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Powering Nanodevices with Biomolecular Motors


Henry Hess,*[a] George D. Bachand,[b] and Viola Vogel[a]


Introduction


Technological revolutions often involve access to new mate-
rials; the mastery of a new material is so fundamental to
mankind that historic ages are defined by the state-of-the-
art material, hence the ™Stone Age∫ or ™Bronze Age∫.
However, some technological revolutions are characterized
by the newfound ability to convert energy into mechanical
work, based for example, on the invention of the steam
engine, which powered the industrial revolution. Will nano-
technology revolutionize the way in which we convert
energy, in addition to providing novel materials? Will this
revolution be driven by a nanomotor that will power the
nanodevices of tomorrow?


Currently, there are no man-made nanomotors that are
capable of having an impact on technology in a manner sim-
ilar to the steam engine, which defined the industrial revolu-
tion. However, while the first prototypes of synthetic nano-


motors are studied,[1±3] nature already provides us with a
wide range of biological nanomotors (Figure 1), which have
evolved to perform specific functions at high efficiency.[4,5]


Motor proteins like myosins (responsible for muscle con-
traction) and kinesin serve as actuators and transporters,
RNA-based motors facilitate nucleic acid packaging in virus-
es,[6,7] RNA polymerases move along DNA during transcrip-
tion,[8] and the flagellar motor propels bacteria.[9] The mech-
anisms by which biological motors generate force is an excit-
ing field of research in which significant progress has been
made.[10,11]


The wide array of biomolecular motors that have evolved
in nature may be considered as a gift to the nanotechnolo-
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Abstract: Biomolecular motors, in particular motor pro-
teins, are ideally suited to introduce chemically powered
movement of selected components into devices engi-
neered at the micro- and nanoscale level. The design of
such hybrid ™bio/nano∫-devices requires suitable syn-
thetic environments, and the identification of unique ap-
plications. We discuss current approaches to utilize
active transport and actuation on a molecular scale, and
we give an outlook to the future.


Keywords: molecular devices ¥ motor proteins ¥ nano-
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Figure 1. Examples of motor proteins: kinesins, dimeric proteins with a
combined weight of 130 kDa, move along microtubules (tubular protein
assemblies with an outer diameter of 30 nm), while dragging intracellular
cargo towards the periphery of the cell with a velocity of several mms�1.
Dynein moves along microtubules in the opposite direction of kinesin,
and then returns cargo to the center of the cell. Myosin motors run along
actin filaments. Muscle cells contain large arrays of myosin motors bun-
dled into filaments. The F1-ATPase is a rotary motor, whose central stalk
turns when the outer subunits hydrolize ATP. All four motors move in
steps which are coupled to the binding and hydrolysis of ATP, and subse-
quent release of the products.
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gist. To a large degree, we are inspired by biological exam-
ples, which prove the principal feasibility and utility to
employ molecular motors in different settings. Applying our
insights into biology to a synthetic environment will not
only enrich our abilities in nanotechnology, but will also test
the depth of our understanding of biological systems.


In this article, we will describe the vision of applying mo-
lecular motors in miniaturized analytical systems, adaptive
and self-healing materials, and directed molecular assembly.
Then we will focus on the technical challenge to maximize
the compatibility between biological and synthetic compo-
nents. Finally, we will review a selected number of prototyp-
ical nanodevices based on the motor protein kinesin, which
include nanoscale transporters,[12] tools for DNA stretch-
ing,[13] probes for surface imaging,[14] and a forcemeter for
the measurement of piconewton forces.[15]


Application concepts for molecular motors


While developing a vision for the technical applications of
molecular motors, we are challenged to connect the inspira-
tion provided by biological examples with technological
needs that cannot be met by traditional approaches. We are
fortunate, because in the past few years, significant advances
have been made in the study of biomolecular motors, and in
the understanding of their role in cellular mechanisms; this
provides a solid foundation for exploratory thinking. Con-
currently, the interest in technological solutions on a molec-
ular- and nanoscale has been rising dramatically, hence cre-
ating a market for ideas which exploit the small size of bio-
logical motors, and their ability to efficiently convert chemi-
cal energy into mechanical work. We will now briefly de-
scribe three areas in which the integration of molecular
motors can be applied to bring significant advances. They in-
clude miniaturized analytical systems, adaptive and self-
healing materials, and directed molecular assembly.


Miniaturized analytical systems: The development of minia-
turized analytical systems is driven by high-throughput
methods and the analysis of biological systems. Nanofluidic
systems are desirable; however, fluid transport in nanoscale
channels is difficult, since the high surface-to-volume ratio
causes a dramatic increase in friction. A potential solution is
to selectively bind the analyte to ™molecular shuttles∫ pow-
ered by molecular motors, and leave the bulk of the solution
at rest.[16]


The close analogy of a ™molecular shuttle∫ to the motor
protein-based transport mechanisms employed in neurons
(fast anterograde transport) provides a clear vision of the
feasibility and utility of such a system.[17] In the axons of
neurons, the motor protein kinesin moves along microtu-
bules (cylindrical polymers of tubulin with an outer diame-
ter of 30 nm, and a length of up to 50 mm) at a speed of ~
1 mms�1, while carrying vesicles and protein complexes. The
average diameter of axons in the human optical nerve is
0.7 mm, which does not inhibit effective transport.[18] This
permits us, at least in theory, to scale down the linear di-
mensions of the average microfluidic device by a factor


of 100, which translates into pico- to femtoliter sample vol-
umes. Since the volume of a mammalian cell is in the order
of 1 pL, such nanofluidic devices could be used to analyze
the content of a single cell, or even defined subcellular com-
partments, and to interrogate individual molecules.


Adaptive and self-healing materials : Integrated molecular
motors can enhance the functionality of such materials,
since the motors can potentially rearrange the molecular
structure into different nonequilibrium states or actively
transport material to an emerging defect site.


A much wider range of internal configurations could be
adopted by an active material incorporating molecular
motors, compared to current active materials such as
poly(N-isopropylacrylamide),[19] which change their proper-
ties after undergoing a phase transition in response to an en-
vironmental cue. While such transitions between different
equilibrium states are necessarily limited by the complexity
of the phase diagram of the material, molecular motors can
dynamically order materials into structures which are not
constrained by equilibrium considerations.


Composite materials, which interface molecular motors
with nanoscale building blocks, hold particular promise,
since positioning of the blocks by thermal motion is relative-
ly slow, and a suitable arrangement of the building blocks
offers particular benefits.[20] Several studies have shown that
molecular motors can organize polymeric filaments into dis-
tinct structures, and the presence of molecular motors can be
used to actively control the viscoelastic behavior of a poly-
meric solution.[21±23]


Exploiting molecular motors holds the promise of creating
new classes of materials, which feature controlled adaptation
on a molecular- to mesoscopic scale. The intellectual chal-
lenge is to design an integrated material, in which the adap-
tation cannot be mistaken for a simple phase transition be-
tween two different states.


Directed molecular assembly : Directed molecular assembly
or mechanosynthesis provides a huge opportunity for the
application of molecular motors, since the motors can ac-
tively control the position of substrates, enzymes, and tem-
plates.[24] While directed assembly of molecules by control-
led movement of the precursors can be achieved for individ-
ual molecules with a scanning probe microscope,[25] the use
of such a macroscopic instrument for the assembly of mole-
cules is clearly not efficient. In contrast, imagine a network
of nanoscale conveyor belts that selectively transport mole-
cules and control their encounter with their specific reaction
partners. In cells, motor proteins have been implicated in
controlling the encounter rates between molecules. For ex-
ample, motor proteins can position mRNA synthesized in
the nucleus at defined locations in the cell where they inter-
act with the ribosomes.[26] Localized mRNA then translates
into spatially controlled production of proteins. Therefore,
to a degree, certain cells thus resemble a nanoscale factory,
in which motor proteins distribute the blueprints of parts to
different workstations.


The importance of motor-driven transport and assembly
processes in nature increases with the size of the molecules
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involved, due to the corresponding decrease in diffusive mo-
bility, and the increasing energetic and entropic barriers sep-
arating different conformational states. For example, the
packaging of viral DNA into empty capsids can be driven by
a RNA motor, which forces the DNA strands into the
capsid shells.[6] This assembly process results in a supra-
molecular structure that is not thermodynamically advanta-
geous, since there is a high entropic cost associated with
packing the DNA into a tight space.


These, and similar biological examples together with the
proof-of-principles experiments, which involve molecular
shuttles, inspire a vision of molecular motors integrated into
nanoscale drug delivery devices, smart nanomaterials, and
active assembly of electronic nanostructures.


Finally, disassembly processes, accelerated by the force
exerted by molecular motors, maybe of as much interest as
assembly processes. Mechanically disrupting a large mole-
cule, virus, bacterium, or nanodevice may yield valuable in-
sights into the function and stability of these structures
under external stresses.


Interfacing Biological Motors with a Synthetic
Environment


The interface between biomolecular motors and nonbiologi-
cal components is a critical element in hybrid nanodevices.
Central challenges are to avoid denaturation, concomitant
loss of function of motors interacting with synthetic surfaces,
and the selective placement of motors into predetermined
locations.


Engineering the surface chemistry : Engineering the surface
chemistry of synthetic surfaces is one solution to these chal-
lenges. A variety of approaches to reduce denaturation has
been developed, which include surface precoating with a ge-
neric protein (albumin, casein)[27] to restrict the surface±mo-
tor contact to small patches in between the pre-adsorbed
proteins, and surfaces coated with functionalized polymer
brushes,[28] which provide a designated binding site. The ad-
sorption of motors has been selectively prevented by either
identifying materials that reduce protein adsorption,[29±31] or
by using surface modification strategies originally developed
for nonfouling surfaces.[32]


Genetic engineering techniques : Genetic engineering techni-
ques can be applied to define specificic interactions between
biomolecular motors and synthetic components, since these
techniques allow the sequence and structure of biomolecular
motors to be modified.


As a basic proof-of-principle, a simple device was de-
signed and constructed, in which genetically modified F1-
ATPase motors provided a means to actuate nanoscale met-
allic components.[33] This device consisted of three primary
components: 1) a lithographically defined surface of Ni
posts, 2) F1-ATPase motors, and 3) functionalized ™nano-
propellers∫ (Figure 2). The interfaces between organic and
inorganic components were based on His-tag/Ni-NTA and
biotin/streptavidin interactions. In the presence of ATP, F1-


ATPase motors are capable of rotating the nanopropellers
(150 nm diameterî750 nm long) with an angular velocity of
8 Hz, and providing a constant torque of 20 pNnm.


In this example, the F1-ATPase motor from the thermo-
philic bacterium Bacillus PS3 was genetically engineered to
express a 10î histidine (His) tag on the N terminus of the b


subunits and a unique cysteine (Cys) in the g subunit.[34, 35]


The 10î His-tag is a common fusion sequence introduced to
provide an easy and efficient means of purifying recombi-
nant proteins by using Ni±NTA affinity chromatography.
This generalized scheme, however, also provides a method
for directly attaching recombinant motor proteins to pat-
terned surfaces. By using this method, His-tagged F1-
ATPase motors were attached to Ni±NTA functionalized
polystyrene microspheres,[36,37] as well as arrays of nanoscale
nickel dots.[38] Since the His-tags were located on the N ter-
minal of the b subunit, the motors were positioned such that
the base of the stator (i.e., a/b hexamer) was adjacent to the
surface, and the g subunit (rotor) was positioned perpendic-
ular to the surface. Based on this orientation, the engineered
Cys in the g subunit was fully accessible and provided a
thiol ™handle∫ for attaching additional components.


Genetic engineering of chemical ™switches∫: Genetic engi-
neering of chemical ™switches∫ into biomolecular motors,
which respond to changes in the local environment, permits
active control of motor function. Since the three-dimension-
al crystal structures for motor proteins have been resolved,


Figure 2. Schematic depiction of the chemical handles used to assemble
the F1-ATPase-powered integrated nanodevice.[21] F1-ATPase motors
were attached to patterned Ni surfaces through 10î His-tags on the b


subunit. The rotor (g subunit) and nano-propeller were functionalized
with biotin, and connected by using a streptavidin bridge.
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the protein sequence of these motors may be genetically en-
gineered for enhanced functionality. Two primary examples
focus on controlling the mechanical functionality of the
motors by using the local chemical environment. In the case
of kinesin motors, site-directed mutagenesis was used to in-
troduce a cysteine into the neck linker region.[39] Under oxi-
dizing conditions, a disulfide bond formed between the two
cysteines of the dimeric kinesin, which in turn inhibited
linear translation along microtubules. Subsequent reduction
of this bond allowed normal movement of kinesin motors;
this cycle could be repeated a number of times.


A more complex approach was used to control the me-
chanical motion of the F1-ATPase motor, and involved the
introduction of a zinc-binding site into the catalytic region
of the enzyme.[37] Control of single F1-ATPase motors was
demonstrated by repeated sequential additions of zinc and a
metal chelator. These two examples of protein engineering
clearly demonstrate the strategies that may be used to engi-
neer motor proteins with logical control in synthetic envi-
ronments.


Prototypes of Kinesin-Powered Nanodevices


As one of the applications of molecular motors we discussed
the idea of ™molecular shuttles∫; nanoscale conveyor belts
for molecular cargo. In the past few years, we and others
have set out to build such molecular shuttles by using motor
proteins that move linearly along cytoskeletal filaments.[16]


Conventional kinesin is one of these motor proteins; it is
well studied and readily available (Cytoskeleton Inc.).[40] Ki-
nesin motors produce a force of up to 7 pN and take 8 nm
steps at a rate of ~100 steps per second at a saturating ATP
concentration of 1mm, while hydrolyzing one ATP molecule
per step.[5] The maximum efficiency of the conversion of
chemical energy into mechanical work exceeds 50%, which
is remarkable, since it is twice as efficient as the average
heat engine employed in cars.


The molecular shuttle design chosen by us is based on mi-
crotubules that are reconstituted in vitro, (stabilized by
adding paclitaxel to the solution), and kinesins that are im-
mobilized on a micro- or nanostructured surface (Figure 3).
This setup roughly resembles a conveyor belt, with the sta-
tionary motors moving a filament onto which the cargo is
loaded.


Conceptually, a transport system requires solutions to the
questions of how to direct the movement, how to load and
unload cargo, and how to control the speed of the system.[12]


A variety of strategies have been employed by us and others
to direct the shuttles along predetermined paths; these in-
clude chemical modification,[41,42] guiding channels,[12,43±45]


and combinations of surface chemistry and topogra-
phy.[29±31,46±49] In order to permit selective loading with cargo,
microtubules can be functionalized with biotin linkers,[50]


and fluorescent dyes facilitate observation of these nano-
scale filaments.[51] Control over the shuttle velocity can be
achieved by controlling the photolytic cleavage of caged
ATP in solution;[12] this provides a varying amount of ATP
fuel to the motors.[52,53]


At this point, we have arrived at working solutions for the
basic design challenges of guiding, loading, and controlling.
Rapid progress has been made in the assembly of devices,
which integrate the individual approaches, and molecular
shuttles are poised to be a key tool in the technological ap-
plications of molecular motors. In the following, we will de-
scribe three proof-of-principle experiments, which demon-
strate how molecular shuttles can perform a wide range of
tasks.


Surface imaging : In surface imaging, active movement of a
large number of simultaneously operating probes is very de-
sirable, whether we want to image the surface of the planet
Mars by using a swarm of robots, or the surface chemistry of
a cell membrane by means of scanning probe microscopy.
Molecular motors allow us to design self-propelled nano-
scale probes that roam a surface and provide information
about surface conditions. A basic implementation of this ap-
proach to surface imaging (Figure 4) has been demonstrated
by using the molecular shuttles previously described.[14] In
this experiment, the movement of hundreds of microtubules
on a kinesin-coated surface has been recorded over time. As
the microtubules collide with microfabricated posts on the
surface, their direction of movement changes, and they
weave through this obstacle course. The accumulated infor-
mation of all microtubule paths can be used to construct a
map that reflects the positions of the obstacles. Although
this imaging technique is limited by the sensitivity of the
proteins and the optical detection of microtubule position, it
demonstrates how self-propelled nanoprobes enable a new
approach to surface imaging that is very different from clas-
sic scanning microscopy.


Figure 3. A molecular shuttle system envisioned to load, transport, sort,
and assemble nanoscale building blocks. A hybrid design approach,
which combines synthetic environments and biomolecular motors, and
utilizes surface-bound kinesin motor proteins to transport functionalized
microtubules along fabricated tracks. Reproduced with permission from
Nano Letters 2003, 3, 1651±1655. Copyright 2003 Am. Chem. Soc.
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Transport and stretching of l-phage DNA: This has been
achieved by molecular shuttles in a recent experiment by
Diez et al. (Figure 5).[13] In this experiment, kinesin-driven
movement of the microtubule resulted in the linear exten-
sion of DNA from its originally globular state. The intended
application is in molecular electronics, in which the control-
led arrangement of individual molecules and their respective
interconnects is required. Properly positioned biological


nanostructures, such as DNA[54] or microtubules,[55] can
serve as templates for metallization processes that result in
nanowires. This hybrid approach to the assembly of nano-
scale electronic structures capitalizes on the flexibility of bi-
ological assembly processes to transcend the limits of photo-
lithography[56] .


Force measurements : Force measurements on a molecular
scale typically require a device capable of exerting piconew-
ton forces, such as optical tweezers or the atomic force mi-
croscope. Recently, a miniaturized forcemeter for the mea-
surement of intermolecular bond strengths has been demon-
strated.[15] In this case, kinesin motors were used to provide
the force to strain and rupture the bond between a recep-
tor±ligand pair. The magnitude of the strain is reflected in
the bending of a microtubule attached to the ligand, which
serves as a nanoscale cantilevered beam of known stiffness
(Figure 6). Inherently, such a device is particularly suited to


the study of rupture events between biological receptors
and their ligands under physiologically significant loading
conditions; these are characterized by the application of pi-
conewton forces on a timescale of seconds.[57] Its small di-
mensions also permit the assembly of an array of such force-
meters, which would facilitate the observation of a statisti-
cally significant number of rupture events.


Conclusion


Since the availability and functionality of man-made nano-
motors is still limited, alternative modes of actuation in
nanoscale devices and systems must be pursued. Biomolecu-
lar motors are fast, efficient, and versatile nanoscale motors
that hold significant promise as actuators in integrated nano-
devices and systems. A number of prototype devices have
been designed and assembled based on the role of motor
proteins as intracellular transporters and actuators. These


Figure 4. Fluorescently labeled microtubules transported by surface-ad-
sorbed kinesins can serve as nanoscale probes exploring the surface. The
sensitivity of the microtubule path to the topography allows an unknown
surface to be imaged.[56] For example, a microfabricated pattern of 1 mm
high posts divides the surface into an accessible and an inaccessible
region, since microtubules that move on the bottom surface are unable to
climb a steep incline. Repeated observation of microtubule positions
under the fluorescence microscope yields information about the path of
several hundred microtubules; these can be superimposed to reveal the
surface topography. Bright areas correspond to repeated visits from a mi-
crotubule, signifying high accessibility. Reproduced with permission from
Nano Letters 2002, 2, 113±116. Copyright 2002 Am. Chem. Soc.


Figure 5. Biotinylated l-phage DNA can be bound to biotinylated micro-
tubules by streptavidin. ATP-fueled transport of the microtubules on a
motor-coated surface results in a stretching of the DNA from its initially
globular state into a linear configuration, which potentially can serve as a
template for a metallization process. On the left the DNA (marked by
arrows) is pinned to the surface on one end and stretched by one micro-
tubule, on the right the DNA is stretched between two microtubules.
(Adapted from Diez et al. , Nano Letters 2003, 3, 1251±1254).


Figure 6. A microscopic forcemeter for the measurement of intermolecu-
lar forces in the order of a few piconewton can be assembled from micro-
tubules functionalized with ligands, beads coated with receptors, and ki-
nesins (0 s, 10 s). It consists of a cantilevered microtubule that binds to a
streptavidin-coated bead loaded onto a microtubule moved by kinesins.
The kinesins push the moving microtubule (30 s) straining the bond be-
tween streptavidin and biotin until it ruptures (40 s). Observation of the
concurrent bending of the cantilevered microtubule allows the determi-
nation of the strain forces based on the known stiffness of microtubules.
Reproduced with permission from Nano Letters 2002, 2, 1113±1115.
Copyright 2001 Am. Chem. Soc.


Chem. Eur. J. 2004, 10, 2110 ± 2116 www.chemeurj.org ¹ 2004 Wiley-VCH Verlag GmbH& Co. KGaA, Weinheim 2115


Biomolecular Motors 2110 ± 2116



www.chemeurj.org





devices provide proof-of-principle demonstrations regarding
the ability to construct simple hybrid nanodevices. Contin-
ued technology development in this area, however, will be
critical to engineering more complex hybrid devices in the
future. Overall, the potential of nature×s molecular machines
has been recognized, and their applications in synthetic
nanoscale systems will be limited only by our creativity and
imagination.
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The Nature of Intermolecular CuI¥¥¥CuI Interactions: ACombined Theoretical
and Structural Database Analysis


M. Angels Carvajal,[a, c] Santiago Alvarez,[b, c] and Juan J. Novoa*[a, c]


Dedicated to Prof. Josÿ Vicente on the occasion of his 60th birthday


Introduction


The existence of metal¥¥¥metal contacts shorter than the sum
of the van der Waals radii between linear, d10 transition-
metal complexes has been detected in recent years in a
large number of crystal structures.[1,2] This is especially true


for AuI compounds, for which many contacts are found be-
tween 2.7 and 3.5 ä[3±5] (the sum of the van der Waals radii
for Au is 3.40 ä), although the existence of these short con-
tacts was recognized[6] as early as 1950 in Ag2PbO2 and
Ag5Pb2O6 (Ag¥¥¥Ag distances of 3.07[6] and 2.97 ä,[7] respec-
tively).[1] The overwhelming presence of such contacts in
AuI compounds lead Schmidbaur to coin the term aurophi-
licity.[8] By extension, it is common now to use metallophilic-
ity to denote such contacts between metals in general, or nu-
mismophilicity to refer to the coinage metals.[9]


A look at the structures exhibiting d10¥¥¥d10 contacts shows
that they exist in a wide variety of structural motifs. They
can be found when the metal is two-coordinate (that is, in
MXY complexes, X and Y being two monodentate ligands),
in a variety of arrangements, for example, 1±12.[10,11] Among
them one can cite the supported and bridged intramolecular
ones of types 1 and 2. With respect to intermolecular (un-
bridged) d10¥¥¥d10 contacts, one can find cases where the li-
gands are connected through hydrogen bonds (3)[12,13] or
ionic bonds (4),[14] mostly in eclipsed conformations, but also
unsupported interactions either in a slipped arrangement (5)
or in a staggered conformation (6). The number of contacts
made by each metal atom goes from a single contact (1±6),
to two contacts forming chains or rings (7 and 8), to larger
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Abstract: The nature of intermolecular
interactions between dicoordinate CuI


ions is analyzed by means of combined
theoretical and structural database
studies. Energetically stable CuI¥¥¥CuI


interactions are only found when the
two monomers involved in the interac-
tion are neutral or carry opposite
charges, thus allowing us to speak of
bonding between the components of
the bimolecular aggregate. A perturba-
tive evaluation of the components of
the intermolecular interaction energies,
by means the IMPT scheme of Stone,
indicates that both the Coulombic and


dispersion forces are important in de-
termining the CuI¥¥¥CuI bonding inter-
actions, because only a small part of
that energy is attributable to Cu¥¥¥Cu
interactions, while a large component
results from Cu¥¥¥ligand interactions.
The electrostatic component is the
dominant one by far in the interaction


between charged monomers, while in
the interaction between neutral com-
plexes, the electrostatic component is
found to be of the same order of mag-
nitude as the dispersion term. Bimolec-
ular aggregates that have like charges
are repulsive by themselves, and their
presence in the solid state results from
anion¥¥¥cation interactions with ions ex-
ternal to this aggregate. In these cases,
the short-contact Cu¥¥¥Cu interactions
here should be more properly called
counterion-mediated Cu¥¥¥Cu bonds.


Keywords: ab initio calculations ¥
crystal engineering ¥ metal±metal
interactions ¥ molecular recogni-
tion ¥ noncovalent interactions
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number of contacts (up to 6, extending in two or three di-
mensions).


The d10¥¥¥d10 contacts are not restricted to dicoordinate
complexes nor to Group 11 metals. For instance, such con-
tacts can be found in tricoordinate d10 compounds (9), which
also show stacking interactions (e.g., Pt0-,[15] AuI-,[16]


AgI-,[17,18] or CuI-bridged[19] complexes, or AgI in Rb-
Ag2As3Se6


[20]). Also Hg¥¥¥Hg contacts in HgII compounds can
be found at intra- or intermolecular distances as short as
2.84 ä[21] or 3.10 ä, respectively, to be compared with an
atomic radii[22] sum of 3.54 ä. The most remarkable example
of such contacts is probably to be found in the structure of
[{Hg(SiMe3)2}2], a dimer with two linear molecules in a stag-
gered conformation with Hg¥¥¥Hg contacts of 3.146 ä.[23] A
dimer of [Pt(PPh3)2] has also been reported[24] and claimed
to exhibit a Pt¥¥¥Pt contact; however, its structure has not
yet been resolved. Apart from these instances, we are not
aware of contacts shorter than 3.8 ä between dicoordinate
complexes of the Group 10 metals.


In addition to the homometallic contacts mentioned
above, heterometallic contacts are also found (e.g., Cu¥¥¥Hg
= 2.689 ä[25] and Au¥¥¥Hg = 3.085 ä[26]). A remarkable ex-


ample of heterometallic con-
tacts is that reported by M.
Laguna and co-workers,[27] in
which four linear AuI com-
plexes form contacts to a bare
AgI ion in a tetrahedral fashion
at 2.72±2.78 ä, reminiscent of
the common coordination of
four Lewis bases to such a
metal ion (10). The closely re-
lated d10¥¥¥d8 interactions are
also frequently detected. They
were found as early as 1954 be-
tween linear and square-planar
complexes (11),[28] and have al-
ready been reported for a varie-
ty of d8/d10 pairs: Pd/Au, Pt/Au,
Au/Au, Pt/Ag, Ir/Au, and Rh/
Au.[29] Related d10¥¥¥d8 contacts
are also found between trigo-
nal-planar and square-planar
complexes (12).[30]


Among the variety of charac-
terized d10¥¥¥d10 contacts de-
scribed above, we focus in this
work on those between dicoor-
dinate CuI ions. There are two
main reasons for this choice:
firstly, the amount of available
data and theoretical studies is
much more limited than that
for the heavier elements in the
same periodic group. Secondly,
because of the fundamental in-
terest in learning about the
main differences between
d10¥¥¥d10 interactions in the light-


er metal in which relativistic effects are expected to be
much less important. Compared to silver and gold (both
have a similar atomic size), Cu is significantly smaller and,
at the same time, relativistic effects are expected to be much
less important. Therefore, we report here on a combined
theoretical and structural database study of a variety of bi-
molecular aggregates with Cu¥¥¥Cu contacts. While doing so,
we will be searching for a general perspective rather than
for quantitative data on specific examples. To that end, we
present our study in three steps: 1) a detailed analysis of the
crystal structures that present only one intermolecular
Cu¥¥¥Cu distance shorter than 3.7 ä, since these will consti-
tute the best candidates for detecting unsupported Cu¥¥¥Cu
attractive interactions, 2) results of calculations at the MP2
level on bimolecular model compounds of the type schemat-
ically shown in 6, 3) a perturbative analysis of the intermo-
lecular interaction energy (with the IMPT formalism) of
those model compounds, aimed at identifying the relative
weights of the different contributions to the interaction en-
ergies.
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Current status of the studies of d10¥¥¥d10 interactions : In addi-
tion to the above-mentioned structural data revealing short
d10¥¥¥d10 contacts, a variety of other experimental and theo-
retical data related to this kind of interactions have been re-
ported in the last few years. We present a brief summary in
this section.


Spectroscopic evidence The 5d!6p transitions in the dinu-
clear complexes [Au2(dmpm)2] and [Au2(dmpe)2] (dmpm =


bis(dimethylphosphino)methane, dmpe = bis(dimethylphos-
phino)ethane) appear at lower energies than in the analo-
gous mononuclear complex [Au(PEt2)2]


+ , a fact that has
been attributed to the existence of Au¥¥¥Au interactions in
the former,[31] substantiated by magnetic circular dichroism
spectroscopy. Ag2SO4, in which the AgI ions are hexacoordi-
nate,[32] is colorless, whereas in solids with Ag¥¥¥Ag contacts
between dicoordinate AgI ions the absorption edges are
shifted by up to 18000 cm�1 to lower wavenumbers, resulting
in yellow and red compounds.[1] Consistently, all compounds
with AgI aggregation are semiconductors, while Ag2SO4,
with isolated AgI ions, is essentially an insulator. Moreover,
for CuI delafossites, the activation energy for electrical con-
ductivity is linearly correlated with the Cu¥¥¥Cu distance.[1]


A band at ñ = 88 cm�1 in the Raman spectrum of
[Au2(dcpm)2]


2+ has been assigned to Au�Au stretching[33]


and the band at �100 cm�1 in the spectrum of [Ag(CN)2]
�


to Ag�Ag stretching.[34] The resonance Raman spectrum of
[Cu2(dcpm)2]


2+ shows a peak at ñ = 104 cm�1 that has been
assigned to Cu�Cu stretching.[19] We must also mention here
that the energies of association between two monomers
have been estimated to be in the range 7.5±12.5 kcalmol�1


from NMR[35±38] and visible[39] spectroscopy.


Theoretical studies : Let us try to describe the main aspects
of the theoretical studies that deal with the nature of the
d10¥¥¥d10 interactions between Cu, Ag, and Au.[2] Early semi-
empirical studies, based on extended H¸ckel calculations for
dimers[40] and chains[41] of CuI and AuI complexes, proposed
a qualitative orbital model (13). In the absence of p±d hy-
bridization, the dz2 orbitals form s and s* combinations that
are both occupied for the d10 complexes, and the empty pz


atomic orbitals give also s and s* combinations. This very
simple model does not account for bonding between the two
metal atoms, but is consistent with the red shift of the visible
spectra and with the decreased energy gap for conductivity
in dimers as compared to monomers. The assignment of the
low-energy bands in the bridged dinuclear complexes
[Au2(dmpm)2]


2+ and [Au2(dmpe)2]
2+ to a ds*!ps transition


was confirmed by magnetic circular dichroism studies.[5]


Mixing (hybridization) of the above two s-type orbitals (14)
results in stabilization of the occupied orbital as a conse-
quence of its increased metal±metal bonding character. Sim-
ilarly, mixing of the two s* orbitals results in a stabilization
of the occupied orbital as a consequence of its decreased an-
tibonding character. The net result is that the repulsion be-
tween the dz2 electrons becomes a weakly bonding interac-
tion. A similar hybridization can be invoked for one of the
metal±metal p-type orbitals.


Ab initio calculations reported by Pyykkˆ and co-workers
attributed the Au¥¥¥Au interactions to correlation effects, be-
cause no attraction is found at the Hartree±Fock level; how-
ever, a weakly bonding interaction results when electron
correlation is taken into account.[42,43] They also found that
relativistic effects favor such interactions.[2] For a variety of
perpendicular dimers (6) of [AuX(PR3)] complexes (X = F,
Cl, Br, I, H, Me, CCH; R = H, Me)[44] they found interac-
tion energies between �3.3 and �7.7 kcalmol�1. The bond-
ing energies in these series were seen to increase with the
softness of the X ligand and, within the halides, also the
Au¥¥¥Au distance decreases with the softness of X. These re-
sults are the basis for the authors× claim that ™the aurophilic
attraction is a correlation effect∫. Further calculations[45]


showed a dependence of the interaction energy on r�6


(where r is the metal¥¥¥metal distance), consistent with a dis-
persive character of that interaction. A later analysis of the
correlation at the local MP2 level[46] indicated that the larg-
est portion of the correlation energy results from dispersion
(that is, correlation associated to instantaneous polarization
of the monomers), but also that a similar amount results
from ™ionic∫ contributions (i.e., those involving excited con-
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figurations with ionic character, although the partitioning
scheme used disregards ionic contributions corresponding to
excitations of two electrons centered at the same metal
atom). The fact that the correlation energy is not purely dis-
persion indicates that the Au¥¥¥Au interaction is not purely
van der Waals in nature. On the other hand, these calcula-
tions indicate that only about 40% of the correlation can be
attributed to excitations within the d orbitals of the Au
atoms, namely, there is an important Au¥¥¥ligand contribu-
tion to the correlation energy. A recent study on (H�M�
PH3)2 and (Cl�M�PH3)2 (M = Cu, Ag) dimers showed that
similar conclusions can be reached for Cu¥¥¥Cu and Ag¥¥¥Ag
interactions.[47] The influence of the ligands on the metal¥¥¥
metal contact was previously analyzed at the extended
H¸ckel level by Veiros and Calhorda.[48]


Ab initio studies of the d10¥¥¥d10 interaction in CuI com-
plexes have been reported for the A-frame complex[49,50]


[Se(CuPH3)2] (2) and for the Cu2X2 diamonds (X = H, F,
Cl)[51] (15). Little theoretical work, however, has been pub-


lished for independent monomers besides the work of
Magnko et al. mentioned in the previous paragraph. Within
a study of a large number of gold compounds, Pyykkˆ et al.
reported an interaction energy of �3.1 kcalmol�1 between
two [Cu(PH3)Cl] molecules.[44] In a recent study of dimers of
dicoordinate CuI complexes, we showed that the Cu¥¥¥Cu at-
tractive interaction is of the same order of magnitude com-
pared to that of Au¥¥¥Au interactions, and also, in many in-
stances, these coexist with hydrogen bonding or compete
with the formation of additional metal±ligand bonds.[52]


In a recent paper,[53] we theoretically analyzed the ener-
getics and the influence of the geometry and ligands on the
Cu¥¥¥Cu interactions focusing on dimers of the
[{CuX(NH3)}2] type in a staggered conformation (X = Cl,
Br, I, or CN). That study was carried out at the ab initio
MP2 and B3LYP levels. The dissociation energies were
found to be �2 kcalmol�1, and the B3LYP calculations re-
produced the MP2 results well, both at the qualitative and
semiquantitative levels. However, in the presence of poten-
tially bridging X ligands, the formation of rhombic struc-
tures (15) was found to be energetically favored, with calcu-
lated dissociation energies of 9±19 kcalmol�1 for [{CuXL}2]
dimers (L = NH3, PH3, or CNMe), even if the required
bending of the linear monomers destabilizes the system by
more than 20 kcalmol�1. When the ligands allowed the for-
mation of hydrogen bonds between the monomers, short in-
termolecular Cu¥¥¥Cu interactions were possible, although
these dimers were less stable than the rhombic structures 15.


The dissociation energies in the family of weakly associated
dimers were found to increase with decreasing electronega-
tivity of the halide ligand. It has also been shown that the
interaction between two almost linear monomers becomes
more stabilizing as the monomers are bent away from each
other, although the net dissociation energy does not signifi-
cantly vary on account of the destabilization resulting from
bending the monomers away from their most stable linear
geometry.[52,53]


Independently, Schwerdtfeger et al. reported MP2 calcula-
tions[54] on a variety of dimers of general formula
[{CuL(CH3)}2] (with L = OH2, NH3, SH2, PH3, N2, CO, CS,
CNH, and CNLi). These authors found interaction energies
between monomers of up to 4 kcalmol�1 and concluded that
such intermolecular interactions are attractive, if approxi-
mately three times weaker than the analogous interactions
between AuI complexes. The effect of bending on the inter-
molecular interaction was also analyzed by those authors.[54]


It is also worth mentioning here that theoretical studies
on similar weak interactions in extended solids, such as
those found between linearly coordinated CuI ions of the
two interpenetrated cristobalite-type lattices present in the
cuprite structures of Cu2O and Ag2O.[55] Periodic ab initio
calculations have been reported for Cu2O, and the two inde-
pendent cristobalite-like sublattices have been shown to be
held through Cu¥¥¥Cu contacts with a net attractive interac-
tion of ��6 kcalmol�1 per formula unit (�1 kcalmol�1 per
Cu¥¥¥Cu contact). In the hexagonal CuMO2 delafossites (M
= Al, Ga, Y), the calculated and experimental electron-den-
sity maps indicate an accumulation of charge density in the
center of triangles formed by three copper ions. Further-
more, the calculated map indicates the accumulation of den-
sity between each pair of copper atoms and a topological
analysis of the electron density identifies these as ring and
bond critical points consistent with the presence of bonding
Cu¥¥¥Cu interactions.[56] Comparison of these results with
those discussed above on dimers clearly indicate that the
same type of d10¥¥¥d10 bonding interaction exists in molecular
and extended systems.


HF calculations on both the extended solids and in bimo-
lecular models [{M(OH)(H2O)}2], with a posteriori correc-
tion of the correlation energy by means of the LYP func-
tional, and MP2 calculations on the latter, consistently pre-
dict bonding energies of �1±5 kcalmol�1 per M¥¥¥M contact.
A Bader analysis of the electron density of a bridged AgI


complex identified the existence of bond-critical points con-
necting the two Ag ions,[57] thus indicating the existence of a
bonding interaction between these two atoms in that com-
pound, consistent with the presence of d10¥¥¥d10 interactions.


Luminescence : Further experimental evidence for the bond-
ing nature of d10¥¥¥d10 interactions came from luminescence
studies.[58,59] The first report of luminescence of MI±phos-
phane complexes (M = Cu, Ag, Au) was published in
1970.[60] Although it has been shown that luminescence itself
is not necessarily associated with the existence of Au¥¥¥Au
interactions,[61] it has been noted that mononuclear AuI com-
plexes generally show luminescence only in the solid
state,[62] thus suggesting that the formation of intermolecular
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contacts is needed to produce luminescence. A recent study
by Fackler has shown a strong dependence of the emission
spectrum on the gold±gold interaction for S�Au�S dinuclear
complexes.[63] The concentration dependence of the red shift
of the absorption edge of [Au(CN)2]


� in solution[64] is consis-
tent with the orbital perturbation brought about by the
Au¥¥¥Au contacts. A similar interpretation can be given to
the different luminescence[65,66] of the Cs+ and K+ salts of
[Au(CN)2]


� : while the former presents two contacts per Au
atom at 3.11 ä and luminescences at l = 458 nm, the latter
has four contacts per metal at a much longer distance
(3.64 ä) and the luminescence appears at l = 390 nm. For
more reports on the decreased energy of the luminescence
of dicyanoaurate in the solid state, see the references cited
by Rawashdeh-Omary et al.[64]


Large Stokes shifts (of the order of 6000 cm�1)[61] in the
luminescence spectra of compounds with Au¥¥¥Au contacts
are consistent with the s* and s nature of the HOMO and
LUMO in the dimers (13). Luminescence in thiolato AuI


complexes, [LAu(SR)], is thought to originate from ligand-
to-metal charge-transfer (LMCT) excited states;[67] however,
even in those cases, the ps empty orbital is thought to be re-
sponsible for the luminescence (16). A recent experiment by


Yam et al.[68] demonstrated this on a benzocrown-functional-
ized thiolato±AuI dinuclear complex 17: a Au¥¥¥Au contact is
formed upon addition of K+ with a concomitant shift of the
luminescence band from l = 502 to 720 nm, consistent with
the stabilization of the ps orbital in 13 as a result of the in-
termetallic interaction.


Stokes shifts of 9000 cm�1 are typical of CuI complexes, al-
though the excitation giving rise to luminescence is some-
times assigned to a ligand-to-metal charge transfer or to a
3d10!3d94s transition.[69] A relationship between the pres-
ence of Cu¥¥¥Cu contacts and a luminescent behavior, similar
to that found for Au compounds, has also been proposed.[70]


Structural evidence of Cu¥¥¥Cu interactions in the solid state
On account of the scant attention devoted so far to the
structural aspects of Cu¥¥¥Cu interactions and prior to discus-
sing the possibility of the existence of Cu¥¥¥Cu bonding inter-
actions, we analyze the available structural data that should
be included in our theoretical study and which serves as a
guide for the selection of model systems to compute. To this
end, we carried out a search in the Cambridge Structural
Database (CSD)[71] of compounds that exhibit only one in-
termolecular Cu¥¥¥Cu contact between 2.0 and 5.0 ä, thus
disregarding those exhibiting more than one Cu¥¥¥Cu con-
tact, as well as those with bridging ligands between the two
Cu atoms, because, in the presence of bridging ligands, a
short Cu¥¥¥Cu distance may be geometrically imposed and
not the result of an attractive interaction (e.g., 1, 2, 7, and
8). For comparison, we carried out a separate search for in-
tramolecular contacts. The distribution of the Cu¥¥¥Cu dis-
tances in both types of contacts is presented in Figure 1. An


additional search was also car-
ried out for CuI complexes de-
fined in the CSD as being tri-
coordinate with a Cu�Cu bond.


The distribution of intramo-
lecular contacts (Figure 1)
shows that the bridged dinu-
clear compounds exhibit distan-
ces as short as 2.38 ä with a
maximum at �2.8 ä, to be
compared with a van der Waals
radii sum of 2.80 ä.[72] These
bridged compounds correspond


Figure 1. Distribution of Cu¥¥¥Cu distances among dicoordinate complexes
as found in the Cambridge Structural Database (version 5.23). Intermo-
lecular (black bars) and intramolecular (white bars) contacts are repre-
sented separately.
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to a variety of topologies from dinuclear to polynuclear
compounds, including some common motifs, such as the
cyclic structures obtained with small polyatomic bridging li-
gands (1), A frames (2), triangles (8), or squares (7) ob-
tained with monoatomic bridges, or more complex struc-
tures with higher nuclearity, up to a Cu32 aggregate.[73] A
similar assortment of intramolecular contacts can be found
in purely inorganic solids. Thus, we can find the A frames
(1) in the isolated [Cu2S3]


4� anions of Na4Cu2S3 and in the
zigzag chains of BaCu2O2, or in molecular oxo-bridged
squares in LiCuO.


Intermolecular contacts show a distribution similar to that
found for the intramolecular ones, but now the shortest dis-
tance is 2.71 ä (compared to 2.38 ä for intramolecular con-
tacts), which is slightly below the sum of the van der Waals
radii. This suggests that intermolecular Cu¥¥¥Cu contacts can
be attributed to the presence of attractive interactions be-
tween the Cu atoms. The distribution of intermolecular con-
tacts presents a maximum at �3.6 ä and drops to a mini-
mum at 4.2 ä. Thus, in what follows, we will focus our atten-
tion on the shortest distances (Table 1) with a cutoff of
3.7 ä.


In the above description of our database analysis of the
d10¥¥¥d10 contacts, we paid no attention to the net charge of
the molecules hosting the copper atoms. As we will show
below, the net charge of the fragment is the decisive factor
in defining the energetics of the intermolecular interaction
associated with the shortening of Cu¥¥¥Cu contacts. Conse-
quently, there is no reason to expect that the geometrical


features of the Cu¥¥¥Cu contacts should be the same in neu-
tral and charged compounds. Therefore, we have classified
the intermolecular Cu¥¥¥Cu contacts shorter than 3.7 ä in
Table 1 according to the net charge of the interacting mono-
mers. From here on, we will refer to anionic ligands as X
and to neutral ligands as L, whereupon the net charge of the
monomers is unambiguously identified from their general
formulae, namely, neutral [CuXL], anionic [CuX2]


� , or cat-
ionic [CuL2]


+ . However, in some cases, the assignment of a
net charge to a monomer is not straightforward, particularly
in compounds in which a Li+ ion is attached to an anionic
ligand.[74,75] Therefore, we can choose to consider the combi-
nation of ligand and cation as a neutral ligand or, instead,
consider only the anionic ligand as forming part of the com-
plex–the option adopted here. The present classification
shows that ™short∫ contacts (<3.0 ä) present in the cat-
ion¥¥¥anion and neutral¥¥¥neutral families, are not found
among the cation¥¥¥cation dimers (the shortest contacts in
these families are placed at 2.810, 2.944, and 3.002 ä, re-
spectively), whereas the shortest contact corresponds, rather
surprisingly, to an anion¥¥¥anion dimer (2.713 ä) found in
one of the Li+ salts.


To gain a wider perspective
on the existence of short
d10¥¥¥d10 contacts, we have also
searched for contacts in the
crystal structures of dicoordi-
nate complexes of the following
d10 ions: Ni0, Pd0, Pt0, AgI, AuI,
ZnII, CdII, and HgII. The search
was restricted to metal±metal
intermolecular contacts at less
than 4.0 ä, and only one con-
tact per metal atom. No such
contacts were found for Ni0,
Pd0, Pt0, ZnII, and CdII. For AgI,
AuI, and HgII, the shortest con-
tacts were found at 2.96, 2.94,
and 3.10 ä, respectively.


The nature of the interactions
between CuI monomers The
systematic analysis of the crys-
tal structures that exhibit short
Cu¥¥¥Cu contacts presented in
the previous section has al-
lowed us to identify the exis-
tence of four types of bimolecu-
lar aggregates with intermolec-
ular Cu¥¥¥Cu contacts: neutral
[{CuXL}2] dimers, charged
[{CuL2}2]


2+ and [{CuX2}2]
2�


dimers, and [CuL2]
+[CuX2]


� ion pairs. In this section, we
will study the strength and nature of the intermolecular in-
teractions in these four families by choosing representative
examples from each group and computationally evaluating
the dependence of the interaction energy on the metal±
metal distance. We will do so at the ab initio Hartree±Fock
(HF) and second-order M˘ller±Plesset (MP2) levels of


Table 1. Experimental structural data (distances [ä], angles [8]) for compounds with one intermolecular
Cu¥¥¥Cu contact shorter than 3.7 ä.


Compound[a] Cu¥¥¥Cu X L[b] t Cu¥¥¥X b Ref.


[CuL2]
+[CuX2]


� (cation¥¥¥anion)
rukhua 2.810 Cl pyfc 85.5 3.579 176.9 [96]
sawxap 3.611 Cl Me3py 89.0 180.0 [97]
[{CuXL}2] (neutral¥¥¥neutral)
vijmuw 2.944 Me2pz 61.1 3.368 173.5 [98]


2.977 61.4 3.388 173.6
cadziq10 3.014 Cl h1-tp 176.5 2.618 159.2 [99]
vusvua 3.070 Me3pz Me3pz 60.3 3.495 173.8 [100]
kalkaj 3.362 Br tmpip 180.0 3.762 173.7 [101]


3.635 174.1 3.754 174.2
newqah 3.584 CR3 CR3 5.4 3.685 167.2 [74]
[{CuL2}2]


2+ (cation¥¥¥cation)
3.002 bpp 7.5 3.680 167.4 [102]


taghak 3.199 nmIm 4.0 3.685 173.6 [103]
pewyof 3.292 RIm 45.7 3.688 173.3 [104]


3.425 42.3 3.739 169.3
lefpan 3.466 Me2Im 0.0 3.658 179.1 [105]
capgef 3.483 pzMe 180.0 3.603 178.1 [106]
[{CuX2}2]


2� (anion¥¥¥anion)
nutbej 2.713 Bu, CN 85.6 3.203 169.0 [75]


2.922 Cl 82.5 3.249 165, 171 [107]
rixmeq 3.223 RCOO� 3.5 2.756 171.6 [108]
newqah 3.584 CR3 5.4 3.685 167.2 [74]


[a] CCDC code. [b] bpp = 1,3-bis(4-pyridyl)propane; RIm = substituted imidazole; nmIm = N-methylimida-
zole; pyfc = 1,1’-bis(2-pyridyl)octamethylferrocene; pzH = pyrazole; pz� = pyrazolato; tmpip = 2,2,6,6-tet-
ramethylpiperidine; tp = tris(pyrazolyl)borate.
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theory, as well as at the B3LYP density functional level, in
order to test the ability of this methodology to handle this
type of interactions (see the Computational Methods). At
the same time, we will investigate the nature of the interac-
tion by studying the weight of the different components of
the interaction energy by means of an intermolecular pertur-
bation analysis using the IMPT method of Hayes and
Stone.[76,77] In such a method, the interaction energy is de-
composed into five components: exchange±repulsion (Eer),
electrostatic (Eel), polarization (Ep), charge transfer (Ect),
and dispersion (Edisp). The method is perturbative and ap-
plies only if the distances between the interacting fragments
are long enough. In all cases, we will verify that the sum of
the energy components given by the IMPT method matches
the total MP2 interaction energy to make sure that we are
in the region in which the method is applicable.


The compounds selected for our study were the following:
the [{Cu(N2)2}2]


2+ dimer as a representative of the cation¥¥¥
cation class, [{Cu(N2)Cl}2] and [{Cu(NH3)Cl}2] representing
the neutral¥¥¥neutral family, [Cu(NH3)2]


+[CuCl2]
� for the cat-


ion¥¥¥anion (ion pair) group, and [{Cu(CH3)CN}2]
2� for the


anion¥¥¥anion family. We first optimized the geometry of the
monomers, which turns out to be linear in all cases, while
other optimized geometrical parameters are presented in
Table 2. We then computed the interaction energy curves of
the dimers at the HF, MP2, and B3LYP levels, placing the


monomers in a staggered (perpendicular) orientation, and
freezing the monomers at their optimized noninteracting ge-
ometries. Two alternative basis sets were used for those
curves with the aim of evaluating the possible effect of


basis-set truncation: a smaller basis set (identified as
LANL2/TZDP+ , see the Computational Methods), and a
much larger set (identified as SDD/cc, see Computational
Methods), which is the (11s9p7d4f)/[9s7p5d3f] basis set of
Schwerdtfeger[45,54] that includes three sets of f functions. We
finally carried out an IMPT analysis of these interaction
energy curves with an all-electron basis set that was previ-
ously seen to reproduce the shape of the curves computed
with the LANL2/TZDP+ basis set (see the Computational
Methods for a description of the all-electron basis sets).


Cation¥¥¥cation dimers : The interaction energy curves for the
dimer of a cationic complex, [{Cu(N2)2}2]


2+ , computed at the
HF, MP2, and B3LYP levels, are shown in Figure 2. Similar-
ly to what was previously reported for the dimer of the neu-


tral complex [Cu(NH3)Cl],[45,54] the Hartree±Fock curve is
repulsive in this case. However, the MP2 energy curve for
the cationic dimer is also repulsive by �80 kcalmol�1 at 3 ä
(although some 5 kcalmol�1 more stable than the HF
curve), whereas it was found to be attractive for the neutral
dimer. The B3LYP energy curve is nearly identical to the
MP2 one. The quality of the basis set employed has little


Table 2. Optimized geometry of dicoordinate CuI monomers (in all cases
the bond angle around Cu is 1808 within chemical accuracy) calculated at
the MP2 and B3LYP levels. The experimental data gives the range of
values found in crystal structures of related compounds.


Compound Parameter B3LYP MP2 Exptl


[Cu(N2)2]
+ Cu�N 1.924 1.938


N�N 1.091 1.113


[Cu(N2)Cl] Cu�Cl 1.860 1.826
Cu�N 1.985 2.084
N�N 1.095 1.117


[Cu(NH3)Cl] Cu�Cl 2.098 2.096 2.08±2.16
Cu�N 1.959 1.933 1.80±1.94
N�H 1.019 1.021
Cu�N�H 112.1 112.6
H�N�H 106.7 106.1


[Cu(NH3)2]
+ Cu�N 1.929 1.942 1.80±2.11


N�H 1.023 1.021
Cu�N�H 113.3 112.8
H�N�H 105.4 106.6


[CuCl2]
� Cu-Cl 2.148 2.157 2.00±2.14


[CuCH3CN]� Cu�C(CH3) 1.965 1.951
Cu�C(CN) 1.918 1.876
C�N 1.163 1.182
C�H 1.101 1.102
Cu�C�H 112.5 112.8
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Figure 2. Top: Variation with the Cu¥¥¥Cu distance of the total interaction
energy of the [{Cu(N2)2}2]


2+ dimer computed at the HF, MP2, and
B3LYP levels with the LANL2/TZDP+ basis, and at the MP2 level with
the SDD/cc basis (labeled MP2(cc)). Bottom: IMPT decomposition of
the interaction energy (er = exchange±repulsion, el = electrostatic, p =


polarization, ct = charge transfer, tot = sum of the IMPT contributions,
MP2 = interaction energy computed with the MP2 method).
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effect on the results (Figure 2):
the BSSE-corrected curves
computed with two basis sets
are nearly parallel, the largest
set having only slightly lower
energies. Therefore, for a dimer
of a cationic complex,
[{Cu(N2)2}2]


2+ , we can safely
conclude that the dispersion
energy is not large enough to
compensate for other repulsive
components of the interaction
energy and no net stabilizing in-
teraction is found between the
monomers. This is in contrast to
the findings previously reported for dimers of the neutral
complexes, [Cu(NH3)Cl] and [Au(PH3)Cl], by Schwerdtfeg-
er[54] and Pyykkˆ.[43] Therefore, the existence of cation¥¥¥cat-
ion dimers with short Cu±Cu distances in the solid state is a
consequence of the presence of counterions and of the cor-
responding attractive cation¥¥¥anion interactions, the strength
of which overcomes the combined effect of the repulsive
cation¥¥¥cation and anion¥¥¥anion interactions (this effect has
been demonstrated in many ionic crystals by means of ab
initio calculations[45,54]).


An IMPT analysis of the components of the interaction
energy in [{Cu(N2)2}2]


2+ allows us to define which compo-
nents are important in determining the shape of the curve of
Figure 2. The weight of each component is represented in
Figure 2 as a function of the metal±metal distance, together
with the MP2 interaction energy and the total energy (Et)
obtained by adding all the components of the IMPT calcula-
tion (notice the similarity between these two curves). A
look at Figure 2 indicates that the electrostatic component is
by far the dominant one at all distances. For instance, when
the distance between the Cu atoms is 3.1 ä, the electrostatic
component (Table 3) is 87.2 kcalmol�1, while the remaining
components are all stabilizing and smaller than 5 kcalmol�1,
except for a destabilizing exchange±repulsion component.
The dispersion term, close to the energy difference between
the MP2 and HF interaction energies, is almost 30 times
smaller than the electrostatic term. In qualitative terms,
what these numbers are telling us is that when two
[Cu(N2)2]


+ monomers interact they mostly see each other as
positive charges. They also tell us that the Coulombic repul-
sion between the two cations outweighs the small stabilizing
contributions (mostly polarization and dispersion). This con-
clusion explains why the B3LYP method gives results so
close to the MP2 ones, as it is well known that when the in-
teraction energy is dominated by the dispersion term the
B3LYP and all other gradient-corrected DFT functionals
fail to reproduce the proper shape of the interaction energy
curve.[78] We must bear in mind, though, that the repulsions
between ions of like charge expected for a dimer in the gas
phase are attenuated in the solid state by the Madelung
potential provided by the counterions. This has been com-
putationally shown for the case of Au by surrounding a
dimer of [AuL2]


+ ions with two [AuCl2]
� ions and vice


versa.[79]


To further check if the repulsive behavior is associated
only with the overall positive charge of the [Cu(N2)2]


+


monomers, we computed the same curve for the neutral iso-
electronic [Ni(N2)2] monomers. As shown in Figure 3, the
HF interaction curve is still repulsive, but the MP2 curve
now becomes attractive by almost 10 kcalmol�1, the mini-
mum appearing at �2.7 ä, whereby the correlation energy
is 16.7 kcalmol�1. Practically the same results are found with
the LANL2/TZDP+ and SDD/cc basis sets. The B3LYP


Table 3. Values of the exchange±repulsion (Eer), electrostatic (Eel), polarization (Ep), charge-transfer (Ect) and
dispersion (Edisp) components computed from an IMPT analysis for the indicated dimers. Distances in ä, ener-
gies in kcalmol�1. Etotal is the sum of all components, and EMP2 is the MP2 interaction energy computed with
the same all-electron basis set and geometry. EMP2(cc) is the MP2 energy computed with the SDD/cc basis set.


Dimer rCu¥¥¥Cu Eer Eel Ep Ect Edisp Etotal EMP2 EMP2(cc)


[{Cu(N2)2}2]
2+ 3.1 1.7 87.2 �4.1 �0.3 �3.1 81.4 80.3 79.9


[{Ni(N2)2}2] 3.0 31.0 �19.9 �1.8 �1.6 �14.9 �7.2 �7.9 �9.3
[{CuCl(NH3)}2] 3.2 6.0 �3.4 �1.2 �0.5 �4.4 �3.5 �2.2 �3.1
[Cu(NH3)2][CuCl2] 2.8 13.6 �80.3 �2.2 �1.0 �7.8 �77.7 �74.2 �82.9
[{CuBr(NH3)}2] 3.4 5.7 �3.7 �1.0 �0.4 �3.7 �3.2 �2.0 ±
[{CuCl(PH3)}2] 3.4 3.9 �1.8 �1.1 �0.4 �5.0 �4.3 �2.8 ±
[{CuBr(PH3)}2] 3.4 6.2 �3.5 �1.2 �0.5 �5.7 �4.7 �2.9 ±
[{Cu(CH3)CN}2]


2� 3.4 5.8 62.0 �2.6 �0.8 �5.2 59.2 65.5 63.6
[{Au(N2)2}2]


2+ 3.8 1.9 74.0 �3.0 �0.2 �3.1 69.7 71.4 ±
[{AuCl(NH3)}2] 3.8 5.3 �3.6 �0.9 �0.3 �3.3 �3.3 �1.7 ±
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Figure 3. Top: Variation with the Ni¥¥¥Ni distance of the total interaction
energy of the [{Ni(N2)2}2] dimer computed at the HF, MP2, and B3LYP
levels with the LANL2/TZDP+ basis, and at the MP2 level with the
SDD/cc basis (labeled MP2(cc)). Bottom: IMPT decomposition of the in-
teraction energy (er = exchange±repulsion, el = electrostatic, p = po-
larization, ct = charge transfer, tot = sum of the IMPT contributions,
MP2 = interaction energy computed with the MP2 method).
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curve is rather less stable, showing a shallow minimum at
�2.9 ä with a relative energy of �2.0 kcalmol�1. The IMPT
decomposition of the interaction energy in the [{Ni(N2)2}2]
dimer (Figure 3) clarifies the reasons for the different
shapes of the [{Ni(N2)2}2] and [{Cu(N2)2}2]


2+ interaction
curves. A look at Figure 3 or Table 3 shows that the main
difference is in the electrostatic component, which is stabi-
lizing (�19.9 kcalmol�1) in the [{Ni(N2)2}2] dimer, but repul-
sive (87.2 kcalmol�1) in the [{Cu(N2)2}2]


2+ dimer. The small-
er relative weight of the electrostatic component in the in-
teraction energy is the reason for the inferior behavior of
the B3LYP curve relative to the MP2 one. The exchange±re-
pulsion term is also larger in the [{Ni(N2)2}2] dimer
(31.0 kcalmol�1), but has the same sign as in [{Cu(N2)2}2]


2+ .
This term is always repulsive, as it is mostly associated with
the repulsive wall caused by the Pauli exclusion principle,
which forbids the presence of two electrons in the same
region of space. It is partially compensated by a larger dis-
persion component (�14.9 kcalmol�1, very close to the cor-
relation energy, obtained by subtracting the MP2 and HF
total energies). As the remaining terms are much smaller
and do not change too much, the overall stability of this
dimer comes from the attractive electrostatic and dispersion
terms, which together overcome the exchange±repulsion
term (note that Eer>Edisp). Consequently, we can safely con-
clude that: 1) the strong repulsive character of the electro-
static component found in the [{Cu(N2)2}2]


2+ dimer is associ-
ated with the cationic character of each monomer, which
dominates over the dispersion term, and 2) when the mono-
mers are neutral, as in the [{Ni(N2)2}2] dimer, the stability of
the dimer is associated with the sum of the electrostatic and
dispersion terms, and not to the dispersion term alone.
Therefore, even in neutral dimers, it is important to take
into account the electrostatic term when analyzing the
nature of their interaction energy.


Neutral¥¥¥neutral dimers : The nature of the interaction be-
tween neutral [{CuXL}2] dimers was investigated with two
model dimers, [{Cu(N2)Cl}2] and [{Cu(NH3)Cl}2]. In the first
case, the neutral ligand has no dipole moment, while in the
second it has a net moment and emulates better the amines
frequently found as ligands. In both models, the anionic
chloro ligand compensates the positive charge of the CuI


ion, resulting in neutral monomers. The interaction energies
for these two dimers computed at the HF, MP2, and B3LYP
levels are shown in Figure 4 for the two basis sets used. The
curves for the two compounds show the same qualitative
trends, irrespective of the basis set employed: 1) there is a
minimum at �3.2 ä for both the MP2 and B3LYP levels, al-
though the B3LYP curve is less stable than the MP2 one,
and 2) the HF curves show no minimum in the [{Cu(N2)Cl}2]
case, but a shallow one (�0.4 kcalmol�1) at very long distan-
ces for [{Cu(NH3)Cl}2]. Comparison of the results for the
two compounds suggests that it is caused by either a larger
dipole moment or by the existence of intermolecular
Cl¥¥¥NH3 interactions.


The IMPT analysis of the interaction energy was carried
out only for the [{Cu(NH3)Cl}2] dimer at a Cu¥¥¥Cu distance
of 3.2 ä (Table 3), where the sum of the components nearly


matches the MP2 value. As in the neutral [{Ni(N2)2}2] dimer
studied previously, it is the combination of the electrostatic
and dispersion components that makes the dimer stable by
overcoming the exchange±repulsion term. The IMPT disper-
sion component (�4.4 kcalmol�1) is, once more, of the order
of the MP2±HF total energy difference (correlation energy).


It is worth commenting here on the large difference in the
minimum-energy Cu¥¥¥Cu distances obtained for the
[{Cu(NH3)Cl}2] dimer with the BSSE-corrected interaction
energy curve (�3.1 ä, Figure 4 bottom) and with a standard
energy optimization (�2.7 ä[53,54]). One might be tempted
to ascribe the much shorter distance to the use of a larger
basis set that includes f functions; however, closer inspection
of our results indicates that the main difference arises from
the basis set superposition error (BSSE). Figure 5 shows the
MP2 BSSE-corrected and noncorrected curves, computed
with both the LANL2/TZDP+ and SDD/cc basis sets. The
standard energy optimizations are carried out without cor-
recting for the BSSE, eventually applying such a correction
for the minimum energy geometry to evaluate the interac-
tion energy. Thus, standard optimization gives an optimum
Cu¥¥¥Cu distance close to 2.7 ä with the LANL2/TZDP+


basis set, and close to 2.9 ä with the larger SDD/cc basis
set. When the BSSE is corrected at each Cu¥¥¥Cu distance,
the optimum is �3.1 ä with both basis sets (this would be
the value obtained if the geometry optimization had been
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Figure 4. Variation with the Cu¥¥¥Cu distance of the total interaction
energy of the [{Cu(N2)Cl}2] (top) and [{Cu(NH3)Cl}2] (bottom) dimers,
computed with the LANL2/TZDP+ basis set with the HF, MP2, and
B3LYP methods, and at the MP2 level with the SDD/cc basis set (labeled
as MP2(cc) in the figure).
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performed on the BSSE-corrected potential-energy surface).
Therefore, we can conclude that the larger distances found
here, relative to the optimized values reported previously by
ourselves[53] and by Schwerdtfeger,[54] are not strictly the
consequence of using f functions in the basis set, but to the
intrinsic properties of the standard optimization procedure
that works with BSSE-uncorrected values. From Figure 5, it
is clear that inclusion of f functions in the basis set diminish-
es the BSSE. However, the BSSE-corrected curve computed
with the f-containing basis set is similar to that obtained
with the smaller basis set (compare the two upper curves in
Figure 5). Optimizing the N-Cu-Cl angle of monomers in
the dimer is not expected to modify this conclusion, since
the optimum value of this angle is very close to 1808.[53] At
this point, we must also stress that the BSSE-corrected
curves are quite shallow and less than 1 kcalmol�1 is in-
volved in changes of the Cu¥¥¥Cu distance as large as 0.4 ä.
This is in full agreement with the variability of such parame-
ters found in the experimental structures (Table 1).


Cation¥¥¥anion pairs : The nature of the interactions in these
ion pairs can be studied with the [Cu(NH3)2]


+[CuCl2]
� case.


At the optimum geometry of the isolated ions (Table 2), the
dependence of the interaction energy on the Cu¥¥¥Cu dis-
tance for the staggered conformation of the dimer is that de-
picted in Figure 6. The HF, MP2, and B3LYP curves all
show minima, the last two curves being very close to each
other with minima at �2.7 ä, just 0.1 ä shorter than the
shortest experimental one (Table 1). The MP2 curves com-
puted with the LANL2/TZDP+ and SDD/cc basis sets are
parallel, thus giving the same qualitative information
(Figure 6). It must be mentioned, however, that only two ex-
perimental structures have been found and comparison with
our calculated data is not straightforward, given the differ-
ent neutral ligands present in the experimental compounds.
The IMPT analysis of the interaction energy (carried out at
2.8 ä, where the sum of the IMPT components is still close
to the MP2 interaction energy, see Table 3) shows that the
dominant component is the electrostatic one, strongly attrac-


tive in this case and approximately seven times larger than
the exchange±repulsion component. The dispersion term is
third in magnitude (�7.8 kcalmol�1), well above the polari-
zation and charge-transfer terms, and of the order of the
MP2±HF energy difference. Thus, in qualitative terms, the
present IMPT analysis suggests that the [Cu(NH3)2]


+


¥¥¥[CuCl2]
� interaction can be essentially described as an


electrostatic attraction between a positive and a negative
charge. This conclusion, which emphasizes the importance
of the electrostatic component in dimers with a short Cu±Cu
distance, has been already pointed out for another CuI ion
pair by Poblet and Bÿnard.[80]


Anion¥¥¥anion dimers : We have studied the nature of the
anion¥¥¥anion interactions on the basis of the
[{Cu(CH3)CN}2]


2� dimer as a model, with the monomers at
their optimized geometry (Table 2). The HF, MP2, and
B3LYP interaction energy curves all exhibit the same fea-
tures (Figure 7), clearly showing the repulsive nature of the
intermolecular interaction, irrespective of the computational
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ods, and at the MP2 level with the SDD/cc basis set (labeled as MP2(cc)
in the figure).
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Figure 7. Interaction energy between two anionic [Cu(CH3)CN]� com-
plexes as a function of the Cu¥¥¥Cu distance, calculated with the LANL2/
TZDP+ basis set and the HF, MP2, and B3LYP methods, and at the
MP2 level with the SDD/cc basis set (labeled as MP2(cc) in the figure).
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method used. The IMPT analysis of the components of the
interaction energy (Table 3) shows that the dominant term
is by far the electrostatic one, which is repulsive and repre-
sents 95% of the interaction energy. Thus, the interaction
between the two anionic monomers can be essentially de-
scribed as the repulsion between two negative charges.


Such a result is in sharp contrast with the fact that the
[{Cu(tBu)CN}2]


2� dimer has the shortest Cu¥¥¥Cu contact
(Table 1). Calculations on a dimer with an experimental
structure in which the tBu groups have been replaced by
methyl groups consistently indicate that interaction be-
tween the two anionic monomers is destabilizing (by
66.2 kcalmol�1 at the MP2 level with BSSE correction).
However, if the Li+ ions closest to the cyano groups are in-
cluded in the calculations (Figure 8, right), the Li2


2+


[{Cu(CH3)CN}2]
2� aggregate is stable towards its dissociation


into two cationic and two anionic fragments by
230 kcalmol�1, an order of magnitude similar to that found
in many other ionic crystals for similar aggregates. (see, for
example, refs. [81, 82]).


Other dimers : We have extended our IMPT analysis to other
Cu¥¥¥Cu and to two Au¥¥¥Au dimers to test the validity of the
above conclusions (Table 3). In all cases, the results are con-
sistent with those discussed above: the electrostatic term
being the dominant energy contribution when the interact-
ing species are charged, while both the electrostatic and dis-
persion components are of nearly equal importance for
dimers of neutral species.


General picture of the Cu¥¥¥Cu interactions The results for
the various dimers studied up to now can be summarized as
follows:


1) The sum of the components of the IMPT analysis dif-
fers from the MP2 interaction energies by less than
2 kcalmol�1 in practically all cases.


2) There is a parallelism between the net interaction
energy and the electrostatic term, as a consequence, in-
teractions between cationic monomers are strongly re-
pulsive, whereas those between ions of opposite charge
are strongly attractive.


3) Even for dimers of neutral complexes, the Coulombic in-
teraction is as important or even larger than the disper-
sion component.


4) The dispersion term is always attractive; however, in
most cases, it is not large enough to compensate for the
exchange repulsion.


5) The net character of the interaction is always properly
reproduced by the combination of the electrostatic and
dispersion terms. This point is well illustrated in
Figure 9, in which the calculated MP2 interaction energy


for all compounds in Table 3 presents an excellent corre-
lation with the sum of the electrostatic and dispersion
components.


6) The polarization and charge-transfer components are
always attractive, but smaller than the dispersion term.


7) The main conclusion of the combined MP2 and IMPT
analysis presented here is that not all short Cu¥¥¥Cu inter-
actions are similar in nature. The magnitude and relative
importance of the components of the interaction energy
change strongly with the charge of the fragments, thus
making necessary to classify these interactions into sub-
groups according to the charge of the fragments. Since
interactions between charged molecules of the same sign
are repulsive, their dimers can only exist in condensed
phases owing to the stabilizing Madelung potential of
counterions, not to the attractive nature of the Cu¥¥¥Cu
interactions. Alternatively, an aggregate of particles of
the same sign is possible in solution, because of the at-
tractive effect of the solvent, which may be strong
enough to create a stable aggregate.[83]


8) The B3LYP DFT functional reproduces the MP2 curve
of the Cu¥¥¥Cu compounds studied here when the elec-
trostatic component is the dominant one in the interac-
tion energy, but fails in systems where the dispersion
component is important.


The previous energetic results are consistent with those
reported by Poblet et al. for a specific ion pair,[80] as well as
with those from a previous LMP2 analysis for neutral
dimers[46,47] (with regard to the LMP2 work, we should note
that, although some terms have the same name as in the
present IMPT study, the two methods use different ap-
proaches and such terms do not always represent the same
physical effect). The combination of different contributions
and their dependence on the intermolecular distance (see,
for example, Figure 2) may explain why no correlation has
been found between the experimental distance and the elec-
tronegativity of the X ligand in the [{AuX(PMe2Ph)}2] and


Figure 8. Left: part of the crystal structure of Li[Cu(tBu)CN] showing the
Cu¥¥¥Cu contacts in dimers and the connection of neighboring dimers
through Li+ ions. Right: neutral dimer incorporating one Li+ ion per
copper atom discussed in the text.


Figure 9. Relationship between the sum of the Coulomb and dispersion
terms of the IMPT analysis for several bimolecular aggregates (Table 3)
and the MP2 interaction energy. All energies are in kcalmol�1.
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[{AuX(CNtBu)}2] series, as reported by Schmidbaur et al.[4]


When varying the ligands in [{CuX(EH3)}2] (X = Cl, Br; E
= N, P), we observe that the dispersion term becomes more
stabilizing as the electronegativity of the donor atoms is de-
creased (Table 3). The exchange±repulsion and the Coulomb
terms are also sensitive to the nature of the ligands, whereas
the charge-transfer and polarization terms are practically
unchanged. It must be noted
also that in previous theoretical
studies the interacting mono-
mers were forced to remain
perpendicular to each other to
disregard the dipolar electro-
static interaction, whereas the
present results suggest that
these interactions are still re-
sponsible for a large part of the
intermolecular interaction
energy.


We checked that the previous
conclusions are not dependent
on the method or basis set em-
ployed. The independence from the method was evaluated
by checking the convergence of the MP2 results against
MP3 and MP4 values, and also by computing the CCSD(T)
value on the [{Cu(N2)2}2]


2+ , [{Cu(NH3)Cl}2], and
[Cu(NH3)2]


+[CuCl2]
� dimers, taken as prototype of dication-


ic, neutral, and cationic±anionic dimers, respectively. All
these methods give similar interaction energies. The MPn
series presents small oscillations, and the CCSD(T) interac-
tion energy is slightly more stabilizing than the MP2 one (by
0.7, 0.5, and 0.8 kcalmol�1, on each of the above dimers).
The absolute value of the MP2 interaction energy differs
from the CCSD(T) energy by 0.5 kcalmol�1 in average).
Furthermore, the MP2 method presents the smallest differ-
ence with the CCSD(T) among those computed here. We
also tested the impact of the use of more extended basis sets
by recomputing the MP2 interaction energy of the dimer of
[Cu(NH3)Cl] with the correlation-consistent basis set of
Hermann et al. ,[54] designed to minimize the basis set super-
position error (BSSE). The BSSE-corrected values ob-
tained at the LANL2DZ/TZP+ level differ by less than
1 kcalmol�1 from those obtained with the correlation-consis-
tent basis set of Hermann, and both have the minimum of
their curves at similar distances. The similarity of these re-
sults suggests that the LANL2DZ/TZP+ basis set is flexible
enough to evaluate with accuracy the interaction energy in
these complexes,[84±86] provided the results are corrected for
the BSSE. Studies on ionic systems indicate that the BSSE
of the MP2 calculations is close to that obtained within the
Hartree±Fock method, that is, much smaller than that found
in neutral dimers.[87]


The previous computations have evaluated the interaction
energy between CuI dicoordinate complexes oriented in an
orthogonal conformation (t = 908, see 6) to minimize the
interaction between the ligands,[47,54] although other types of
dimers can be considered.[53] However, one question arises
here, even for a perpendicular orientation: how much of the
interaction energy of the dimer can be attributed solely to


the interaction between the copper atoms themselves? A
previous study of two Cu complexes has shown that only
18% of the dispersion component can be associated with
the Cu¥¥¥Cu interaction.[47] The present study has shown that
the energy of interaction between monomers is dominated
by a combination of the electrostatic and dispersion terms.
A simple electrostatic point-charge model (Table 4) shows


that the overall electrostatic energy is the result of a compli-
cated interplay between the Cu¥¥¥Cu, Cu¥¥¥ligand, and li-
gand¥¥¥ligand interactions, which do not always have the
same sign, the Cu¥¥¥Cu interaction being not even the domi-
nant one. Therefore, although a Bader analysis of the elec-
tron density (see Figure 10) at the crystal structure geometry


shows the presence of a (3,�1) bond-critical point linking
the Cu atoms, which suggests the existence of Cu¥¥¥Cu bond-
ing between the fragments, one can wonder if it is appropri-
ate to talk about Cu¥¥¥Cu bonds in this situation, because the
use of this concept could imply that we are associating the
energy of the dimer to the Cu¥¥¥Cu bonding interaction, as
has been done up to now. Can we still talk about Cu¥¥¥Cu
bonds in these complexes?


A proper answer to the previous question requires a revi-
sion of the concept of a bond. According to Pauling, ™there
is a chemical bond between two atoms or groups of atoms
in case that the forces acting between them are such as to


Table 4. Qualitative analysis of the electrostatic energy in terms of the interactions between the Cu atoms
(Cu¥¥¥Cu), the Cu atoms and the ligands L (Cu¥¥¥L, where L includes both ligands, irrespective of their type),
and the interactions between the ligands (L¥¥¥L). The three components have been computed on the basis of a
simple charge±charge model, whereby the charges on each atom have been taken from a Mulliken population
analysis of the isolated monomers (HF method, LAND2DZ+2P/TZ+P basis set). The numbers are only indi-
cative of trends, though their sum is close to the electrostatic component computed in the IMPT analysis,
Eel(IMPT), and they are included in the last column for comparison. All values are in kcalmol�1.


Cu¥¥¥Cu Cu¥¥¥L L¥¥¥L Sum Eel(IMPT)


[Cu(N2)2]
+ 46.2 28.4 5.2 79.9 81.8


[CuCl(NH3)]
+ 6.9 �14.2 7.3 0.0 �2.2


[Cu(NH3)2]
+[CuCl2]


� 23.9 �70.1 �22.2 �68.4 �69.6
[Cu(CH3)(CN)]� 13.1 �83.1 135.8 65.8 62.0
[Ni(N2)2] 0.3 �0.4 0.2 0.1 �9.3


Figure 10. Electron-density map of [{Cu(CH3)CN}2]
2� (0.05 a.u. isosur-


face) on which the electrostatic energy map is projected (see left bar for
gray scale code). The (3,�1) bond-critical point is placed in the region
where the densities of the two fragments overlap, and links the two Cu
atoms.
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lead to the formation of an aggregate with sufficient stability
to make it convenient for the chemist to consider it as an in-
dependent molecular species∫.[88] Clearly, the results report-
ed here indicate that the bimolecular aggregates formed by
two d10 dicoordinate complexes may correspond to one of
two cases, based on energetic criteria: 1) stable CuX1Y1¥¥¥
CuX2Y2 fragments, formed by the neutral¥¥¥neutral and ionic
pair cases and 2) unstable CuX1Y1¥¥¥CuX2Y2 aggregates of
the anion¥¥¥anion and cation¥¥¥cation types. The first case is
consistent with Pauling×s definition of a chemical bond.
Thus, although the stability of the bimolecular aggregate is
mostly caused by Cu¥¥¥ligand interactions, we propose that
these can be still termed Cu¥¥¥Cu bonds, even if most of the
bonding does not actually come from interaction between
the Cu atoms. Such a naming convention is usually adopted
for other intermolecular bonding situations for which the in-
teraction between the atoms involved in the bond is not
always the dominant one. For example, in a hydrogen bond
between water molecules, the electrostatic interaction be-
tween the OH¥¥¥O atoms is not equal to the total electrostat-
ic energy between the fragments, as computed in a fourth-
order distributed multipole analysis.


When the fragments are not energetically stable, following
Pauling×s definition, one should not talk about Cu¥¥¥Cu
bonds. These Cu¥¥¥Cu dimers are found in larger aggregates,
owing to forces external to the dimer, for example, the pres-
ence of counterions. This is indeed what happens within
ionic crystals in which CuXYn+ /n� fragments are present.
Thus, as previously discussed, the [{Cu(CH3)CN}2]


2� dimer is
energetically unstable when isolated, but becomes stable
when two Li+ ions are added at the geometry found in the
crystal structure of the related experimental tBu complex.
Consequently, in the [{Cu(CH3)CN}2]


2�¥¥¥Li2
2+ aggregate it is


the Li+ ¥¥¥[Cu(CH3)CN]� interactions that force the two
anions to approach each other, even at shorter distances
than those found in the neutral CuXY fragments, despite
the strongly repulsive nature of the anion¥¥¥anion interaction.
When the cation¥¥¥anion interaction brings the two anions
close to each other, their orbitals are forced to interact and
the same orbital diagrams (e.g., 13 and 14, respectively) and
electronic properties (e.g., luminescence) of the neutral¥¥¥
neutral case apply. A related situation is found for a
™dimer∫ of TCNE, which behaves as if an intermolecular
C�C bond exists, even though calculations show the mono-
mer¥¥¥monomer interaction to be repulsive in the gas
phase.[89±91] Therefore, although they exhibit many of the
properties expected for a bond, we cannot appropriately
refer to the interaction present between CuXYn+ /n� frag-
ments as Cu¥¥¥Cu bonds. One could call them counterion-
mediated Cu¥¥¥Cu bonds, thus stressing the supramolecular
origin of the bond. These counterion-mediated Cu¥¥¥Cu
bonds have similar electronic properties to the Cu¥¥¥Cu
bonds and, consequently, can go unnoticed unless an analy-
sis of the energetic components between all the fragments is
performed. Thus, for instance, in addition to the previously
mentioned similarity in the orbital interaction diagram, a
(3,�1) bond-critical point between the Cu atoms is found in
the [{Cu(CH3)CN}2]


2�¥¥¥Li2
2+ aggregate (Figure S1 in the


Supporting Information), and a critical point is also present


in a [{Cu(CH3)CN}2]
2� dimer placed at the same geometry


found in the previous aggregate for the anions (Figure 10).


Conclusion


By performing HF and MP2 computations on model systems
representative of the situations found in crystal structures,
the nature of the interactions between dicoordinate mono-
mers of CuI is found to be strongly dependent on their net
charges. An IMPT analysis of the interaction energy reveals
that the electrostatic component of the interaction energy is
the leading term in the interaction when the dimers are
charged, while in all cases it is a combination of the electro-
static component and the dispersion component that repro-
duces the distance dependence of the total interaction
energy. These results are consistent with previous indications
that the Coulombic contribution was important for the inter-
action between ionic complexes (see, for example, the work
of Poblet and Bÿnard[80]). B3LYP computations roughly re-
produce the shape and stability of the MP2 curves when the
electrostatic component in the interaction energy is impor-
tant.


Consistent with that electrostatic dispersion nature, the
CuI¥¥¥CuI interactions between monomers of the same
charge are found to be energetically unstable. As energetic
stability is an essential condition for the presence of a bond
between two fragments, we cannot speak of the existence of
any bond between the fragments in such a case. Our analysis
shows that the presence of anion¥¥¥anion or cation¥¥¥cation bi-
molecular aggregates is caused by the presence of the coun-
terions: the cation¥¥¥anion interaction largely outweighs the
cation¥¥¥cation plus anion¥¥¥anion interactions, thus forcing
the anions to approach each other. The fact that the two
anions stay in close proximity allows for the overlap of the
orbitals of the two fragments, thus triggering in these charg-
ed bimolecular aggregates the same orbital interaction and
energetic splitting normally found when two fragments inter-
act to produce bonds.


Energetically stable dimers exhibiting CuI¥¥¥CuI interac-
tions have been found when the two monomers involved in
the interaction are neutral or hold opposite charges, thus al-
lowing us to speak of a bond between the fragments of the
bimolecular aggregate. A proper analysis of the interaction
energy in this case indicates that only a small part of that
energy results from Cu¥¥¥Cu interactions, while a large com-
ponent results from Cu¥¥¥ligand interactions. Despite this
fact, we propose to keep talking about the presence of
Cu¥¥¥Cu bonds in these aggregates, but keeping in mind the
actual energetic structure of this bond.


Computational Methods


The structural data were obtained through systematic searches of the
Cambridge Structural Database[10] (version 5.23). The search was con-
ducted for transition-metal compounds of general formula MXY in which
M was imposed to have a total coordination number of two, and X and
Y were allowed to be any atom of Groups 14±17. Only structures with no
disorder and agreement factors R<10% were accepted as hits. Such
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searches were restricted to those compounds in which only one intermo-
lecular M¥¥¥M contact per metal atom within the distance specified in the
text for each metal.


All ab initio calculations were performed with the Gaussian98 suite of
programs. The electron correlation was introduced through the M˘ller±
Plesset perturbation approach to second order (MP2).[31] Two types of
computations were performed to obtain the interaction energy curves:
one described Cu with LANL2 pseudopotentials and a basis set of triple-
z quality to which polarization and diffuse functions were added (denot-
ed LANL2/TZDP+ ), and another in which Cu was described with the
SDD pseudopotentials combined with a (11s9p7d4f)/[9s7p5d3f] basis set
(denoted SDD/cc). The LANL2/TZDP+ basis sets for Cu and Ni atoms
were obtained by decontracting the three components of the LANL2DZ
basis set, and then adding two sets of p-polarization functions (exponents
0.053 and 0.164 on Cu, 0.049 and 0.153 on Ni) and one set of s, p, and d
diffuse functions (exponents 0.0396, 0.024, and 0.03102 on each set for
the two metals). The LANL2/TZDP+ basis set for the remaining atoms
was obtained by taking the LANL2DZ basis set and adding two d func-
tions on all atoms except the hydrogens (exponents: 0.412 and 1.986 on
N, 0.153 and 0.537 on P, 0.288 and 1.335 on C, 0.227 and 0.797 on Cl,
0.162 and 0.548 on Br). The SDD/cc basis set on Cu was that with the
(11 s9p7d4f)/[9 s7p5d3f] valence basis set computed by Schwerdtfeger,[54]


in which the inner electrons were described by the SDD pseudopoten-
tials, while the H atoms were described by cc-pVDZ,[92] the C, N, O, Cl
atoms were described by the cc-pVTZ,[92] and the Ni atom by the SDD
pseudopotentials and the valence basis set of Dolg et al.[93]


All-electron basis sets were used for the IMPT analysis, because the
IMPT implementation available to us does not work with pseudopoten-
tial cores. The all-electron basis set for each dimer was selected in such a
way that it reproduces the shape of the interaction energy curve of the
dimer computed with the LANL2/TZDP+ basis set and with pseudopo-
tentials ; it differs from dimer to dimer. For the all Cu-containing dimers,
the all-electron basis set was built by taking for Cu the pVDZ basis set
of Ahlrichs[94] supplemented by a diffuse d function (exponent 0.03102)
and a p-polarization function (exponent 0.052), and the 3-21G basis set
for the remaining atoms (this gives similar curves to the LANL2/
TZDP+ basis set at any level, though the all-electron curves are
�5 kcalmol�1 more stable). In the neutral [Ni(N2)2] monomers, we used
the pVDZ of Ahlrichs,[94] adding a p polarization function (expo-
nent 0.049) and a diffuse d function (exponent 0.03102), while we used a
3-21G basis set at the N atoms. The attractive character of the interaction
between [Ni(N2)2] monomers at the MP2 level, which becomes repulsive
at the HF level, was also found in the all-electron basis set of TZDP
character.


