg, 0.37 mmol) were
placed in a 50 mL round-bottomed flask. Upon addition of nitromethane
(40 mL), the solution rapidly turned dark green. Stirring was continued
at room temperature for 3 days (until no further change by TLC). Noth-
ing precipitated by addition of TBAC, so the nitromethane was removed,
and the was residue triturated with acetonitrile and diluted by an equal
volume of toluene. The green solid was collected and purified by column
chromatography (silica, MeOH/NH4Cl (2m)/MeNO2 7:2:1). The green
band was collected and the product recovered by addition of NH4PF6 fol-
lowed by removal of the volatile organic solvents under reduced pressure
and filtration. Reprecipitation with aqueous NH4PF6 solution and drying
yielded 240 mg of Fe2Fe2¥7 PF6¥Cl (18 %) as a dark green solid. Complete
anion exchange requires repeated reprecipitation from aqueous NH4PF6


solution. 1H NMR: d=1.41 (t, J=8 Hz, 24H), 2.1 (m, overlaps with resid-
ual solvent, 16H), 3.75 (m, 16 H), 5.73 (s, 4 H), 6.46 (d, J=5 Hz, 8H),
6.82 (t, J=5 Hz, 8H), 7.68 (t, J=6 Hz, 8H), 8.20 (d, J=6 Hz, 8H), 8.54
(s, 8 H), 8.89 (br s, 4H), 9.00 (s, 8 H); MS (FAB+ ): m/z (%): 3385 (25)
[M+�Cl), 3275 (85) [M+�PF6], 3289 (45) [M+�Cl�PF6), 3130 (40) [M+


�2PF6], 3095 (40) [M+�Cl�2PF6], 2985 (10) [M+�3 PF6], 2950 (14)
[M+�Cl�3 PF6]; elemental analysis calcd (%) for
C120H112ClF42N24P7S8Fe4: C 42.14, H 3.30, N 9.83; found: C 42.95, H 3.55,
N 9.80.
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