In the dimer calculations, the two monomers were always oriented in a
staggered conformation (t = 908, 6) to minimize the ligand¥¥¥ligand inter-
actions because we were interested in the defining the nature of the
Cu¥¥¥Cu interactions in these dimers. The geometries of the monomers
were kept frozen when computing the interaction energy curve at the
MP2 and B3LYP levels and during the IMPT analysis of these curves. In
all cases, the interaction energy was corrected for the possible basis set
superposition error (BSSE) by means of the full counterpoise method,[95]


except when explicitly stated for comparative purposes.
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Introduction


Calix[4]arene tetraurea derivatives of type 1 (Figure 1) have
been shown to form hydrogen-bonded dimeric capsules[1] ca-
pable of reversible encapsulation of neutral and cationic


Abstract: In solvents such as chloro-
form or benzene, tetraurea calix[4]-
arenes 1 form dimeric capsules in
which one solvent molecule is usually
included as guest. To explore the struc-
tural requirements for the formation of
such hydrogen-bonded dimers we re-
placed one p-tolylurea residue by a
simple acetamide function. The result-
ing calix[4]arene 2a, substituted at its
wide rim with one acetamide and three
p-tolylurea functions, assumes a C1-
symmetrical conformation in apolar
solvents as shown by 1H NMR, which
is not compatible with the usual capsu-
le. In the crystalline state, four mole-
cules of 2a, adopting a pinched cone
conformation, assemble into a quasi S4-
symmetrical tetramer stabilized by a
cyclic array of 24 NH¥¥¥O=C hydrogen
bonds and four NH¥¥¥p interactions.
Four acetamide groups are hydrogen-


bonded to each other and pack tightly
in the center of the assembly. All polar
residues are buried inside the tetramer,
the surface of which is lipophilic. Ex-
tensive NMR studies revealed similar
structures in apolar solvents such as
[D]chloroform or [D6]benzene for calix-
acetamides 2a±c. The formation of
these tetramers in solution is critically
dependent on the size of the amide
fragment, so that propionamide 2d, bu-
tyramide 2e, and p-tolylamide 2 f form
only ill-defined aggregates. This is
caused by steric crowding inside the
tetrameric assembly. The tetramers per-
sist during molecular dynamics simula-
tions, and the optimized average struc-


ture of the MD run is similar to that
found in the crystalline state. Theoreti-
cal studies revealed that cooperation of
hydrogen bonds with multiple NH¥¥¥p,
C�H¥¥¥p, and p¥¥¥p attractions make the
tetramer more stable than the capsular
dimer with the solvent as guest. In the
presence of tetraethylammonium salts,
however, compounds 2a±e form dimer-
ic capsular assemblies, each incorporat-
ing a single ammonium cation. Only
one of two possible regioisomeric
dimers is formed, in which both acet-
amide groups are surrounded by two
urea residues. These examples give
striking evidence of how self-assembly
in solution can be strongly dependent
on subtle structural factors and of how
the formation of dimeric capsules can
be induced by the presence of an ap-
propriate guest.


Keywords: calixarenes ¥ hydrogen
bonds ¥ self-assembly ¥ supramolec-
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Figure 1. Tetraurea calix[4]arene 1 and its dimeric capsule (R = Y =


CH3) in stick presentation.
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guests in non-polar media. The two calix[4]arene moieties
are held together by a seam of 16 NH¥¥¥O=C hydrogen
bonds between the (interdigitating) urea residues. 1H NMR
spectra suggested a stronger hydrogen bond for NHa (at-
tached to R) than for NHb (attached to the calixarene),
which was confirmed for capsules with benzene as guest by
a shorter N¥¥¥O distance in the crystalline state.[2] Inclusion
of the larger tetraethylammonium cation leads to an expan-
sion of the capsule, with only eight hydrogen bonds–mainly
of the NHa¥¥¥O=C type–now being found in the crystal.[3]


Modifications of the ether residues Y at the narrow rim and/
or the urea functions at the wide rim resulted in various
supramolecular assemblies, including capsular polymers
(polycaps),[4] chiral capsules,[5] and a unimolecular capsule.[6]


The introduction of bulky urea residues R led to dimeric
capsules with outstanding kinetic stabilities.[7] These have
been shown to decompose slowly on the human timescale
even in polar solvents such as DMSO.[8]


Hydrogen-bonded, dimeric capsules also have been re-
ported for tetra-ureidopeptide derivatives of calix[4]ar-
enes,[9] in which two hydrogen bond arrays are superim-
posed, and for alanine-substituted derivatives.[10] Dimeric
capsules are also formed from calix[4]arenes with oppositely
charged functional groups at the wide rim.[11]


Structural modifications of the urea functions may be
used to obtain further insight into the factors determining
the stability of the hydrogen-bonded dimer. A serendipitous
discovery of such a modification was the observation that
tetratosyl- and tetraaryl-ureas prefer to form heterodimers
when mixed.[12] We were interested in whether all four urea
residues are necessary to form a stable capsule, and replaced


one urea group by a simple amide group, thus eliminating
one of the NHa groups. While these triurea monoamides
form the usual capsules when ammonium cations are offered
as guest, this structural modification completely changes the
assembly formed in aprotic solvents which are usually in-
cluded as guest. We have discovered that calix[4]arene triur-
ea monoacetamides 2a and 2b (Scheme 1) form hydrogen-
bonded tetramers composed of calix[4]arenes in a strongly
pinched cone conformation in the crystalline state and in
non-polar solvents.


Results and Discussion


Synthesis : Treatment of tetraamine 3 with one equivalent of
tert-butyloxycarbonyl (Boc) anhydride gave the mono-Boc-
protected compound 4 (Scheme 1).[13] Acylation with isocya-
nates afforded the triureas 5, which were then deprotected
with trifluoroacetic acid (TFA) to give the amines 6 as tri-
flate salts. Finally, acylation of 6 with acid anhydrides or
acid chlorides yielded compounds 2, each bearing three urea
functions and one amide moiety at its wide rim.


Single-crystal X-ray analysis : Slow crystallization of monoa-
cetamide 2a from a three-component mixture (MeCN/
CH2Cl2/H2O) afforded colorless transparent crystals, which,
although unstable in the absence of mother liquor, were
suitable for single-crystal X-ray analysis.


In the crystalline state, a molecule of 2a adopts a pinched
cone conformation[14] (Figure 2a) in which the calixarene
aryl ring A bearing the acetamide fragment is strongly bent


Scheme 1. a) Boc2O, CHCl3, RT; b) R1NCO, THF, RT; c) TFA, CH2Cl2, RT; d) R2COCl or (R2COO)2, RT.
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towards the opposite ring II bearing the p-tolylurea frag-
ment (dihedral angle �24.9 to �26.08 for the four calix[4]-
arenes in the tetramer; see below). The dihedral angle be-
tween the other two aryl rings I and III is 107±110.38. The
aromatic rings form the following dihedral angles with the
best plane through the methylene bridge carbons: A : 72.1±
72.58, I : 143.0±145.68, II : 81.6±83.08, and III : 144.0±145.38.
The pendant amide groups are oriented in a chiral, C1-sym-
metrical (Figure 2a) manner such that the carbonyl groups
of three urea fragments are pointing clockwise (or counter-
clockwise), while the carbonyl of the acetamide is pointing
counterclockwise (or clockwise). No intramolecular hydro-
gen bonds are found between the amide groups at the wide
rim of the calixarene.


Two pairs of enantiomers of 2a form a cyclic, hydrogen-
bonded tetramer of somewhat distorted S4 symmetry (Fig-
ure 2b, Figure 3). The conformations of these four mole-
cules and their intermolecular distances are hence slightly
different. For each distance, angle, etc. an average of the


four values is given below. The four acetamide groups are
positioned in the middle of the assembly, connected through
a cycle of four NH¥¥¥O=C hydrogen bonds (N�O distances
2.95 ä). Each amide carbonyl oxygen accepts a second hy-
drogen bond from the calix-attached urea NHb of ring II in
the adjacent calixarene (N�O distance 2.95 ä), while its
tolyl-attached urea NHa forms NH¥¥¥p contacts (3.66 ä) with
the aryl ring A. Three-centered hydrogen bonds connect the
carbonyl oxygen of ring II with both NH groups of ring III
in a third calixarene and its carbonyl oxygen with both NH
groups of ring I in the second calixarene. The carbonyl
oxygen at ring I is not involved in hydrogen bonding. In this
sequence the hydrogen bonds of NHb groups connected to
the p-tolyl fragments are considerably shorter (N�O distan-
ces 2.84 and 2.98 ä) than those of NHa groups attached to
the calixarene (N�O distances 3.29 and 3.12 ä).


The tetrameric assembly of 2a is thus stabilized by 24
NH¥¥¥O=C hydrogen bonds and four NH¥¥¥p attractions. As
shown in Figure 2c, the cyclic array of the acetamide groups
is buried inside the assembly and is shielded by two p-tolyl
rings of the urea fragments. The shortest distances between
the acetamide methyl groups is 4.3 ä, suggesting that the
tetramer formation must be critically dependent on the size
of the amide fragment.


No strong interactions between adjacent tetramers were
found. Because of the irregular shape of 2a4, the crystal con-
tains channels filled with disordered dichloromethane, ace-
tonitrile, and water molecules. Further disorder of many
pentyl chains causes the high final R values of the structure.


Solution studies : The 1H NMR spectrum of 2a in
[D6]DMSO or [D6]acetone contains two meta-coupled dou-
blets and two singlets for the calixarene aromatic protons
and two pairs of doublets for the methylene bridges. Two


Figure 2. Single-crystal X-ray structure of 2a4 : a, b) Conformation of a
single molecule of 2a seen from two directions (only NH hydrogen
atoms are shown, while pentyl groups are omitted for clarity). c, d) Stick
presentation of the tetrameric assembly of 2a (pendant pentoxy chains
and para-tolyl fragments are omitted for clarity; hydrogen bonds are
shown in dashed lines); the S4 axis is perpendicular to the drawing plane
in (c) and the orientation shown in (d) is obtained by a 908 rotation
around a horizontal axis. e, f) Space-filling representation of the complete
tetramer 2a4 (pentyl chains are omitted, orientations are similar to those
in (c,d)).


Figure 3. Schematic drawing of the hydrogen bonding pattern found in
the crystal structure of 2a4. Ellipses denote the wider rim of the calixar-
ene subunits; they are drawn in bold lines when they lie above the plane
of the acetamide carbonyl groups (with their substituents pointing away
from the viewer), while dashed lines indicate that they are below this
area and the substituents are pointing upwards. Hydrogen bonds are rep-
resented with dashed bold black lines. Hydrogens involved in NH¥¥¥p in-
teractions are typed bold. Only atoms mentioned in Table 3 are marked.
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sets of signals in 2:1 ratio are observed for the C�H and
NHa protons of the p-tolyl urea fragments. The NH and
CH3 protons of the acetamide group emerge as singlets at
d=9.47 and 2.21 ppm, respectively. Analogous spectra are
observed for 2b±f. Their NMR patterns are consistent with
a time-averaged Cs-symmetrical structure, as would be ex-
pected for the monomeric calix[4]arenes.


Twenty-one 1H NMR signals are observed for the NH and
the aromatic protons of 2a (Figure 4a, c) in nonpolar sol-
vents such as [D]chloroform or [D6]benzene. The 2D COSY
and 1H±13C HMBC spectra show that eight meta-coupled
doublets (J = 2.0 Hz) correspond to the aromatic protons
of calixarene rings while the protons of the tolyl fragments
emerge as six doublets with J = 8.0 Hz. The remaining


seven singlets correspond to the NH protons of the urea and
acetamide residues. In the aliphatic region, eight doublets
are found for the methylene bridges, together with three sin-
glets in 1:1:1 ratio for the tolyl methyl protons (Figure 4b).
One sharp signal for the methyl protons of the acetamide
fragment is positioned at d=1.33 ppm, which is shifted up-
field by 0.89 ppm relative to the same signal in [D6]DMSO.
We therefore observe a single calixarene conformation with
C1 symmetry and stable on the NMR time scale.


In [D]chloroform, six 15N NMR doublets were identified
by 1H±15N HMBC spectroscopy for the nitrogen atoms of
the urea fragments, between d=�279.3 and �274.0 ppm,
unlike in [D6]DMSO, in which only two overlapping peaks
could be detected, at d=�274.8 and �275.1 ppm. The reso-


nances of N3, N4, and N7 show
cross-peaks to the 1H NMR sig-
nals of the ortho-protons of the
p-tolyl fragments, whereas N2,
N5, and N6 correlate with the
aromatic protons of the calixar-
ene skeleton (Figure 4c).
NOESY correlations allowed
assignment of the NH signals in
the same urea residue. The 15N
NMR resonance for the acet-
amide group (N1) appears at
d=�245.1 ppm and gives cross-
peaks to the 1H NMR signals of
the NH proton (H2), the
methyl group of the acetamide
fragment (H33), and one meta-
coupled doublet of aromatic
calixarene protons (H19). The
COSY spectrum shows that
H19 is coupled with H16. In
turn, H16 gives a NOESY
cross-peak to H5, and both H5
and H16 correlate with the clos-
est methylene protons of the
bridges. All the protons of the
aromatic rings, NH groups, and
methylene bridges were identi-
fied by this methodology. The
resonances of the methyl
groups of the p-tolyl fragments
were assigned through NOEs to
the ortho-protons, which were
in turn established from the
1H±15N HMBC and COSY
experiments. The intensities
of the NOEs between the aro-
matic protons of the calixarene
and the closest NH protons
reveal that the arrangement
of the urea and acetamide
groups of 2a in [D]chloroform
is the same as in the crystal
structure of 2a4 (Figure 2a,
Figure 4c).


Figure 4. 1H NMR spectrum of 2a in [D]chloroform (500 MHz, [2a] = 5 mm, 303 K): a) aromatic and NH sig-
nals, b) aliphatic signals, c) assignment of the peaks. The NOESY correlations H2±H19, H15±H21, H7±H18, H9±
H17 are omitted for clarity.
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Further evidence of the tetrameric structure of 2a in
[D]chloroform came from dynamic NOE studies.[15] The sat-
uration of one equatorial proton at different mixing times
results in a NOE with the corresponding axial proton.[16]


The linear part of the NOE-buildup curves allowed the eval-
uation of cross-relaxation constants (sIS), which are related
to the molecular size. In the case of tert-butylcalix[4]arene
tetrapentyl ether, the NOEs are positive with sIS = 0.33 s�1.
An analogous experiment with the dimer 12 (Y = C5H11, R
= p-tolyl; see Figure 1) gives negative NOEs with sIS =


�0.70 s�1, due to slower tumbling of the dimeric capsule 12.
The aggregate of acetamide 2a is about twice as large as 12,
as indicated by sIS = �1.70 s�1.


In principle, the observation of a single C1-symmetrical
calix[4]arene could be explained by a tetrameric assembly
with C4, D2, or S4 symmetry. Intermolecular cross-peaks
found in the NOESY and ROESY spectra are entirely con-
sistent with a time-averaged S4 symmetry as found in the X-
ray structure.


The nature of the urea fragments in 2a is not decisive for
its tetramerization, since compounds 2b and 2c also form
tetrameric assemblies in [D]chloroform. The tetramerization
of 2a±c also occurs in [D2]dichloromethane, [D6]benzene,
and [D8]toluene. No other species can be observed by 1H
NMR down to concentrations of 1î10�4


m. No significant
changes in the NMR spectra were observed in chloroform
between 223 and 328 K and in [D10]xylene between 298 and
383 K, suggesting stability of the tetramer over this tempera-
ture range. Vapor pressure osmometry (VPO) of 2a in ben-
zene gave an aggregation number of 3.8, in reasonable
agreement with the existence of tetramers.


In contrast, the propionamide 2d, butyramide 2e, and p-
tolylamide 2 f exist in nonpolar solvents as ill-defined hydro-
gen-bonded aggregates with very broad NMR spectra. This
could be explained in terms of a steric effect of the larger
amide residues that should, in accordance with the crystal
structure of 2a4, prevent the formation of the tetrameric as-
sembly. Acetamides 2a±c do not form heteroaggregates
when mixed with tetraurea 1 in [D]chloroform. Mixing of
2a and 2b in a 1:1 ratio results in a very complicated 1H
NMR spectrum, most probably reflecting the formation of
several heterotetramers in addition to the two homotetram-
ers.


Dimeric capsular complexes with tetraethylammonium salts :
When tetraethylammonium bromide or hexafluorophos-
phate (1.05 mol) is dissolved in a chloroform solution of 2a
(2 mol), drastic changes in the 1H NMR spectrum are ob-
served at 295 K (Figure 5a). A broad resonance at
�1.7 ppm is observed for the methyl protons of the Et4N


+


ion, a value typically found for the inclusion of Et4N
+ ions


in dimers of the tetraureas 1.[17] The number of signals also
corresponds to a dimeric capsule, which is further confirmed
by heterodimerization experiments (see below). The ob-
served C2 symmetry is due to the fast reorientation of the
hydrogen-bonded belt. The NMR pattern further manifests
the presence of only one of two possible regioisomeric cap-
sules. Analogous 1H NMR spectra were observed for the tri-
urea monoamides 2c±e, indicating that the size of the amide


group has no influence on the formation of the dimeric cap-
sules with Et4N


+ ions, in contrast to the tetrameric assembly
described above.


The splitting of the signals for the aromatic and the NH
groups at 223 K (Figure 5b) demonstrates that the reorien-
tation of the hydrogen-bonded amide groups (Process I,
Figure 6) becomes slow on the NMR time scale. Coales-
cence temperature analysis gave a DG� value of


Figure 5. 1H NMR spectra of the dimeric capsule Et4N
+ ¥2a2¥PF6


�


(400 MHz, [D]chloroform): a) at 298 K, b) at 223 K. NH protons (marked
by * and &) are split, due to the slow reorientation of the hydrogen-
bonded belt; methyl protons of the encapsulated Et4N


+ (marked by *)
are split due to the slow tumbling of the guest around a pseudo-C2 axis.


Figure 6. Two different dynamic processes within dimeric capsules of cal-
ix[4]arene ureas with Et4N


+ as guest: reorientation of the hydrogen-
bonded belt (Process I) and hindered rotation of the encapsulated Et4N


+


cation (Process II).
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11.2 kcalmol�1 (Tc = 225 K), which is somewhat lower than
the barrier for Et4N


+¥12¥PF6
� (DG� = 11.9 kcalmol�1 at Tc =


276 K). A decrease in the temperature to 223 K also slows
the tumbling of the encapsulated cation (Process II,
Figure 6). As a result, the broad resonance at d=�1.7 ppm
(Figure 5a) splits into two signals at d=�0.2 and �3.4 ppm
(Figure 5b). The former corresponds to a pair of guest
methyl groups pointing towards the hydrogen-bonded belt,
while the latter represent a strong shielding of the methyl
groups pointing towards calixarene aromatic rings. Activa-
tion barriers of 11.5 kcalmol�1 were found for both 2a and
2c at coalescence temperatures of 274 and 270 K, respec-
tively. This is significantly lower than for the complex Et4N


+


¥12¥PF6
� (DG� = 13.1 kcalmol�1, Tc = 306 K), indicating a


higher mobility of the included guest within the capsule.
To find out which of the two regioisomeric dimers is ac-


tually formed we performed a series of NOESY, TOCSY,
and COSY experiments for Et4N


+ ¥2a2¥Br� and Et4N
+


¥2d2¥Br� at room temperature. Four pairs of meta-coupled
doublets for the calixarene aromatic protons, three pairs of
ortho-coupled doublets for the tolyl aromatic protons, and
four pairs of doublets for the methylene bridges were as-
signed by the 2D COSY technique. Additional TOCSY
cross-peaks between the signals of NH and aromatic protons
were used to assign the amide and the three urea moieties.
The connectivity of these moieties within one calix[4]arene
molecule was then established from cross-relaxation
NOESY peaks. The four cross-peaks between residues A
and II establish the structure of the distal regioisomer
(Figure 7, left), while one cross-peak observed between A


and III is possible for both. The absence of close contacts
between I and III, which would be characteristic for the
proximal regioisomer, further indicates the exclusive forma-
tion of the distal regioisomer.


Amides 2a and 2d form a single heterodimer Et4N
+


¥2a¥2d¥Br� that coexists with the two homodimers. The
number of signals in the 1H NMR spectrum of the hetero-
dimer (Figure 8a) is in agreement with the expected C1 sym-
metry. It seems plausible that the heterodimer has a distal
disposition of two different amide groups, similarly to the
homodimers. Monoacetamide 2a and tetraurea 1 also pro-
duce a heterodimer in the presence of Et4N


+ ¥Br� . The


strongest hydrogen-bonded urea NH protons of the hetero-
dimer emerge as four singlets in 1:2:2:2 ratio (Figure 8b), in
accordance with the Cs-symmetrical structure.


Halide anions can be hydrogen-bonded to calix[4]arenes
bearing urea functions at the wide rim.[18] The formation of
Et4N


+ ¥2a2¥Br� is more favorable when stoichiometric
amounts of the guest are used. In the presence of a 1.5-fold
excess of Et4N


+ ¥Br� some additional peaks appear (Fig-
ure 9a), corresponding to a monomeric complex with the
anion. The dimer can be completely ™melted∫ by the pres-
ence of a large excess of tetrabutylammonium bromide,


Figure 7. Schematic representation of the two regioisomeric dimers that
could be formed by 2. The aromatic rings bearing acetamide and the
three tolyl urea moieties are named A and I±III, respectively. The arrows
indicate NOESY correlations.


Figure 8. Low-field window of the 1H NMR spectra (400 MHz, [D]chloro-
form, 298 K) of: a) 2a + 2d + Et4N


+ ¥Br� , and b) 2a + 1 + Et4N
+ ¥Br�


(peaks for the heterodimers are marked by filled circles (*); peaks for
the homodimers Et4N


+ ¥12¥Br� and Et4N
+ ¥2a2¥Br� are indicated by T and


A, respectively).


Figure 9. Section of the 1H NMR spectra (400 MHz, [D]chloroform,
298 K) of 2a in the presence of: a) a 1.5-fold excess of Et4N


+ ¥Br� (signals
of monomeric anion complex are indicated with filled circles (*)), b) a
50-fold excess of Bu4N


+ Br� .


Chem. Eur. J. 2004, 10, 2138 ± 2148 www.chemeurj.org ¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 2143


Self-Assembly of Calix[4]arene Derivatives 2138 ± 2148



www.chemeurj.org





which cannot be included into the dimeric capsule (Fig-
ure 9b).[19]


Computational Studies


Energetic characterization : Several model assemblies of 2a
and 2d were constructed and submitted to a MD simulation
in chloroform boxes: the tetrameric complex and dimeric
capsules with the amide residues in both distal and proximal
orientations, including either one benzene molecule or one
tetraethylammonium cation.


The parent tetraurea dimer 12, when enclosing suitable
neutral guests, is stabilized by a seam of 16 hydrogen bonds,
which corresponds to eight hydrogen bonds per monomer.
In the capsules of amides 2 this number is reduced to a max-
imum of seven hydrogen bonds. Molecular dynamics (MD)
simulations of C6H6¥2a2 gave an average of 6.65 hydrogen
bonds per subunit both for the distal and for the proximal
isomers.


The crystal structure of 2a4 reveals 24 intermolecular hy-
drogen bonds, of which, on average, 22.8 are present during
the MD simulation, corresponding to 5.7 hydrogen bonds
per calixarene monomer. Thus, if all other interactions are
neglected and the energy gain associated with each hydro-
gen bond is assumed to be in the range of about 8.3±
8.9 kcalmol�1, the monoacetamide capsules should be con-
siderably stabilized over the tetramer. However, the simula-
tions predict the tetramer to be more stable by about DEinter


= 15 kcalmol�1 per subunit (Table 1). The complexation en-
ergies DEcomplex, which also include the energy necessary for
the reorganization of the molecular structure upon forma-
tion of the supramolecular assembly, favor the tetramer by
3.4 kcalmol�1. Since hydrogen bonding alone cannot account
for the stabilization of the tetramer, there must be other at-
tractive forces between the monomers in the very compact
assembly. The MD trajectories revealed numerous CH¥¥¥p,
NH¥¥¥p, and p¥¥¥p interactions, the contributions of which to
the stabilization of the tetramer are difficult to quantify. Ap-
parently, the combination of these interactions with hydro-
gen bonds make the tetramer more advantageous than the
dimer.


The interaction of tetraethylammonium tetrafluoroborate
with 2a drives the equilibrium from tetrameric assemblies to
dimeric capsules (DEcomplex�15 kcalmol�1). Around 3.6 and
4.3 hydrogen bonds per monomer are predicted in the proxi-
mal and distal regioisomers of 2a2, respectively, due to the
inclusion of the large Et4N


+ . The weaker hydrogen bonding
is compensated for by strong host±guest interactions
(DEinteract�65 kcalmol�1 per capsule). The calculated ener-
gies of proximal and distal isomers of Et4N


+ ¥2a2¥BF4
� are


the same within their fluctuations and therefore do not ex-
plain the higher stability of the distal isomer observed in sol-
ution.


For 2d, the simulations not unexpectedly predict that the
two isomeric Et4N


+ ¥2d2¥BF4
� complexes should be energeti-


cally favored over the tetramer by approx. 20 kcalmol�1 per
subunit. According to the simulations, tetramers 2d4 and the
C6H6¥2d2 dimers should coexist in solution in the absence of
the ammonium salt (DE�1 kcalmol�1; cf. Table 1).


Geometric characterization : The MD simulations predict
that the solution structure of 2a4 should be very similar to
the crystal structure (Table 2, Figure 2). Superposition of the
crystal structure and the minimized average structure of 2a4
gives a RMS value of 0.39 ä. With a hydrogen bond thresh-
old of 2.7 ä for the D�H¥¥¥A distance and a minimum of
1358 for the D�H¥¥¥A angle, an average of 22.8 hydrogen
bonds is found during the simulation of 2a4 (Table 3). The


Table 1. Energetic analysis of tetrameric and dimeric assemblies. Fluctuations are given in parenthesis.


DEcomplex
[a] DEint


[b] DEint total
[c] Average number of


[kcalmol�1] [kcalmol�1] [kcalmol�1] hydrogen bonds


2a4 �64.1 (4.6) �69.7 (1.5) �69.7 (1.5) 22.8
2d4 �53.9 (4.2) �62.0 (1.7) �62.0 (1.7) 22.2
C6H6¥2a2 distal isomer �60.7 (6.1) �54.3 (1.8) �65.1 (1.9) 13.3
C6H6¥2a2 proximal isomer �60.3 (6.3) �54.0 (1.7) �64.9 (1.8) 13.3
Et4N


+ ¥2a2¥BF4
� distal isomer �79.4 (6.6) �37.0 (1.7) �121.2 (2.4) 7.4


Et4N
+ ¥2a2¥BF4


� proximal isomer �80.0 (6.9) �35.8 (1.8) �125.3 (2.2) 7.2
C6H6¥2d2 distal isomer �52.6 (6.6) �51.2 (1.6) �62.2 (1.6) 12.7
C6H6¥2d2 proximal isomer �53.2 (6.2) �50.9 (1.8) �61.9 (1.8) 12.8
Et4N


+ ¥2d2¥BF4
� distal isomer �73.0 (6.5) �40.4 (1.8) �122.8 (2.3) 8.8


Et4N
+ ¥2d2¥BF4


� proximal isomer �77.3 (6.1) �38.5 (1.8) �125.3 (2.3) 7.4


[a] DEcomplex = complexation energy per subunit = (Etotal�Eguest�nEsubunit)/n ; n = number of calixarene subunits, Eguest = 0 in the case of the tetramers;
[b] DEinteract = interaction energy per subunit = 1/nDEinteraction (calixarene¥¥¥calixarene); [c] DEinteract total = interaction energy per subunit, also including
host±guest interactions (and anion interaction where applicable).


Table 2. Geometric parameters of tetrameric assemblies.


2a4 2a4 (X-ray) 2d4


centers of mass (adjacent, [ä]) 8.0 7.9 8.7
centers of mass (diagonal, [ä]) 10.9 10.9 11.9
amide carbonyl carbon distance 4.2 4.1 5.1
(adjacent, [ä])
amide carbonyl carbon distance 5.9 5.7 6.7
(diagonal, [ä])
methylene planes (adjacent, [o]) 55 56 72
methylene planes (diagonal, [o]) 81 83 66
angle between aryl planes A±II ([8]) 25 25 18
angle between aryl planes I±III ([8]) 110 108 114
RMS[a] ([ä]) 0.43 0.0 1.55


[a] Hydrogens, tolyl, and ether group atoms are neglected.
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hydrogen bonding pattern is nearly unaltered throughout
the simulations, but remarkably, four NH hydrogens toggle
between a N�H¥¥¥p interaction as found in the X-ray struc-
ture and a hydrogen bond to the acetamide carbonyls, with
a relative occupancy of about 50%. In general, the geome-
try of the hydrogen bonds in the simulated structure corre-
lates well with the crystal structure (Table 3). On average,
the D�H¥¥¥A distances and the D�H¥¥¥A angles differ by
only 0.16 ä and 88, respectively.


For 2d4 the picture clearly changes. The shortest distance
between the amide carbon atoms increases from 4.2 ä in
the optimized structure of 2a4 to 5.1 ä in 2d4, due to the ad-
ditional methylene group, in the core of the assembly. This
congestion impacts on all other structural parameters (see
Table 2) including the hydrogen bonding motif. Although
the cyclic hydrogen-bonded array of the amide residues dis-
appears, the average number of hydrogen bonds is only
slightly decreased (22.2 in 2d4 versus 22.8 in 2a4), since
three-centered hydrogen bonds to the propionamide carbon-
yl occur instead. Nearly all other hydrogen bonds are stron-
ger and occur more frequently in 2d4 (Table 3). Thus, as
judged from the hydrogen bonding pattern observed in the
simulations of 2d4 and from the energetic analysis (vide
supra), it is difficult to explain why the tetrameric assembly
has not been observed experimentally. It is, however, inter-
esting to note that all the polar groups in 2a4 are buried
below the non-polar surface (Figure 10, left) whereas the
congestion in the core of 2d4 leads to the exposure of polar


groups to the assembly surface (Figure 10, right). This
makes the whole complex susceptible to aggregation in non-
polar solvents, as observed in [D]chloroform.


Conclusion


Calix[4]arenes substituted at the wide rim by three arylurea
functions and one amide group are readily available. They
present a striking example of how apparently small changes
in the size and the hydrogen-bonding ability of functional
groups in single molecules may cause drastic changes in stoi-
chiometry, size, and properties of the emergent supramolec-
ular assemblies and of how these assemblies can be trig-
gered by suitable guests and by the solvent. Triurea monoa-
cetamides, like the analogous tetraureas, exist as monomers
in polar solvents. In apolar solvents they form stable tetra-
meric assemblies held together by a novel pattern or motif
of hydrogen bonding, also found in the crystalline state. The
high stabilities of these tetramers in solution are due to co-
operation of multiple NH¥¥¥O=C hydrogen bonds in combi-
nation with weaker NH¥¥¥p, CH¥¥¥p, and p¥¥¥p attractions.
Even a slight increase in the size of the amide group leads
to ill-defined assemblies, while the addition of tetraethylam-
monium cations, known as excellent guests for tetraurea
capsules, induces the formation of dimeric capsules irrespec-
tive of the size of the amide group.


Experimental Section


Reagents and methods : The 1D 1H and 2D COSY, NOESY, ROESY,
TOCSY and 1H±15N HMBC NMR spectra were recorded with Bruker
Avance DRX 500 (500 MHz) and DRX 400 (400 MHz), Bruker DPX 250
(250 MHz), and Bruker 200 (200 MHz) spectrometers with the solvent
signals as internal reference. FD mass spectra were recorded with a Fin-
nigan MAT 90 instrument (5 kV/10 mAmin�1). Melting points were de-
termined with a MEL TEMP 2 capillary melting point apparatus and are
uncorrected. Compound 4 was prepared by a known procedure.[13] Guests
were purchased from Aldrich and were used without further purification.


General procedure for the synthesis of 5a±c : The isocyanate (2.5 mmol)
was added in one portion under an argon atmosphere to a stirred solu-
tion of the triamine 4 (0.5 mmol) in dry THF (5 mL) and the reaction
mixture was stirred at room temperature overnight. Hexane was added,
and the precipitate was filtered off and dried in vacuo to give a white
solid, which was further purified either by recrystallization from CHCl3/
methanol or by column chromatography (ethyl acetate).


Table 3. Hydrogen bond analysis for the tetrameric complexes (for atom numbering see Figure 3). Values are averages over all symmetry-equivalent hy-
drogen bonds. Values are indicated by an asterisk if the hydrogen bond criterion is not fulfilled.


Hydrogen bond A¥¥¥D distance [ä] A¥¥¥H�D distance [ä] A¥¥¥H�D angle [8] Occurrence[%]
(A¥¥¥H�D) 2a4 X-ray 2d4 2a4 X-ray 2d4 2a4 X-ray 2d4 2a4 2d4


O105±N304 2.92 2.95 3.03 2.05 2.23 2.12 145 140 151 77 92
O105±N305 3.28 3.66 2.93 2.48 3.16* 2.00 137 118* 155 51 94
O105±N301 3.08 2.95 4.96 2.20 2.14 4.30* 148 154 131* 79 0
O307±N206 3.22 3.29 3.05 2.39 2.56 2.21 141 138 141 67 72
O307±N207 2.87 2.84 2.87 1.92 1.98 1.94 159 165 154 97 95
O208±N306 3.02 3.12 3.01 2.12 2.38 2.09 150 142 152 85 91
O208±N307 3.12 2.98 3.04 2.22 2.21 2.11 150 146 154 86 95
N301±N304 3.58 3.51 4.02 2.80* 2.83* 3.13* 136 135* 151 26 9


Figure 10. Lipophilic potentials of the optimized tetrameric assemblies.
Blue and brown zones mark hydrophilic and lipophilic regions, respec-
tively.
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Tri-tolylurea mono-Boc-calix[4]arene 5a : Yield 79%; m.p.: 115±116 8C;
1H NMR (400 MHz, [D6]DMSO): d = 8.98 (s, 1H; NH), 8.31 (s, 2H;
NH), 8.10 (s, 2H; NH), 7.98 (s, 2H; NH), 7.28 (d, 2J = 8.5 Hz, 2H;
ArH), 7.14 (d, 2J = 8.24 Hz, 4H; ArH), 7.04±6.97 (m, 10H; ArH), 6.56
(s, 2H; ArH), 6.51 (s, 2H; ArH), 4.30 (d, 2J = 12.6 Hz, 2H; ArCH2Ar),
4.29 (d, 2J = 12.3 Hz, 2H; ArCH2Ar), 3.87 (brm, 4H; ArOCH2), 3.68 (t,
J = 6.4 Hz, 4H; ArOCH2), 3.08 (d, 2J = 12.9 Hz, 2H; ArCH2Ar), 3.02
(d, 2J = 12.5 Hz, 2H; ArCH2Ar), 2.17 (s, 3H; ArCH3), 2.19 (s, 6H;
ArCH3), 1.96±1.81 (m, 8H; CH2), 1.52±1.21 (m, 25H; CH2 and C(CH3)3),
0.93±0.90 ppm (m, 12H; CH3); FD-MS: m/z (%): 1264.2 (100) [M]+ .


Tri-methoxyphenylurea mono-Boc-calix[4]arene 5b : Yield 79%; m.p.:
150±151 8C; 1H NMR (200 MHz, [D6]DMSO): d = 8.83 (s, 1H; NH),
8.15 (s, 4H; NH), 8.08 (s, 2H; NH), 7.29±7.21 (m, 6H; ArH), 6.82±6.74
(m, 12H; ArH), 5.97 (s, 2H; ArH), 4.32 (d, 2J = 13.2 Hz, 2H;
ArCH2Ar), 4.23 (d, 2J = 12.8 Hz, 2H; ArCH2Ar), 3.80±374 (m, 8H;
ArOCH2), 3.68 (s, 6H; ArOCH3), 3.67 (s, 3H; ArOCH3), 3.07 (d, 2J =


13.5 Hz, 2H; ArCH2Ar), 2.93 (d, 2J = 12.8 Hz, 2H; ArCH2Ar), 1.88
(br s, 8H; CH2), 1.54 (s, 9H; C(CH3)3), 1.36 (br s, 16H; CH2), 0.95±
0.88 ppm (m, 12H; CH3); FD-MS: m/z (%): 1312.3 (100) [M]+ .


Tri-hexylurea mono-Boc-calix[4]arene 5c : Yield 80%; m.p.: 98±100 8C;
1H NMR (400 MHz, [D6]DMSO): d = 8.84 (s, 1H; NH), 7.98 (s, 1H;
NH), 7.75 (s, 2H; NH), 6.90 (s, 2H; ArH), 6.80 (s, 2H; ArH), 6.49 (s,
2H; ArH), 6.46 (s, 2H; ArH), 5.81 (t, 3J = 5.8 Hz, 1H; NH), 5.66 (t, 3J
= 5.5 Hz 2H; NH), 4.24 (d, 2J = 12.2 Hz, 4H; ArCH2Ar), 3.82 (br s, 4H;
ArOCH2), 3.65 (t, 3J = 6.6 Hz, 4H; ArOCH2), 3.01±2.89 (m, 10H; NCH2


and ArCH2Ar), 1.88±1.78 (m, 8H; CH2), 1.39 (s, 9H; C(CH3)3), 1.37±1.19
(m, 28H; CH2), 0.88 (t, 3J = 6.6 Hz, 12H; CH3), 0.81 ppm (m, 9H;
CH3); FD-MS: m/z (%): 1245.5 (100) [M]+ .


Triurea monoamine calix[4]arenes 6a±c : TFA (20 mL) was added in one
portion to a solution of 5a±c (0.3 mmol) in CH2Cl2 (20 mL). The reaction
mixture was stirred at room temperature for 2 h and was then diluted
with toluene (50 mL). The solvent was evaporated to dryness in vacuo to
give the crude product as a yellowish powder. Precipitation from CHCl3/
hexane gave the desired amines 6a±c as their triflate salts.


Tri-tolylurea monoamine calix[4]arene 6a : Yield 98%; m.p.>300 8C; 1H
NMR (400 MHz, [D6]DMSO): d = 9.27 (br s, 2H; ArNH2), 8.54 (s, 2H;
NH), 8.47 (s, 2H; NH), 8.34 (s, 1H; NH), 8.18 (s, 1H; NH), 7.28 (d, 3J =


8.2 Hz, 4H; ArH), 7.22 (d, 3J = 8.2 Hz, 2H; ArH), 7.14 (s, 2H; ArH),
7.04±7.00 (m, 6H; ArH), 6.94 (s, 2H; ArH), 6.63 (s, 2H; ArH), 6.53 (s,
2H; ArH), 4.35 (d, 2J = 13.5 Hz, 2H; ArCH2Ar), 4.31 (d, 2J = 13.5 Hz,
2H; ArCH2Ar), 3.94±3.84 (m, 4H; ArOCH2), 3.75 (t, 3J = 6.7 Hz, 2H;
ArOCH2), 3.70 (t, 3J = 6.7 Hz, 2H; ArOCH2), 3.19 (d, 2J = 12.9 Hz,
2H; ArCH2Ar), 3.11 (d, 2J = 13.2 Hz, 2H; ArCH2Ar), 2.21 (s, 6H;
ArCH3), 2.19 (s, 3H; ArCH3), 1.95±1.85 (m, 8H; CH2), 1.43±1.30 (m,
16H; CH2), 0.92 ppm (t, 3J = 6.7 Hz, 12H; CH3); FD-MS: m/z (%):
1161.5 (100) [M]+ .


Tri-methoxyphenylurea monoamine calix[4]arene 6b : Yield 88%; m.p.>
300 8C; 1H NMR (200 MHz, [D6]DMSO): d = 9.31 (br s, 2H; ArNH2),
8.20 (s, 4H; NH), 8.10 (s, 2H; NH), 7.27 (d, 3J = 8.7 Hz, 2H; ArH), 7.22
(d, 3J = 8.8 Hz, 4H; ArH), 6.82±6.74 (m, 12H; ArH), 5.97 (s, 2H; ArH),
4.31 (d, 2J = 12.5 Hz, 2H; ArCH2Ar), 4.25 (d, 2J = 12.8 Hz, 2H;
ArCH2Ar), 3.80±374 (m, 8H; ArOCH2), 3.68 (s, 6H; ArOCH3), 3.67 (s,
3H; ArOCH3), 3.07 (d, 2J = 13.5 Hz, 2H; ArCH2Ar), 2.93 (d, 2J =


12.8 Hz, 2H; ArCH2Ar), 1.88 (br s, 8H; CH2), 1.36 (br s, 16H; CH2),
0.91 ppm (t, 3J = 6.5 Hz, 12H; CH3); FD-MS: m/z (%): 1209.4 (100)
[M]+ .


Tri-hexylurea monoamine calix[4]arene 6c : Yield 99%, mp>300 8C; 1H
NMR (400 MHz, [D6]DMSO): d = 9.26 (br s, 2H; NH2), 8.38 (s, 2H;
NH), 8.06 (s, 1H; NH), 7.33 (s, 2H; ArH), 7.14 (s, 2H; ArH), 6.69 (s,
2H; ArH), 6.62 (s, 2H; ArH), 6.25 (t, 3J = 5.1 Hz, 2H; NH), 6.17 (t, 3J
= 5.0 Hz, 1H; NH), 4.55 (d, 2J = 12.8 Hz, 2H; ArCH2Ar), 4.50 (d, 2J =


12.5 Hz, 2H; ArCH2Ar), 4.18±4.06 (m, 4H; ArOCH2), 3.95 (t, 3J =


6.2 Hz, 2H; ArOCH2), 3.87 (t, 3J = 6.0 Hz, 2H; ArOCH2), 3.36 (d, 2J =


12.5 Hz, 2H; ArCH2Ar), 3.29±3.17 (m, 8H; ArCH2Ar and NCH2), 2.19±
2.05 (m, 6H; CH2), 2.00±1.97 (m, 2H; CH2), 1.69±1.58 (m, 12H; CH2),
1.50 (br s, 16H; CH2), 1.15 (t, 3J = 6.3 Hz, 12H; CH3), 1.12±1.07 ppm (m,
9H; CH3); FD-MS: m/z (%): 1143.8 (100) [M]+ .


Tri-tolylurea monoacetamide calix[4]arene 2a : NEt3 (0.5 mL) was added
in one portion to a solution of the monoamine 6a (200 mg, 0.17 mmol) in
Ac2O (20 mL), and the reaction mixture was stirred at room temperature


overnight. The precipitate formed was filtered off, washed with water
and methanol, and dried in vacuo. Compound 2a : yield 78%; white
solid. The spectra were as described in reference [13].


Tri-methoxyphenylurea monoacetamide calix[4]arene 2b : This com-
pound was prepared in the same way as 2a, from monoamine 6b, Ac2O,
and NEt3. Compound 2b : yield 90%; yellowish solid; m.p.: 187±189 8C;
1H NMR (200 MHz, [D6]DMSO): d = 9.46 (s, 1H; NH), 8.19 (s, 1H;
NH), 8.15 (s, 2H; NH), 8.10 (s, 2H; NH), 8.06 (s, 1H; NH), 7.29±7.21 (m,
6H; ArH), 6.94 (s, 2H; ArH), 6.82±6.76 (m, 12H; ArH), 4.31 (d, 2J =


12.5 Hz, 4H; ArCH2Ar), 3.79 (t, 3J = 7.1 Hz, 8H; ArOCH2), 3.68 (s,
9H; ArOCH3), 3.07 (d, 2J = 12.8 Hz, 4H; ArCH2Ar), 2.07 (s, 3H;
COCH3), 1.98±1.77 (m, 8H; CH2), 1.48±1.28 (m, 16H; CH2), 0.92 ppm (t,
3J = 6.5 Hz, 12H; CH3); FD-MS: m/z (%): 1255.4 (100) [M]+ .


Tri-hexylurea monoacetamide calix[4]arene 2c : This compound was pre-
pared in the same way as 2a, from monoamine 6c, Ac2O, and NEt3.
Compound 2c : yield 75%; white powder; m.p.: 157±159 8C; 1H NMR
(400 MHz, [D6]DMSO): d = 9.51 (s, 1H; NH), 8.36 (s, 2H; NH), 8.10 (s,
1H; NH), 7.32 (s, 2H; ArH), 7.15 (s, 2H; ArH), 6.71 (s, 2H; ArH), 6.60
(s, 2H; ArH), 6.24 (t, 3J = 5.5 Hz, 2H; NH), 6.17 (t, 3J = 5.2 Hz, 1H;
NH), 4.53 (d, 2J = 13.5 Hz, 2H; ArCH2Ar), 4.47 (d, 2J = 12.8 Hz, 2H;
ArCH2Ar), 4.22±4.10 (m, 4H; ArOCH2), 3.90 (t, 3J = 5.3 Hz, 2H;
ArOCH2), 3.87 (t, 3J = 6.2 Hz, 2H; ArOCH2), 3.37 (d, 2J = 13.5 Hz,
2H; ArCH2Ar), 3.27±3.14 (m, 8H; ArCH2Ar and NCH2), 2.17 (br s, 6H;
CH2), 1.99±1.95 (m, 2H; CH2), 1.69±1.58 (m, 12H; CH2), 1.50 (br s, 16H;
CH2), 1.17 (t, 3J = 6.2 Hz, 12H; CH3), 1.08 ppm (br s, 9H; CH3); FD-
MS: m/z (%): 1187.6 (100) [M]+.


Tri-tolylurea monopropionamide calix[4]arene 2d : Propionyl chloride
(0.5±1 mL) was added to a vigorously stirred suspension of monoamine
2a (200 mg, 0.17 mmol) in EtOAc (20 mL) and Na2CO3 (1n, 40 mL). The
mixture was intensively stirred at room temperature for 2 h (reaction
monitored by TLC). The organic layer was separated, and washed with
Na2CO3 (1n, 50 mL) and water (2î50 mL). The solvent was removed in
vacuo, and the residue was dissolved in CHCl3 and reprecipitated with
hexane to give a white solid. Compound 2e : yield 85%; m.p.: 185±
187 8C; 1H NMR (400 MHz, [D6]DMSO): d = 9.30 (s, 1H; NH), 8.18 (s,
1H; NH), 8.14 (s, 2H; NH), 8.05 (s, 1H; NH), 8.02 (s, 2H; NH), 7.14 (d,
3J = 8.2 Hz, 2H; ArH), 7.09 (d, 3J = 8.4 Hz, 4H; ArH), 6.92±6.89 (m,
6H; ArH), 6.71 (s, 4H; ArH), 6.64 (s, 2H; ArH), 6.59 (s, 2H; ArH), 4.20
(d, 2J = 12.5 Hz, 4H; ArCH2Ar), 3.72±3.66 (m, 8H; ArOCH2), 2.98 (d,
2J = 12.5 Hz, 2H; ArCH2Ar), 2.95 (d, 2J = 12.5 Hz, 2H; ArCH2Ar),
2.09 (s, 9H; ArCH3), 1.78 (br s, 8H; CH2), 1.28±1.26 (m, 16H; CH2), 1.02
(t, 3J = 6.2 Hz, 3H; CH3), 0.88±0.81 ppm (m, 15H; CH3 and CH2); FD-
MS: m/z (%): 1221.9 (100) [M]+.


Tri-tolylurea monovaleramide calix[4]arene 2e : This compound was pre-
pared in the same way as 2d, from monoamine 6a (200 mg, 0.17 mmol)
and valeroyl chloride (0.5±1 mL). Yield 80%; white powder: m.p.: 196±
198 8C; 1H NMR (400 MHz, [D6]DMSO): d = 9.42 (s, 1H; NH), 8.26 (s,
1H; NH), 8.19 (s, 2H; NH), 8.14 (s, 1H; NH), 8.10 (s, 2H; NH), 7.26 (d,
3J = 8.2 Hz, 2H; ArH), 7.21 (d, 3J = 8.2 Hz, 4H; ArH), 7.04±7.01 (m,
6H; ArH), 6.83 (s, 4H; ArH), 6.76 (s, 2H; ArH), 6.71 (s, 2H; ArH), 4.32
(d, 2J = 12.5 Hz, 4H; ArCH2Ar), 3.84±3.77 (m, 8H), 3.10 (d, 2J =


12.5 Hz, 2H; ArCH2Ar), 3.07 (d, 2J = 12.5 Hz, 2H; ArCH2Ar), 2.21 (s,
9H; ArCH3), 2.19±2.16 (m, 2H; COCH2), 1.89 (m, 8H; CH2), 1.51±1.43
(m, 2H; CH2), 1,39±1.38 (m, 16H; CH2), 1.25±1.19 (m, 2H; CH2), 0.94±
0.91 (m, 12H; CH3), 0.82 ppm (t, 3J = 6.2 Hz, 3H; CH3); FD-MS: m/z
(%): 1250.0 (100) [M]+ .


Tri-tolylurea mono-p-methylbenzamide calix[4]arene 2 f : This compound
was prepared in the same way as 2d, from monoamine 6a and p-methyl-
benzoyl chloride. Yield 86%; Brown solid: m.p.: 260±261 8C; 1H NMR
(400 MHz, [D6]DMSO): d = 9.86 (s, 1H; NH), 8.23 (s, 1H; NH), 8.20 (s,
1H; NH), 8.16 (s, 2H; NH), 8.06 (s, 2H; NH), 7.78 (d, 3J = 7.9 Hz, 2H;
ArH), 7.29 (s, 2H; ArH), 7.23±7.15 (m, 8H; ArH), 7.03±6.97 (m, 6H;
ArH), 6.89 (s, 2H; ArH), 6.71 (d, 3J = 2.0 Hz, 2H; ArH), 6.66 (d, 3J =


2.1 Hz, 2H; ArH), 4.34 (d, 2J = 13.2 Hz, 2H; ArCH2Ar), 4.30 (d, 2J =


13.5 Hz, 2H; ArCH2Ar), 3.89±3.83 (m, 4H; ArOCH2), 3.76 (t, 3J =


7.0 Hz, 4H; ArOCH2), 3.12±3.08 (m, 4H; ArCH2Ar), 2.30 (s, 3H;
ArCH3), 2.20 (s, 3H; ArCH3), 2.18 (s, 6H; ArCH3), 1.96±1.84 (m, 8H;
CH2), 1.39±1.37 (m, 16H; CH2), 0.92 ppm (t, 3J = 6.2 Hz, 12H; CH3);
FD-MS: m/z (%): 1283.2 (100) [M]+.
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Single-crystal X-ray analysis : Measurements were made at 173.0(2) K
with an Enraf Nonius Kappa CCD diffractometer, MoKa radiation, l =


0.71073 ä. The data were processed with Denzo-SMN v 0.93.0.[20] The
structures were solved in the P1 space group by use of shake and bake
methods as implemented in the XM program.[21] The transformation to
the P1≈ space group was performed by use of the XP program,[22] refine-
ments on F2 by SHELXL-97.[23] These procedures were run under Wingx
program[24] Four calixarene molecules constituting the tetramer and sol-
vent molecules were refined in separate blocks. The hydrogen atoms
were normally calculated to their idealized positions with isotropic tem-
perature factors and refined as riding atoms. Disordered solvent mole-
cules and parts of pendant alkyl chains were treated isotropically in some
cases. No attempts were made to localize hydrogen atoms in the disor-
dered parts of the structure. Geometrical restraints were imposed on dis-
ordered parts of the structures to keep the interatomic distances in rea-
sonable ranges. The intense peaks which could not be recombined to ace-
tonitrile or dichloromethane molecules were treated as oxygen atoms
(possibly water).


CCDC 149022±CCDC-149029 contain the supplementary crystallographic
data for this paper. These data can be obtained free of charge via
www.ccdc.can.ac.uk/conts/retrieving.html (or from the Cambridge Crys-
tallographic Center, 12 Union Road, Cambridge CB21EZ, UK; Fax:
(+44)1223-336033; or deposit@ccdc.cam.ac.uk).


Compound 2a4: triclinic P1≈ , a = 21.4219(3), b = 25.7044(3), c =


29.9918(3) ä, a = 87.305(2), b = 86.041(2), g = 79.250(2)8, Z = 2,
V = 16176.2(4) ä3, 1 = 1.11 gcm�3, m = 0.169 cm�1, 2qmax = 50.18, R1 =


0.155, wR2 = 0.43 (for 30545 reflections I>2s(I)), R1 = 0.2376, wR2 =


0.5029 (for 56601 independent reflections), 3621 parameters, S = 1.098,
D1 (max/min) = 1.20/0.92 eä�3. The strongest residual peaks are located
near disordered solvent molecules.


Dynamic NOE studies : Under certain conditions NOE is proportional to
mixing time. The cross-relaxation constant (sIS) is the slope of this de-
pendence. It is defined by the following formula


sIS ¼
�
m0


4p


�2 �h2g4


10


�
6tc


1þ 4w2t2c
�tc


�
r�6
IS ð1Þ


where tc = correlation rotational time, rIS is the distance between pro-
tons, T is absolute temperature, w and g are the Larmour frequency and
the gyromagnetic ratio for 1H, m0 = magnetic constant of a vacuum, and
�h = Plank×s constant divided by 2p (see reference [15 ,16]). For the sim-
plest case of a spherical molecule (aggregate), correlation time is the
time necessary for a molecule (aggregate) to tumble through an angle of
one radian. In accordance with Stokes× law tc = 4pr3h/3kT, where h is
the viscosity of the solvent, k is Boltzmann×s constant, and r is the radius
of the molecule or aggregate.


VPO studies : A KNAUER K-7000 vapor pressure osmometer was used
to carry out VPO measurements on 2a in benzene solution at 303 K. The
tetradecyl ether of tetra-tert-butylcalix[4]arene and the tetratolyl urea of
the calix[4]arene with four decyl groups at the narrow rim (1: R = p-
tolyl, Y = C10H21)


[25] were used for calibration of the instrument.


Methods of calculations: All calculations were performed by employment
of version 6 of the amber


[26] program suite. Initial geometries were ob-
tained from the crystal structure of a dimeric calixarene capsule (CSD-re-
fcode TIDWEI) by modification by sybyl


[27] and from the raw coordi-
nates (before final refinement) of the X-ray structure of the tetrameric
assembly. To save calculation time methyl or ethyl groups were used in-
stead of the original pentyl moieties. The starting structure of the tetra-
meric assembly was generated from these data by turning the pentyl side
chains R into ethyl residues. RESP charges[28] were assigned, and the
whole assembly was solvated in a chloroform box (14 ä solvent layer
thickness on each side). Prior to each simulation, 5000 minimization
steps followed by 30 ps belly dynamics and 100 ps equilibration at 300 K
and 1 bar were carried out. During 9 ns of simulation time with a time
step of 1 fs, the ensembles were kept at 1 bar and 300 K by use of the Be-
rendsen algorithm,[29] an experimental compressibility of 100î10�6 bar�1,
1.0 ps pressure coupling time, and 0.5 ps temperature coupling time.
Bonds containing hydrogen were constrained to the equilibrium bond
length by use of the SHAKE algorithm. Snapshots were recorded every


2000 steps. The CAr±N rotational barrier was set to 2.3 kcal mol�1 to re-
produce the value obtained by 6-31G**/MP2 calculations.


Analysis of hydrogen bonds was conducted by measurement of distances
and angles between potential donor and acceptor sites for each snapshot
of the trajectory followed by statistical summarization.
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Catalytic Asymmetric Bromination and Chlorination of b-Ketoesters


Mauro Marigo, Nagaswami Kumaragurubaran, and Karl Anker J˘rgensen*[a]


Introduction


The conversion of a C�H bond to a C�X bond is a formal
oxidation of an organic molecule. Despite the importance of
optically active halocarbon compounds, for example in or-
ganic synthesis, natural product chemistry, and in biomedical
and pharmaceutical sciences, the catalytic enantioselective
formation of halogenated chiral carbon stereocenters by
C�X bond forming reactions remain very rare.[1]


Recently, the first catalytic, enantioselective fluorination
of b-ketoesters with ™Selectfluor∫ as the fluoro source cata-
lyzed by chiral [TiCl2(TADDOLato)] complexes was dis-
closed to give up to 90% ee for a substituted benzyl ester
substrate by Togni et al.[2] Further developments by Sodeoka
et al. lead to a catalytic, highly enantioselective fluorination
reaction of acyclic and cyclic b-ketoesters by using a chiral
BINAP±Pd complex as the catalyst and N-fluorobenzenesul-
fonimide as the fluorinating reagent.[3] Another example
with chinchonine-derived quaternary ammonium salts was
reported and the best selectivitity obtained was 69% ee.[4]


For the catalytic enantioselective chlorination and bromi-
nation reactions, Togni et al. have reported one example of
a catalytic enantioselective chlorination reaction of an acy-
clic b-ketoester, which had a bulky benzyl-substituted ester
functionality, with good enantioselectivity using chiral


[TiCl2(TADDOLato)] complexes as the catalyst.[5] However,
the enantiomeric excesses of other acyclic compounds stud-
ied were generally only moderate. Application of the same
reaction conditions for bromination reactions resulted un-
fortunately in low enantiomeric excess. Lectka et al. have
developed a tandem asymmetric halogenation/esterification
process of acyl halides using perhaloquinone-derived re-
agents as the halogen source.[6] The reactions were catalyzed
by benzoylquinine. For both the chlorination and bromina-
tion reactions very high enantioselectivities, but moderate
yields were obtained.


In this paper we disclose the first catalytic enantioselec-
tive chlorination and bromination reaction applicable to
both acyclic- and cyclic b-ketoesters, and a b-diketone, pro-
ducing the corresponding optically active a-halogenated
compounds in excellent yields and moderate to good enan-
tioselectivities using mainly N-chlorosuccinimide (NCS) and
N-bromosuccinimide (NBS) as the halogen sources and
chiral bisoxazolinecopper(ii) complexes as the catalyst.[7±9]


Results and Discussion


A thorough series of screening experiments were performed
in order to find general conditions for the catalytic enantio-
selective chlorination of b-ketoesters. The ethyl ester of 2-
methyl-3-oxobutyric acid (1a) was chosen for this process
with different chloro donors 2a±e, chiral ligands 6a±j, Lewis
acids, such as copper(ii) and magnesium(ii), and reactions
conditions [Eq. (1)]. Some representative results for the best
combination of chiral ligands and Lewis acids under differ-
ent reaction conditions are given in Table 1.


[a] M. Marigo, Dr. N. Kumaragurubaran, Professor Dr. K. A. J˘rgensen
The Danish National Research Foundation:
Center for Catalysis, Department of Chemistry
Aarhus University, 8000 Aarhus C (Denmark)
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Abstract: The first general catalytic
asymmetric bromination and chlorina-
tion of b-ketoesters has been devel-
oped. The reactions proceed for both
acyclic and cyclic b-ketoesters cata-
lyzed by chiral bisoxazolinecopper(ii)
complexes giving the corresponding
optically active a-bromo- and a-chloro-
b-ketoesters in high yields and moder-
ate to good enantioselectivities. For the


optically active chlorinated products
the isolated yields are in the range of
88±99% and the enantiomeric excesses
up to 77% ee, while the optically active
brominated adducts are formed in 70±


99% isolated yield and up to 82% ee.
Based on the absolute configuration of
the optically active products, the face
selectivity for the catalytic enantiose-
lective halogenation is discussed based
on a bidentate coordination of the b-
ketoester to the chiral catalyst and a
X-ray structure of chiral a,g-diketo-
esterenolatebisoxazolinecopper(ii)
complex.


Keywords: asymmetric catalysis ¥
bromination ¥ chlorination ¥
ketoesters
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The investigation of combinations of chiral ligands and
Lewis acids revealed that the [Cu(OTf)2{(S)-6b}] complex is
the most promising catalyst. The catalytic enantioselective
chlorination of 1a proceeds in excellent yields and 77% ee
of the ethyl ester of 2-chloro-2-methyl-3-oxobutyric acid
(4a) was obtained by using NCS as the chlorination reagent
with Et2O as the solvent (Table 1, entry 1). The chlorination
with NCS also proceeds well in different solvents (entries 2±
5), but with lower enantioselectivity relative to Et2O. The
enantiomeric excess of 4a is dependent on the copper(ii)
counterion as observed by comparing entry 1 with entry 6,


as well as the chlorination reagent. We have found that the
use of 2b±e as the chloro source resulted in lower enantiose-
lectivity of 4a (entries 7±11) relative to NCS (entry 1). It is
notable that the use of only 33 mol% of 2e relative to 1a
gave the same enantiomeric excess (61% ee) of 4a, as the
use of one equimolar of 2e (entry 11). The use of the
[Cu(OTf)2{(R)-6 i}] catalyst resulted in a drop in enantiose-
lectivity of 4a to 32% ee (entry 12). The drop in enantiose-
lectivity with the latter catalyst is in contrast to the direct
amination reactions of b-ketoesters, for which this catalyst
gave the best results.[9e]


The addition of additives such as bases (e.g., Et3N) and
hexafluoroisopropanol (HFIP), did not improve the enantio-
meric excess for reactions catalyzed by [Cu(OTf)2{(S)-6b}].
The chlorination of 1a by 2a catalyzed by [Cu(OTf)2{(S)-
6b}] in Et2O carried out at 0 8C, 20 8C and reflux afforded
4a with identical optical purity; however, the reaction time
was reduced significantly from 8 h at 0 8C to 1 h at reflux.


The ester functionality of 1 g (ethyl ester) has been varied
in order to investigate the influence of sterics of the ester on
the enantioselectivity. Chlorination by NCS catalyzed by
[Cu(OTf)2{(S)-6b}] at room temperature in Et2O proceeds
with full conversion, and for the corresponding methyl and
tert-butyl esters 63% and 30% ee, respectively, were ob-
tained, compared to 72% ee for the ethyl ester of 2-chloro-
2-oxocyclopentancarboxylic acid (4g). It was found that the
absolute configuration of the other chlorinated esters did
not change relative to the absolute configuration of 4g (see
Experimental Section).


An important feature by the catalytic enantioselective
chlorination applying NCS as the chloro source and
[Cu(OTf)2{(S)-6b}] as the catalyst is that the reaction pro-
ceeds also well for other acyclic- and cyclic b-ketoesters, and
a b-dicarbonyl compound, 1a±j [Eq. (2) and Table 2].


Table 2 shows the results for the chlorination of acyclic-
and cyclic b-ketoesters, and a b-dicarbonyl compound, 1a±j
by NCS and with [Cu(OTf)2{(S)-6b}] (10 mol%) as the cata-
lyst.


The catalytic enantioselective chlorination with 2a at
room temperature afforded the optically active a-chlorinat-
ed adducts 4a±j in excellent yields; the products are isolated
in 88±99% yield (Table 2, entries 1±10). For the optically
active a-chlorinated acyclic b-ketoesters 4a±f, up to 77% ee
was obtained (entries 1±6), while the enantioselectivities for
the optically active a-chlorinated cyclic b-ketoesters 4h±i
were in the range of 72±76% ee (entries 7±9). It should be
noted that the enantiomeric excess of the optically active a-
chlorinated b-ketoester adduct could be improved by recrys-
tallization.[10] The b-diketone, 2-benzoyl-cyclohexanone (1 j)
was also chlorinated in an enantioselective manner by 2a
and optically active 2-chloro-2-benzoyl-cyclohexanone (4 j)


Table 1. Representative results from the screening of chiral ligands, cop-
per(ii) salts, reaction conditions for the catalytic asymmetric chlorination
of the ethyl ester of 2-methyl-3-oxobutyric acid (1a) with various chlori-
nation reagents 2a±e.[a,b]


Catalyst Chlorination Solvent 4a ee[c] [%]
(10 mol%) reagent


1 [Cu(OTf)2(6b)] 2a Et2O 77
2 [Cu(OTf)2(6b)] 2a CH2Cl2 30
3 [Cu(OTf)2(6b)] 2a dioxane 62
4 [Cu(OTf)2(6b)] 2a toluene 70
5 [Cu(OTf)2(6b)] 2a TBME 76
6 [Cu(SbF6)2(6b)] 2a Et2O 44
7 [Cu(OTf)2(6b)] 2b Et2O 66
8 [Cu(OTf)2(6b)] 2c Et2O 60
9 [Cu(OTf)2(6b)] 2d Et2O 48


10 [Cu(OTf)2(6b)] 2e Et2O 61
11 [Cu(OTf)2(6b)] 2e[d] Et2O 61
12 [Cu(OTf)2(6 i)] 2a Et2O 32


[a] Experimental conditions: Cu(OTf)2 (9 mg, 25 mmol) and (S)-(�)-2,2’-
isopropylidene-bis(4-tert-butyl-2-oxazoline) (6b : 7.9 mg, 26 mmol) were
mixed in an oven-dried Schlenk tube under vacuum for 2 h. The tube was
then filled with N2, distilled Et2O (2 mL) was added, and the resulting
solution was stirred for 1 h. Ethyl ester 1a was added followed by the ad-
dition of N-chlorosuccinimide (2a) (39.9 mg, 0.30 mmol). After 16 h at
room temperature the product was isolated by plug on silica using
CH2Cl2 as eluent (see Experimental Section). [b] All reactions give full
conversion. [c] Enantiomeric excess determined by GC or HPLC, see Ex-
perimental Section. [d] 33 mol% 2d, not full conversion.
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was obtained in excellent yields, but with lower enantiose-
lectivitity relative to the b-ketoesters.


The absolute configuration of the optically active chlori-
nation product was determined on the basis of optical rota-
tion, which gave the S configuration for the ethyl ester of 1-
phenyl-2-chloro-2-methyl-3-oxopropanoic acid (4d)[5] when
[Cu(OTf)2{(S)-6b}] was the catalyst at room temperature in
Et2O and NCS as the chlorination reagent. The use of other
chlorination reagents under the same reaction conditions
gave the same absolute configuration of 4d.


The [Cu(OTf)2{(S)-6b}] catalytic system was successfully
applied for the bromination of acyclic- and cyclic b-ketoes-
ters [Eq. (2)]. Different bromination reagents were studied
and NBS was found to be an effective reagent both in terms
of yield and enantiomeric excess of the optically active a-
brominated b-ketoesters.


Table 2 also shows the results for the catalytic enantiose-
lective bromination of the acyclic- and cyclic b-ketoesters
1a±f,h,i. The results for the catalytic enantioselective bromi-
nation reactions are in many respects parallel to the chlori-
nation reactions. The yields of the optically active a-bromo
b-ketoesters 5a±f,h,i are generally good with isolated yields
in the range of 70±99%. Both the acyclic and cyclic b-ke-
toesters react with NBS and for the ethyl esters of 2-bromo-
2-methyl-3-oxobutyric acid (5a) and 1-bromo-2-oxocyclo-
hexanecarboxylic acid (5h), 80% and 82% ee, respectively,
were obtained (entries 1 and 8). For the remaining a-bromo
b-ketoesters formed the optically purity of the active bromo
compounds ranges from moderate to good.


The formation of the S-enantiomer of 4d by means of the
catalyst [Cu(OTf)2{(S)-6b}] is in accordance with the coordi-
nation of the b-ketoester to the catalyst in a bidentate fash-


ion. There is experimental and theoretical evidence that the
molecular plane of the b-ketoester relative to the chiral bi-
soxazoline plane is approximately 458.[11] The ligand (S)-6b
in this intermediate will shield the Re face of the reactive
enolate carbon atom of the b-ketoester leading to the ob-
served absolute configuration. We have further support for
such an intermediate, as we isolated and characterized the
enolate form of an a,g-diketoester coordinated to the
[CuII{(S)-6b}] complex. The structure of this complex is de-
picted in Figure 1.[12]


The X-ray structure in Figure 1 (top) supports the face se-
lectivity of the halogenation reaction. The ketoester coordi-
nates to the [CuII{(S)-6b}] catalyst in its enolate form (C�C
enolate bond length 1.391 ä); the Re face of the reacting
carbon atom is shielded by the tert-butyl substituent of the
chiral bisoxazoline ligand. Based on the absolute configura-
tion of the S enantiomer of 4d we proposed the intermedi-
ate shown in Figure 1 (bottom) for the reactions.[11] In this
intermediate the chiral ligand of the [CuII{(S)-6b}] catalyst
shields the Re face of the enolate leaving the Si face availa-
ble for approach by the halogenation reagents


Conclusion


We have presented the first general catalytic asymmetric
chlorination and bromination of both acyclic- and cyclic b-
ketoesters using easy available halogenation reagents such
as NCS and NBS, and [Cu(OTf)2{(S)-6b}] as the catalyst.
The reactions proceeds in general in high yields for both the
chlorination and bromination reactions and the correspond-
ing optically active a-halogenated products are obtained


Table 2. Catalytic enantioselective chlorination and bromination of b-
keto esters, and a b-diketone, 1a±j with NCS (2a) and NBS (3a) cata-
lyzed by [Cu(OTf)2(6b)] (10 mol%) at room temperature in Et2O and
1,4-dioxane, respectively [Eq. (2)].[a]


b-Keto compound Halogenation reagent
R1 R2 R3 NCS 2a NBS 3a


Yield[b]/ee[c] Yield[b]/ee[c]


1 Me Me OEt (1a) 4a 98/77 5a 98/80
2 Et Me OEt (1b) 4b 96/57 5b 77/57
3 iPr Me OEt (1c) 4c 88/48 5c 70/46
4[d] Ph Me OEt (1d) 4d 98/53 5d 95/41
5 Me Bn OEt (1e) 4e 98/61 5e 99/66
6 Me Et OEt (1 f) 4 f 93/66 5 f 90/70
7 (CH2)3 OEt (1g) 4g 96/72 ±
8 (CH2)4 OEt (1h) 4h 99/76 5h 85/82
9 (CH2)5 OEt (1 i) 4 i 98/73 5 i 80/71


10 (CH2)4 Ph (1 j) 4j 99/32 ±


[a] Experimental conditions: Cu(OTf)2 (9 mg, 25 mmol) and (S)-(�)-2,2’-
isopropylidene-bis(4-tert-butyl-2-oxazoline) (6b : 7.9 mg, 26 mmol) were
mixed in an oven-dried Schlenk tube under vacuum for 2 h. The tube was
then filled with N2, distilled Et2O (2 mL) was added, and the resulting
solution was stirred for 1 h. The b-ketoester was added followed by the
addition of N-chlorosuccinimide (39.9 mg, 0.30 mmol) or N-bromosuccin-
imide (50.0 mg, 0.29 mmol). After 16 h at room temperature the product
was isolated by plug on silica using CH2Cl2 as eluent (see Experimental
Section). [b] Isolated yields. [c] Determined by GC or HPLC, see Experi-
mental Section. [d] Reaction time 40 h.


Figure 1. Top: X-ray structure of the enolate form of an a,g-diketoester
coordinated to the [CuII-(S)-6b] catalyst supporting the Si-face selectivity
in the catalytic halogenation enantioselective reactions. Bottom: Pro-
posed intermediate for the ethyl ester of 2-methyl-3-oxobutyric acid (1a)
coordinated to the [CuII-(S)-6b] catalyst and suggested shielding of the
Re-face of the enolate leaving the Si-face available for approach by the
halogenation reagents.
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with moderate to good enantioselectivities. The face-selec-
tivity was accounted for by the b-ketoester coordinated to
chiral catalyst in a bidentate fashion in its enolate form and
with the Re face of the reacting carbon atom shielded by the
tert-butyl substituent of the bisoxazoline ligand leaving the
Si face open for approach of the halogenation reagent.


Experimental Section


General methods : The 1H and 13C NMR spectra were recorded at
400 MHz and 100 MHz, respectively. The chemical shifts are reported in
ppm downfield to CHCl3 (d=7.26 ppm) for 1H NMR spectra and relative
to the central CDCl3 resonance (d=77.0 ppm) for 13C NMR spectra.
Coupling constants in 1H NMR measurements are in Hz. Solvents were
distilled according to standard procedures. Optical rotations were meas-
ured on a Perkin±Elmer 241 polarimeter and MeOH was used as solvent.
The enantiomeric excess (ee) of the products was determined by HPLC
using Chiralcel OJ or Daicel Chiralpack OB with i-PrOH/hexane as
eluent, and by GC using a Chiraldex G-TA chiral stationary phase or a
Chirasil Dex-CB chiral stationary phase.


Materials : Ligands 6h±j, Cu(OTf)2, b-ketoesters 1e±h,j and N-chlorosuc-
cinimide (2a) were purchased from Aldrich and used as received. The
ethyl ester of 2-methyl-3-oxobutyric acid (1a) was purchased from Al-
drich and used after purification. The ethyl ester of 2-methyl-3-oxopenta-
noic acid (1b) was prepared following literature procedure.[5] b-Ketoest-
ers 1c,d,i were prepared by C-alkoxycarbonylation of appropriate ketone
following a literature procedure.[13] Ligands 6a±g were prepared follow-
ing a literature procedure.[14] N-bromosuccinimide 3a was purified by re-
crystallization according to standard procedures.


General procedure for catalytic asymmetric chlorination of b-ketoesters :
Cu(OTf)2 (9 mg, 0.025 mmol) and (S)-(�)-2,2’-isopropylidene-bis(4-tert-
butyl-2-oxazoline) (6b) (7.9 mg, 0.026 mmol) were added to an oven-
dried Schlenk tube equipped with a magnetic stirrer bar. The mixture
was stirred under vacuum for 2 h and filled with N2. Distilled Et2O
(2 mL) was added and the solution was stirred for 1 h. The b-ketoester
(0.25 mmol) was added at room temperature followed by the addition of
N-chlorosuccinimide (2a) (39.9 mg, 0.30 mmol). After 16 h at room tem-
perature the product was isolated by plug on silica using CH2Cl2 as
eluent.


Ethyl ester of 2-chloro-2-methyl-3-oxobutyric acid (4a) The enantiomeric
excess was determined by GC with use of a Chirasil Dex-CB chiral sta-
tionary phase. 1H NMR (400 MHz, CDCl3): d=4.28 (q, J=7.1, 2H,
OCH2CH3), 2.37 (s, 3H, CH3CO), 1.82 (s, 3H, CCH3), 1.30 ppm (t, 3H,
J=7.1, CH2CH3);


13C NMR (100 MHz, CDCl3): d=198.8, 168.0, 70.7,
63.0, 25.2, 24.2, 13.8 ppm; HRMS: m/z calcd for C7H11ClO3: calculated:
201.0294; found: 201.0325 [M+Na]+ ; [a]D=++3.6 (c=10 mgmL�1,
77% ee).


Ethyl ester of 2-Chloro-2-methyl-3-oxopentanoic acid (4b) The enantio-
meric excess was determined by GC with use of a Chirasil Dex-CB chiral
stationary phase. 1H NMR (400 MHz, CDCl3): d=4.25 (q, J=7.1, 2H,
OCH2CH3), 2.83±2.63 (m, 2H, CH3CH2CO), 1.81 (s, 3H, CCH3), 1.28 (t,
3H, J=7.1, CH2CH3), 1.10 ppm (t, 3H, J=7.1, CH2CH3);


13C NMR
(100 MHz, CDCl3): d=202.2, 188.2, 70.7, 62.9, 30.9, 13.8, 8.3 ppm;
HRMS: m/z calcd for C8H13ClO3: 215.0451; found: 215.0455 [M+Na]+ .


Ethyl ester of 2-chloro-2,4-dimethyl-3-oxopentanoic acid (4c): The enan-
tiomeric excess was determined by GC with use of a Chiraldex G-TA
chiral stationary phase. 1H NMR (400 MHz, CDCl3): d=4.26 (q, J=7.1,
2H, OCH2CH3), 3.18 (m, 1H, CH,(CH3)2), 1.82 (s, 3H, CCH3), 1.30 (t,
3H, J=7.1, CH2CH3), 1.20 (d, 3H, J=6.6, CHCH3), 1.14 ppm (d, 3H,
J=6.6, CHCH3);


13C NMR (100 MHz, CDCl3): d=203.6, 166.2, 70.2,
60.9, 34.5, 23.4, 18.9, 18.1, 11.9 ppm; HRMS: m/z calcd for C9H15ClO3:
229.0670; found: 229.0597[M+Na]+ ; [a]D=�5.0 (c=17 mgmL�1,
48% ee).


Ethyl ester of 1-henyl-2-chloro-2-methyl-3-oxopropanoic acid (4d): NMR
data according to literature values,[5] [a]D=�50.1 (c=11 mgmL�1,
53% ee).


Ethyl ester of 2-chloro-2-benzyl-3-oxobutyric acid (4e): The enantiomeric
excess was determined by HPLC using a Daicel Chiralpack OJ column
(hexane/iPrOH (90:10): flow rate 1.0 mLmin�1: tmajor=10.5; tminor=


12.4 min; 1H NMR (400 MHz, CDCl3): d=7.23 (m, 5H, ArH), 4.21 (m,
2H, OCH2CH3), 3.52 (d, J=14.4, 1H, CCH2Ph), 3.43 (d, J=14.4, 1H,
CCH2Ph), 2.23 (s, 3H, CH3), 1.23 ppm (t, 3H, J=7.3, CH2CH3);
13C NMR (100 MHz, CDCl3): d=198.8, 167.0, 133.9, 130.5, 128.1, 127.4,
75.2, 63.3, 42.1, 26.4, 13.8 ppm; HRMS: m/z calcd for C13H25ClO3:
277.0607; found: 277.0609 [M+Na]+ .


Ethyl ester of 2-chloro-2-ethyl-3-oxobutyric acid (4 f): The enantiomeric
excess was determined by GC with use of a Chiraldex G-TA chiral sta-
tionary phase. 1H NMR (400 MHz, CDCl3): d=4.27 (q, J=7.1, 2H,
OCH2CH3), 2.33 (s, 3H, CH3), 2.19 (m, 2H, CH3CH2C), 1.29 (t, 3H, J=
7.1, CH2CH3), 0.99 ppm (t, 3H, J=7.1, CH2CH3);


13C NMR (100 MHz,
CDCl3): d=198.4, 167.3, 76.6, 62.9, 29.8, 25.9, 13.9, 8.5 ppm; HRMS: m/z
calcd for C8H13ClO3: 215.0451; found: 215.0445 [M+Na]+ ; [a]D=++1.3
(c=12 mgmL�1, 66% ee).


Ethyl ester of 2-chloro-2-oxocyclopentancarboxylic acid (4g): The enan-
tiomeric excess was determined by GC with use of a Chirasil Dex-CB
chiral stationary phase. 1H NMR (400 MHz, CDCl3): d=4.27 (q, J=7.1,
2H, OCH2CH3), 2.74 (m, 1H, CH2), 2.53 (m, 1H, CH2), 2.39 (m, 2H,
CH2), 2.13 (m, 2H, CH2), 1.30 ppm (t, 3H, J=7.1, CH2CH3);


13C NMR
(100 MHz, CDCl3): d=206.5, 167.5, 69.9, 63.4, 38.6, 35.6, 19.3, 14.2 ppm;
HRMS: m/z calcd for C8H11ClO3: 213.0294; found: 213.0296 [M+Na]+ ;
[a]D=�15.6 (c=12 mgmL�1, 72% ee).


Ethyl ester of 2-chloro-2-oxocyclohexanecarboxylic acid (4h): The enan-
tiomeric excess was determined by GC with use of a Chirasil Dex-CB
chiral stationary phase. 1H NMR (400 MHz, CDCl3): d=4.26 (q, J=7.2,
2H, OCH2CH3), 2.78 (m, 2H, CH2), 2.40 (m, 1H, CH2), 2.10 (m, 1H,
CH2), 1.88 (m, 2H, CH2), 1.72 (m, 2H, CH2), 1.27 ppm (t, 3H, J=7.3,
CH2CH3);


13C NMR (100 MHz, CDCl3): d=199.6, 167.2, 73.5, 39.5, 38.8,
26.6, 22.1, 13.8 ppm; HRMS: m/z calcd for C9H13ClO3: 227.0451; found:
227.0453 [M+Na]+ ; [a]D=�10.9 (c=12 mgmL�1, 76% ee).


Ethyl ester of 2-chloro-2-oxocycloheptanecarboxylic acid (4 i): The enan-
tiomeric excess was determined by GC with use of a Chirasil Dex-CB
chiral stationary phase. 1H NMR (400 MHz, CDCl3): d=4.26 (q, J=7.2,
2H, OCH2CH3), 2.80 (m, 1H, CH2), 2.66 (m, 1H, CH2), 2.45 (m, 1H,
CH2), 2.29 (m, 1H, CH2), 1.88±1.51 (m, 6H, CH2), 1.29 ppm (t, 3H, J=
7.2, OCH2CH3);


13C NMR (100 MHz, CDCl3): d=202.4 168.0, 66.2, 62.8,
40.6, 37.6, 29.1, 25.3, 24.6, 13.8 ppm; HRMS: m/z calcd for C10H15ClO3:
241.0607; found: 241.0610 [M+Na]+ ; [a]D=�3.7 (c=10.2 mgmL�1,
73% ee).


2-Chloro-2-benzoyl-cyclohexanone (4 j): The enantiomeric excess was de-
termined by HPLC using a Daicel Chiralpack OJ column (hexane/iPrOH
(90:10)); flow rate 1.0 mLmin�1; tmajor=9.9; tminor=9.0; 1H NMR
(400 MHz, CDCl3): d=7.95 (d, 2H, J=8.1, ArH), 7.54 (t, 1H, J=7.4,
ArH), 7.40 ( t, 2H, J=7.7, ArH), 3.05 (m, 1H, CH2), 2.77 (m, 1H, CH2),
2.23±1.87 ppm (m, 6H, CH2);


13CNMR (100 MHz, CDCl3): d=203.4,
190.7, 134.1, 133.6, 130.0, 128.5, 41.3, 41.1, 28.3, 22.9 ppm; HRMS: m/z
calcd for C13H13ClO3: 259.0502; found: 259.0506 [M+Na]+ ; [a]D=++40.6
(c=12 mgmL�1, 32% ee).


Compounds 7 and 8 were obtained from the appropriate b-ketoester, by
using [Cu(OTf)2{(S)-6b}] and 2a in Et2O as solvent, with 30% and
63% ee, respectively. Transesterification of 7 to 8 (Scheme 1) confirmed
the identical absolute configuration of the chlorinated adducts.


General procedure for catalytic asymmetric bromination of b-ketoesters :
Cu(OTf)2 (9 mg, 0.025 mmol) and (S)-6b (7.9 mg, 0.026 mmol) were
added to an oven-dried Schlenk tube equipped with a magnetic stirrer
bar. The mixture was stirred under vacuum for 2 h and filled with N2.


Scheme 1.
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Distilled 1,4-dioxane (2 mL) was added and the solution was stirred for
1 h. 0.25 mmol of the b-ketoester was added at room temperature fol-
lowed by the addition of N-bromosuccinimide (3a) (50 mg, 0.28 mmol).
After 16 h at room temperature the product was isolated by flash chro-
matography.


Ethyl ester of 2-bromo-2-methyl-3-oxobutyric acid (5a): 1H NMR
(400 MHz, CDCl3): d=4.26 (q, J=7.2, 2H, OCH2CH3), 2.42 (s, 3H,
CH3CO), 1.96 (s, 3H, CCH3), 1.29 ppm (t, 3H, J=7.1, CH2CH3);
13C NMR (100 MHz, CDCl3): d=198.2, 168.2, 70.7, 63.1, 63.1, 25.7, 25.2,
13.8 ppm; HRMS: m/z calcd for C7H11BrO3: 244.9789; found: 244.9788
[M+Na]+ ; [a]D=++15.6 (c=10 mgmL�1, 80% ee). The ee was deter-
mined after transformation to compound 5ap.


Ethyl ester of 2-bromo-2-(2-methyl-[1,3]dioxolan-2-yl)propionic acid
(5ap): The enantiomeric excess was determined by GC with use of a
Chirasil Dex-CB chiral stationary phase. 1H NMR (400 MHz, CDCl3):
d=4.26 (m, 2H, OCH2CH3), 4.01 (m, 4H, OCH2CH2O), 1.94 (s, 3H,
CCH3), 1.57 (s, 3H, CCH3),1.30 ppm (t, 3H, J=7.1, CH2CH3);


13C NMR
(100 MHz, CDCl3): d=169.4, 110.5, 66.1, 66.0, 65.9, 62.3, 25.3, 21.7,
13.9 ppm; HRMS: m/z calcd for C9H15BrO4: 289.0051; found: 289.0048
[M+Na]+ .


Ethyl ester of 2-bromo-2-methyl-3-oxopentanoic acid (5b): The enantio-
meric excess was determined by GC with use of a Chirasil Dex-CB chiral
stationary phase. 1H NMR (400 MHz, CDCl3): d=4.25 (q, J=7.1, 2H,
OCH2CH3), 2.91±2.65 (m, 2H, CH3CH2CO), 1.97 (s, 3H, CCH3), 1.28 (t,
3H, J=7.1, CH2CH3), 1.12 ppm (t, 3H, J=7.1, CH2CH3);


13C NMR
(100 MHz, CDCl3): d=201.7, 168.4, 63.0, 62.7, 31.5, 25.4, 13.8, 8.8 ppm;
HRMS: m/z calcd for C8H13BrO3: 258.9946; found: 258.9941 [M+Na]+ ;
[a]D=++13.6 (c=11 mgmL�1, 57% ee).


Ethyl ester of 2-bromo-2,4-dimethyl-3-oxopentanoic acid (5c): The enan-
tiomeric excess was determined by GC with use of a Chiraldex G-TA
chiral stationary phase. 1H NMR (400 MHz, CDCl3): d=4.26 (q, J=7.1,
2H, OCH2CH3), 3.17 (m, 1H, CH,(CH3)2), 1.98 (s, 3H, CCH3), 1.30 (t,
3H, J=7.1, CH2CH3), 1.23 (d, 3H, J=6.6, CHCH3), 1.14 ppm (d, 3H,
J=6.6, CHCH3);


13C NMR (100 MHz, CDCl3): d=205.2, 168.3, 63.3,
63.1, 37.1, 25.4, 21.5, 20.5, 13.8 ppm; HRMS: m/z calcd for C9H15BrO3:
273.0102; found: 273.0102 [M+Na]+ ; [a]D=++6.4 (c=9 mgmL�1,
46% ee).


Ethyl ester of 1-phenyl-2-chloro-2-methyl-3-oxopropanoic acid (5d):
NMR data according with literature values,[5] [a]D=�44.6 (c=
12 mgmL�1, 41% ee).


Ethyl ester of 2-bromo-2-benzyl-3-oxobutyric acid (5e): The enantiomer-
ic excess was determined by HPLC using a Daicel Chiralpack OJ column
(hexane/iPrOH 90:10): flow rate 1.0 mLmin�1: tmajor=9.2; tminor=


11.1 min; 1H NMR (400 MHz, CDCl3): d=7.20 (m, 5H, ArH), 4.13 (m,
2H, OCH2CH3), 3.49 (m, 2H, CCH2Ph), 2.27 (s, 3H, CH3) 1.15 ppm (t,
3H, J=7.1, CH2CH3);


13C NMR (100 MHz, CDCl3): d=197.7, 167.0,
134.5, 130.4, 128.1, 127.4, 68.9, 63.1, 42.6, 26.8, 13.7 ppm; HRMS: m/z
calcd for C13H25BrO3: 321.0102; found: 321.0100 [M+Na]+ ; [a]D=++3.6
(c=18 mgmL�1, 66% ee).


Ethyl ester of 2-bromo-2-ethyl-3-oxobutyric acid (5 f): The enantiomeric
excess was determined by GC with use of a Chiraldex G-TA chiral sta-
tionary phase. 1H NMR (400 MHz, CDCl3): d=4.27 (q, J=7.1, 2H,
OCH2CH3), 2.38 (s, 3H, COCH3), 2.23±2.10 (m, 2H, CH3CH2C), 1.29 (t,
3H, J=7.1, CH2CH3), 0.99 ppm (t, 3H, J=7.1, CH2CH3);


13C NMR
(100 MHz, CDCl3): d=197.6, 167.4, 70.6, 63.0, 30.4, 26.2, 13.9, 9.8 ppm;
HRMS: m/z calcd for C8H13ClO3: 258.9946; found: 258.9948 [M+Na]+ ;
[a]D=++12.1 (c=11 mgmL�1, 70% ee).


Ethyl ester of 1-bromo-2-oxocyclohexanecarboxylic acid (5h): The enan-
tiomeric excess was determined by HPLC using a Daicel Chiralpack OB
column (hexane/iPrOH 99.5:0.5): flow rate 0.5 mLmin�1: tmajor=30.7;
tminor=35.5 min; 1H NMR (400 MHz, CDCl3): d=4.23 (q, J=7.2, 2H,
OCH2CH3), 2.82 (m, 2H, CH2), 2.40 (m, 1H, CH2), 2.17 (m, 1H, CH2),
1.88±1.66 (m, 4H, CH2), 1.27 ppm (t, 3H, J=7.2, CH2CH3);


13C NMR
(100 MHz, CDCl3): d=199.1, 167.4, 67.5, 62.9, 40.5, 38.8, 26.7, 23.1,
13.8 ppm; HRMS: m/z calcd for C9H13BrO3: 270.9946; found: 270.9939
[M+Na]+ .


Ethyl ester of 1-bromo-2-oxocycloheptanecarboxylic acid (5 i): The enan-
tiomeric excess was determined by GC with use of a Chirasil Dex-CB
chiral stationary phase. 1H NMR (400 MHz, CDCl3): d=4.26 (q, J=7.2,


2H, OCH2CH3), 2.80 (m, 1H, CH2), 2.66 (m, 1H, CH2), 2.45 (m, 1H,
CH2), 2.29 (m, 1H, CH2), 1.88±1.51 (m, 6H, CH2), 1.29 ppm(t, 3H, J=
7.2, OCH2CH3);


13C NMR (100 MHz, CDCl3): d=202.4 168.0, 66.2, 62.8,
40.6, 37.6, 29.1, 25.3, 24.6, 13.8 ppm; HRMS: m/z calcd for C10H15BrO3:
285.0102; found: 285.0099 [M+Na]+ ; [a]D=�30.6 (c=16 mgmL�1,
71% ee).
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Total Synthesis of 34-Hydroxyasimicin and Its Photoactive Derivative for
Affinity Labeling of the Mitochondrial Complex I


Hongna Han,[a] Mantosh K. Sinha,[a, b] Lawrence J. D×Souza,[a] Ehud Keinan,*[a, b, c] and
Subhash C. Sinha*[a]


Introduction


NADH-ubiquinone oxidoreductase, also known as Com-
plex I, is one of four multisubunit enzyme complexes of the
respiratory chain in the mammalian mitochondria that form
the electron-transport chain from NADH to oxygen and
generate the energy source ATP.[1] Complex I, which bears
one noncovalently bound flavin mononucleotide (FMN) and
eight iron±sulfur clusters with a total molecular mass of ap-
proximately 1000000 Da, is one of the most intricate
enzyme complexes known, consisting of more than 46 pro-


tein subunits, seven of which are encoded in the mitochon-
drial genome, while the others originate from the nuclear
DNA.[2,3] The complex spans the inner-mitochondrial mem-
brane, generating a proton gradient across the membrane by
translocation of protons from the matrix side of the mem-
brane to the cytoplasm. Since structural and functional de-
fects of Complex I are reported to be a primary cause in
many diseases, including a wide variety of degenerative dis-
eases, aging, and cancer, the structure and catalytic mecha-
nism of this enzyme complex have attracted an ever growing
attention.[4] . The three-dimensional images of Complex I
from N. Crassa and E. Coli were achieved by electron mi-
croscopy.[5]


Due to the lack of detailed structural information about
Complex I (and about its bacterial analogue, NDH-1), very
little is known about the electron pathways from matrix
NADH to membrane ubiquinone. The clues linking this
process with the translocation of protons are highly contro-
versial.[6] Different types of inhibitors (Scheme 1) have been
used in an effort to dissect the electron and proton pathways
of this complicated enzyme system.[7] For example, the use
of two rotenone-derived photoaffinity probes have located a
single inhibitor-binding site in the ND1 subunit.[8] Likewise,
photoaffinity labeling with a fenpyroximate[9] derivative spe-
cifically labeled the ND5 subunit of Complex I.[10] Other
subunits were specifically labeled with a 14C-tagged N,N’-di-
cyclohexylcarbodiimide,[11] a ubiquinone derivative,[12] and
pyridaben derivative.[13,14] Consequently, the subunits IP49 K,
PSST, ND1, ND3, and ND5 were proposed to comprise an
inhibitor-binding pocket in either Complex I or in NDH-1.[15]
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Abstract: The asymmetric total synthe-
sis of the 34-hydroxyasimicin and its 3-
(4-benzoylphenyl)propionate ester was
achieved by means of a convergent
synthetic strategy. This ester, which
contains eight asymmetric centers, rep-
resents the first photoaffinity-labeling
agent that is derived from an Annona-
ceous acetogenin. The key transforma-
tions in the synthesis include the


Sharpless asymmetric dihydroxylation
reaction, the Wittig olefination reac-
tion, an oxidative cyclization reaction
with rhenium(vii) oxide, the William-
son etherification reaction, and a palla-


dium-catalyzed cross-coupling reaction.
Use of the target molecule for photoaf-
finity-labeling studies of bovine mito-
chondrial NADH-ubiquinone oxidore-
ductase (Complex I) may shed light on
the structure/function of this intricate
enzyme and on the origin of the high
antitumor activity exhibited by the An-
nonaceous acetogenins.
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photoaffinity labeling ¥ rhenium
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Of particular interest are the Annonaceous acetogenins,
which were found to be the most powerful inhibitors of the
mammalian Complex I and of the insect mitochondrial elec-
tron-transport systems.[16] These natural products are known
not only for their antitumor activity, but also for being
potent antimalarial, immunosuppressive, pesticidal, and anti-
feedant agents.[17] More than 350 acetogenins have already
been isolated from 37 species in the Annonaceae, a family
of tropical trees and shrubs that accommodates over
2300 species.[18] While most of these fatty acid derivatives ex-
hibit remarkable structural diversity, they share very similar
carbon skeletons, with the main variations being the relative
and absolute configuration of the various stereogenic
oxygen functions. For example, a dominant structural fea-
ture that appears in more than 40% of the Annonaceous
acetogenins is a ten-carbon fragment that contains two adja-
cent tetrahydrofuran rings flanked by either one or two hy-
droxyl groups. A long alkyl chain tethers this fragment to a


butenolide group, which represents the conserved part of
almost all acetogenins.


The strong inhibitory potency of these compounds and
their structural diversity make them interesting tools to in-
vestigate the structure±function problems of Complex I. Fur-
thermore, previous reports have suggested that the various
acetogenins inhibit Complex I in different ways,[16c,19] a
rather surprising observation on grounds of the very close
chemical resemblance among them. For example, the closely
related rolliniastatin-1, rolliniastatin-2 (bullatacin), and co-
rossolin were found to inhibit Complex I with different ki-
netic features reflecting differential binding modes.[20] These
observations offer interesting opportunities in both mecha-
nistic investigations and drug discovery, particularly since
few of these compounds have shown in vitro antitumor po-
tency 108 times greater than that of adriamycin.[21] Neverthe-
less, attempts to photolabel Complex I with an acetogenin
derivative have not yet been reported, probably because the
synthesis of such derivatives is much more difficult than that
of the other inhibitors.


Here we report on the first synthesis of a photoaffinity-la-
beling agent for Complex I that is derived from the Annona-
ceous acetogenins. Our design is based on the skeleton of
asimicin (1a, Scheme 2), the synthesis of which was reported
earlier.[22] Asimicin was first isolated from extracts of the
bark and seeds of the pawpaw tree, Asimina triloba Dunal,
by using brine shrimp lethality for activity-directed fractio-
nation.[23] It was found to be extremely cytotoxic in the 9KB
(human nasophyraneal carcinoma, ED50<10�5 mgmL�1) and
the 9BS (murine lymphocyte leukemia, ED50<10�7 mgmL�1)
system. Bullatacin, which is an epimer of asimicin at posi-
tion 24, has also shown antitumor potential in vitro against
HL-60 cells that are resistant to adriamycin,[24] and in vivo
with mice bearing L1210 murine leukemia and with mice
bearing A2780 conventional ovarian cancer xenografts.[25]


Both asimicin and bullatacin were found to be potent inhibi-
tors of Complex I.[16]


Abstract in Hebrew:


Scheme 1. Reported inhibitors of Complex I.
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The decision concerning the attachment point of the pho-
toactive device was nontrivial, because the detailed mode of
action and the binding orientation of the Annonaceous ace-
togenins are yet unknown. Since the butenolide fragment is
highly conserved in most of the acetogenins, one could
assume that in order to retain the inhibitory activity the bu-
tenolide fragment should remain intact. Furthermore, stud-
ies on acetogenin analogues in which the butenolide frag-
ment was replaced by a ubiquinone ring have indicated that
the butenolide moiety of natural acetogenins binds to the
ubiquinone reduction site of the enzyme.[26] Similar argu-
ments also hold true for the bis-THF fragment of the mole-
cule, because small variations in the stereogenic centers of
this fragment are known to cause significant changes in the
biological activity. Furthermore, the length of the poly-
methylene chain that links both functional fragments was
also found to be essential for activity. Consequently, the
only part of the molecule that could suffer the required
modification with minimal loss of activity seemed to be the
end of the alkyl chain. Accordingly, our target molecule
(1c) was designed to contain a benzophenone group attach-
ed by a flexible linkage to position 34 of the molecule. We
decided to use the benzophenone label, because it offers the
advantage of being more reactive than other photolabeling
devices, such as diazo and azide groups, with preferential re-
activity towards C�H over X�H bonds.[27] In addition, diazo
and azide compounds are activated irreversibly at 245 nm,
while benzophenone is activated reversibly at 350±365 nm,
and is also more chemically and room light stable. Further-
more, labeling efficiencies for nitrenes and carbenes are typ-


ically in the range of 5±10%,
whereas they are much higher
for benzophenyl radical.


Results and Discussion


In our previous studies on the
total synthesis of adjacent bis-
THF acetogenins as well as
other natural and non-natural
acetogenins, including solamin,
reticulatacin, asimicin, bullata-
cin, trilobin, trilobacin, squa-
motacin, rolliniastatin, uvari-
cin, rollidecins C and D, muco-
cin, goniocin, 17,18-bis-epigo-
niocin, and cyclogoniodenin
T,[22,28] we met the synthetic
challenges by examining three
general synthetic strategies:
the ™naked∫ carbon-skeleton
strategy,[29] the convergent ap-
proach, and a hybrid strategy
that combines the advantages
of the first two.[30] In principle,
all three approaches can be
generally used for the synthesis
of 1b and 1c as well as their


diastereomers. In this work we have chosen the convergent
strategy, which is outlined in the retrosynthetic analysis
(Scheme 2). The analysis dissects the target molecule into
two major fragments, the bis-THF fragment (2) and the bu-
tenolide moiety (3). Assembly of these building blocks
could be achieved by a palladium-catalyzed cross-coupling
reaction.[31] The butenolide intermediate (3) was obtained
by previously described methods,[22] and alkyne 2 was pre-
pared from the corresponding tricyclic intermediate 4. The
synthesis of 4 represents the most significant component of
the entire synthesis, not only because it contains as many as
six asymmetric centers, but also because the potential ster-
eomeric variability of this fragment represents the origin of
diversity in the bis-THF subgroup of the Annonaceous ace-
togenins. We envisioned the preparation of 4 from alkene 5,
which, in turn, could be obtained by Wittig coupling from
phosphonium salt 6 and aldehyde 7. This last compound was
prepared previously in seven steps from 1,4-dihydroxybu-
tane.[22]


The synthesis of intermediate 2 (Scheme 3) started with
undec-10-enal (8), which was treated with vinyl magnenium
bromide. Treatment of the resultant allylic alcohol with
triethyl orthoacetate in the presence of a catalytic amount
of propionic acid produced the g,d-unsaturated ester 9 by
means of the Claisen-Johnson rearrangement. The Sharpless
asymmetric dihydroxylation (AD) reaction of 9 with AD-
mix-b, followed by base and acid treatment afforded hydrox-
ylactone 10 with >95% ee, which was increased to essen-
tially 100% ee in one crystallization step. Lithium aluminum
hydride (LAH) reduction afforded the corresponding triol,


Scheme 2. Retrosynthetic analysis of 34-hydroxyasimicin.
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in which the vicinal diol was protected in the form of an
acetonide derivative, 11. The unprotected primary alcohol in
11 was converted to the corresponding iodide, 12, which was
then treated with triphenylphosphine to produce the phos-
phonium salt 6. Wittig reaction between 6 and aldehyde 7[22]


was carried out in the presence of sodium hexamethyldisila-
zide to afford the cis-alkene 13. Cleavage of the tert-butyldi-
phenylsilyl group in 13 with tetrabutyl ammonium fluoride
(TBAF) produced alcohol 5, one of the key intermediates of
this synthetic scheme. Oxidative cyclization with CF3CO3-
ReO3 and lutidine provided the trans-THF ring in 14[32] as a


single diastereomer in 76%
yield. Activation of the free
hydroxyl group in 14 in the
form of a mesylate (15), fol-
lowed by acid-catalyzed hy-
drolysis of the acetonide group
produced the free diol (16).
Heating compound 16 in pyri-
dine affected the Williamson-
type etherification to produce
the tricyclic intermediate 4.
LAH reduction afforded triol
17, in which the primary alco-
hol was protected in the form
of a tert-butyldimethylsilyl
ether, while the two secondary
alcohols were converted to
methoxymethyl ethers to
afford 18. Hydroboration of
the terminal double bond of 18
afforded alcohol 19, which was
protected in the form of 4-me-
thoxybenzyloxymethyl ether to
give 20. The tert-butyldi-
methylsilyl ether was then
cleaved to afford alcohol 21,
which was oxidized to give the
corresponding aldehyde. The
aldehyde was immediately
treated with PPh3-CBr4 in the
presence of triethylamine to
produce the 1,1-dibromo-
alkene 22. Finally, treatment
of 22 with EtMgBr pro-
vided the desired key inter-


mediate 2.[33]


The synthesis of the butenolide fragment 3 (Scheme 4)
started from octa-1,7-diene (23) by using our previously de-
scribed methods for the preparation of homologous com-
pounds.[22] Thus, dihydroxylation with AD-mix-b using pyri-
midine ligand afforded diol 24. The primary hydroxyl was
selectively converted to the corresponding tosylate 25, and
the secondary hydroxyl was protected in the form of a silyl
ether (26) by using TBSOTf at low temperature. The tosyl-
ate group was then converted to iodide 27 by using NaI in
refluxing acetone. Lactone 28[34] was alkylated with iodide


Scheme 3. Synthesis of intermediate 2. Key: a) i) Vinylmagnesium bromide, THF, 0 8C, 0.5 h; ii) (EtO)3CCH3,
propionic acid, xylene, reflux, 2 h; b) i) AD-mix-b, MeSO2NH2, tBuOH/water (1:1), 0 8C, 12 h; ii) Aqueous
KOH (3n), MeOH, 60 8C, 2 h, then HCl (3n); iii) TsOH (5%), CH2Cl2, RT, 1 h; c) i) LiAlH4, diethyl ether/
THF, 0 8C, then reflux, 2 h; ii) acetone/hexane (1:2), TsOH (cat); d) I2, imidazole, PPh3, CH2Cl2, RT, 2 h; e) I2,
PPh3, NaHCO3, CH3CN, reflux, 16 h; f) NaHMDS, THF, HMPA, �78 8C, 2 h, then 7, �78 8C to RT, 16 h;
g) TBAF, THF, 0 8C to RT, 2 h; h) Re2O7, lutidine, CH2Cl2, 12 h; i) MsCl, Et3N, CH2Cl2, �30 8C, 0.5 h;
j) TsOH, MeOH-H2O (4:1), RT, 16 h; k) pyridine, reflux, 3 h; l) LiAlH4, diethyl ether/THF, 0 8C, then reflux,
2 h; m) TBSCl, iPr2NEt, DMAP, CH2Cl2, 0 8C to RT, 12 h, then ClCH2OMe, iPr2NEt, 0 8C to RT, 16 h; n) 9-
BBN, THF, 0 8C to RT, 4 h, then H2O2 (35%), aq NaOH (3n), 0 8C, 1 h; o) p-MeOC6H4CH2OCH2Cl, iPr2NEt,
CH2Cl2, 0 8C to RT, 3 h; p) TBAF, THF, 0 8C to RT, 2 h; q) i) (COCl)2, DMSO, CH2Cl2, �78 8C, 1 h, then Et3N,
�78 8C to 0 8C; ii) Ph3P, CBr4, Et3N, CH2Cl2, 0 8C, 16 h; r) EtMgBr, THF, 0 8C, 0.5 h.


Scheme 4. Synthesis of the butenolide fragment, 3. a) i) AD-mix-b, tBuOH/water (2:1), 0 8C, 18 h; b) TsCl, collidine, 0 8C, 16 h; c) TBSOTf, lutidine,
CH2Cl2, �78 8C, 3 h; d) NaI, NaHCO3 acetone, reflux, 36 h; e) LDA, THF, HMPA, compound 28, �78 8C, then compound 27, RT, 24 h; f) i) m-CPBA,
CH2Cl2, 0 8C, 10 min; ii) toluene, 90 8C, 2 h; g) OsO4, THF/H2O, then NaIO4, 2.5 h; h) CHI3, CrCl2, THF, 0 8C, 4 h.
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27 with LDA in THF-HMPA to produce sulfide 29, which in
turn was oxidized with m-CPBA; the resultant sulfoxide was
heated in toluene at 90 8C to produce the butenolide 30. Se-
lective dihydroxylation of the monosubstituted double bond
in 30 with OsO4 followed by oxidative cleavage with NaIO4


produced aldehyde 31. Finally, olefination with iodoform
and chromium dichloride afforded the desired vinyl iodide 3
in the form of a mixture of the E/Z isomers.[35]


The target molecules 1b and 1c were assembled from in-
termediates 2 and 3 (Scheme 5) by a PdII-catalyzed cross-


coupling reaction in the presence of CuI and Et3N to pro-
duce the eneyne intermediate 32.[31] Hydrogenation over
Wilkinson×s catalyst afforded the protected acetogenin 33.
Oxidative cleavage of the 4-methoxybenzyloxymethyl ether
with DDQ afforded alcohol 34.[36] Treatment of 34 with
BF3¥Et2O in dimethyl sulfide afforded the fully deprotected
acetogenin 1b. Alternatively, alcohol 34 was acylated with
3-(4-benzoylphenyl)propionate[37] in the presence of EDCI
and DMAP to produce the corresponding ester 35, which
was then deprotected using BF3¥Et2O in methyl sulfide to
afford the photoaffinity label 1c.


In conclusion, the synthesis of the target molecule 1c was
achieved through a convergent strategy in a total of 35 steps,
starting with octa-1,7-diene, 1,4-dihydroxybutane, undec-10-
enal, and (S)-(�)-propylene oxide. While the commercially
available (S)-(�)-propylene oxide provided the asymmetric
center of the butenolide ring, all other stereogenic centers
in the target molecule were achieved either by the Sharpless
AD reaction (C15, C16, C23, and C24) or by the oxidative
cyclization reaction with rhenium(vii) oxide (C19, and C20).
Photolabeling studies of bovine mitochondrial Complex I
with 1c are currently underway and the results will be re-
ported shortly.


Experimental Section


General methods : 1H and 13C NMR spectra were measured in CDCl3.
Optical rotations were measured in a one-decimeter (1.3 mL) cell by
using an Autopol III automatic polarimeter. TLC was performed on glass
sheets precoated with silica gel (Merck, Kieselgel 60, F254, Art. 5715).
Column chromatographic separations were performed on silica gel
(Merck, Kieselgel 60, 230±400 mesh, Art. 9385) under pressure. All com-
mercially available reagents were used without further purification. Sol-
vents were either used as purchased or distilled using common practices
where appropriate. All reactions were carried out under dry Argon.


(trans)-Ethyl pentadec-4,14-dienoate
(9): Vinylmagnesium bromide (1m,
96 mL, 96 mmol) was added to a sol-
ution of undecylenic aldehyde
(13.46 g, 80 mmol) in THF (140 mL)
at 0 8C. The mixture was stirred for
0.5 h and then worked up with dieth-
yl ether and saturated aqueous
NH4Cl. Removal of solvents followed
by filtration over silica gel (hexanes/
ethyl acetate, 4:1) afforded tridec-1,
12-dien-3-ol (16.1 g), which was taken
to next step without further purifica-
tion.


The above-mentioned allylic alcohol
(16.1 g), triethyl orthoacetate
(24.3 mL, 160 mmol), and propionic
acid (0.08 g, 0.017 mmol) were dis-
solved in xylene (25 mL), and the
mixture was refluxed for 2 h. Solvents
were removed under reduced pres-
sure, and the residue was distilled to
give 9 (15.49 g, 73%) in the form of a
light yellow oil. 1H NMR (500 MHz):
d=5.85±5.79 (m, 1H), 5.48±5.38 (m,
2H), 5.01±4.92 (m, 2H), 4.13 (q, J=
7.3 Hz, 2H), 2.43±2.30 (m, 2H), 2.28
(t, J=4.4 Hz, 2H), 2.07±2.02 (m,
2H), 1.99±1.95 (m, 2H), 1.39±
1.16 ppm (m and br s, 15H);
13C NMR (75 MHz): d=173.1, 139.1,
131.7, 127.8, 114.0, 60.2, 34.5, 33.9,


32.6, 29.5, 29.2 (î2), 29.0, 28.0, 14.3 ppm; ESIMS: m/z calcd for
C17H30O2: 266; found: 265 [M�H]� .


(4R,5R)-5-Hydroxypentadec-14-en-1,4-olide (10): Compound 9 (15.19 g,
57.11 mmol) was added to a cold (0 8C) solution of AD-mix-b (85.61 g)
and MeSO2NH2 (5.49 g, 57.11 mmol) in tert-BuOH/water (1:1, 560 mL),
and the mixture was stirred at 0 8C for 12 h and then quenched by the ad-
dition of sodium metabisulfite (85.67 g). The mixture was worked-up
with ethyl acetate and water, solvents were removed under reduced pres-
sure, and the residue was dissolved in methanol (84 mL). Aqueous KOH
(3n, 56 mL) was added, and the mixture was stirred at 60 8C for 2 h, then
cooled to 0 8C, acidified with 3n HCl, and extracted with ethyl acetate.
Solvents were removed under reduced pressure, and the residue was dis-
solved in CH2Cl2. p-Toluenesulfonic acid (TsOH, 1.57 g) was added, and
the mixture was stirred at room temperature for 1 h, worked up with sa-
turated aqueous NaHCO3 and CH2Cl2, and purified by column chroma-
tography (silica gel, hexanes/ethyl acetate, 1:1) to give lactone 10 (4.52 g,
31%) in the form of a white solid. [a]D=�23.0 (c=0.98 in CHCl3);
1H NMR (300 MHz): d=5.82±5.71 (m, 1H), 5.00±4.87 (m, 2H), 4.40 (td,
J=6.9, 4.5 Hz, 1H), 3.57±3.51 (m, 1H), 2.66±2.44 (m, 4H), 2.24±2.09 (m,
2H), 2.05±1.98 (m, 2H), 1.55±1.21 ppm (m and brs, 12H); 13C NMR
(75 MHz): d=177.4, 138.9, 113.9, 83.0, 73.3, 33.7, 32.9, 29.4, 29.4 (î2),
29.0, 28.8, 28.7, 25.5, 23.0 ppm; ESIMS: m/z calcd for C15H26O3: 254.19;
found: 255 [M+H+], 277 [M+Na]�), 289 [M+Cl]� .


(4R,5R)-4,5-Isopropylidenedioxy-14-en-pentadecanol (11): LiAlH4


(2.13 g, 53.28 mmol) was added in portion to a solution of 10 (4.52 g,
17.8 mmol) in dry diethyl ether (35 mL) at 0 8C. The mixture was stirred
at 0 8C, then refluxed for another 2 h, cooled, diluted with diethyl ether,


Scheme 5. Synthesis of 34-hydroxyasimicin, 1b and its photolabeling derivative, 1c. a) [Pd(Ph3P)2Cl2], CuI,
Et3N, RT, 2 h; b) [Rh(Ph3P)3Cl], H2, benzene/MeOH (6:1), RT, 16 h; c) DDQ, CH2Cl2/H2O, RT, 1 h; d) 3-(4-
benzoylphenyl)propionate, EDCI, DMAP, CH2Cl2, RT, 16 h; e) BF3¥OEt2, Me2S, 0 8C, 1 h.
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and worked up by dropwise addition of water. After all inorganic materi-
al was precipitated, the solid was filtered to give crude corresponding
triol (3.7 g).


The above-mentioned triol (3.7 g) and TsOH (0.38 g 2.02 mmol) were
dissolved in a mixture of acetone/hexane (116 mL, acetone/hexane=1:2)
and the solution was refluxed for 6 h with Dean-Stark apparatus. The re-
action mixture was worked up by addition of diethyl ether, removal of
the solvent, and purification of the residue by column chromatography
(silica gel, hexane/ethyl acetate, 7:3) to give 11 (3.34 g, 63%) in the form
of a colorless oil. [a]D=++20.8 (c=1.3 in CHCl3);


1H NMR (500 MHz):
d=5.81±5.78 (m, 1H), 5.00±4.93 (m, 2H), 3.68±3.60 (m, 2H), 3.61±3.60
(m, 2H), 2.17 (s, 1H), 2.04±2.03 (m, 2H), 1.72±1.71 (m, 3H), 1.52±1.45
(m, 3H), 1.37 (s, 6H), 1.37±1.28 ppm (m and brs, 12H).


(4R,5R)-1-Iodo-4,5-isopropylidenedioxy-14-pentadecene (12): Iodine
(3.42 g, 13.44 mmol) was added to a solution of 11 (3.34 g, 11.2 mmol),
PhP3 (4.42 g, 16.8 mmol), and imidazole (1.15 g, 16.8 mmol) in CH2Cl2
(26 mL) at 0 8C. The mixture was stirred at RT for 2 h and a saturated
solution of NaHCO3 was added, followed by I2 until the color started ap-
pearing. The reaction mixture was worked up with hexanes and water
and the organic phase washed with a 10% aqueous Na2S2O3 solution.
Solvents were removed under vacuum and the residue was purified by
column chromatography (silica gel, hexane/ethyl acetate, 19:1) to give 12
(4.07 g, 89%) as a colorless oil. 1H NMR (300 MHz): d=5.89±5.75 (m,
1H), 5.04±4.91 (m, 2H), 3.62±3.60 (m, 2H), 3.25 (t, J=6.6 Hz, 2H), 2.09±
2.01 (m, 4H), 1.71±1.44 (m, 4H), 1.39 (s, 6H), 1.39±1.31 ppm (m and brs,
12H); 13C NMR (75 MHz): d=139.0, 114.0, 107.9, 80.8, 79.9, 33.9, 33.8,
33.0, 30.2, 29.9, 29.6, 29.5, 29.2, 29.0, 27.5, 27.4, 26.2, 7.1 ppm; ESIMS:
m/z calcd for C18H33IO2: 408; found: 409 [M+H]� , 431 [M+Na]� , 407
[M�H]� , 443 [M+Cl]� .


(4R,5R)-4,5-Isopropylidenedioxy-14-pentadecen-1-yl-triphenylphosphoni-
um iodide (6): A mixture of 12 (4.05, 10 mmol), PPh3 (5.24 g, 20 mmol),
and NaHCO3 (1.68 g, 20 mmol) in CH3CN (120 mL) was heated at reflux
for 16 h. Solvents were removed and the residue was redissolved in
CH2Cl2. Inorganic material was removed by filtration, the solvents were
also removed, and the residue was triturated with diethyl ether to afford
6 (5.25 g, 78%) in the form of a thick syrup. 1H NMR (300 MHz): d=
7.77±7.72 (m, 9H), 7.68±7.62 (m, 6H), 5.79±5.66 (m, 1H), 4.94±4.81 (m,
2H), 3.75±3.62 (m, 2H), 3.58±3.47 (m, 2H), 2.02±1.93 (m, 2H), 1.86±1.65
(m, 2H), 1.45±1.38 (m, 2H), 1.29 (s, 6H), 1.29±1.20 ppm (m, 14H);
13C NMR (75 MHz): d=138.8, 134.8, 134.7, 133.3, 133.2, 130.2, 130.1,
118.1, 117.0, 113.7, 107.7, 80.8, 79.9, 32.6, 32.4, 29.5, 29.3 (î2), 28.9, 28.8,
27.3, 27.2, 26.1 ppm; ESIMS: m/z calcd for C36H48IO2P: 670; found: 705
[M+Cl]� .


(cis,4R,5R,12R,13R)-5-tert-Butyldiphenylsilyloxytricos-12,13-isopropyl-
idenedioxy-8,22-dien-1,4-olide (13): NaHMDS (1.0m in THF, 4.45 mL)
was added to a stirred solution of Wittig salt 6 (2.98 g, 4.45 mmol) in dry
THF (5 mL) at �78 8C and the mixture was stirred at the same tempera-
ture for 2 h. HMPA (1.38 mL, 7.94 mmol) and aldehyde 7[22] in THF was
added dropwise, and the mixture was stirred for 16 h at �78 8C to RT. Sa-
turated aqueous NH4Cl was added and the mixture was extracted with
Et2O. The combined organic layer was washed with brine and dried over
MgSO4. The crude residue was purified by column chromatography
(silica gel, hexanes/ethyl acetate, 10:1) affording compound 13 (2.37 g,
73%) in the form of a light yellow oil. [a]D=�13.4 (c=1.1 in CHCl3);
1H NMR (500 MHz): d=7.71±7.69 (m, 4H), 7.46±7.38 (m, 6H), 5.84±5.77
(m, 1H), 5.26±5.21 (m, 1H), 5.04±4.97 (m, 2H), 4.94±4.92 (m, 1H), 4.53
(dt, J=6.6, 3.7 Hz, 1H), 3.76±3.73 (m, 1H), 3.59±3.51 (m, 2H), 2.58±2.43
(m, 2H), 2.18±2.12 (m, 2H), 2.07±1.88 (m, 6H), 1.71±1.29 (m and brs,
18H), 1.37 (s, 6H), 1.06 ppm (s, 9H); 13C NMR (100 MHz): d=177.1,
139.0, 135.8, 135.7, 133.6, 133.0, 129.8, 129.6, 129.4, 129.0, 127.6, 127.5,
114.1, 107.7, 80.7, 80.6, 80.1, 74.4, 33.7, 32.8, 32.7, 32.2, 29.6, 29.4, 29.3,
29.0, 28.8, 28.4, 27.2, 26.9, 26.0, 23.7, 23.2, 22.8, 19.4 ppm; ESIMS: m/z
calcd for C42H62SiO5: 674; found: 697 [M+Na]� , 673 [M�H]� , 709
[M+Cl]� .


(cis,4R,5R,12R,13R)-5-Hydroxytricos-12,13-isopropylidenedioxy-8,22-
dien-1,4-olide (5): TBAF (1m in THF, 5.3 mL, 5.3 mmol) was added to a
solution of compound 13 (2.36 g, 3.5 mmol) in dry THF (35 mL) at 0 8C,
and the mixture was stirred for 2 h at RT. Workup using diethyl ether/
water followed by purification (silica gel, hexanes/ethyl acetate, 1:1) af-
forded 5 (1.14 g, 81%) as a colorless oil. [a]D=�1.2 (c=1.16 in CHCl3);


1H NMR (500 MHz): d=5.84±5.79 (m, 1H), 5.43±5.38 (m, 2H), 5.01±4.92
(m, 2H), 4.41 (dt, J=7.3, 4.8 Hz, 1H), 3.60±3.59 (m and br s, 3H), 2.61±
2.52 (m, 2H), 2.28±2.03 (m, 8H), 1.50±1.27 (m and brs, 18H), 1.36 ppm
(s, 6H); 13C NMR (100 MHz): d=177.3, 139.0, 130.0, 129.0, 113.4, 107.7,
83.0, 80.7, 80.2, 72.5, 33.6, 32.8, 32.4, 29.6, 29.3, 29.2, 28.9, 28.7, 28.5, 27.2,
26.0 (î2), 23.9, 23.8, 23.0 ppm; ESIMS: m/z calcd for C26H44O5: 436;
found: 459 [M+Na]� , 435 [M�H]� , 471 [M+Cl]� .


(4R,5R,8R,9S,12R,13R)-9-Hydroxy-12,13-isopropylidenedioxy-5,8-oxido-
tricos-22-en-1,4-olide (14): Re2O7 (3.06 g, 6.33 mmol) was added in por-
tions to a solution of compound 5 (0.92 g, 2.11 mmol) and 2,6-lutidine
(2.11 mL, 19.0 mmol) in dry CH2Cl2 (20 mL). The mixture was stirred
overnight at RT and then quenched by dropwise addition of saturated
solution of NaHCO3 (8 mL) and H2O2 (35% in water, 8 mL). After stir-
ring was continued for 20 min, the mixture was extracted with CH2Cl2.
The organic layer was washed with water and dried over MgSO4. Sol-
vents were removed under reduced pressure, and the residue was purified
by column chromatography (silica gel, hexanes/ethyl acetate, 3:1) to give
14 (0.72 g, 76%) in the form of a colorless oil. [a]D=++7.44 (c=1.08 in
CHCl3);


1H NMR (500 MHz): d=5.85±5.77 (m, 1H), 5.00±4.91 (m, 2H),
4.47±4.44 (m, 1H), 4.09±4.06 (m, 1H), 3.91±3.87 (m, 1H), 3.78±3.76 (m,
1H), 3.61±3.55 (m, 2H), 2.70±2.63 (m, 1H), 2.50±2.43 (m, 2H), 2.32±2.25
(m, 1H), 2.21±2.14 (m, 1H), 2.07±2.00 (m, 3H), 1.96±1.86 (m, 3H), 1.83±
1.78 (m, 1H), 1.68±1.61 (m, 1H), 1.53±1.28 (m and brs, 15H), 1.37 ppm
(s, 6H); 13C NMR (75 MHz): d=177.4, 139.2, 114.1, 108.0, 83.2, 81.4,
81.1, 81.0 (î2), 71.7, 33.8, 32.7, 29.7, 29.6, 29.4, 29.2, 29.0, 28.9, 28.2, 28.0,
27.3, 27.2, 26.1, 25.4, 24.6 ppm; ESIMS: m/z calcd for C26H44O6: 452;
found: 453 [M+H]� , 451 [M�H]� , 487 [M+Cl]� .


(4R,5R,8R,9S,12R,13R)-12,13-Isopropylidinedioxy-9-mesyloxy-5,8-oxido-
tricos-22-en-1,4-olide (15): MsCl (0.25 mL, 3.18 mmol) was added to a
solution of 14 (0.72 g, 1.59 mmol) and Et3N (0.89 mL, 6.36 mmol) in
CH2Cl2 (17 mL) at �30 8C. The mixture was stirred at this temperature
for 0.5 h, was quenched with water, and extracted with CH2Cl2. The or-
ganic layer was washed with water and dried over MgSO4. Solvents were
removed under reduced pressure, and the residue was purified by column
chromatography (silica gel, hexanes/ethyl acetate, 7:3) to yield 15 (0.77 g,
91%) in the form of a colorless oil. [a]D=++12.4 (c=1.39 in CHCl3);
1H NMR (500 MHz): d=5.82±5.77 (m, 1H), 4.98±4.88 (m, 2H), 4.80±4.77
(m, 1H), 4.46±4.42 (m, 1H), 4.07±4.03 (m, 2H), 3.60±3.55 (m, 1H), 3.51
(dt, J=8.8, 2.6 Hz, 1H), 3.02 (s, 3H), 2.61±2.59 (m, 1H), 2.48±2.42 (m,
1H), 2.30±2.23 (m, 1H), 2.14±1.75 (m, 9H), 1.69±1.61 (m, 1H), 1.52±1.44
(m, 4H), 1.33 (s, 6H), 1.33±1.22 ppm (m, 11H); 13C NMR (75 MHz): d=
177.2, 139.1, 114.0, 107.9, 83.6, 81.0, 80.9, 80.8, 80.7, 80.5, 38.5, 33.7, 33.7,
32.6, 31.4, 29.6 (î2), 29.3 (î3), 29.0, 28.8 (î2), 28.4, 28.1, 27.7, 27.2 (î4),
26.0 (î3), 24.5 ppm; ESIMS: m/z calcd for C27H46O8S: 530; found: 531
[M+H]� , 553 [M+Na]� , 529 [M�H]� , 565 [M+Cl]� .


(4R,5R,8R,9S,12R,13R)-12,13-Dihydroxy-9-mesyloxy-5,8-oxidotricos-22-
en-1,4-olide (16): TsOH (0.415 g, 2.18 mmol) was added to a solution of
15 (0.77 g, 1.45 mmol) in MeOH/water (4:1, 8 mL). The mixture was stir-
red at RT for 16 h, diluted with a saturated solution of NaHCO3, and ex-
tracted with EtOAc. The organic layer was washed with brine and dried
over MgSO4. Solvents were removed under reduced pressure, and the
residue was purified by column chromatography (silica gel, hexanes/ethyl
acetate, 1:1) to give the corresponding triol derivative, 16 (0.55 g, 77%)
as a light yellow oil. [a]D=++7.43 (c=1.74 in CHCl3);


1H NMR
(500 MHz): d=5.84±5.76 (m, 1H), 4.99±4.90 (m, 2H), 4.83±4.81 (m, 1H),
4.47±4.44 (m, 1H), 4.09±4.04 (m, 2H), 3.38±3.37 (m, 2H), 3.05 (s, 3H),
2.66±2.61 (m, 1H), 2.43 (m, 4H), 2.29±2.26 (m, 1H), 2.08±2.00 (m, 6H),
1.95±1.90 (m, 3H), 1.70±1.68 (m, 2H), 1.49±1.43 (m, 4H), 1.36±1.25 ppm
(m and brs, 7H); 13C NMR (75 MHz): d=177.3, 139.0, 113.9, 83.9, 81.1,
80.5, 74.3, 38.5, 33.7, 33.5, 29.6, 29.5, 29.4, 29.3, 29.1, 28.9, 28.2, 28.1, 27.8,
26.2, 25.7, 24.6 ppm; ESIMS: m/z calcd for C24H42O8S: 490; found: 491
[M+H]� , 513 [M+Na]� , 525 [M+Cl]� .


(4R,5R,8R,9R,12R,13R)-13-Hydroxy-5,8,9,12-dioxidotricos-22-en-1,4-
olide (4): Compound 16 (0.55 g, 1.12 mmol) was dissolved in pyridine
(15.5 mL), and the mixture was heated at reflux for 3 h, cooled to RT, di-
luted with water, and extracted with EtOAc. The organic layer was first
washed with a cold 3n HCl and then with brine, and dried over MgSO4.
Solvents were removed under reduced pressure, and the residue was pu-
rified by column chromatography (silica gel, hexanes/ethyl acetate, 1:1)
to give 4 (0.40 g, 90%) as a colorless oil. [a]D=++2.04 (c=0.83 in
CHCl3);


1H NMR (500 MHz): d=5.85±5.77 (m, 1H), 5.00±4.91 (m, 2H),
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4.49±4.45 (m, 1H), 4.09 (dt, J=7.1, 2.3, 1H), 3.91±3.84 (m, 2H), 3.81±
3.77 (m, 1H), 3.39±3.36 (m, 1H), 2.70±2.66 (m, 1H), 2.48±2.42 (m, 1H),
2.29±2.24 (m, 2H), 2.05±1.93 (m, 7H), 1.76±1.71 (m, 3H), 1.41±1.35 ppm
(m and brs, 14H); 13C NMR (75 MHz): d=177.3, 138.8, 113.8, 82.6, 82.1,
81.2, 81.1, 80.7, 73.6, 33.5, 33.1, 29.4, 29.2, 29.1, 28.8, 28.6, 28.5, 28.1, 28.0
(x2), 27.5, 25.3, 24.3 ppm; ESIMS: m/z calcd for C23H38O5: 394; found:
395 [M+H]� , 417 [M+Na]� , 393 [M�H]� , 429 [M+Cl]� .


(4R,5R,8R,9R,12R,13R)-5,8,9,12-Dioxidotricos-22-en-1,4,13-triol (17):
LiAlH4 (77 mg, 2.03 mmol) was added in portions to a stirred solution of
4 (0.40 g, 1.01 mmol) in dry diethyl ether at 0 8C, and the mixture was al-
lowed to warm to RT, then refluxed for 2 h, cooled back to RT, diluted
with diethyl ether, and worked up by dropwise addition of water. The in-
organic material was filtered off and washed with EtOAc, and the com-
bined organic solution was collected. Solvents were removed under re-
duced pressure, and the residue was purified by column chromatography
(silica gel, ethyl acetate/MeOH, 1:0±19:1) to give 17 (0.34 g, 85%) in the
form of a colorless oil. [a]D=++7.15 (c=1.57 in CHCl3);


1H NMR
(500 MHz): d=5.84±5.78 (m, 1H), 5.00±4.92 (m, 2H), 3.90±3.83 (m, 4H),
3.69±3.64 (m, 2H), 3.47±3.43 (m, 1H), 3.41±3.37 (m, 1H), 2.60 (br s, 3H),
2.04±1.97 (m, 6H), 1.75±1.26 ppm (m and brs, 22H); 13C NMR
(100 MHz): d=139.1, 114.0, 83.1, 82.9, 81.8, 81.7, 73.8, 73.7, 62.5, 33.7,
33.2, 30.0, 29.6, 29.5, 29.3, 29.1 (î2), 28.9 (î2), 28.8, 28.2 (î2), 25.5;
ESIMS: m/z calcd for C23H42O5: 398.3; found: 421 [M+Na]� , 397
[M�H]� .


(4R,5R,8R,9R,12R,13R)-1-tert-Butyldimethylsilyloxy-4,13-di(methoxy-
methoxy)-5,8,9,12-dioxidotricos-22-ene (18): TBSCl (193 mg, 1.28 mmol)
was added to a stirred solution of 17 (0.34 g, 0.85 mmol), diisopropyle-
thylamine (0.45 mL, 2.56 mmol), and DMAP (42 mg, 0.34 mmol) in dry
CH2Cl2 (15 mL), and the solution was stirred for 6 h at RT. Upon com-
pletion of the reaction (by TLC), the mixture was cooled to 0 8C, and di-
isopropylethylamine (1.78 mL, 10.2 mmol) and MOMCl (0.87 mL,
11.44 mmol) were added sequentially. The mixture was stirred for anoth-
er 12 h, worked up with water and CH2Cl2, the combined organic layer
was washed with water and dried over MgSO4, and the solvents were re-
moved under reduced pressure. The residue was purified by column chro-
matography (silica gel, hexane/ethyl acetate, 4:1) to give 18 (0.511 g,
96%) in the form of a colorless oil. [a]D=++29.5 (c=7.29 in CHCl3);
1H NMR (500 MHz): d=5.79±5.73 (m, 1H), 4.97±4.88 (m, 2H), 4.79 (dd,
J=7.0, 1.5, 2H), 4.64 (dd, J=6.8, 2.4 Hz, 2H), 3.99±3.94 (m, 2H), 3.89 (t,
J=6.1 Hz, 2H), 3.61±3.57 (m, 2H), 3.48±3.42 (m, 2H), 3.36 (s, 6H), 2.02±
1.87 (m, 6H), 1.80±1.72 (m, 2H), 1.67±1.54 (m, 6H), 1.47±1.23 (m and
brs, 14H), 0.86 (s, 9H), 0.01 ppm (s, 6H); 13C NMR (100 MHz): d=


139.1, 114.0, 96.5, 81.7, 81.6, 81.1 (x2), 79.4, 79.2, 63.0, 55.6, 33.7, 31.1,
29.7, 29.5, 29.4, 29.0, 28.8 (î2), 28.2, 28.1, 27.4, 25.9, 25.5, 18.2, �5.4 ppm;
ESIMS: m/z calcd for C33H64O7Si: 600; found: 623 [M+Na]� , 635
[M+Cl]� .


(4R,5R,8R,9R,12R,13R)-1-tert-Butyldimethylsilyloxy-4,13-di(methoxy-
methoxy)-5,8,9,12-dioxidotricosan-23-ol (19): A solution of olefin 18
(0.228 g, 0.38 mmol) in THF (4 mL) was treated with 9-BBN (0.5m in
THF, 1.36 mL, 0.68 mmol) at 0 8C, and the resulting solution was stirred
at RT for 4 h. NaOH (3m, 0.3 mL, 0.94 mmol) and 30% H2O2 (0.07 mL,
0.86 mmol) were added to this solution at 0 8C, and stirring was continued
for 1 h at RT. The reaction mixture was extracted with diethyl ether,
washed with water and brine, dried, and concentrated. The residue was
purified by column chromatography (silica gel, hexane/ethyl acetate, 1:1)
to give 19 (0.20 g, 87%) in the form of a colorless oil. [a]D=++30.0 (c=
1.47 in CHCl3);


1H NMR (500 MHz): d=4.82 (d, J=7.0 Hz, 2H), 4.67(d,
J=7.0 Hz, 2H), 3.99±3.98 (m, 2H), 3.91 (m and brs, 2H), 3.64±3.61 (m,
4H), 3.47 (m and br s, 2H), 3.39 (s, 6H), 1.93±1.92 (m, 4H), 1.80±1.78 (m,
2H), 1.67±1.53 (m, 8H), 1.45±1.43 (m, 5H), 1.27 (m and brs, 11H), 0.88
(s, 9H), 0.04 ppm (s, 6H); 13C NMR (75 MHz): d=96.9, 81.8, 81.7, 81.2,
81.1, 79.4, 79.3, 63.0, 55.7, 32.8, 31.1, 29.8, 29.5, 29.5, 29.4, 28.9, 28.3, 28.2,
27.4, 25.9, 25.7, 25.6, 18.3, �5.3 ppm; ESIMS: m/z calcd for C33H66O8Si:
618.4; found: 641 [M+Na], 653 [M+Cl]� .


(4R,5R,8R,9R,12R,13R)-1-tert-Butyldimethylsilyloxy-4,13-di(methoxy-
methoxy)-23-(p-methoxybenzyloxy)methoxy-5,8,9,12-dioxidotricosane
(20): A solution of crude p-methoxybenzyloxy-methyl chloride (0.137 mg,
0.74 mmol) in 3.5 mL of CH2Cl2 was added dropwise to a cooled (0 8C)
solution of 19 (0.152 g, 0.245 mmol) and diiospropylethylamine (0.21 mL,
1.23 mmol) in CH2Cl2 (14 mL). After the addition was complete, the re-
action mixture was allowed to warm to RT and was stirred for 3 h. The


reaction mixture was washed with saturated aqueous NH4Cl and brine,
and dried over Na2SO4. Solvents were removed, and residue was purified
by column Chromatography (silica gel, hexane/ethyl acetate, 4:1) to
afford 20 (0.186 g, 90%) as a light yellow oil. [a]D=++26.9 (c=1.79 in
CHCl3);


1H NMR (500 MHz): d=7.28 (d, J=8.8 Hz, 2H), 6.88 (d, J=
8.8 Hz, 2H), 4.83 (d, J=7.0 Hz, 2H), 4.73 (s, 2H), 4.67 (dd, J=7.0 Hz,
2.2, 2H), 4.53 (s, 2H), 4.02±3.98 (m, 2H), 3.93±3.90 (m, 2H), 3.80 (s,
3H), 3.63±3.61 (m, 2H), 3.57 (t, J=6.6 Hz, 2H), 3.51±3.48 (m, 2H), 3.39
(s, 3H), 3.39 (s, 3H), 1.94±1.92 (m, 4H), 1.80±1.79 (m, 2H), 1.63±1.58 (m,
8H), 1.47±1.28 (m, 16H), 0.89 (s, 9H), 0.04 ppm (s, 6H); 13C NMR
(100 MHz): d=159.2, 130.0, 129.5, 113.8, 96.6, 94.3, 81.8, 81.7, 81.1, 81.1,
79.5, 79.3, 68.8, 68.0, 63.1, 55.7, 55.2, 33.5, 31.1, 29.8, 29.7, 29.6, 29.4, 28.9,
28.3, 28.2, 27.4, 26.2, 25.9, 25.6, 18.3, �5.3 ppm.


(4R,5R,8R,9R,12R,13R)-4,13-Di(methoxymethoxy)-23-(p-methoxyben-
zyloxy)methoxy-5,8,9,12-dioxidotricosan-1-ol (21): TBAF (1m in THF,
0.22 mL, 0.22 mmol) was added to a solution of 20 (0.17 g, 0.22 mmol) in
dry THF (2 mL) at 0 8C. After the mixture was stirred for 2 h at RT, it
was worked up by using diethyl ether and water. The crude product was
purified (silica gel, hexane/ethyl acetate, 1:1) affording 21 (138 mg, 95%)
as a colorless oil. [a]D=++26.89 (c=1.79 in CHCl3);


1H NMR (500 MHz):
d=7.28±7.26 (m, 2H), 6.89±6.86 (m, 2H), 4.83 (dd, J=6.6, 2.9 Hz, 2H),
4.72 (s, 2H), 4.68 (t, J=6.6 Hz, 2H), 4.53 (s, 2H), 4.05±3.98 (m, 2H),
3.92±3.90 (m, 2H), 3.80 (s, 3H), 3.67±3.64 (m, 2H), 3.57±3.53 (m, 3H),
3.49±3.46 (m, 1H), 3.40 (s, 3H), 3.39 (s, 3H), 1.96±1.91 (m, 5H), 1.79±
1.27 ppm (m, 26H); 13C NMR (100 MHz): d=159.3, 129.8, 129.3, 113.7,
96.7, 96.6, 94.2, 81.7, 81.5, 81.2, 81.2, 79.5, 79.3, 68.8, 68.0, 62.9, 55.8, 55.7,
55.3, 31.2, 29.9, 29.8, 29.7, 29.6, 28.9, 28.4, 28.3, 27.6, 26.4, 25.8 ppm;
ESIMS: m/z calcd for C36H62O10: 654; found: 655 [M+H]� .


(5R,6R,9R,10R,13R,14R)-1,1-Dibromo-5,14-di(methoxymethoxy)-24-(p-
methoxybenzyloxy) methoxy-6,9,10,13-dioxidotricos-1-ene (22): A solu-
tion of DMSO (0.04 mL, 0.53 mmol) in CH2Cl2 (0.3 mL) was added drop-
wise to a stirred solution of oxalyl chloride (0.15 mL, 0.30 mmol) in
CH2Cl2 (1.5 mL) at �78 8C under Ar. After the mixture was stirred for
30 min at �78 8C, a solution of 21 (0.10 g, 0.15 mmol) in CH2Cl2 (0.6 mL)
was added dropwise, and the mixture was stirred at the same temperature
for 1 h. Triethylamine (0.15 mL, 1.07 mmol) was added, and the resulting
mixture was gradually warmed to 0 8C with stirring and poured into ice-
water. The mixture was extracted with diethyl ether. The extracts were
sequentially washed with cold HCl solution, sat. NaHCO3 solution,
water, and brine. The organic layer was dried over MgSO4 and concen-
trated to give aldehyde (0.10 g). This compound was employed to the
next step without further purification.


Triphenyl phosphine (0.168 g, 0.64 mmol) in CH2Cl2 (0.4 mL) was added
to a stirried solution of CBr4 (0.106 g, 0.32 mmol) in CH2Cl2 (1.3 mL) at
0 8C. After 10 min, triethylamine (0.17 mL, 1.26 mmol) was added. After
another 10 min, a solution of the aldehyde (99.69 mg) in CH2Cl2 (0.8 mL)
was added dropwise at 0 8C. The mixture was stirred at 0 8C for 16 h,
poured into sat. NaHCO3 solution, and then extracted with CH2Cl2. The
extracts were washed with water and brine, dried on Na2SO4, and concen-
trated. The residue was purified by chromatography (silica gel, hexane/
ethyl acetate, 10:1) to afford the dibromide 22 (90.0 mg, 73% from 21).
[a]D=++25.07 (c=4.5 in CHCl3);


1H NMR (500 MHz): d=7.21±7.20 (m,
2H), 6.82±6.80 (m, 2H), 6.36 (t, J=7.15 Hz, 1H), 4.75 (dd, J=6.6,
1.1 Hz, 2H), 4.66 (s, 2H), 4.59 (dd, J=7.0, 3.0 Hz, 2H), 4.46 (s, 2H),
3.95±3.91 (m, 2H), 3.86±3.82 (m, 2H), 3.73 (s, 3H), 3.50 (t, J=6.6 Hz,
2H), 3.45±3.39 (m, 2H), 3.33 (s, 3H), 3.32 (s, 3H), 2.20±2.07 (m, 2H),
1.97±1.83 (m, 4H), 1.75±1.68 (m, 2H), 1.61±1.21 ppm (m, 22H);
13C NMR (100 MHz): d=159.2, 138.3, 130.0, 129.5, 113.8, 96.8, 96.6, 94.3,
88.9, 81.7, 81.3, 81.2, 79.4, 78.8, 68.8, 68.0, 55.8, 55.7, 55.2, 31.1, 29.8, 29.7,
29.6, 29.4, 29.3, 29.0, 28.2, 28.0, 26.2, 25.6 ppm; ESIMS: m/z calcd for
C37H60O9Br2: 806; found: 829 [M+Na]� , 805 [M�H]� , 841 [M+Cl]� .


(5R,6R,9R,10R,13R,14R)-5,14-Di(methoxymethoxy)-24-(p-methoxyben-
zyloxy)methoxy-6,9,10,13-dioxidotricosan-1-yne (2): A solution of ethyl-
magnesium bromide in THF (1.0m, 0.22 mL, 0.22 mmol) was added drop-
wise to a stirred solution of 22 (90 mg, 0.11 mmol) in THF (1.0 mL) at
0 8C, and then the mixture was stirred at the same temperature for 0.5 h.
A saturated solution of NH4Cl (1.0 mL) was added and the resulting mix-
ture was extracted with diethyl ether. The extracts were washed with
water and brine, dried, and concentrated. The residue was purified by
column chromatography (silica gel, hexane/ethyl acetate, 4:1) to afford 2
(71 mg, 98%) in the form of a light yellow oil. 1H NMR (500 MHz): d=
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7.28 (d, J=8.5 Hz, 2H), 6.89 (d, J=8.5 Hz, 2H), 4.83 (dd, J=6.6, 2.0 Hz,
2H), 4.73 (s, 2H), 4.69 (dd, J=15.5, 6.6 Hz, 2H), 4.54 (s, 2H), 4.04±3.98
(m, 2H), 3.95±3.90 (m, 2H), 3.81 (s, 3H), 3.64±3.60 (m, 1H), 3.58 (t, J=
6.6 Hz, 2H), 3.49±3.46 (m, 1H), 3.41 (s, 3H), 3.40 (s, 3H), 2.37±2.32 (m,
2H), 1.99±1.92 (m, 5H), 1.81±1.57 (m, 10H), 1.46±1.26 ppm (m, 14H);
13C NMR (100 MHz): d=159.2, 130.0, 129.5, 113.8, 97.0, 96.7, 94.3, 84.2,
83.3, 81.8, 81.5, 81.3, 81.1, 79.5, 78.2, 68.8, 68.5, 68.0, 55.9, 55.7, 55.3, 31.1,
30.2, 29.8, 29.7, 29.6, 29.5, 28.3, 26.2, 25.6, 14.8 ppm; ESIMS: m/z calcd
for C37H60O9: 648; found: 671 [M+Na]� .


(2R)-Oct-7-en-1,2-diol (24): AD-mix-b (141 g) was added to a mixture of
1,7-octadiene (11.1 g, 100 mmol) in tBuOH/water (2:1, 570 mL) at 0 8C
and the mixture was stirred at this temperature for 18 h. The mixture was
worked up by the slow addition of Na2S2O5 (47 g), diluted with water and
extracted with EtOAc. Solvents were removed under reduced pressure
and the residue was purified by column chromatography (silica gel, hex-
anes/EtOAc, 1:1) to give 24 (4.85 g, 34%) in the form of a colorless oil.
1H NMR (300 MHz): d=5.90±5.85 (m, 1H), 5.02±4.91 (m, 2H), 3.67±3.62
(m, 1H), 3.62 (d, J=11.3 Hz, 1H), 3.39 (dd, J=10.6, 8.1 Hz, 1H), 2.76
(br s, 2H), 2.02 (q, J=6.7 Hz, 2H), 1.45±1.25 ppm (m and brs, 6H);
13C NMR (75 MHz): d=138.6, 114.4, 72.2, 66.8, 33.7, 33.1, 28.9, 25.1 ppm;
ESIMS: m/z calcd for C8H16O2: 144.12; found: 145 [M+H]� , 167
[M+Na]� , 143 [M�H]� .


(2R)-1-Tosyloxyoct-7-en-2-ol (25): TsCl (2.76 g, 14.5 mmol) was added to
a solution of 24 (1.5 g, 10.4 mmol), 2,4,6-collidine (11.88 g, 93.6 mmol),
and DMAP (1.26 g, 10.4 mmol) in dry CH2Cl2 (20 mL) at 0 8C. The mix-
ture was stirred between 0 8C and RT for 16 h, and then diluted with
water and extracted with CH2Cl2. The combined organic layer was
washed with dilute HCl and then with water, and dried over anhydrous
MgSO4. Solvents were evaporated under vacuum and the resultant resi-
due was purified by column chromatography (silica gel, benzene/EtOAc,
9:1) affording 25 (2.1 g, 65%) in the form of a colorless oil. [a]D=�4.1
(c=0.35 in CHCl3);


1H NMR (300 MHz): d=7.79 (d, J=8.1 Hz, 2H),
7.35 (d, J=8.1 Hz, 2H), 5.82±5.71 (m, 1H), 5.02±4.92 (m, 2H), 4.05 (dd,
J=9.6, 2.7 Hz, 1H), 3.92±3.84 (m, 2H), 2.47 (s, 3H), 2.04±2.0 (m,3H),
1.47±1.31 ppm (m and brs, 6H); ESIMS: m/z calcd for C15H22O4S: 298;
found: 297 [M�H]� , 333 [M+Cl]� .


(2R)-1-Tosyloxy-2-tert-butyldimethylsilyloxyoct-7-ene (26): TBSOTf
(2.12 g, 8.0 mmol) was added to a solution of 25 (2 g, 6.7 mmol) and 2,6-
lutidine (1.07 g, 10.1 mmol) in dry CH2Cl2 (25 mL) at �78 8C. The mix-
ture was stirred at the same temperature for 1.5 h, then worked up with
water and CH2Cl2. The organic layer was dried over MgSO4 and concen-
trated under reduced pressure. The residue was purified by column chro-
matography (silica gel, hexanes/EtOAc) to give 26 (2.65 g, 96%) in the
form of colorless oil. [a]D=++3.0 (c=0.45 in CHCl3);


1H NMR
(300 MHz): d=7.76 (d, J=8.1 Hz, 2H), 7.31 (d, J=8.1 Hz, 2H), 5.82±
5.66 (m, 1H), 4.99±4.83 (m, 2H), 3.88±3.79 (m, 3H), 2.44 (s, 3H), 2.05±
1.95 (m, 2H), 1.45±1.22 (m and brs, 6H), 0.82 (s, 9H), 0.11 (s, 3H),
0.04 ppm (s, 3H); 13 C NMR (75 MHz): d=144.6, 138.4, 132.8, 129.6,
127.7, 114.4, 73.0, 69.9, 33.9, 33.6, 28.8, 25.7, 24.3, 21.6, 18, �4.5
�4.7 ppm; ESIMS: m/z calcd for C21H36O4SSi: 412; found: 435 [M+Na]� ,
447 [M+Cl]� .


(2R)-2-tert-Butyldimethylsilyloxy-1-iodooct-7-ene (27): A mixture of 26
(2.62 g, 6.26 mmol), NaI (9.54 g, 63.6 mmol) and NaHCO3 (0.53 g,
6.36 mmol) in dry acetone (80 mL) was stirred at reflux temperature for
38 h. Solvent was removed under reduced pressure and the residue was
dissolved in water and extracted with EtOAc. The organic layer was
washed with aqueous Na2S2O3 and brine, dried over MgSO4, and concen-
trated under reduced pressure. The residue was purified by column chro-
matography (silica gel, hexanes/EtOAc) to afford 27 (2.2 g, 95%) in the
form of a colorless oil. [a]D=++7.0 (c=0.85 in CHCl3);


1H NMR
(300 MHz): d=5.78±5.66 (m, 1H), 4.96±4.84 (m, 2H), 3.49±3.44 (m, 1H),
3.11 (d, J=5.4 Hz, 2H), 1.98 (q, J=7.2 Hz, 2H), 1.55±1.16 (m, 6H), 0.83
(s, 9H), 0.09 (s, 3H), 0.02 ppm (s, 3H); 13C NMR (75 MHz): d=138.6,
114.4, 71.4, 36.8, 33.7, 28.9, 25.9, 24.5, 18.2, 14.1, �4.2, �4.5 ppm; ESIMS:
m/z calcd for C14H29IOSi: 368.33; found: 369 [M+H]� , 403 [M+Cl]� .


(2RS,4S,2’R)-2-(2’-tert-Butyldimethylsilyloxyoct-7’-en-1’-yl)-2-(phenylsul-
fanyl)pentan-1,4-olide (29): Lactone 28[34] (1.1 g, 5.29 mmol) in dry THF
(5 mL) was added dropwise to an ice-cold solution of LDA (5.8 mmol,
prepared from 5.8 mmol nBuLi and 6.3 mmol diisopropylamine in 20 mL
dry THF). The mixture was stirred for 30 min, iodide 27 (2.12 g,


5.8 mmol) and HMPA (2.9 g, 2.8 mL, 16 mmol) in THF (5 mL) were
added and the mixture was stirred at RT for 20 h. The mixture was
worked up with saturated aqueous NH4Cl and diethyl ether, the organic
layer was dried over MgSO4 and concentrated under reduced pressure,
and the residue was purified by column chromatography (silica gel, hex-
anes/diethyl ether, 1:0±9:1) to give 29 (1.2 g, 50%) in the form of a color-
less oil (mixture of two diastereomers). 1H NMR of the major product
(300 MHz): d=7.54, �7.49 (m, 2H), 7.34±7.27 (m, 3H), 5.78±5.66 (m,
1H), 4.98±4.88 (m, 2H), 4.50±4.40 (m, 1H), 4.25±4.21 (m, 1H), 3.02 (dd,
J=14.1, 7.5 Hz, 1H), 2.05±1.76 (m, 5H), 1.45±1.19 (m and brs, 9H), 0.89
(d, J=6.4 Hz, 3H), 0.88 (s, 9H), 0.13 (s, 3H), 0.10 ppm (s, 3H); ESIMS:
m/z calcd for C25H40O3SSi: 448.73; found: 471 [M+Na]� , 483 [M+Cl]� .


(4S,2’R)-2-(2’-tert-Butyldimethylsilyloxy-oct-7’-en-1’-yl)pent-2-en-1,4-
olide (30): m-CPBA (0.77 g, 75%, 3.35 mmol) was added in portions to a
solution of 29 (1.0 g, 2.23 mmol) in dry CH2Cl2 (15 mL) at 0 8C. The mix-
ture was stirred at this temperature for 20 min, then worked up with a sa-
turated solution of NaHCO3 and CH2Cl2; the combined organic layers
were dried over MgSO4 and the solvents were removed under reduced
pressure. The residue was dissolved in toluene (30 mL) and heated at the
reflux temperature for 2 h; solvents were removed under reduced pres-
sure and the residue was purified by column chromatography (silica gel,
hexanes/diethyl ether, 9:1±7:3) to give 30 (0.56 g, 75%) in the form of a
colorless oil. [a]D=++16.0 (c=0.9 in CHCl3);


1H NMR (300 MHz): d=
7.10 (s, 1H), 5.82±5.68 (m, 1H), 4.99±4.87 (m, 2H), 3.94 �388 (m, 1H),
2.41 (d, J=5.6 Hz, 2H), 2.02 (q, J=7.5 Hz, 2H), 1.42±1.22 (m and brs,
9H), 0.85 (s, 9H), 0.23 (s, 3H), 0.08 ppm (s, 3H); 13C NMR (75 MHz):
d=173.5, 151.2, 138.4, 130.4, 114.1, 69.9, 36.6, 33.5, 32.6, 28.8, 25.7, 24.5,
18.9, 17.9, �4.5 ppm; ESIMS: m/z calcd for C19H34O3Si: 338; found: 361
[M+Na]� , 337 [M�H]� .


(4S,2’R)-2-(2’-tert-Butyldimethylsilyloxyhept-7’-al-1’-yl)pent-2-en-1,4-
olide (31): OsO4 (0.25 g, 1 mmol) was added to a solution of 30 (0.26 g,
0.77 mmol) in THF/water (4:1, 16 mL) under argon. The mixture was stir-
red for 5 min, and sodium periodate (0.83 g, 3.9 mmol) was added over a
10 min in three portions. The mixture was stirred for 3 h and then diluted
with diethyl ether (30 mL) and water (25 mL). The aqueous phase was
extracted with additional diethyl ether and the combined organic layers
were washed with brine, dried over MgSO4, and concentrated under re-
duced pressure. The residue was purified by column chromatography
(silica gel, hexanes/diethyl ether, 7:3±3:7) to provide 31 (0.185 g, 71%) in
the form of a colorless oil. 1H NMR (300 MHz): d=9.71 (t, J=1.8 Hz,
1H), 7.07 (s, 1H), 4.99 (q, J=6.8 Hz, 1H), 3.95±3.88 (m, 1H), 2.42 �2.36
(m, 4H), 1.61 �1.17 (m, br s, 9H), 0.84 (s, 9H), 0.12 (s, 3H), 0.04 ppm (s,
3H); ESIMS: m/z calcd for C18H32O4Si: 340.56; found: 339 [M�H]� .


(4S,2’R)-2-(2’-tert-Butyldimethylsilyloxy-8’-iodooct-7’-en-1-yl)pent-2-en-
1,4-olide (3): A mixture of aldehyde 31 (110 mg, 0.32 mmol) and iodo-
form (260 mg, 0.66 mmol) in dry THF (5 mL) was added dropwise to a
solution of CrCl2 (240 mg, 1.94 mmol) in dry THF (3 mL) at 0 8C and stir-
red for 4 h at the same temperature. The reaction was quenched by addi-
tion of water and extracted with diethyl ether. The combined diethyl
ether layer was washed with brine, dried over MgSO4, and evaporated to
a residue which was chromatographed over (silica gel, hexanes/EtOAc,
9:1) to yield iodide 3 (90 mg, 60%) as a mixture of trans and cis isomers
(5:4) in the form of an oil. 1H NMR (300 MHz): d=7.10 (d, J=1.5, 1H),
6.53±6.44(m, 1H), 5.82±5.68 (m, 1H), 4.99±4.87 (m, 2H), 3.94±388 (m,
1H), 2.41 (d, J=5.6 Hz, 2H), 2.02 (q, J=7.5 Hz, 2H), 1.42±1.22 (m and
brs, 9H), 0.85 (s, 9H), 0.28 (s, 3H), 0.11 ppm (s, 3H); ESIMS: m/z calcd
for C19H33IO3Si: 464.95; found: 487 [M+Na]� , 463 [M�H]� , 499
[M+Cl]� .


{9(E,Z)}-4-tert-Butyldimethylsilyloxy-15,24-di(methoxymethoxy)-34-(p-
methoxybenzyloxy)methyoxyasimicin-9-en-11-yne (32): To a stirred solu-
tion of 2 (54.3 mg, 83 mmol) and vinyl iodide 3 (65.3 mg, 141 mmol) in
Et3N (1.6 mL) were added (Ph3P)2PdCl2 (5.9 mg, 8.4 mmol) and CuI
(5.1 mg, 26.8 mmol) at room temperature, and the reaction mixture was
stirred at room temperature for 2 h and poured into ice-water. The re-
sulting mixture was extracted with ethyl acetate. The extracts were
washed sequentially with cold HCl (10%) solution, water, saturated
NaHCO3 solution, water, and brine. Organic layer was dried and concen-
trated, and the residue was purified by column chromatography (silica
gel, hexane/ethyl acetate, 2:1) to give compound 32 (89.5 mg, 83%) as a
stereoisomeric mixture. 1H NMR (500 MHz): d=7.28 (d, J=8.8 Hz, 2H),
7.12 (br s, 1H), 6.88 (d, J=8.8 Hz, 2H), 6.05±5.99 (m, 1H), 5.43 (d, J=
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15.8 Hz, 1H), 5.01 (dd, J=13.0, 6.0 Hz, 1H), 4.83 (d, J=6.6 Hz, 2H),
4.73 (s, 2H), 4.69 (dd, J=16.3, 6.8 Hz, 2H), 4.53 (s, 2H), 4.03±3.89 (m,
5H), 3.81 (s, 3H), 3.62±3.60 (m, 1H), 3.57 (t, J=6.6, 2H), 3.48±3.46 (m,
1H), 3.40 (s, 3H), 3.40 (s, 3H), 2.46±2.40 (m, 4H), 2.07±2.05 (m, 2H),
1.97±1.92 (m, 4H), 1.77±1.72 (m, 4H), 1.69±1.57 (m, 6H), 1.42±1.25 (m,
23H), 0.88 (s, 9H), 0.05 (s, 3H), 0.02 ppm (s, 3H); 13C NMR (100 MHz):
d=173.9, 159.1, 151.5, 143.1, 142.3, 130.6, 129.9, 129.4, 113.7, 109.9, 96.8,
96.6, 94.2, 88.0, 81.7, 81.5, 81.2, 81.1, 79.4, 78.4, 77.4, 69.9, 68.8, 67.9, 55.8,
55.6, 55.2, 36.6, 32.8, 32.6, 31.1, 30.4, 29.9, 29.7, 29.6, 29.5, 29.4, 28.8, 28.2,
26.2, 25.8, 25.5, 24.5, 18.9, 17.9, 15.7, �4.5 ppm; ESIMS: m/z calcd for
C56H92O12Si: 984.6; found: 1007.6 [M+Na]� , 983.4 [M�H]� , 1019.4
[M+Cl]� .


4-tert-Butyldimethylsilyloxy-15,24-di(methoxymethoxy)-34-(p-methoxy-
benzyloxymethoxy)asimicin (33): A mixture of 32 (89.5 mg, 91 mmol) and
tris(triphenylphosphine)rhodium chloride (65 mg, 70 mmol) in benzene/
methanol (1:1, 14 mL) was stirred at room temperature for 16 h under
hydrogen atmosphere and concentrated, The residue was purified by
column chromatography (silica gel, hexane/ethyl acetate, 1:1) to give 33
(81.2 mg, 90%) as a colorless oil. [a]D=++29.47 (c=0.57 in CHCl3);
1H NMR (500 MHz): d=7.28 (d, J=8.45 Hz, 2H), 7.13 (br s, 1H), 6.89
(d, J=8.45 Hz, 2H), 5.01±5.00 (m, 1H), 4.83 (d, J=6.95 Hz, 2H), 4.73 (s,
2H), 4.68 (d, J=6.6 Hz, 2H), 4.54 (s, 2H), 4.03±3.98 (m, 2H), 3.97±3.91
(m, 3H), 3.81 (s, 3H), 3.58 (t, J=6.6 Hz, 2H), 3.48 (m, 2H), 3.40 (s, 6H),
2.43 (d, J=5.5 Hz, 2H), 1.93±1.92 (m, 4H), 1.78 (m, 2H), 1.68±1.57 (m,
6H), 1.47±1.26 (m, 37H), 0.88 (s, 9H), 0.05 (s, 3H), 0.03 ppm (s, 3H);
13C NMR (100 MHz): d=174.0, 159.1, 151.4, 130.7, 129.9, 129.4, 113.7,
96.6, 94.2, 81.6, 81.1, 79.4, 77.4, 70.1, 68.8, 68.0, 55.6, 55.2, 36.9, 32.6, 31.1,
29.7, 29.6, 29.5, 29.4, 28.2, 26.2, 25.8, 25.5, 25.0, 18.9, 18.0, �4.5 ppm;
ESIMS: m/z calcd for C56H98O12Si: 990.68; found: 1014 [M+Na]� , 990
[M�H]� , 1026 [M+Cl]� .


4-tert-Butyldimethylsilyloxy-15,24-di(methoxymethoxy)-34-hydroxyasimi-
cin (34): DDQ (24 mg, 106 mmol) was added to a solution of ether 33
(69.8 mg, 70.5 mmol) in H2O/CH2Cl2 (1:10, 1.3 mL). Saturated NaHCO3


was added after 1 h, and the aqueous phase was extracted with CH2Cl2.
The combined organic phases were dried and concentrated. The residue
was purified by column chromatography (silica gel, hexane/ethyl acetate,
1:1±0:1) to give 34 (54.7 mg, 92%) as a colorless oil. [a]D=++29.7 (c=2.7
in CHCl3);


1H NMR (500 MHz): d=7.13 (d, J=1.1 Hz, 1H), 5.03±5.00
(m, 1H), 4.83 (dd, J=6.8, 2.0 Hz, 2H), 4.68 (d, J=6.6 Hz, 2H), 4.02±3.91
(m, 5H), 3.64 (t, J=6.6 Hz, 2H), 3.49±3.46 (m, 2H), 3.40 (s, 6H), 2.43 (d,
J=5.5 Hz, 2H), 1.95±1.91 (m, 4H), 1.81±1.74 (m, 2H), 1.66±1.55 (m,
10H), 1.47±1.26 (m, 33H), 0.88 (s, 9H), 0.06 (s, 3H), 0.03 ppm (s, 3H);
13C NMR (100 MHz): d=174.0, 151.5, 130.8, 96.6, 81.7, 81.6, 81.2, 79.4,
77.4, 70.1, 63.0, 55.7, 36.9, 32.7 (î2), 31.1, 29.8, 29.7 (î2), 29.6, 29.5 (î2),
29.4, 28.2, 25.8, 25.7, 25.6, 25.5, 25.1, 18.9, 18.0, �4.5 ppm; ESIMS: m/z
calcd for C47H88O10Si: 840.6; found: 842 [M+H]� , 864 [M+Na]� , 840
[M�H]� , 876 [M+Cl]� .


34-Hydroxyasimicin (1b): BF3¥Et2O (0.08 mL, 0.654 mmol) was added
dropwise to a solution of 34 (9.2 mg, 10.9 mmol) in dimethyl sulfide
(0.5 mL) at 0 8C, the mixture as stirred for 1 h, quenched with saturated
NaHCO3, and then diluted with EtOAc. The mixture was then washed
with water and brine, dried over MgSO4, and concentrated. The residue
was purified by column chromatography (silica gel, ethyl acetate/metha-
nol, 20:1±10:1) to give 1b (4.7 mg, 68%) as a colorless oil. [a]D=++15.2
(c=0.33 in CH3OH); 1H NMR (500 MHz, [D4]methanol): d=7.35 (dd,
J=2.8, 1.3 Hz, 1H), 5.11±5.07 (m, 1H), 3.87±3.83 (m, 4H), 3.79±3.77 (m,
1H), 3.54 (t, J=6.6 Hz, 2H), 3.41±3.3.37 (m, 2H), 2.43±2.39 (m, 1H),
2.35±2.31(m, 1H), 1.99±1.95 (m, 4H), 1.74±1.63 (m, 4H), 1.54±1.42(m,
10H), 1.41±1.39 (m, 3H), 1.36±1.29 ppm (m, 28H); 13C NMR (125 MHz,
[D4]methanol): d=176.6, 154.5, 131.7, 84.4, 83.6, 79.9, 75.0, 70.6, 63.2,
38.5, 34.5, 34.1, 33.8, 31.0, 30.9, 30.8, 29.9, 29.4, 27.1 (î2), 26.9, 19.3 ppm;
HRMS: m/z : calcd for C37H66O8Na: 661.4655; found: 661.4629 [M+Na]� .


Asimicin-34-yl 3-(4-benzoylphenyl)propionate (1c): A mixture of 34
(10 mg, 11.89 mmol), 3-(4-benzoylphenyl)propionate (6.0 mg, 23.78 mmol),
and DMAP (0.43 mg, 3.57 mmol) in CH2Cl2 (0.3 mL) was treated at 0 8C
with EDCI (2.7 mg, 14.27 mmol). The reaction mixture was stirred at
room temperature for 16 h, quenched with water, and extracted with
Et2O. The organic layer was washed with 1n HCl, water, and brine, dried
(Na2SO4), and concentrated under reduced pressure. The crude residue
was purified by column chromatography (silica gel, hexanes/ethyl acetate,
2:1) to give 35 (14.4 mg, 98%) as a light yellow oil. [a]D=++21.4 (c=0.96


in CHCl3);
1H NMR (500 MHz): d=7.80±7.75 (m, 4H),7.61±7.57 (m,


1H), 7.50±7.47 (m, 2H), 7.34±7.32 (m, 2H), 7.13 (d, J=1.1 Hz, 1H),
5.02±5.00 (m, 1H), 4.83 (dd, J=7.0, 1.5 Hz, 2H), 4.68 (d, J=6.6 Hz, 2H),
4.08 (t, J=6.8 Hz, 2H), 4.02±3.90 (m, 5H), 3.49±3.48 (m, 2H), 3.40 (s,
6H), 3.05 (t, J=7.7 Hz, 2H), 2.68 (t, J=6.6 Hz, 2H), 2.43±2.42 (m, 2H),
1.95±1.92 (m, 3H), 1.78±1.75 (m, 2H), 1.65±1.60 (m, 12H), 1.46±1.41 (m,
10H), 1.26 (m, 22H), 0.88 (s, 9H), 0.06 (s, 3H), 0.03 ppm (s, 3H);
13C NMR(100 MHz): d=200.8, 178.5, 177.1, 155.9, 150.1, 142.2, 140.1,
136.7, 135.3, 134.9, 134.4, 132.7 (î2), 101.1, 86.2, 85.7, 84.0, 81.8, 74.6,
69.3, 60.2, 41.4, 39.8, 37.2, 36.4, 35.6, 35.4, 34.3, 34.2, 34.0 (x3), 33.7, 33.5,
33.1, 32.7, 30.4, 30.3, 30.1, 29.6, 23.4, 22.5, �4.5 ppm; ESIMS: m/z calcd
for C63H100O12Si: 1076.7; found: 1100 [M+Na]� , 1076 [M�H]� , 1112
[M+Cl].


BF3¥Et2O (58 mL) was added to a solution of 35 (8.4 mg, 7.7 mmol) in
methylsulfide (0.45 mL) at 0 8C, and the mixture was stirred at this tem-
perature for 1 h. After addition of saturated NaHCO3 solution, the result-
ing mixture was extracted with EtOAc. The organic phase was washed
with water and brine and dried in Na2SO4. This crude residue was puri-
fied by column chromatography (silica gel, ethyl acetate/MeOH, 10:1) to
give 1c (5.0 mg, 74%) as a colorless oil. [a]D=++8.9 (c=0.27 in CHCl3);
1H NMR (500 MHz): d=7.80±7.75 (m, 4H), 7.60±7.58 (m, 1H), 7.50±7.47
(m, 2H), 7.33±7.32 (m, 2H), 7.19 (d, J=1.1 Hz, 1H), 5.08±5.04 (m, 1H),
4.07 (t, J=6.7 Hz, 2H), 3.89±3.82 (m, 5H), 3.39 (br s, 2H), 3.05 (t, J=
7.7 Hz, 2H), 2.70 (t, J=7.7 Hz, 2H), 2.55±2.51(m, 1H), 2.45 (br s, 2H),
2.43±2.38 (m, 1H), 2.30 (br s, 1H), 2.00±1.98 (m, 4H), 1.71±1.59 (m,
12H), 1.44±1.27 ppm (m, 33H); 13C NMR (125 MHz): d=196.4, 174.6,
172.6, 151.8, 145.6, 137.7, 135.7, 132.3, 131.2, 130.5, 130.0, 128.3, 83.2,
81.8, 78.0, 74.1, 70.0, 64.8, 37.4, 35.4, 33.4, 33.3, 30.9, 29.7 (î2), 29.6, 29.5,
29.2, 30.0, 28.6, 28.4, 25.9, 25.6 (î3), 19.1 ppm; HRMS calcd for
C53H78O10Na: 897.5487; found: 897.5457 [M+Na]� .
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Antibody-Catalyzed Benzoin Oxidation as a Mechanistic Probe for
Nucleophilic Catalysis by an Active Site Lysine


Genia Sklute,[a] Rachel Oizerowich,[a] Hagit Shulman,*[a] and Ehud Keinan*[a, b]


Introduction


An active site nucleophilic lysine residue with a highly per-
turbed pKa is an essential element of the catalytic machinery
available to both the natural, type I aldolase enzymes[1] and
the aldolase antibodies that were elicited by reactive immu-
nization with 1,3-diketones.[2] These chemically programmed
antibodies, which include 33F12, 38C2,[2,3] 24H6,[4] 93F3, and
84G3,[5] were shown to catalyze aldol reactions with broad
substrate scope, remarkable enantioselectivity, and high re-
action rates. The crystal structure of 33F12 indeed revealed
a lysine residue that is buried in a hydrophobic pocket.[6]


This lysine residue can catalyze the aldol reaction by con-


verting the carbonyl donor (ketone or aldehyde) into a pro-
tonated Schiff base (I ; Scheme 1), which can then tautomer-
ize to an enamine intermediate (II). The latter electron-rich


species may participate in variety of carbonyl transforma-
tions, such as aldol and retroaldol reactions, alkylation, deut-
eration, decarboxylation, and so forth. The aldol reaction,
for example, involves nucleophilic addition of II to a car-
bonyl acceptor to produce a new Schiff base intermediate
(III) and, following hydrolysis, an aldol product (IV).


Beyond the synthetic significance of catalyzing asymmet-
ric carbonyl transformations by new biocatalysts, it is impor-
tant to understand the details of their catalytic machinery,
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Abstract: Aldolase antibody 24H6,
which was obtained by reactive immu-
nization against a 1,3-diketone hapten,
is shown to catalyze additional reac-
tions, including H/D exchange and oxi-
dation reactions. Comparison of the
H/D exchange reaction at the a-posi-
tion of a wide range of aldehydes and
ketones by 24H6 and by other aldolase
antibodies, such as 38C2, pointed at the
significantly larger size of the 24H6
active site. This property allowed for
the catalysis of the oxidation of substi-
tuted benzoins to benzils by potassium


ferricyanide. This reaction was used as
a mechanistic probe to learn about the
initial steps of the 24H6-catalyzed aldol
condensation reaction. The Hammett
correlation (1=4.7) of log(kcat) versus
the substituent constant, s, revealed
that the reaction involves rapid forma-
tion of a Schiff base intermediate from
the ketone and an active site lysine res-


idue. The rate-limiting step in this oxi-
dation reaction is the conversion of the
Schiff base to an enamine intermediate.
In addition, linear correlation (1=
3.13) was found between log(KM) and
s, indicating that electronic rather than
steric factors are dominant in the anti-
body±substrate binding phenomenon
and confirming that the reversible for-
mation of a Schiff base intermediate
comprises part of the substrate-binding
mechanism.


Keywords: aldol reaction ¥ catalytic
antibodies ¥ reaction mechanisms ¥
Schiff bases


Scheme 1. Pathway for the antibody-catalyzed aldol reaction. B=base.
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particularly in comparison with the naturally occurring
counterparts. Mechanistic information and identification of
enzyme±substrate intermediates could be achieved by using
various reactions as mechanistic probes. For example, linear
free-energy relationship studies,[7] using substituted aromatic
substrates, could teach us about charge development in the
transition state and point at rate-limiting steps. We have re-
cently carried out such Hammett correlation studies of the
38C2- and 24H6-catalyzed aldol and retroaldol reactions,[4,8]


taking advantage of the broad substrate scope of these bio-
catalysts. We found that although the two antibodies exhibit
broad substrate specificities, they utilize slightly different
mechanisms. While antibody 38C2 adopts a mechanism that
is reminiscent of an acid-catalyzed aldol reaction, antibody
24H6 uses a mechanism that is similar to the base-catalyzed
reaction.


In those studies,[4,8] we used acetone with a series of sub-
stituted cinnamaldehydes to investigate the substituent
effect on the acceptor partner of the aldol/retroaldol reac-
tion. To study the aldol reaction, we employed acetone in
large excess, rendering the kinetics pseudo-first order. The
use of one of the reactants in large excess was essential not
only for the simplification of the kinetics, but, more impor-
tantly, for pushing the highly reversible aldol reaction to-
wards the products. A complementary study with a series of
substituted donor substrates is highly desirable. Unfortu-
nately, the reversibility of the aldol/retroaldol reactions
would require the employment of the acceptor aldehyde in
large excess, which would result in total inhibition of the
catalyst by quantitatively converting its active-site lysine res-
idue into a Schiff base. In addition, the aldolase antibodies,
38C2, 33F12, 93F3, and 84G3 elicited against small haptens,
such as 1, although quite indiscriminate with respect to the
acceptor molecules, do not accept large donors, such as sub-
stituted acetophenones, which are required for Hammett
studies.


We anticipated that the donor size problem could be
solved with antibody 24H6, which was induced by the large
dicarbonyl haptens, 2a and 2b. To address the problem of


inhibition by excess acceptor, we searched for another reac-
tion that shares the first mechanistic steps with the aldol re-
action, but that continues irreversibly to products.


The notion of using another reaction as a mechanistic
probe for the first steps of the biocatalyzed aldol reaction
has been demonstrated by Christen,[9] who investigated the
rabbit muscle aldolase-catalyzed oxidation of a-hydroxycar-
bonyls to a-dicarbonyls. The aldolase-catalyzed oxidation of
various substrates, including dihydroxyacetone phosphate,
fructose-1-phosphate, and fructose-1,6-diphosphate, with tet-
ranitromethane as well as with other oxidants testified to
the formation of Schiff base and enamine intermediates.
These oxidation reactions were also used more generally as
mechanistic probes to identify other oxidizable substra-
te±enzyme intermediates with several other enzymes, includ-
ing type I and type II aldolases, aspartate aminotransferase,
pyruvate decarboxylase, and 6-phosphogluconate dehydro-
genase.[10] In all cases, the enzyme-catalyzed oxidations were
found to be highly specific with respect to the substrate, but
rather nonspecific with respect to the oxidant.


Here we focus on our recently reported aldolase antibody
24H6, showing that it indeed accepts large substrate mole-
cules and catalyzes oxidation reactions that are not cata-
lyzed by other aldolase antibodies. More importantly, we
report on a Hammett correlation study that sheds light on
the initial steps of the catalytic aldol mechanism with this
antibody. The specific reaction used as the mechanistic
probe was the oxidation of a-ketoalcohols to 1,2-diketones
by potassium ferricyanide.


Results and Discussion


Antibody 24H6, which was raised against a mixture of 2a
and 2b, catalyzes aldol and retroaldol reactions with a broad
variety of substrates. In order to learn more about the sub-
strate preferences of this antibody, we studied the relative
rates of the H/D exchange reaction at the a-position of a
wide range of aldehydes and ketones (Figure 1). As seen in
the figure, aldehydes are very reactive substrates with this
antibody, and cyclic ketones are generally better substrates
than the acyclic ones. This tendency and the general prefer-
ence of 24H6 for aromatic substrates in the aldol/retroaldol
reactions[4] agree with a highly hydrophobic active site that
is lined up with many aromatic residues.


Abstract in Hebrew:
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Use of the deuteration reaction to compare the substrate
profile of 24H6 (Figure 1)[11] with that of 38C2 (Figure 2)[12]


indicates that 38C2 is more selective for small substrates,


particularly for monocyclic ketones. For example, with 38C2
decalone is 3000 times less reactive than cyclohexanone. By
contrast, with 24H6 decalone is only five times less reactive
than cyclohexanone, indicating that this antibody is more in-
discriminate towards large substrates than 38C2.


In accordance with these results, which point at a larger
active site in 24H6, we also found that 24H6 can catalyze
aldol condensation reactions with relatively large aliphatic
aldehydes as donors. For example, butanal, valeraldehyde,
hexanal, and heptanal were found to be good aldol donors,
as exemplified by the cross aldol reaction between hexanal
and p-nitrocinnamaldehyde (Scheme 2), which proceeded


with kcat=0.002 min�1 and KM=40 mm. By contrast, 38C2 is
more limited with respect to the donor size. For example,
38C2 can use propanal and butanal as donors, but not hepta-
nal and higher aldehydes.[11] It appears that despite the
broad substrate range, which characterizes antibodies pro-
duced through reactive immunization, the general shape and
size of the hapten and the positioning of the 1,3-diketone
functionality in it play significant roles in determining the
dimensions and topography of the resultant antibody active
site. Although both 38C2 and 24H6 were elicited against di-
ketone haptens, they show different reactivity and substrate
range. The significantly larger size of the 24H6 active site
suggests that this antibody could catalyze the above-men-
tioned oxidation of substituted benzoins to benzils.


For the Hammett correlation studies we synthesized a
series of substituted benzoin substrates and benzil products
as described in Scheme 3. The substituted desoxybenzoins,


3a and 3c were prepared from the appropriate benzalde-
hydes by reaction with phenyldiazomethane (formed in situ
from the sodium salt of phenyltosylhydrazone in THF[13]).
Compound 3d was prepared from phenylacetic acid and 4-
anisaldehyde.[14] Hydroxylation of 3d with N-phenylsulfon-
yloxaziridine (Davis reagent)[15] afforded 4a, 4c, and 4d.
The substituted benzils 5a and 5c were obtained by direct
oxidation with SeO2.


[16] 4-Methoxybenzil (5d) was obtained
by oxidation of 3d with copper sulfate in refluxing pyri-
dine.[17] Benzoin (4b) and benzil (5b) were commercially
available.


Antibody 24H6 was found to catalyze the oxidation of all
substituted benzoins (4a±d) to the corresponding benzil de-
rivatives (5a±d) in the presence of K3[Fe(CN)6]. Catalysis
followed Michaelis±Menten saturation kinetics. Antibody
38C2 failed to catalyze this reaction, thus serving for control
experiments that confirmed specific catalysis at the binding


Figure 2. Ketone and aldehyde substrates used for 38C2-catalyzed deute-
rium exchange reactions at the a-carbon. The numbers, taken from refer-
ence [12], are rate constants [min�1]. When two numbers are given for
one substrate, they refer to the a- and a’-positions. A) Acyclic ketones
and aldehydes. B) Cyclic ketones.


Scheme 2. Cross aldol reaction between hexanal and p-nitrocinnamalde-
hyde.


Scheme 3. Syntheses of substrates and products.


Figure 1. Ketone and aldehyde substrates used for 24H6-catalyzed deute-
rium exchange reactions at the a-carbon. The numbers represent relative
rates. A) Acyclic ketones and aldehydes. B) Cyclic ketones.


Chem. Eur. J. 2004, 10, 2159 ± 2165 www.chemeurj.org ¹ 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 2161


Antibody-Catalyzed Benzoin Oxidation 2159 ± 2165



www.chemeurj.org





site of 24H6. Apparently, such substituted aromatic ketone
substrates are too large to fit within the active site of 38C2.
Another control experiment that supported catalysis by the
active-site lysine residue was carried out with 24H6 in the
presence of 10 % acetone as a co-solvent instead of DMSO.
Expectedly, since acetone can form a Schiff base with the
antibody lysine residue, the reaction was inhibited by ap-
proximately 30 % under these conditions. The antibody-cata-
lyzed oxidation reactions were carried out at 25 8C with a
constant concentration of 24H6 (10.7mm) and K3[Fe(CN)6]
(2 mm) and variable concentrations of substrate in phosphate
buffered saline (PBS, 50 mm phosphate, 100 mm NaCl,
pH 9.0) containing 10 % DMSO. The progress of the reac-
tion was monitored by HPLC equipped with a UV detector.
The kinetic parameters, kcat and KM (Table 1), were extract-


ed from a Lineweaver±Burk analysis of the kinetic data.
Originally, we attempted to increase the range of substrates
for the Hammett correlation study and include three more
substrates with higher and lower s values. To that end we
synthesized 4e (R=NMe2), 4 f (R=CF3), and 4 g (R=NO2)
using the above-described procedures. However, the 24H6-
catalyzed oxidation reaction with 4e produced the corre-
sponding benzil along with other products. Substrates 4 f
and 4g, which bear electron-withdrawing substituents, were
found to be too unstable under the antibody-catalyzed reac-
tion conditions. Fortunately, the quality of the correlation
line and the relatively steep slope made a four-point line
sufficient for this study.


Plotting the values of log(kcat) against the values of the
Hammett substituent constant, s (Figure 3),[18] afforded a
linear correlation with a positive slope (1=4.7). This Ham-
mett correlation coefficient suggests that a positive charge is
diminished in the transition state of the rate-limiting step. A
similarly large coefficient (1=5.3), which has been reported
for the alkaline hydrolysis of 2-methoxy tropones, was also
interpreted in terms of formation of a significant negative
charge in the transition state.[19]


A plausible mechanistic pathway of the 24H6-catalyzed
oxidation reaction (Scheme 4) starts with a nucleophilic
attack of a low-pKa amine residue on the substrate carbonyl
to form a Schiff base (or a protonated Schiff base) inter-
mediate (I). Tautomerization of the latter to an enamine in-
termediate (II) occurs by means of a base-mediated depro-
tonation at the a-carbon atom. The highly electron-rich
double bond in II is prone to oxidation, which probably
occurs through two consecutive one-electron oxidation steps
by FeIII to produce intermediates V and VI. Finally, hydroly-
sis of VI would release the product, 5.


This mechanistic scheme suggests that the first two steps,
formation of intermediates I and II, involve accumulation of
a negative charge in the benzylic position in the transition
state, which would be reflected by a positive 1 value. Both
oxidation steps involve partial formation of a positive
charge in the benzylic position, which would be reflected by
a negative 1 value. Thus, based on the large, positive value
of 1 in our case, we conclude that both oxidation steps
which form intermediates V and VI are fast. Thus, the rate-
limiting step would be either formation of I or II. Mechanis-
tic studies of Schiff base formation suggest that the rate-de-
termining step depends on the pH.[20] In acidic solution the
reversible attack of free amine on the carbonyl carbon to
form a tetrahedral intermediate is rate-limiting; this is char-


Table 1. Kinetic parameters of the antibody 24H6-catalyzed oxidation re-
actions with substrates 4a±d. The s values were taken from refer-
ence [14].


R s kcat [min�1] KM [mm] kcat/KM


4a Cl 0.24 9.10 î 10�2 50.05 1.82 î 10�3


4b H 0.00 1.96 î 10�3 7.98 2.50 î 10�4


4c Me �0.16 4.45 î 10�4 3.76 1.18 î 10�4


4d OMe �0.28 1.20 î 10�4 0.52 2.30 î 10�4


Figure 3. Hammet correlation for the 24H6-catalyzed oxidation reaction.


Scheme 4. Mechanistic pathway of the antibody-catalyzed oxidation reac-
tion.
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acterized by Hammett constants ranging between 1.5 and
2.[20] Conversely, in basic solution, the attack of free amine is
fast, while the loss of water (or hydroxide ion) becomes the
slow step. The much larger value of 4.7 found in our case
suggests that formation of I is not rate-limiting, pointing at
the deprotonation of I to produce II as the rate-limiting
step.


These findings agree with our previously reported 38C2-
catalyzed isotope-exchange experiments[12] that supported
formation of the Schiff base intermediate in a rapid pre-
equilibrium. The antibody-catalyzed 16O/18O exchange of the
carbonyl oxygen of cycloheptanone in H2


18O, was found to
be very fast (kcat=418 min�1, KM=21 mm). Comparison of
these results with the kinetic parameters for the 38C2-cata-
lyzed H/D exchange with the same substrate (kcat=13 min�1,
KM=16 mm) indicated that the formation of the enamine in-
termediate is approximately 32 times slower than the forma-
tion of the Schiff base. These studies have also indicated
that in the 38C2-catalyzed aldol condensation reaction, the
C�C bond-forming step is approximately 104 times slower
than the formation of the enamine.[12] Accordingly, we be-
lieve that this bond-forming step is rate-limiting in the
24H6-catalyzed aldol reaction as well.


It is interesting to compare the Hammett correlation coef-
ficient of the 24H6-catalyzed oxidation of 4 (1=4.7) with
that of the uncatalyzed reaction (1=1.7, Figure 4), which


was performed under the same conditions in the absence of
the antibody. The proposed mechanistic pathway of the
latter reaction, which is probably general base-catalyzed, is
outlined in Scheme 5. Again, as is the case in the antibody-
catalyzed reaction, the positive 1 value of the uncatalyzed
reaction indicates that the rate-limiting step is the formation
of the enol intermediate (VII). As in the catalyzed reaction,
the two irreversible one-electron oxidation steps that form
intermediate VIII and the final product (5) are much faster


than the enolization step. The irreversibility of the oxidation
steps renders the enolization step practically irreversible as
well, thus providing an opportunity of directly measuring
the Hammett correlation coefficient of the enolization pro-
cess.


To examine the substituent effect on the binding constant
we plotted the log(KM) values against the Hammett s sub-
stituents constants (Figure 5). Interestingly, a nearly linear


correlation with a positive slope (1=3.13) was found. In our
previously reported Hammett correlation studies with aldol
reaction catalyzed either by 38C2 or by 24H6 we employed
substituted benzaldehyde acceptors rather than substituted
donors. Very little effect of the substituent on binding (KM)
was observed in those cases.[4,8] The large value of 3.13, as
well as the remarkable difference between the substituent
effects on the binding of either donor or acceptor, suggests
that electronic rather than steric factors are dominant in
binding. These findings support the assumption that a chem-
ical bond is formed between the antibody and the donor
molecule during the catalytic event. This notion has been
previously suggested for all aldolase antibodies,[6] including
24H6,[4] based on chemical modifications (reductive alkyla-


Figure 4. Hammet correlation for the uncatalyzed oxidation reaction.


Scheme 5. Mechanistic pathway of the uncatalyzed oxidation reaction.


Figure 5. Log(KM) versus s for the oxidation reaction.
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tion of the antibody lysine residue with acetone and borohy-
dride) and on spectral data (formation of a new UV absorp-
tion band at 316±318 nm, which was attributed to the forma-
tion of a vinylogous amide upon binding of acetylacetone to
the lysine residue).


In conclusion, oxidation of a series of substituted benzoins
to benzils by potassium ferricyanide was used as a mechanis-
tic probe to better understand the initial steps of the 24H6-
catalyzed aldol condensation reaction. Hammett correlation
(1=4.7) of log(kcat) versus the s substituent constant re-
vealed that the rate-limiting step in this oxidation reaction is
the conversion of the Schiff base (initially formed from the
ketone and an active site lysine residue) to an enamine in-
termediate. In addition, linear correlation (1=3.13) was
found between log(KM) and the Hammett s substituents
constants. This correlation suggests that electronic rather
than steric factors are dominant in the antibody±substrate
binding phenomenon, consistent with reversible formation
of a Schiff base intermediate.


Experimental Section


General methods : Most 1H NMR spectra were recorded on a Bruker
AM200 spectrometer, operating at 200 MHz using CDCl3 as a solvent
(unless otherwise specified). Positive ion mass spectra, using the fast
atom bombardment (FAB) technique, were obtained on a VG ZAB-VSE
double-focusing, high-resolution mass spectrometer equipped with either
a cesium or sodium ion gun. EI-MS spectra were measured on a Finnigan
MAT-711 spectrometer. CI-MS spectra were measured on a Finnigan
TSQ-70 spectrometer. UV/Vis spectra were recorded on a Shimadzu UV-
1601 spectrometer. Long period reactions were maintained at 25 8C by
using a Friocell incubator. TLC was performed on glass sheets pre-coated
with silica gel (Merck, Kieselgel 60, F254, Art. 5715). Column chromato-
graphic separations were performed on silica gel (Merck, Kieselgel 60,
230±400 mesh, Art. 9385) under pressure (flash chromatography). Dry
THF (Sure-seal) was purchased from Aldrich. HPLC analyses were car-
ried out with a Merck±Hitachi Lachrom system equipped with an L-7100
pump, an L-7400 UV/Vis detector, and a D-7000 system manager with a
Supelco RP LC-18 analytical column. All starting materials and reagents,
including benzoin (4b) and benzil (5b), were purchased from Aldrich.


General procedure for a-hydroxylation : The appropriate ketone
(1 mmol) in dry THF (6 mL) was added dropwise to a freshly prepared,
cold (�78 8C) solution of LDA (1.1 mmol) in dry THF (2 mL), and the
mixture was stirred at the same temperature for 30 min. A solution of
phenylsulfonyloxaziridine (1.4 mmol in 6 mL THF) was added dropwise,
and the progress of the reaction was monitored by TLC. Upon comple-
tion the reaction was quenched with saturated aq NH4Cl; the mixture
was then allowed to warm to room temperature, was extracted with di-
ethyl ether, was washed with saturated aq Na2S2O3 (2 î 15 mL) and brine
(2 î 15 mL), and was dried over MgSO4. The solvent was removed under
reduced pressure and the residue was purified by flash chromatography.


4-Chlorobenzoin (4a): 1H NMR: d=7.83 (d, J=8.6 Hz, 2H) 7.31 (d, J=
8.6 Hz, 2H), 7.28 (m, 5H), 5.86 (br d, J=7 Hz, 1H), 4.45 ppm (br d, J=
7 Hz, 1 H); MS (CI): m/z : 247 [M+H]+ .


4-Methylbenzoin (4c): 1H NMR (300 MHz): d=7.76 (d, J=8.4 Hz, 2 H)
7.25 (m, 5H), 7.22 (d, J=8.4 Hz, 2 H), 5.87 (br d, J=5 Hz, 1H) 4.55 (br d,
J=5 Hz, 1 H) 2.29 ppm (s, 3H); MS (CI): m/z : 227 [M+H]+ .


4-Methoxybenzoin (4d): 1H NMR: d=7.89 (d, J=8.6 Hz, 2 H) 7.29 (m,
5H), 6.84 (d, J=8.6 Hz, 2 H), 5.86 (br s, 1H) 4.64 (br s, 1H) 3.79 ppm (s,
3H); 13C NMR: d=196.5, 164.0, 139.6, 131.5, 129.0, 128.3, 127.6, 126.5,
113.9, 75.7, 55.4 ppm; MS (CI): m/z : 243 [M+H]+ .


General procedure for selenium dioxide oxidation : A solution of either
3a or 3c (1 mmol) and selenium dioxide (1.1 mmol) were dissolved in
70% acetic acid (5 mL) and the mixture was heated to 90 8C for 12 h.


The solution was then poured into water and extracted with diethyl
ether, washed with saturated aqueous K2CO3, and dried over MgSO4.
The solvent was removed under reduced pressure and the residue was
purified by flash chromatography.


4-Chlorobenzil (5a): 1H NMR: d=7.93 (m, 4H), 7.48 ppm (m, 5 H); MS
(CI): m/z : 244 [M]� .


4-Methylbenzil (5c): 1H NMR: d=7.95 (br d, J=7.4 Hz, 2 H), 7.85 (d, J=
8.1 Hz, 2 H), 7.61 (d, J=7.4 Hz, 1H) 7.48 (t, J=7.4 Hz, 2H), 7.29 (d, J=
8.1 Hz, 2 H), 2.42 ppm (s, 3 H); MS (CI): m/z : 244.1 [M]� .


4-Methoxybenzil (5d): 4-Methoxybenzoin (0.2 g, 0.83 mmol) was refluxed
for 5 h with a solution of copper sulfate (0.4 g) and pyridine (5 mL) in
water (1 mL). Aqueous HCl (2m, 5 mL) was added to the cooled mixture
and the aqueous layer was extracted three times with dichloromethane.
The combined organic extracts washed twice with brine and dried over
MgSO4. The solvent was removed under reduced pressure and the resi-
due was purified by flash chromatography. 1H NMR: d=7.97 (br d, J=
8.4 Hz, 2H), 7.94 (br d, J=8.4 Hz, 2H), 7.61 (d, J=7.4 Hz, 1 H), 7.50 (t,
J=7.4 Hz, 2 H), 6.96 (dd, J=8.0, 1.9 Hz, 2 H), 3.87 ppm (s, 3 H); MS (CI):
m/z : 241 [M+H]+ .


Antibody-catalyzed reactions : All antibody-catalyzed reactions were car-
ried out in PBS (50 mm phosphate, 100 mm NaCl, pH 9.0) containing
10% DMSO as organic co-solvent. The progress of the reactions was
monitored by HPLC using an RP Supelcosil LC18 column, with the ini-
tial rates calculated by regression analysis. Antibody concentration was
10.7 mm for 24H6. The rate of the uncatalyzed reactions was subtracted.
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Synthesis and Redox Behavior of Ruthenocene-Terminated Oligoenes:
Characteristic and Stable Two-Electron Redox System and Lower Potential
Shift of the Two-Electron Oxidation Wave with Elongating Conjugation


Masaru Sato,*[a] Toru Nagata,[a] Atsushi Tanemura,[a] Takashi Fujihara,[a]


Shigekazu Kumakura,[a] and Kei Unoura[b]


Introduction


Binuclear organometallic complexes can be regarded as or-
ganometallic versions of the multistage redox systems first
reviewed by Deuchert and Hˆnig.[1] They undergo one- or
two-electron oxidation to afford the one- or two-electron-
oxidized species that can be stabilized by the electron delo-
calization, depending on the character of the metals and the
bridging ligands (Scheme 1). A large number of dinuclear
complexes with p-conjugated bridges have been reported
from the attraction in both fundamental and applied stud-
ies.[2,3] Of them, the chemistry of bis(ferrocenyl) derivates
has been well investigated, especially from the viewpoint of
mixed-valence complexes, because ferrocene has a well-de-
fined and stable one-electron redox system.[4,5] In the search


for building blocks for molecular wires (electronic communi-
cation)[6] and other technological potential applications,
much interest has been recently focused on oligoyne deriva-
tives with the organometallic end groups.[7] In the com-
plexes, [Cp*(NO)(Ph3P)Re(C�C)nRe(PPh3)(NO)Cp*][8] and
[Cp*(dppe)Fe(C�C)nFe(dppe)Cp*],[9] two successive one-
electron redox processes were confirmed and both oxidized
species were characterized. The structure of the two-elec-
tron-oxidized species, which involved a rearrangement of
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Abstract: Ruthenocene-terminated bu-
tadienes and hexatrienes were pre-
pared by the Wittig reaction of 3-ruthe-
nocenyl-2-propenals with ruthenocenyl-
methylphosphonium salts and the Mu-
kaiyama coupling of the propenals, re-
spectively. Cyclic voltammetry of these
complexes indicated that they were in-
volved in a stable two-electron redox
process. The oxidation potentials for
ruthenocene-terminated oligoenes
shifted progressively to lower potential
with the increasing CH=CH units as
follows: Rc�Rc (0.32 V)>RcCH=


CHRc (+0.09 V)>Rc(CH=CH)2Rc
(�0.06 V)>Rc(CH=CH)3Rc (�0.07 V),
(Rc= ruthenocene). The tendency is in
remarkable contrast to that in the suc-
cessive one-electron redox process.
These complexes were chemically oxi-
dized to give stable crystalline solids,
whose structures were confirmed by
NMR spectroscopy and X-ray analysis


to be oligoene analogues of a bis(ful-
vene) complex, for example, [(h5-
C5Me5)Ru{m2-h


6 :h6-C5H4CH(CH=CH)n-
CHC5H4}Ru(h


5-C5Me5)]
2+ (n=1 or 2).


The DFT calculation of the two-elec-
tron-oxidized species reproduced well
the fulvene-complex structure for the
ruthenocene moieties. Since both the
neutral and oxidized species are stable
and chemically reversible, this redox
system may be serviceable as a two-
electron version of the ferrocene one-
electron redox system.


Keywords: alkene ligands ¥
oxidation ¥ redox chemistry ¥
ruthenium ¥ ruthenocene


Scheme 1.


¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim DOI: 10.1002/chem.200306004 Chem. Eur. J. 2004, 10, 2166 ± 21782166


FULL PAPER







the multiple bond, was determined by a X-ray diffraction. A
similar two-step redox behavior was observed in the diene-
bridged complexes, [CpFeL2(CH=CH)2FeL2Cp],


[10] and the
triene-bridged complexes, [X(CO)(Ph3P)2Ru(CH=
CH)3Ru(PPh3)2(CO)X].


[11] The redox properties of the fer-
rocene-terminated oligoenes was fully investigated.[12] Addi-
tionally, a four-step redox process was found in the Ru-
caped diyne complexes.[13] In organobimetallic complexes,
on the other hand, a few two-electron redox systems have
been found in which the one-electron oxidized species is not
detected and an interesting structural rearrangement of the
ligands is incidental to the redox process.[14±17] We have pre-
viously reported the two-electron oxidation of dirutheno-
cene,[18] 1,2-bis(ruthenocenyl)ethenes,[19] and 1,2-bis(rutheno-
cenyl)ethynes,[20] in which a remarkable structural rearrange-
ment was observed. Among these systems, especially, both
bis(ruthenocenyl)ethenes and the two-electron-oxidized spe-
cies were stable in air and the two-electron redox system
was chemically reversible. Therefore, the effect of elongated
bridging p-conjugation to the electrochemistry and the
properties is a question of great interest. Such effects
were also investigated in the successive one-electron redox
systems, [Cp*(NO)(Ph3P)Re(C�C)nRe(PPh3)(NO)Cp*],[8e,f]
[Cp*(dppe)Fe(C�C)nFe(dppe)Cp*],[9c,f] and [Fc(CH=
CH)nFc] (Fc= ferrocenyl).


[12a] We now report the synthesis,
redox behavior, and chemical oxidation of ruthenocene-ter-
minated oligoenes.


Results and Discussion


Syntheses. The synthesis of bis(ruthenocenyl)ethenes,
[RcCH=CHRc], [Rc*CH=CHRc*], and [Rc’CH=CHRc’]
(Rc= ruthenocenyl, Rc*=1’,2’,3’,4’,5’-pentamethylrutheno-
cenyl, and Rc’=2,3,4,5-tetramethylruthenocenyl) has been
reported previously.[19,21] The preparation of 1,4-bis(rutheno-
cenyl)butadienes, [Rc(CH=CH)2Rc], [Rc*(CH=CH)2Rc*],
and [Rc’(CH=CH)2Rc’], was carried out by the Wittig reac-
tion of 3-ruthenocenyl-1-propenals and ruthenocenylmeth-
yl(triphenyl)phosphonium bromides, which were prepared
according to the processes shown in Scheme 2. Ruthenoce-
nylcarbaldehyde (1a) was treated with carbomethoxymeth-
yl(triphenyl)phosphorane in CH2Cl2 to give methyl 3-ruthe-
nocenylacrylate (2a) as a mixture of E and Z isomers in 90
and 5% yields, respectively. In a similar procedure,
1’,2’,3’,4’,5’-pentamethylruthenocenylcarbaldehyde (1b) and
2,3,4,5-tetramethylruthenocenycarbaldehyde (1c) afforded
methyl 3-(1’’,2’’,3’’,4’’,5’’-pentamethylruthenocenyl)acrylate
(2b) and methyl 3-(2’,3’,4’,5’-tetramethylruthenocenyl)acry-
late (2c) , respectively, in good yields. After the separation
of the E isomers by chromatography on silica gel, the sepa-
rated isomers of the esters 2a±2c were reduced with LiAlH4


or LiAlH4/AlCl3 in THF to give the corresponding unsatu-
rated alcohols 3a±3c, respectively, in excellent yields. The
propenols 3a±3c were oxidized with MnO2 in refluxing di-
chloroethane to give the corresponding propenals 4a±4c, re-
spectively, in good yields. On the other hand, the reduction
of the aldehydes 1a±1c with LiAlH4 led to the correspond-
ing alcohols 5a±5c, respectively, in excellent yields, which


were then treated with triphenylphoshine hydrobromide in
refluxing toluene to give the corresponding phosphonium
salts 6a±6c, respectively, in quantitative yields.
The propenal 4a was treated with the ylide solution pre-


pared from the reaction of the phosphonium bromide 6a
with LDA at low temperature to afford a mixture of E,E
and E,Z isomers (5:4) of 1,4-bis(ruthenocenyl)butadiene,
[Rc(CH=CH)2Rc] (7a), in 78% yield. In a similar proce-
dure, 1,4-bis(1’’,2’’,3’’,4’’,5’’-pentamethylruthenocenyl)buta-
diene, [Rc*(CH=CH)2Rc*] (7b), and 1,4-bis-(2’,3’,4’,5’-tetra-
methylruthenocenyl)butadiene, [Rc’(CH=CH)2Rc’] (7c),
were obtained as mixtures (3:2 and 13:1) of E,E and E,Z
isomers in 46 and 59% yields, respectively (Scheme 3).
Almost pure E,E isomers of 7a±7c were isolated by the re-
peated fractional recrystallization from benzene. Their ster-
eochemistry was assigned by their 1H NMR spectra. For ex-
ample, the 1H NMR spectrum of complex (E,E)-7b in C6D6


showed the olefinic protons as an AA’XX’ pattern at d=


5.93 (H1,4) and 6.25 ppm (H2,3) (J1,2=J3,4=15.3 and J2,3=
10.6 Hz). The structure of (E,E)-7a was determined by X-
ray diffraction. The ORTEP view of (E,E)-7a is shown in
Figure 1; selected bond lengths and angles are given in the
figure legend. Two ruthenocenyl groups are positioned on
the opposite side of the mean plane of the bridging diene.
Both double bonds in the bridging diene adopt an E config-
uration and are connected to each other in an s-trans confor-
mation. The plane of the diene is nearly coplanar (4.88) with
the substituted cyclopentadienyl (Cp) ring of the rutheno-
cene nucleus. The C(1)�C(1) (1.447(6) ä) and C(1)�C(2)
(1.363(6) ä) bond lengths are normal for single and double
bonds, respectively, of a conjugated diene.


Scheme 2. a : R1=R2=H; b : R1=Me, R2=H; c : R1=H, R2=Me.
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The propenal derivative 4a was allowed to react with a
low-valent Ti reagent prepared from TiCl4 and Zn powder
in THF at low temperature, followed by refluxing, to give
1,6-bis(ruthenocenyl)hexatriene, [Rc(CH=CH)3Rc] (8a), in
29% yield as a single isomer (Scheme 3). In a similar
manner, 1,6-bis(1’’,2’’,3’’,4’’,5’’-pentamethylruthenocenyl)hex-
atriene, [Rc*(CH=CH)3Rc*] (8b), and 1,6-bis-(2’,3’,4’,5’-tet-
ramethylruthenocenyl)hexatriene, [Rc’(CH=CH)3Rc’] (8c),
were obtained from 4b and 4c, respectively, in moderate
yields. In the 1H NMR spectrum of 8b in C6D6, the olefinic
protons appeared as an AA’BB’XX’ pattern at d=6.42
(H2,5), 6.35 (H3,4), and 6.05 ppm (H1,6). The simulation of the
olefinic proton signals afforded the following coupling con-


stants: J1,2=J3,4=J5,6=15.8 Hz and J2,3=J4,5=10.6 Hz. The
13C NMR spectrum of 8b showed three olefinic carbons at
d=125.85, 128.15, and 130.87 ppm. These NMR data are
consistent with the triene derivatives with an E,E,E configu-
ration.
The UV-visible spectral data of 7a±7c and 8a±8c meas-


ured in CH2Cl2 are collected in Table 1, along with those of
the ethene derivatives. The spectra of 7b, 8b, and [Rc*CH=
CHRc*] are shown in Figure 2, for example. The two ab-


sorption bands observed, which might be assigned to the p±
p* transition on the basis of the strength of the absorption,
were shifted to longer wavelength region and increased
their absorbance with the elongation of the conjugation, as


Scheme 3. a : R1=R2=H; b : R1=Me, R2=H; c : R1=H, R2=Me.


Table 1. The UV-visible spectroscopic data of compounds 7a±7c, 8a±8c,
and related compounds in CH2Cl2.


Compound lmax [nm](e)


[RcCH=CHRc] 287(16200) 331 sh(4700)
7a 309(30200) 350 sh(14800)
8a 331(30200) 376(26700)
[Rc*CH=CHRc*] 295(22100) 337 sh(9800)
7b 320(26300) 371(21200)
8b 342(28100) 395(33700)
[Rc’CH=CHRc’] 283(17300) 331 sh(4300)
7c 311(32000) 356 sh(16100)
8c 335(33700) 374(29800)


Figure 1. ORTEP view of (E,E)-7a. Selected bond lengths [ä] and angles
[8]: C(1)�C(1)=1.447(6), C(1)�C(2)=1.363(6), C(2)�C(3)=1.457(6),
Ru(1)�C(Cp)=2.188(av), C(Cp)�C(Cp)=1.429(av), C(1)-C(1)-C(2)=
122.3 (4), C(1)-C(2)-C(3)=125.0(4), C(2)-C(3)-C(4)=124.1(4).


Figure 2. Electronic spectra for the neutral complexes (top), [Rc*CH=
CHRc*] (c), 7b (b), and 8b (g) and for the oxidized species
(bottom) of [Rc*CH=CHRc*] (c), 7b (9b) (b), and 8b (10b)
(g).
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expected. The wavelength-shift caused by the increase of
one double bond (Dl=18±34 nm) in the ruthenocenyl series
is similar to that found in the ferrocenyl series (Dl=16±
37 nm).[12a] The absorbance of the longer wavelength absorp-
tion increased to a greater extent with the extending conju-
gation, relative to that of the shorter wavelength absorption.


Redox behavior : The cyclic voltammograms of 7a±7c and
8a±8c and related complexes were measured in CH2Cl2 and
the electrochemical data are summarized in Table 2. The
voltammograms for [Rc*CH=CHRc*], 7b, and 8b are ex-
hibited in Figure 3, as an example. As seen clearly from


Table 2 and Figure 3, the electron transfer in every wave
was not reversible (DE=Epc � Epa=0.09±0.16 V); however,
the oxidation wave was accompanied by a reduction wave
with nearly the same magnitude as that of the oxidation
wave (ipa/ipc=0.83±1.01), except in the case of [RcCH=
CHRc] and [Rc’CH=CHRc’]. These last two complexes
showed two reduction waves that may suggest some instabli-
ty in the two-electron-oxidized species. In the complexes


cited in Table 2, only the one redox process was observed
within the potential window of CH2Cl2 and no other wave
appeared above 0.7 V, while ruthenocene itself showed only
the irreversible two-electron oxidation wave at 0.53 V under
usual conditions.[22] Only in the CV of Rc�Rc, a small
second oxidative process was observed at approximately
0.7 V and a complex re-reductive process appeared on the
turn of the scan at 1.0 V. As shown in Table 2, the electron
count (n) obtained from the thin-layer coulometry is nearly
2.0 for any complex, proving that the observed waves corre-
spond to a two-electron redox process. The nonreversible
features in the CV of the ruthenocene-terminated oligoenes


described above may suggest
that the oxidation and reduc-
tion peaks represent an elec-
tron-transfer reaction followed
by a chemical reaction (vide
infra). As seen in Table 2, the
oxidation waves of 7a±7c and
8a - 8c were observed in con-
siderably lower potential region
(DEpa=ca. 0.3±0.5 V) than
those of the corresponding
mononuclear ruthenocene de-
rivatives, similar to that in
ethene derivatives.[19] Moreover,
their oxidation potentials shift-
ed to lower potential region
with the increase of the bridg-


ing double bond as follows: [Rc�Rc] (+0.32 V)[18]>
[RcCH=CHRc] (+0.09 V)[19]> [Rc(CH=CH)2Rc] (7a)
(�0.06 V)> [Rc(CH=CH)3Rc] (8a) (�0.07 V), for example.
A similar tendency was also observed in the Rc* and Rc’
series, as seen in Table 2. The tendency is in sharp contrast
to that in the successive one-electron redox system found
previously. In diferrocenylpolyenes, [Fc(CH=CH)nFc],


[13a]


for example, the first redox potentials are observed at lower
potential than that of ferrocene itself although the second
redox potentials remain intact in the shorter ethene bridge
(n=1±3), but the first redox potentials gradually ascend
with the increasing double bonds and then a single redox
potential is observed for n=4±6. A similar tendency was
also observed in the ethyne-bridged binuclear complexes,
[Cp*(NO)(Ph3P)Re(C�C)nRe(PPh3)(NO)Cp*][9e,f] and
[Cp*(dppe)Fe(C�C)nFe(dppe)Cp*].[10c,f] In our bis(rutheno-
cenyl)oligoene systems, the two-electron oxidation poten-
tials are shifted to lower potential region with elongation of
the oligoene bridge, as shown in above. Moreover, the po-
tentials that converge with the increasing conjugation (e.g.,
ca. �0.10 V for the Rc series) are considerably lower than
that of ruthenocene itself (0.53 V). This suggests that the
two-electron-oxidized species of bis(ruthenocenyl)oligoenes
are largely stabilized by certain factors related to the struc-
tural isomerization and so forth.


Chemical oxidation : The two-electron oxidation of bis(ru-
thenocenyl)ethenes afforded the stable dicationic com-
plexes.[19] Similarly, complexes 7a±7c and 8a±8c were oxi-
dized with two equivalents of p-BQ/BF3¥OEt2 (BQ=benzo-


Table 2. Electrochemical data for the complexes in CH2Cl2.
[a]


Epa [V
�1] Epc [V


�1] DE/ Vipa/ipc n[b]


[Rc�Rc] 0.32 0.16 0.16 0.87 1.9
[RcCH=CHRc] 0.09 �0.06 0.15 irrev. ±[c]


7a �0.06 �0.16 0.10 0.88 2.0
8a �0.07 �0.16 0.09 0.85 2.0
[Rc*CH=CHRc*] �0.20 �0.31 0.11 1.01 1.8
7b �0.19 �0.31 0.13 0.83 2.0
8b �0.27 �0.37 0.10 0.96 1.9
[Rc’CH=CHRc’] �0.08 �0.16 0.09 0.51 2.0
7c �0.23 �0.33 0.10 0.98 2.1
8c �0.22 �0.35 0.13 0.96 1.9


[a] Sweep rate=0.1 Vs�1, V vs FcH/FcH+ . [b] Determined by thin-layer coulometry. [c] Not measured because
of the slow dissolution and the shoulder accompanied.


Figure 3. Cyclic votammograms for [Rc*CH=CHRc*] (top), 7b (middle),
and 8b (bottom) in CH2Cl2 (sweep rate=0.1 Vs�1, [complex]=0.5±
0.6 mmol).
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quinone) at 0 8C in CH2Cl2 to give the corresponding dica-
tionic complexes 9a±9c and 10a±10c, respectively, as stable
solids in high yields (Scheme 4). The oxidized complexes
were soluble in CD3CN, CD3NO2, and (CD3)2CO. Solutions
of 9a±9c in CD3CN and CD3NO2 were stable at room tem-


perature for a long time, but 10a±10c were somewhat unsta-
ble in the same solvents and changed color after a few days.
Electronic spectral data of the oxidized complexes, 9a±9c,
10a, and 10b, are collected in Table 3, along with those of


related complexes. The spectra of 9b, 10b, and the oxidized
[Rc*CH=CHRc*] are shown in Figure 2, as an example. The
absorption bands observed with large absorbance, probably
due to the CT-transition, shifted to the longer wavelength
region with the extension of the conjugation. The extent of
the shift per one double bond (Dl=23±52 nm) is somewhat
larger than that in the corresponding neutral complexes.
The 1H NMR spectrum of 9b in CD3NO2 showed one Me


proton signal at d=1.97 ppm and one set of olefinic proton
signals at d=6.07 and 6.63 ppm, indicating that the oxidized
species adopted a structure with a symmetrical face or a
center of symmetry. The proton signals of the C5H4 rings of
9b appeared as broad doublets at d=4.97 and 5.51 ppm and
as a triplet of doublets at d05.85 and 5.94 ppm (J=2.9 and
1.1 Hz), indicating that the C5H4-ring protons were in an un-
symmetrical environment, in contrast to those in the corre-
sponding neutral complex 7b. From the H,H-COSY spec-
trum of 9b, the signal sets in the higher (d=4.97 and
5.51 ppm) and the lower fields (d=5.85 and 5.94 ppm) were
assigned to the a- and b-protons of the C5H4-ring, respec-
tively, because a strong correlation was recognized between
the latter signals, but only a weak correlation between the
former signals. They were also observed in a considerably
lower field relative to the corresponding signals in 7b (Dd=
0.67±1.57 ppm), indicating the accumulation of the positive
charge on the Ru atoms. These features observed in 9b are
similar to those observed in the ethene-bridged analogues,
[Ru2(m2-h


6 :h6-C5H4CHCHC5H4)(h-C5Me5)2]
2+ , in which the


C5H4-ring protons were observed at d=4.93, 5.43, 5.86, and
5.98 ppm.[19] In the 13C NMR spectrum of 9b, the signals of
the C5H4-ring carbon atoms were observed as two sets of
signals largely separated (at d=80.81 and 83.58 ppm for the
a-carbon signals and at d=96.92 and 97.29 ppm for the b-
carbon signals) at lower field than those in 7b. (cf. d=81.59
and 84.10 ppm for the a-carbon signals and d=97.32 and
99.15 ppm for the b-carbon signals in [Ru2(m2-h


6 :h6-
C5H4CHCHC5H4)(h-C5Me5)2]


2+).[19] The signal for both ter-
minal carbon atoms in the bridging butadiene in 9b ap-
peared at d=100.13 ppm, the chemical shift of which was
shifted considerably to higher field than that of the corre-
sponding carbon signal in 7b (d=126.18 ppm), suggesting
the coordination of the carbon atom to the Ru metal. These
1H and 13C NMR spectral data confirm that the (h-C5Me5)-
Ru(C5H4CH) moiety in 9b adopts a fulvene-complex struc-
ture, similar to that in [Ru2(m2-h


6:h6-C5H4CHCHC5H4)(h-
C5Me5)2]


2+ . The bridging olefin protons were observed as an
AA’XX’ pattern at d=6.07 and 6.63 ppm. From the simula-
tion of the proton signals, J2,3’=15.6 and J1,2=J3,4=10.5 Hz
were obtained, indicating the trans-configuration of the cen-
tral double bond in the bridging part. Since the h-C5Me5
ligand is sterically bulky, they seem to arrange in anti-paral-
lel to each other in 9b. Therefore, the structure of 9b
is represented as anti-trans-[Ru2(m2-h


6:h6-C5H4CHCH=
CHCHC5H4)(h-C5Me5)2]


2+[BF4]2.
The 1H NMR spectrum of 9a in CD3CN showed the pres-


ence of two isomers (ratio ca. 2:1). The number and the
chemical shift of the proton signals for each isomer in 9a
are similar to each other, indicating that both isomers have
a symmetrical plane or a center of symmetry and a similar


Scheme 4. a : R1=R2=H; b : R1=Me, R2=H; c : R1=H, R2=Me.


Table 3. The UV-visible spectroscopic data of compounds 9a±9c 10a,
10b, and related comounds in CH3CN.


Compound lmax [nm](e)


[RcCH=CHRc]2+ 292(10500) 383(2600)
9a 335(21500)
10a 387(29600)
[Rc*CH=CHRc*]2+ 339(18200) 420sh(4500)
9b 362(26000)
10b 407(29400)
[Rc’CH=CHRc’]2+ 292(13000) 382sh(2900)
9c 334(21100)
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structure. The chemical shifts of the olefinic protons and the
h-C5H4-ring protons in 9a are very similar to those of the
corresponding protons in 9b. These features suggest that 9a
is an analogue of 9b and that the two isomers in 9a differ
only in the arrangement of (h-C5H5)Ru moieties. The simu-
lation of the olefinic proton signals in the main isomer of 9a
furnished the coupling constants similar to those observed
in 9b, implying that the central double bond in the bridging
chain adopted a trans configuration. That is, their cations
are formulated as anti-trans- and syn-trans-[Ru2(m2-h


6 :h6-
C5H4CHCH=CHCHC5H4)(h-C5H5)2]


2+ . The presence of two
isomers in 9a, in contrast to 9b, is likely due to the lesser
sterical bulk of the (h-C5H5)Ru moiety compared with that
of the (h-C5Me5)Ru moiety. A single crystal suitable for X-
ray diffraction was obtained from the recrystallization of 9a
from CH3NO2/Et2O. The ORTEP view of the cation in the
obtained crystal is shown in Figure 4; selected bond lengths


and angles are given in the figure legend. As seen in
Figure 4, the cation in the obtained crystal has a syn ar-
rangement of the (h-C5H5)Ru moiety, while complex 9a
exists as a mixture of anti and syn isomers in solution. The
analyzed crystal was considered to be accidentally a crystal
with the syn arrangement. The Ru(1)�C(11) (2.354(6) ä)
and Ru(2)�C(14) (2.358(7) ä) bond lengths signify that the
C(11) and C(14) atoms coordinate to the Ru atoms. The
C(1)�C(11) (1.407(10) ä) and C(14)�C(15) (1.409(11) ä)
distances are just as that of the double bond coordinated to
metal. For reference, the corresponding Ru�C and C�C
bond lengths in the fulvene complex, [(h6-C5H4CH2)Ru(h-
C5H5)]


+ , are 2.272(4) and 1.405(6) ä, respectively.[23] These
features confirm the fulvene-complex structure of the (h-
C5H5)Ru(C5H4CH) part in 9a. The C(11)�C(12)
(1.461(9) ä) and C(13)�C(14) bonds (1.456(9) ä) are single
bonds and the C(12)�C(13) bond (1.336(8) ä) is a double
bond in character. This bond alternation is in contrast to
that of the corresponding bonding in (E,E)-7a [C(1)�C(2)
(1.363(6) ä) and C(1)�C(1) (1.447(6) ä)]. The tilt angles of
the C(1)�C(11) and C(15)�C(14) bonds from the h-C5H4


ring planes for syn-9a are 36.28 and 36.98, respectively.
These results definitely confirm that the structural rear-
rangement takes place in the oxidation of the neutral diene
complex. It is also worthy to note that the central double
bond C(12)=C(13) adopts an E configuration.
The 1H NMR spectrum of 9c in CD3CN also showed the


presence of two isomers (ratio ca. 2:1). The pattern of the
proton signals for each isomer are much the same and the
chemical shifts of the olefinic protons for each isomer are
very similar to those of 9b. The methyl-proton signals of the
h-C5Me4-ring in 9c appeared as two sets of separate four
singlets, indicating that they are in an unsymmetrical envi-
ronment. The protons of the Me groups in [Ru2(m2-h


6 :h6-
C5Me4CHCHC5Me4)(h-C5H5)2]


2+ were also reported to be
observed as four signals.[19] These features suggest that 9c in-
volves a bis(fulvene)-complex structure and the two isomers
differ only in the arrangement of the (h-C5H5)Ru moieties.
That is, their cations are formulated as anti-trans- and syn-
trans-[Ru2(m2-h


6:h6-C5Me4CHCH=CHCHC5Me4)(h-C5H5)2]
2+.


The 1H NMR spectra of 10a and 10b in CD3NO2 bore a
strong resemblance to those of 9a and 9b, respectively,
except for the olefinic region; they also showed the presence
of two isomers (ratio ca. 1:1 in 10a and ca. 4:3 in 10b).
From the characteristics observed in the ring-proton signals
for 10a and 10b and the similarity in the chemical shifts be-
tween their isomers, it is suggested that these complexes are
higher analogues of 9a and 9b, respectively. The simulation
of the olefinic proton signals in the main species of 10b
(CD3NO2) provided the coupling constants of J2,3=J4,5=
15.8 Hz and J1,2=J3,4=J5,6=10.6 Hz. So, the two double
bonds in the bridging chain take a trans-configuration also
in 10b. The presence of two isomers in 10b differs from that
of one isomer in 9b, and the decrease of the isomer ratio in
10a (from ca. 2:1 for 9a to ca. 1:1 for 10a) seems to reflect
the decreased steric repulsion between the terminal metal
sites due to the elongation of the bridging oligoenes. Inter-
estingly, the central double bond of the conjugating bridges
in 9a±9c, 10a, and 10b take a trans configuration, implying
that the two isomers (A and B) observed in 9a, 9c, 10a, and
10b are considered to be generated from the s-trans con-
formers of the central single bond that connects the two
double bond in 7a, 7c, 8a, and 8b, respectively. The isomers,
A and B, are not conformational isomers. They come from
the two conformers based on the C�C bond connecting the
ruthenocene nucleus with the bridging olefin in 7 and 8, re-
spectively, before oxidation.
The cationic species 9b and 10b were reduced with Zn


powder in CH2Cl2/MeCN (1:1) at room temperature to give
the corresponding neutral complexes in quantitative yields,
respectively. The 1H NMR spectra of these products showed
the formation of E,E and E,E,E isomers, respectively.
Complexes 7a±7c, 8a, and 8b were oxidized in a chemi-


cally reversible process without an observable radical cation
intermediate, although this redox reaction is electrochemi-
cally irreversible. Plausibly it can take place through the
process shown in Scheme 5 for complex 7b, which is similar
to the square scheme proposed by Geiger.[16a,24] The process
is composed of two simultaneous one-electron oxidations
followed by a rapid chemical transformation (the structural


Figure 4. ORTEP view for the syn isomer of 9a. Selected bond lengths
[ä] and angles [8]: Ru(1)�C(1)=2.054(7), Ru(1)�C(11)=2.354(6),
Ru(2)�C(14)=2.358(7), Ru(2)�C(15)=2.063(7), C(1)�C(11)=1.407(11),
C(11)�C(12)=1.461(9), C(12)�C(13)=1.336(8), C(13)�C(14)=1.456(9),
C(14)�C(15)=1.409(11), C(1)-C(11)-C(12)=123.0(6), C(11)-C(12)-
C(13)=122.2(6), C(12)-C(13)-C(14)=122.0(6), C(13)-C(14)-C(15)=
122.3(6), C(11)-C(1)-Ctr(1)=143.8(00), C(14)-C(15)-Ctr(2)=143.1(00).
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rearrangement). The first one-electron oxidation may be
caused by the electron abstraction from the terminal metal
sites or the bridging p bond. This produces an unstable radi-
cal cation that would lose another electron without delay.
The stepwise rearrangement to a fulvene-complex structure
or the spin-coupling of the diradical cation would lead to
the bis(fulvene)-complex structure.
Taking previous results into consideration,[18,19] the two


Ru sites in bis(ruthenocenyl) oligoenes, [Rc(CH=CH)nRc]
(n=0±3), can sufficiently interact with little dependence on
the elongation of the conjugation, and the two-electron-oxi-
dized species can stabilized by the structural rearrangement
to the dicationic complexes involving a bis(fulvene)-complex
structure. This is very interesting, because the interaction
between the two metal sites dramatically decreases with the
extending conjugation in the one-electron-oxidized species
of the bis(ferrocenyl) oligoenes, [Fc(CH=CH)nFc],


[12a] and
other dinuclear complexes bridged by oligoynes.[8,9] More-
over, the metal centers in the dication of dinuclear bis(ferro-
cenyl) complexes seem to behave as two noninteracting rad-
ical-cation sites, because the biferrocene dication has no sig-
nificant exchange interaction between the two FeIII cen-
ters.[25, 26]


Theoretical study : For elucidating the electrochemical and
structural properties, DFT calculations on the complexes
[RcCH=CHRc], [Rc(CH=CH)2Rc] (7a), and [Rc(CH=


CH)3Rc] (8a) were carried out. The molecular structures of
all the complexes were fully optimized. The structural pa-
rameters obtained from the optimized structure of 7a
(Figure 5) are comparable with the crystallographically de-
termined parameters for 7a. For example, the C=C


(1.350 ä) and C�C bond lengths (1.440 ä) of the bridging
butadiene moiety in the optimized structure are in an excel-
lent agreement with the observed distances (1.363(6) ä for
the C=C bond and 1.447(6) ä for the C�C bond) for 7a.
The Ru�C and C�C distances in the ruthenocene moiety of
7a are also well reproduced (2.242 and 1.438 ä for the opti-
mized structure and 2.188 (av) and 1.429 ä (av) for the ob-
served structure, respectively). The result of the MO calcu-
lation showed that the HOMO has a roughly equal contri-
bution from the ligand and the metal orbital and is anti-
bonding in character, as seen in Figure 6. The contribution
of the ligand orbital to the HOMO increased with the ex-
tending conjugation (n=1, 39.7; n=2, 53.0; n=3, 63.3%).
These features are in good agreement with the qualitative
anticipation based on the qualitative fragment orbital analy-
sis between the metal d orbital of the ruthenocenyl parts
and the p orbital of the bridging oligoene parts. The large
contribution of the ligand orbital in the HOMO of RcCH=
CHRc, 7a, and 8a may support the first one-electron extrac-
tion occurring at the bridging p-bond.
The energy level of the HOMO ascends in the following


order, as seen in Figure 7: [RcCH=CHRc] (�0.18109 au)<
[Rc(CH=CH)2Rc] (7a) (�0.17716 au)< [Rc(CH=CH)3Rc]
(8a) (�0.17357 au). If electrochemical oxidation is assumed
to involve the removal of an electron from the HOMO, the
redox potentials of the complexes should decrease with the
ascending HOMO energy. Indeed, this was the fact:
[RcCH=CHRc] (+0.09 V)> [Rc(CH=CH)2Rc] (7a)
(�0.06 V)> [Rc(CH=CH)3Rc] (8a) (�0.07 V).[27]


Scheme 5.


Figure 5. The optimized structures for 7a (top) and 9a (bottom).
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The HOMO energy of [Rc*CH=CHRc*] (�0.16884 au)
was also calculated in order to evaluate the electronic effect
of the methyl substituent. The energy is considerably higher


than that of [RcCH=CHRc] (�0.18109 au), indicating the
remarkable electron-donating effect of the methyl substitu-
ent and suggesting the potentially increased stability of the
dicationic species.
The MO calculation for the two-electron-oxidized species


of the ruthenocene-terminated oligoenes, [RcCHCHRc]2+ ,
[Rc(CHCH)2Rc]


2+ , and [Rc(CHCH)3Rc]
2+ , was also carried


out. The geometry optimization reproduced considerably
well the actual structure. For example, only a small differ-
ence (13.1 kJmol�1) in the total energy of the anti and syn
isomers for [Rc(CHCH)2Rc]


2+ was obtained, supporting the
presence of two isomers, anti-9a and syn-9a. Moreover, a
considerably correct fulvene-complex structure was repro-
duced in the ruthenocene part, as seen in Figure 5. The
structural parameters obtained from the optimized structure
for syn-[Rc(CHCH)2Rc]


2+ are comparable with the crystal-
lographically determined parameters for syn-9a. The
Ru�C(a) and Ru�C(ipso) bond lengths are 2.53 and 2.16 ä
(av), respectively, for the optimized structure and they are
comparable with those found in the observed structure
(2.354(6) and 2.358(7) ä, and 2.054(7) and 2.063(7) ä, re-
spectively). The comparison of both interatomic distances
suggests that the contribution of a bis(fulvene)-complex
structure in the optimized structure is less than that in the
observed structure, because the Ru�C(a) distance is longer
and the Ru�C(ipso) distance is shorter in the former than in
the latter. The C(a)�C(ipso) distance (1.40 ä) in the opti-
mized structure is near that in the coordinated C=C bond
and the similar bond lengths (1.409(11) and 1.407(10) ä) are
observed for the corresponding bond of syn-9a. The central
C=C (1.36 ä) and neighboring C�C bond lengths (1.44 ä)
on the bridge in the optimized structure are also in consider-
able agreement with the observed distances for syn-9a
(1.336(8) ä for the C=C bond and 1.461(9) and 1.456 (9) ä
for the C�C bond). The tilt angle of the C(a)�C(ipso) bond
from the h-C5H4 ring plane is 31.98 for the calculated
[Rc(CHCH)2Rc]


2+ and 36.28 and 36.98 for syn-9a. These pa-
rameters also support the lesser contribution of a bis(ful-
vene)-complex structure in the optimized structure. Similar
structural characteristics are obtained from the calculation
for the two-electron-oxidized species, [RcCHCHRc]2+ and
[Rc(CHCH)3Rc]


2+ .
Thus, the MO calculation for the oxidized species of such


a series of ruthenocene-terminated oligoenes is very useful
for the prediction of the structure and stability of the com-
plexes. In the optimized structures, the Rc�C(a) bond
lengths are elongated as follow: [RcCHCHRc]2+ (2.47 ä)<
[Rc(CHCH)2Rc]


2+ (2.53 ä)< [Rc(CHCH)3Rc]
2+ (2.55 ä)


and the tilt angles of the C(ipso)�C(a) bond toward the
C5H4 ring in anti-[Rc(CHCH)nRc]


2+ decrease as follows:
34.08 (n=1)>32.28 (n=2)>31.58 (n=3). These parameters
may suggest that the contribution of a bis(fulvene)-complex
structure in the oxidized species decreases with the elongat-
ing conjugation and, hence, the stability of the oxidized spe-
cies declines in the same order. This suggestion seems to be
in agreement with the experimental facts.


Figure 6. The LUMO (top), HOMO (middle), and HOMO�1 (bottom)
for 7a.


Figure 7. The MO energy diagram for [Rc(CH=CH)nRc] (n=1±3).
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Conclusion


Binuclear ruthenocene derivatives bridged by butadiene and
hexatriene were newly prepared by the Wittig reaction of
ruthenocenylmethylphosphonium salts with 3-ruthenocenyl-
2-propenals and the Mukaiyama coupling of the propenals,
respectively. Cyclic voltammetry showed that the rutheno-
cene-terminated oligoene derivatives, especially the penta-
methylruthenocenyl series, underwent a stable two-electron
redox process. Both neutral and oxidized species were air-
stable and the redox process was chemically reversible. The
structures of the two-electron-oxidized species were those of
oligoene analogues of a bis(fulvene) complex. Therefore,
the redox system [Rc(CH=CH)nRc]/[Rc(CHCH)nRc]


2+ may
be regarded formally as a two-electron version of the FcH/
FcH+ system (Scheme 6). Their oxidation potentials ap-


peared at lower potential (nearly equal to that of FcH) than
that of the mononuclear ruthenocene derivatives and shifted
to lower potential with the increasing CH=CH units. This is
in remarkable contrast to those in the successive one-elec-
tron redox system. Since ruthenocene has well-developed
derivative chemistry and the [Rc(CH=CH)nRc] system in-
volves the Rc nucleus with versatile substitution, the
[Rc(CH=CH)nRc] system may have a concealed potential
for the development of novel materials. Such a work is in
progress in our group.


Experimental Section


Materials and methods : All reactions were carried out under an atmos-
phere of N2 and/or Ar and workups were performed without precaution
to exclude air. NMR spectra were recorded on Bruker AC300P, AM400,
or ARX400 spectrometer. IR (ATR) spectra were recorded on Perkin±
Elmer System 2000 spectrometer. Cyclic voltammetry was carried out by
using BAS ALS600 in 10�1m solution of nBu4NClO4 (polarography
grade, Nacalai tesque) in CH2Cl2. CV cells were fitted with a glassy
carbon (GC) working electrode, a Pt wire counter electrode and an Ag/
Ag+ pseudoreference electrode. The cyclic voltammograms were ob-
tained at the scan rate of 0.1 Vs�1 in the 0.5±0.6 mmol solution of com-
plexes. All potentials were represented vs FcH/FcH+ , which were ob-
tained by the another measurement of ferrocene at the same conditions
immediately after. Thin-layer coulometry were carried out on apparatus
described earlier.[28] The simulation of the NMR spectra was carried out


by the SwaN-MR software.[29] Solvents were purified by distillation from
the drying agent prior to use as follows: CH2Cl2 (CaCl2); ClCH2CH2Cl
(CaCl2); CH3CN (CaH2); acetone (CaSO4); THF (Na/benzophenone); di-
ethyl ether (LiAlH4). 1,2,3,4,5-Pentamethylruthenocene,


[30] formylruthe-
nocene (1a),[31] 1-formyl-1’,2’,3’,4’,5’-pentamethylruthenocene (1b),[19] 1-
formyl-2,3,4,5-tetramethylruthenocene (1c),[19] 1-hydroxylmethylrutheno-
cene (5a),[32] and 1-hydroxylmethyl-2,3,4,5-tetramethylruthenocene
(5c)[19] were prepared according to the literatures. Other reagents were
used as received from commercial suppliers.


Methyl (E)-3-ruthenocenylacrylate (2a): Carbomethoxymethylenetriphe-
nylphosphorane (1.0 g, 3.0 mmol) was added to a solution of 1a (0.78 g,
3.0 mmol) in dry benzene (30 mL) under N2. The solution was refluxed
for 24 h and then evaporated under reduced pressure. The residue was
purifed by chromatography on SiO2 by elution of CH2Cl2 to give methyl
(Z)-3-ruthenocenylacrylate (52 mg, 5%) and methyl (E)-3-ruthenocenyl-
acrylate (2a) (0.86 g, 90%) as yellow crystals. E isomer (2a): M.p. 120±
121 8C; 1H NMR (300 MHz, CDCl3): d=3.74 (s, 3H; OMe), 4.54 (s, 5H;
h-C5H5), 4.69 (t, J=1.8 Hz, 2H; h-C5H4), 4.86 (t, J=1.8 Hz, 2H; h-C5H4),
5.97 (d, J=15.8 Hz, 1H; 2-H), 7.44 ppm (d, J=15.8 Hz, 1H; 3-H);
13C NMR (75 MHz, CDCl3): d=51.36 (OMe), 70.34 (h-C5H4), 71.65 (h-
C5H5), 72.19 (h-C5H4), 82.87 (h-C5H4-ipso), 114.09 (2-C), 144.29 (3-C),
167.67 ppm (CO); IR (ATR): ñ=1636 (C=C), 1711 cm�1 (CO); elemental
analysis calcd (%) for C14H14O2Ru: C 53.33, H 4.48; found: C 53.78, H
4.41. Z isomer: M.p. 69±70 8C; 1H NMR (300 MHz, CDCl3): d=3.71 (s,
3H; OMe), 4.54 (s, 5H; h-C5H5), 4.69 (t, J=1.8 Hz, 2H; h-C5H4), 5.20 (t,
J=1.8 Hz, 2H; h-C5H4), 5.56 (d, J=15 Hz, 1H; 2-H), 6.56 ppm (d, J=
15 Hz, 1H; 3-H); 13C NMR (75 MHz, CDCl3): d=51.04 (OMe), 71.46 (h-
C5H5), 72.13 (h-C5H4), 73.76 (h-C5H4), 81.88 (h-C5H4-ipso), 113.31 (2-C),
142.61 (3-C), 166.80 ppm (CO); IR (ATR): ñ= 1627 (C=C), 1714 cm�1


(CO).


Methyl (E)-3-(1’’,2’’,3’’,4’’,5’’-pentamethylruthenocenyl)acrylate (2b): This
compound was prepared by a procedure similar to that described above
for 2a except for the reaction time of 70 h. Yellow crystals (93%); m.p.
90±91 8C; 1H NMR (300 MHz, CDCl3): d=1.84 (s, 15H; Me), 3.75 (s,
3H; OMe), 4.37 (t, J=1.5 Hz, 2H; h-C5H4), 4.40 (t, J=1.5 Hz, 2H; h-
C5H4), 5.79 (d, J=15.8 Hz, 1H; 2-H), 7.23 ppm (d, J=15.8 Hz, 1H; 3-H);
13C NMR (75 MHz, CDCl3): d=11.55 (Me), 51.25 (OMe), 72.36 (h-
C5H4), 75.25 (h-C5H4), 81.79 (h-C5H4-ipso), 86.11 (h-C5Me5), 111.60 (2-
C), 144.71 (3-C), 168.17 ppm (CO); IR (ATR): ñ=1623 (C=C),
1690 cm�1 (CO); elemental analysis calcd (%) for C19H24O2Ru: C 59.20,
H 6.28; found: C 59.42, H 6.34.


Methyl (E)-3-(2’,3’,4’,5’-tetramethylruthenocenyl)acrylate (2c): This com-
pound was prepared by a procedure similar to that described above for
2a. Yellow crystals (58%); m.p. 138±139 8C; 1H NMR (300 MHz, CDCl3):
d=2.00 (s, 6H; Me), 2.10 (s, 6H; Me), 3.75 (s, 3H; OMe), 4.25 (s, 5H; h-
C5H5), 6.11 (d, J=16.0 Hz, 1H; 2-H), 7.64 ppm (d, J=16.0 Hz, 1H; 3-H);
13C NMR (75 MHz, CDCl3): d=11.01 (Me), 13.18 (Me), 51.28 (OMe),
73.09 (h-C5H5), 80.53 (h-C5H4-ipso), 85.49 (h-C5Me4), 88.31 (h-C5Me4),
113.92 (2-C), 144.92 (3-C), 168.21 (CO); IR (ATR): ñ=1624 (C=C),
1700 cm�1 (CO); elemental analysis calcd (%) for C18H22O2Ru: C 58.21,
H 5.97 ; Found: C 58.37, H 5.98 .


(E)-3-Ruthenocenylpropenol (3a): A solution of 2a (0.27 g, 0.86 mmol)
in THF (5 mL) was added dropwise to a suspension of LiAlH4 (39 mg,
1.0 mmol) and AlCl3 (34 mg, 0.25 mmol) in THF (5 mL) at 0 8C under
Ar. The solution was stirred for 1 h at 0 8C and further for 2 h at room
temperature. After hydrolysis with H2O, the organic layer was separated.
The aqueous layer was extracted with Et2O. The organic layer and the
extract were combined and then dried over MgSO4. After evaporation,
the residue was purifed by chromatography on SiO2 to give 3a as pale
yellow crystals (0.18 g, 72%). M.p. 103±104 8C; 1H NMR (300 MHz,
CDCl3): d=1.26 (br s, 1H; OH), 4.12 (br t, 2H; CH2), 4.51 (s, 5H; h-
C5H5), 4.55 (t, J=1.5 Hz, 2H; h-C5H4), 4.74 (t, J=1.5 Hz, 2H; h-C5H4),
5.91 (dt, J=15.5, 5.9 Hz, 2H; 2-H), 6.23 ppm (d, J=15.5 Hz, 1H; 3-H);
13C NMR (75 MHz, CDCl3): d=63.80 (OCH2), 69.16 (h-C5H4), 70.49 (h-
C5H4), 71.04 (h-C5H5), 86.59 (h-C5H4-ipso), 125.66 (=CH), 128.41 ppm (=
CH); IR (ATR): ñ=1656 (C=C), 3289 cm�1 (OH); elemental analysis
calcd (%) for C13H14ORu: C 54.34, H 4.91; found: C 54.73, H 4.90.


(E)-3-(1’’,2’’,3’’,4’’,5’’-Pentamethylruthenocenyl)-2-propenol (3b): This
compound was prepared by a procedure similar to that described above
for 3a. Pale yellow crystals (73%); m.p. 95±96 8C; 1H NMR (300 MHz,


Scheme 6.
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CDCl3): d=1.20 (br, 1H; OH), 1.85 (s, 15H; Me), 4.16 (br t, 2H; CH2),
4.23 (t, J=1.9 Hz, 2H; h-C5H4), 4.27 (t, J=1.9 Hz, 2H; h-C5H4), 5.79 (dt,
J=15.6, 6.3 Hz, 1H; 3-H), 6.01 ppm (d, J=15.6 Hz, 1H; 2-H); 13C NMR
(75 MHz, CDCl3): d=11.65 (Me), 64.15 (OCH2), 71.22 (h-C5H4), 73.29
(h-C5H4), 84.53 (h-C5H4-ipso), 85.11 (h-C5Me5), 124.08 (=CH),
128.66 ppm (=CH); IR (ATR): ñ=1657 (C=C), 3288 cm�1 (OH); elemen-
tal analysis calcd (%) for C18H24ORu: C 60.48, H 6.76; found: C 60.46, H
6.67.


(E)-3-(2’,3’,4’,5’-Tetramethylruthenocenyl)-2-propenol (3c): This com-
pound was prepared by a procedure similar to that described above for
3a. Pale yellow crystals (72%); m.p. 113±114 8C; 1H NMR (300 MHz,
CDCl3): d=1.33 (t, J=5.9 Hz, 1H; OH), 1.97 (s, 6H; Me), 2.04 (s, 6H;
Me), 4.20 (br t, 2H; OCH2), 4.22 (s, 5H; h-C5H5), 5.95 (dt, J=16.2,
5.9 Hz, 1H; 2-H), 6.43 ppm (dt, J=16.2, 1.3 Hz, 1H; 3-H); 13C NMR
(75 MHz, CDCl3): d=12.12 (Me), 13.12 (Me), 64.66 (CH2), 72.60 (h-
C5H5), 84.25 (h-C5Me4-ipso), 84.62 (h-C5Me4), 86.44 (h-C5Me4), 127.88
(=C), 128.61 ppm (=C); IR (ATR): ñ=1652 (C=C), 3276 cm�1 (OH); ele-
mental analysis calcd (%) for C17H22ORu: C 59.46, H 6.46; found: C
59.60, H 6.50.


(E)-3-Ruthenocenylpropenal (4a): A mixture of 3a (0.14 g, 5.0 mmol)
and MnO2 (1.50 g, 17.2 mmol) in dichloroethane (15 mL) was stirred for
4 h at room temperature. After the MnO2 had been filtered off, the fil-
trate was evaporated and the residue was purified by chromatography on
SiO2 by elution of CH2Cl2 to afford 4a as yellow crystals (0.13 g, 91%).
M.p. 93±94 8C; 1H NMR (300 MHz, CDCl3): d=4.56 (s, 5H; h-C5H5),
4.91 (t, J=1.8 Hz, 2H; h-C5H4), 4.74 (t, J=1.8 Hz, 2H; h-C5H4), 6.27 (dd,
J=15.5, 8.0 Hz, 1H; 2-H), 7.30 (d, J=15.5 Hz, 1H; 3-H), 9.48 ppm (d,
J=8.0 Hz, 1H; CHO); 13C NMR (75 MHz, CDCl3): d=70.75 (h-C5H4),
71.99 (h-C5H5), 72.79 (h-C5H4), 82.20 (h-C5H4-ipso), 125.70 (2-C), 153.22
(3-C), 193.36 ppm (CO); IR (ATR): ñ=1618 (C=C), 1663 cm�1 (CO); el-
emental analysis calcd (%) for C13H12ORu: C 54.73, H 4.24; found: C
54.86, H 4.16.


(E)-3-(1’’,2’’,3’’,4’’,5’’-Pentamethylruthenocenyl)-2-propenal (4b): This
compound was prepared by a procedure similar to that described above
for 4a. Yellow crystals (88%); m.p. 120±121 8C; 1H NMR (300 MHz,
CDCl3): d=1.82 (s, 15H; Me), 4.45 (t, J=1.6 Hz, 2H; h-C5H4), 4.47 (t,
J=1.6 Hz, 2H; h-C5H4), 6.11 (dd, J=15.5, 8.1 Hz, 1H; 2-H), 7.00 (d, J=
15.5 Hz, 1H; 3-H), 9.49 ppm (d, J=8.1 Hz, CHO); 13C NMR (75 MHz,
CDCl3): d=11.32 (Me), 72.73 (h-C5H4), 76.39 (h-C5H4), 81.42 (h-C5H4-
ipso), 86.39 (h-C5Me5), 123.92 (2-C), 153.98 (3-C), 193.24 ppm (CO); IR
(ATR): ñ=1610 (C=C), 1652 cm�1 (CO); elemental analysis calcd (%)
for C18H22ORu: C 60.83, H 6.24; found: C 60.76, H 6.19.


(E)-3-(2’,3’,4’,5’-Tetramethylruthenocenyl)-2-propenal (4c): This com-
pound was prepared by a procedure similar to that described above for
4a. Yellow crystals (82%); m.p. 138±139 8C; 1H NMR (300 MHz, CDCl3):
d=2.02 (s, 6H; Me), 2.13 (s, 6H; Me), 4.27 (s, 5H; h-C5H5), 6.47 (dd, J=
15.9, 8.1 Hz, 1H; 2-H), 7.57 (d, J=15.9 Hz, 1H; 3-H), 9.53 ppm (d, J=
8.1 Hz, 1H; CHO); 13C NMR (75 MHz, CDCl3): d=12.01 (Me), 13.13
(Me), 73.38 (h-C5H5), 79.76 (h-C5Me4-ipso), 85.83 (h-C5Me4), 89.24 (h-
C5Me4), 125.44 (2-C), 154.29 (3-C), 194.29 ppm (CHO); IR (ATR): ñ=
1609 (C=C), 1656 cm�1 (CO); elemental analysis calcd (%) for
C17H20ORu: C 59.81, H 5.91; found: C 59.91, H 5.86.


(1’’,2’’,3’’,4’’,5’’-Pentamethylruthenocenyl)methanol (5b): A solution of 1b
(0.56 g, 1.7 mmol) in THF (5 mL) was added dropwise to a suspension of
LiAlH4 (68 mg, 1.8 mmol) in THF (10 mL) at 0 8C under N2. The mixture
was stirred for 1 h at 0 8C and further for 2 h at room temperature. After
ethyl acetate had been added, the mixture was poured into H2O/EtOH/
Et2O (1/4/14), and then the resulting mixture was filtered under reduced
pressure. The organic layer was separated from the filtrate, and the aque-
ous layer was extracted with Et2O. The organic layer and the extract
were combined and dried over MgSO4. After evaporation, the residue
was purified by chromatography on Al2O3 (deactivated with 10% H2O)
by elution of CH2Cl2 to give 5b (0.51 g, 89%) as colorless crystals. M.p.
85±86 8C; 1H NMR (300 MHz, C6D6): d=1.17 (t, J=5.7 Hz, 1H; OH),
1.83 (s, 15H; Me), 4.05 (d, J=5.7 Hz, 2H; CH2), 4.06 (t, J=1.8 Hz, 2H;
h-C5H4), 4.20 ppm (t, J=1.8 Hz, 2H; h-C5H4);


13C NMR (75 MHz, C6D6):
d=12.14 (Me), 59.82 (CH2), 72.36 (h-C5H4), 73.28 (h-C5H4), 85.26 (h-
C5Me5), 92.52 ppm (h-C5H4-ipso); IR (ATR): ñ=3221 cm�1 (OH); ele-
mental analysis calcd (%) for C16H22ORu: C 57.99, H 6.69; found: C
58.16, H 6.72.


(Ruthenocenylmethyl)triphenylphosphonium bromide (6a): Triphenyl-
phosphine hydrobromide ( 0.27 g, 0.77 mmol) was added to a solution of
5a (0.20 g, 0.77 mmol) in dry toluene (25 mL). The solution was heated
under reflux for 1 h. After cooling to room temperature, the resulting
crystals were collected by filtration. The crystals were recrystallized from
CH2Cl2/Et2O to give pure 6a (0.45 g, 99%) as colorless crystals. M.p.
207 8C (decomp); 1H NMR (300 MHz, CDCl3): d=4.34 (m, 2H; h-C5H4),
4.40 (t, J=1.8 Hz, 2H; h-C5H4), 4.97 (d, JPH=11.0 Hz, 2H; CH2), 7.62±
7.82 ppm (m, 15H; Ph); 13C NMR (75 MHz, CDCl3): d=27.31 (d, JPC=
44.1 Hz, CH2), 70.78 (h-C5H4), 71.94 (h-C5H5), 72.49 (h-C5H4), 76.18 (h-
C5H4-ipso), 117.61 (d, JPC=85.9 Hz, Ph-ipso), 130.10 (d, JPC=12.4 Hz,
Ph-o), 134.05 (d, JPC=10.2 Hz, Ph-m), 134.92 ppm (d, JPC=3.4 Hz, Ph-p);
elemental analysis calcd (%) for C29H26BrPRu: C 59.32, H 4.35; found: C
59.39, H 4.47.


[(1’’,2’’,3’’,4’’,5’’-Pentamethylruthenocenyl)methyl]triphenylphosphonium
bromide (6b): This compound was prepared from 5b by a procedure sim-
ilar to that described above for 6a. Colorless crystals; m.p. 179±180 8C;
1H NMR (300 MHz, CDCl3): d=1.95 (s, 15H; Me), 3.92 (m, 2H; h-
C5H4), 4.05 (t, J=1.8 Hz, 2H; h-C5H4), 4.49 (d, JPH=11.0 Hz, 2H; CH2),
7.64±7.82 ppm (m, 15H; Ph); 13C NMR (75 MHz, CDCl3): d=11.96
(Me), 26.35 (d, JPC=42.7 Hz, CH2), 73.64 (h-C5H4), 74.50 (h-C5H4), 74.54
(h-C5H4-ipso), 86.12 (h-C5Me5), 117.88 (d, JPC=84.2 Hz, Ph-ipso), 130.14
(d, JPC=13.4 Hz, Ph-o), 134.29 (d, JPC=9.8 Hz, Ph-m), 134.97 ppm (d,
JPC=2.4 Hz, Ph-p); elemental analysis calcd (%) for C34H36BrPRu: C
62.19, H 5.53; found: C 62.01, H 5.49.


[(2’,3’,4’,5’-Tetramethylruthenocenyl)methyl]triphenylphosphonium bro-
mide (6c): This compound was prepared from 5c by a procedure similar
to that described above for 6a. Colorless crystals; m.p. 182 8C (decomp);
1H NMR (300 MHz, CDCl3): d=1.30 (s, 6H; Me), 1.89 (s, 6H; Me),4.36
(s, 5H; h-C5H5), 4.78 (d, JPH=9.9 Hz, 2H; CH2), 7.58±7.86 ppm (m, 15H;
Ph); 13C NMR (75 MHz, CDCl3): d=12.03 (Me), 12.45 (Me), 26.89 (d,
JPC=40.7 Hz, CH2), 73.45 (h-C5H5), 76.22 (h-C5Me4-ipso), 84.79 (h-
C5Me4), 87.09 (h-C5Me4), 117.53 (d, JPC=82.5 Hz, Ph-ipso), 130.03 (d,
JPC=12.4 Hz, Ph-o), 134.49 (d, JPC=10.2 Hz, Ph-m), 135.04 ppm (d, JPC=
3.4 Hz, Ph-p); elemental analysis calcd (%) for C33H34BrPRu: C 61.68, H
5.33; found: C 61.48, H 5.25.


1,4-Bis(ruthenocenyl)butadiene (7a): A solution of LDA (0.80 mmol) in
THF (5 mL) was added to a suspension of 6a (0.47 g, 0.80 mmol) in THF
(5 mL) at �80 8C under Ar. The solution was stirred for 10 min and then
a solution of 4a (0.20 g, 0.72 mmol) in THF (5 mL) was added. The solu-
tion was warmed to room temperature and stirred for 1 h at room tem-
perature and further refluxed for 3 h. After cooling, the precipitate was
filtered and the filtrate was stirred with saturated aqueous NH4Cl. The
mixture was extracted with CH2Cl2 and dried over MgSO4. After evapo-
ration, the residue and the precipitate were combined and were purified
by chromatography on Al2O3 (deactivated with 5% H2O) with elution of
hexane/benzene (4:1) to give a mixture (5:4) of (E,E)-7a and E,Z isomer
(0.29 g, 78%) as pale yellow crystals. M.p. >250 8C; elemental analysis
calcd (%) for C24H22Ru2: C 56.24, H 4.33; found: C 56.32, H 4.33. The re-
peated recrystallization of the mixture from benzene gave almost pure
7a. (E,E)-7a : 1H NMR (400 MHz, C6D6): d=4.42 (s, 10H; h-C5H5), 4.49
(br s, 4H; h-C5H4), 4.76 (br s, 4H; h-C5H4), 6.15 (m, J1,2=15.0, J1,3=�0.4,
J1,4=0.4 Hz, 2H; H1,4), 6.47 ppm (m, J2,3=10.8, J2,4=�0.4 Hz, 2H; H2,3);
13C NMR (75 MHz, CDCl3): d 68.93 (h-C5H4), 70.53 (h-C5H4), 71.05 (h-
C5H5), 87.82 (h-C5H4-ipso), 124.39 (=CH), 127.87 ppm (=CH); IR (ATR):
ñ=1613 cm�1 (C=C).


1,4-Bis(1’’,2’’,3’’,4’’,5’’-pentamethylruthenocenyl)butadiene (7b). This
compound was prepared from 4b and 6b by a procedure similar to that
described above for 7a and obtained as a mixture (3:2) of (E,E)-7b and
the E,Z isomer as pale yellow crystals (46%). M.p. 209±210 8C; elemental
analysis calcd (%) for C34H42Ru2: C 62.55, H 6.49; found: C 62.28, H
6.44. The repeated recrystallization of the mixture from benzene gave
almost pure 7b. (E,E)-7b : 1H NMR (400 MHz, C6D6): d=1.88 (s, 30H;
Me), 4.26 (t, J=1.6 Hz, 4H; h-C5H4), 4.36 (t, J=1.6 Hz, 4H; h-C5H4),
5.93 (m, J1,2=15.4, J1,3=�0.8, J1,4=0.8 Hz, 2H; H1,4), 6.25 ppm (m, J2,3=
10.5, J2,4=�0.8 Hz, 2H; H2,3);


13C NMR (75 MHz, CDCl3): d=11.70
(Me), 70.96 (h-C5H4), 73.21 (h-C5H4), 85.22 (h-C5Me5), 86.48 (h-C5H4-
ipso), 126.18 (=CH), 126.33 ppm (=CH); IR (ATR): ñ=1616 cm�1 (C=
C).
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1,4-Bis(2’,3’,4’,5’-tetramethylruthenocenyl)butadiene (7c): This compound
was prepared from 4c and 6c by a procedure similar to that described
above for 7a and obtained as a mixture (13:1) of (E,E)-7c and the E,Z
isomer as pale yellow crystals (59%). M.p. >250 8C; elemental analysis
calcd (%) for C32H38Ru2: C 61.52, H 6.13; found: C 61.73, H 6.11. The re-
peated recrystallization of the mixture from benzene gave almost pure
7c. (E,E)-7c : 1H NMR (400 MHz, C6D6): d=1.89 (s, 12H; Me), 2.10 (s,
12H; Me), 4.17 (s, 10H; h-C5H5), 6.69 (m, J1,2=15.6, J1,3=�0.8, J1,4=
0.8 Hz, 2H; H1,4), 6.85 ppm (m, J2,3=10.6, J2,4=�0.8 Hz, 2H; H2,3);
13C NMR (75 MHz, CDCl3): d 12.23 (Me), 13.35 (Me), 72.60 (h-C5H5),
84.10 (h-C5Me4), 85.60 (h-C5Me4-ipso), 86.48 (h-C5Me4), 127.52 (=CH),
129.80 ppm (=CH); IR (ATR): ñ=1612 cm�1 (C=C).


(E,E,E)-1,6-Bis(ruthenocenyl)hexa-1,3,5-triene (8a): TiCl4 (0.32 mL,
3.0 mmol) was added under Ar to a suspension of Zn dust (0.40 g,
6.0 mmol) in THF (15 mL) below �78 8C. After stirring for 15 min, pro-
penal 4a (0.29 g, 1.0 mmol) was added to the mixture at the same tem-
perature. The mixture was stirred for 20 min and then warmed gradually
to room temperature. After stirring for 8 h at room temperature, the mix-
ture was hydrolyzed with 10% aqueous Na2CO3. The reaction mixture
was acidified (< pH 2) with 10% aqueous HCl solution. The resulting
yellow crystals were collected with filtration and then dissolved in ben-
zene. The solution was treated with activated carbon and then dried. The
filtrate was extracted with CH2Cl2 and the extract was dried over MgSO4.
After evaporation, the residue was purified by chromatography on Al2O3


(deactivated with 10% H2O) to give yellow crystals. Total yield: 78 mg
(29%); m.p. 245 8C (decomp); 1H NMR (400 MHz, CDCl3): d=4.50 (s,
10H; h-C5H5), 4.58 (t, J=1.6 Hz, 4H; h-C5H4), 4.77 (t, J=1.6 Hz, 4H; h-
C5H4), 6.15 (m, J3,4=15.4, J3,5=�0.2, J3,6=0.2 Hz, 2H; H3,4), 6.17 (m,
J1,2=15.4, J1,3=�0.2, J1,4=0.2 Hz, 2H; H1,6), 6.35 ppm (m, J2,3=10.3,
J2,4=�0.2, J2,5=0.2 Hz, 2H; H2,5);


13C NMR (75 MHz, CDCl3): d=69.00
(h-C5H4), 70.67 (h-C5H4), 71.13 (h-C5H5), 87.61 (h-C5H4-ipso), 126.95
(=CH), 129.04 (=CH), 131.39 ppm (=CH); IR (ATR): ñ=1626 cm�1


(C=C); elemental analysis calcd (%) for C26H24Ru2: C 57.98, H 4.49;
found: C 58.11, H 4.44.


(E,E,E)-1,6-Bis(1’’,2’’,3’’,4’’,5’’-pentamethylruthenocenyl)hexa-1,3,5-triene
(8b): This compound was prepared from 4b by a procedure similar to
that described above for 8a. Yellow crystals (32%); m.p. 238 8C
(decomp); 1H NMR (400 MHz, C6D6): d=1.83 (s, 30H; Me), 4.25 (t, J=
1.6 Hz, 4H; h-C5H4), 4.34 (t, J=1.6 Hz, 4H; h-C5H4), 6.03 (m, J1,2=15.8,
J1,3=�0.9, J1,4=0.9 Hz, 2H; H1,6), 6.35 (m, J3,4=15.8, J3,5=�0.9, J3,6=
0.9 Hz, 2H; H3,4), 6.42 ppm (m, J2,3=10.6, J2,4=�0.9, J2,5=0.9 Hz, 2H;
H2,5);


13C NMR (75 MHz, CDCl3): d=11.70 (Me), 71.05 (h-C5H4), 73.39
(h-C5H4), 85.37 (h-C5Me5), 87.61 (h-C5H4-ipso), 125.85 (=CH), 128.15
(=CH), 130.87 ppm (=CH); IR (ATR): ñ=1630 cm�1 (C=C); elemental
analysis calcd (%) for C36H44Ru2: C 63.69, H 6.53; found: C 64.09, H
6.71.


(E,E,E)-1,6-Bis(2’,3’,4’,5’-tetramethylruthenocenyl)hexa-1,3,5-triene (8c):
This compound was prepared from 4c by a procedure similar to that de-
scribed above for 8a. Yellow crystals (57%); m.p. 234 8C (decomp);
1H NMR (400 MHz, C6D6): d=1.91 (s, 12H; Me), 2.10 (s, 12H; Me), 4.21
(s, 10H; h-C5H5), 6.38 (m, J3,4=15.4, J3,5=�0.4, J3,6=0.4 Hz, 2H; H3,4),
6.58 (m, J1,2=15.4, J1,3=�0.4, J1,4=0.4 Hz, 2H; H1,6), 6.72 ppm (m, J2,3=
10.5, J2,4=�0.4, J2,5=0.4 Hz, 2H; H2,5);


13C NMR (CDCl3, 75 MHz): d
12.20 (Me), 13.27 (Me), 72.66 (h-C5H5), 84.19 (h-C5Me4), 85.37 (h-C5Me4-
ipso), 86.71 (h-C5Me4), 128.64 (=CH), 129.50 (=CH), 131.79 ppm (=CH);
IR (ATR): ñ=1626 cm�1 (C=C); elemental analysis calcd (%) for
C34H40Ru2: C 62.74, H 6.20; found: C 62.96, H 6.18.


Chemical oxidation–[Ru2(m2-h
6 :h6-C5H4CHCH=CHCHC5H4)(h-


C5H5)2](BF4)2 (9a). A solution of the butadiene (7a) (15.4 mg,
0.03 mmol) and p-benzoquinone (6.3 mg, 0.06 mmol) in CH2Cl2 (5 mL)
was cooled to 0 8C. one drop of BF3¥OEt2 was added to this solution, and
the resulting dark red solution was stirred for 3 h at the same tempera-
ture. After dry diethyl ether (5 mL) had been added to the solution, the
mixture was stirred for 1 h and then resulting precipitates were collected
by filtration. Recrystallization from CH3CN/Et2O by the diffusion
method in freezer gave deep red crystals (20.5 mg, 96%). M.p. 180 8C; el-
emental analysis calcd (%) for C24H22B2F8Ru2: C 42.01, H 3.23; found: C
42.22, H 3.07. This was a mixture of two isomers, A and B (ca. 2:1) by
the 1H NMR spectrum. The following NMR data were extracted from
the NMR spectrum of the mixutre. Isomer A : 1H NMR (400 MHz,
CD3NO2,): d=5.28 (m, 2H; h-C5H4), 5.39 (s, 10H; h-C5H5), 5.89 (brd,


J=2.8 Hz, 2H; h-C5H4), 6.23 (dt, J=2.7, 1.1 Hz, h-C5H4), 6.38 (m, 2H; h-
C5H4), 6.77 (m, J1,2=11.3, J1,3=�0.9, J1,4=0.9 Hz, 2H; H1,4), 6.87 ppm (m,
J2,3=14.6, J2,4=�0.9, J3,4=11.3 Hz, 2H; H2,3);


13C NMR (75 MHz,
CD3CN): d=83.66 (h-C5H4), 84.66 (h-C5H4), 87.07 (h-C5H4), 92.88
(=CH), 93.33 (h-C5H4), 97.77 (h-C5H4), 104.22 (h-C5H4-ipso), 136.38 ppm
(=CH). Isomer B : 1H NMR (400 MHz, CD3NO2): d=5.31 (m, 2H; h-
C5H4), 5.36 (s, 10H; h-C5H5), 5.83 (brd, J=2.9 Hz, 2H; h-C5H4), 6.26 (m,
2H; h-C5H4), 6.31 (m, 2H; h-C5H4), 6.68 (m, 2H; H1,4), 6.80 ppm (m,
2H; H2,3);


13C NMR (75 MHz, CD3CN): d=83.88 (h-C5H4), 84.41 (h-
C5H4), 86.90 (h-C5H5), 93.14 (=CH), 93.29 (h-C5H4), 98.02 (h-C5H4),
104.13 (h-C5H4-ipso), 136.27 ppm (=CH).


[Ru2(m2-h
6 :h6-C5H4CHCH=CHCHC5H4)(h-C5Me5)2](BF4)2 (9b): This


compound was prepared from 7b by a procedure similar to that de-
scribed above for 9a. Red-violet crystals (85%). M.p. >250 8C; elemen-
tal analysis calcd (%) for C34H42B2F8Ru2: C 49.42, H 5.20; found: C
49.65, H 5.08. This was a single isomer by the 1H NMR spectrum.
1H NMR (400 MHz, CD3NO2): d=1.97 (s, 30H; Me), 4.97 (brd, J=
2.9 Hz, 2H; h-C5H4), 5.51 (brd, J=2.9 Hz, 2H; h-C5H4), 5.85 (dt, J=2.9,
1.1 Hz, 2H; h-C5H4), 5.94 (br t, J=2.9 Hz, 2H; h-C5H4), 6.07 (m, J1,2=
10.5, J1,3=�0.8, J1,4=0.8 Hz, 2H; H1,4), 6.63 ppm (m, J2,3=15.6, J2,4=
�0.8, J3,4=10.5 Hz, 2H; H2,3);


13C NMR (100 MHz, CD3CN): d=10.58
(Me), 80.81 (h-C5H4), 83.58 (h-C5H4), 96.62 (h-C5H4), 97.29 (h-C5H4),
100.13 (=CH), 101.59 (h-C5Me5), 105.78 (h-C5H4-ipso), 135.39 ppm
(=CH).


The same product was also obtained by the oxidation of 7b with AgBF4.


Complex 9b (7.7 mg, 0 009 mmol) was stirred with Zn dust (30 mg) for
1 h in CH2Cl2 (1 mL) and CH3CN (1 mL). The mixture was filtered and
the filtrate was evaporated under reduced pressure. The residue was puri-
fied by chromatography on silica gel by elution of benzene to give the
neutral complex (E,E)-7b (6.1 mg) qunatitatively.


[Ru2(m2-h
6 :h6-C5Me4CHCH=CHCHC5Me4)(h-C5H5)2](BF4)2 (9 c): This


compound was prepared from 7c by a procedure similar to that described
above for 9a. Orange crystals (89%); m.p. >235 8C (decomp); elemental
analysis calcd (%) for C32H38B2F8Ru2: C 48.14, H 4.80; found: C 48.39, H
4.79. This was a mixture of two isomers, A and B (ca. 2:1) by the
1H NMR spectrum. The following NMR data were extracted from the
NMR spectrum of the mixutre. Isomer A : 1H NMR (400 MHz, CD3NO2):
d=1.87 (s, 6H; Me), 2.18 (s, 6H; Me), 2.27 (s, 6H; Me), 2.31 (s, 6H;
Me), 5.11 (s, 10H; h-C5H5), 6.82 (m, J1,2=11.6, J1,3=�0.9, J1,4=0.9 Hz,
2H; H1,4), 7.34 ppm (m, J2,3=14.8, J2,4=�0.9, J3,4=11.6 Hz, 2H; H2,3);
13C NMR (75 MHz, CD3CN): d=9.88 (2 Me), 11.63 (Me), 11.73 (Me),
88.18 (h-C5H5), 95.16 (=CH), 99.03 (h-C5Me4-ipso), 99.98 (h-C5Me4),
100.19 (h-C5Me4), 107.96 (h-C5Me4), 109.16 (h-C5Me4), 134.88 ppm
(=CH). Isomer B : 1H NMR (400 MHz, CD3NO2): d=1.87 (s, 6H; Me),
2.22 (s, 6H; Me), 2.25 (s, 6H; Me), 2.27 (s, 6H; Me), 5.06 (s, 10H; h-
C5H5), 6.68 (m, 2H; H1,4), 7.21 ppm (m, 2H; H2,3);


13C NMR (75 MHz,
CD3CN): d=11.63 (Me), 11.69 (Me), 12.62 (Me), 12.89 (Me), 88.06 (h-
C5H5), 95.64 (=CH), 99.29 (h-C5Me4-ipso), 99.98 (h-C5Me4), 100.19 (h-
C5Me4), 108.31 (h-C5Me4), 109.31 (h-C5Me4), 135.48 ppm (=CH).


[Ru2(m2-h
6 :h6-C5H4CHCH=CHCH=CHCHC5H4)(h-C5H5)2](BF4)2 (10a):


This compound was prepared from 8a by a procedure similar to that de-
scribed above for 9a. Red-violet crystals (50%); m.p. 180 8C (decomp);
elemental analysis calcd (%) for C26H24B2F8Ru2: C 43.85, H 3.40; found:
C 43.48, H 3.21. This was a ca. 1:1 mixture of two isomers by the
1H NMR spectrum. 1H NMR (400 MHz, CD3CN): d=5.14 (m, 4H; h-
C5H4), 5.23 (s, 10H; h-C5H5), 5.25 (s, 10H; h-C5H5), 5.76 (m, 4H; h-
C5H4), 6.08 (m, 4H; h-C5H4), 6.24 (m, 4H; h-C5H4), 6.41 (m, 4H; =CH),
6.82 ppm (m, 4H; =CH), 7.01 (m, 4H; =CH); 13C NMR (75 MHz,
CD3CN): d=83.30 (h-C5H4), 83.84 (h-C5H4), 83.87 (h-C5H4), 86.59 (h-
C5H5), 86.62 (h-C5H5), 92.28 (=CH), 92.31 (=CH), 92.63 (h-C5H4), 92.67
(h-C5H4), 101.87 (h-C5H4), 101.94 (h-C5H4), 102.78 (h-C5H4-ipso), 102.92
(h-C5H4-ipso), 134.11 (=CH), 134.20 (=CH), 140.18 (=CH), 140.33 ppm
(=CH).


[Ru2(m2-h
6 :h6-C5H4CHCH=CHCH=CHCHC5H4)(h-C5Me5)2](BF4)2


(10b): This compound was prepared from 8b by a procedure similar to
that described above for 9a. Red-violet crystals (73%); m.p. >250 8C; el-
emental analysis calcd (%) for C36H44B2F8Ru2: C 50.72, H 5.20; found: C
50.35, H 5.04. This was a mixture of two isomers, A and B (ca. 4:3) by
the 1H NMR spectrum. The following NMR data were extracted from
the NMR spectrum of the mixutre. Isomer A : 1H NMR (400 MHz,
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CD3NO2): d=1.97 (s, 30H; Me), 4.92 (brd, 4H; h-C5H4), 5.47 (brd, 4H;
h-C5H4), 5.78 (br t, 4H; h-C5H4), 5.90 (m, 4H; h-C5H4), 6.18 (m, J1,2=
10.6, J1,3=�0.7, J1,4=0.7 Hz, 2H; H1,6), 6.45 (m, J2.3=15.8, J2,4=�0.7,
J2,5=0.7, J5,6=10.6 Hz, 2H; H2,5), 7.20 ppm (m, J3,4=10.6, J3,5=�0.7,
J3,6=0.7, J4,5=15.8 Hz, 2H; H3,4);


13C NMR (75 MHz, CD3CN): d=10.50
(Me), 80.28 (h-C5H4), 80.12 (h-C5H4), 96.21 (2 h-C5H4), 99.35 (=CH),
104.93 (h-C5H4-ipso), 105.86 (h-C5Me5), 133.68 (=CH), 139.81 ppm
(=CH). Isomer B : 1H NMR (400 MHz, CD3CN): d=1.63 (s, 30H; Me),
4.92 (brd, 2H; h-C5H4), 5.45 (brd, 2H; h-C5H4), 5.78 (br t, 2H; h-C5H4),
5.90 (m, 2H; h-C5H4), 6.16 (m, 2H; H1,6), 6.41 (m, 2H; =CH), 7.16 ppm
(m, 2H; =CH); 13C NMR (75 MHz, CD3CN): d=10.48 (Me), 80.32 (h-
C5H4), 83.20 (h-C5H4), 96.21 (h-C5H4), 86.77 (h-C5H4), 99.64 (=CH),
104.88 (h-C5H4-ipso), 105.61 (h-C5Me5), 133.32 (=CH), 139.70 ppm
(=CH).


Complex 10b was reduced with Zn dust by a procedure similar to that
described in the section of 9b to give (E,E,E)-8b in a quantitative yield.


MO calculations : DFT calculations were performed with Gaussian 98
program[33] running on the workstations assembled by HIT Inc. The ene-
diyl-, dienediyl-, and trienediyl-bridged binuclear ruthenocenes and their
two-electron-oxidized species were optimized fully using a standard 3-
21G(d) basis set and B3LYP functional, which incorporates the three-pa-
rameter exchange functional by Becke[34] with the correlation functional
by Lee, Yang, and Parr[35] (B3LYP3±21G(d)). Molecular orbital energy
levels, together with the orbital diagrams, were obtained from B3LYP3-
21G(d) calculations. The graphic representations of the calculated molec-
ular orbitals were obtained using GaussViewW.[36]


Structure determinations : The crystallographic data are listed in Table 4
for 7a and 9a. Data collection of crystal data for 7a and 9a were per-
formed at room temperature on Mac Science MXC18 K diffractometer


and Mac Science DIP3000 image processor with grafite monochromated
MoKa radiation (l=0.71073 ä) and an 18 kW rotating anode generator,
respectively. The structures were solved with the Dirdif±Patty method in
MAXUS (software-package fro structure determination) and refined fin-
naly by full-matrix least-squares procedure with SHELEX. Absorption
correction for 7a and 9a with the y-scan method and the Sotav method,


respectively, and anisotropic refinement for non-hydrogen atom were car-
ried out. The hydrogen atoms, located from difference Fourier maps or
calculation, were refined isotropically.


CCDC-225203 (7a) and CCDC-225204 (9a) 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 Cam-
bridge Crystallographic Data Centre, 12, Union Road, Cambridge
CB21EZ, UK; fax: (+44)1223±336±033; or e-mail : deposit@ccdc.cam.ac.
uk).
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Enantioselective [4+2]-Cycloaddition Reaction of a Photochemically
Generated o-Quinodimethane: Mechanistic Details, Association Studies, and
Pressure Effects


Benjamin Grosch,[a] Caroline N. Orlebar,[b] Eberhardt Herdtweck,[c] Masayuki Kaneda,[d]


Takehiko Wada,[d] Yoshihisa Inoue,*[d] and Thorsten Bach*[a]


Introduction


A chemical reaction during which a prochiral substrate is
converted into a chiral product proceeds enantioselectively
if enantiotopic groups or enantiotopic faces of the substrate
are sufficiently differentiated by a chiral entity. The degree
of enantioselectivity is measured by the enantiomeric excess
(ee) of the corresponding product. In conventional thermal
reactions, the entity which delivers the chiral information
has very often been the reagent or the catalyst. In photo-
chemical reactions, the ™reagent∫ light has–despite many
attempts–never been successfully employed in a similar
fashion. Results obtained with circularly polarized light
(CPL) as a source of the chiral information have not
reached significant ee values in preparatively useful reac-
tions.[1] There are two alternative approaches towards enan-
tioselective photochemical reactions. One approach is based
on a chiral solid-state environment as the source of chirali-
ty.[2] Homochiral crystals,[3] ionic chiral auxiliary approach,[4]


inclusion complexes,[5] and reactions in zeolites[6] are a few
key concepts to describe this subject in brief. The limitation
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Abstract: 1,2,3,4-Tetrahydro-2-oxoqui-
noline-5-aldehyde (2) was prepared
from m-aminobenzoic acid and 3-
ethoxyacryloyl chloride (4) in 19%
overall yield. Compound 2 underwent
a photochemically induced [4+2]-cyclo-
addition reaction with various dieno-
philes upon irradiation in toluene solu-
tion. The exo product 10 a was obtained
with acrylonitrile (9 a) as the dieno-
phile, whereas methyl acrylate (9 b)
and dimethyl fumarate (9 c) furnished
the endo products 11 b and 11 c (69±
77% yield). The reactions proceeded
at �60 8C in the presence of the chiral
complexing agent 1 (1.2 equiv) with ex-
cellent enantioselectivity (91±94% ee).


The enantiomeric excess increases in
the course of the photocycloaddition as
a result of the lower product associa-
tion to 1. The intermediate (E)-dienol
8 was spectroscopically detected at
�196 8C in an EPA (diethyl ether/iso-
pentane/ethanol) glass matrix. The as-
sociation of the substrate 2 to the com-
plexing agent 1 was studied by circular
dichroism (CD) titration. The meas-
ured association constant (KA) was


589m�1 at room temperature (25 8C)
and normal pressure (0.1 MPa). An in-
crease in pressure led to an increased
association. At 400 MPa the measured
value of KA was 703m�1. Despite the
stronger association the enantioselec-
tivity of the reaction decreased with in-
creasing pressure. At 25 8C the enantio-
meric excess for the enantioselective
reaction 2 + 9 a!10 a decreased from
68% ee at 0.1 MPa to 58% ee at
350 MPa. This surprising behavior is
explained by different activation vol-
umes for the diastereomeric transition
states leading to 10 a and ent-10 a.


Keywords: Diels±Alder reactions ¥
enantioselectivity ¥ high-pressure
chemistry ¥ hydrogen bonds ¥ photo-
chemistry
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to intramolecular reactions is a major disadvantage associat-
ed with this approach. A major advantage is the fact that
the choice of substrates is not restricted provided that chiral
crystalline material can be obtained. The other approach is
based on the use of chiral complexing agents (templates) in
solution-phase photochemistry.[1a,7] By definition, chiral
complexing agents interact with prochiral substrates by non-
covalent interactions in a fast, reversible equilibrium. If the
reaction in the template±substrate complex is enantioselec-
tive, a high equilibrium constant in favor of complex forma-
tion guarantees high enantioselectivity. Enantioselective cat-
alysis is possible if the reaction proceeds faster in the com-
plex than in the unbound substrate. The binding motif most
commonly encountered in nature for noncovalent associa-
tion is hydrogen bonding.[8] Following this precedence we
have devised complexing agents which exhibit hydrogen-
bond donor and hydrogen-bond acceptor sites.[9±11] The ap-
proach appeared particularly promising for enantiocontrol
in photochemical reactions, since light does normally not in-
terfere with hydrogen bonds. Our most successful complex-
ing agent is lactam 1 (Scheme 1) and its enantiomer. The
compounds are available in multigram quantities[12] and
have been employed for several enantioselective photo-
chemical reactions.[13]


Despite the simple binding motif, the equilibrium constant
(KA) in favor of the complex (1¥substrate) is sufficiently
high to facilitate reactions which proceed in up to 95% ee at
�60 8C.[13c] Since the face differentiation is independent
from the mode of attack, the complexing agent can be ap-
plied to inter- and intramolecular reactions. The study we
describe in this account is concerned with a thermal [4+2]-
cycloaddition reaction which is photochemically initiated.
The results of the cycloaddition studies have been reported
in preliminary form.[14] We now provide details on the prep-
aration of the starting material, the structural elucidation of
the products, on some mechanistic work, and on the pres-
sure dependence of the reaction. The last of these aspects
turned out to be particularly intriguing. We observed an en-
hanced association and a decrease of the enantioselectivity
with increasing pressure.


Results and Discussion


Upon photochemical excitation, o-alkylated aromatic alde-
hydes of type A (Figure 1) undergo a hydrogen abstraction
which leads to two diastereomeric dienols. The correspond-


ing Z dienol undergoes rapid tautomerization to the starting
material, whereas (E)-dienol B lives long enough to be trap-
ped by an alkene in a Diels±Alder reaction.[15,16] The reac-
tion has proven to be useful for the construction of chiral
tetralins and has been frequently applied in synthesis.[17,18]


Substrate 2 contains an o-alkylbenzaldehyde moiety re-
quired for the photochemically induced Diels±Alder reac-
tion and a lactam binding site required for enantioselective
differentiation by complexing agent 1. It was therefore con-
sidered as a useful probe to assess the chances for an enan-
tioselective [4+2] cycloaddition in solution.[19]


Abstract in German: 1,2,3,4-Tetrahydro-2-oxochinolin-5-al-
dehyd (2) wurde ausgehend von m-Aminobenzoes‰ure und
3-Ethoxyacryloylchlorid (4) in f¸nf Schritten und einer Ge-
samtausbeute von 19% hergestellt. Die Verbindung lie˚ sich
in Toluol als Lˆsungsmittel mit verschiedenen Dienophilen in
einer photochemisch induzierten [4+2]-Cycloaddition umset-
zen (69±77% Ausbeute), wobei als Hauptprodukt mit Acryl-
nitril (9a) das exo-Produkt 10a entstand. Methylacrylat (9b)
und Dimethylfumarat (9c) lieferten die endo-Produkte 11b
and 11c. In Gegenwart des chiralen Komplexierungsreagenz’
1 (1.2 æquiv.) verliefen die Reaktionen mit exzellenter Enan-
tioselektivit‰t (91±94% ee). Der Enantiomeren¸berschu˚
nahm im Verlauf der photochemischen Umsetzung zu, was
man auf die relativ zum Substrat 2 niedrigere Assoziation
des Produkts zur¸ckf¸hren kann. Das intermedi‰r gebildete
(E)-Dienol 8 wurde spektroskopisch in einer EPA (Ether/i-
Pentan/Ethanol) Glasmatrix bei �196 8C nachgewiesen. Die
Assoziation des Substrats 2 an das Komplexierungsreagenz 1
wurde durch CD-Titration genauer untersucht. Die Assozia-
tionskonstante (KA) wurde bei Zimmertemperatur (25 8C)
und Normaldruck (0.1 MPa) zu 589m�1 bestimmt. Bei hˆher-
em Druck beobachtete man eine verst‰rkte Assoziation und
bei 400 MPa wurde eine Assoziationskonstante von KA=


703m�1 bestimmt. Trotz der st‰rkeren Assoziaion nahm die
Enantioselektivit‰t mit wachsendem Druck ab. Bei 25 8C
sank der Enantiomeren¸berschu˚ der enantioselektiven Rea-
tion 2 + 9a!10a von 68% ee bei 0.1 MPa auf 58% ee bei
350 MPa. Dieses ¸berraschende Verhalten l‰˚t sich mˆgli-
cherweise durch die unterschiedlichen Aktivierungsvolumina
f¸r die ‹bergangszust‰nde erkl‰ren, die zu 10a und ent-10a
f¸hren.


Scheme 1. Association behavior of a lactam substrate in the presence of
complexing agent 1.


Figure 1. Structures of an o-substituted benzaldehyde A, the (E)-dienol B
derived from A, and the aldehyde 2 used in this study.
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Preparation of the substrate : Commercially available ethyl
3,3-diethoxypropionate (3) was converted into 3-ethoxy-
acryloyl chloride (4) by a known two-step procedure
(Scheme 2).[20] Acylation of m-aminobenzoic acid with chlo-
ride 4 led to an anilide (75% yield) which was cyclized
under acidic conditions to an unsaturated quinolone (89%
yield).[21] The previously reported hydrogenation of the qui-
nolone[21] to dihydroquinolone 5 was conducted at 60 8C
under 2 MPa (20 bar) H2 pressure with Pd/C as the catalyst
(10 mol%). Under these conditions the hydrogenation pro-
ceeded in 75% yield. The activation of acid 5 towards a che-
moselective reduction was achieved with ethoxy chlorofor-
mate and triethylamine in tetrahydrofuran (THF). After fil-
tration the resulting solution was directly reduced with
sodium borohydride. Although the yields achieved in the ac-
tivation/reduction sequence were only moderate, we did not
optimize the reaction any further. The alcohol was eventual-
ly oxidized to the desired aldehyde 2 with pyridinium chloro-
chromate (PCC). The overall yield of substrate 2 was repro-
ducibly 13% in seven steps starting from ester 3.


Stereoselectivity : Irradiation experiments were conducted
with a toluene solution of substrate 2 (ca. 1 mm) in the pres-
ence of an excess of the corresponding dienophile
(50 equiv). Under these conditions, a complete conversion
was achieved at room temperature within 5±10 min or at
�60 8C within 30 min. For acrylonitrile (9 a, Scheme 3) as
the dienophile, the ratio of product diastereoisomers was
roughly 70:30 in favor of the exo product rac-10 a, whereas
methyl acrylate (9 b) and dimethyl fumarate (9 c) gave pre-
dominantly the endo products rac-11 b and rac-11 c. The
yields were 60±80% in all reactions we conducted. The exo/
endo selectivity was not significantly affected by the reaction
temperature. A solvent change, however, led to a selectivity
reversal in one example. Thus, irradiation of substrate 2
with acrylonitrile (9 a) in acetonitrile gave preferentially the
racemic endo product rac-11 a [diastereoisomeric ratio
(d.r.)=92:8, 62% yield].


Cycloaddition reactions in the presence of the complexing
agent were performed at 30 8C, �35 8C, or �60 8C with 0.5,


1.2, or 2.5 equivalents of compound 1. The other reaction
conditions remained unchanged. Most of the results have
been tabulated elsewhere[14] and will not be repeated in
detail. The key issues are that excellent enantiofacial differ-
entiation was achieved at �60 8C with only 1.2 equivalents
of the complexing agent 1 (91±94% ee), and that the selec-
tivity increased further upon increasing the concentration of
the complexing agent (up to 97% ee) and decreased upon
raising the temperature.


Typical figures which illustrate the correlation between
enantiomeric excess and complexing agent concentration
were obtained at �35 8C: 35% ee in favor of 10 a with
0.5 equivalents of 1, 76% ee with 1.2 equivalents, and
92% ee with 2.5 equivalents. Table 1 gives some insight into
the complexation behavior by looking at the enantiomeric
excess of product 10 a in the same reaction after different
conversions. The enantiomeric excess increased with increas-
ing conversion.


Proof of configuration and discussion : The relative configu-
ration of the products could be determined by 1H NMR
spectroscopy and NOE measurements. The general proce-
dure is exemplified for the two major products obtained
from the reaction of substrate 2 with acrylonitrile (9 a).
Figure 2 gives the most prominent NMR data for the two di-
astereoisomers 10 a and 11 a obtained as [4+2]-cycloaddition
products.


Scheme 2. Synthesis of substrate 2.


Scheme 3. Enantioselective photoinduced [4+2] cycloaddition of (E)-
dienol 8 with the dienophiles 9.


Table 1. Conversion and enantiomeric excess (ee) in the Diels±Alder re-
action of compound 2 with dienophile 9a at �35 8C in toluene mediated
by complexing agent 1 (1.2 equiv, cf. Scheme 3).


Conversion[a] [%] 8 27 80 100
ee (10a)[b] [%] 57 64 74 76


[a] The conversion was determined by GC analysis. [b] The ee values
were determined by chiral GC analysis (after derivatisation with TMSCl/
hexamethyldisilazane).
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The 3J coupling constants between the hydrogen atoms at
C-4, C-5, and C-6 in compound 10 a provide evidence for
the fact that these hydrogen atoms are axial/equatorial or
equatorial/equatorial to each other. Hydrogen atom H-5
must consequently reside in an equatorial position. Hydro-
gen atom H-3a is positioned axially, as it has a typically
large axial/axial coupling constant to one hydrogen atom at
C-4. In product 11 a, the large coupling constant between H-
4 and H-5 supports a conformation in which H-5 resides in
an axial position. Based on the small 3J value between H-5
and H-6, H-6 must be equatorial. The major difference in
the NOE spectra of 10 a and 11 a concerns the proximity of
hydrogen atoms H-3a and H-5. There is no NOE contact in
the former case but a strong contact in the latter case. In ad-
dition, both hydrogen atoms at C-4 exhibit NOE contacts to
hydrogen atom H-5 in compound 10 a, but only one hydro-
gen atom H-4’ interacts with H-5 in 11 a. Indeed, the crystal
structure[22] of compound rac-11 a (Figure 3) confirmed the
assignment of the relative configuration and the conforma-
tional analysis derived from the NMR data. Hydrogen


atoms H-5 and H-3a are in an axial position, whereas H-6
and the cyano group are equatorial.


The 1H NMR and NOE data obtained for the major dia-
stereoisomers of the photocycloaddition products derived
from methyl acrylate (9 b) and dimethyl fumarate (9 c) were
similar to the data of compound 11 a. Most significantly, the
NOE contacts between the hydrogen atoms H-3a and H-5
were strong, and the 1H NMR 3J coupling constants for H-5/
H-6 were low (3.4 Hz). The data support a conformation in
which the hydrogen atom H-5 is axially positioned, and a
configuration in which H-5 and H-6 are cis to each other.
Further evidence for the relative configuration was again
obtained by single-crystal X-ray crystallography
(Figure 4).[23] In this case, endo diastereoisomer rac-11 c
could be crystallized.


The elucidation of the absolute configuration has already
been discussed in our preliminary paper.[14] It rests on an
enantiomerically pure product whose configuration could be
determined by anomalous X-ray diffraction, and on the
comparison of measured and calculated circular dichroism
(CD) spectra. The data are in line with a Re-face attack rel-
ative to the enol carbon atom which ends up as carbon atom
C-6 in the product. As depicted in Figure 5, the absolute
configuration at C-6 and C-3a can be nicely explained by an


Figure 2. Prominent NOE data and relevant 3JH,H coupling constants ob-
served for the exo and endo diastereoisomers 10 a and 11 a.


Figure 3. A molecule of compound rac-11a in the crystal structure.[22]


Figure 4. A molecule of compound rac-11c in the crystal structure.[23]


Figure 5. Model to explain the face differentiation in the binary complex
1¥8 of template 1 and (E)-dienol 8.
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approach of the dienophile to the intermediate (E)-dienol 8
bound to complexing agent 1 from the less shielded face.
There is evidence that the face differentiation provided by
the tetrahydronaphthalene shield is close to perfect,[7,13c] and
the enantiomeric ratio therefore corresponds to the ratio of
bound to unbound substrate. In earlier work we have shown
that an association constant of 500m�1 at room temperature
can account for an almost complete complexation at �60 8C
and consequently for almost complete selectivity in favor of
one enantiomer.[13]


An additional benefit of the cycloaddition we have now
studied is the result of the apparently lower association con-
stant of the products 10 and 11 relative to 2 and 8. Unfortu-
nately, we could not access KA for 10 or 11 by CD titration
(vide infra) because the induced CD absorption was covered
by the absorption band of the complexing agent. However,
at low template concentration (c) the titration data for 10 a
gave a semiquantitative picture. The flat binding isotherm
c(1)/c(10 a) was indicative of a weak complexation which in
turn can be nicely explained by the steric bulk of the tetralin
generated in the [4+2]-cycloaddition reaction. This observa-
tion is in agreement with the increase of the product ee with
increasing conversion (Table 1). The lower association of the
product 10 a liberates complexing agent 1. The concentra-
tion of 1 relative to 2 increases leading to an increased asso-
ciation 1¥2 and to a higher enantioselectivity.


The regioselectivity of the o-quinodimethane [4+2]-cyclo-
addition reactions is in line with previous results.[16,17] There
is also precedence for the endo selectivity in the reaction of
methyl acrylate and dimethyl fumarate with o-quinodime-
thanes.[17c,24] The unexpected exo selectivity observed with
acrylonitrile in the nonpolar solvent toluene is in agreement
with recent computational results by Freccero et al. which
suggest an exo preference in the gas phase and in nonpolar
solvents.[25,26] In polar solvents like acetonitrile, the endo
product should prevail which it indeed did (vide supra).


Dienol intermediate : The relative product configuration at
carbon atoms C-3a and C-6, as determined for compounds
11 a, 10 c, and 11 c by X-ray crystallography and for the
other products by NMR spectroscopy, is in line with a ster-
eospecific attack of the dienophile at the (E)-dienol 8
(Scheme 3). However, in mechanistic studies the postulated
intermediate was initially not observed. The dienol absorp-
tion should occur with a bathochromic shift relative to the
aldehyde absorption at 324 nm. The experiments were per-
formed by irradiating a toluene solution of photosubstrate 2
in a temperate cuvette in the absence of the dienophile and
by subsequent UV spectroscopic detection (<3 s after the ir-
radiation was stopped). The expected dienol band at longer
wavelength was not detected at room temperature, �50 8C,
or �80 8C. It was speculated that the proton-catalyzed tauto-
merization 8!2 is accelerated by the Br˘nsted acidic
lactam unit. To confirm this speculation, substrate 2 was ir-
radiated in an EPA glass matrix (diethyl ether/isopentane/
ethanol, 5:5:2 v/v, �196 8C) in which the intermolecular
proton transfer is suppressed (Figure 6).


Indeed, a strong absorption at 422 nm was observed after
30 s, the intensity of which increased upon prolonged irradi-


ation. The new band reached saturation after 440 s. Simulta-
neously, the aldehyde absorption at 324 nm lost intensity,
and an isosbestic point was observed at 344 nm. The absorp-
tion wavelength recorded for the intermediate is in good
agreement with the spectroscopic properties of other dienols
which have been detected so far.[27]


Pressure dependence : Reactions which proceed via a transi-
tion state with a highly negative activation volume can be
significantly accelerated by applying high pressure.[28] Many
examples of this phenomenon have been reported for Diels
±Alder reactions, in which the rate of reaction significantly
increased at high pressure.[29] In addition, a shift in the dia-
stereoselectivity[29,30] in favor of the product generated via
the more compact transition state, often the endo diaster-
eoisomer, has been observed. The enantioselectivity of a
Lewis acid catalyzed hetero-Diels±Alder reaction was en-
hanced at high pressure.[31,32] The endo/exo diastereoselectiv-
ity was also noted to be pressure-dependent in photochemi-
cal [2+2]-cycloaddition[33] and photoinduced [4+2]-cycload-
dition[34] reactions. In studies of sensitized enantiodifferenti-
ating E/Z isomerizations, an influence of pressure on the ef-
ficiency and direction of the chiral induction has been
reported.[35] The pressure dependence of the enantioselectiv-
ity is attributed to nonzero differential activation volumes
(DDV�


R�S) as described in the relationship (1) between pres-
sure (P) and the relative rate of R and S product formation
(kR/kS):


lnðkR=kSÞ ¼ ln½ð100þ% eeÞ=ð100�% eeÞ� ¼
�ðDDV�


R�S=RTÞPþ C
ð1Þ


It appeared interesting to study the pressure effect on the
reaction 2!10/11 (Scheme 3). We had hoped for an increase
of selectivity based on a higher association. Indeed, two im-
portant parameters of the reaction are altered by pressure.
Changing pressure should influence the relative rate of the
enantiomer formation as a consequence of different activa-
tion volumes as in the sensitized case. Furthermore, the


Figure 6. Detection of E dienol 8 upon irradiation of aldehyde 2 in an
EPA glass matrix at �196 8C. The UV spectra were recorded after irradi-
ating 2 for the indicated period of time.
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ground-state equilibrium is also affected by the applied pres-
sure. By NMR titration experiments and microcalorimetric
analyses, it was shown that the face differentiation in the
complex with template 1 is almost perfect, whereas only at
low temperature is the association constant (KA) high
enough to ensure the complexation of most substrate mole-
cules.[13c] The direct relationship between the observed enan-
tioselectivities and KA renders this parameter the primary
lever to increase the efficiency of the chiral induction by
complexing agents such as 1. Since hydrogen-bond-mediated
association processes are typically accompanied by a volume
decrease, the application of high pressures should lead to
better association and concomitantly to higher enantiomeric
excesses. We have therefore studied the effect of pressure
on the enantioselectivity and diastereoselectivity of the in-
termolecular [4+2] cycloaddition of the photochemically
generated intermediate (E)-dienol 8 (Scheme 3).


To quantify the pressure dependence of KA, titration ex-
periments were performed at high pressures. Addition of
chiral template 1 induced a strong signal at 325 nm in the
CD spectrum of a toluene solution of prochiral substrate 2.
The binding isotherm at normal pressure (0.1 MPa) was ob-
tained by CD spectral titration with c(1):c(2) ratios in the
range of 0.33±32 (Figure 7, see Experimental Section). From


these data, KA at 0.1 MPa was determined as 589m�1 by
nonlinear curve fitting. This value is in good accordance
with the data obtained in NMR titration studies for the
binding of 2-quinolone to host 1 (KA=580m�1).


Analogous CD titrations of substrate 2 with template 1
were conducted at 100, 200, 300, and 400 MPa by using a
0.2-mL cuvette incorporated into a high-pressure vessel
fitted with CD-inactive diamond windows. The association
constants derived from the binding isotherms[36] by nonlinear
curve fitting indeed increased at elevated pressures up to
KA=703m�1 at 400 MPa. By plotting lnKA against P accord-
ing to Equation (2), the reaction volume DVA of the associa-


tion between 1 and 2 was derived to be �1.24 cm3mol�1


(Figure 8).


lnKA ¼ �ðDVA=RTÞPþ lnKA;0 ð2Þ


Since two hydrogen bonds are involved in the complex
formation, this DVA value corresponds to a molar volume
decrease of 0.6 cm3mol�1 per NH¥¥¥O hydrogen bond. This is
considerably lower than the values of �1.3 to
�4.6 cm3mol�1 volume change per NH¥¥¥O hydrogen bond


that have been reported in the
literature.[37,38] The low volume
decrease can be interpreted as
an additional indication of an
entropy-driven complex forma-
tion between 1 and 2.[39] Anoth-
er explanation draws on the
close proximity of the two hy-
drogen bonds which leads to a
DVA value similar to that for
one hydrogen bond.


To elucidate the effect of the
enhanced binding on the effica-
cy of the asymmetric induction,
the photoenolization-initiated
Diels±Alder reaction of lactam
2 with acrylonitrile (9 a) was ex-
amined at high pressures. In all
instances, the products 10 a and
11 a were isolated as a mixture
of diastereoisomers in compara-


ble yields (60±65%). The determination of the enantiomeric
excess with chiral GC required derivatization with trime-
thylsilyl chloride (TMSCl)/hexamethyldisilazane. The results
are summarized in Table 2.


Unexpectedly, the enantioselectivity decreased significant-
ly at higher pressures. With 1.2 equivalents of template 1,
the enantiomeric excess was reduced from 56% ee at
0.1 MPa to 50% ee at 200 MPa (Table 2, entries 2 and 5).
This trend was confirmed by the series with 2.4 equivalents
of the chiral complexing agent 1. The exo diastereoisomer
10 a was obtained with 68% ee at 0.1 MPa, 62% ee at
200 MPa, and only 58% ee at 350 MPa (Table 2, entries 3, 6,


Figure 7. Circular dichroism spectra of substrate 2 induced by titration with template 1 in toluene at 0.1 MPa
and 298 K, and the derived binding isotherm.


Figure 8. Determination of the volume decrease DVA of the 1¥2 complex
formation from the pressure dependence of KA.
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and 7). The enhanced complexation is evidently overcom-
pensated by a controversial competing effect of the chiral
template 1 on the relative rate of enantiomer formation.
This can be illustrated by calculating the relative amount of
complexed substrate c(1¥2)/c0(2) from KA for the employed
pressures (Table 2, column 6). This value represents the
enantiomeric excess at the beginning of the reaction in the
ideal case of perfect face differentiation.[13c] The observation
that the enantiomeric excesses at 0.1 MPa even exceeded
this number is attributed to the weaker binding of the steri-
cally demanding product to the chiral template. The amount
of unbound host rises in the course of the reaction, and so
does the ee value. This was experimentally proved by ee de-
termination at different levels of conversion (vide infra).
The increased KA values at higher pressure translate to a rel-
ative amount of complexed substrate c(1¥2)/c0(2) that is
about 8% (200 MPa) or 10% (350 MPa) higher, giving an
estimate for the expected ee increase.


In search for an explanation of the unprecedented pres-
sure effect observed, we rely on our model for the face dif-
ferentiation in this and related reactions (Figure 5). The de-
cisive parameter is the differential activation volume
DDV�


R�S as described by Equation (1). The attack from the
shielded face, which leads to the S configuration at the car-
binol carbon atom, is severely hampered by the tetrahydro-
naphthalene shield, and gives rise to a sterically congested
situation. As a consequence, the activation volume DV�


S is
lower (more negative) than DV�


R. The more compact transi-
tion state to the minor S enantiomer becomes more favora-
ble at higher pressures and the product ee decreases. Hence,
at higher pressures the enhanced complexation is overridden
by the reduced face differentiation of the chiral template,
which is in turn caused by a high-pressure acceleration of
the attack from the shielded face. This could be a general
phenomenon for chiral templates that induce enantiomeric
excesses by providing face differentiation in a noncovalent
complex.


Conclusion


In summary, the enantioselective photochemically induced
[4+2]-cycloaddition reaction of compound 2 and the dieno-
philes 9 in the presence of complexing agent 1 has provided
us not only with a new method for the construction of chiral
tetralins but it has also allowed us to gain new insight into
important phenomena involved in template-based photo-
chemistry. The temperature dependence of the enantiomeric
excess is in line with previous work[13] and can be explained
by an increased association at low temperature. The ee
values obtained under optimized conditions (toluene,
�60 8C, 2.5 equiv of the complexing agent) are excellent
(96±97% ee). Even with 1.2 equivalents of complexing agent
1, an enantiomeric excess above 90% ee is possible at
�60 8C or alternatively with 2.5 equivalents of 1 at �35 8C.
These numbers surpass all previous ee values we have been
able to obtain. The reason for the superiority of this photo-
chemical reaction compared to previous systems is most
likely not the higher association of 1¥2, but rather the fact
that the products 10 or 11 of the reaction exhibit a much
lower association to the template. The intermediate (E)-
dienol 8 of the reaction could be spectroscopically detected
in an EPA glass matrix. A study of the enantiomeric excess
in the reaction 2 + 9 a!10 a relative to external pressure re-
vealed a surprising ee decrease with increasing pressure. Al-
though the association constant increased–as expected–
the determined ee decreased from 68% ee (25 8C, 0.1 MPa)
to 58% ee (25 8C, 350 MPa). A possible reason for this be-
havior could be the lower (more negative) activation
volume DV�


S for the transition state leading to the minor
enantiomer ent-10 a compared to a higher DV�


R for the
major product.


Experimental Section


General : All reactions involving water-sensitive chemicals were carried
out in flame-dried glassware with magnetic stirring under Ar. Irradiation
experiments were performed in Merck p. a. solvents (Uvasol). Common
solvents (pentane (P), methanol (MeOH), ethanol (EtOH), ethyl acetate
(EtOAc), tetrahydrofuran (THF), diethyl ether (Et2O), CH2Cl2) were dis-
tilled prior to use. All other reagents and solvents were used as received.
1H and 13C NMR spectra were recorded at 303 K. Chemical sifts are re-
ported relative to tetramethylsilane as an internal reference. Apparent
multiplets which occur as a result of accidental equality of coupling con-
stants to those of magnetically nonequivalent protons are marked as vir-
tual (virt.). NOESY contacts are reported as weak (’), medium (’’), or
strong (’’’). Thin-layer chromatography (TLC) was performed on alumi-
num sheets (0.2-mm silica gel 60F254) with detection by UV (254 nm) or
by coloration with ceric ammonium molybdate (CAM). Flash chromatog-
raphy[40] was performed on silica gel 60 (230±400 mesh; ca. 50 g for 1 g of
material to be separated) with the indicated eluent.


1,2,3,4-Tetrahydro-2-oxoquinoline-5-carboxylic acid (5): 1,2-Dihydro-2-
oxoquinoline-5-carboxylic acid (6.00 g, 31.7 mmol) was dissolved in aque-
ous NaOH (0.3m, 150 mL). Pd on charcoal (10 mol% Pd, 3.38 g,
3.10 mmol Pd) was added. The mixture was stirred in a high-pressure
vessel for 10 d at 60 8C in an atmosphere of hydrogen (20 bar). After fil-
tration, aqueous HCl (conc.) was added to the filtrate until no further
precipitate was formed. The white precipitate was filtered, dried under
reduced pressure, and recrystallized from MeOH (250 mL) to give tetra-
hydroquinoline 5 (4.54 g, 75%) as a colorless solid. M.p. 307 8C (lit.[21]:
309±311 8C); 1H NMR (500 MHz, [D6]DMSO): d=2.40 (t, 3J=7.7 Hz,


Table 2. Enantioselective Diels±Alder reaction of compound 2 with
acrylonitrile (9 a) (cf. Scheme 3) in the presence of the chiral complexing
agent 1 at various pressures (see Experimental Section).


Entry P[a]


[MPa]
Equiv[b] d.r. (10 a/


11a)[c]
ee (10 a)[d]


[%]
c(1¥2)/c0(2)


[%]


1 0.1 ± 64/36 ± ±
2 0.1 1.2 71/29 56 43
3 0.1 2.4 76/24 68 64
4 200 ± 67/33 ± ±
5 200 1.2 65/35 50 51
6 200 2.4 75/25 62 73
7 350 2.4 67/33 58 74


[a] Pressure applied during irradiation at 298 K with a 500-W ultrahigh-
pressure Hg lamp (Wacom Co.) fitted with a UV-33 filter. [b] Equiva-
lents of the chiral complexing agent 1. [c] The diastereomeric ratio (d.r.)
was determined by HPLC analysis of the crude product mixture. [d] The
ee-values of the major diastereoisomer 10a were determined by chiral
GC (after derivatization with TMSCl/hexamethyldisilazane). Margin of
error 	0.5%.
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2H; C3H2), 3.20 (t, 3J=7.7 Hz, 2H; C4H2), 7.03 (d, 3J=8.0 Hz, 1H;
CHar), 7.21 (dd, 3J=8.0 Hz, 3J=7.2 Hz, 1H; C7H), 7.41 (d, 3J=7.2 Hz,
1H; CHar), 10.13 (s, 1H; NH), 12.54 ppm (s, 1H; OH); 13C NMR
(90.6 MHz, [D6]DMSO): d=22.6 (CH2), 29.9 (CH2), 118.6 (CHar), 123.7
(CHar), 124.8 (Cq,ar), 126.9 (CHar), 130.5 (Cq,ar), 139.5 (Cq,ar), 168.5 (CO),
170.2 ppm (CO); IR (KBr): ñ=3420 (m, OH), 3200 (m, NH), 3070 (m,
CHar), 2924 (s, CHal), 1720 (vs, C=O), 1682 (vs, NHC=O), 1469 (s, CHal),
1388 (vs), 1290 (s, C�N), 755 cm�1 (w, CHar); MS (70 eV, EI): m/z (%):
191 (100) [M+], 163 (42) [M+�CO], 146 (8) [M+�COOH], 118 (10).
The spectroscopic data were in accordance with reported data.[21]


(1,2,3,4-Tetrahydro-2-oxo-quinolin-5-yl)methanol (6): NEt3 (1.50 mL,
1.09 g, 10.8 mmol) was added slowly to a suspension of acid 5 (1.91 g,
10.0 mmol) in THF (200 mL) under an atmosphere of argon. The mixture
was cooled to 0 8C. Ethyl chloroformate (1.03 mL, 1.17 g, 10.8 mmol) was
added dropwise, and the resulting mixture was stirred for 1 h at 0 8C. The
mixture was then allowed to warm to room temperature and was stirred
for 1 h. The precipitate was filtered, and the filtrate was slowly added to
a solution of NaBH4 (0.76 g, 0.20 mmol) in water (200 mL). The solution
was stirred for 4 h, after which the THF was removed in vacuo. The re-
sidual aqueous solution was acidified to pH 2 with aqueous HCl (1m)
and extracted with CH2Cl2 (5î200 mL). The combined organic layers
were dried over Na2SO4. After filtration the solvent was removed in
vacuo to give alcohol 6 (0.80 g, 42%) as a colorless solid. Rf=0.29
(EtOAc/MeOH, 95:5); m.p. 164±165 8C; 1H NMR (500 MHz,
[D6]DMSO): d=2.60 (t, 3J=7.6 Hz, 2H; C3H2), 3.04 (t, 3J=7.6 Hz, 2H;
C4H2), 4.66 (s, 2H; CH2OH), 6.86 (d, 3J=7.9 Hz, 1H; CHar), 7.10 (d, 3J=
7.4 Hz, 1H; CHar), 7.18 (dd, 3J=7.9 Hz, 3J=7.4 Hz, 1H; C7H), 12.54 ppm
(s, 1H; OH); 13C NMR (90.6 MHz, [D6]DMSO): d=22.5 (C3H2), 31.4
(C4H2), 63.4 (CH2OH), 116.6 (CHar), 123.8 (Cq,ar), 124.5 (CHar), 128.5
(CHar), 139.4 (Cq,ar), 140.3 (Cq,ar), 173.1 ppm (CO); IR (KBr): ñ=3200
(m, NH), 2930 (w, CHal), 1698 (vs, C=O), 1593 (s, C=Car), 1471 (s, CHar),
1221 (m, C�N), 1075 (m), 1030 cm�1 (m, C�O); MS (70 eV, EI): m/z
(%): 177 (72) [M+], 159 (80) [M+�H2O], 128 (60), 110 (100); HRMS:
m/z calcd for C10H11NO2: 177.07898; found: 177.07887.


1,2,3,4-Tetrahydro-2-oxo-quinoline-5-aldehyde (2): Alcohol 6 (0.30 g,
1.69 mmol) was dissolved in CH2Cl2 (300 mL) and treated with pyridini-
um chlorochromate (1.10 g, 5.08 mmol). The solution was stirred at room
temperature for 8 h, and the solvent was removed in vacuo. The residue
was directly subjected to flash chromatography (EtOAc/P, 9:1) to afford
aldehyde 2 (0.26 mg, 88%) as a slightly yellow solid. Rf=0.40 (EtOAc);
m.p. 200±201 8C; 1H NMR (500 MHz, [D6]DMSO): d=2.60 (t, 3J=
7.6 Hz, 2H; C3H2), 3.04 (t, 3J=7.6 Hz; 2H, C4H2), 4.66 (s, 2H; CH2OH),
6.86 (d, 3J=7.9 Hz, 1H; CHar), 7.10 (d, 3J=7.4 Hz, 1H; CHar), 7.18 (dd,
3J=7.9 Hz, 3J=7.4 Hz, 1H; C7H), 12.54 ppm (s, 1H; OH); 13C NMR
(90.6 MHz, [D6]DMSO): d=22.5 (C3H2), 31.4 (C4H2), 63.4 (CH2OH),
116.6 (CHar), 123.8 (cq,ar), 124.5 (CHar), 128.5 (CHar), 139.4 (cq,ar), 140.3
(cq,ar), 173.1 ppm (CO); IR (KBr): ñ=3145 (m, NH), 2746 (m, CHO),
1734 (s, C=O), 1681 (vs, NHC=O), 1468 (s, CHal), 1388 (vs), 1378 (s),
1061 (m), 801 cm�1 (s, CHar); UV/Vis (MeOH): lmax (e)=326.6 nm
(1764); MS (70 eV, EI): m/z (%): 175 (100) [M+], 146 (28) [M+�CHO],
119 (27), 118 (28), 110 (22); HRMS: m/z calcd for C10H9NO2: 175.06332;
found: 175.06336.


General irradiation procedure at normal pressure : A solution of alde-
hyde 2 and the chiral template 1/ent-1[12] in toluene (Merck Uvasol,
150 mL) was added to a 200-mL irradiation vessel with a cooled lamp
insert (duran glass) and then degassed by purging with argon for 20 min.
In the case of a low-temperature irradiation the solution was cooled by
an acetone/dry ice bath to the desired temperature. To maintain a tem-
perature of �60 8C during the irradiation, the lamp insert was thermostat-
ed to �60 8C by an external cryostat. After the solution had equilibrated
to the desired temperature, the dienophile was added whilst carefully
maintaining the argon atmosphere. After stirring for 10 min the solution
was irradiated (light source: Original Hanau TQ150, duran filter) to
complete conversion (10 min at 30 8C, 20 min at �15 8C/�35 8C, 30 min at
�60 8C; GLC control). The solution was allowed to warm to room tem-
perature, and the solvent was removed in vacuo. The product mixture
was separated by flash chromatography (EtOAc/MeOH, 97:3!95:5).


5-Cyano-6-hydroxy-3 a,4,5,6-tetrahydro-1H,3H-1-azaphenalen-2-one
(10 a, ent-10 a, 11, ent-11 a): A solution of aldehyde 2 (50.0 mg,
0.29 mmol), template 1/ent-1 (2.4 equiv: 0.69 mmol, 241 mg; 1.2 equiv:
0.34 mmol, 121 mg; 0.5 equiv: 0.14 mmol, 50 mg), and freshly distilled


acrylonitrile (9 a, 14.3 mmol, 0.76 g, 0.94 mL) was irradiated as described
in the general procedure. From the crude product mixture the diastereo-
meric ratio was determined by HPLC (YMC ODS-A, 250î4.6-mm i.d.;
CH3CN/H2O, 5:95!30:70 in 30 min). After separation by flash chroma-
tography, the exo and endo diastereoisomers 10a and 11 a, and the tem-
plate 1/ent-1 (>90%, i.e., 2.4 equiv: >217 mg; 1.2 equiv: >109 mg;
0.5 equiv: >45 mg) were isolated. The enantiomeric excess was deter-
mined upon TMS derivatization: 0.5 mg of each diastereoisomer was sep-
arately dissolved in acetone (1 mL) and treated with hexamethyldisila-
zane/TMSCl (2:1 v/v, 0.1 mL) and 3 drops of pyridine. After shaking for
10 min, the suspensions were filtered over silica gel and, after concentra-
tion to about 0.2 mL, these were analyzed by GC with a chiral stationary
phase (2,3-di-O-methyl-6-O-TBDMS-b-cyclodextrin column, 200 8C!
230 8C at 0.5 8Cmin�1).


exo diastereomer 10a : Rf=0.15 (EtOAc); m.p. 230±236 8C (decomp);
[a]20D =++21.9 (c=0.10, MeOH) [96% ee]; 1H NMR (500 MHz, [D6]ace-
tone): d=2.00 (ddd, 2J=12.0 Hz, 3J=13.6 Hz, 3J=3.5, 1H; C4H), 2.13
(virt. dt, 2J=12.0 Hz, 3J
 3J=4.1 Hz, 1H; C4H), 2.29 (virt. t, 2J
 3J=
15.8 Hz, 1H; C3H), 2.52 (dd, 2J=15.8 Hz, 3J=4.9 Hz, 1H; C3H), 3.16 (m,
1H; C3aH), 3.26 (virt. q, 3J
 3J
 3J=3.4 Hz, 1H; C5H), 4.90 (dd, 3J=
5.5 Hz, 3J=2.5 Hz, 1H; C6H), 5.07 (d, 3J=5.5 Hz, 1H; OH), 6.81 (d, 3J=
7.9 Hz, 1H; C9H), 7.03 (d, 3J=7.5 Hz, 1H; C7H), 7.17 (virt. t, 3J=7.6 Hz,
1H; C8H), 9.18 ppm (s, 1H; NH); NOESY experiment (500 MHz,
[D6]acetone): H (2.00)±H (3.26)’, H (2.13)±H (3.16)’, H (2.13)±H (3.26)’’,
H (2.29)±H (2.52)’’’, H (2.29)±H (3.16)’, H (2.52)±H (3.16)’, H (3.26)±H
(5.07)’, H (5.07)±H (7.03)’, H (6.81)±H (7.17)’’, H (7.03)±H (7.17)’’;
13C NMR (90.6 MHz, [D6]acetone): d=26.2 (C4H2), 30.0 (C3aH), 34.1
(C5H), 37.6 (C3H2), 68.7 (CHOH), 116.8 (C9H), 120.8 (Cq,ar), 123.8 (CN),
126.5 (C7H), 129.5 (C8H), 136.1 (Cq,ar), 138.8 (Cq,ar), 173.4 ppm (CO); IR
(KBr): ñ=3198 (s, NH), 3020 (s, CHar), 2965 (m, CHal), 2927 (m, CHal),
2242 (m, C�N), 1654 (vs, NHCO), 1589 (s, C=Car), 1474 (s, CHar), 1290
(m, C�N), 1100 (m, C�O), 1054 (m), 791 cm�1 (s, CHar); MS (70 eV, EI):
m/z (%): 228 (70) [M+], 175 (72) [M+�CH2CHCN], 151 (30), 128 (23),
100 (100); HRMS: m/z calcd for C13H12N2O2: 228.08987; found:
228.08998.


endo diastereomer 11a : Rf=0.28 (EtOAc); m.p. 220±223 8C (decomp);
[a]20D =++39.3 (c=0.10, MeOH) [55% ee]; 1H NMR (500 MHz, [D6]ace-
tone): d=1.85 (virt. q, 3J
 3J
 3J=12.6 Hz, 1H; C4H), 2.15 (m, 1H;
C4H), 2.26 (virt. t, 2J
 3J=16.1 Hz, 1H; C3H), 2.52 (dd, 2J=16.1 Hz, 3J=
5.2 Hz, 1H; C3H), 2.98 (m, 1H; C3aH), 3.18 (virt. dt, 3J=12.8 Hz, 3J
 3J=
3.0 Hz, 1H; C5H), 4.92 (dd, 3J=3.0 Hz, 3J=6.4 Hz, 1H; C6H), 5.03 (d,
3J=6.4 Hz, 1H; OH), 6.76 (d, 3J=7.9 Hz, 1H; C9H), 6.99 (d, 3J=7.5 Hz,
1H; C7H), 7.12 (virt. t, 3J
 3J=7.7 Hz, 1H; C8H), 9.11 ppm (s, 1H; NH);
NOESY experiment (500 MHz, [D6]acetone): H (2.15)±H (2.98)’, H
(2.26)±H (2.52)’’, H (2.26)±H (2.98)’, H (2.52)±H (2.98)’, H (2.98)±H
(3.18)’’, H (3.18)±H (5.03)’’, H (5.03)±H (6.99)’’’, H (6.76)±H (7.12)’’, H
(6.99)±H (7.12)’’; 13C NMR (90.6 MHz, [D6]acetone): d=28.3 (C4H2), 33.1
(C3aH), 34.9 (C5H), 39.0 (C3H2), 67.2 (CHOH), 116.8 (C9H), 122.2 (Cq,ar),
123.9 (CN), 126.3 (C7H), 129.6 (C8H), 137.6 (Cq,ar), 139.0 (Cq,ar),
173.5 ppm (CO); IR (KBr): ñ=3202 (m, NH), 3101 (w, CHar), 2924 (m,
CHal), 2243 (m, C�N), 1667 (vs, C=O), 1590 (s, C=Car), 1474 (s, CHal),
1374 (s), 1099 (m, C�O), 979 (w), 796 (m, CHar), 745 (w), 696 cm�1 (m,
CHar); MS (70 eV, EI): m/z (%): 228 (85) [M+], 175 (100) [M+


�CH2CHCN], 151 (43), 128 (39), 100 (68); HRMS: m/z calcd for
C13H12N2O2: 228.08987; found: 228.09006.


5-Methoxycarbonyl-6-hydroxy-3 a,4,5,6-tetrahydro-1H,3H-1-azaphena-
len-2-one (11 b, ent-11 b): A solution of aldehyde 2 (50.0 mg, 0.29 mmol),
template 1/ent-1 (2.4 equiv: 0.69 mmol, 241 mg; 1.2 equiv: 0.34 mmol,
121 mg), and freshly distilled acrylic acid methyl ester (9b, 14.3 mmol,
1.22 g, 1.29 mL) was irradiated as described in the general procedure.
From the crude product mixture the diastereomeric ratio was determined
by HPLC (YMC ODS-A, 250î4.6-mm i.d.; CH3CN/H2O, 5:95!30:70 in
30 min). After separation by flash chromatography, the endo diaster-
eoisomer 11 b and the template 1/ent-1 (>90%, i.e., 2.4 equiv: >217 mg;
1.2 equiv: >109 mg) were isolated. The enantiomeric excess was deter-
mined upon TMS derivatization by chiral GC as described in the afore-
mentioned procedure. Rf=0.22 (EtOAc/MeOH, 97:3); m.p. 218±220 8C
(decomp); [a]20D =++67.2 (c=0.61, MeOH) [97% ee]; 1H NMR (360 MHz,
CD3OD): d=1.65 (dd, 2J=15.0 Hz, 3J=13.2 Hz, 1H; C4H), 1.99 (m, 1H;
C4H), 2.14 (virt. t, 2J 
 3J=15.7 Hz, 1H; C3H), 2.39 (dd, 2J=15.7 Hz,
3J=5.0 Hz, 1H; C3H), 2.65 (virt. dt, 3J=13.2 Hz, 3J 
 3J=3.2 Hz, 1H;
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C5H), 2.79 (m, 1H; C3aH), 4.52, (s, 1H; NH), 4.84 (d, 3J=3.4 Hz, 1H;
C6H), 6.62 (d, 3J=7.8 Hz, 1H; C9H), 6.87 (d, 3J=7.0 Hz, 1H; C7H),
7.00 ppm (virt. t, 3J
 3J=7.4 Hz, 1H; C8H); NOESY experiment
(500 MHz, [D6]acetone): H (1.65)±H (1.99)’’’, H (1.65)±H (2.14)’, H
(1.99)±H (2.65)’, H (1.99)±H (2.79)’, H (2.14)±H (2.39)’’’, H (2.39)±H
(2.79)’’, H (2.65)±H (2.79)’’, H (2.65)±H (4.84)’’, H (4.84)±H (6.87)’’, H
(6.62)±H (7.00)’’, H (6.87)±H (7.00)’’; 13C NMR (90.6 MHz, CD3OD): d=
26.0 (C4H2), 33.1 (C3aH), 33.1 (C3H2), 47.2 (C5H), 52.6 (OCH3), 68.7
(CHOH), 116.3 (C9H), 124.8 (Cq,ar), 126.3 (C7H), 129.2 (C8H), 138.6
(Cq,ar), 138.7 (Cq,ar), 173.8 (CO), 175.1 ppm (CO); IR (KBr): ñ=3204 (w,
NH), 3063 (w, CHar), 3008 (w, CHar), 2952 (m, CHal), 1711 (vs, C=O),
1674 (vs, NHC=O), 1592 (s, C=Car), 1472 (s, CHar), 1443 (s), 1072 (m),
943 (w), 767 (m, CHar), 732 (m), 691 cm�1 (w, CHar); MS (70 eV, EI): m/z
(%): 261 (95) [M+], 229 (22), 184 (100), 175 (32), 151 (22), 128 (15);
HRMS: m/z calcd for C14H15NO4: 261.10010; found: 261.09998.


4,5-Di(methoxycarbonyl)-6-hydroxy-3a,4,5,6-tetrahydro-1H,3H-1-aza-
phenalen-2-one (10 c, ent-10 c, 11c, ent-11 c): A solution of aldehyde 2
(50.0 mg, 0.29 mmol), template 1/ent-1 (2.4 equiv: 0.69 mmol, 241 mg;
1.2 equiv: 0.34 mmol, 121 mg), and dimethyl fumarate (9 c, 14.5 mmol,
2.09 g) was irradiated as described in the general procedure. From the
crude product mixture the diastereomeric ratio was determined by
HPLC (YMC ODS-A, 250î4.6-mm i.d.; CH3CN/H2O, 5:95!50:50 in
30 min). After separation by flash chromatography, the exo and endo dia-
stereoisomers 10c and 11 c, and the template 1/ent-1 (>90%, i.e.,
2.4 equiv: >217 mg; 1.2 equiv: >109 mg) were isolated. The enantiomer-
ic excess was determined by 1H NMR spectroscopy with template 1 as
chiral shift reagent: 2±5 mg of each diastereoisomer was dissolved sepa-
rately with 2 equiv of 1 in [D6]acetone. The NH signal split into two sig-
nals (dNH,11 c=9.58, dNH,ent-11 c=9.93, dNH,10c=9.41, dNH,ent-10c=9.69 ppm),
the integral ratio of which corresponds to the enantiomeric ratio.


endo diastereomer 11c : Rf=0.17 (EtOAc/MeOH, 97:3); m.p. 209±215 8C
(decomp); [a]20D =++93.6 (c=0.55, MeOH) [96% ee]; 1H NMR (360 MHz,
CD3OD): d=2.46 (dd, 2J=16.0 Hz, 3J=14.2 Hz, 1H; C3H), 2.57 (dd, 2J=
16.0 Hz, 3J=5.0 Hz, 1H; C3H), 3.03±3.09 (m, 2H; C3aH, C4H), 3.22 (dd,
3J=11.8 Hz, 3J=3.4 Hz, 1H; C5H), 3.34 (s, 1H; NH), 3.75 (s, 3H;
OCH3), 3.77 (s, 3H; OCH3), 5.07 (d, 3J=3.4 Hz, 1H; C6H), 6.86 (d, 3J=
7.9 Hz, 1H; C9H), 7.08 (d, 3J=7.5 Hz, 1H; C7H), 7.24 ppm (virt. t, 3J

3J=7.7 Hz, 1H; C8H); NOESY experiment (500 MHz, [D6]acetone): H
(2.46)±H (2.57)’’’, H (2.46)±H (3.03±3.09)’’, H (2.57)±H (3.03±3.09)’’, H
(3.03±3.09)±H (3.22)’’, H (3.22)±H (5.07)’’, H (5.07)±H (7.08)’’, H (6.86)±
H (7.24)’’, H (7.08)±H (7.24)’’; 13C NMR (90.6 MHz, CD3OD): d=34.6
(C3H2), 34.7 (C3aH), 41.8 (C4H), 48.5 (C5H), 50.8 (OCH3), 50.9 (OCH3),
66.6 (CHOH), 114.7 (C9H), 120.4 (Cq,ar), 124.0 (C7H), 127.7 (C8H), 135.9
(Cq,ar), 136.6 (Cq,ar), 170.7 (CO), 172.0 (CO), 174.5 ppm (CO); IR (KBr):
ñ=3241 (w, NH), 2961 (m, CHal), 1734 (vs, C=O), 1672 (vs, NHCO),
1595 (m, C=Car), 1470 (m, CHar), 1440 (w, CHar), 1361 (s), 1251 (w, C�N),
1210 (m, C�O), 1163 (s), 798 (w, CHar), 766 cm�1 (w); MS (70 eV, EI):
m/z (%): 319 (45) [M+], 301 (24) [M+�H2O], 269 (22)
[M+�CH3OH�H2O], 241 (100), 228 (20), 210 (38), 183 (28), 163 (21);
HRMS: m/z calcd for C16H17NO6: 319.10559; found: 319.10573.


exo diastereomer 10c : Rf=0.30 (EtOAc/MeOH, 97:3); m.p. 215±220 8C
(decomp); [a]20D =++24.8 (c=0.10, MeOH) [84% ee]; 1H NMR (360 MHz,
CD3OD): d=2.31 (dd, 2J=15.8 Hz, 3J=4.8 Hz, 1H; C3H), 2.73 (dd, 2J=
15.8 Hz, 3J=14.8 Hz, 1H; C3H), 3.09 (dd, 3J=8.2 Hz, 3J=7.0 Hz, 1H;
C5H), 3.43 (ddd, 3J=14.8 Hz, 3J=7.5 Hz, 3J=4.8 Hz, 1H; C3aH), 3.49
(dd, 3J=8.2 Hz, 3J=7.5 Hz, 1H; C4H), 3.70 (s, 3H; OCH3), 3.72 (s, 3H;
OCH3), 4.88 (d, 3J=7.0 Hz, 1H; C6H), 5.48 (s, 1H; NH), 6.82 (virt. t, 3J

3J=4.5 Hz, 1H; C8H), 7.20±7.22 ppm (m, 2H, C7H; C9H); NOESY ex-
periment (500 MHz, [D6]acetone): H (2.31)±H (2.73)’’’, H (3.09)±H
(3.49)’, H (3.09)±H (4.88)’, H (4.88)±H (7.20±7.22)’’, H (6.82)±H (7.20±
7.22)’’; 13C NMR (90.6 MHz, CD3OD): d=29.6 (C3aH), 33.0 (C3H2), 41.5
(C4H), 48.0 (C5H), 50.4 (OCH3), 50.7 (OCH3), 68.0 (CHOH), 113.8
(C7H), 120.1 (Cq,ar), 121.0 (C9H), 126.7 (C8H), 136.3 (Cq,ar), 137.7 (Cq,ar),
171.4 (CO), 171.8 (CO), 172.8 ppm (CO); IR (KBr): ñ=3358 (m, NH),
2954 (m, CHal), 1732 (vs, C=O), 1708 (vs, C=O), 1673 (vs, NHCO), 1591
(s, C=Car), 1227 (s, C�N), 1213 (s, C�O), 788 (w, CHar), 743 cm�1 (w); MS
(70 eV, EI): m/z (%): 319 (32) [M+], 301 (28) [M+�H2O], 287 (28) [M+


�CH3OH], 269 (22) [M+�CH3OH�H2O], 241 (100), 228 (10), 210 (58),
183 (40); HRMS: m/z calcd for C16H17NO6: 319.1055; found: 319.10511.


Detection of the intermediate dienol in the EPA glass matrix : A solution
of aldehyde 2 (0.1 mm, 50.0 mL, 0.9 mg, 5 mmol) in Et2O/isopentane/etha-


nol (5:5:2 v/v) was degassed by purging with argon for 10 min and then
transferred to fill a quartz cuvette (1 cmî1 cmî3 cm) fitted with a 25-cm
glass tube. The cuvette was slowly immersed into a quartz glass Dewar
with a square bottom filled with liquid nitrogen. Inside the Dewar, the
cuvette was irradiated for 10, 20, 30, 80, 110, 440 s with a Hg high-pres-
sure lamp (Pyrex filter), and a UV spectrum was directly recorded. After
20 s of irradiation the cuvette contents turned yellow. As expected, the
colour disappeared when the matrix was allowed to warm.


General irradiation procedure at high pressure : A solution of aldehyde 2
(2.0 mm, 0.7 mg, 4.0 mmol), acrylonitrile (80 mm, 10.5 mL, 8.5 mg,
0.16 mmol), and complexing agent 1 (2.4 equiv: 4.8 mm, 9.6 mmol, 3.4 mg;
1.2 equiv: 2.4 mm, 4.8 mmol, 1.7 mg) in toluene was degassed by purging
with argon for 10 min. A 2-mL portion of the solution was transferred
into a 2-mL quartz cuvette incorporated into a high-pressure vessel fitted
with a sapphire window for UV irradiation (Teramecs Co., Kyoto) and
thermostated at 298 K by water circulating through the reactor body. The
vessel was pressurized up to 350 MPa (which is the maximum pressure to
be applied when using the 2-mL cuvette), and the solution was irradiated
for 60 min through a UV-33 filter with a 500-W ultrahigh-pressure Hg
lamp (Wacom Co., Tokyo), which led to complete conversion. The solu-
tion was retrieved from the vessel, and the solvent was removed in
vacuo. From the crude mixture, the d.r. (10a :11a) was determined by re-
versed-phase HPLC. The residue was dissolved in MeOH (0.5 mL) and
separated by preparative TLC (CH2Cl2/MeOH, 92:8). The product was
isolated as a mixture of diastereoisomers 10a and 11a with a combined
yield of 60±65%. The enantiomeric excess (error <	0.5% ee) was de-
termined after TMS derivatization by gas chromatography on a Supelco
b-DEX 325 column (0.2 mm 1î20 m) using a Shimadzu GC-14AM in-
strument equipped with a C-R6A integrator.


Pressure dependence of the association constant


CD titration at normal pressure : A solution of template 1 (200 mm,
35.2 mg in 0.5 mL toluene) was added stepwise (5, 5, 5, 5, 10, 10, 20, 20,
50, 50, 100, 100, 100 mL) to 3 mL of a solution of aldehyde 2 (1 mm,
4.4 mg in 25 mL toluene) to prepare solutions with c(1):c(2) ratios of
0.333, 0.667, 1.000, 1.333, 2.000, 2.667, 4.000, 5.333, 8.667, 12.000, 18.667,
25.333, 32.000. After each addition the mixture was transferred into a
quartz cuvette (light path 1 cm), and a CD spectrum (Jasco J-720W spec-
tropolarimeter, bandwidth 5.0 nm, response time 4 s, 20 nmmin�1, 4±8 ac-
cumulations) was recorded at 298 K. Each spectrum was corrected for
the CD spectrum of pure 2 by subtraction. The difference spectra were
transformed from the induced molar ellipticity Dq into the induced
molar circular dichroic absorption DDe (d=1 cm, c=0.001 molL�1, i.e.,
the volume change resulting from the addition of the template was ne-
glected). The maximum circular dichroic absorption DDe of the band at
326 nm was plotted against the template±substrate ratio c(1):c(2). From
this curve the association constant (KA) of 589m�1 was determined by
nonlinear curve regression.


Determination of the pressure-induced volume reduction of toluene : A
0.15-mL high-pressure quartz cuvette (light path 0.2 cm) filled with a sol-
ution of naphthalene (2.6 mg, 0.02 mmol) in toluene (20 mL) was incor-
porated into a high-pressure vessel fitted with sapphire windows for UV
measurement (Teramecs Co., Kyoto) and thermostated at 298 K by water
circulating through the reactor body. The vessel was pressurized to
100 MPa, 200 MPa, 300 MPa, and 400 MPa. At each pressure a UV spec-
trum was recorded (V-550 spectrometer, 280±340 nm, slit width 1 nm).
Analogous measurements were done with pure toluene. These spectra
were subtracted from the spectra of the naphthalene/toluene solution at
the corresponding pressure. The pressure-induced volume reduction was
determined at the absorption maximum of 290±295 nm [V/V�


0.1 MPa=


0.9038 (100 MPa), 0.8597 (200 MPa), 0.8247 (300 MPa), 0.8044
(400 MPa)].


CD titrations at high pressures : Analogous titrations were performed by
employing a 0.15-mL high-pressure quartz cuvette (light path 0.2 cm) in-
corporated into a high-pressure vessel fitted with diamond windows for
CD measurements (Teramecs Co., Kyoto) and thermostated at 298 K by
water circulating through the reactor body. The vessel was pressurized to
100 MPa, 200 MPa, 300 MPa, and 400 MPa. Each spectrum was corrected
for the CD spectrum of pure 2 at the corresponding pressure by subtrac-
tion. The difference spectra were transformed from the induced molar el-
lipticity Dq into the induced molar circular dichroic absorption DDe (d=
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0.2 cm). The concentration was corrected for the pressure-induced
volume reduction (vide supra). The volume change resulting from the ad-
dition of the template was neglected. For each pressure the maximum cir-
cular dichroic absorption DDe of the band at 326 nm was plotted against
the template±substrate ratio c(1):c(2). From this curve the association
constants KA(P) were determined by nonlinear curve regression to be
KA(100 MPa)=604m�1, KA(200 MPa)=649m�1, KA(300 MPa)=668m�1,
and KA(400 MPa)=703m�1.
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Group 1 Coordination Chains and Hexagonal Networks of Host
Cyclotriveratrylene with Halogenated Monocarbaborane Anions


Ruksanna Ahmad, Andreas Franken, John D. Kennedy, and Michaele J. Hardie*[a]


Introduction


The host molecule cyclotriveratrylene (CTV) has a relative-
ly rigid bowl shape, with its molecular cavity capable of
complexing guest molecules. Unsubstituted, or native, CTV


forms ball-and-socket type supermolecules with large neu-
tral and cationic guest molecules such as closo-1,2-dicarba-
dodecarborane,[1,2] fullerene-C60,


[3] [Fe(Cp)(C6H5R)]
+ [4] and


[Na[2.2.2]cryptate]+ .[5] With small guest molecules CTV
tends to form clathrate crystalline materials in which the
CTV molecules stack on top of one another and the guest
molecules are contained in channels created by the packing
of pillars of CTV molecules. There are two types of stacking
motif, designated the a- and b-phases.[6] There is also one


example of a g-phase in which an acetone guest molecule is
complexed between two CTV molecules to form a capsule-
like dimer,[7] but in general native CTV does not complex
small molecules within its molecular cavity. In contrast to
native CTV itself, coordination polymers and hydrogen-
bonded network structures involving CTV have been shown
to feature intracavity complexation of small organic solvent
molecules.[2,8±11] CTV may form coordination complexes
with Ag+ and Group 1 metals with the 1,2-dimethoxy
groups acting as chelating ligands.[2,9±12] CTV has also
proved to be a valuable building block for the covalent syn-
thesis of more sophisticated host molecules such as crypto-
phanes and extended arm cavitands, for which intracavity
complexation of small and large guest molecules is common-
place,[13] and CTV derivatives find applications as liquid
crystals[14] and in anion extraction.[15] A number of reported
examples of crystalline CTV assemblies have included car-
baboranes as either neutral guest or templating molecules,
or as counterions.[1,2,5,8±11] The carbaboranes appear to have
an important role in stabilising the overall crystalline assem-
blies. They have a number of features that lend themselves
to the formation of such species, including good solubilities,
the spherical shape of neutral compounds, hydrogen-bond-
ing donor ability[16] and the ™weakly coordinating∫ nature of
the anions.[17] To date, investigations have been restricted to
the neutral icosahedral closo-1,2-dicarbadodecarborane
C2B10H12, the anionic icosahedral [CB11H12]


� , and the anion-
ic sandwich complex [Co(C2B9H11)2]


� . The anionic carbabor-
anes may be halogenated at boron vertices para and meta to


[a] R. Ahmad, Dr A. Franken, Prof. J. D. Kennedy, Dr M. J. Hardie
Department of Chemistry
University of Leeds, (Leeds) LS2 9 JT (UK)
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Abstract: Halogenated carbaborane
ions [CB11H6X6]


� in which X=Cl or Br
have been combined with the host mol-
ecule cyclotriveratrylene (CTV) and
Group 1 metal cations to give crystal-
line materials. The complexes
[Na(ctv)(H2O)(CB11H6X6)](CF3CH2OH)
feature chiral Na±CTV coordination
chains with complexation of the
[CB11H6X6]


� ion by the Na+ ion, to-
gether with the CTV molecular cavity.
The coordination chains are hydrogen


bonded together to give a puckered
two-dimensional hexagonal grid struc-
ture. [K(ctv)(CB11H6Cl6)(CF3CH2OH)0.5]
is essentially isostructural. Complexes
[Rb(ctv)(CB11H6Br6)(H2O)] and
[Cs(ctv)(CB11H6X6)(CH3CN)] are coor-


dination polymers with related distort-
ed hexagonal grid structures. Use of
N,N’-dimethylformamide (DMF) as a
solvent results in an entirely different
type of assembly, with [Na2(dmf)4-
(H2O)2(ctv)][(dmf)0.5(ctv)][CB11H6Br6]2
showing unusual {Na-m-(dmf)-Na}
bridges, and once again forming a dis-
torted hexagonal coordination poly-
mer.


Keywords: alkali metals ¥
carbaboranes ¥ coordination
polymers ¥ cyclotriveratrylene ¥
halogens ¥ host±guest chemistry
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the C�H group to give species such as [CB11H6X6]
� X=Cl,


Br.[17]


We report herein a series of crystalline complexes formed
by the combination of CTV, an M+ ion, whereby M is a
Group 1 metal, and the halogenated monocarbaborane


[CB11H6X6]
� ions. The structures of the complexes that were


isolated were determined by single-crystal X-ray diffraction
techniques. All such complexes feature M±CTV coordina-
tion polymers in chain or grid assemblies. When the molecu-
lar components are initially mixed in CH3CN, followed by
recrystallisation from CF3CH2OH, two structural types are
formed depending on the metal cation and the nature of the
halogen on the carbaborane unit. The isostructural com-
plexes [Na(ctv)(H2O)(CB11H6X6)](CF3CH2OH) (X=Cl: 1;
X=Br: 2) have chiral coordination chains with complexa-
tion of the [CB11H6X6]


� ion by the CTV molecular
cavity and the Na+ ion. The poorly defined [K(ctv)-
(CB11H6Cl6)(CF3CH2OH)0.5] (3) has a structure closely relat-
ed to those of 1 and 2 although with purely coordinate inter-
actions to form a grid structure. Identical two-dimensional
grid structures are found for complexes [Rb(ctv)-
(CB11H6Br6)(H2O)] (4) and [Cs(ctv)(CB11H6X6)(CH3CN)]
(X=Cl: 5 ; X=Br: 6). When the molecular components are
mixed in N,N’-dimethylformamide (DMF) rather than
CH3CN/CF3CH2OH an entirely different type of assembly is
generated, that of [Na2(dmf)4(H2O)2(ctv)][dmf)0.5(ctv)]
[CB11H6Br6]2 (7), which forms a hexagonal grid structure
with unusual {Na-m-(dmf)-Na} bridges.


Experimental Section


Cyclotriveratrylene (CTV) was prepared by literature methods.[18] Caesi-
um salts of the halogenated monocarbaborane anions were prepared by
an adaptation of literature methods[19] for the synthesis of NEt4


+ salts,
but using CsCl to effect precipitation rather than NEt4Cl. AR grade sol-
vents were used without further purification. Infrared spectra were run as
KBr discs using a Midac FTIR. 1H NMR spectra were run on a Bruker
ARX250 instrument in CD3CN.


Synthesis


[Na(ctv)(H2O)(CB11H6Cl6)](CF3CH2OH) (1): CTV (27 mg, 6.0 mmol) and
Cs[CB11H6Cl6] (30 mg, 4.6 mmol) were dissolved separately in CH3CN
(3 cm3), the solutions were mixed, and an excess of 0.1m aqueous NaOH
(0.1 cm3) was added. After complete evaporation of acetonitrile,
CF3CH2OH was added to make a new solution mixture, which was left to
stand to give colourless prismatic crystals of 1 in ~10% yield after sever-
al days. Selected IR data: ñ=3507, 3044 (C�H), 2923, 2851, 2616, 1611,
1514, 1447, 1264, 1144, 1084, 1021, 941, 866, 826, 662, 619 cm�1.


[Na(ctv)(H2O)(CB11H6Br6)](CF3CH2OH) (2): CTV (50.5 mg,
0.112 mmol), Cs[CB11H6Br6] (84 mg 0.112 mmol) and 0.1m aqueous
NaOH were treated as for 1. Colourless prismatic crystals of 2 formed
after several days in 9% yield. Selected IR data: ñ=3543, 3054, 2940,


2848, 2605, 1610, 1513, 1445, 1263, 1219, 1194, 1142, 1083, 990, 858, 741,
635, 619 cm�1; 1H NMR: d=7.03 (aryl C�H), 4.80 (d, CH2), 3.82 (OCH3),
3.60 (d, CH2), 2.92 (br, carborane CH), 2.2 ppm (H2O).


[K(ctv)(CB11H6Cl6)(CF3CH2OH)0.5] (3): CTV (51 mg, 0.106 mmol),
Cs[CB11H6Cl6] (47 mg, 0.106 mmol) and an excess of 0.1m aqueous KOH
(0.1 cm3) were treated as for 1. Colourless prismatic crystals of 3 ap-
peared in 8% yield after several days. EDX studies of the crystal con-
firmed that potassium was within the crystal structure and not caesium.
Selected IR data: ñ=3524, 3044, 2923, 2851, 2614, 2340, 1611, 1514, 1445,
1264, 1144, 1086, 1021, 990, 941, 866, 853, 619 cm�1; 1H NMR: d=7.01
(aryl C�H), 4.78 (d, CH2), 3.91 (q, CF3CH2OH), 3.80 (OCH3), 3.62 (d,
CH2), 2.3 ppm (br, carborane CH).


[Rb(ctv)(CB11H6Br6)(H2O)] (4): Cs[CB11H6Br6] (98 mg 0.131 mmol),
CTV (59 mg, 0.131 mmol) and RbOH were treated as for 1. After a few
days, colourless prismatic crystals of 4 formed in 12% yield. Selected IR
data: ñ=3573, 3052, 2832, 2606, 2026, 1611, 1447, 1399, 1086, 1034, 858,
810, 619 cm�1; 1H NMR: d=7.04 (aryl C�H), 4.80 (d, CH2), 3.83 (OCH3),
3.60 (d, CH2), 2.90 (br, carborane CH), 2.2 ppm (H2O).


[Cs(ctv)(CB11H6Cl6)(CH3CN)] (5): CTV (52 mg, 0.108 mmol) and
Cs[CB11H6Cl6] (50 mg, 0.108 mmol) were dissolved separately in CH3CN
(2 cm3) and then mixed together. Following a complete evaporation of
acetonitrile, the mixture was redissolved in CF3CH2OH and gave colour-
less prismatic crystals of 5 in 9% yield after standing for several days. Se-
lected IR data: ñ=3632, 3058, 2938, 2847, 2597, 2255, 1611, 1466, 1260,
1221, 1086, 1019, 741, 619 cm�1.


[Cs(ctv)(CB11H6Br6)(CH3CN)] (6): Cs[CB11H6Br6] (102 mg 0.136 mmol)
and CTV (61 mg, 0.136 mmol) were treated as for 5, colourless prismatic
crystals of 6 formed in 11% yield after several days standing. IR data:
ñ=3440, 3054, 2936, 2847, 2606, 1611, 1514, 1466, 1395, 1264, 1219, 1196,
1144, 1086, 936, 860, 741, 619 cm�1; 1H NMR: d=7.01 (aryl C�H), 4.78
(d, CH2), 3.80 (OCH3), 3.58 (d, CH2), 2.92 ppm (br, carborane CH).


[Na2(dmf)4(H2O)2(ctv)]{(dmf)0.5(ctv)}[CB11H6Br6]2 (7): Cs[CB11H6Br6]
(32 mg, 4.3 mmol) and CTV (19 mg, 4.2 mmol) were dissolved separately
in hot DMF and mixed; an excess of 0.1m aqueous NaOH was then
added. The solution mixture was cooled and left to stand, after several
weeks prismatic colourless crystals of 7 were formed in low yield. Crys-
tals lost solvent on exposure to the atmosphere.


X-ray data collections and structure determinations : Details of data col-
lection and structure refinement for complexes 1, 3±5 and 7 are given in
Table 1. Single crystals of 1±7 were mounted on a glass fibre under oil,
and the X-ray data collected on a Nonius KappaCCD diffractometer at
low temperatures with graphite monochromated MoKa radiation (l=
0.71073 ä). Data were corrected for Lorenztian and polarization effects
and absorption corrections were applied by using multiscan methods. The
structures were solved by direct methods by using SHELXS-97 and re-
fined by full matrix least-squares on F2 by using SHELXL-97. All non-
hydrogen atoms were refined anisotropically and hydrogen atoms were
included in geometrically estimated positions with a riding refinement
unless otherwise indicated. Additional details for some structures are
given below.


CCDC-218400±218404 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 Crys-
tallographic Data Centre, 12 Union Road, Cambridge CB21EZ, UK;
fax: (+44)1223-336-033; or deposit@ccdc.cam.uk).


[Na(ctv)(H2O)(CB11H6Cl6)](CF3CH2OH) (1): The CF3CH2OH molecule
was disordered, with each F atom of the CF3 group modelled as disor-
dered over two positions at 50% occupancy, with common displacement
factors. C�F bond lengths were restrained. Only B�H and C�H hydrogen
positions were included in the refinement (CCDC-218400).


[Na(ctv)(H2O)(CB11H6Br6)](CF3CH2OH) (2): Complex 2 is isostructural
with complex 1, with orthorhombic unit cell parameters a=14.1176(4),
b=15.6014(2), c=20.7727(3) ä.


[K(ctv)(CB11H6Cl6)(CF3CH2OH)0.5] (3): Crystals of complex 3 were small
and poorly diffracting and only gave significant observed data to 2q
values of around 408. Higher angle data were very weak and were exclud-
ed. The structure showed significant disorder that could not be fully mod-
elled; this lead to high final R factors and residual electron density
around the disordered carbaborane cage. The [CB11H6Cl6]


� ion appears
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to be disordered over two sites, by rotation around the vector defined by
the C1 and B12 vertices of the icosohedral cage. Only the chlorine atom
positions could be adequately modelled in this way, with the five Cl
atoms each disordered over two positions at 50% occupancy. The boron
atom cage positions were each refined at a single position, as satisfactory
disordered positions could not be modelled. The CF3CH2OH ligand was
poorly defined and refined at 50% occupancy with restraints on the
bond lengths. Only the chlorine positions were refined anisotropically
and hydrogen atoms were not included for the poorly defined
CF3CH2OH (CCDC-218401).


[Rb(ctv)(CB11H6Br6)(H2O)] (4): Hydrogen atoms on the coordinated
water were not included in the refinement (CCDC-218402).


[Cs(ctv)(CB11H6Cl6)(CH3CN)] (5): CCDC-218403.


[Cs(ctv)(CB11H6Br6)(CH3CN)] (6): Complex 6 is isostructural with 5 with
orthorhombic unit cell parameters a=21.4197(2), b=15.7195(3), c=
26.5060(4) ä.


[Na2(dmf)4(H2O)2(ctv)]{(dmf)0.5(ctv)}[CB11H6Br6]2 (7): The structure
showed significant disorder of the Na2 core, in which one Na atom was
disordered across a mirror plane; this Na position therefore had 50% oc-
cupancy in the asymmetric unit. One aquo ligand coordinating to this Na
also had 50% occupancy, while another showed further dynamic disorder
with two sites in the asymmetric unit at occupancies 30% and 20%.
Some DMF molecules were disordered. One had an oxygen atom disor-
dered over two symmetry related sites at 50% occupancy per site; anoth-
er showed disorder of the NCH3 and NCHO groups, with the O atom re-
fined at 50% occupancy with two symmetry related sites. The guest
DMF was refined with an overall occupancy of 50% and was also disor-
dered by symmetry across two positions. The disordered guest DMF was
refined isotropically. Hydrogen atoms of water were excluded from re-
finement (CCDC-218404).


Results and Discussion


The crystalline complex [Na(ctv)(H2O)(CB11H6Cl6)](CF3-
CH2OH) (1) was isolated from a mixture of CTV, NaOH


and Cs[CB11H6Cl6] that had been initially mixed in CH3CN,
evaporated to dryness, and recrystallised from CF3CH2OH.
The complex crystallises with an orthorhombic cell and the
structure was solved in the chiral space group P212121. The
asymmetric unit comprises an Na+ ion, a coordinated water
molecule, and a molecule each of CTV, [CB11H6Cl6]


� and
CF3CH2OH, all on general positions.
The Na+ ion is complexed by two symmetry equivalent


chelating CTV host molecules, which act as ligands with
Na�O distances in the range 2.314(3)±2.526(3) ä, one aquo
ligand, with an Na�O bond length of 2.259(4) ä, and the
[CB11H6Cl6]


� ion, through a single Na�Cl interaction at
2.855(2) ä (Figure 1). The Na�Cl distance is effectively the
same as the Na�Cl separation of 2.81 ä observed for NaCl.
The coordination geometry is highly irregular octahedral.
The five-membered chelate rings formed by the dimethoxy
groups of CTV show sharp O-Na-O angles at around 658,
accounting for the irregular geometry. The [CB11H6Cl6]


� ion


Table 1. Details of data collection and structure refinement for complexes 1, 3±5, 7.


1 3 4 5 7


formula C30H41B11Cl6F3O8Na C29H37.5B11Cl6F1.5KO6.5 C28H38B11Br6O7Rb C30H39B11Cl6NO6Cs C70H109B22Br12N4.5Na2O18.5


Mr 941.23 889.30 1170.42 974.14 2552.34
crystal colour/shape colourless, prismatic colourless, prismatic colourless, prismatic colourless, prismatic colourless, prismatic
crystal size [mm] 0.14î0.09î0.07 0.20î0.14î0.11 0.37î0.10î0.07 0.25î0.16î0.13 0.24î0.20î0.16
crystal system orthorhombic orthorhombic orthorhombic orthorhombic orthorhombic
T [K] 150(2) 173(2) 173(2) 173(2) 150(2)
space group P212121 P212121 Pbca Pbca Pnma
a [ä] 14.0296(4) 20.5892(4) 21.2870(2) 21.0380(2) 28.8316(4)
b [ä] 15.1755(4) 14.0580(2) 15.6950(2) 15.6644(1) 14.6725(2)
c [ä] 20.6310(7) 15.4536(2) 25.8840(4) 26.2472(2) 25.7030(3)
V [ä3] 4392.5(2) 4472.94(12) 8647.83(19) 8649.70(12) 10873.2(2)
Z 4 4 8 8 4
1calcd [gcm


�3] 1.423 1.321 1.798 1.496 1.559
F(000) 1920 1812 4512 3888 5042
m [cm�1] 0.459 0.522 6.730 1.268 4.486
q range [8] 1.76±28.00 2.45±20.00 3.18±28.28 1.55±28.27 2.13±25.00
data collected 24659 11047 61046 78509 48976
unique data 10084 4148 10616 10625 9952
Rint 0.0621 0.0604 0.0850 0.0650 0.0957
observed data [I>2s(I)] 7197 3226 7475 7778 7342
parameters 542 315 484 506 656
restraints 6 6 0 0 0
R1 [I>2s(I)] 0.0576 0.1653 0.0478 0.0383 0.0847
wR2 (all data) 0.1428 0.4096 0.1160 0.1161 0.2378
S 1.029 2.865 1.035 1.097 1.096
max/min residual e density [eä�3] 1.779, �0.465 2.507, �0.706 1.148, �1.320 2.007, �1.161 2.108, �1.738


Figure 1. Na coordination sphere in [Na(ctv)(H2O)(CB11H6Cl6)](CF3-
CH2OH) (1). Ellipsoids are shown at 50% probability level, and the
dotted line indicates a C�H¥¥¥p hydrogen bond.
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is bound to the Na+ ion through one chloro group, and the
carbaborane cage is directed into the molecular cavity of
the CTV host molecule. Binding of this [CB11H6Cl6]


� ion
within the CTV cavity is augmented by the formation of a
C�H¥¥¥p hydrogen bond between the acidic C�H of the
anion and an aromatic face of the CTV at a C�H¥¥¥ring cent-
roid distance of 2.51 ä with a C�H¥¥¥p angle 155.58 (corre-
sponding C¥¥¥p centroid distance 3.56 ä). The effects of this
hydrogen bond are observable in the infrared spectra of 1,
in which the carbaborane C�H stretching frequency is shift-
ed from 3065 cm�1 in Cs[CB11H6Cl6] to 3044 cm�1 in com-
plex 1. The formation of C�H¥¥¥p hydrogen bonds in host±
guest complexes of carbaboranes has been previously ob-
served with neutral 1,2-dicarbadodecaborane guest mole-
cules with the hosts CTV[1a] and calix[5]arene,[20] with typical
C¥¥¥p distances in the range 3.4±3.6 ä.
Although neutral carbaboranes are known to form host±


guest complexes with CTV,[1,2] calix[5]arene[20] and other
host molecules such as cyclodextrins,[21] this is one of the
first examples of an anionic carbaborane forming a complex
with a neutral molecular host. A cationic metallo-host has
been reported to complex [Ph-CB9H9]


�[22] and a saddle-
shaped Ni macrocycle is known to complex the sandwich
complex [Co(C2B9H11)2]


� .[23] Other examples of CTV acting
as a host for anionic guests involve considerably more elec-
tropositive CTV±metal complexes, typically multinuclear
sandwich complexes with iridium, ruthenium and rhodi-
um.[15,24] Similar experiments to those reported here, but
using the non-halogenated [CB11H12]


� ion, do show Na+


complexation by the CTV; however, it does not lead to the
anion being contained within the molecular cavity of
CTV.[10] Hence, in complex 1, CTV effectively binds an ion
pair, at least in the solid state. Some more general examples
of ditopic receptors that are capable of binding an ion pair
are also able to do so in solution.[25]


The interaction between the [CB11H6Cl6]
� and Na+ ions is


itself an unusual feature of the [Na(ctv)(CB11H6Cl6)(H2O)]
coordination complex of 1. Halogenated carbaboranes are
weakly coordinating and there are few examples of them co-
ordinating to metal centres, with most examples involving
B�Br¥¥¥Ag interactions,[26,27] as well as a B�Br¥¥¥FeII porphyr-
in complex[28] and a B�Br¥¥¥Mo organometallic complex.[29]


There are also a handful of examples of chlorinated carba-
borane anions in which coordinate interactions through
chloro groups to Ag[26] and Si centres[30] have been investi-
gated. However, any interactions with an Na+ ion have not
been previously reported, and the only reported investiga-
tions into interactions between Group 1 metals and halogen-
ated carbaborane anions have involved caesium salts of bro-
minated carbaboranes, in which there is a high ionic charac-
ter to the interactions.[26,31]


Each CTV molecule in 1 binds two symmetry equivalent
Na+ centres and a chiral coordinate chain is hence propa-
gated in the crystallographic b direction (Figure 2a). Nota-
bly, the chiral assembly is composed of achiral components.
The chirality of the chain is due to the bowl-shape of the
CTV ligand: a topologically identical chain with a flat ligand
would not be chiral. Chiral self-assembled chain structures
with CTV have also been reported for a hydrogen-bonded


structure with neutral 1,2-dicarbadodecaborane.[1b] Adjacent
coordinate chains in 1 are linked together into a two-dimen-
sional grid structure by OH¥¥¥O hydrogen bonding (Fig-
ure 2b). Each metal centre connects to three CTV ligands,
while each CTV ligand connects to three metal centres;
hence the grid has a three-connected hexagonal topology.
The terminal aquo ligand that completes the Na+ coordina-
tion sphere is the hydrogen-bond donor with an O¥¥¥O sepa-
ration of 2.91 ä to a methoxy O atom of a CTV molecule
from an adjacent coordinate chain. The aquo ligand also
forms a hydrogen bond with the disordered CF3CH2OH sol-
vent molecule, at an O¥¥¥O separation of 2.81 ä. The two-di-
mensional grid structures are not coplanar, but form two-
tiers in the ab plane with the orientation of the CTV molec-
ular bowl alternating in the a and b directions. The hexago-
nal grids stack in an offset arrangement in the c direction,
with each CTV molecule forming back-to-back p stacking


Figure 2. Details from the crystal structure of complex 1: a) chiral coordi-
nation chain; b) two-dimensional network formed by adjacent coordinate
chains hydrogen-bonding together. Different coordinate chains are distin-
guished by grey or green carbon atoms of CTV, disordered CF3CH2OH
shown in light blue. Hydrogen atoms are excluded for clarity.
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interactions with two CTV molecules from the next two-di-
mensional grid with ring-to-ring centroid separations of
3.92 ä. The closest interactions to the uncoordinated chloro
groups of the [CB11H6Cl6]


� ion are Cl¥¥¥H�C contacts with
neighbouring CTV molecules at around 2.9 ä.
Use of the brominated [CB11H6Br6]


� ion in place of
[CB11H6Cl6]


� results in the isolation of a crystalline complex
[Na(ctv)(H2O)(CB11H6Br6)](CF3CH2OH) 2 that is isostruc-
tural with 1. Once again the anionic halogenated carbabor-
ane anion coordinates to the Na+ ion.
Changing the cation from Na+ to the larger K+ also leads


to a crystalline product that has essentially similar structural
features as 1 and 2, although there are some important dif-
ferences. The complex [K(ctv)(CB11H6Cl6)(CF3CH2OH)0.5]
(3) was isolated from a CF3CH2OH containing an excess of
aq. KOH, CTV and Cs[CB11H6Cl6]. Electron difraction X-
ray measurements confirm that the metal present in the
crystals is potassium and not caesium. Similar use of the
brominated ion [CB11H6Br6]


� with an excess of K+ did not
result in the isolation of a potassium-containing species. The
crystals of 3 that were obtained were of poor quality and
the refined structure showed significant disorder that has
not been fully resolved. Despite these problems, however,
the main structural features of 3 can be elucidated, although
because the structure is of poor quality the positional pa-
rameters are not reliable. Complex 3 crystallises in an ortho-
rhombic unit cell, with parameters similar to those of 1 and
2, and was similarly solved in the chiral space group P212121.
The asymmetric unit comprises a K+ centre, a CTV mole-
cule, together with a [CB11H6Cl6]


� ion and a CF3CH2OH
molecule refined at half occupancy. The K+ centre shows
weakly coordinating interactions to three CTV molecules, to
the CF3CH2OH molecule and to the [CB11H6Cl6]


� ion
through a chloro group (Figure 3). Given the long inter-


atomic distances and disorder of the [CB11H6Cl6]
� ion, it is


difficult to define a stereochemistry for the K+ centre, al-
though these six closest contacts form a distorted trigonal
prism with one CF3CH2OH ligand at a K�O distance of


3.12(4) ä, a K�Cl distance of 3.356(11) ä and four K�O
distances ranging from 2.940(19) to 3.121(17) ä. These inter-
actions are long, but are similar to other recently reported
K�O links in crown ether and 1,2-dimethoxyethane com-
plexes with potassium.[32] Whereas in complexes 1 and 2 a
two-dimensional grid structure is formed by coordinate
chains linking together through hydrogen bonds, in complex
3 a topologically identical and structurally very similar grid
structure is formed only from coordinate interactions to the
metal centre. The terminal aquo ligand evident in 1 and 2
that acts as a hydrogen-bond donor forming a link between
the coordination chains is not evident in 3. The same linkage
is effectively established through the K�O bond shown be-
tween K1 and O1 in Figure 3. Coordination polymers with
hexagonal structure are not uncommon,[33] but the only pre-
viously reported trischelate Na±CTV two-dimensional coor-
dination polymer has a three-connected 4:8 topology.[9]


The structure of 3 suggests that the introduction of an
even larger cation may give a two-dimensional coordination
polymer with a more ordered structure. We find that this is
indeed the case, with the use of either Rb+ or Cs+ resulting
in materials 4, 5 and 6 that have two-dimensional coordina-
tion polymeric structures topologically the same as the net-
work structures of 1±3, but now with quite distinct geometri-
cal arrangements of the molecular components. Thus, the
essentially isostructural crystalline complexes [Rb(ctv)-
(CB11H6Br6)(H2O)] (4), [Cs(ctv)(CB11H6Cl6)(CH3CN)] (5)
and [Cs(ctv)(CB11H6Br6)(CH3CN)] (6) were isolated from
solutions of RbOH, CTV and Cs[CB11H6Br6]


� ;[34] CTV and
Cs[CB11H6Cl6]


� ; and CTV and Cs[CB11H6Br6]
� , respectively,


in CH3CN/CF3CH2OH. All complexes had similar ortho-
rhombic unit cells, and the structures were solved in the cen-
trosymmetric space group Pbca. The major difference be-
tween the structures of 4±6 is the identity of a terminally co-
ordinated solvent molecule; H2O for the Rb+ complex 4,
and CH3CN for the Cs+ complexes 5 and 6.
The Rb+ coordination sphere of 4 and the Cs+ coordina-


tion sphere of 5 are shown in Figure 4. In each case the
metal centre is nine coordinate with a distorted capped
square antiprismatic geometry. Interatomic distances around
the metal centre are given in Table 2. In all cases, three sym-
metry equivalent CTV molecules coordinate to the metal as
chelating ligands, the [CB11H6X6]


� ion coordinates to the
metal in a chelating fashion through two halogen atoms ar-
ranged ortho to each other within the carbaborane cage; the


Figure 3. Potassium coordination sphere from the partially resolved crys-
tal structure of [K(ctv)(CB11H6Cl6)(CF3CH2OH)0.5] (3). Only one position
of the disordered [CB11H6Cl6]


� ion is shown.


Table 2. Interatomic distances around the metal for complexes 4 and 5 ;
M=Rb or Cs, X=Cl or Br.[a]


4 5


M�O1I 3.029(4) 3.106(2)
M�O2I 2.903(4) 3.184(2)
M�O3 2.898(3) 3.084(2)
M�O4 2.964(3) 3.208(2)
M�O5II 2.942(3) 3.177(2)
M�O6II 3.016(3) 3.128(2)
M�X2 3.7753(7) 3.7932(8)
M�X6 3.6572(7) 3.5161(8)
M�O7 3.058(5) ±
M�N1 ± 3.141(4)


[a] Symmetry operations: I: 0.5+x, y, 0.5�z ; II: �x�1, 0.5+y, 0.5�z.
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coordination sphere is completed by the coordinated solvent
molecule: H2O for 4 and CH3CN for 5 and 6.
Each metal centre interacts with three molecules of CTV,


and each CTV molecule complexes three metal centres, one
through each dimethoxy moiety. This leads to a two-dimen-
sional coordination polymer as shown for 5 in Figure 5a.
The network is not coplanar, but is two-tiered in the ab
plane. The CTV molecules within the network are arranged
in a skewed, triangular grid arrangement. The orientation of
the CTV molecular bowls alternate in the b direction similar
to the observed pattern in complexes 1±3, but now they
have a repeating ºup, up, down, down, up, upº pattern in
the a direction. The two-dimensional coordination polymers
stack together through a single p±p stacking interaction per
CTV molecule at a ring-to-ring centroid separation of
3.79 ä.
In contrast to the structures of complexes 1±3, the


[CB11H6X6]
� ion is not directed into the cavity of the CTV


molecular host. Instead, a coordinated solvent molecule oc-
cupies the CTV molecular cavity, shown for the CH3CN
molecule of 5 in Figure 5b. In the case of complexes 5 and 6
this coordinated acetonitrile has the carbon atom of its
methyl group pointed directed over the centre of the CTV
host, at a distance of around 3.9 ä to the centre of the plane
of three �(CH2)� groups of the CTV. The [CB11H6X6]


� ion
is positioned directly above the coordinated solvent. The
acidic C�H group of the anion is directed away from the
CTV molecular cavity and towards the external face of an
adjacent CTV aromatic ring. The C�H vector points towards
the side rather than the centre of the aromatic ring, with a


C�H¥¥¥¥ring centroid distance of 2.59 ä and C�H¥¥¥p centroid
angle of 142.18. This is a considerably less direct interaction
than the C�H¥¥¥p hydrogen bond seen for complexes 1±3
and this is reflected in the infrared data in that the carbabor-
ane n(C�H) value for 5 is shifted by only around 8 cm�1,
compared with the 21 cm�1 shift observed for 2.
The possibility of solution-phase complex formation be-


tween M+ , [CB11H6X6]
� and CTV was investigated by


means of 1H NMR spectroscopy. As representative Na+, K+,
Rb+ and Cs+ complexes single crystals of complexes 2, 3, 4,
and 6 were each dissolved in CD3CN and their 1H NMR
spectra recorded. Compared to the chemical shift values of
the principal components in simple one-component solu-
tions, significant 1H chemical shift changes were not ob-
served, nor were any changes to the symmetry of the CTV
molecule indicated. This suggests that fragments of the coor-
dination polymers do not exist in solution to any significant
extent.
The structures of complexes 1 to 6 have features in


common. The extended network structure in each is a dis-


Figure 4. a) Rb+ coordination sphere of [Rb(ctv)(CB11H6Br6)(H2O)] (4).
b) Cs+ coordination sphere of [Cs(ctv)(CB11H6Cl6)(CH3CN)] (5). Ellip-
soids are drawn at 50% probability levels, hydrogen atoms are omitted
for clarity.


Figure 5. Details from the crystal structure of 5 showing a) the extended
two-dimensional coordination network; coordinated CH3CN and hydro-
gen atoms have been omitted for clarity. b) The host±guest associations
of the CTV host; hydrogen atoms of CTV omitted.
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torted two-dimensional hexagonal grid. In complexes 1 and
2 with the small Na+ ion this is achieved through the forma-
tion of chiral coordination chains which hydrogen bond to-
gether. When the larger K+ ion is introduced to the system
in complex 3 the terminal aquo ligand involved in hydrogen
bonding in 1 and 2 is not evident and the same network
structure occurs through long coordinate interactions be-
tween each K+ centre and three CTV molecules. This struc-
ture shows significant disorder of the carbaborane anion.
The long K¥¥¥O separations suggest that a larger cation is re-
quired to stabilise this structural motif through purely coor-
dinate interactions and not a mixture of coordinate and hy-
drogen-bonding interactions. Use of the larger Rb+ or Cs+


ions in complexes 4 to 6 does indeed give stable two-dimen-
sional hexagonal network structures with coordinate interac-
tions between each M+ centre and three CTV molecules,
and three M+ centres for each CTV molecule. The host±
guest chemistry is subtly changed. In complexes 1±3 the car-
baborane anion is the primary guest molecule perched
above the CTV molecular cavity and shows C�H¥¥¥p hydro-
gen bonding, whereas in complexes 4±6 the primary guest is
a complexed solvent molecule and the carbaborane anion is
positioned above this guest. This change may occur due to
the significant increase in M�X distance from 2.85 ä in the
Na+ complex 1 to around 3.5±3.8 ä in the Rb+ and Cs+


complexes. This increase in bond length effectively pushes
the carbaborane anion away from the molecular cavity of
the CTV and the space is instead occupied by coordinated
solvent guest molecules.
The structures or topologies adopted by coordination


polymers or discrete coordination assemblies are frequently
influenced by the solvent used for crystallisation, even
though the crystallising solvent is not necessarily incorporat-
ed in the matrix of the crystalline product. This is especially
true for potentially coordinating solvents. There was there-
fore merit in the examination for such effects in the present
system. By using a similar procedure for the synthesis of
complex 2, but with N,N’-dimethylformamide (DMF) as the
solvent rather than CH3CN/CF2CH2OH,an entirely different
crystalline complex is yielded, namely [Na2(dmf)4(H2O)2-
(ctv)][(dmf)0.5(ctv)][CB11H6Br6]2 (7). The Na:Br ratio of this
formulation was confirmed by electron diffraction X-ray
measurements. Complex 7 crystallises in an orthorhombic
unit cell and the structure was solved in space group Pnma.
The asymmetric unit comprises half the stoichiometry given
above, and most molecular components are sited across
mirror planes.
The basic coordination complex of 7 is based on


[Na2(dmf)4(H2O)2(ctv)]
2+ units with two distinct Na+ posi-


tions. These Na+ positions are bridged by chelating CTV li-
gands and m-DMF ligands. The m-DMF-bridged Na2 core ex-
hibits disorder across a mirror plane such that a symmetry-
expanded representation appears as a trimeric unit
(Figure 6). It is not, however, a trimeric unit as the two sym-
metry related Na2 positions evident in Figure 6 each have
50% occupancy, that is, each Na2 position is only occupied
one half of the time. One position of the disordered Na2
core can be seen by ignoring the Na2I atom and related
ligand positions shown in white in Figure 6. Na1 is sited on


a mirror plane and is coordinated by a chelating CTV mole-
cule and four DMF molecules in an irregular octahedral
configuration. The Na1�OMe separation is 2.442(7) ä, and
Na1�O=C bond lengths range from 2.305(16)±2.423(14) ä.
Two of the DMF molecules are disordered. Bearing in mind
the symmetry imposed disorder discussed above, two of the
DMF ligands bridge to an Na2 position. The coordination
sphere of Na2 is likewise irregular octahedral with a chelat-
ing CTV ligand (Na2�OMe bond lengths 2.478(9) and
2.526(9) ä), two bridging DMF ligands (Na2�O=C bond
lengths 2.324(15) and 2.630(13) ä) and two terminal aquo li-
gands, one of which is disordered over two sites (Na2�OH2


bond lengths 2.179(15) to 2.37(4) ä). The Na1¥¥¥Na2 separa-
tion is 3.648(8) ä. DMF-bridged Na clusters are rare, with
only a handful having been previously reported.[35] Intera-
tomic separations reported here are consistent with these
previous studies.
Each [Na2(H2O)(dmf)4]


2+ subunit in 7 effectively bridges
between three CTV ligands and each CTV ligand bridges
between three [Na2(H2O)(dmf)4]


2+ subunits, thus giving a
two-dimensional coordination network of hexagonal topolo-
gy in the bc plane (Figure 7). The coordination networks
stack in such a way as to create hexagonal channels running
through the structure that are occupied by hydrogen-bonded
chains of [CB11H6Br6]


� ions. Within the chains there are two
crystallographically distinct [CB11H6Br6]


� ions that are each
bound to a neighbouring anion through a bifurcated
C�H¥¥¥(Br)2 hydrogen-bonding interaction. The chain is zig-
zagged and shows a short interaction at a C�H¥¥¥Br distance
of 2.88 ä (corresponding C¥¥¥Br distance 3.71 ä), and a long
interaction at a C�H¥¥¥Br distance of 3.40 ä (corresponding
C¥¥¥Br distance 4.13 ä).
The orientation of CTV molecules within the hexagonal


network of 7 is the same in the b direction (all bowl-up, or
bowl-down) and alternates in the c direction. Each CTV
ligand within a network is effectively a host molecule with
another crystallographically independent molecule of CTV
perched above its molecular cavity. The simple crystalline


Figure 6. Sodium coordination from the crystal structure of complex 7.
Only the coordinating 1,2-dimethoxybenzene moiety of each CTV ligand
is shown for clarity. Note that Na2 and the symmetry related Na2I each
have an occupancy of 50%, hence the Na core is [Na2(H2O)2(dmf)2-m-
(dmf)2]


2+ cluster and not an {Na3} trimer. One of the two disordered po-
sitions of the Na2 core can be visualised by ignoring Na2I and related po-
sitions all shown in white. One aquo ligand and a DMF molecule show
further disorder and coordinating O atoms are split into two positions.
Symmetry operation I: x, 0.5�y, z.
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clathrate complexes of CTV, a-CTV and b-CTV, also feature
a similar self-stacking motif of CTV host molecules, al-
though the orientation of the ™guest∫ CTV here in 7 is quite
distinct from either of those packing motifs. Rather in 7 the
two CTV molecules have mutually similar orientations, al-
though with one aromatic face of the ™guest∫ CTV tilted by
about 508 from the equivalent face of the ™host∫ CTV. The
closest C¥¥¥C distance is 3.54 ä. The ™guest∫ CTV molecules
are not involved in any coordinate interactions and complex
a molecule of disordered DMF as a guest. The coordination
networks stack as shown in Figure 8 which creates channels


which run in the b direction. These channels are filled by
the ™guest∫ [(DMF)\CTV] host±guest complexes.


Conclusion


Mixtures of CTV, halogenated carbaborane ions
[CB11H6X6]


� and Group 1 metals in CH3CN/CF2CH2OH
yield crystalline materials with one of two types of struc-
tures. The smaller Na+ ion gives a chiral structure in which
the [CB11H6X6]


� ion coordinates through one halogen atom
to the six coordinate metal centre, and is furthermore con-
tained within the molecular bowl of the CTV. Chiral coordi-
nate chains are linked into a two-dimensional hexagonal
network through hydrogen-bonding interactions. The larger
ions Rb+ and Cs+ give essentially isostructural structures in
which the [CB11H6X6]


� ion coordinates through two halogen
atoms to the nine-coordinate metal centre and in which the
anion is displaced from within the CTV molecular cavity by
coordinated solvent guest molecules. These coordination
polymers also have a two-dimensional hexagonal network.
The high coordination numbers and longer interatomic dis-
tances to the metal centre that are seen in the second type
of structure presumably exclude its formation with Na+ and
K+ . A metal cation of intermediate size, K+ , gives a poorly
defined and highly disordered intermediate structure, essen-
tially isostructural to the first type of structure, but with
long coordinate interactions replacing the combination of
coordinate and hydrogen-bonding interactions. Crystallisa-
tion from the strongly coordinating solvent DMF rather
than CH3CN/CF3CH2OH leads to a third type of structure.
Despite differences in composition and coordination
number and geometry at the metal, all three types of net-
work structure are similar in that all have three-connected
hexagonal networks with an identical formal topology, al-
though there are differences in geometries and relative ori-
entations of the bowl-like CTV molecules.
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Surface-Confined Single Molecules: Assembly and Disassembly of Nanosize
Coordination Cages on Gold (111)


Edoardo Menozzi,[a] Roberta Pinalli,[a] Emiel A. Speets,[b] Bart Jan Ravoo,[b]


Enrico Dalcanale,*[a] and David N. Reinhoudt*[b]


Introduction


Self-assembly, in its various forms, is emerging as a key tech-
nology for the formation of two- and three-dimensional
structures.[1] The appeal of self-assembly resides in the ther-
modynamic control of the process, which leads to the exclu-
sive formation of the desired molecular architecture under a
given set of conditions. The reversibility of self-assembly
conveys interesting properties, such as self-repairing ability
and responsiveness to external stimuli. Of the various self-
assembly protocols, metal-directed self-assembly is particu-
larly appealing, because of the large number of different
structural motifs and bond energies that are available
through coordination chemistry.[2] There are relatively few
publications that describe the transfer of self-assembly pro-
tocols from the solution phase to surfaces.[3] Our groups
have recently reported on the attachment of thioether-func-


tionalized coordination cages to gold substrates in microme-
ter-size patterned self-assembled monolayers (SAMs),[4]


which were prepared by soft lithographic techniques.[5] The
attachment of single molecular containers able to encapsu-
late ions and neutral molecules on solid surfaces is attractive
for single-molecule addressing.[6]


Here we report on the synthesis of a cavitand, functional-
ized with four alkylthioether groups at the lower rim, and
four tolylpyridine groups at the upper rim. We describe the
self-assembly of coordination cages from the cavitands with
[Pd(dppp)(CF3SO3)2] both in solution


[7] and immobilized on
gold surfaces. For the formation of coordination cages on
gold, two different strategies leading to homocages and het-
erocages have been explored. Immobilized homocages
result from the direct insertion of cages formed in solution
into an SAM of 11-mercaptoundecanol (MU) on gold. Im-
mobilized heterocages result from the insertion of the thio-
ether-footed cavitand into an MU SAM, followed by assem-
bly of cages by complexation of a different cavitand from
solution. The insertion and assembly processes were moni-
tored by atomic force microscopy (AFM) by measuring the
height of individual cavitands and cages.


Results and Discussion


Synthesis : At the upper rim of cavitand 6 (Scheme 2) there
are four phenylpyridine groups as bridging units between
the phenolic OHs, and four alkylthioether chains at the
lower rim. The presence of four outward oriented phenyl-
pyridine groups is pivotal for cage self-assembly (CSA) by
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Abstract: A cavitand functionalized
with four alkylthioether groups at the
lower rim, and four tolylpyridine
groups on the upper rim is able to bind
to a gold surface by its thioether
groups, and forms a coordination cage
with [Pd(dppp)(CF3SO3)2] by its pyri-
dine groups. The cavitand or the cage
complex can be inserted from solution


into a self-assembled monolayer
(SAM) of 11-mercaptoundecanol on
gold. The inserted molecules can be in-


dividually detected as they protrude
from the SAM by atomic force micros-
copy (AFM). The cages can be rever-
sibly assembled and disassembled on
the gold surface. AFM can distinguish
between single cavitand and cage mole-
cules of 2.5 nm and 5.8 nm height, re-
spectively.


Keywords: cage compounds ¥
cavitands ¥ scanning probe
microscopy ¥ self-assembly ¥
single-molecule studies
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coordination to Pd or Pt metal precursors,[8] while the four
thioether chains at the lower rim are necessary to attach the
compound to a gold surface.[9] In order to obtain cavitand 6,
the thioether-footed resorcinarene 4 was synthesized and
then bridged with 4,4’-(a,a’-dibromotolyl)pyridine (5).
The bridging group 5 was obtained by radical bromination


of the methyl group of tolylpyridine,[10] by using N-bromo-
succinimide (NBS) in the presence of benzoyl peroxide as
an initiator. By mixing tolylpyridine, NBS, and benzoyl per-
oxide in a suitable ratio, the reaction gave 4-(a,a’-dibromo-
tolyl)pyridine as a major product with traces of tribrominat-
ed tolylpyridine as a byproduct. The reaction was carried
out in the presence of a large amount of radical initiator to
prevent attack at the aromatic rings, and to favor the bromi-
nation of the methyl group.
The thioether footed resorcinarene 4 was synthesized fol-


lowing a protection/deprotection scheme (Scheme 1).[11] The
first step was the protection of the hydroxyl moieties of re-
sorcinarene 1 by trimethylsilane groups to avoid reaction
with 9-BBN; this was achieved by using chlorotrimethylsi-


lane as a reagent and triethylamine as a base at room tem-
perature in THF. Resorcinarene 2 was obtained in a 49%
yield. The second step was the anti-Markovnikov addition
of 1-decanethiol to the double bonds of 2 in presence of a
stoichiometric quantity of 9-BBN in THF as a solvent at
room temperature. Resorcinarene 3 with four sulfide chains
at the lower rim, was obtained in 71% yield. Finally, the
silane groups in 3 were removed with HCl (36% in metha-
nol), and the desired resorcinarene 4 was obtained in 32%
overall yield starting from 1. This synthetic procedure repre-
sents a general route to thioether-footed cavitands in all
cases in which the bridging units at the upper rim are BBN-
sensitive.
This molecule was used for the preparation of the phenyl-


pyridine functionalized thioether-footed cavitand (6)
(oooo isomer). The synthesis of this deep-cavity cavitand[12]


was performed by bridging the resorcinarene 4 with 4,4’-
(a,a’-dibromotolyl)pyridine (5) in the presence of K2CO3 as
a base. The reaction gave the desired oooo isomer (41%
yield) as the only product with four tolylpyridyl groups


Scheme 1. Protection/deprotection scheme for the synthesis of resorcinarene 4.


Scheme 2. Synthesis of the cavitand ligand 6, and self-assembly of nanosize coordination cages 7a and 7b.
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pointing outwards from the cavity (Scheme 2).[13] The stereo-
chemical control of the reaction is assured by the bulkiness
of the bridging units, which can be accommodated only in
the outward orientation.


General procedure for the self-assembly of the thioether-
functionalized coordination cages 7 a and 7 b: Before engag-
ing in surface-confined self-assembly, cage self-assembly
(CSA) of cavitand 6 was tested in solution with
[M(dppp)(OTf)2] (M=Pt, Pd) as metal precursors to verify
that the thioether chains do not interfere with the cage for-
mation by complexing the metal centres (Figure 1). The self-


assembly of cages 7 a and 7 b was monitored by 1H NMR
spectroscopy (Figure 1). Mixing the two components in a 1:2
molar ratio at room temperature in acetone gave cages 7 a
and 7 b, which were obtained in quantitative yields. There-
fore, the thioether chains at the lower rim do not interfere
with CSA. In all cases 1H NMR spectra clearly showed the
formation of a new set of signals indicative of the presence
of only one highly symmetric compound (D2h symmetry).
The signals corresponding to the CH2 a of sulfur in the thio-
ether chains, were not shifted by the addition of the metal
complex to a solution of cavitand 6. The only shifts recorded
are those of the hydrogens, which correspond to the phenyl-
pyridine groups, which are shifted downfield as a conse-
quence of the coordination to the metal. The coordination
cage was the only product observed and intermediates in


the self-assembly process were not detected. Addition of
one equivalent of [Pt(dppp)(CF3SO3)2] to a solution of cavi-
tand 6 (spectrum a) in [D6]acetone (1:1 ratio) showed that
the only species present in solution are the free cavitand
and the cage (labeled by colored dots); there was no evi-
dence of oligomers or partial complexation products (spec-
trum b). When a second equivalent of metal complex was
added to the same solution (final ratio 1:2 ligand/metal com-
plex), the cage was the only product present in solution
(spectrum c). This is consistent with the rapid formation of
the thermodynamically favored cage with respect to other
species. 31P NMR spectra exhibited a sharp singlet, with ap-


propriate Pt coupling satellites
for cage 7 b, which indicates
that all the DPPP phosphorus
atoms are equivalent; this
therefore confirms the symme-
try of the cage. Further evi-
dence of cage formation was
given by MALDI analysis,
which contained a prominent
peak at m/z= [M�CF3SO3�]+
for both cages.


Surface assembly : Having es-
tablished CSA of 7 a and 7 b in
solution, we extended this pro-
tocol to surface-directed CSA.
Two different approaches have
been followed. First, the direct
insertion of the preformed cage
7 a into a monolayer of thiols
(homocages insertion), and
second the insertion of cavitand
6 into a monolayer of thiols fol-
lowed by cage self-assembly on
the preformed SAM (surface
self-assembly of heterocages).
Insertion or assembly of immo-
bilized individual cages was
monitored by tapping-mode
atomic force microscopy (TM-
AFM). Self-assembled mono-
layers of MU were prepared on


flame-annealed gold surfaces. These hydroxy-terminated
SAMs are favored over methyl-terminated alkylthiolate
SAMs, because they cause less physisorption of cavitand
molecules.[4] The monolayers were analyzed by TM-AFM
before being used for insertion experiments to ensure that
no undefined features were present on the surface. Insertion
experiments were performed according to procedures previ-
ously used in our groups,[14] although solvents and insertion
times had to be adjusted for the adsorbate molecules. The
insertion of molecules occurs at random, and this method is
an excellent and easy strategy to perform scanning probe
microscopy on immobilized single molecules and assem-
blies.[15]


In order to verify the correctness of the experimental
data, X-ray data from alkyl-footed cavitands were used to


Figure 1. Self-assembly of cage 7 b in solution monitored by 1H NMR spectroscopy.
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estimate the height of cavitand 6 (2.5 nm) and cage 7 a
(5.8 nm) considering the contribution of the thioether chains
in a backfolded conformation to the total length (see
Table 1).[8] The MU molecules in the SAM are tilted to opti-
mize the van der Waals interactions and the packing stabili-
ty. The thickness of the MU monolayer is about 0.8 nm, due
to this tilted orientation.[16] On the basis of these considera-
tions, 7 a is expected to protrude beyond the OH-terminated
surface by at least 5.0 nm, and about 1.7 nm for 6.


The homocages insertion process of thioether-footed cage
7 a is schematically shown in Figure 2a. A clean MU SAM is
soaked into a solution of cage 7 a (0.25mm) in dichlorome-
thane for one hour at room temperature. After extensive
rinsing with dichloromethane, ethanol, and water, the
sample surface was analysed by AFM (Figure 2b). The 3D


image shows the presence of objects protruding from the
MU SAM. The section analysis shows some variation in the
height of these objects (Figure 2b). We conclude that these
objects are individual cages inserted into, and protruding
from the SAM. The average height of the cage is 5.27�
0.59 nm (average of 22 measurements), which is consistent
with the dimensions obtained from the X-ray structure of an
identical cage with C6H13 alkyl feet.


[8] The variation in
height can be attributed to the flexible conformation of the
sulfide chains at the lower rim of the cages, which can lead
to variation in protrusion length of the cages from the SAM,
and also to the measurement technique (note that the AFM
tip is very large compared to the molecule).
The surface self-assembly of heterocages was achieved by


inserting cavitand 6 into a MU SAM, and performing CSA
on the immobilized cavitand (schematically shown in Fig-
ure 3a and 4). The insertion into a MU SAM was achieved
by soaking the SAMs for one hour into a solution (0.25mm)
of cavitand molecules 6 in dichloromethane. Extensive
washing (dichloromethane, ethanol, and water) ensured the
removal of all physisorbed material. TM-AFM experiments
and section analysis showed the presence of objects protrud-
ing from the monolayer (Figure 3b). Section analysis re-
vealed that these entities had a height of 1.87�0.18 nm
(average of 25 measurements). From X-ray and CPK
models, the total height of cavitand 6 is about 2.5 nm
(Table 1). Since the molecules are inserted into a SAM of


Table 1. Theoretical and experimental heights of cavitand and cages.[a]


Cavitand and
cages


Height from X-ray
data[8]


Protrusion
height[b]


Measured height
(AFM)


cavitand 6 2.5 1.7 1.87�0.18
homocage 7a 5.8[c] 5.0 5.27�0.59
heterocage 8 4.8[d] 4.0 3.96�0.32


[a] All heights in nm. [b] Protrusion heights are calculated by subtracting
the thickness of the MU SAM (0.8 nm) from the X-ray data. [c] Value
calculated for the upper thioether chains in the backfolded conformation
(1.8 nm). [d] Value calculated for the hexyl chains in the all-trans confor-
mation (0.8 nm).


Figure 2. a) Schematic representation of the insertion of homocage 7a in
a MU SAM; b) TM-AFM height image and section analysis of a MU
SAM with inserted homocages 7 a.


Figure 3. a) Schematic representation of cavitand 6 insertion and AFM
analysis on MU SAM; b) TM-AFM image and section analysis of a MU
SAM with inserted phenylpyridine functionalized thioether-footed cavi-
tand 6.
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0.8 nm height, they are expected to protrude from the SAM
by approximately 1.7 nm. Hence, we contend that we can
observe individual cavitand molecules protruding from the
SAM. The height differences which are measured for the
cavitands on the surface can be caused by the factors dis-
cussed above.
The next step was the assembly of the heterocage 8 (Fig-


ure 4a). By using the cavitands already attached to the sur-
face, nanosize cages could be assembled on the gold surface.
Exposing an SAM of 6 to a solution (0.25mm) of cage 9,[8]


with eight hexyl chains at the lower rim of the resorcinarene
skeleton, the assembly of heterocage 8 on gold was obtained
(Figure 4a). The formation of cages 8 on gold required
ligand exchange with cages 9 present in solution. Ligand ex-
change between cages has already been proven in solu-
tion.[7g] These experiments were performed by using the
cage of the cavitands without thioether-chains to make sure
that the cages seen on the surface were assembled in two
steps on the surface, and not directly inserted from solution
(see control experiments). Rinsing with dichloromethane,
ethanol, and water ensured the removal of all physisorbed
material. AFM experiments and section analysis showed the
presence of two different features: i) objects with a height of
about 4±5 nm, and ii) objects with a height of about 2 nm
(Figure 4b). The different heights of the objects suggest that
both uncapped cavitands and heterocages are present. Parti-


al success of the capping reaction is not surprising consider-
ing that very dilute conditions do not favor a complete
ligand exchange.


Control experiments : Since we started from clean MU
SAMs and used extensive rinsing to remove physisorbed
material, we contend that the features observed in AFM are
really inserted cavitands or cages. To confirm these results
and to exclude artefacts, two control experiments have been
carried out: a) insertion of molecules without interaction
sites, and b) disassembly of the cages on gold.
The first control experiment was performed by using cavi-


tand 10 and cage 9 with inert hexyl tails instead of thioeth-
ers at the lower rim . A full MU SAM was soaked into a sol-
ution (0.25mm) of cavitand 10 or cage 9 for one hour. After
successive rinsing with dichloromethane, ethanol, and water,
the substrates were analyzed by TM-AFM (Figure 5). The
analysis clearly shows that no detectable features are pres-
ent on the gold surface. Hence, no insertion or absorption of
molecules occurs in the absence of a functional group with
affinity for gold, and the thioether functions in cavitand 6
and cage 7 a are required for binding to the gold substrate.
The second control experiment consisted of the disassem-


bly of cage 7 a immobilized on gold. A gold substrate with
inserted homocages (route 1) was exposed to a solution of
triethylamine in ethanol (5mm solution) for one hour (Fig-


Figure 4. a) Schematic representation of the surface assembly of heterocages 8 from surface bound cavitands with cages in solution; b) TM-AFM image
and section analysis of a MU SAM with heterocages 8 (green and black) and cavitands (red).
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ure 6a). Triethylamine was able to shift the equilibrium to-
wards the formation of [Pd(dppp)(NEt3)2(OTf)2] plus free
cavitand by competing with Pd coordination centres.[7g]


AFM indicated that more than half of the cages were disas-
sembled, leaving the free cavitand molecules as shown in
Figure 6b. This experiment confirms that metal-directed
self-assembly of cages is a reversible process, also on sur-
faces.


Conclusion


Molecular containers of nanosize dimensions have been as-
sembled in a controlled fashion on gold. The assembly in
two steps, and the disassembly of the Pd-coordinated cage
compound were monitored by TM-AFM. We envisage that
the reversibility of the system can be exploited to reversibly
encapsulate guests in the cage on the surface. Also, the for-
mation of heterocages with different substituents in the
upper and lower part opens new possibilities. For example,
the thioether chains on the top half of homocages might be
used to attach gold colloids from solution and prepare−sand-
wich× structures that may find application in nanoscale elec-
tronic device preparation. Alternatively, the top half of het-
erocages might be equipped with further functionalities for
specific interaction with molecules or nanoparticles in solu-
tion. Both approaches are currently being pursued in our
laboratories.


Experimental Section


General methods : All commercial reagents were ACS reagent grade and
used as received. All solvents were dried over 3 and 4 ä molecular
sieves. 1H NMR spectra were recorded on Bruker AC300 (300 MHz)
spectrometer at 300 K, and all chemical shifts (d) were reported in parts
per million (ppm) relative to the proton resonances; this resulted from
incomplete deuteration of the NMR solvents. 31P NMR spectra were re-
corded on a Bruker AMX400 (162 MHz), and all chemical shifts were re-
ported in ppm relative to external 85% H3PO3 at 0.00 ppm. Melting
points were obtained with an electrothermal capillary apparatus and
were uncorrected. Mass spectra of the organic compounds were meas-
ured with a Finningan-MAT SSQ 710 spectrometer by using CI (chemical
ionization) technique. Matrix-assisted laser desorption ionization time-of-
flight (MALDI-TOF) mass spectra were obtained on a PerSeptive Bio-
systems Voyager DE-RP spectrometer equipped with delayed extraction.
Column chromatography was performed by using silica gel 60 (Merck
70±230 mesh). 4-(4’-Tolyl)pyridine and resorcinarene 2 were prepared ac-
cording to literature procedures.[10,17] Metal precursors were prepared
from the corresponding dichlorobis derivatives following established pro-
cedures.[18]


For monolayer preparation and rinsing p.a. grade solvents were used as
received. Water was purified by a Millipore (MilliQ, Q2) system. MU
(97%, Aldrich) was used as received.


Gold substrates were obtained from Metallhandel Schroer GmbH,
Lienen, Germany. Samples consisted of an 11î11 mm glass substrate
with 5 nm chromium adhesion layer, and on top of that 200 nm gold.
Prior to use, substrates were rinsed with dichloromethane, dried in N2
flow, and annealed in a hydrogen (purity 6) flame. After annealing, the
slightly cooled substrates were first immersed in ethanol. After five mi-
nutes, the substrates were rinsed with ethanol and immersed into the MU
solution.


AFM-analyses were performed on a Nanoscope III multimode AFM
(Digital Instruments, Santa Barbara, CA) in the tapping mode by using
the E-scanner (~12 micron). Silicon cantilevers (nanosensors) with a stiff-


Figure 5. a) Cavitand 10 and cage 9 used for the control experiments;
b) AFM image of 11-mercaptoundecanol monolayer after 1 h in a solu-
tion (0.25mm) of cavitand 10 ; c) AFM image of 11-mercaptoundecanol
monolayer after 1 h in a solution (0.25mm) of cage 9.


Figure 6. a) Schematic representation of the disassembly of the surface
bound cages 7 a ; b) TM-AFM height image of partly disassembled cages
7a in a MU SAM.
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ness between 37 and 56 Nm�1 were used. Measurements were performed
at frequencies slightly lower than the natural resonance frequency of the
cantilever in air (~300 kHz). All AFM analyses were performed at room
temperature and ambient pressure.


Trimethylsylane protected resorcinarene (2): NEt3 (5.6 mL, 40.3 mmol)
and ClSi(CH3)3 (3.2 g, 25.3 mmol) were added to a solution of resorcinar-
ene 1 (3.0 g, 2.88 mmol) in dry THF (20 mL) cooled to �10 8C. The solu-
tion was stirred at 0 8C for 2 h and then at room temperature for 16 h.
After evaporation of the solvent under vacuum, the brown crude product
obtained was purified by flash column chromatography on silica by using
CH2Cl2/hexane (8:2 v/v) as an eluent to give compound 2 as a white solid
(2.3 g, 1.4 mmol, 49%). Rf=0.2; m.p. 80±83 8C;


1H NMR (CDCl3,
300 MHz): d=0.39 (s, 72H; Si(CH3)3), 1.27 (m, 52H; R-(CH2)6), 1.72 and
1.83 (brm, 8H; R�CH2CH=CH2, diastereotopic protons), 2.04 (q, 8H;
ArCH�CH2), 4.41 (t, 4H; ArCH, J=7.9 Hz), 4.97 (m, 8H; R�CH=CH2),
5.83 (m, 4H; CH=CH2�R), 6.02 (br s, 2H; ArH), 6.20 (br s, 2H; ArH),
6.30 (br s, 2H; ArH), 7.18 ppm (br s, 2H; ArH); MS (CI): m/z (%): 1620
[MH+ , (100)].


Thioether-footed trimethylsylane protected resorcinarene (3): 9-BBN
(11.36 mL, 5.68 mmol; commercial solution 0.5m in THF), and 1-decane-
thiol (11.8 mL, 56.8 mmol) were added to a solution of 2 (2.3 g,
1.42 mmol) in dry THF (15 mL) cooled to �10 8C. The solution was stir-
red at room temperature for 16 h. After evaporation of the solvent under
vacuum, the crude product was dissolved in CH2Cl2 (20 mL), and washed
with water (3î20 mL). The organic layer was dried on MgSO4, filtered,
and the solvent evaporated under vacuum. After recrystallization from
ethanol, compound 3 was obtained as a white solid (2.3 g, 0.99 mmol,
70%). M.p. 42 8C; 1H NMR (CDCl3, 300 MHz): d=0.35 (s, 72H;
Si(CH3)3), 0.88 (t, 12H; CH3), 1.26 (m, 112H; (CH2)14), 1.55 (m, 16H;
R�CH2CH2S), 1.78 (m, 8H; ArCH�CH2), 2.50 (t, 16H; R�CH2-S), 4.36
(t, 4H; ArCH, J=7.7 Hz), 5.97 (br s, 2H; ArH), 6.15 (br s, 2H; ArH),
6.25 (br s, 2H; ArH), 7.12 ppm (br s, 2H; ArH); MS (CI): m/z (%): 2318
[MH+ , (100)], 2143 [MH+-1-decanethiol, (30)].


Thioether-footed resorcinarene (4): HCl 36% (2.0 mL) was added to a
solution of 3 (2.3 g, 0.99 mmol) in methanol (40 mL). The pink solution
was stirred at room temperature for 16 h. The reaction was quenched
with water (15 mL), and the white solid formed was washed with water
to neutrality. After drying at the vacuum pump, compound 4 was ob-
tained in pure form as a white solid (1.6 g, 0.92 mmol, 93%). M.p. 222±
225 8C; 1H NMR (CDCl3, 300 MHz): d=0.88 (t, 12H; R�CH3), 1.28 (m,
112H; (CH2)14), 1.57 (m, 16H; R�CH2CH2S), 2.21 (brm, 8H;
ArCH�CH2), 2.49 (t, 16H; R�CH2S), 4.3 (br t, 4H; ArCH), 6.09 (br s,
4H; ArH), 7.21 (br s, 4H; ArH), 9.28 (br s, 4H; OH), 9.58 ppm (br s, 4H;
OH); MS (CI): m/z (%): 1737 [MH+, (30)].


4,4’-(a,a’-Dibromotolyl)pyridine (5): 4-(4’-Tolyl)-pyridine (7.4 g,
44.0 mmol) and benzoyl peroxide (0.53 g, 2.0 mmol) were added under
nitrogen to a suspension of N-bromosuccinimide (15.6 g, 87.0 mmol) in
degassed CCl4 (300 mL). The mixture was stirred under reflux in a nitro-
gen atmosphere for 16 h. The suspension was filtered, the solid was
rinsed with CH2Cl2, and the resulting liquid was washed with saturated
Na2CO3 solution. The liquid was then dried on K2CO3 and evaporated.
The crude product was purified by column chromatography on silica by
using ethyl acetate/hexane (8:2 v/v) as an eluant to give compound 5 as a
yellow solid (5.9 g, 18.0 mmol, 41%). Rf=0.35; m.p. 100±101 C;


1H NMR
(CDCl3, 300 MHz): d=6.70 (s, 1H; CHBr2), 7.74 (d (AA’ part of a
AA’XX×system), 2H; PhH, Jo=6.5 Hz, Jm=2.0 Hz), 7.80 (d (AA’ part of
a AA’XX’ system), 2H; PyHm, Jo=6.6 Hz, Jm=1.7 Hz), 8.00 (d (XX’ part
of a AA’XX’ system), 2H; PhH, Jo=6.5 Hz, Jm=2.0 Hz), 8.82 (d (XX’
part of a AA’XX’ system), 2H; PyHo, Jo=6.6 Hz, Jm=1.7 Hz); MS (CI):
m/z (%): 328 [M+ , (30)]; 248 [(M�Br)+ , (100)].
Phenylpyridine bridged thioether-footed cavitand (6) (oooo isomer):
Compound 5 (0.23 g, 0.69 mmol) and K2CO3 (0.19 g, 1.38 mmol) were
added under nitrogen to a solution of resorcinarene 4 (0.2 g, 0.11 mmol)
dissolved in dry DMA (15 mL). The mixture was stirred in a sealed tube
at 80 8C for 16 h. The reaction was quenched by the addition of water
(10 mL), and the mixture was extracted with CH2Cl2 (15 mL). The organ-
ic layer was washed with water (3î15 mL), dried on K2CO3, and then
the solvent evaporated. The black crude product obtained was purified
by column chromatography on silica by using CH2Cl2/ethanol (9:1 v/v) as
an eluent to give compound 6 (oooo isomer) as a yellow solid (0.11 g,


0.046 mmol, 41%). Rf=0.7; m.p. 243 8C;
1H NMR (CDCl3, 300 MHz):


d=0.87 (t, 12H; R�CH3), 1.26 (m, 104H; (CH2)13), 1.48 (brm, 8H;
CH3�CH2�R), 1.57 (m, 16H; R�CH2CH2S), 2.36 (brm, 8H;
ArCH�CH2), 2.50 (m, 16H; R�CH2�S), 4.99 (t, 4H; ArCH, J=8.0 Hz),
5.56 (s, 4H; ArCH), 6.74 (s, 4H; ArH), 7.31 (s, 4H; ArH), 7.51 [bd (AA’
part of a AA’XX’ system), 8H; PyHm), 7.72 (d (AA’ part of a AA’BB’
system), 8H; PhH, J=8.3 Hz), 7.83 (d (BB’ part of a AA’BB’ system),
8H; PhH, J=8.3 Hz), 8.68 ppm (brd (XX’ part of a AA’XX’ system),
8H; PyHo);


1H NMR ([D6]acetone, 300 MHz): d=0.86 (t, 12H; R�CH3),
1.28 (m, 104H; (CH2)13), 1.51 (brm, 8H; CH3�CH2�R), 1.57 (m, 16H;
R�CH2CH2S), 2.50 (m, 24H; ArCH�CH2+R�CH2S), 5.03 (t, 4H;
ArCH, J=8.1 Hz), 5.65 (s, 4H; ArO-CH), 7.02 (s, 4H; ArH), 7.65 (d
(AA’ part of a AA’XX’ system), 8H; PyHm, J=4.6 Hz), 7.82 (m (AA’
part of a AA’BB’ system), 12H; PhH+ArH), 7.92 (d (BB’ part of a
AA’BB’ system), 8H; PhH, J=8.2 Hz), 8.63 ppm (brd (XX’ part of a
AA’XX’ system), 8H; PyHo); MS (CI): m/z (%): 2401 [MH


+ , (100)].


General procedure for cage formation (7 a and 7b): Cages 7 a and 7b
were assembled by mixing cavitand 6 with different metal precursors
[M(dppp)(OTf)2] (M=Pt, Pd) in a 1:2 molar ratio at room temperature
in acetone. In all cases, removal of the solvent in vacuum gave the de-
sired cage in quantitative yields. Cage 7a (M=Pd): 1H NMR ([D6]ace-
tone, 300 MHz): d=0.85 (t, 24H; R�CH3), 1.26 (m, 224H; (CH2)14), 1.46
(m, 32H; R�CH2CH2S), 1.55 (m, 16H; ArCH�CH2), 2.50 (m, 40H;
R�CH2S+PCH2CH2), 3.41 (brm, 16H; PCH2CH2), 4.93 (t, 8H; ArCH,
J=8.2 Hz), 5.53 (s, 8H; ArO�CH), 7.00 (s, 8H; ArH), 7.38±7.43 (m,
48H; ArHmdppp+ArHpdppp), 7.47 (d (AA’ part of a AA’XX’ system),
16H; PyHm, J=5.8 Hz), 7.69 (d (AA’ part of a AA’BB’ system), 16H;
PhHPy, J=8.5 Hz), 7.76±7.85 (m, 56H; ArHodppp+ArH+ (BB’ part of a
AA’BB’ system), PhHPy), 9.06 ppm (brd (XX’ part of a AA’XX’
system), 16H; PyHo);


31P NMR ([D6]acetone, 162 MHz): d=12.6 ppm;
MALDI-TOF MS: m/z (%): found 7918 [M�CF3SO3, (100)]+ ; calculated
7918.26, in which M=C428H528O40N8Pd4P8S16F24 (8067.32 amu). Cage 7b
(M=Pt): 1H NMR ([D6]acetone, 300 MHz): d=0.85 (t, 24H; R�CH3),
1.27 (m, 224H; (CH2)14), 1.46 (m, 32H; R�CH2CH2S), 1.55 (m, 16H;
ArCH�CH2), 2.48 (m, 40H; R�CH2S+PCH2CH2), 3.51 (brm, 16H;
PCH2CH2), 4.93 (t, 8H; ArCH, J=8.0 Hz), 5.53 (s, 8H; ArO�CH), 7.00
(s, 8H; ArH), 7.38±7.45 (m, 48H; ArHmdppp+ArHpdppp), 7.49 (d (AA’
part of a AA’XX’ system), 16H; PyHm, J=6.6 Hz), 7.71 (d (AA’ part of
a AA’BB’ system), 16H; PhHPy, J=8.6 Hz), 7.76±7.85 (m, 56H; Ar-
Hodppp+ArH+ (BB’ part of a AA’BB’ system), PhHPy), 9.09 ppm (brd
(XX’ part of a AA’XX’ system), 16H; PyHo);


31P NMR ([D6]acetone,
162 MHz): d=�8.1 ppm (JP�Pt=3050 Hz); MALDI-TOF MS: m/z (%);
found 8273 [M�CF3SO3 (100)]+ ; calculated 8272.9, in which M=


C428H528O40N8Pt4P8S16F24 (8421.96 amu).


SAM preparation : All glassware used was cleaned in piranha solution
(3 parts concentrated sulphuric acid, 1 part 30% hydrogen peroxide) for
at least 15 minutes. Warning: piranha solution should be handled with
caution. It has been reported to detonate unexpectedly. Contact with or-
ganic solvents must be avoided. After removing from piranha the glass
was rinsed extensively with MilliQ water to remove all acid. Gold sub-
strates for AFM measurements were flame-annealed with a hydrogen
flame (grade 6), and after cooling the subtrates were kept in ethanol sol-
ution for five minutes. Substrates were immersed with minimal delay into
a solution (1.0 mm) of MU in ethanol, and kept overnight at room tem-
perature. The substrates were removed from the solution and extensively
rinsed with pure water, ethanol, and dichloromethane. Before insertion
experiments, the MU SAMs were checked for the presence of nanome-
ter-sized features by TM-AFM. To ensure that pollution particles on the
SAM were not mistaken for inserted cavitands, only SAMs with less
than ~3 features per 1mm2 were used.
Insertion of cages and cavitands was obtained by soaking the 11-mercap-
toundeacol monolayer into a solution (0.25mm) of cage 7a or cavitand 6
in dichloromethane for one hour at room temperature. Self-assembly of
heterocage 8 was obtained by exposing a SAM of cavitand 6 to a solution
(0.25mm) of cage 9 in dichloromethane for one hour. Homocage disas-
sembly was obtained by soaking the MU SAMs with inserted cage 7 a
into a solution(~5mm) of Et3N in CH2Cl2 for one hour.


All monolayers were extensively rinsed with pure ethanol and dichloro-
methane, and dried in a nitrogen flow before the AFM analyses.
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Rational Design of the First Closed Coordination Capsule with Octahedral
Outer Shape


Iris M. M¸ller,*[a] Susanne Spillmann,[a] Holger Franck,[a] and Rudolf Pietschnig[b]


Introduction


Self-assembly processes leading to the formation of poly-
mers are already well known because of the application of
such compounds as new materials, heterogeneous catalysts,
and ion exchangers.[1] The rational design of discrete cage
molecules can be carried out following the molecular library
method.[2,3] In this method molecular fragments are com-
bined, in which the stochiometry and symmetry elements
(e.g. a C3 axis) of the resulting cage are already predestined.
For example, there are four different ways to generate a
cage with the overall symmetry of a tetrahedron (Figure 1).


Most of the tetrahedra described in the literature have
M4L6 topology. The metal centers are located at the corners,
and the edges are formed by bridging ligands (Figure 1a).
These systems have been reviewed several times.[2] The for-
mation of tetrahedral cages in which the faces are covered
by ligands with threefold symmetry is far more rare. These
faces are connected by metal centers forming the corners
(Figure 1b) or the middle of the edges (Figure 1c, d). The
known M4L4 systems have also been recently reviewed.[2,4]


Up to now the published M6L4 systems can be classified as
adamantanoid or truncated tetrahedra (Figure 1c).[2b,d±f, 5]


The ligands, for example 2,4,6-tri-4-pyridyl-1,3,5-triazine de-
rivatives,[5a,e,g] 1,3,5-tri(ethynylpyridyl)benzene,[5b] triphos,[5d]


or trimesic acid,[5h] have threefold symmetry and coordinate
three metal centers, but they cover only a small part of the
triangular face. To our knowledge there is only one M6L4


tetrahedral cage known in which the faces are almost com-
pletely covered by a threefold chelating ligand (Figure 1d).[6]


In this case M denotes a (CdO)2 four-membered ring. Addi-
tionally there are two tetrahedral cages known with ligands
representing the triangular faces but showing M8L4 topolo-
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Abstract: The rational synthesis of an
octahedral coordination capsule in
which the triangular faces are covered
by single ligands is described herein.
Starting with tris(2-hydroxybenzyli-
dene)triaminoguanidinium chloride
[H6L]Cl, we observed an oxidative cyc-
lization of this ligand in the presence
of PPh4


+ ions resulting in the complex
[Pd(H2L’)(PPh3)] (1). The use of 5,5-di-


ethylbarbiturate (bar2�) as a bridging
ligand in the presence of [Co(en)3]


3+


(en=ethylenediamine) leads to the for-
mation of a rectangular box with the


formula (Et4N)6[{Co{(PdCl)(Pd)L}2(m-
bar)}2] (2). The analysis of the architec-
ture of compounds 1 and 2 enables the
development of a self-assembly strat-
egy for the synthesis of an octahedral
coordination cage 3 with the formula
Na4(Et3NH)12[(Pd3L)8{m-(bar)}12]¥xH2O.
Compound 3 was characterized by 13C-
MAS-NMR spectroscopy and single-
crystal structure analysis.


Keywords: cage compounds ¥ NMR
spectroscopy ¥ octahedron ¥ self-
assembly ¥ supramolecular
chemistry


Figure 1. Tetrahedral cage molecules with different topologies and con-
nectivities.
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gy.[3,7] Four of the six edges are each formed by two metal
centers.


Triangular faces are also found in another platonic body,
the octahedron. Coordination cages with this geometry
should show an A3


8B
2
12 topology. A


3 stands for a three-con-
necting knot, while B2 is the symbol for a twofold bridging
fragment. Figure 2 shows four different possible geometries
of cage molecules with this A3


8B
2
12 formula.


In a cube-shaped cage the eight threefold connecting
knots sit at the corners, the edges are formed by the twelve
twofold bridging units (Figure 2a). Compounds of this type
are known, for which, for example, the corners are repre-
sented by ([9]aneS3)RuIII or Cp*RhIII units bridged by li-
gands such as CN� or 4,4’-bipyridine.[8] In 1999 R. Robson
et al. published an example of a truncated cube (Figure 2b).
Eight hexadentate and threefold bridging ligands are bound
to twelve CuII centers, which are coordinated in a square-
planar manner by two chelating ligands so as to form a
linear bridging unit.[9] In the same year the first two cubocta-
hedra were published (Figure 2c),[10] and these were fol-
lowed by another example in which the triangular faces
have different sizes.[11] To our knowledge there is no known
coordination cage with the A3


8B
2
12 topology in the shape of


an octahedron (Figure 2d). Herein we present the first ra-
tionally designed and synthetically realized representative of
such an octahedrally shaped capsule.


Results and Discussion


We employed tris(2-hydroxybenzylidene)triaminoguanidin-
ium chloride [H6L]Cl as a threefold chelating ligand (Fig-
ure 3a) to form the triangular faces of the cage. The use of
square-planar coordinating metal centers leads to a free co-
ordination site for the bridging ligand in the middle of the
edge. This bridging ligand connecting the faces of the octa-
hedron has to exhibit the same bridging angle as the dihe-
dral angle observed in an ideal octahedron (109.58). We
therefore decided to use 5,5-diethylbarbiturate (bar2�) for
this purpose (Figure 3b). Up to now there are two com-


plexes known in which two metal centers are bridged by
bar2�,(M=Au[12] M=Zn[13]). In these compounds bridging
angles of a=108±1178 are observed so that bar2� would
seem to be a suitable connecting unit for the synthesis of an
octahedral cage. The expected formula would be [(Pd3L)8{m-
(bar)}12]


16�. In the first attempts to prepare such a coordina-
tion complex we employed Na+ , Et4N


+ , Et3NH+ , and
Ph4P


+ as counter cations. The reaction of [H6L]Cl, NaHbar,
PdCl2, Et4NCl, and PPh4Br in acetonitrile in the presence of
Et3N leads to the formation of red needles of
[Pd(H2L’)(PPh3)] (1). The crystal structure of 1 shows an un-
expected result (Figure 4).[14]


Figure 2. Different possible geometries for cage molecules with A3
8B


2
12


topology.


Figure 3. a) [M3L]
3n�5 unit as triangular face; b) bridging 5,5-diethylbarbi-


turate (bar)2� ligand.


Figure 4. Structure of [Pd(H2L’)(PPh3)] (1).
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Instead of coordinating three PdII centers the ligand L5�


underwent an oxidative cyclization. Such a reaction of L5�


has been described only once before.[15] Unlike the previous-
ly reported cyclization, in the present case the ligand is oxi-
dized, while PPh4


+ is reduced to PPh3 (Scheme 1).
Nevertheless [H2L’]


2� is able to chelate one PdII center in


the same manner as L5� would do. [H2L’]
2� has a propeller-


like conformation; the dihedral angles between the central
CN6


2� core and the phenyl groups are 4.98, 24.08, and 15.48.
All bond lengths (Table 1) are within the expected range,


and L’ shows no further distortion. Therefore it should be
possible to occupy the free coordination site at the metal
centers in a [M3L] unit by using ligands with a steric
demand as high as that of PPh3.


In the next attempts to prepare an octahedral cage we
used [Co(en)3]Br3 (en=ethylenediamine) as an octahedral
counter cation. The reaction of [H6L]Cl, NaHbar, PdCl2,
Et4NCl, and [Co(en)3]Br3 in acetonitrile in the presence of


Et3N at room temperature leads to the formation of black
crystals. The X-ray analysis was difficult due to rapid solvent
loss and resulting crystal deterioration during the measure-
ment. Nevertheless the quality of the X-ray analysis data
was adequate to enable the unequivocal establishment of
the connectivity in the complex with the formula (Et4N)6-
[{Co{(PdCl)(Pd)L}2(m-bar)}2] (2). The structure is shown in
Figure 5.[16]


Complex 2 does not have the expected octahedral struc-
ture but rather a rectangular boxlike shape. The Et4N


+ ions
are completely embedded in the central cavity and the de-
pressions in the outer faces. The rectangular box is formed
by four L and two bar ligands, which bond to a total of eight


Scheme 1. Formation of [Pd(H2L’)(PPh3)] (1).


Table 1. Selected bond lengths in 1 and 2. Bond lengths in the triazol of
L’ in 1 are in italics.


1 2


Pd�N(1, L)[a] 2.001(9) 2.00(2)
Pd�N(2, L)[b] 1.98(1) 1.97(2)
Pd�O(L) 2.004(9) 2.03(2)
Pd�N(bar) ± 2.11(3)
Pd�X(coligand) 2.033(9) 2.34(5)
C(1)�N(11) 1.322(7) 1.40(3)
N(11)�N(12) 1.391(7) 1.39(2)
N(12)�C(13) 1.291(7) 1.27(2)
C(1)�N(21) 1.329(8) 1.33(2)
N(21)�N(22) 1.392(6) 1.47(2)
N(22)�C(23) 1.310(8) 1.39(2)
C(1)�N(31) 1.381(7) 1.41(2)
N(31)�N(32) 1.387(7) 1.43(2)
N(31)�C(23) 1.387(8) ±
N(32)�C(33) 1.270(8) 1.23(2)
Co�N(1, L)[a] ± 2.00(2)
Co�N(2, L)[b] ± 1.94(2)
Co�O(L) - 1.92(2)


[a] First N in each arm of the ligand L, L’. [b] Second N in each arm of
the ligand L, L’.


Figure 5. Structure of (Et4N)6[{Co{(PdCl)(Pd)L}2(m-bar)}2] (2) (protons
omitted for clarity).
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PdII and two CoIII centers. The ligands exhibit no significant
distortion (Table 1). The CoIII centers are octahedrally coor-
dinated by two L ligands orientated perpendicular to one
other. Each L ligand also bonds to two further square-
planar PdII centers. One of these carries a chloride ligand,
whilst the other is fixed at the free coordination side to a
barbiturate, bridging two PdII centers. The observed bridging
angles between two PdII centers are 109(2)8 and 115(2)8.
The structures of 1 and 2 allow the following conclusions:


1) Sterically it is possible to bind a barbiturate ligand to a
M3L unit.


2) The bridging angle of bar2� is relatively flexible and can
adopt a value close to 109.58.


3) Because of the observed oxidative cyclization, the use of
PPh4


+ as counter cation should be avoided.
4) Despite its octahedral geometry, [Co(en)3]


3+ is not a
viable counter cation for the postulated [(Pd3L)8{m-
(bar)}12]


16� ion. Because of the substitution reaction of L
for en, the [Co(en)3]


3+ complex is not stable enough
under the reaction conditions.


The reaction of PdCl2, Et4NCl, [H6L]Cl, NaHbar, and
Et3N in acetonitrile at room temperature leads to the forma-
tion of orange-red cubic crystals of 3 after a couple of days.
The solid-state 13C-MAS-NMR (MAS=magic angle spin-
ning) spectrum shows sharp signals, indicating that complex
3 must exhibit high symmetry (Figure 6). The detailed analy-


sis of the spectrum confirms that the characteristic signals
for both ligands are in good agreement with literature
values (Table 2).[6,12,17]


Contrary to the tetrahedral cage described in the litera-
ture, there are no differences between the counter cations
inside and outside of the capsule.[6] The 1H-MAS-NMR
spectrum provides only limited information due to the
broadness of the signals. Nevertheless the absence of signals
in the region of d=8.5±14 ppm allows the conclusion that
all ligands are fully deprotonated. The determination of the
crystal structure was challenging. All investigated crystals
diffracted very weakly and lost solvent during data collec-
tion. By using a modern diffractometer with very intense
primer radiation (Oxford diffraction Xcalibur3, Enhanced


ultra Cu radiation) we were able to obtain a satisfactory
data set.[18] Complex 3 crystallizes in the cubic space group
P23. Two PdII centers can be found in the asymmetric unit,
which are not related by a mirror plane or twofold axes. The
two central CN6


2� cores, the coordinated metal centers, and
the N and O donor atoms bonded to these metals could be
localized in the difference map and freely refined (R1=


0.2769; wR2=0.5898). Because of the poor data to parame-
ter ratio of 15:1 and the low resolution of 1.82 ä (2qmax=


508) all other non-hydrogen atoms were fixed at geometri-
cally calculated positions. As a starting point we used the
coordinates of L and bar2� observed in 2. The completed li-
gands were refined later as rigid groups (R1=0.2454; wR2=


0.5268). The whole complex anion [(Pd3L)8{m-(bar)12}]
16� (3)


is shown as a schematic drawing in Figure 7.


The charge compensation can be achieved by using Na+ ,
Et4N


+ , or Et3NH+ ions. The resolution was good enough to
allow us to localize four sodium ions within the capsule. The
other twelve ions could be located outside and partly (as N
of Et4N


+ or Et3NH+) refined (R1=0.2395; wR2=0.5086).
This assignment is in accordance with the results of the 13C-
MAS-NMR measurement. The X-ray data were corrected
for the influence of the disordered counter cations and sol-


Figure 6. 13C-MAS-NMR spectrum of 3 (urot=15 kHz).


Table 2. 13C-MAS-NMR signals of 3 (sh= shoulder), urot=15 kHz.


d [ppm] Assignment Literature


185.07 bar 182.7[12]


166.26 bar 165.2[12]


163.48 L 168.0[6]


162.34 L 167.8[6]


144.49 L 147.5[6]


134.15 sh L 133.3/131.7[6]


120.55 sh L 125.7/123.6[6]


116.45 L 117.7[6]


57.62 bar 60.7[12]


53.18 Et4N
+/Et3NH+ 53.6[6]/45.8[17]


32.28 bar 34.4[12]


11.31 bar 11.7[12]


8.21 Et4N
+/Et3NH+ 9.1[6]/8.4[17]


Figure 7. Schematic structure and chirality of [{Pd3L}8{m- (bar)}12]
16� (3).
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vent molecules by employing the squeeze routine of
PLATON (R1=0.1495; wR2=0.3542).[19] The resulting struc-
ture of the complex anion 3 is shown in Figure 8.


The free inside volume of the cage can be estimated to be
1600 ä3, thereby providing enough space for four water-co-


ordinated sodium ions. A weak interaction between the car-
bonyl oxygen atom of bar2� and one of the Na+ ions is indi-
cated (d(O¥¥¥Na)=2.84(7) ä). Outside the octahedral cap-
sule there is a volume of about 5200 ä3–or 40% of the cell
volume–occupied by the other counter cations and solvent
molecules. We expect the solvent to be water, since no or-
ganic solvent signals can be seen in the 13C-MAS-NMR


spectra. For the possible formulas Na4(Et4N)12[(Pd3L)8{m-
(bar)}12]¥xH2O (A) and Na4(Et3NH)12[(Pd3L)8{m-
(bar)}12]¥xH2O (B), the elemental analysis data for A [and
B] were calculated as follows for x=20: C 43.99 [42.55%],
H 5.22 [4.90%], and N 11.71 [12.12%]. The elemental anal-
ysis values measured were C 42.64, H 5.57, and N 12.05%,
which indicates the presence of Et3NH+ ions–a fact that
was justified experimentally. Reactions containing only
Et4NOH as the base do not result in crystalline products,
whereas in reaction mixtures containing Et3N the formation
of red crystals of 3 can always be observed.


The complex anion in 3 is chiral. The propeller-like shape
of the ligand can be seen in the schematic representation of
one of the faces of the octahedral cage shown in Figure 7.
Inside the capsule all the ligands have the same screw sense.
The observed space group P23 is also chiral. In the crystal
there is a disorder of both enantiomers (twin refinement).
The cage has crystallographic T symmetry. The screwlike
distortion of half of the ligands prevents O symmetry. The
different degrees of distortion can be gauged by the dihedral
angles between the central CN6


2� core and the aromatic sys-
tems; the absolute values are 2.28 and 31.98. The distortion
is necessary to avoid close contacts between the protons of
the aromatic rings. The closest H¥¥¥H contacts observed (2.5,
4.6, and 8.6 ä) are shown in the space-filling model of 3
(Figure 9). In this way each corner is sealed off tightly.


The radius of an imaginary inner sphere in the octahedral
capsule can be estimated by using the positions of the cen-
tral carbon atoms of L (8.25 ä). This leads to the dimen-
sions of the edge (20.2 ä) and height (28.5 ä, Figure 8) of
the octahedron. The edge of the triangular face covered by
the ligand has a length of 15.2 ä (Figure 3a) or 75% of the
octahedron face in 3. In this way 3 represents the first exam-
ple of a closed coordination cage with the shape of an octa-
hedron, in which most of the triangular faces are occupied
by a single ligand.


Figure 8. Crystal structure of [{Pd3L}8{m-(bar)}12]
16�(3): Top: stick-and-ball


model; bottom: space-filling model (counter cations and protons omitted
for clarity).


Figure 9. Space-filling model of [{Pd3L}8{m-(bar)}12]
16� (3) with closest


H¥¥¥H contacts at the corner of the octahedron (counter cations omitted
for clarity).
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Experimental Section


Tris(2-hydroxybenzylidene)triaminoguanidinium chloride [H6L]Cl and
tris(ethylenediamine)cobalt(iii) bromide [Co(en)3]Br3 were prepared by
literature methods.[15,20] Sodium 5,5-diethylbarbiturate (NaHbar) was pur-
chased and used without further purification.


[H2Pd{P(C6H5)3}(C22H14N6O3)] (1): PdCl2 (24.7 mg, 0.14 mmol) and
Et4NCl (54.7 mg, 0.33 mmol) were dissolved in acetonitrile (4.5 mL). Sol-
utions of [H6L]Cl (44.3 mg, 0.098 mmol), NaHbar (14.8 mg, 0.072 mmol),
and PPh4Br (120.0 mg, 0.286 mmol) in acetonitrile (1.5 mL each) were
added slowly to this solution to yield a deep red solution. Then triethyl-
amine (1.0 mL) was slowly diffused into the reaction mixture. After three
weeks red crystals of 1 were formed. Yield: 11.3 mg (0.0145 mmol, 15%).
Elemental analysis calcd (%) for C40H31N6O3PPd (781.11): C 61.51, H
4.00, N 10.76; found: C 60.9, H 4.8, N 10.3; 1H NMR (400 MHz,
[D6]DMSO, 22 8C): d=7.98 (m, 3H) 7.84 (m, 6H), 7.75 (m, 6H), 7.67 (m,
1H), 7.08, 6.83, 6.61, 6.47 (all m, together 11H), 3.21 ppm (m, 2H).


[(C2H5)4N]6[{Co{(PdCl)(Pd)(C22H15N6O3)}2(m-(C8H10N2O3)}2] (2): PdCl2
(22.6 mg, 0.128 mmol), Et4NCl¥2H2O (53.6 mg, 0.266 mmol), and
Et4NOH (0.2 mL, 40% in water) were dissolved in acetonitrile (3 mL).
Solutions of [H6L]Cl (21.8 mg, 0.0481 mmol), NaHbar (14.1 mg,
0.0684 mmol), and [Co(en)3]Br3 (84.3 mg, 0.176 mmol) in acetonitrile
(2 mL each) were added to this solution. Then triethylamine (1.0 mL)
was slowly diffused into the reaction mixture. After three weeks black
crystals of 2 were formed. Yield: 13.6 mg (3.5î10�3 mmol, 29%). Ele-
mental analysis calcd (%) for Co2Pd8Cl4C152H200N34O18 (3902.47): C 46.78,
H 5.17, N 12.20; found: C 47.8, H 4.8, N 11.9.


Na4[C6H16N]12[{Pd3(C22H15N6O3)}8{m-(C8H10N2O3)}12]¥xH2O (3): PdCl2
(48.4 mg, 0.273 mmol) and Et4NCl¥2H2O (42.5 mg, 0.211 mmol) were dis-
solved in a mixture of acetonitrile (4 mL) and water (1 mL). Solutions of
[H6L]Cl (42.5 mg, 0.0934 mmol) and NaHbar (26.6 mg, 0.129 mmol) in
acetonitrile (2 mL each) were added. Then triethylamine (1.0 mL) was
slowly diffused into the reaction mixture. After two weeks orange-red
crystals of 3 were formed. Yield: 20.5 mg (2.11î10�3 mmol, 19%). Ele-
mental analysis calcd (%) for Na4Pd24C344H432N84O60¥20H2O (9709.99): C
42.55, H 4.90, N 12.12; found: C 42.64, H 5.57, N 12.05; 1H-MAS-NMR
(urot=15 kHz, 22 8C): d=1.0, 1.3, 2.0, 3.0, 3.3, 4.2, 7.0, 7.9 ppm; 13C-MAS-
NMR (urot=15 kHz, 22 8C): d=8.2, 11.3, 23.2, 32.3, 53.2, 57.6, 116.5,
120.6(sh), 134.2(sh), 144.5, 162.3, 163.5, 166.3, 185.1 ppm.


X-ray analysis : Intensity data for 1 were collected on an Siemens P4
four-circle diffractometer (MoKa radiation) employing the w scan
method, for 2 on an AXS Smart/CCD diffractometer (MoKa radiation)
employing the w scan method, and for 3 on an Oxford Diffraction Xcali-
bur3 (CuKa radiation). All data were corrected for Lorentz and polariza-
tion effects. Absorption corrections were performed for 1 on the basis of
y-scan data, for 2 by SADABS, and for 3 by the Gauss method. Com-
plexes 1±3 were solved by using direct methods (SHELXS-97)[21] and re-
fined by using a full-matrix least-squares refinement procedure
(SHELXL-97).[22] The protons were placed at geometrically estimated
positions. CCDC-219713 (1), CCDC-219714 (2), CCDC-219715 (3) con-
tain the supplementary crystallographic data for this paper. These data
can be obtained free of charge via www.ccdc.can.ac.uk/conts/retrie-
ving.html (or from the Cambridge Crystallographic Centre, 12 Union
Road, Cambridge CB21EZ, UK; Fax: (+44)1223-336033; or deposit@
ccdc.cam.ac.uk).


Solid-state NMR spectroscopy: Solid-state 1H and 13C MAS (magic-angle
spinning) NMR spectra were recorded at 22 8C on a Bruker DSX 400
spectrometer at 399.9 MHz (1H) and 100.6 MHz (13C) with bottom layer
rotors of ZrO2 (diameter 4 mm) containing about 75 mg of sample, using
rotation frequencies of 10 kHz and 15 kHz and a cross polarization pulse
sequence with a ramp-shaped contact pulse.
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Total Synthesis of Macroviracin D (BA-2836-4)


Jacek Mlynarski, Juliana Ruiz-Caro, and Alois F¸rstner*[a]


Introduction


The quest for novel antiviral agents has recently led to the
discovery of a new family of structurally rather intriguing
glycolipids isolated from the mycelium of Streptomyces sp.
BA 2836, which exhibit surprisingly strong and selective ac-
tivity against various human pathogens including herpes
simplex-, human immunodeficiency- and varicella-zoster
virus.[1,2] The homologous series of amphiphilic natural prod-
ucts was originally called ™BA-2836 compound(s)∫ after the
producing strain, but may be better termed ™macrovira-
cins∫[3] in view of their remarkable macrocyclic dilactone
core structure. Macroviracin D (BA-2836-4) 1 is a prototype
member of this family, differing from its congeners only in
the length of the fatty acid chains forming the central lactide
ring and the appendices attached to it.


Our keen interest in bioactive glycoconjugates[4±8] let us to
recognize a subtle relationship between 1 and cyclovira-
cin B1 (2),[9] yet another antivirally active dilactone deriva-
tive of bacterial origin which was subject to intense prepara-
tive and biological studies in this laboratory.[10,11] Specifical-
ly, the three subunits forming compound 1 closely resemble
one of the inequivalent sectors of 2 (see Scheme 1). This
then suggests that the macroviracins and the cycloviracins–
while differing in their periphery–are constitutional isomers


with respect to their core structures. While the ester linkages
in 2 are attached to the proximal 2-O-methyl-glucoside resi-
dues, they extend to the distal sugar entities in the macrovir-
acin series thus forming a 46-membered ring. This analysis
was corroborated by a recent model study[3] which proved
that the constitutive acid component 3 in 1 has in fact the
same stereochemistry as the right wing of 2. Since the latter
had been unambiguously shown to be (3R,17S,23R)-config-
ured by our total synthesis,[10,11] a viable plan for the con-
quest of 1 emerged. Outlined below is the successful reduc-
tion of this blueprint to practice.


Results and Discussion


Only three closely related synthons representing the individ-
ual subunits of macroviracin D (1) are required for the as-
sembly of this target. They merely differ in the chosen pro-
tecting groups which must be orthogonal to ensure selective
formations of the different ester linkages. Therefore all
building blocks can be derived from alcohol 4 which is
easily prepared from pentadecanolide as the starting materi-
al on a multigram scale as previously outlined
(Scheme 2).[10,11]


Glycosidation of 4 with the known trichloroacetimidates
5a[12] and 5b[10,11] promoted by TMSOTf in a mixed solvent
system comprising CH2Cl2 and MeCN afforded the corre-
sponding b-glycosides 6a and 6b, respectively, in excellent
yields.[13] It is noteworthy, however, that the O-6 protecting
group of the donor exerts a subtle influence on the stereo-
chemical course of the reaction. While the perbenzylated


[a] Dr. J. Mlynarski, Dr. J. Ruiz-Caro, Prof. A. F¸rstner
Max-Planck-Institut f¸r Kohlenforschung
45470 M¸lheim/Ruhr (Germany)
Fax: (+49)208-3062994
E-mail : fuerstner@mpi-muelheim.mpg.de


Abstract: The first total synthesis of
the complex glycolipid macroviracin D
(BA-2836-4) (1) is described. This anti-
virally active metabolite isolated from
the mycelium extracts of Streptomyces
sp. BA-2836 incorporates a unique 46-
membered macrodilactone motif deco-
rated with glycosylated fatty acid ap-
pendices. Compound 1 consists of three
identical subunits which are closely re-
lated to one of the segments found in


cycloviracin B1 (2), another antiviral
glycoconjugate previously synthesized
in our laboratory. Key steps of the syn-
thesis route to 1 involve the stereose-
lective, ligand-controlled addition of
the functionalized diorganozinc deriva-


tive 9 to aldehydes 8a,b, a series of b-
selective glycosidation reactions using
appropriately protected trichloroacet-
imidate donors, and three esterifica-
tions via the Yamaguchi method; one
of them is performed intramolecularly
to forge the macrocyclic lactone ring of
the target in 89% isolated yield. This
total synthesis also firmly establishes
the absolute configuration of the sub-
units of compound 1 as 3R,17S,23R.


Keywords: antiviral agents ¥
carbohydrates ¥ glycolipids ¥
macrocycles ¥ natural products
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derivative 5a led to an exclusive formation of the desired
product 6a, its analogue 5b bearing a 6-O-acetyl group
reacts less selectively and afforded 15% of the a-anomer in
addition to the required b-glycoside 6b. The isomers, howev-
er, can be separated by conventional flash chromatography.


The terminal O-TBDPS-group was then cleaved by means
of TBAF, thus liberating alcohols 7a,b which were oxidized
with PCC to the corresponding aldehydes 8a and 8b. Subse-
quent exposure of these compounds to the functionalized di-
organozinc derivative 9 (prepared from iodide 15 by a CuI-
catalyzed halogen/zinc exchange reaction[14] as shown in
Scheme 3)[11] in the presence of a catalyst formed in situ
from Ti(OiPr)4 and (S,S)-bistriflate 10 as the stereochemical
determinant[15,16] provided the secondary alcohols 11a,b in
excellent yields and thereby set the stage for the next glyco-
sidation event.


To ensure the proper orthogonal protecting group regime
required in the assembly stages, the perbenzylated deriva-
tive 11a was independently glycosylated with 5a and 5b to
give products 16 and 18 (Scheme 4). A comparison of the
selectivities observed in these transformations reveals again
the proclivity of the 6-O-acetylated donor 5b for competing
a-glycoside formation, while the perbenzylated donor 5a
does not show this bias. Treatment of compound 16 thus


formed with F3CCOOH fur-
nished acid 17, whereas its ana-
logue 18 was deacetylated in
87% yield on treatment with
NH3 in MeOH/THF without af-
fecting the tert-butyl ester
moiety.


Along similar lines, the glyco-
sidation of 11b with donor 20[17]


bearing a 6-O-TBDPS group
also leads to a mixture of both
anomers of 21, which could
only be separated by prepara-
tive HPLC. Treatment of the
major b-anomer with trifluoro-
acetic acid in CH2Cl2 resulted
in a selective cleavage of the
tert-butyl ester group while
leaving the silylether moiety
intact. Attempts to esterify the
resulting acid 22 with alcohol
19 in the presence of DIC and
DMAP were unrewarding;
gratifyingly, however, applica-
tion of the Yonemitsu variant[18]


of the Yamaguchi esterifica-
tion[19] procedure delivered
ester 23 in 86% isolated yield
(Scheme 5). Subsequent cleav-
age of the residual O-TBDPS
ether with TBAF followed by
deprotection of the tert-butyl
ester group in the resulting
product 24 was carried out in
™one pot∫ in 67% overall yield.


Hydroxy acid 25 thus formed constitutes the key com-
pound for the envisaged macrolactonization step. This trans-
formation worked exquisitely well under standard Yamagu-
chi conditions,[19] providing the 46-membered dilactone de-
rivative 26 in 89% isolated yield. We were pleased to find
that its lactone linkages remained intact during the subse-
quent cleavage of the peripheral 6-O-acetyl group by solvol-
ysis with NH3 in MeOH, despite the very long reaction time
necessary to drive this reaction to completion. The liberated
primary hydroxyl function in 27 was then esterified with
acid 17, again by taking recourse to Yamaguchi×s mixed an-
hydride methodology,[19] which furnished product 28 as the
fully protected surrogate of macroviracin D in 74% yield
(Scheme 6).


In contrast to our expectations, however, the ultimate de-
protection step turned out to be particularly difficult.
Benzyl ethers were chosen as protecting groups for all hy-
droxyl functions not involved in any of the esterification re-
actions to be carried out en route to 1, not least because
they can be cleaved under neutral conditions via standard
hydrogenolysis. Moreover, benzyl ethers were successfully
employed and removed without difficulty during our previ-
ous total synthesis of cycloviracin B1 (2) and several related
products.[10,11,20] Unfortunately, however, attempts to run the


Scheme 1. Structure of macroviracin D (1) and comparison with cycloviracin B1 (2).
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deprotection of 28 under the conditions successfully em-
ployed in the cycloviracin series using either MeOH or
EtOH/EtOAc as the reaction medium resulted only in a col-
lapse of the macrocyclic structure, giving rise to the methyl


ester 29a formed by exhaustive solvolysis of the trimeric
construct. Similar degradations were observed using isopro-
panol, CHCl3/MeOH/H2O, or CHCl3/acetone as solvents in
the presence or absence of NH4OAc as a buffer. After con-
siderable experimentation it was found that the hydrogenol-
ysis of 28 can be performed using Pd(OH)2 as the precata-
lyst in rigorously dried EtOH which had to be directly distil-
led from Mg into a flame dried reaction flask prior to use.
The reaction time is also critical and must not exceed 12 h.
Under these conditions, macroviracin D (1) has been ob-
tained in virtually quantitative yield. Its spectroscopic and
analytical data are in agreement with those reported in the
literature.[1] Particularly diagnostic is the direct comparison
of the pattern signature in the 1H and 13C NMR spectra re-
corded at 600 and 150 MHz, respectively, with those depict-
ed in reference [1]. Moreover, the high resolution ESI-MS
of the sample is consistent with the intact trimeric structure.


In contrast to the difficulties encountered during the at-
tempted deprotection reactions in various solvent systems
we found that pure 1, when kept in freshly distilled and
carefully dried [D4]MeOH, is stable for days and does not
show any noticeable degradation. Trace impurities, however,
may suffice to change this situation and can result in metha-
nolysis with formation of the monomeric ester 29b within
less than 24 h. This sensitivity–which is in striking contrast
to the resistance of the fully protected macrocycle 26 to-
wards solvolysis in MeOH even in the presence of excess
NH3 (see above)–must be taken into account in any further
evaluation of this lead compound in the search for novel an-
tiviral agents.[21]


Experimental Section


General : All reactions were carried out under Ar in carefully dried glass-
ware. The solvents used were purified by distillation over the drying
agents indicated and were transferred under Ar: THF, Et2O (Mg/anthra-
cene), CH2Cl2 (P4O10), MeCN, Et3N (CaH2), MeOH (Mg), DMF, DMA
(Desmodur, dibutyltin dilaurate), hexane, toluene (Na/K). Flash chroma-
tography: Merck silica gel 60 (230±400 mesh). IR: Nicolet FT-7199 spec-
trometer, wave numbers in cm�1. MS (EI): Finnigan MAT 8200 (70 eV),
HRMS: Finnigan MAT 95 or Bruker APEX III FT-ICR-MS (7 T
magnet). Melting points: Gallenkamp melting point apparatus (uncor-
rected). Optical rotation: Perkin±Elmer 343 at l=589 nm (Na D-line).
Elemental analyses: H. Kolbe, M¸lheim/Ruhr. All commercially avail-
able compounds (Lancaster, Aldrich) were used as received. NMR: Spec-
tra were recorded on Bruker DPX 300, AV 400, or DMX 600 spectrome-
ters in the solvents indicated; chemical shifts (d) are given in ppm rela-
tive to TMS, coupling constants (J) in Hz.


(3R)-tert-Butyl [17-tert-butyldiphenylsilyloxy-3-(2,3,4,6-tetra-O-benzyl-b-
d-glucopyranosyl)oxy]heptadecanoate (6a): TMSOTf (20 mL) was added
to a solution of alcohol 4 (1.0 g, 1.67 mmol) and trichloroacetimidate 5a
(1.37 g, 2.0 mmol) in CH2Cl2 and CH3CN (1:1, 50 mL) at �50 8C and the
resulting mixture was stirred for 30 min before it was allowed to reach
ambient temperature. After neutralization with triethylamine and evapo-
ration of the solvents, the residue was purified by chromatography
(hexane/ethyl acetate 9:1) delivering the desired b-glycoside 6a as a col-
orless syrup (1.7 g, 91%). [a]=++4.5 (c=1.10, CHCl3);


1H NMR
(400 MHz, CDCl3): d=7.16±7.41 and 7.64±7.69 (2m, 30H), 4.96±4.52
(4AB, 8H), 4.49 (d, 1H, J=7.8 Hz), 4.09 (m, 1H), 3.73±3.58 (m, 6H),
3.44±3.38 (m, 2H), 2.80 (dd, 1H, J=5.3, 15.1 Hz), 2.45 (dd, 1H, J=7.9,
15.1 Hz), 1.42 (s, 9H), 1.15±1.62 (m, 26H), 1.04 (s, 9H); 13C NMR
(100 MHz, CDCl3): d=170.7, 138.7, 138.5, 138.3, 135.6, 129.4, 128.3±
127.4, 103.1, 84.8, 82.4, 80.3, 77.9, 76.9, 75.7, 74.9, 74.8, 74.8, 73.4, 69.0,


Scheme 2. Preparation of the key glycolipidic fragment: a) donor 5a,
TMSOTf, CH2Cl2/MeCN, 91% (6a); or: donor 5b, TMSOTf, CH2Cl2/
MeCN, 74% (6b, +15% of the a-anomer); b) TBAF, THF, 90% (7a),
92% (7b); c) PCC, CH2Cl2; d) compound 9, Ti(OiPr)4, ligand 10, toluene,
73% (11a, over both steps), 77% (11b, over both steps).


Scheme 3. Preparation of the functionalized diorganozinc reagent:
a) i) Mg, THF; ii) cat. CuCl(COD), (R)-propene oxide, 70%; b) BnBr,
NaH, 73%; c) TBAF, THF, 93%; d) I2, imidazole, PPh3, 89%; e) Et2Zn
(excess), cat. CuCN.
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64.0, 42.3, 32.6, 28.8, 29.7±29.5, 29.4, 28.1, 26.9, 25.8, 25.0, 19.2; IR: ñ =


3030, 2928, 2855, 1728, 1365, 1110, 1071 cm�1; MS (ESI): m/z : 1141
[M+Na]+ ; elemental analysis calcd (%) for C71H94O9Si: C 76.17, H 8.46;
found: C 76.04, H 8.37.


(3R)-tert-Butyl [17-tert-butyldiphenylsilyloxy-3-(2,3,4-tri-O-benzyl-6-O-
acetyl-b-d-glucopyranosyl)oxy]heptadecanoate (6b): TMSOTf (15 mL)
was added to a solution of alcohol 4 (500 mg, 0.83 mmol) and trichloro-
acetimidate 5b (800 mg, 1.25 mmol) in CH2Cl2 and CH3CN (1:1, 40 mL)
at �50 8C and the resulting mixture was stirred for 30 min before it was
allowed to reach ambient temperature. After neutralization with triethyl-
amine and evaporation of the solvents, the residue was purified by flash
chromatography (hexane/ethyl acetate 15:1). The first product to be
eluted was the desired b-anomer 6b. Colorless syrup (660 mg, 74%);
[a]=++8.1 (c=2.00, CHCl3);


1H NMR (400 MHz, CDCl3): d=7.80±7.15
(m, 25H), 4.96±4.53 (3AB, 6H), 4.49 0(d, 1H, J=7.8 Hz), 4.30 (d, 1H,
J=11.1 Hz), 4.20 (dd, 1H, J=4.8, 11.7 Hz), 4.04 (m, 1H), 3.65 (t, 2H,
J=6.6 Hz), 3.62 (m, 1H), 3.49 (m, 2H), 3.39 (dd, 1H, J=7.8, 9.1 Hz),
2.56 (dd, 1H, J=5.3, 15.1 Hz), 2.41 (dd, 1H, J=8.0, 15.1 Hz), 2.02 (s,
3H), 1.60±1.24 (m, 26H), 1.43 (s, 9H), 1.04 (s, 9H); 13C NMR (100 MHz,
CDCl3): d=170.7, 170.6, 138.4, 137.8, 135.6, 129.4, 128.4±127.5, 103.1,
84.8, 82.2, 80.3, 77.6, 77.4, 75.7, 74.9, 72.7, 64.0, 63.3, 42.2, 34.6, 32.6, 29.8±
29.4, 28.1, 26.9, 25.8, 25.1, 20.8; IR: ñ = 2928, 2855, 1744, 1731, 1454,


1235, 1071 cm�1; elemental analysis
calcd (%) for C66H90O10Si: C 73.98, H
8.47; found: C 74.12, H 8.40.


The second fraction contained the cor-
responding a-anomer (160 mg, 15%)
which showed the following proper-
ties: colorless syrup; [a]=++26.5 (c=
1.00, CHCl3);


1H NMR (400 MHz,
CDCl3): d=7.67±7.24 (m, 25H), 4.96
(d, 1H, J=2.5 Hz), 4.99±4.54 (3AB,
6H), 4.29 (dd, 1H, J=4.6, 11.9 Hz),
4.20 (dd, 1H, J=2.1, 11.9 Hz), 4.04±
3.93 (m, 3H), 3.65 (t, 2H, J=6.6 Hz),
3.50 (dd, 1H, J=3.7, 9.7 Hz), 3.46 (dd,
1H, J=9.0 Hz), 2.53 (dd, 1H, J=5.6,
15.5 Hz), 2.38 (dd, 1H, J=6.9,
15.5 Hz), 2.01 (s, 3H), 1.65±1.24 (m,
26H), 1.43 (s, 9H), 1.04 (s, 9H);
13C NMR (100 MHz, CDCl3): d=


170.7, 170.6, 138.7, 138.12, 137.8, 135.5,
134.2, 129.4, 128.4±127.5, 95.7, 81.8,
80.5, 79.7, 77.5, 75.6, 75.1, 75.0, 72.9,
69.1, 64.0, 63.2, 40.7, 35.1, 32.6, 29.7±
29.4, 28.1, 26.9, 25.8, 25.5, 20.8; ele-
mental analysis calcd (%) for
C66H90O10Si: C 73.98, H 8.47; found: C
73.88, H 8.55.


(3R)-tert-Butyl [3-(2,3,4,6-tetra-O-
benzyl-b-d-glucopyranosyl)-oxy]hepta-
decanoate (7a): A solution of com-
pound 6a (1.7 g, 1.52 mmol) and tetra-
butylammonium fluoride trihydrate
(505 mg, 1.6 mmol) in THF (10 mL)
was stirred at ambient temperature
until TLC analysis showed complete
conversion (ca. 2 h). Evaporation of
the solvent gave a viscous oil which
was purified by flash chromatography
(hexane/ethyl acetate 7:3) to yield al-
cohol 7a as a colorless oil (1.2 g,
90%). [a]=++6.2 (c=1.20, CHCl3);
1H NMR (400 MHz, CDCl3): d=7.20±
7.15 (m, 20H), 4.95±4.51 (4AB, 8H),
4.49 (d, 1H, J=7.8 Hz), 4.09 (m, 1H),
3.72±3.57 (m, 6H), 3.43±2.38 (m, 2H),
2.80 (dd, 1H, J=5.3, 15.1 Hz), 2.45
(dd, 1H, J=8.0, 15.1 Hz), 1.60±1.19
(m, 26H), 1.42 (s, 9H); 13C NMR


(100 MHz, CDCl3): d = 170.7, 138.7, 138.5, 138.3, 138.2, 128.3±127.4,
103.0, 84.8, 82.4, 80.3, 77.9, 76.9, 75.7, 74.9, 74.8, 74.8, 73.4, 68.9, 63.0,
42.3, 34.5, 32.8, 29.8, 29.6±29.4, 28.1, 25.7, 25.0; IR: ñ = 3439, 2924, 2853,
1728, 1071 cm�1; HRMS (ESI): m/z : calcd for C55H76O9+Na: 903.5387;
found: 903.5394 [M+Na]+ .


(3R)-tert-Butyl [3-(6-O-acetyl-2,3,4-tri-O-benzyl-b-d-glucopyranosyl)-
oxy]heptadecanoate (7b): A solution of compound 6b (1.0 g, 1.30 mmol)
and tetrabutylammonium fluoride trihydrate (440 mg, 1.40 mmol) in THF
(10 mL) was stirred at ambient temperature until TLC analysis showed
complete conversion (ca. 2 h). Evaporation of the solvent gave a viscous
oil which was purified by flash chromatography (hexane/ethyl acetate
4:1) to yield alcohol 7b as a colorless syrup (1.0 g, 92%). [a]=++12.2
(c=1.00, CHCl3);


1H NMR (400 MHz, CDCl3): d=7.28±7.20 (m, 15H),
4.96±4.53 (3AB, 6H), 4.49 (d, 1H, J=7.8 Hz), 2.28 (d, 1H, J=10.8 Hz),
4.20 (dd, 1H, J=4.5, 11.6 Hz), 4.04 (m, 1H), 3.65 (m, 1H), 3.63 (t, 2H,
J=6.6 Hz), 3.48 (m, 2H), 3.40 (dd, 1H, J=7.9, 9.1 Hz), 2.74 (dd, 1H, J=
5.4, 15.1 Hz), 2.42 (dd, 1H, J=8.0, 15.2 Hz), 2.02 (s, 3H), 1.65±1.15 (m,
26H), 1.44 (s, 9H); 13C NMR (100 MHz, CDCl3): d=170.7, 138.4, 138.3,
137.8, 128.4±127.6, 103.1, 84.8, 82.2, 80.3, 77.6, 77.4, 75.7, 74.9, 74.8, 72.7,
63.3, 63.1, 42.2, 34.6, 32.8, 29.7±29.4, 28.1, 25.7, 25.1, 20.8; IR: ñ = 3438,
2926, 2854, 1744, 1728, 1367, 1070 cm�1; MS (ESI): m/z : 855 [M+Na]+ ;
elemental analysis calcd (%) for C50H72O10: C 72.08, H 8.71; found: C
72.14, H 8.63.


Scheme 4. Preparation of the three required building blocks differing only in the lateral pattern of orthogonal
protecting groups: a) donor 5a, TMSOTf, CH2Cl2/MeCN, 88%; b) F3CCOOH, CH2Cl2, 97%; c) donor 5b,
TMSOTf, CH2Cl2/MeCN, 58% (18 + 22% of the a-anomer); d) NH3, MeOH/THF, 87%; e) donor 20,
TMSOTf, CH2Cl2/MeCN, 79% (a :b 1:2.8); f) F3CCOOH, CH2Cl2, 85%.
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Compound 11a : A mixture of PCC (215 mg, 1.0 mmol) and alcohol 7a
(440 mg, 0.5 mmol) in dichloromethane (10 mL) was stirred at room tem-
perature for 1.5 h before it was poured on top of a short silica gel
column. Elution with hexane/ethyl acetate (4:1) gave crude aldehyde 8a
(920 mg, 96%) which was used directly in the next step. Characteristic
data of 8a : [a]20


D =++6.3 (c=1.15, CHCl3);
1H NMR (400 MHz, CDCl3):


d=9.75 (t, 1H, J=1.9 Hz), 7.10±7.35 (m, 20H), 4.96±4.52 (4AB, 8H),
4.49 (d, 1H, J=7.8 Hz), 4.08 (m, 1H), 3.75±3.57 (m, 4H), 3.47±3.36 (m,
2H), 2.80 (dd, 1H, J=5.3, 15.1 Hz), 2.45 (dd, 1H, J=8.0, 15.1 Hz), 2.40
(td, 2H, J=1.9, 7.4 Hz), 1.65±1.15 (m, 24H), 1.43 (s, 9H); 13C NMR
(100 MHz, CDCl3): d=202.8, 170.7, 138.6, 138.5, 138.3, 138.2, 128.3±
127.5, 103.1, 84.8, 82.4, 80.3, 77.9, 76.9, 75.7, 74.9, 74.8, 74.8, 73.4, 68.9,
43.9, 42.3, 34.5, 29.8, 29.6±29.1, 28.1, 25.0, 22.1; IR: ñ =2926, 2854, 2717,
1726, 1071 cm�1; MS (ESI): m/z : 901 [M+Na]+ .


A solution of bis-triflate 10 (50 mg, 0.13 mmol) and Ti(OiPr)4 (350 mL,
1.5 mmol) in toluene (2 mL) was stirred at 40 8C for 30 min. After being
cooled to �50 8C, the zinc reagent 9 (1.5 mmol, 3 equiv)[11] was intro-
duced prior to the addition of a solution of the crude aldehyde 8a (ca.
0.5 mmol) in toluene (2 mL). The resulting mixture was slowly (1 h)
warmed to �20 8C, the reaction was quenched with sat. aq. NH4Cl, dilut-
ed with tert-butyl methyl ether, and consecutively washed with 1m HCl,


water and brine. The organic phase
was dried (Na2SO4) and evaporated,
and the residue was purified by flash
chromatography (hexane/ethyl acetate
4:1) to yield alcohol 11a as a colorless
syrup (350 mg, 73% over both steps).
[a]=++1.1 (c=1.10, CHCl3);


1H NMR
(400 MHz, CDCl3): d=7.25±7.15 (m,
25H), 4.82±4.43 (5AB, 10H), 4.49 (d,
1H, J=7.8 Hz), 4.08 (m, 1H), 3.75±
3.35 (m, 8H), 2.80 (dd, 1H, J=5.4,
15.1 Hz), 2.45 (dd, 1H, J=8.0,
15.1 Hz), 1.62±1.15 (m, 36H), 1.42 (s,
9H), 1.18 (d, 3H, J=6.1 Hz);
13C NMR (100 MHz, CDCl3): d=


170.7, 139.1, 138.6, 138.5, 138.3, 138.2,
128.3±127.3, 103.1, 84.3, 82.4, 80.3,
77.9, 76.9, 75.7, 74.9, 74.9, 74.8, 73.4,
72.0, 70.2, 69.0, 42.3, 37.5, 37.4, 36.6,
34.5, 29.8±29.5, 28.1, 25.7, 25.6, 25.5,
25.0, 19.6; IR: ñ = 3476, 2927, 2854,
1727, 1070 cm�1; MS (ESI): m/z : 1107
[M+Na]+ ; elemental analysis calcd
(%) for C69H96O10: C 76.35, H 8.91;
found: C 76.33, H 8.79.


Compound 11b : A mixture of PCC
(430 mg, 2.0 mmol) and alcohol 7b
(830 mg, 1.0 mmol) in dichlorome-
thane (20 mL) was stirred at room
temperature for 1.5 h before being
poured onto a silica gel column. Elu-
tion with hexane/EtOAc (4:1) gave
the crude aldehyde 8b (770 mg, 98%)
which was directly used in the next
step. Characteristic data of 8b : [a]=
+13.0 (c=0.60, CHCl3);


1H NMR
(400 MHz, CDCl3): d=9.75 (t, 1H,
J=1.9 Hz), 7.30±7.20 (m, 15H), 4.96±
4.53 (3AB, 6H), 4.49 (d, 1H, J=
7.8 Hz), 4.30 (d, 1H, J=11.8 Hz), 4.21
(dd, 1H, J=4.5, 11.5 Hz), 4.04 (m,
1H), 3.65 (m, 1H), 3.49 (m, 2H), 3.40
(dd, 1H, J=7.9, 9.1 Hz), 2.73 (dd, 1H,
J=5.4, 15.1 Hz), 2.44±2.34 (m, 3H),
2.02 (s, 3H), 1.65±1.15 (m, 24H), 1.44
(s, 9H); 13C NMR (100 MHz, CDCl3):
d=202.9, 170.7, 170.6, 138.4, 137.7,
128.4±127.6, 103.1, 84.8, 82.2, 80.4,
77.7, 77.4, 77.3, 75.7, 74.9, 74.8, 72.7,
63.3, 43.9, 42.2, 34.6, 28.8±29.2, 28.1,


25.1, 22.1, 20.8; IR: ñ = 2926, 2854, 2717, 1743, 1727, 1070; MS (ESI):
m/z : 853 [M+Na]+ .


A solution of bis-triflate 10 (113 mg, 0.3 mmol) and Ti(OiPr)4 (700 mL,
3.0 mmol) in toluene (4 mL) was stirred at 40 8C for 30 min. After the
solution was cooled to �50 8C, the zinc reagent 9 (3 mmol, 3 equiv) was
added to this mixture prior to the addition of a solution of the crude al-
dehyde 8b (1 mmol) in toluene (2 mL). The mixture was slowly (1 h)
warmed to �20 8C, the reaction was quenched with sat. aq. NH4Cl and di-
luted with tert-butyl methyl ether, and the organic phase was successively
washed with 1m HCl, water and brine. The organic phase was dried
(Na2SO4) and evaporated, and the residue was purified by flash chroma-
tography (hexane/ethyl acetate 7:3) to yield alcohol 11b as a colorless
syrup (810 mg, 77% over both steps). [a]=++5.3 (c=1.10, CHCl3).
1H NMR (400 MHz, CDCl3): d=7.28±7.15 (m, 20H), 4.96±4.43 (4AB,
8H), 4.48 (d, 1H, J=7.7 Hz), 4.29 (d, 1H, J=10.7 Hz), 4.20 (dd, 1H, J=
4.5, 11.7 Hz), 4.01 (m, 1H), 3.69±3.44 (m, 5H), 3.40 (dd, 1H, J=7.8,
9.1 Hz), 2.74 (dd, 1H, J=5.4, 15.1 Hz), 2.40 (dd, 1H, J=8.0, 15.1 Hz),
2.02 (s, 3H), 1.62±1.17 (m, 36H), 1.43 (s, 9H), 1.18 (d, 3H, J=6.1 Hz);
13C NMR (100 MHz, CDCl3): d=170.6, 138.4, 138.3, 137.8, 128.4±127.3,
103.1, 84.8, 82.3, 80.3, 77.7, 77.4, 75.7, 74.9, 74.9, 74.8, 72.7, 72.2, 70.3,
63.3, 42.2, 37.5, 37.4, 36.6, 34.6, 29.8±29.4, 28.1, 25.6, 25.6, 25.5, 25.1, 20.8,


Scheme 5. Formation of the macrocyclic core: a) Et3N, 2,4,6-trichlorobenzoyl chloride, toluene, DMAP, 86%;
b) TBAF, THF; c) F3CCOOH, CH2Cl2, 82% (over both steps); d) i) Et3N, THF, 2,4,6-trichlorobenzoyl chlo-
ride; ii) slow addition to DMAP, toluene, 89%; e) NH3 in MeOH, THF, 86%.
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19.6; IR: ñ = 3477, 2927, 2854, 1744, 1728, 1070 cm�1; MS (ESI): m/z :
1059 [M+Na]+ ; elemental analysis calcd (%) for C64H92O11 (MW =


1037.36): C 74.10, H 8.94; found: C 73.86, H 8.89.


Compound 16 : TMSOTf (10 mL) was added to a solution of alcohol 11a
(350 mg, 0.32 mmol) and trichloroacetimidate 5a (330 mg, 0.48 mmol) in
CH2Cl2 and CH3CN (1:1, 10 mL) at �50 8C and the resulting mixture was
stirred for 30 min before it was warmed to �30 8C. After neutralization
at that temperature with triethylamine and evaporation of the solvents,
the residue was purified by flash chromatography (hexane/ethyl acetate
9:1) to give b-glycoside 16 as an oil (450 mg, 88%). [a]=++4.0 (c=0.90,
CHCl3);


1H NMR (400 MHz, CDCl3): d=7.40±7.15 (m, 45H), 4.98±4.42
(9AB, 18H), 4.49 (d, 1H, J=7.8 Hz), 4.42 (d, 1H, J=8.1 Hz), 4.08 (m,
1H), 3.73±3.55 (m, 9H), 3.49±3.38 (m, 5H), 2.80 (dd, 1H, J=5.4,
15.1 Hz), 2.45 (dd, 1H, J=7.9, 15.1 Hz), 1.65±1.15 (m, 36H), 1.43 (s, 9H),
1.15 (d, 3H, J=6.1 Hz); 13C NMR (100 MHz, CDCl3): d=170.7, 139.1,
138.7±138.2, 128.3±127.3, 103.1, 102.6, 84.9, 84.8, 82.4, 82.3, 80.3, 79.9,
78.0, 77.8, 76.9, 75.7, 75.6, 74.9±74.8, 73.6, 73.4, 70.2, 69.2, 68.9, 42.3, 36.6,
34.9, 34.5, 34.1, 30.1±29.5, 28.1, 25.5, 25.3, 25.2, 25.0, 19.6; IR: ñ = 3080,
2926, 2854, 1727, 1070 cm�1; MS (ESI): m/z : 1630 [M+Na]+ ; elemental
analysis calcd (%) for C103H130O15: C 76.61, H 7.92; found: C 76.48, H
7.89.


Compound 17: A solution of ester 16 (300 mg, 0.19 mmol) in CH2Cl2
(5 mL) and trifluoroacetic acid (0.5 mL) was stirred for 30 min. For work
up, the solvent was evaporated and the residual trifluoroacetic acid was
removed by repeated azeotropic distillation with toluene. Purification of
the residue by flash chromatography (hexane/acetone 4:1) yielded acid


17 as an amorphous solid (880 mg,
97%). [a]=++11.0 (c=0.80, CHCl3);
1H NMR (400 MHz, CDCl3): d=7.40±
7.15 (m, 45H), 4.97±4.42 (9AB, 18H),
4.46 (d, 1H, J=7.9 Hz), 4.42 (d, 1H,
J=7.8 Hz), 4.04 (quint. , 1H, J=
5.7 Hz), 3.73±3.55 (m, 8H), 3.48±3.40
(m, 6H), 2.66 (dd, 1H, J=6.5,
15.4 Hz), 2.60 (dd, 1H, J=4.7,
15.3 Hz), 1.70±1.15 (m, 36H), 1.15 (d,
3H, J=6.1 Hz); 13C NMR (100 MHz,
CDCl3): d=172.9, 138.7, 138.6, 138.4,
128.5±127.4, 103.9, 102.6, 84.9, 84.7,
82.4, 82.0, 79.9, 78.8, 78.0, 77.7, 77.2,
75.7, 75.6, 74.9±74.8, 74.7, 74.4, 73.5,
73.4, 70.2, 96.2, 69.1, 41.2, 36.6, 35.3,
34.9, 34.0, 30.1, 29.9, 29.7±29.6, 29.5,
25.4, 25.3, 25.3, 25.1, 19.6; IR: ñ =


3088, 3063, 3030, 2926, 2854, 1732,
1709, 1070 cm�1; MS (ESI): m/z : 1574
[M+Na]+ ; elemental analysis calcd
(%) for C99H122O15: C 76.61, H 7.92;
found: C 76.54, H 8.07.


Compound 18 : TMSOTf (10 mL) was
added to a solution of alcohol 11a
(600 mg, 0.55 mmol) and trichloroacet-
imidate 5b (530 mg, 0.83 mmol) in
CH2Cl2 and CH3CN (1:1, 20 mL) at
�50 8C and the resulting mixture was
stirred for 30 min before being
warmed to ambient temperature.
After neutralization with triethylamine
and evaporation of the solvents, the
residue was purified by flash chroma-
tography (hexane/ethyl acetate 4:1).
The first fraction to be eluted con-
tained the desired b-anomer 18 as a
colorless solid (500 mg, 58%). M.p.
46±47 8C; [a]=++7.8 (c=1.10, CHCl3);
1H NMR (400 MHz, CDCl3): d=7.15±
7.25 (m, 40H), 4.97±4.41 (8AB, 16H),
4.49 (d, 1H, J=7.8 Hz), 4.42 (d, 1H,
J=8.1 Hz), 4.31 (dd, 1H, J=2.0,
11.9 Hz), 4.17 (dd, 1H, J=5.0,
11.7 Hz), 4.08 (m, 1H), 3.70±3.58 (m,


6H), 3.52±3.38 (m, 6H), 2.80 (dd, 1H, J=5.4, 15.1 Hz), 2.45 (dd, 1H, J=
8.0, 15.1 Hz), 2.01 (s, 3H), 1.68±1.18 (m, 36H), 1.42 (s, 9H), 1.15 (d, 3H,
J=6.1 Hz); 13C NMR (100 MHz, CDCl3): d=170.7, 170.6, 138.6±137.8,
128.4±127.3, 103.0, 102.6, 84.9, 84.8, 82.3, 82.3, 80.3, 80.2, 77.8, 77.7, 76.9,
75.7, 76.6, 74.9, 74.8, 74.8, 74.8, 74.7, 73.4, 72.6, 70.2, 68.9, 63.3, 42.2, 36.6,
34.8, 34.5, 34.1, 30.0, 29.8±29.7, 29.5, 28.1, 25.4, 25.2, 25.2, 25.0, 20.8, 19.6;
IR: ñ = 3030, 2928, 2855, 1743, 1728, 1070 cm�1; MS (ESI): m/z : 1582
[M+Na]+ ; elemental analysis calcd (%) for C98H126O16: C 75.45, H 8.14;
found: C 75.28, H 8.15.


The second fraction contained the corresponding a-anomer (190 mg,
22%) which showed the following analytical and spectroscopic proper-
ties: m.p. 57±58 8C; [a]=++26.4 (c=0.70, CHCl3);


1H NMR (400 MHz,
CDCl3): d=7.33±7.15 (m, 40H), 4.93 (m, 1H), 5.02±4.43 (8AB, 16H),
4.49 (d, 1H, J=7.8 Hz), 4.30 (dd, 1H, J=4.4, 12.0 Hz), 4.20 (dd, 1H, J=
2.1, 11.9 Hz), 4.09 (m, 1H), 3.73±3.38 (m, 12H), 2.80 (dd, 1H, J=5.4,
15.1 Hz), 2.45 (dd, 1H, J=8.0, 15.1 Hz), 2.00 (s, 3H), 1.65±1.15 (m, 36H),
1.43 (s, 9H), 1.17 (d, 3H, J=6.1 Hz); 13C NMR (100 MHz, CDCl3): d=
170.7, 170.7, 138.6±137.8, 128.4±127.4, 103.0, 95.5, 84.8, 82.3, 82.0, 80.3,
80.0, 78.3, 77.8, 77.5, 76.9, 75.7, 75.6, 75.0, 74.9, 74.9, 74.8, 74.7, 73.4, 73.2,
70.2, 68.9, 68.8, 63.2, 42.2, 36.6, 34.5, 34.4, 33.1, 30.0, 29.9±29.7, 29.5, 28.1,
25.8, 25.4, 25.0, 24.9, 20.8, 19.6; IR: ñ = 3030, 2927, 2855, 1742, 1089,
1071 cm�1; MS (ESI): m/z : 1582 [M+Na]+ ; elemental analysis calcd (%)
for C98H126O16: C 75.45, H 8.14; found: C 75.54, H 7.99.


Compound 19 : A saturated methanolic solution of ammonia (5 mL) was
added to a solution of glycoside 18 (400 mg, 0.26 mmol) in THF (2 mL)
and the resulting mixture was stirred for 4 d before it was concentrated


Scheme 6. Completion of the total synthesis of macroviracin D: a) Et3N, 2,4,6-trichlorobenzoyl chloride, tolu-
ene, DMAP, 74%; b) H2 (1 atm), cat. Pd(OH)2, anhydrous EtOH, quant.; c) H2 (1 atm), Pd/C, MeOH, quant.
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to dryness. The residue was purified by flash chromatography (hexane/
ethyl acetate 4:1) to give alcohol 19 (340 mg, 87%). [a]=++3.5 (c=1.05,
CHCl3);


1H NMR (400 MHz, CDCl3): d=7.40±7.15 (m, 40H), 4.96±4.41
(8AB, 16H), 4.48 (d, 1H, J=7.8 Hz), 4.45 (d, 1H, J=7.9 Hz), 4.09
(quint. , 1H, J=5.7 Hz), 3.83 (dd, 1H, J=2.5, 11.8 Hz), 3.73±3.59 (m,
6H), 3.53 (t, 1H, J=9.5 Hz), 3.49±3.32 (m, 6H), 2.79 (dd, 1H, J=5.4,
15.1 Hz), 2.45 (dd, 1H, J=8.0, 15.1 Hz), 1.61±1.15 (m, 37H), 1.42 (s, 9H),
1.15 (d, 3H, J=6.1 Hz); 13C NMR (100 MHz, CDCl3): d=170.7, 138.7±
138.0, 128.4±127.3, 103.1, 102.5, 84.8, 84.7, 82.4, 82.3, 80.3, 80.1, 77.9, 77.8,
75.6, 75.6, 75.0, 74.9, 74.8, 73.4, 70.2, 69.0, 62.3, 42.3, 36.7, 34.9, 34.5, 34.2,
30.1, 29.8±29.5, 28.1, 25.4, 25.3, 25.2, 25.0, 19.6; IR: ñ = 3479, 2926, 2855,
1728, 1497, 1070 cm�1; MS (ESI): m/z : 1540 [M+Na]+ ; elemental analysis
calcd (%) for C96H124O15: C 75.96, H 8.23; found: C 76.11, H 8.15.


Compound 21: TMSOTf (10 mL) was added to a solution of alcohol 11b
(500 mg, 0.48 mmol) and trichloroacetimidate 20 (520 mg, 0.62 mmol) in
CH2Cl2 and CH3CN (1:1, 10 mL) at �50 8C, and the resulting mixture
was stirred for 30 min before being warmed to �10 8C. After neutraliza-
tion at that temperature with triethylamine and evaporation of the sol-
vents, the residue was purified by flash chromatography (hexane/ethyl
acetate 9:1) to give a mixture of both anomers of product 21 (650 mg,
79%, a/b 1:2.8). These compounds were separated by preparative HPLC
(Nucleosil-7-100-C18/A, acetonitrile/2-propanol 85:15). a-Anomer: syrup
(112 mg, 14%). [a]=++19.2 (c=2.20, CHCl3);


1H NMR (400 MHz,
CDCl3): d=7.65±7.14 (m, 45H), 4.99±4.45 (7AB, 14H), 4.75 (d, 1H, J=
3.7 Hz), 4.50 (d, 1H, J=7.9 Hz), 4.29 (d, 1H, J=10.7 Hz), 4.20 (m, 1H),
4.08±4.00 (m, 1H), 3.95±3.78 (m, 3H), 3.59 (brquint., 1H, J=5.7 Hz),
3.69±3.35 (m, 8H), 2.75 (dd, 1H, J=5.4, 15.1 Hz), 2.41 (dd, 1H, J=7.9,
15.1 Hz), 2.02 (s, 3H), 1.62±1.16 (m, 36H), 1.42 (s, 9H), 1.10 (d, 3H, J=
6.1 Hz), 1.04 (s, 9H); 13C NMR (100 MHz, CDCl3): d=170.7, 170.6,
138.5, 138.4, 138.3, 137.8, 135.8, 135.6, 133.7, 133.3, 129.5, 129.4, 128.4±
127.2, 103.1, 95.0, 84.8, 82.3, 82.2, 80.6, 80.3, 78.1, 77.6, 77.4, 77.3, 75.7,
75.1, 74.9, 74.9, 73.2, 72.7, 71.8, 70.2, 63.3, 62.9, 42.2, 36.6, 34.6, 34.4, 32.9,
30.1, 29.8±29.7, 29.5, 28.1, 26.8, 25.7, 25.4, 25.1, 25.0, 20.8, 19.6, 19.3; IR:
ñ = 2928, 2855, 1742, 1240, 1071 cm�1; MS (ESI): m/z : 1730 [M+Na]+ ;
elemental analysis calcd (%) for C107H138O16Si: C 75.23, H 8.14; found: C
75.08, H 8.12.


The second fraction consists of the desired b-anomer 21: syrup (270 mg,
32%). [a]=++4.4 (c=1.50, CHCl3);


1H NMR (400 MHz, CDCl3): d=


7.75±7.10 (m, 45H), 5.05±4.42 (7AB, 14H), 4.50 (d, 1H, J=7.8 Hz), 4.48
(d, 1H, J=7.7 Hz), 4.29 (d, 1H, J=10.8 Hz), 4.21 (m, 1H), 4.03
(brquint., 1H, J=5.4 Hz), 3.95 (dd, 1H, J=2.3, 10.9 Hz), 3.87 (dd, 1H,
J=4.5, 11.1 Hz), 3.73 (quint., 1H, J=5.7 Hz), 3.70±3.60 (m, 3H), 3.42±
3.30 (m, 6H), 2.75 (dd, 1H, J=5.4, 15.1 Hz), 2.41 (dd, 1H, J=7.9,
15.1 Hz), 2.01 (s, 3H), 1.70±1.16 (m, 36H), 1.43 (s, 9H), 1.15 (d, 3H, J=
6.1 Hz), 1.06 (s, 9H); 13C NMR (100 MHz, CDCl3): d=170.7, 170.6,
138.7, 138.7, 138.4, 138.3, 138.2, 138.8, 135.8, 135.5, 133.7, 133.2, 129.5,
128.4±127.3, 103.1, 102.1, 85.0, 84.8, 82.7. 82.3, 80.3, 78.9, 77.8, 77.6, 77.4,
77.2, 75.8, 75.7, 75.6, 74.9, 74.8, 74.8, 74.8, 72.7, 70.2, 63.3, 63.0, 42.2, 36.6,
34.9, 34.6, 33.5, 30.0, 30.0, 29.8±29.7, 29.5, 28.1, 26.8, 25.5, 25.4, 25.1, 25.0,
20.7, 19.6, 19.3; IR: ñ = 3031, 2928, 2855, 1743, 1070 cm�1; MS (ESI):
m/z : 1730 [M+Na]+ ; elemental analysis calcd (%) for C107H138O16Si: C
75.23, H 8.14; found: C 75.48, H 8.04.


Compound 22 : A solution of ester 21 (220 mg, 0.128 mmol) in CH2Cl2
(5 mL) and trifluoroacetic acid (0.5 mL) was stirred at ambient tempera-
ture for 30 min. The mixture was diluted with toluene, the solvent was
distilled off, and residual trifluoroacetic acid was removed by repeated
azeotropic distillation with toluene. Purification of the residue by flash
chromatography (hexane/acetone 4:1) yielded acid 22 (180 mg, 85%) as
an amorphous solid. [a]=++12.7 (c=0.60, CHCl3);


1H NMR (400 MHz,
CDCl3): d=7.70±7.10 (m, 45H), 5.01±4.42 (7AB, 14H), 4.49 (d, 1H, J=
7.8 Hz), 4.48 (d, 1H, J=7.7 Hz), 4.44±4.42 (m, 1H), 4.14 (dd, 1H, J=4.4,
11.9 Hz), 4.03 (quint., 1H, J=5.2 Hz), 3.92 (dd, 1H, J=2.0, 10.1 Hz),
3.85 (dd, 1H, J=4.4, 11.1 Hz), 3.73 (quint. , 1H, J=5.8 Hz), 3.69±3.62 (m,
3H), 3.51 (t, 1H, J=9.8 Hz), 3.47±3.40 (m, 4H), 3.32 (m, 1H), 2.68 (dd,
1H, J=6.7, 15.3 Hz), 2.55 (dd, 1H, J=4.9, 15.3 Hz), 2.04 (s, 3H), 1.70±
1.11 (m, 36H), 1.15 (d, 3H, J=6.1 Hz), 1.08 (s, 9H); 13C NMR
(400 MHz, CDCl3): d=173.5, 171.5, 139.1, 138.7, 138.7, 138.4, 137.7,
135.8, 135.6, 129.5, 128.4±127.3, 103.7, 102.1, 85.0, 84.6, 82.7, 82.1, 79.0,
78.2, 77.8, 77.3, 75.75, 75.71, 74.99, 74.83, 72.8, 70.2, 62.9, 62.6, 41.0, 36.7,
35.5, 34.9, 33.4, 30.1, 30.0, 29.7, 29.7, 29.5, 26.8, 25.5, 25.4, 25.3, 25.0, 20.9,
19.6, 19.3; IR: ñ =3065, 2927, 2855, 1735, 1704, 1068 cm�1; MS (ESI-


pos.): m/z : 1674 [M+Na]+ ; elemental analysis calcd (%) for
C103H130O16Si: C 74.87, H 7.93; found: C 75.00, H 8.04.


Compound 23 : Triethylamine (35 mL, 0.225 mmol) and 2,4,6-trichloroben-
zoyl chloride (16 mL, 0.103 mmol) were added to a solution of acid 22
(140 mg, 0.085 mmol) in toluene (5 mL). The resulting mixture was stir-
red for 1.5 h before a solution of alcohol 19 (140 mg, 0.10 mmol) and
DMAP (5 mg, 0.043 mmol) in toluene (3 mL) was introduced. After 1 h,
the mixture was concentrated and the residue was purified by flash chro-
matography (hexane/acetone 9:1) to give ester 23 (230 mg, 86%) as a
colorless syrup. [a]=++5.1 (c=1.70, CHCl3);


1H NMR (400 MHz,
CDCl3): d=7.75±7.15 (m, 85H), 5.02±4.41 (m, 32H), 4.49 (d, 1H, J=
7.7 Hz), 4.48 (d, 1H, J=7.9 Hz), 4.47 (d, 1H, J=7.7 Hz), 4.35±4.15 (m,
3H), 4.08 (m, 1H), 3.93 (d, 1H, J=11.1 Hz), 3.86 (dd, 1H, J=4.4,
11.1 Hz), 3.75 (quint. , 1H, J=5.6 Hz), 3.74±3.57 (m, 10H), 3.50±3.30 (m,
12H), 2.90 (dd, 1H, J=5.1, 16.0 Hz), 2.80 (dd, 1H, J=5.4, 15.1 Hz), 2.51
(dd, 1H, J=7.8, 16.0 Hz), 2.47 (dd, 1H, J=7.9, 15.1 Hz), 1.99 (s, 3H),
1.70±1.10 (m, 72H), 1.42 (s, 9H), 1.15 (d, 6H, J=6.1 Hz), 1.06 (s, 9H),
13C NMR (100 MHz, CDCl3): d=171.0, 170.7, 170.6, 138.6±138.2, 137.8,
135.8, 135.5, 133.6, 133.2, 129.5, 128.4±127.3, 103.7, 103.0, 102.4, 102.1,
85.0, 84.8, 84.7, 84.7, 82.6, 82.3, 82.3, 82.2, 80.3, 80.8, 78.9, 78.0, 77.8, 77.7,
77.6, 77.2, 75.7±75.6, 74.9±74.8, 74.7, 73.3, 72.6, 70.2, 68.9, 63.3, 63.1, 62.9,
42.2, 40.8, 36.6, 35.1, 34.9, 34.7, 34.5, 33.8, 33.4, 30.1±29.6, 28.1, 26.8, 25.5±
25.4, 25.1±25.0, 20.8, 19.6, 19.2; IR: ñ =3031, 2928, 2855, 1740, 1454,
1360, 1070 cm�1; HRMS (ESI-pos.): m/z : calcd for C199H252O30Si: 3149.22
found: 1613.86 [M+2K]2+ .


Compound 25 : A solution of compound 23 (200 mg, 0.063 mmol) and tet-
rabutylammonium fluoride trihydrate (22 mg, 0.07 mmol) in THF (3 mL)
was stirred at ambient temperature overnight. Evaporation of the solvent
gave product 24 as a viscous oil which was dissolved in CH2Cl2 (5 mL)
and treated with trifluoroacetic acid (0.5 mL) at ambient temperature for
30 min. For work up, the trifluoroacetic acid was removed by repeated
azeotropic distillation with toluene. Purification of the residue by flash
chromatography (hexane/acetone 4:1) yielded hydroxy acid 25 as a color-
less oil (147 mg, 82%). [a]=++10.2 (c=1.74, CHCl3);


1H NMR
(400 MHz, CDCl3): d=7.35±7.15 (m, 75H), 4.97±4.41 (m, 35H), 4.33 (d,
1H, J=11.2 Hz), 4.27 (brd, 1H, J=11.3 Hz), 4.20 (m, 1H), 4.05 (m, 2H),
3.84 (dd, 1H, J=2.8, 11.8 Hz), 3.70±3.56 (m, 8H), 3.54 (t, 1H, J=
9.5 Hz), 3.42±3.32 (m, 14H), 2.88 (dd, 1H, J=5.0, 16.0 Hz), 2.68 (dd, 1H,
J=6.6, 15.3 Hz), 2.59 (dd, 1H, J=4.8, 15.3 Hz), 2.52 (dd, 1H, J=7.8,
16.0 Hz), 1.99 (s, 3H), 1.64±1.10 (m, 72H), 1.15 (d, 6H, J=6.1 Hz);
13C NMR (100 MHz, CDCl3): d=173.1, 170.9, 170.6, 139.0, 138.5±137.7,
137.5, 128.4, 127.2, 103.9, 103.7, 102.4, 84.7, 84.6, 82.3, 82.2, 82.1, 82.0,
80.1, 80.0, 78.7, 77.9, 77.7, 77.6, 77.5, 72.2, 75.7±75.6, 74.9±74.7, 74.6, 74.4,
73.4, 72.6, 70.1, 69.2, 63.2, 63.0, 62.2, 41.2, 40.8, 36.6, 35.3, 35.1, 34.8, 34.7,
34.1, 33.8, 30.0±29.7, 29.5, 25.4, 25.4, 25.3, 25.1, 20.8, 19.5; IR: ñ = 3437,
3030, 2920, 2851, 1732, 1709, 1071 cm�1; HRMS (ESI-pos.): m/z : calcd for
C179H225O30+K (potassium salt of the acid): 2893.50; found: 1485.74
[M+2K]2+ .


Compound 26 : Triethylamine (26 mL, 0.19 mmol) was added to a solution
of compound 25 (180 mg, 0.063 mmol) in THF (3 mL). After 10 min, the
mixture was treated with 2,4,6-trichlorobenzoyl chloride (12 mL,
0.08 mmol) and stirring was continued for 2 h. The mixture was then di-
luted with anhydrous toluene (20 mL) and added over a period of 3 h via
syringe pump to a refluxing solution of DMAP (118 mg, 0.9 mmol) in tol-
uene (50 mL). After the addition was complete, reflux was continued for
1 h before the solvent was evaporated and the residue was purified by
flash chromatography (hexane/ethyl acetate 4:1) to give macrolactone 26
as a colorless syrup (160 mg, 89%). [a]=++10.6 (c=0.65, CHCl3);
1H NMR (600 MHz, CDCl3): d=7.35±7.20 (m, 75H), 4.96±4.42 (m, 32H),
4.40 (d, 1H, J=7.9 Hz), 4.38 (d, 1H, J=7.8 Hz), 4.36±4.32 (m, 2H), 4.25
(d, 1H, J=10.6 Hz), 4.17 (dd, 1H, J=4.5, 11.7 Hz), 4.11 (m, 3H), 4.06
(quint. , 1H, J=6.3 Hz), 3.68±3.55 (m, 9H), 3.52±3.34 (m, 13H), 2.92 (dd,
1H, J=5.6, 16.1 Hz), 2.85 (dd, 1H, J=5.4, 16.1 Hz), 2.52 (dd, 1H, J=7.0,
16.1 Hz), 2.48 (dd, 1H, J=7.3, 16.1 Hz), 1.93 (s, 3H), 1.65±1.10 (m, 72H),
1.15 (d, 3H, J=6.1 Hz), 1.14 (d, 3H, J=6.1 Hz); 13C NMR (150 MHz,
CDCl3): d=171.1, 171.0, 170.6, 139.1, 138.7, 138.5±138.3, 137.8, 137.7,
128.4, 128.4±127.5, 127.3, 103.8, 103.7, 102.9, 102.8, 84.9, 84.8, 84.7, 82.4,
82.3, 82.2, 80.7, 80.6, 78.2, 77.7, 77.6, 77.6, 75.7±75.6, 75.0±74.8, 74.7, 73.3,
72.7, 72.7, 70.2, 68.7, 63.6, 63.5, 63.1, 40.9, 40.8, 36.7, 35.3, 35.2, 35.1, 35.0,
34.5, 34.4, 30.1±29.7, 25.5, 25.4, 25.3, 25.3, 25.2, 20.8, 19.6; IR: ñ = 2921,
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2851, 1731, 1071 cm�1; HRMS (ESI-pos.): m/z : calcd for C179H224O29:
2837.54; found: 1457.77 [M+2K]2+ .


Compound 27: Lactone 26 (40 mg) was dissolved in THF (3 mL) and
treated with a saturated methanolic solution of ammonia (3 mL). The re-
sulting mixture was stirred for 8 d at ambient temperature and then
evaporated to dryness. The residue was purified by flash chromatography
(hexane/ethyl acetate 4:1) to give alcohol 27 as a colorless syrup (34 mg,
86%). [a]=++4.5 (c=1.70, CHCl3);


1H NMR (600 MHz, CDCl3) d=


7.35±7.10 (m, 75H), 4.93±4.32 (m, 36H), 4.15±4.05 (m, 4H), 3.68±3.30 (m,
24H), 2.92 (dd, 1H, J=5.6, 16.2 Hz), 2.65 (dd, 1H, J=8.3, 15.5 Hz), 2.52
(dd, 1H, J=7.0, 16.1 Hz), 2.43 (dd, 1H, J=3.6, 15.4 Hz), 1.60±1.15 (m,
72H), 1.15 (d, 3H, J=6.1 Hz), 1.14 (d, 3H, J=6.1 Hz); 13C NMR
(150 MHz, CDCl3): d=172.1, 171.1, 139.2, 138.7, 138.6±137.7, 128.3±
127.6, 103.8, 103.3, 103.2, 102.9, 84.9, 84.8, 84.8, 84.7, 82.5, 82.4, 82.3, 82.3,
81.4, 80.7, 78.4, 78.3, 78.2, 77.8, 77.7, 77.7, 75.6, 75.6, 75.1±73.3, 72.7, 70.2,
68.7, 64.2, 63.5, 62.5, 41.2, 40.9, 36.7, 35.9, 35.1, 35.0, 34.6, 30.1±29.7, 25.5±
25.3, 19.6.


Compound 28 : Triethylamine (4 mL, 0.03 mmol) and 2,4,6-trichlorobenzo-
yl chloride (2 mL, 0.012 mmol) were added to a solution of acid 17
(16 mg, 0.01 mmol) in toluene (2 mL). The resulting mixture was stirred
for 1.5 h before a solution of alcohol 27 (15 mg, 0.005 mmol) and DMAP
(0.6 mg, 0.005 mmol) in toluene (1 mL) was introduced. After stirring for
1 h, the mixture was concentrated and the residue was purified by flash
chromatography (hexane/ethyl acetate 4:1) to give ester 28 as a colorless
syrup (17 mg, 74%). [a]=++7.3 (c=1.70, CHCl3);


1H NMR (600 MHz,
CDCl3): d=7.32±7.24 (m, 120H), 4.95±4.39 (24AB+m, 54H), 4.32 (m,
1H), 4.28 (m, 2H), 4.15±4.05 (m, 6H), 3.72±3.32 (m, 36H), 2.93 (dd, 2H,
J=5.5, 16.3 Hz), 2.83 (dd, 1H, J=5.3, 15.9 Hz), 2.59 (dd, 1H, J=7.5,
15.8 Hz), 2.53 (dd, 1H, J=6.9, 16.1 Hz), 2.45 (dd, 1H, J=7.2, 16.1 Hz),
1.60±1.15 (m, 108H), 1.15 (d, 6H, J=6.1 Hz), 1.14 (d, 3H, J=6.1 Hz);
13C NMR (150 MHz, CDCl3): d=171.1, 171.0, 170.9, 139.1, 138.7±138.2,
137.8, 137.7, 128.4±127.5, 127.4, 103.8, 103.7, 103.6, 102.8, 102.7, 102.6,
85.0, 84.9, 84.8, 84.7, 84.6, 82.4, 82.3, 82.3, 82.2, 82.2, 80.6, 80.4, 79.9, 78.2,
78.1, 78.0, 77.8, 77.7, 77.5, 75.6±75.5, 75.1±74.6, 73.6, 73.4, 73.3, 72.8, 72.7,
70.2, 69.2, 68.8, 68.7, 63.6, 63.5, 62.8, 40.9, 40.8, 36.7, 36.6, 36.0, 35.2, 35.0,
34.9, 34.4, 34.3, 34.1, 30.1±29.6, 25.5±25.1, 19.6; HRMS (ESI-pos.): m/z :
calcd for C276H342O42: 4328.4626; found: 1465.8091 [M+3Na]3+ .


Compound 1: Pd(OH)2 (5 mg) was added to a solution of compound 28
(8.1 mg, 1.87 mmol) in carefully dried EtOH (6 mL) and the resulting
suspension was stirred under H2 (1 atm) for 12 h at ambient temperature.
The catalyst was filtered off through a short pad of Celite, the Celite was
rinsed with anhydrous EtOH, and the combined filtrates were evaporat-
ed giving compound 1 as an analytically pure white solid (4 mg, 100%).
[a]25


D = �21 (c=0.36, CH3OH) [lit. :[1] �27.2 (c=1)]; 1H NMR (600 MHz,
CD3OD): d=4.55 (br s, 24H), 4.44 (dd, 1H, J=1.9, 11.6 Hz), 4.43 (dd,
1H, J=1.9, 11.6 Hz), 4.39 (dd, 1H, J=1.9, 11.7 Hz), 4.35 (d, 1H, J=
7.9 Hz), 4.34 (d, 1H, J=7.8 Hz), 4.33 (d, 1H, J=7.8 Hz), 4.31 (d, 1H, J=
7.7 Hz), 4.27 (d, 1H, J=7.8 Hz), 4.33±4.25 (m, 2H), 4.21 (dd, 1H, J=5.8,
11.7 Hz), 4.15 (dd, 1H, J=7.6, 11.8 Hz), 4.13 (dd, 1H, J=7.5, 11.8 Hz),
4.12±4.03 (m, 10H), 3.85±3.57 (m, 27H), 2.82 (dd, 1H, J=6.2, 15.8 Hz),
2.81 (m, 2H), 2.57 (dd, 1H, J=5.9, 15.3 Hz), 2.49 (dd, 1H, J=5.6,
15.6 Hz), 2.45 (dd, 1H, J=6.5, 15.7 Hz), 1.63±1.25 (m, 108H), 1.14 (d,
9H, J=6.1 Hz); 13C NMR (150 MHz, CD3OD): d=173.6, 173.4, 172.9,
104.7, 104.3, 104.3, 103.9, 103.9, 103.8, 103.4, 81.3, 81.2, 81.1, 80.5, 78.4,
78.2, 78.1, 78.0, 77.9, 77.7, 77.7, 75.3, 75.3, 75.2, 75.2, 75.1, 72.1, 71.8, 71.5,
71.4, 68.6, 65.4, 65.3, 64.8, 64.7, 63.0, 62.9, 62.8, 42.2, 40.2, 36.4, 36.2, 36.2,
36.0, 35.5, 34.9, 31.1±30.8, 26.9, 26.8, 26.6±26.1, 26.0, 23.6, 23.5; HMRS
(ESI-pos.): calcd for C108H198O42: 2167.33577; found: 1106.67026
[M+2Na2+].


Compound 29a : 1H NMR (600 MHz, CD3OD): d=4.32 (d, 1H, J=
8.0 Hz), 4.30 (d, 1H, J=8.0 Hz), 4.08 (m, 1H), 3.84 (dd, 1H, J=2.5,
11.8 Hz), 3.81 (dd, 1H, J=2.1, 11.8 Hz), 3.72±3.68 (m, 2H), 3.67 (dd, 1H,
J=5.5, 11.8 Hz), 3.63 (s, 3H), 3.63 (dd, 1H, J=5.5, 11.8 Hz), 3.34 (t, 1H,
J=8.9 Hz), 3.33 (t, 1H, J=8.8 Hz), 3.32±3.20 (m, 4H), 3.15 (dd, 1H, J=
7.8, 9.0 Hz), 3.12 (dd, 1H, J=7.8, 9.2 Hz), 2.71 (dd, 1H, J=7.1, 15.4 Hz),
2.51 (dd, 1H, J=5.5, 15.4 Hz), 1.66±1.26 (m, 36H), 1.13 (d, 3H, J=
6.1 Hz); 13C NMR (150 MHz, CD3OD): d=174.4, 104.2, 103.4, 80.5, 78.2,
78.1, 78.0, 77.97, 77.7, 77.68, 75.3, 75.2, 71.8, 71.7, 68.6, 62.9, 49.3, 41.9,
40.1, 35.93, 35.90, 34.8, 31.0, 30.8, 30.75, 30.73, 30.72, 30.71, 30.6, 26.8,
26.3, 26.1, 26.0, 23.5.


Acknowledgement


Generous financial support by the Deutsche Forschungsgemeinschaft
(Leibniz award to A.F.) and the Fonds der Chemischen Industrie is grate-
fully acknowledged. J.M. thanks the Alexander-von-Humboldt Founda-
tion for a fellowship. We are grateful to Dr. M. Albert for bringing the
macroviracins to our attention, to Mr. A. Deege and his team for per-
forming the preparative HPLC separation, to Dr. R. Mynott and Mrs. P.
Philipps for their help with the high field NMR spectra, and to Dr. W.
Schrader and Mr. H. W. Klein for the HRMS service.


[1] T. Hyoda, Y. Tsuchiya, A. Semine, T. Amano, Jpn. Kokai Tokkyo
Koho Jpn. Pat. 11246587 (Sept. 14, 1999) [Chem. Abstr. 1999, 131,
227743].


[2] The potency of these compounds is reported to exceed that of acy-
clovir by a factor of 10.


[3] S. Takahashi, M. Hosoya, H. Koshino, T. Nakata, Org. Lett. 2003, 5,
1555±1558.


[4] a) A. F¸rstner, T. M¸ller, J. Org. Chem. 1998, 63, 424±425; b) A.
F¸rstner, T. M¸ller, J. Am. Chem. Soc. 1999, 121, 7814±7821;
c) C. W. Lehmann, A. F¸rstner, T. M¸ller, Z. Kristallogr. 2000, 215,
114±117.


[5] a) A. F¸rstner, F. Jeanjean, P. Razon, Angew. Chem. 2002, 114,
2203±2206; Angew. Chem. Int. Ed. 2002, 41, 2097±2101; b) A.
F¸rstner, F. Jeanjean, P. Razon, C. Wirtz, R. Mynott, Chem. Eur. J.
2003, 9, 307±319; c) A. F¸rstner, F. Jeanjean, P. Razon, C. Wirtz, R.
Mynott, Chem. Eur. J. 2003, 9, 320±326.


[6] A. F¸rstner, K. Radkowski, J. Grabowski, C. Wirtz, R. Mynott, J.
Org. Chem. 2000, 65, 8758±8762.


[7] a) A. F¸rstner, I. Konetzki, J. Org. Chem. 1998, 63, 3072±3080;
b) A. F¸rstner, I. Konetzki, Tetrahedron 1996, 52, 15071±15078;
c) A. F¸rstner, I. Konetzki, Tetrahedron Lett. 1998, 39, 5721±
5724.


[8] For recent studies on the use of carbohydrate building blocks for
the synthesis of lipidic products see: a) A. F¸rstner, K. Radkowski,
C. Wirtz, R. Goddard, C. W. Lehmann, R. Mynott, J. Am. Chem.
Soc. 2002, 124, 7061±7069; b) A. F¸rstner, M. Schlede, Adv. Synth.
Catal. 2002, 344, 657±665.


[9] a) M. Tsunakawa, N. Komiyama, O. Tenmyo, K. Tomita, K.
Kawano, C. Kotake, M. Konishi, T. Oki, J. Antibiot. 1992, 45, 1467±
1471; b) M. Tsunakawa, C. Kotake, T. Yamasaki, T. Moriyama, M.
Konishi, T. Oki, J. Antibiot. 1992, 45, 1472±1480.


[10] a) A. F¸rstner, M. Albert, J. Mlynarski, M. Matheu, J. Am. Chem.
Soc. 2002, 124, 1168±1169; b) A. F¸rstner, J. Mlynarski, M. Albert,
J. Am. Chem. Soc. 2002, 124, 10274±10275.


[11] A. F¸rstner, M. Albert, J. Mlynarski, M. Matheu, E. DeClercq, J.
Am. Chem. Soc. 2003, 125, 13132±13142.


[12] H. Rathore, T. Hashimoto, K. Igarashi, H. Nukaya, D. S. Fullerton,
Tetrahedron 1985, 41, 5427±5438.


[13] For reviews on the trichloroacetimidate method see: a) R. R.
Schmidt, Angew. Chem. 1986, 98, 213±236; Angew. Chem. Int. Ed.
Engl. 1986, 25, 212±235; b) R. R. Schmidt, W. Kinzy, Adv. Carbo-
hydr. Chem. Biochem. 1994, 50, 21±123; c) R. R. Schmidt, K.-H.
Jung, in Preparative Carbohydrate Chemistry (Ed.: S. Hanessian),
Marcel Dekker, New York, 1997, pp. 283±312.


[14] M. J. Rozema, C. Eisenberg, H. L¸tjens, R. Ostwald, K. Belyk, P.
Knochel, Tetrahedron Lett. 1993, 34, 3115±3118.


[15] H. Takahashi, T. Kawakita, M. Ohno, M. Yoshioka, S. Kobayashi,
Tetrahedron 1992, 48, 5691±5700.


[16] Reviews: a) P. Knochel, in Active Metals: Preparation, Characteriza-
tion, Applications (Ed.: A. F¸rstner), VCH, Weinheim, 1996,
pp. 191±236; b) P. Knochel, Synlett 1995, 393±403; c) R. Noyori,
in Asymmetric Catalysis in Organic Synthesis, Wiley, New York,
1994, pp. 255±297; d) K. Soai, S. Niwa, Chem. Rev. 1992, 92, 833±
856.


[17] W. Xu, S. A. Springfield, J. T. Koh, Carbohydr. Res. 2000, 325, 169±
176.


[18] M. Hikota, Y. Sakurai, K. Horita, O. Yonemitsu, Tetrahedron Lett.
1990, 31, 6367±6370.


Chem. Eur. J. 2004, 10, 2214 ± 2222 www.chemeurj.org ¹ 2004 Wiley-VCH Verlag GmbH& Co. KGaA, Weinheim 2221


Macroviracin D 2214 ± 2222



www.chemeurj.org





[19] J. Inanaga, K. Hirata, H. Saeki, T. Katsuki, M. Yamaguchi, Bull.
Chem. Soc. Jpn. 1979, 52, 1989±1993.


[20] A. F¸rstner, J. Ruiz-Caro, H. Prinz, H. Waldmann, J. Org. Chem.
2004, 69, 459±467.


[21] For detailed biochemical and biological evaluations of various glyco-
lipids see refs. [11,20]. For a recent review see: A. F¸rstner, Eur. J.
Org. Chem. 2004, 943±958.


Received: September 30, 2003 [F5588]


¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2004, 10, 2214 ± 22222222


FULL PAPER A. F¸rstner et al.



www.chemeurj.org






Computational Studies of Carbon Nanotube±Hydrocarbon Bond Strengths at
Nanotube Ends: Effect of Link Heteroatom and Hydrocarbon Structure


Simon Gustavsson,[a] Arne Rosÿn,[a] Helena Grennberg,[b] and Kim Bolton*[a]


Introduction


Although carbon nanotubes have a diverse range of poten-
tial technological applications, the interest in single-walled
carbon nanotubes (SWNTs) stems mainly from their use as
components in nanoelectronic circuitry.[1] For example, met-
allic SWNTs can be used for interconnects, and semicon-
ducting nanotubes can be used as transistors. However, cur-
rent production methods are not able to precisely control
the structure (diameter and chirality) of the SWNTs, and
mixtures of metallic and semiconducting nanotubes that
have a range of chiralities are grown.[1] It is therefore impor-
tant to separate nanotubes from each other based on their
properties and/or chiralities. This has been achieved, to a
certain extent, by suspending SWNT mixtures in single-
stranded DNA[2] or octadecylamine[3] solutions. In the latter


prodecure, the octadecylamine binds more strongly to the
semiconducting nanotubes and, in this way, the semicon-
ducting tubes can selectively be retrieved from the mixture.
Similarly, Chen et al. , have shown that metallic SWNTs can
be selectively separated from a suspension of mixed nano-
tubes by the addition of bromine,[4] and Krupke et al. have
shown one can separate metallic and semiconducting nano-
tubes using alternating current dielectrophoresis.[5] In addi-
tion, Iijima and co-workers have shown that irradiation of a
mixture of SWNTs can selectively remove nanotubes that
have band gap energies similar to the irradiation wave-
length.[6]


Since these separation methods are based either on the
electrical properties or diameters of the nanotubes, they
cannot distinguish between nanotubes with similar electrical
properties and diameters. For example, these methods
cannot separate (5,5) armchair from (9,0) zigzag SWNTs
since both are metallic and have similar diameters. Calcula-
tions by Basuik and co-workers[7,8] and from our group[9,10]


have shown that it may be possible to separate armchair and
zigzag SWNTs (with similar diameters) by derivatization at
the nanotube ends. Basuik and co-workers focused on ami-
dation and esterification at SWNT ends, whereas we studied
the homolytic bond cleavage of ether bonds linking the
nanotube and a methyl chain. In both studies there was a
large difference in bond energies for the armchair and
zigzag nanotubes (more than 0.4 eV for homolytic ether
bond cleavage).
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Department of Experimental Physics
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Abstract: Semiempirical and density
functional electronic structure theory
methods were used to study SWNT-
X�R bond strengths, where the single-
walled carbon nanotube (SWNT) had
an armchair or zigzag structure, the
link heteroatom X was O, N(H), or S
and the hydrocarbon chain R was
CH2CH3, CH(OH)CH3, CHCH2, or
CH(CF3)CH3. In all systems the hydro-
carbon was bonded to the end of the
nanotube. The SWNT-X�R bond (that
is, the bond joining the link atom to


the hydrocarbon) is more than 0.4 eV
stronger for armchair than for zigzag
nanotubes with the same diameters, ir-
respective of whether O, N, or S are
used as link atoms or whether OH, C=
C, or CF3 groups are present in the hy-
drocarbon chain. This raises the possi-
bility for selective manipulation of


armchair/zigzag nanotubes using a vari-
ety of link atoms and hydrocarbon
structures. The SWNT-O�CH(CF3)CH3


bond is weaker than the SWNT-
O�CH2CH3 bond (for both armchair
and zigzag nanotubes), while inclusion
of a double bond in the ethyl chain in-
creases the bond strengths. Also,
SWNT-S�CH2CH3 and SWNT-
N(H)�CH2CH3 bonds are stronger
than SWNT-O�CH2CH3 bonds.


Keywords: carbon ¥ chirality ¥
computer chemistry ¥ nanotubes ¥
separation
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The dependence of the SWNT�alkyl bond strength on
nanotube chirality is relevant for chiral-selective manipula-
tion and purification. Since armchair nanotubes have stron-
ger ether bonding to alkyl groups than zigzag nanotubes,[9]


the zigzag nanotube�alkyl bond breaks at lower energies
than the armchair SWNT�alkyl bond. Hence, by ramping
the temperature of a SWNT solution–or of a substrate that
supports a mixture of nanotubes–one can, in principle, sep-
arate the zigzag and armchair nanotubes or place a nano-
tube with the desired chirality at a specified site on a sub-
strate.


In developing end-selective methods based on SWNT
functionalization, obvious links between the SWNT and the
reactive group (e.g., hydrocarbon) involve the oxygenated
functionalities that are formed in the purification processes
of carbon materials, such as carbonyl, carboxyl, or hydrox-
yl.[11,12] Less obvious, but still very important, is the consider-
ation of other heteroatom linkers such as nitrogen (secon-
dary amines) or sulfur (thioethers). Two reasons are that 1)
nitrogen and sulfur are less electronegative than oxygen and
2) these heteroatoms, in contrast to disubstituted oxygen,
offer further potentially structure-selective reactions. For ex-
ample, secondary amines can react with electrophiles to give
positively charged products with four substituents.[13] Simi-
larly, thioethers can be oxidized to sulfoxides with introduc-
tion of sulfur-centered chirality and to sulfones,[14] a func-
tional group that offers additional structure-selective elimi-
nation reactions.[14, 15]


It is also important to consider several combinations of
SWNT-X�R structures, where−X× is the link atom (O, N, or
S) and−R× the hydrocarbon, in order to pick the most prom-
ising candidates for the more time-consuming experimental
studies. The reactivity of an indicator/reactive group (X�R)
depends on both the identity of the link heteroatom and on
the ™hydrocarbon chain∫ bonded to the heteroatom, as dif-
ferent types of carbon atoms (sp3 alkyls, sp2 alkenyls, sp2


aryls) have different electronic properties and thus affect
the X�R bond reactivity. The hydrocarbon structures con-
sidered here are R=CH2CH3, CH(OH)CH3, CHCH2, and
CH(CF3)CH3 since they present a range of functional
groups that have electron-withdrawing and -donating prop-
erties.


Herein we present theoretical PM3 semiempirical and
density functional theory (B3LYP) calculations of the
SWNT-X�R bond strengths. Experimental investigations of
these types of systems are presently being started in our
group. The experimental preparation of these systems de-
pends on the available tube material. SWNTs terminated
with phenolic hydroxyl groups can be alkylated directly,
whereas nanotubes terminated with carboxyl groups have to
be transformed into phenolic tubes by, for example, a
Bayer±Villiger type oxidation[16±19] prior to alkylation. Intro-
duction of N(H)�R or S�R requires either carbonyl-termi-
nated SWNT material which can be reacted with N or S nu-
cleophiles,[13, 14] or high-purity pristine SWNTs that can be
treated with electrophilic reagents developed for addition
reactions for less reactive alkenes.[20±24]


Results and Discussion


The SWNT-X�R bond (that is, the bond between the link
atom X and the hydrocarbon R) is the weakest bond in the
SWNT-hydrocarbon system for all structures considered,
and is therefore the bond that breaks at the lowest
energy.[25] This bond, which is the focus of the calculations
presented here, determines the stability and rate of decay of
the SWNT-hydrocarbon systems. (As discussed in reference
[9], there is no barrier for SWNT-O�CH3 bond formation,
and we assume that this also holds for the other link atoms
and hydrocarbons studied here.)


The SWNT-X�R bond strengths are calculated from fairly
short nanotubes. Calculations of (n,0) zigzag nanotubes
were based on 4n nanotube carbon atoms (for example, see
Figure 1b for the (10,0) nanotube), and those of (n,n) arm-


chair nanotubes included 6n nanotube carbon atoms. In con-
trast to carbon nanotube electrical properties,[26±28] SWNT-
X�R bond strengths are not sensitive to the nanotube
length. This was validated by calculating bond energies
(using both PM3 and B3LYP methods) for (5,5) and (10,0)
nanotubes with X=O, N(H), and R=CH3, CH2CH3, and
CH=CH2 for nanotubes of different lengths (up to 160
nanotube carbon atoms–which yields a 1.4 nm nanotube–
were included in the calculations). The change in bond
strengths that results from an increase in nanotube lengths
was less than 4.5% in all cases. This insensitivity of bond
strengths on the length of the SWNT has, in fact, been as-
sumed in previous work (for example, in reference [29] the
energy of C�H bonds at nanotube ends was calculated for a
short nanotube and assumed to be constant for all nanotube
lengths) and our calculations confirm that this assumption is
valid. The trends and differences in bond strengths reported
here are thus also valid for the longer SWNTs that are ob-
tained experimentally.


Figure 1a shows PM3 SWNT-O�CH2CH3 bond strengths
for a series of armchair and zigzag nanotubes, and Figure 1b
shows a typical optimized SWNT-O�CH2CH3 structure (the
(10,0) nanotube is shown). There is a large difference in
bond energies, of about 0.4 eV, between armchair and zigzag
SWNTs with similar diameters. This is very similar to the
difference in armchair and zigzag nanotube energies for the


Figure 1. a) PM3 SWNT-O-CH2CH3 bond energies E for a series of (n,n)
armchair and (n,0) zigzag nanotube structures as a function of their diam-
eter d. The bond energies of the armchair structures are approximately
0.4 eV larger than those of the zigzag structures with similar diameters.
b) PM3 minimum energy structure of the (10,0) SWNT-O-CH2CH3


system.


¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2004, 10, 2223 ± 22272224


FULL PAPER



www.chemeurj.org





SWNT-O�CH3 bond reported previously,[9] showing this
energy difference is not sensitive to an increase in the alkyl
chain from one to two methyl groups. Calculations of longer
alkyl chains showed that this energy difference is also valid
for long-chain structures.


Although the difference in the armchair and zigzag
SWNT-O�R bond strengths does not change when the
length of the alkyl chain increases, the absolute bond
strengths (for both the armchair and zigzag systems) de-
crease by about 0.4 eV when substituting the CH3 with a
CH2CH3 group (this can be seen by comparing Figure 1a
with Figure 4 in reference [9]). For example, the SWNT-
O�CH2CH3 bond energies for the (10,0) and (5,5) nano-
tubes are 0.702 and 1.18 eV, respectively, and the corre-
sponding energies for the SWNT-O�CH3 systems are 1.12
and 1.51 eV, respectively. Further increase in the alkyl chain
length does not significantly change the bond energies, for
example, the SWNT-O�(CH2)3CH3 bond energy for the
(10,0) nanotube is 0.695 eV (compared to 0.702 eV for the
SWNT-O�CH2CH3 bond).


As discussed previously,[9] the SWNT-X�R bond strength
is related to the SWNT edge energy (that is, the edge energy
per carbon atom in the absence of functional groups and
link heteroatoms). Density functional theory calculations
yielded edge energies of 2.99 eV per edge atom for zigzag
nanotubes and 2.20 eV per edge atom for armchair nano-
tubes.[28] The edge C atoms on zigzag nanotubes are thus
more reactive than those on armchair nanotubes, which
leads to stronger SWNT�X-R bonds for zigzag nanotubes
than for armchair nanotubes. For example, the SWNT�O-
CH2CH3 bond energies are 3.70 and 3.04 eV for (10,0) and
(5,5) nanotubes, respectively. Our calculations show that
stronger SWNT�X-R bonds are associated with weaker
SWNT-X�R bonds (presumably because the link atom do-
nates less electron density to the SWNT-X�R bond when it
donates strongly to the SWNT�X-R bond). The SWNT-
X�R bond is thus weaker for zigzag nanotubes than for
armchair nanotubes. For example, the SWNT-O�CH2CH3


bond energies are 0.702 and 1.18 eV for (10,0) and (5,5)
nanotubes, respectively. Since the difference in SWNT-X�R
bond strengths between the armchair and zigzag nanotubes
depends on the nanotube chirality, varying the link atoms
and hydrocarbon structures is not expected to significantly
affect this difference.


Figure 2 shows the SWNT-O�R bond energies for a series
of armchair and zigzag nanotubes when R is CH(OH)CH3,
CH=CH2, and CH(CF3)CH3. Although the inclusion of OH,
C=C, or CF3 groups in the hydrocarbon chain changes the
absolute bond energies (discussed below), it does not signifi-
cantly effect the difference in bond energies between the
armchair and zigzag nanotube systems. All hydrocarbons
give SWNT-O�R bond energies that are �0.4 eV larger for
armchair than for zigzag nanotubes with similar diameters,
as was the case for R=CH2CH3.


Although the difference between armchair and zigzag
SWNT-O�R bond energies are insensitive to the hydrocar-
bon structure, the absolute energies are influenced by the
presence of electron-donating and -withdrawing groups in
the hydrocarbon chain. The most significant change occurs


when C=C and CF3 groups are included in the chain. The
presence of the C=C double bond (compared to the C�C
single bond in CH2CH3) increases the strength of the
SWNT-O�R bond (compare Figure 1 and 2b), whereas ex-
changing an alkyl hydrogen (a to the SWNT-O�R bond)
with a CF3 group reduces the SWNT-O�R bond strength
(compare Figure 1 and Figure 2c).


B3LYP calculations confirm the trends in bond energies
shown in Figure 2. For example, the B3LYP bond strengths
for the SWNT-O�CH=CH2 bond are 1.76 and 2.88 eV for
the (10,0) and (5,5) nanotube structures, respectively.[10] This
energy difference (1.12 eV) is very similar to the B3LYP
energy difference for the SWNT-O-CH3 system (where the
(5,5) nanotube bond is 1.09 eV stronger than that for the
(10,0) nanotube).[9] Also, similar to the PM3 results, the
B3LYP (5,5) SWNT-O�R bond is stronger for R=CHCH2


(2.88 eV) than for R=CH2CH5 (2.26 eV), while for R=


CH(CF3)CH3 it is weaker (2.08 eV).
The increase in SWNT-O�R bond strength when includ-


ing a double bond in the hydrocarbon chain is due to the in-
creased delocalization of the free electron pairs on oxygen
into the conjugated p system of the SWNT-O�CH=CH2


complex. This electron delocalization is to both the SWNT-
O and O�CH=CH2 bonds, and thus both bonds are short-
ened and strengthened. For the SWNT-O�CH2CH3 complex,


Figure 2. PM3 SWNT-O�R bond energies for a series of (n,n) armchair
and (n,0) zigzag nanotube structures when R is a) CH(OH)CH3, b) CH=


CH2, and c) CH(CF3)CH3. The bond energies for the armchair structures
are approximately 0.4 eV larger than those of the zigzag structures, irre-
spective of the hydrocarbon structure.
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the saturated CH2CH3 alkyl chain does not promote elec-
tron delocalization to the O�CH2CH3 bond (although deloc-
alization to the SWNT-O can still occur) and hence this
bond is weaker than the O�CH=CH2 bond. The calculations
also show that the presence of the electron-withdrawing CF3


group weakens the SWNT-O�CH(CF3)CH3 bond compared
to the SWNT-O�CH2CH3 bond, which may be caused by
the withdrawal of electron density from the O�CH(CF3)CH3


bond to the CF3 group.
Figure 3a shows the SWNT-X�CH2CH3 bond energies for


a series of armchair and zigzag nanotubes when the link
atom X is S or N, and Figure 3b shows typical optimized


structures. There is a slight reduction in the difference in
SWNT-X�CH2CH3 bond energies between the armchair and
zigzag nanotube systems compared with the ether bonded
systems. Nonetheless, this energy difference–of just under
0.4 eV–is still substantial. The major effect of replacing the
O link atom by S or N is the increase in the SWNT-
X�CH2CH3 bond energies (compare Figure 1 and Figure 3),
such that SWNT-S�CH2CH3 bonds are stronger than
SWNT-N(H)�CH2CH3 bonds which, in turn, are stronger
than SWNT-O�CH2CH3 bonds.


The important trends shown in Figure 3 are validated by
B3LYP calculations. For example, the difference in energy
between (5,5) SWNT-N(H)�CH2CH3 (2.90 eV) and (10,0)
SWNT-N(H)�CH2CH3 (1.53 eV) is large (1.37 eV). In con-
trast to the PM3 results, this is larger than the difference be-
tween (5,5) and (10,0) SWNT-O�CH3 bond energies
(1.09 eV). Also, similar to the PM3 trends, the N(H) and S
link atoms yield stronger bonds than the O linkage. For ex-
ample, the B3LYP bond energies for the (5,5) SWNT-
X�CH2CH3 structure are 2.90, 2.39, and 2.26 eV for X=


N(H), S, and O, respectively. It can be seen, however, that
the ordering of the B3LYP bond energies for X=N(H) and
S is opposite to that obtained from the PM3 calculations.


The PM3 and B3LYP results presented here show that
the bond strengths of SWNT-X�R derivatives are larger for
armchair than for zigzag nanotubes (�0.4 eV from PM3 cal-
culations and more than 1.0 eV from B3LYP). This energy
difference has potential applications for separation and se-
lective manipulation of armchair and zigzag nanotubes, and
the present results show that this selective manipulation/sep-
aration can be achieved with a variety of functional groups
and link atoms. In addition, since the SWNT-hydrocarbon
bond strengths depend on the nanotube edge energies, it is
expected that the difference in armchair and zigzag nano-
tube±functional group bond strengths will be valid for a di-
verse range of link atoms and functional groups. For exam-
ple, independent studies indicate that chiral-dependent bond
strengths are also found for COO and CON linkages.[7,8]


Hence, link atoms and functional groups may be chosen and
fine-tuned to optimize the separation/manipulation process,
without losing the significant difference in SWNT-X�R
bond energies between armchair and zigzag nanotubes.


Calculations of SWNT-X�R bond energies for nanotubes
with other chiralities (not armchair and zigzag) are left for
future studies. These results are important when determin-
ing if nanotubes with a specific chirality can be selectively
manipulated in the presence of other nanotubes (or selec-
tively separated from these nanotubes). Also, binding of
link atoms and hydrocarbon chains to the nanotube side-
walls may also complicate practical implementation of selec-
tive nanotube manipulation/separation based on end-func-
tionalization. As discussed previously,[9] when the functional
group does not wrap around the nanotube, these sidewall
bonds are far weaker than bonding to the nanotube ends,
and they will thus be removed at far lower energies (leaving
just the bonds between the functional groups and the nano-
tube ends).


Conclusion


The SWNT-X�R bond energies for armchair nanotubes are
more than 0.4 eV larger than for zigzag nanotubes with simi-
lar diameters irrespective of whether O, N, or S is used as
link atom or whether OH, C=C, or CF3 groups are included
in the hydrocarbon chain. This raises the possibility for se-
lective manipulation/separation of mixtures of armchair and
zigzag nanotubes using a variety of link atoms and hydrocar-
bon structures.


Even though the difference in SWNT-X�R bond strengths
between armchair and zigzag nanotubes is not significantly
influenced by the link atom and hydrocarbon structure, the
absolute bond energies are. In particular, substitution of a
CF3 group on the C atom a to the SWNT-O�R bond de-
creases the bond strength, and inclusion of a double bond
increases the bond strength. Also, SWNT-S�R and SWNT-
NH�R bonds are stronger than SWNT-O�R bonds (for R=


CH2CH3).


Figure 3. a) SWNT-S�CH2CH3 and SWNT-N(H)�CH2CH3 bond energies
for a series of (n,n) armchair and (n,0) zigzag nanotube systems. The dif-
ference in bond energies between the armchair and zigzag structures with
similar diameters is slightly less than 0.4 eV. b) PM3 minimum-energy
structures of (5,5) SWNT-S�CH2CH3 and (10,0) SWNT-NH�CH2CH3.
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Methods and Models


The methods used here have been described previously.[9] Briefly, the
Gaussian suite of programs[30] was used to obtain minimum energy (opti-
mized) reactant (SWNT-X�R) and product (SWNT-XC and CR) structures.
Normal mode frequencies were determined to ensure that these struc-
tures are potential energy minima, and bond energies were calculated by
subtracting the energy of the optimized reactant from the sum of the en-
ergies of the optimized products.


SWNT-X�R bond strengths were calculated by using both the PM3[31]


semiempirical and density functional B3LYP/6±31G(d) electronic struc-
ture theories. The computational efficiency of the semiempirical model
allows one to study a large range of SWNT-X�R systems thereby ena-
bling the identification of trends in the bond strengths (for example, as a
function of nanotube chirality, type of heteroatom and electron with-
drawing/donating properties of the hydrocarbon). These trends were vali-
dated by determining the B3LYP bond strengths for a representative set
of SWNT-X�R systems.


The PM3 semiempirical model, as opposed to other semiempirical theo-
ries, was chosen for this work since it gives reliable information of optical
and electronic properties of carbon nanotubes.[32] In addition, previous
comparisons of PM3 bond energies for small aryl-O�CH3 and larger
SWNT-O�CH3, SWNT-O�C2H3 and SWNT-N(H)�C2H5 systems[9, 10] with
those calculated by using B3LYP/6±31G(d), MP2/6±31G(d), and MP2/
6±311+G(2d,2p) confirmed that the PM3 method gives correct trends
(and even semi-quantitative accuracy). Results from other research
groups also show that the PM3 method yields the same trends in nano-
tube binding energies as Hartree Fock and density functional theory
methods.[29] Comparison of the PM3 and B3LYP bond energies for the
systems studied here, and that is presented above, confirms that the semi-
empirical calculations yield the correct trends for the SWNT-X�R bond
energies.
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Cuprophilic Interactions in Luminescent Copper(i) Clusters with Bridging
Bis(dicyclohexylphosphino)methane and Iodide Ligands: Spectroscopic and
Structural Investigations


Wen-Fu Fu,*[a, b, c] Xin Gan,[c] Chi-Ming Che,*[b] Qian-Yong Cao,[a]


Zhong-Yong Zhou,[d] and N. Nian-Yong Zhu[b]


Introduction


Polynuclear copper(i) complexes have attracted considerable
attention for their diverse structural and rich photolumines-
cent properties and potential applications in materials sci-
ence.[1±6] The structures of the copper(i) complexes formed
by coordinating phosphine or bulky nitrogen base ligands to
CuX had been described previously.[7±12] These complexes
are polynuclear copper(i) species with m2-, m3-, or m4-bridging
X atoms, and their structures are affected by the phosphine
ligand and method of preparation. They display multiple
emissive triplet excited states. Extensive studies by Ford and
co-workers established that the higher energy emissions of
[Cu4X4L4] (L=2-(diphenylmethyl)pyridine or pyridine)
come from halide-to-ligand charge transfer (XLCT) excited
states, and the lower energy emission from an excited state
with a mixture of XMCT (halide-to-metal charge-transfer)
and MC (metal-centered) orbital parentage.[13] Despite the
fact that a d10±d10 interaction is well documented in gold(i)
systems[14] and CuI¥¥¥CuI separations as short as 2.35 ä have
been reported for a long time,[15] the existence of a weak
bonding interaction between copper(i) atoms remains con-
troversial.[6b,16] In polynuclear complexes the chelate and
bridging ligand plays an important role in fine-tuning the
CuI¥¥¥CuI contact distances, which affect the spectroscopic
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Abstract: Polynuclear copper(i) com-
plexes with bridging bis(dicyclohexyl-
phosphino)methane (dcpm) and iodide
ligands, [Cu2(dcpm)2(CH3CN)2](BF4)2
(1), [Cu2(dcpm)2](BF4)2 (2),
[(CuI)3(dcpm)2] (3), [(CuI)4(dcpm)2]
(4), and [(CuI)2(dcpm)2] (5) were pre-
pared and their structures determined
by X-ray crystal analysis. The shortest
Cu�Cu distance found in these com-
plexes is 2.475(1) ä for 3. Powdered
samples of 1, 3, 4, and 5 display intense
and long-lived phosphorescence with


lmax at 460, 626, 590, and 456 nm and
emission quantum yields of 0.26, 0.11,
0.12, and 0.56 at room temperature, re-
spectively. In the solid state, 2 displays
both a weak emission at 377 and an in-
tense one at 474 nm with an overall
emission yield 0.42. The difference in


emission properties among complexes
1±5 suggests that both Cu�Cu interac-
tion and coordination around the cop-
per(i) center affect the excited state
properties. A degassed solution of 2 in
acetone gives a bright red emission
with lmax at 625 nm at room tempera-
ture. The difference absorption spectra
of the triplet excited states of 1±5 in
acetonitrile show broad absorption
peaks at 340±410 and 850±870 nm.


Keywords: coordination chemistry ¥
copper ¥ luminescence ¥ metal±
metal interactions ¥ polynuclear
complexes
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properties. Several theoretical papers on binuclear copper(i)
complexes were unsupportive of the existence of the
CuI�CuI bonding interaction, but a recent investigation on
Cu2O based on electron and X-ray diffraction experiments
provided evidence for the existence of such bonding interac-
tions.[17] In previous work, we reported spectroscopic evi-
dence for CuI�CuI interactions in [Cu2(dcpm)2]Y2 (Y=


ClO4
� and PF6


� ; dcpm=bis(dicyclohexylphosphino)-
methane) solids.[6b] In the present study we prepared
[Cu2(dcpm)2(CH3CN)2](BF4)2 (1), [Cu2(dcpm)2](BF4)2 (2),
[(CuI)3(dcpm)2] (3), [(CuI)4(dcpm)2] (4), and
[(CuI)2(dcpm)2] (5) and examined their structures and pho-
tophysical properties. The results suggest that the CuI�CuI


distances and the ligands and coordination number around
the copper(i) center play key roles in affecting photophysical
properties of polynuclear copper(i) complexes.


Results and Discussion


Comparision of crystal structures : The structures of the cop-
per(i) halide compounds with phosphine or bulky nitrogen
base ligands usually have tetrahedrally coordinated CuI sites
with the tetrahedral faces
capped by halide and/or and
other ligands.[18] A series of
copper(i) compounds exhibiting
™cubane∫ tetranuclear structure,
such as [Cu4X4L4] (L=pyridine,
substituted pyridine, or a satu-
rated amine) complexes, have
been reported previously.[13, 19]


These polynuclear copper(i)
compounds exhibit a ™stairstep∫
configuration having square
-(Cu2X2)- units that form the
steps of the stairs.[20] In the case
of [(C6H5)3PCuX]4, as the
halide changes from Cl� to Br�


and I� , the structure changes
from a cubane core to a single
™step∫ tetranuclear structure. In
addition, the steric influence of
the bulky coordinated ligand
can control the structure.[21] As
depicted in Figure 1, the binu-
clear copper(i) complex
[Cu2(dcpm)2](BF4)2 (2) was ob-
tained in high yield upon stir-
ring a mixture of [Cu(CH3CN)4]BF4 and dcpm in a 1:1 ratio
in dichloromethane. Crystal structure analysis of 2 reveals
the P1-Cu1-P2 bond angle to be 168.28 rather than 1808 as
expected for an idealized two-coordinate linear geometry.
Presumably, this is due to the BF4


� ion, which interacts very
weakly with CuI through one fluorine atom (Tables 1 and 2).
Although the Cu¥¥¥FBF3 distance of 2.803 ä is approximate-
ly 0.14 ä less than the estimated sum of the van der Waals
radii of copper and fluorine atoms, it is considerably greater
than the value of 1.89 ä for the sum of the ionic radii of the


Cu+ and F� ions,[22] which can be compared with the Y-
shaped trigonal configuration of [(CuI)2(dcpm)2] (Figure 2).
The complex [Cu2(dcpm)2](BF4)2 has a short intra-metal
Cu¥¥¥Cu separation (2.6905 ä), whereas
[Cu2(dcpm)2(CH3CN)2](BF4)2 exhibits a distance of 2.8095 ä
and adopts a Y-shaped trigonal configuration with P1-Cu1-
P3, N1-Cu1-P1, and N1-Cu1-P3 bond angles of 145.0, 111.9,
and 102.88, respectively.


The reaction of CuI with dcpm (3:2 molar ratio) gave 3 in
which both three- and four-coordinate CuI were found. Se-


Figure 1. Structure of [Cu2(dcpm)2](BF4)2 (perspective drawing; the ther-
mal ellipsoids are drawn at 40% probability). The closest Cu¥¥¥F (BF4


�)
distance is 2.803(1) ä.


Table 1. Selected crystallographic and data collection parameters for complexes 1±4.


1 2 3 4


formula (C54H98Cu2N2P4)¥2 (BF4) (C50H92Cu2P4)¥2 (BF4) C104H196Cl4Cu6I6O2P8 C50H92Cu4I4P4


Mr 1199.22 1117.82 3010.81 1578.88
T (K) 301(2) 301(2) 294(2) 294(2)
crystal system monoclinic monoclinic triclinic triclinic
space group P21/n C2/c P1≈ P1≈


a [ä] 21.648(4) 24.078(5) 14.370(4) 10.328(2)
b [ä] 13.093(3) 13.813(3) 21.876(6) 11.709(2)
c [ä] 22.632(5) 17.686(4) 22.505(6) 13.929(2)
a [8] 90 90 108.068(7) 97.386(3)
b [8] 105.80(3) 106.99(3) 108.380(7) 110.354(3)
g [8] 90 90 100.113(6) 102.243(3)
V [ä3] 6173(2) 5625.6(19) 6083(3) 1505.2(4)
Z 4 4 2 1
1calcd[Mgm�3] 1.291 1.320 1.644 1.742
m(MoKa) [mm�1] 0.852 0.928 2.789 3.582
crystal size [mm] 0.25î0.20î0.15 0.40î0.3î0.15 0.28î0.22î0.20 0.20î0.18î0.12
F(000) 2544 2368 3032 780
2qmax [8] 50.9 51.0 55.2 55.1
unique reflections 28949 8718 41392 10203
parameters 649 292 1110 280
Rf 0.060 0.063 0.064 0.042
Rw 0.163 0.183 0.102 0.111
goodness of fit 0.96 1.10 0.96 1.03
residual electron
density [eä�3]


0.709/�0.783 0.657/�0.575 0.987/�0.921 0.982/�0.937
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lected crystallographic data are listed in Tables 1 and 2. A
perspective view of the structure is depicted in Figure 3.
Two kinds of Cu�I interactions found; one I� ion adopts a
m3-coordination mode that is similar to (CuI)3(dppm)2


[23] in
which three Cu atoms are in a trigonal-planar array with
two I� ions (I4 an I5) above and below the plane. Three
sides of the triangle are bridged by the third iodine atom
(I6) and dcpm ligands, the closest Cu¥¥¥Cu contact being
2.4748 ä. The other consists of a triangular array of Cu
atoms, connected by a m3-I ligand above the plane of copper
atoms. The I1 atom binds to the copper atoms with bond
lengths of 2.6703 (I1�Cu3), 2.7625 (I1�Cu1), and 2.890 ä
(I1�Cu2), whereas only two of the three copper atoms are
bonded by a Cu1-I2-Cu2 linkage below the plane with a
Cu1¥¥¥Cu2 distance of 2.9846 ä and a Cu1-I2-Cu2 bond
angle of 65.138. One side of the triangle is bridged by a
third iodine atom with a significantly shorter copper±copper
separation of 2.4866 ä and a Cu(2)-I(3)-Cu(3) bond angle
of 57.298. Each of the other two edges is connected by a
dcpm ligand. The Cu�P bond lengths are affected by the
number of phosphorus atoms coordinated to the same


copper atom: Cu1�P1=2.296 ä for copper atoms with two
coordinated phosphorus atoms; Cu2�P3=2.197 ä and
Cu3�P4=2.201 ä for copper atoms with one coordinated
phosphorus atom.


A perspective view of [(CuI)4(dcpm)2] (4) is shown in
Figure 4. Selected bond lengths and angles are given in
Tables 1 and 2. The four copper atoms are arranged in a rec-
tangular array with copper±copper distances of 3.0051±
2.5758 ä. The copper atoms are tetracoordinate. The dcpm
and iodide ligands bridge each edge of the Cu4 plane to
form a Cu4P4I2 core. The dicapping iodide ligands are
bonded to the four copper atoms in a m4-fashion from oppo-
site faces of the rectangle. The Cu�I bond lengths in quad-
ruple bridging vary from 2.7979 to 2.8804 ä, which are sig-
nificantly longer than double-bridging bond lengths of
2.6150 and 2.6303 ä (Figure 4).


Electron absorption spectra : The UV/Vis absorption spec-
tral data for 1 to 5 in acetonitrile or dichloromethane are
listed in Table 3. For 3 to 5, no absorption band in the visi-
ble range has been observed, and the absorption spectra in


Table 2. Selected bond lengths [ä] and bond angles [8] of 1±4.


Complex 1
Cu1�Cu2 2.810(1) Cu1�P1 2.261(2) Cu1�P3 2.270(2) Cu1�N1 2.015(6) Cu2�P2 2.260(2)
Cu2�P4 2.270(2) Cu2�N2 2.096(6) C51�N1 1.139(8) C53�N2 1.133(8)
N1-Cu1-P1 111.9(2) N1-Cu1-P3 102.8(2) P1-Cu1-P3 145.03(6) N1-Cu1-Cu2 98.5(2) P1-Cu1-Cu2 91.60(5)
P3-Cu1-Cu2 87.23(5) N2-Cu2-P2 103.2(2) N2-Cu2-P4 102.3(2) P2-Cu2-P4 152.16(7) N2-Cu2-Cu1 105.2(2)
P2-Cu2-Cu1 90.92(5) P4-Cu2-Cu1 93.03(5) C51-N1-Cu1 175.5(5) C53-N2-Cu2 169.6(7)
Complex 2
Cu1�Cu1* 2.691(2) Cu1�P1 2.216(1) Cu1�P2* 2.224(1) Cu1*�P2 2.224(1) Cu�F 2.803(1)
B1�F1 1.325(9) B1�F2 1.345(7) B1�F3 1.37(1) B1�F4 1.390(9)
P1-Cu1-P2* 168.20(6) P1-Cu1-Cu1* 97.74(5) P2*-Cu1-Cu1* 92.27(5) C1-P1-Cu1 111.6(2) C25-P1-Cu1 111.9(1)
C7-P1-Cu1 114.9(2) C25-P2-Cu1* 115.1(2) C19-P2-Cu1* 104.8(4) C13-P2-Cu1* 110.4(2) F1-B1-F2 114.8(7)
F2-B1-F3 109.0(7) F2-B1-F4 100.7(5)
Complex 3
Cu1�Cu2 2.9846(9) Cu2�Cu3 2.4866(9) Cu5�Cu6 2.475(1) I1�Cu1 2.7625(8) I1�Cu2 2.890(1)
I1�Cu3 2.6703(8) I2�Cu1 2.794(1) I2�Cu2 2.7510(9) I3�Cu2 2.6178(8) I3�Cu3 2.5689(8)
I4�Cu4 2.7819(9) I4�Cu5 2.7425(8) I4�Cu6 2.9501(8) I5�Cu4 2.7905(8) I5�Cu5 2.897(1)
I5�Cu6 2.7345(9) I6�Cu5 2.6124(9) I6�Cu6 2.6124(9) Cu1�P1 2.296(1) Cu1�P2 2.279(1)
Cu2�P3 2.197(1) Cu3�P4 2.201(1) Cu3-I1-Cu1 71.73(2) Cu3-I1-Cu2 52.95(2) Cu1-I1-Cu2 63.70(2)
Cu2-I2-Cu1 65.13(2) Cu3-I3-Cu2 57.29(2) I1-Cu1-I2 110.20(2) Cu5-I4-Cu4 69.23(2) Cu4-I4-Cu6 65.73(2)
Cu5-I4-Cu6 51.38(2) Cu5-I5-Cu4 66.94(2) Cu5-I5-Cu6 52.04(2) Cu4-I5-Cu6 68.60(2) Cu5-I6-Cu6 56.63(2)
I4-Cu4-I5 107.01(2) P5-Cu4-P6 138.96(4) P2-Cu1-P1 138.02(4) P2-Cu1-I1 102.61(4) P1-Cu1-I1 102.60(4)
P2-Cu1-I2 99.35(3) P1-Cu1-I2 102.68(3) I1-Cu1-I2 110.20(2) P2-Cu1-Cu2 133.29(3) P1-Cu1-Cu2 88.51(4)
I1-Cu1-Cu2 60.23(2) I2-Cu1-Cu2 56.75(2) P3-Cu2-Cu3 164.42(4) P3-Cu2-I3 132.73(4) Cu3-Cu2-I3 60.37(2)
P3-Cu2-I2 106.28(4) Cu3-Cu2-I2 74.25(3) I3-Cu2-I2 103.25(2) P3-Cu2-I1 107.09(4) Cu3-Cu2-I1 58.99(2)
I3-Cu2-I1 97.82(3) I2-Cu2-I1 107.75(2) P3-Cu2-Cu1 96.27(4) Cu3-Cu2-Cu1 70.50(3) I3-Cu2-Cu1 130.78(3)
I2-Cu2-Cu1 58.12(2) I1-Cu2-Cu1 56.07(2) P4-Cu3-Cu2 150.39(4) P4-Cu3-I3 138.01(3) Cu2-Cu3-I3 62.35(2)
P4-Cu3-I1 112.60(4) Cu2-Cu3-I1 68.06(2) I3-Cu3-I1 104.92(3) C25-P1-Cu1 114.5(1) C7-P1-Cu1 114.1(1)
Complex 4
Cu1�Cu2 3.005 (1) Cu1�Cu2* 2.5760(8) Cu2�Cu1* 2.5758(6) I1�Cu1 2.7983(8) I1�Cu2 2.8057(8)
I1�Cu1* 2.8272(8) I1�Cu2* 2.8806(8) I2�Cu2* 2.6150(8) I2�Cu1 2.6303(7) Cu1�P1 2.2236(8)
Cu1�I1* 2.8272(8) Cu2�P2 2.218 (1) Cu2�I2* 2.6150(8) Cu2�I1* 2.8806(8) P1�C25 1.844(4)
P1�C7 1.848(4) Cu2*-Cu1-Cu2 91.28(3) Cu1*-Cu2-Cu1 88.72(3) Cu1-I1-Cu2 64.86(2) Cu1-I1-Cu1* 88.18(2)
Cu2-I1-Cu1* 54.43(2) Cu1-I1-Cu2* 53.93(2) Cu2-I1-Cu2* 89.45(2) Cu1-I1-Cu2* 63.54(2) Cu2*-I2-Cu1 58.83(2)
P1-Cu1-Cu2* 173.83(3) P1-Cu1-I2 117.56(4) Cu2*-Cu1-I2 60.29(2) P1-Cu1-I1 121.30(4) Cu2*-Cu1-I1 64.67(2)
I2-Cu1-I1 102.65(3) P1-Cu1-I1* 114.32(4) Cu2*-Cu1-I1* 62.36(2) I2-Cu1-I1* 105.34(3) I1-Cu1-I1* 91.82(2)
P1-Cu1-Cu2 91.09(3) I2-Cu1-Cu2 151.35(3) I1-Cu1-Cu2 57.69(2) I1*-Cu1-Cu2 59.10(2) P2-Cu1-Cu2* 179.34(5)
P2-Cu2-I2* 118.71(4) Cu1*-Cu2-I2* 60.88(2) P2-Cu2-I1 116.66(4) Cu1*-Cu2-I1 63.21(2) I2*-Cu2-I1 106.37(2)
P2-Cu2-I1* 119.25(4) Cu1*-Cu2-I1* 61.41(2) I2*-Cu2-I1* 100.86(2) I1-Cu2-I1* 90.55(2) P2-Cu2-Cu1 91.72(3)
I2*-Cu2-Cu1 149.39(3) I1-Cu2-Cu1 57.45(2) I1*-Cu2-Cu1 57.38(2) C25-P1-C7 106.4(2) C25-P1-C1 101.3(2)
C7-P1-C1 108.9(2) C25-P1-Cu1 113.1(1) C7-P1-Cu1 111.6(1) C1-P1-Cu1 114.7 (1) C25-P2-C13 102.4(2)
C25-P2-C19 99.9(1) C13-P2-C19 106.1(2) C25-P2-Cu2 114.9(1) C13-P2-Cu2 115.7(1) C19-P2-Cu2 115.9(1)
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the 240±320 nm spectral region could be obscured by the ab-
sorption of the iodide anion. In such cases, a definitive spec-
troscopic assignment remains difficult. Complex 2 in aceto-
nitrile is characterized by the absorption band at 319 nm,
which is red-shifted from the 309 nm band in dichlorome-
thane solution. This is ascribed to the formation of
[Cu2(dcpm)2(CH3CN)2]


2+ (Figure 5). The UV/Vis absorption
spectra of 1 and 2 in dichloromethane show an intense ab-
sorption band at 309 nm with large extinction coefficient
(�104 mol�1dm3cm�1). Based on previous studies,[6b] this
band is assigned to the metal±metal 3ds*!4ps transition.
In dichloromethane solutions, the absorption spectra of
complexes 3±5 have no distinctive features. However in


acetonitrile solutions, there is a
distinct absorption that appears
as a shoulder with lmax at 308±
315 nm (Figure 6). We tenta-
tively suggest that the lower
energy absorption in complexes
3±5 is due to electronic transi-
tions that involve a CuI�CuI in-
teraction and I�!Cu+ charge
transfer in the excited state.


Emission spectra : Upon excita-
tion at 290 nm, solid samples of
1, 2, and 5 display intense pho-
toluminescence with lmax at 460
(i=36), 377 (i=63) and 474
(i=58), and 456 nm (i=9 ms) at
room temperature, respectively
(Figures 7 and 8), correspond-
ing emission quantum yields of
the powdered samples are 0.26,
0.42, and 0.56. The results are
listed in Table 3. The emission
properties of 5 have been dis-
cussed previously.[6b] Complex 2
has a short Cu�Cu distance
(2.6905 ä); thus, the high
energy emission at 377 nm
could be attributed to the trip-
let emission from the Cu�Cu-
bonded 3[3ds*4ps] excited state
and the lower-energy emission
at 474 nm to complexation of
BF4


� to the [Cu2(dcpm)2]
2+


core in the excited state. This
assignment is based on investi-
gations of the spectroscopic fea-
tures and the crystal structures
determined for these com-
plexes.


Compared to the emissions
of 1, 2, and 5, solid samples of 3
and 4 show lower-energy emis-
sions with lmax at 626 and
590 nm at room temperature,
respectively (Figure 8). The


emissions have lifetimes on the microsecond time scale, im-
plying that these emissions are from the triplet excited
states. With reference to previous work on a series of poly-
nuclear copper(i) complexes,[13,24] these emissions could be
ascribed to excited states with a mixture of 3d!4p and
iodide-to-metal charge transfer parentage. The solid-state
emission spectra of 3 and 4 are markedly temperature-de-
pendent. In contrast to only one emission band at room
temperature, two emission bands with peak maxima at 480
and 680 nm for 3, and 490 and 650 nm for 4 are observed at
77 K (Figure 8). This is similar to the solid emission of the
related [Cu4I4L4] complex (L=pyridine) reported by Ford
and co-workers,[13a] but different from the emission of


Figure 2. Structure of [(CuI)2(dcpm)2] (perspective drawing; the thermal ellipsoids are drawn at 40% probabil-
ity).


Figure 3. Structure of [(CuI)3(dcpm)2] (perspective drawing; the thermal ellipsoids are drawn at 40% probabil-
ity). The shortest Cu¥¥¥Cu distance is 2.475(1) ä.
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[Cu4I4L4] (L=piperidine or morpholine) which display only
a single emission band at 77 K.[1a] The emission of 3 and 4
could be related to the short Cu�Cu contact distances of
2.4748 and 2.5758 ä; the high-energy emission originates


from a triplet metal-centered 3d!(4s, 4p) excited state
modified by a Cu¥¥¥Cu interaction.


All complexes display intense emissions with long life-
times in 77 K glassy solutions. At room temperature, solu-
tions of the complexes in acetonitrile showed only weak
emission in the 470±520 nm region (Figure 9); the emission
quantum yields are 2±4î10�3. In dichloromethane solutions,
no emission was found for 1 or 2, and excitation of 3 or 4 at
320 nm gave a red emission (Table 3 and Figure 9). In ace-
tone solutions a red emission with lmax at 625 nm was re-
corded for 1 or 2 (Figure 10). The large Stoke shift between
the emission (625 nm) and absorption (320 nm) energies de-
serves attention. Based on the reported crystal structure of
[Cu2(naph)2(Me2CO)](PF6)2,


[25] we propose that (CH3)2CO
would coordinate to the [Cu2(dcpm)2]


2+ core in the excited
state. Such exciplex formation is suggested to be responsible
for the red emission. However, attempts to obtain acetone
adducts of [Cu2(dcpm)2]


2+ were unsuccessful.


Time-resolved absorption spectra : The time-resolved ab-
sorption difference spectra of acetonitrile solutions of 1±5
were recorded following flash photolysis at 266 nm. As de-
picted in Figure 11, the spectra show absorption peaks with
lmax at 340±410 and 850±870 nm. The spectral data are listed
in Table 3. Comparison of the decay lifetimes of absorption
signals for 3±5 with the corresponding emission lifetimes
imply the generation of new species upon laser flash photol-
ysis. However, for acetone solutions of 1 or 2, the decay life-
times of the absorption signals at about 370 and 880 nm, re-


Table 3. Spectroscopic and photophysical properties of 1±5.


Complex Medium (T [K]) labs[nm] (e [mol�1dm3cm�1]) lem[nm]/i[ms] [c]labs[nm]/i[ms] fem


1 CH3CN (298) 263 (6155), 319 (6047) 475/3.6 380/4.9, 400/4.8, 850/5.6 0.004
CH2Cl2 (298) 231 (12356), 309 (13107) non-emissive
(CH3)2CO (298) 625/4.3 370/4.4, 440/4.3, 880/4.5
glass (77)[b] 415/126
solid (298) 460/36 0.26
solid (77) 415/59


2 CH3CN (298) 263 (5883), 319 (5830) 480/4.9
CH2Cl2 (298) 231 (13901), 309 (15062) non-emissive
(CH3)2CO (298) 328 (3004) 625/4.4 370/4.5, 440/4.3, 880/4.1 0.015
glass (77)[b] 415/127
solid (298) 377/63, 474/58 0.42
solid (77) 390/29, 475/89


5 CH3CN (298) 243 (28790), 279 (7085) 466/3.7 360/12, 400/15
312(sh) (6470) 870/16


CH2Cl2(298) 238 (43390), 279 (11320), 321 (6466) 480/0.17 0.003
glass (77)[b] 453/17
solid (298) 456/8.9 0.56
solid (77) 364/11


3 CH3CN (298) 245 (20518), 277 (3644), 308(sh) (1596) 500/2.8, 660/2.5 360/6.0, 380/7.6, 410/11, 860/11 0.002
CH2Cl2 (298) 244(sh) (37265), 287 (6776) 690/3.7 0.008
glass (77)[a] 430/15, 480/87, 630/81
solid (298) 626/10 0.11
solid (77) 480/11, 680/25


4 CH3CN (298) 245 (46984), 277(sh) (6252), 315(sh) (2052) 520/1.6, 660/1.4 340/4.4, 390/4.0, 860/4.9 0.004
CH2Cl2 (298) 248(sh) (39296) 700/0.27, 3.23 0.003
glass (77)[a] 485/80
solid (298) 590/9.7 0.12
solid (77) 490/7.4, 650/9.7


[a] solvent: CH3(CH2)2CN. [b] EtOH/MeOH (v/v, 1/4). [c] decay lifetime of transient difference absorption signals; sh= shoulder


Figure 4. Structure of [(CuI)4(dcpm)2] (perspective drawing; the thermal
ellipsoids are drawn at 40% probability).
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spectively, match the corresponding emission lifetimes, sug-
gesting that the absorption signals and emission come from
the same triplet excited state (Figure 12). The results descri-
bed above could rule out the possibility that the high- or
low-energy transient absorption originate from either the
metal±metal 3(3ds*!4ps) excited state of coordinated com-
plexes of solvent for complexes 1 and 2 or with a mixed
3ds*!4ps/LMCT triple excited state for complexes 3±5. In
the complexes, strong excited-state distortion should in-
crease the Cu�Cu bonding, and for mononuclear copper(i)
complexes no transient absorption has been observed in the
range.[1d,5,19a,26]


Figure 6. UV/Vis absorption spectra of [(CuI)3(dcpm)2] (3),
[(CuI)4(dcpm)2] (4), and [(CuI)2(dcpm)2] (5) in acetonitrile at room tem-
perature. Inset: in dichloromethane.


Figure 7. Room-temperature solid-state emission spectra (excitation at
290 nm) of [Cu2(dcpm)2(CH3CN)2](BF4)2 (1) (dash line) and
[Cu2(dcpm)2](BF4)2 (2) (solid line); excitation (dash dot line) and emis-
sion (dot line) spectra of [Cu2(dcpm)2(CH3CN)2](BF4)2 (1) in EtOH/
MeOH (1/4) at 77 K.


Figure 8. Solid-state emission spectra of [(CuI)3(dcpm)2] (3),
[(CuI)4(dcpm)2] (4a), and [(CuI)2(dcpm)2] (5) with excitation at 320 nm
at 298 K, [(CuI)4(dcpm)2] (4 b) at 77 K.


Figure 9. Emission spectra of [(CuI)3(dcpm)2] (3) and [(CuI)2(dcpm)2] (5)
in degassed dichloromethane, and [Cu2(dcpm)2(CH3CN)2](BF4)2 (1) in
degassed acetonitrile with excitation at 320 nm at 298 K.


Figure 5. UV/Vis absorption spectra of [Cu2(dcpm)2(CH3CN)2](BF4)2 (1)
in dichloromethane, and [Cu2(dcpm)2](BF4)2 (2) in acetonitrile (dash
line), dichloromethane (dash dot line), and acetone (dot line) at room
temperature.
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Experimental Section


Materials : CuI (Aldrich) and dcpm (Strem) were used as received. Sol-
vents (HPLC grade) used in the spectroscopic measurements were dried
and distilled under an argon atmosphere prior to use.


[Cu2(dcpm)2(CH3CN)2](BF4)2 (1), [Cu2(dcpm)2](BF4)2 (2): An equimolar
mixture of [Cu(CH3CN)4](BF4)2 and dcpm was dissolved in dichlorome-
thane (15 mL) at room temperature. After stirring for 2 h, the mixture
was filtered. Upon removal of solvent by rotary evaporation, the product
[Cu2(dcpm)2](BF4)2 was obtained as a white solid. The solid was recrys-
tallized from dichloromethane by slow evaporation. Complexes 1 and 2
were obtained as crystalline solids by diffusion of diethyl ether into a sol-
ution of [Cu2(dcpm)2](BF4)2 in acetonitrile or acetone, respectively. The
crystalline solid was characterized by 31P NMR and X-ray crystallogra-


phy. 31P NMR (202 MHz, CD3CN, 298 K): d=9.8 ppm for 1; (CDCl3):
d=16.5 ppm; (CD3CN): d=9.8 ppm; ((CD3)2CO): d=19.8 ppm for 2.


[(CuI)3(dcpm)2] (3): dcpm was added to a suspension of CuI in dichloro-
methane (25 mL), and the mixture was stirred for 4 h at room tempera-
ture. The resulting solution was filtered and concentrated down to 3 mL.
Addition of diethyl ether gave the product as a white solid. Recrystalliza-
tion by slow diffusion of diethyl ether into a solution of the crude prod-
uct in dichloromethane gave colorless crystals. The crystalline solid was
characterized by 31P NMR and X-ray crystallography. 31P NMR
(202 MHz, CDCl3, 298 K): d=�2.0 and �2.7 ppm.


[(CuI)4(dcpm)2] (4): The preparation of [(CuI)4(dcpm)2] (4) was similar
to that of 3. A mixture of CuI and dcpm (2:1 molar ratio) in dichlorome-
thane (40 mL) was stirred for 5 h at room temperature. The reaction mix-
ture was concentrated in vacuum and the crude product was recrystal-
lized from a CH2Cl2/diethyl ether mixture to give colorless crystals. The
crystalline solid was characterized by 31P NMR and X-ray crystallogra-
phy. 31P NMR (202 MHz, CDCl3, 298 K): d=�3.1 ppm.


Equipment and procedure : Steady-state absorption spectra were record-
ed at ambient temperature with a HITACHI U-3010 UV/Vis spectropho-
tometer. Crystals of a suitable size were mounted either on glass fibers or
in capillary tubes. X-ray data were collected either on a MAR PSD dif-
fractometer or Rigaku AFC7R diffractometer. Intensity data were col-
lected by the w-2q scan technique. The images were interpreted and inte-
grated by using the DENZO or ABSOR programs. The structures were
solved by direct (SIR92) or Patterson methods (PATTY) and expanded
by the Fourier method. Structural refinement on F or F2 by full-matrix
least-squares analysis was performed by using TeXsan, SHELXL-93, or


Figure 10. Emission spectra of [Cu2(dcpm)2](BF4)2 with excitation at
320 nm in degassed acetone (solid line) and in degassed acetonitrile
(dash dot line), excitation spectrum in degassed acetone (dotted line) at
298 K.


Figure 11. Room-temperature time-resolved difference absorption spectra
of [(CuI)3(dcpm)2] (1.7î10


�5
m) recorded at 1, 2.7, 5.2, 11, and 92 ms after


excitation at 266 nm in degassed acetonitrile. Inset: room-temperature
time-resolved difference absorption spectra of [(CuI)2(dcpm)2] (1.8î
10�5


m) monitored after 1.5 ms pulsed excitation at 266 nm in degassed
acetonitrile.


Figure 12. a) Room-temperature time-resolved difference absorption
spectra of [Cu2(dcpm)2](BF4)2 (8.0î10�5


m) recorded at 1.0, 2.4, 4.5, 9.0,
and 92 ms after excitation at 355 nm in degassed acetone. Inset: decay
traces of transient difference absorption spectra of [Cu2(dcpm)2](BF4)2
monitored at 440 nm; b) monitored at 860 nm.
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NRCC-SDP VAX programs. The ORTEP drawings of the structures
were displayed with hydrogen atoms omitted for clarity. The unweighted
and weighted agreement factors (Rf, Rw) and the goodness of fit (S) were
calculated.


CCDC-224323 (1), CCDC-224324 (2), CCDC-224325 (3), CCDC-224326
(4) contain the supplementary crystallographic data for this paper. These
data can be obtained free of charge via www.ccdc.can.ac.uk/conts/retrie-
ving.html (or from the Cambridge Crystallographic Centre, 12 Union
Road, Cambridge CB21EZ, UK; Fax: (+44)1223-336033; or deposit@
ccdc.cam.ac.uk).


Corrected emission and excitation spectra were obtained on a HITACHI
F-4500 fluorescence spectrofluorometer adapted to a right-angle configu-
ration. The emission spectra were corrected for detector response and
the excitation spectra were corrected for optical path difference between
the light source and the sample with programs and data supplied by the
manufacturer. Suitable bandpass filters were used to cut off the second
harmonic of the monochromatic excitation light source and stray light.
Solutions for excitation or emission measurements were degassed by em-
ploying at least four freeze-pump-thaw cycles. Low-temperature (77 K)
emission spectra for glass and solid-state samples were recorded in
quartz tubes (5 mm diameter) that were placed inside a liquid nitrogen
bath contained in a quartz optical Dewar flask.


Emission quantum yields in different solvents were determined relative
to quinine sulfate in 1.0n sulfuric acid at low concentrations (Fem=


0.546) or [Ru(bpy)3]
2+ (Fem=0.042).[27] Measurement of emission quan-


tum yields of powdered samples involved determination of the diffuse re-
flectance spectra of 1±4 relative to KBr at the excitation wavelength.[28]


The measured results were corrected for the detector response as a func-
tion of wavelength. Emission lifetimes of solid or solution samples were
performed with a Quanta Ray DCR-3 Nd-YAG laser with a pulse-width
of 8 ns and an excitation wavelength of 266 nm (fourth harmonic). Emis-
sion signals were collected at right angles to the excitation pulse by a Ha-
mamatsu R928 photomultiplier tube and recorded on a Tektronix model
2430 digital oscilloscope.


Transient absorption spectra were recorded after excitation of the sample
in degassed acetonitrile with an 8 ns laser pulse at 266 nm or in degassed
acetone at 355 nm. The monitoring beam was provided by a 300 W con-
tinuous-wave xenon lamp oriented perpendicular to the direction of the
laser pulse. The transient absorption signals at each wavelength were col-
lected with a SpectraPro-275 monochromator operated with 2 mm slits,
and the signal was fed to a Tektronix TDS 520D oscilloscope. The optical
difference spectrum was generated point by point by monitoring the
signal at individual wavelengths.
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A ™Chiral Aldehyde∫ Equivalent as a Building Block Towards Biologically
Active Targets


Barry M. Trost* and Matthew L. Crawley[a]


Introduction


The art and genius of synthetic organic chemistry is often
best expressed in the enantioselective total synthesis of bio-
logically significant molecules. In this regard, ™chiral alde-
hyde∫ building blocks offer enormous potential in allowing
access to synthetic targets.[1] Previously, allylic acetals de-
rived from chiral diols and enals have been used in a
number of cases to direct stereocontrolled reactions, includ-
ing cuprate additions, cyclopropanations, and additions of
electrophiles to the adjacent olefin.[2] While a variety of ap-
proaches for setting stereogenic centers have been establish-
ed, development of catalytic enantioselective methods to
achieve this goal has been a challenging undertaking.[3] The
ability to design a synthetic strategy without the restrictions
of starting materials from a chiral pool or of the cost and
often poor availability of chiral auxiliaries has differentiated
syntheses using asymmetric catalytic processes from other
approaches.[4a] The use of ™chiral aldehyde∫ building blocks
derived from asymmetric allylic alkylation (AAA) reactions
for stereospecific reaction of double bonds provides a


unique opportunity to access complex molecules with multi-
ple stereogenic centers.[4b]


One such building block, g-hydroxybutenolide derivatives,
serve as particularly useful ones. To the extent that the ster-
eochemistry of C-4 can be propagated by directing either
stepwise [Eq. (1), path a] or concerted [Eq. (1), path b] pro-


cesses, the resulting adducts are functionally equivalent to a
vicinal aldehyde±carboxylic acid existing in a protected
form. The potential value of such a building block led to an
elegant series of studies by Feringa et al.[5] In the first itera-
tion, a chiral auxiliary approach with menthol provided a di-
astereomerically pure g-menthoxybutenolide.[5a] A more ap-
pealing strategy effected an enantioselective enzymatic acyl-
ation to form a g-acetoxybutenolide.[5b] However, as the au-
thors subsequently note, ™the high sensitivity of the 5-acyl
substituent in subsequent C�C bond formation is an impor-
tant incentive for the alkoxy furanone.∫[5c]


The development of dynamic kinetic asymmetric transfor-
mations (DYKATs) in AAA reactions, through which race-
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Abstract: Chiral g-aryloxybutenolides,
readily accessible through dynamic ki-
netic asymmetric transformation
(DYKAT) of racemic acyloxybuteno-
lides, were utilized as ™chiral aldehyde∫
building blocks for intermolecular cy-
cloadditions and Michael reactions.
Unprecedented selectivity in trimethyl-
enemethane cycloadditions with this
building block allowed an efficient syn-
thesis of a novel metabotropic gluta-


mate receptor 1 antagonist in develop-
ment by the Bayer corporation. These
studies further inspired work that cul-
minated in the total synthesis of (+)-
brefeldin A, a natural product with a
range of significant biological proper-


ties. All of the stereochemistry in this
target molecule was derived from two
palladium-catalyzed asymmetric allylic
alkylation reactions. The trans-alkenes
were synthesized by a Julia olefination
and a ruthenium-catalyzed trans-hydro-
silylation-protodesilylation protocol.
The route to (+)-brefeldin A lends
itself to analogue syntheses and was
completed in 18 steps in 6% overall
yield.


Keywords: alkylation ¥ asymmetric
synthesis ¥ brefeldin A ¥ chiral
butenolides ¥ total synthesis
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mic material can be completely converted into enantiopure
adducts through interconversion of diastereomeric p-allyl in-
termediates, has significantly expanded the scope and utility
of the AAA process.[6] DYKATs offer a significant advant-
age over the traditional kinetic resolutions in terms of yield
and the avoidance of costly chiral auxiliary reagents. Entry
into chiral g-aryloxybutenolides was achieved by employ-
ment of a palladium-catalyzed AAA in a DYKATwith race-
mic butenolide 1, (R,R)-ligand 3, tetrabutylammonium chlo-
ride, and 2-naphthol (2) as the nucleophile to afford adduct
4 in 84% yield and 96% ee [Eq. (2)]. This approach pro-


vides access to either enantiomer in high ee simply by
switching the ligand and yields a derivative that is quite suit-
able for subsequent C�C bond-forming events.


In this paper we explore the utility of this readily availa-
ble chiral building block for subsequent C�C bond-forming
reactions. Special attention was given to cycloadditions,
most notably 1,3-dipolar cycloadditions including that of tri-
methylenemethane. Indeed, very simple strategies emerge
for the syntheses of the metabotropic glutamate receptor an-
tagonist represented by BAY 36-7620 and the fungal metab-
olite (+)-brefeldin A, which, among its myriad biological
functions, disrupts the Golgi complex and induces apoptosis
(see Scheme 1).


The biological significance of (+)-brefeldin A (6) has
been heavily studied. The unique mode of action in a variety
of therapeutic areas combined with the potential for ana-
logues makes it a particularly attractive synthetic target.[7]


The five stereogenic centers and the two trans-olefins in the
bicyclic macrolactone arrangement provide a range of op-
portunities and a host of challenges. The numerous synthetic
efforts emphasize this point. Despite the fact that the first


enantioselective total synthesis of (+)-brefeldin A (6) was
completed over two decades ago,[8] most of the efforts since
have either required a strategy with over 20 steps for the
longest linear sequence or have been completed with under
2% overall yield.[9,10] Among the shortest syntheses are
those of Corey,[9e] Haynes,[9m] Suh,[9p] Romo,[9s] and Kobaya-
shi.[9k]


Results


Michael additions to 2-(2-naphthoxy)-5-oxo-2,5-dihydrofur-
an : A large variety of substituents, including ethers, amines,
and alkyl groups, have been stereoselectively introduced
through Michael additions of stabilized nucleophiles.[11] In
order to establish benchmark comparisons with other sys-
tems, nucleophiles known to add to g-substituted buteno-
lides with facial selectivity were examined. A good example
was the addition of dimethyl malonate to ent-4 [Eq. (3)].


This conjugate addition afforded butyrolactone 7 in 77%
yield as a single diastereomer, comparable to the reported
addition of dimethyl malonate to (R)-(�)-5-[(1R,2S,5R)-
menthyloxy]-2(5H)-furanone (8).[12]


The trans configuration of lactone 7 was assigned, in part,
on the basis of comparisons with Feringa×s systems and, in
part, from macromodel calculations of the minimum-energy
conformation of the trans product 6, by means of an exten-
sive conformation search (5000 iterations) with an MM2
force-field in solution phase with chloroform as solvent
(Figure 1). The minimized conformation displayed a dihe-


dral angle of 82.18 that was consistent with the small cou-
pling constant of 2.4 Hz observed between the b- and g-pro-
tons of the lactone. Other low-energy conformations within


Scheme 1. Retrosynthetic analysis of BAY 36±7620 and (+)-brefeldin A.


Figure 1. Macromodel-predicted minimum-energy conformation of lac-
tone 7.
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0.2 kcalmol�1 of the predicted ground state had similar dihe-
dral angles (80.2±83.58) between the adjacent protons. The
syn conformation of adduct 7 had a dihedral angle of 228
that was inconsistent with the observed small coupling con-
stant. Further details of the stereochemical assignments for
lactone 7 and other Michael addition adducts are discussed
later in this section.


Since preliminary investigations indicated that aryloxybu-
tenolide 4 could function in Michael additions as well as or
better than other chiral butenolides, we decided to investi-
gate whether other stabilized nucleophiles not previously in-
vestigated for the other butenolides would add selectively.
The addition of nitroalkanes was an evident choice. Treat-
ment of 2-nitropropane with butenolide ent-4 in the pres-
ence of one equivalent of DBU afforded lactone 9 in 93%
yield as a single diastereomer [Eq. (4)]. As in the case of
the malonate, the 2.9 Hz coupling of the vicinal hydrogens is
in accord with the depicted trans geometry.


Diastereoselective cycloaddition reactions with the buteno-
lide : Diels±Alder reactions of both cyclic and acyclic dienes
with 5-menthyloxy-2(5H)-furanone have been well docu-
mented by Feringa and co-workers.[13] The diastereoselectivi-
ties were outstanding in most of the reported examples,
though the yields were sometimes moderate (44 to 77%).
To benchmark chiral butenolide 4, two Diels±Alder reac-
tions were examined.


The first cycloaddition was with 1,3-cyclohexadiene 10
and butenolide ent-4 [Eq. (5)]. The reaction was carried out


neat in a microwave and gave quantitative conversion (96%
yield after silica-gel chromatography) into a single diaster-
eomer 11. The stereochemistry of endo-adduct 11 was as-
signed by analogy from Feringa×s[12] examples and by evalua-
tion of the coupling constants of the g- and b-protons in
comparison with a macromodel MM2 force-field solution-
phase minimum-energy structure (Figure 2). The lactone g-
proton displayed a doublet at d=5.70 ppm, with a coupling
constant of 1.7 Hz consistent with the dihedral angle of 1048
predicted by the modeling calculations. This was in agree-
ment with the coupling constant of 1.5 Hz observed by Fer-
inga for the g-lactone proton in the menthyloxy adduct.


The Diels±Alder reaction between 2,3-dimethylbutadiene
12 and butenolide ent-4 afforded anti cycloadduct 13 as a
95:5 diastereomeric mixture of the anti and syn adducts
[Eq. (6)]. The ratio was assigned by 1H NMR spectroscopy,


by comparison of the integration of the g-lactone proton sig-
nals (d=5.79 ppm singlet for anti vs d=6.08 ppm doublet,
J=2.2 Hz for syn). The observation of no coupling constant
between the b- and g-protons for adduct 13 was consistent
with Feringa×s Diels±Alder adduct for the menthyloxy
system. In that case Feringa confirmed the relative stereo-
chemistry through X-ray crystallography.


Since the [4+2] cycloaddition reactions proceeded with
excellent selectivities and yields, the next logical step was to
examine [3+2] dipolar cycloaddition reactions. It was desira-
ble to ascertain whether butenolide 4 could provide results
equally impressive as observed in other butenolide systems
for these reactions, and also to see whether previously un-
tried cycloaddition reactions with butenolides could proceed
diastereoselectively.


One straightforward comparison was pursued in the cyclo-
addition between ethyl diazoacetate 14 and butenolide ent-4
to give cycloadduct 15 as a single diastereomer in 94% yield
[Eq. (7)]. The assignment of stereochemistry was possible


by comparison to the known menthyloxy adduct described
by Feringa,[14] who obtained the adduct in 65% yield and in
an anti/syn ratio of 91:9. The anti adduct had no coupling
between the b- and g-protons, while the syn adduct had a
7.0 Hz coupling constant. In the case of adduct 15, the g-
proton displayed a singlet at d=6.49 ppm. This chiral bute-
nolide ent-4 demonstrated both improved yield and selectivi-
ty in this cycloaddition reaction.


Figure 2. Energy-minimized structure of Diels±Alder adduct 11.
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Cycloaddition reactions with diazomethane in ethereal
solution at various temperatures with or without additives
gave a crude diastereoselectivity of 4:1, to afford pyrazoline
16 in 76% yield and as a single diastereomer after chroma-
tography [Eq. (8)]. The corresponding reaction of the men-


thoxy acceptor is reported to provide a selectivity of 3:1 in
55% yield.[15] The stereochemistry of addition was assigned
by comparison to similar systems and by use of the Karplus
relationship, which indicates that the coupling constant be-
tween the protons should be less than 2.0 Hz for the anti ad-
dition product while the syn addition product should have a
coupling constant between 8.0 and 11.0 Hz. The observed
signal for the g-lactone proton of the major cycloadduct 16
at d=5.77 ppm appeared as a doublet, J=1.5Hz, consistent
with the assigned stereochemistry.


Access to 3,4-cis-bis-functionalized pyrrolidines is possible
through diastereoselective addition of azomethine ylides to
chiral butenolides. Successful studies on this type of cycload-
dition under ultrasonic conditions have been reported.
Treatment of butenolide 4 with azomethine precursor 17 af-
forded pyrrolidine derivatives 18 and 19 in 92% combined
yield, as a 3.5:1.0 mixture of diastereomers [Eq. (9)]. The di-


astereomers were separable by silica-gel chromatography
and readily identified, as in the previous cases, by examina-
tion of the coupling constants between the g- and b-lactone
protons. For the major trans adduct 18, the g-proton dis-
played a signal at d=5.92 ppm as a doublet, J=1.5 Hz,
while the in syn adduct 19 the g-proton displayed a signal at
d=6.21 ppm as a doublet, J=6.6 Hz.


The success with classical [4+2] and [3+2] cycloaddition
reactions inspired the examination of trimethylenemethane
(TMM) cycloaddition reactions with butenolide 4. The ace-
tate 20 was available in three steps and 48% yield by meth-
ods previously developed in these laboratories starting from
2-methyl-2-propen-1-ol.[16] The TMM precursor 20 generates
a dipole in situ after treatment with palladium(0), to form


palladium p-allyl intermediate 21. The a-silyl group subse-
quently undergoes desilylation, presumably by attack of the
acetate anion on silicon, to give dipole 22 [Eq. (10)].[17]


Dipole 22 can then add to electron-deficient olefins.


Treatment of acetate 20a with butenolide ent-4 in the
presence of palladium(ii) acetate with triisopropyl phosphite
as ligand in toluene at reflux afforded cyclopentanoid
adduct 23a in 93% yield and as a single diastereomer
[Eq. (11)]. Lactone 23a was a white solid stable to storage


at ambient temperature without the need for inert atmos-
phere.


The stereochemistry of addition was assigned as trans by
comparison of the macromodel-generated minimum-energy
conformations of the trans and cis adducts (MM2 force-field
with chloroform as solvent) with the observed coupling con-
stants for lactone 23a (Figure 3). The predicted dihedral


angle between the b- and g-protons on the lactone was 928
for the trans adduct and 238 for the cis adduct. The observed
signal for the g-proton was a singlet at d=5.90 ppm, consis-
tent with the trans geometry.


Figure 3. Conformations of the trans and cis TMM adducts 23a predicted
by Macromodel.
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The success with the unsubstituted TMM cycloaddition
prompted an investigation of the reactions of substituted
TMM dipoles 20a±e with the butenolide. These substituted
TMM precursors were synthesized by previously described
methods,[18] and the butenolide was then subjected to the
usual Pd0 catalyst system for such cycloadditions to provide
adducts 23a±e (Table 1). The solvent effect on the facial se-


lectivity is noteworthy; that is, a higher diastereoselectivity
was observed in toluene than in THF even though the
former is at considerably higher temperature (Table 1, en-
tries 3 and 4).


Thus, with the unsubstituted TMM±PdL2 species, reaction
proceeds via complex 22b and not 22a. Diacetate 20c did
not react under the reaction conditions, and gave recovered
starting material (Table 1, entry 5). In the case of the cyano-
substituted TMM reaction (Table 1, entries 3 and 4), the
exocyclic double bond of the initial product isomerized to
the endocyclic position under the reaction conditions. While
the epimeric ratio with respect to the methyl group in
entry 6 was 1:1, the ratio increased to 4:1 in the phenyl-sub-
stituted system (Table 1, entry 7).


As in the case of the unfunctionalized TMM adduct 23a,
the g-protons on the lactones produced singlets (the ob-
served chemical shifts were between d=5.80 and 6.20 ppm),
consistent with the trans rather than the cis adducts. The
regio- and stereochemistry of addition for the substituent on
both epimers of the methyl (23d1 and 23d2) and phenyl
(23e1 and 23e2) derivatives were established by nOe experi-
ments (Figure 4). The methyl-substituted derivatives were
readily assigned by observing that, in compound 23d1, pro-
tons Ha and Hb displayed a 2.8% nOe, while there was no
nOe between protons Ha and Hc. Conversely, adduct 23d2


showed protons Ha and Hb with no nOe, while protons Ha


and Hc displayed a 3.0% nOe.
In the case of phenyl adducts 23e1 and 23e2, isolated in a


4:1 ratio, the same type of observations allowed the relative
stereochemistry to be assigned. In compound 23e1 the pro-
tons Ha and Hb displayed a 4.2% nOe, while there was no
nOe between protons Hb and Hc. Conversely, adduct 23e2


showed no nOe between protons Ha and Hb, while protons
Hb and Hc displayed a 7.2% nOe.


Further studies, including the synthesis of the Bayer
drug 36-7620 and the total synthesis of (+)-brefeldin A (5),
further confirmed the trans nature of the cycloaddition
adduct through the conversion of TMM adducts into known
compounds.


A concise synthesis of Bayer compound 5 : The unsubstitut-
ed TMM adduct 23a proved to be a versatile building block
and provided an opportunity for efficient access to a Bayer
drug in development, BAY 36-7620 (5). This compound is
part of a novel class of metabotropic glutamate receptor 1
antagonists invented by Bayer.[19] It is a specific and potent
noncompetitive mGluR1 antagonist, structurally not resem-


bling glutamate, which inhibits
>60% of mGluR1 constitutive
activity at slightly under 11nm
concentration.[19d]


The synthesis of BAY 36-
7620 (5) was a straightforward
process from cyclopentene 23a
(Scheme 2). Reductive removal
of the aryloxy group by use of
sodium borohydride under
basic conditions, followed by re-


lactonization with aqueous hydrochloric acid, afforded g-di-
hydrolactone 25 in 83% yield. Akylation of adduct 25 with
2-bromomethylnaphthalene afforded adduct 5 in 83% yield.


Table 1. TMM cycloadditions to butenolide ent-4.[a]


Entry Substrate Conditions Product Yield [%] dr (epimers)[b]


1 20a toluene, 100 8C, 12 h 23a 93 >98:2
2 20a THF, 65 8C, 24 h 23a 93 >98:2
3 20b THF, 65 8C, 12 h 24 94 5.5:1
4 20b toluene, 100 8C, 12 h 24 91 94:6
5 20c toluene, 100 8C, 12 h ± ± ±
6 20d toluene, 100 8C, 48 h 23d 60 >98:2 (1:1)
7 20e toluene, 100 8C, 24 h 23e 79 >98:2 (4:1)


[a] All reactions were run as summarized in Equation (11). [b] Diastereomeric ratios are of the crude reaction
mixture.


Figure 4. Assignment of relative stereochemistry for cycloadducts 23d
and 23e.


Scheme 2. Synthesis of Bayer drug 36±7620 (5).
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The 1H NMR data and the sign and magnitude of rotation
matched the Bayer data {[a]D=�30�0.1 (c=1.60 in
CHCl3) vs. Bayer data [aD]=�33.0 (c=1.0 in CH2Cl2)}.
Thus, a concise, six-step synthesis of Bayer 36-7620 (5) was
completed in 44% yield from commercially available furfu-
ral, compared to the eight-step and 16% yield process re-
ported by Bayer. The use of this methodology should pro-
vide access to both enantiomers of 5 as well as a number of
other alkylation derivatives, though only one was prepared.


Total synthesis of (+)-brefeldin A (6): There have been
many synthetic efforts towards (+)-brefeldin A (6) because
of its unique structural features. The majority of these ap-
proaches have used a convergent synthetic approach discon-
necting the molecule into a cyclopentane core fragment and
side chains. These routes have closed the macrolide by lacto-
nization, cycloaddition, or metathesis. This strategy appealed
to us, though it was important to design a synthesis that
could avoid many of the protecting and functional group
manipulations involved that have caused previous syntheses
to be somewhat lengthy.


We envisioned (+)-brefeldin A (6) coming from a core
fragment 26, a six-carbon lower side chain 27, and ethyl pro-
piolate (28) (Scheme 3). The sulfone 27 would be coupled in


a modified trans-selective Julia olefination[20] with aldehyde
26. The remaining propiolate fragment would be added by
addition to a Weinreb amide, followed by epimerization of
the proton a to the carbonyl group. Subsequent deprotec-
tion, ester saponification, macrolactonization, and global de-
protection would complete the total synthesis of 6.


The six-carbon lower side chain sulfone 27 would be de-
rived from the chiral four-
carbon allylic ether 29, itself
produced from a regio- and
enantioselective allylic alkyla-
tion of the carbonate of (E)-
crotyl alcohol (30) (Scheme 4).
The allylic ether 29 could be
transformed into the Julia pre-
cursor 27 by any number of
two-carbon homologation pro-
tocols. The aryl group of sul-
fone 27 was envisioned as a tet-


razole sulfone that has shown exceptional versatility in the
one-pot Julia olefination.


Core aldehyde 26 could be formed from lactone 31 by
opening with N,O-dimethylhydroxylamine (Scheme 5). The
lactone 31 would be synthesized from cyclopentene 32, itself


derived from a diastereoselective [3+2] trimethylenemeth-
ane (TMM; generated in situ from allylic acetate 20a) cyclo-
addition reaction with chiral butenolide 4. Butenolide 4 was
derived through an AAA reaction in a DYKAT as previous-
ly described, originating from furfural 33.


Synthesis of the C(11)±C(16) lower side chain–a first-gen-
eration approach : The possibility of using a catalytic enan-
tioselective reaction to set the remote C(15) chiral center of
(+)-brefeldin A (5) was appealing. In a continuation of the
research of Trost and Toste on AAA reactions of allylic car-
bonates with phenols, methyl crotyl carbonate 34 was alkyl-
ated with 4-methoxyphenol under a variety of conditions
[Eq. (12), Table 2].[21] The initial results reported by Toste
were encouraging, giving 87:13 branched to linear selectivity,
though only 60% ee. Toste discovered that the enantioselec-


Scheme 3. Retrosynthetic analysis of (+)-brefeldin A (6).


Scheme 4. Retrosynthetic analysis of the lower side chain 27.


Scheme 5. Retrosynthetic analysis of the cyclopentane core 26.


Table 2. Asymmetric allylic alkylation of 4-methoxyphenol with crotyl carbonate.[a]


Entry Pd2dba3
[mol%]


Ligand
[mol%]


Conditions Yield
[%]


branched/
linear


% ee


1 1.0 3.0 THF, RT, 0.5m 85 87:13 60
2 1.0 3.0 CH2Cl2, 0 8C, 0.5m 78 92:8 71
3 0.25 0.75 CH2Cl2, 0 8C, 0.5m, 30%


Bu4NCl
86 97:3 31


4 0.25 0.75 CH2Cl2, 0 8C, 0.5m 75 95:5 81
5 0.25 0.75 CH2Cl2, 0 8C, 0.5m, K2CO3 75 93:7 81
6 0.25 0.75 toluene, 0 8C, 0.1m 95 96:4 90
7 0.25 0.75 branched SM, as entry 4 92 96:4 32


[a] All reactions run as summarized in Equation (12).
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tivity plummeted to 31% with the addition of tetrabutylam-
monium chloride, suggesting that p±s±p interconversion was
unfavorable for this alkylation. Further investigation re-
vealed that toluene was the optimum solvent for this reac-
tion and that dilute conditions at 0 8C are important to maxi-
mize the selectivity. This reaction is an example of enantio-
selection derived from preferential ionization through enan-
tioselective coordination to one of the prochiral olefin
faces.[22] The optimized conditions gave yields over 95%
with 90% ee and 96:4 branched to linear ratio (entry 6,
Table 2). This reaction was robust and performable on
10 gram scales with no change in selectivity.


The chiral allylic ether 29 was transformed into enoate 36
by hydroboration±oxidation to alcohol 35 and subsequent
one-pot oxidation to the aldehyde and an in situ Wittig reac-
tion in an overall yield of 64% (Scheme 6). Only one chro-


matographic separation was necessary in this sequence, after
the final step. Enoate 36 was transformed in a sodium boro-
hydride 1,4-reduction catalyzed by nickel dichloride[23] fol-
lowed by reduction with lithium aluminium hydride to
afford the saturated alcohol 37 in 92% yield over two steps.
The primary alcohol 37 was
readily converted into sulfone
27 in 88% yield by Mitsunobu
coupling of 1-phenyl-5-thioltet-
razole (38) followed by oxone
oxidation.[24] The total sequence
afforded sulfone 27 in six steps
and 52% yield from 29.


The absolute stereochemistry
of the adduct 35 derived from the AAA reaction with crotyl
carbonate was established by conversion of intermediate 37
into 39 by use of cerium ammonium nitrate in acetone/water
to afford diol 39 in 87% yield [Eq. (13)]. Diol 39 is known,
and its spectral data as well as the sign and magnitude of its


optical rotation ([a]D=++6.6�0.3 (c=0.70 in CH3OH))
agree well with the reported values ([a]D=++7.0�2.0 (c=
0.89 in CH3OH).[25] This unambiguously established that no
epimerization had occurred in the transformation to inter-
mediate 37 and confirmed the results from the AAA reac-
tion.


An alternative approach to the lower side chain : While the
initial route to sulfone 27 gave a high overall yield, it was
also somewhat lengthy. Several other ways to make the
lower side chain 27 were examined, including conversion of
allylic ether 29 into an alkyl iodide (by hydrozirconation-io-
dination of 28) as an alkylation partner. Unfortunately these
efforts were unsuccessful. A revised approach utilized a
cross-metathesis reaction between allylic ether 29 and two
equivalents of sulfone 40 [Eq. (14)]. The latter compound


was prepared in 86% overall yield through a Mitsunobu re-
action between a tetrazolethiol and homoallyl alcohol with
subsequent ammonium molybdate oxidation. Hydrogenation
of the olefin with palladium on carbon cleanly afforded sul-
fone 27 in two steps and 60% yield. This route reduces the
number of linear steps from 29 to only two.


Synthesis of the core–a first-generation approach : The
™chiral aldehyde∫ equivalent 4 was utilized as the key build-
ing block for the core synthesis of (+)-brefeldin A (6). The
previously described cyclopentene 23a was oxidatively
cleaved in a one-pot protocol with catalytic osmium tetrox-
ide and sodium periodate[26] to give a 92% yield of ketone
41 [Eq. (15)]. The crude adduct was sufficiently pure for use
in subsequent transformations without further purification.


Ketone 41 was chemo- and diastereoselectively reduced
(96:4 dr) to alcohol 31a by Yamamoto×s method[27]


(Scheme 7). It should be noted that the transformation was
not as trivial as initially expected and that a variety of re-
ducing agents including sodium borohydride, diisobutylalu-
minium hydride, and lithium aluminium hydride led to pref-
erential reduction of the lactone instead of the ketone.
Other reduction methods led either to the wrong chemose-
lectivity or to no diastereoselectivity. Without purification,


Scheme 6. Completion of the C(11)±C(16) lower side chain fragment 27.
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the alcohol 31a was silyl-protected to afford intermediate
31b in 77% yield for the two steps. By a modification of a
Merck protocol, in which twice the normal amounts of base
and amine were utilized,[28] the lactone 31b was then
opened to amide/aldehyde 26 in 84% yield with isopropyl-
magnesium chloride as base. This completed the eight-step
sequence from furfural in 38% overall yield.


To validate the presumed stereochemistry of intermediate
26, nOe experiments were conducted. The results confirmed
the predictions. The proton Ha displayed nOes of equal
magnitudes of 3.0% to both Hb and Hc (Figure 5). This veri-
fied that the three protons were in cis positions and that no
epimerization had occurred during the opening of the lac-
tone.


Further elaboration of the core fragment by the planned
Julia olefination with sulfone 27 was unsuccessful. Both lithi-
um and potassium hexamethyldisiliazane were utilized as
bases in dimethoxyethane, tetrahydrofuran, and toluene as
solvents; hexamethylphosphorous amide was also utilized as
an additive. Despite a variety of changes, all efforts caused
decomposition to a complex mixture.


Several explanations for the decomposition were possible.
Firstly, the initial adduct of sulfone addition might lactonize.
Secondly, the initial aldehyde 26 might epimerize under the
basic conditions. Furthermore, the reactivity of the system
was probably altered because of the steric demands of the
system.


To overcome this obstacle, a modified protocol to attach
the lower side chain was devised. Aldehyde 27 was trans-
formed into the trans-vinyl iodide 42 in 61% yield by the
Takai protocol (Scheme 8).[29] Initial attempts to cross-
couple the vinyl iodide 42 under Suzuki conditions[30] with


borane derivative 43b resulted only in the protodeiodination
product 44. The borane 43b was formed in situ from alkene
43a. Compound 43a was derived from chiral allyl ether 29
in three steps and 61% yield (Scheme 9). The formation of


only the undesired 44 was surprising, as the same borane
43b reacted under identical conditions with the more hin-
dered vinyl iodide substrate 45 to give an 85% yield of
trans-alkene 46 [Eq. (16)].


However, utilization of the improved cross-coupling pro-
tocol under the conditions described by Fu[31] afforded the
desired extended core fragment 47 in 68% yield [Eq. (17)].
This intermediate was stable and readily purified by silica-
gel chromatography. To confirm that no epimerization had
occurred during the Takai reaction or the Suzuki cross-cou-
pling reaction, nOe experiments were conducted on vinyl


Scheme 7. First-generation synthesis of the core 26.


Figure 5. Confirmation of the relative stereochemistry for aldehyde 26.


Scheme 8. Further efforts towards the cyclopentane core.


Scheme 9. Synthesis of the C(5) intermediate 43.
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iodide 42 and amide 47 (Figure 6). For derivative 42, proton
Ha displayed nOes of equal magnitude of 4.1% to protons
Hb and Hc. In the case of amide 47, proton Ha showed a
2.4% nOe to Hb and 2.2% to Hc. These experiments vali-
dated the indicated stereochemistry.


Unfortunately, after confirm-
ing the stereochemistry and
overcoming the obstacles to
obtain core 47, we discovered
the material was not suitable
for further transformations. The
desired addition of ethyl pro-
piolate resulted only in recov-
ered starting material under a
variety of conditions. Several
dozen sets of reaction condi-
tions were examined, including
reductions of the amide and ep-
imerizations of the Weinreb amide a-center. Its lack of reac-
tivity, or under some conditions its decomposition, was quite
unexpected.


While the lack of reduction was surprising, it was not
clear whether Weinreb amides were susceptible to nucleo-
philic addition of propiolate anions. While numerous exam-
ples of addition with the lithium salts of alkyl- and aryl-sub-
stituted alkynes are known, there have been no reports of
ester-substituted alkynes adding to the amide. Model sub-
strate 49 was selected because of its ease of preparation and
was treated with various nucleophiles both in the presence
and in the absence of a strong acid catalyst (boron trifluo-
ride etherate) [Eq. (18)]. The results confirmed the reactivi-
ty of a Weinreb amide to the conditions under which sub-


strate 47 was inert (Table 3). Notably, the reaction between
Weinreb amide 49 and lithium propiolate proceeded at
�78 8C in the presence of boron trifluoride etherate.


Synthesis of the core–a second-generation approach : Given
this roadblock and the number of difficulties in the original
route to (+)-brefeldin A (6), a new approach was needed.
The flexibility of the butenolide 4 as a ™chiral aldehyde∫


building block is nicely demonstrated by this change of
strategy (see Scheme 10). All of the reactivity problems in
the first route can be traced to the cis configuration of the
three cyclopentane substituents. However, despite the trans-
C(5)±C(9) of the natural product, the initial aldehyde could
not be epimerized, because it would give the wrong epimer
of the natural product. Instead, if the opposite enantiomer
of butenolide 4 was prepared by use of the opposite enan-
tiomer of the ligand in the DYKAT reaction, the aldehyde
could then be epimerized and used to install the C(1)±C(3)
upper side chain. The amide would be the tether for the
C(11)±C(16) fragment. Disconnection of (+)-brefeldin A (6)
to enoate 51 gives a fragment that could be synthesized
from amide 52 by alkyne addition/reduction to the aldehyde,
followed by protection and amide reduction. Amide 52 is
derived from butenolide ent-4.


Efficient synthesis of a functionalized (+)-brefeldin A core :
Starting with butenolide ent-4, the route to core 52 was iden-
tical to that in the first core synthesis, with the exception of
the epimerization in the last step. Some of the yields dif-
fered slightly, but were within 5% of those in the first-gener-
ation approach. The final epimerization step proceeded with
14:1 diastereoselectivity to give intermediate 52
(Scheme 11); the undesired isomer could be recycled. The
sequence from commercial furfural was completed in nine
steps and 32% overall yield and was readily performable on
gram scales.


Figure 6. Confirmation of relative stereochemistry for iodide 42 and
amide 47.


Table 3. Nucleophilic additions to a Weinreb amide.[a]


Entry Nucleophile Additive T [8C]/t [h] Product Yield [%]


1 ± 0/1 50a 84


2 BF3¥OEt2 �78/0.5 50a 78


3 LiC�CCO2Et ± RT/24 starting material ±
4 LiC�CCO2Et BF3¥OEt2 �78/1 50b 79
5 BrMgC�CH ± 0/1 50c 85
6 BrMgC�CH BF3¥OEt2 �78/0.5 decomposition ±


[a] All reactions performed in THF as summarized in Equation (18).


Scheme 10. Revised retrosynthetic analysis.
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The relative stereochemistry of aldehyde ent-28, the all-cis
precursor to aldehyde 52, had previously been established
by nOe studies. Aldehydes 52 and ent-27 had the same mo-
lecular weight and connectivity as determined by HRMS,
and 1H NMR and 13C NMR spectroscopy. The 1H NMR
spectra were virtually identical, the chemical shifts differing
by less than 0.1 ppm, with the exceptions of those of the two
protons a to the carbonyl groups. Two nOe experiments
showed a 2.7% nOe between Ha and Hb and no nOe be-
tween Ha and Hc. This confirmed the assumption that the al-
dehyde 52 had the desired stereochemistry (Figure 7).


The introduction of the
upper side chain envisioned the
use of a new protocol for the
formation of trans-alkenes from
alkynes. To obtain the requisite
propargyl alcohol 53, diastereo-
selective addition of ethyl pro-
piolate to aldehyde 52 was ex-
amined [Eq. (19) ,Table 4]. Var-
iation of conditions allowed access to both epimers at C(4).


Addition of the lithium anion of ethyl propiolate to the
core 52 in a THF/HMPA (5:1) solvent mixture at �78 8C
(entry 1) afforded the desired alcohol 53 with 6:1 diastereo-
selectivity. A change in conditions to dimethoxyethane as


solvent with use of stoichiometric magnesium bromide af-
forded the opposite epimer of alcohol 53. Tentative assign-
ment of the 4S stereochemistry as the major adduct for en-
tries 1 and 2 was explained in terms of Felkin±Anh control.
The rationale for entries 3±6, Table 4, were explained in
terms of chelate control with the best diastereoselectivity
being obtained with the better chelating Mg2+ .


While the recently reported ruthenium-catalyzed trans-hy-
drosilylation conditions had been reported on a variety of
substrates, highly oxygenated substrates had not been exam-
ined.[32] Several model compounds were subjected to the re-
ported conditions (Scheme 12, Table 5). Treatment of sub-


strate 50a afforded adduct 54a in 92% yield as a 4:1 mix-
ture of regioisomers favoring the b-silyl-substituted product
(d=7.10 ppm minor vs d=6.08 ppm major for the olefin
protons). Substrate 50b did not afford adduct 54b, but in-
stead directly formed alkene 55b in 70% yield under the re-


Scheme 11. Second-generation route to the core 52.


Figure 7. Confirmation of relative stereochemistry for amide 52.


Table 4. Diastereoselective alkylation of the C(4)-aldehyde.[a]


Entry Solvent(s) Conditions 4-(S)/4-(R) Yield [%]


1 THF/HMPA 5:1 �78 8C, 4 h 6.0:1.0 88
2 THF/HMPA 9:1 �78 8C, 4 h 4.5:1.0 84
3 THF �78 8C, 4 h 1.0:3.0 86
4 THF �78 8C, 4 h, MgBr2 1.0:3.5 80
5 DME �78 8C, 2 h 1.0:5.0 92
6 DME �78 8C, 2 h, MgBr2 1.0:6.0 91


[a] Reaction as depicted in Equation (19).


Scheme 12. Model studies for the hydrosilylation protocol.


Table 5. Model studies for the hydrosilylation protocol.[a]


Entry R R’ Reactant Comments Yield [%] (Product)


1 CH2CH(CH2)8 C(OCH2)3CMe 50a no additive 92 (54a)
2 CH2CH(CH2)8 CO2Et 50b no additive 70 (55b)
3 EtO CH(OH)CH2CH3 50d 1.5 equiv CsF 77 (55d)
4 EtO CH(OH)CH(CH3)2 50e 1.5 equiv CsF 96 (55e)


[a] Reaction depicted in Scheme 12.
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action conditions. Substrates
50d and 50e, which approxi-
mate alkyne 53a in their substi-
tution patterns (Table 5, en-
tries 3 and 4), gave 77% and
96% yields of products 55d and
55e, respectively, when cesium
fluoride in ethanol was added
after the hydrosilylation. Thus,
ynoates with g-keto substitution
protodesilylate directly, whereas
those with g-alkoxy substitution
allow for isolation of the b-vi-
nylsilanes.


The presumed (4S)-config-
ured alkyne 53a was subjected
to the same ruthenium-cata-
lyzed conditions. The crude
mixture was treated with cesium fluoride in ethanol to
afford alkene 56a in 92% yield [Eq. (20)].


Derivative 56a gave an opportunity for confirmation of
the absolute stereochemistry of addition of the ethyl propio-
late. Coupling of 56a with (S)-O-methylmandelic acid (57)
and (R)-O-methylmandelic acid (58) by a method to deter-
mine absolute stereochemistry developed in these laborato-
ries[33] gave derivatives 59 and 60 in 94±95% yield
(Scheme 13). The highlighted segments of each 1H NMR
spectra (Figure 8) illustrate the profound difference in


chemical shift exhibited by the olefin protons between the
two compounds.


Chemical shift differences between the two spectra fit the
pattern established earlier for the methylmandelate deriva-
tives. Shielding of the a-proton of the olefin in the case of
59 versus 60 indicated a difference of 0.4 ppm. A similar
magnitude but opposite chemical shift difference was ob-
served for the cyclopentane methine proton, whereby a dif-
ference of 0.3 ppm was observed for 59 versus 60 (d=2.71
vs 2.42 ppm). This showed shielding of the protons in 60
(Figure 8). These variations are readily explained by the
model and confirmed the major adduct was correctly as-
signed as 4S.


After protection of the free alcohol 56 as the tert-butyldi-
methylsilyl ether, the amide was chemoselectively reduced
to aldehyde 51 in the presence of the enoate, by use of
DIBAL-H as the reducing agent at �78 8C [Eq. (21)]. This
completed the synthesis of the highly functionalized cyclo-
pentane core in 13 steps and 18% yield from furfural 33.


Completion of the total synthesis : With key aldehyde 61
and sulfone 28 in hand, the critical Julia olefination was ex-
amined. The optimum conditions involved use of potassium
hexamethyldisilazide as the base instead of lithium or
sodium hexamethyldisilazide in dimethoxyethane solvent at
�78 8C. This gave a 12:1 E/Z selectivity for the formation of
alkene 61 [Eq. (22)]. Use of THF as solvent gave a signifi-
cantly reduced yield (35 vs 81%). This coupling did not
have any of the problems encountered in the first-genera-
tion synthesis. The E/Z ratio was assigned by proton NMR


Scheme 13. Establishment of the relative stereochemistry of the C4 ster-
eogenic center.


Figure 8. Assignment of stereochemistry through compounds 59 and 60.
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spectroscopy by comparison of the integration of the major
and minor olefin signals. Both the major and minor adducts
had olefins with irregular splitting patterns and coupling
constants: (d=5.38±5.35 and 5.49±5.40 ppm, respectively).
The major adduct was presumed to be the E adduct, as later
confirmed by completion of the total synthesis.


The total synthesis was completed in a four-step sequence.
The 4-methoxyphenol group of 61 was oxidatively cleaved
by use of cerium ammonium nitrate, followed by ester sapo-
nification with sodium hydroxide to afford acid 62 in 76%
yield over two steps (Scheme 14). Macrolactonization by Ya-


maguchi×s method[34] to give the bis(silyl)-protected brefel-
din 63 and subsequent global deprotection with tetrabuty-
lammonium fluoride afforded (+)-brefeldin A (6) in two
steps and 51% yield. All of the spectral data, as well as the
sign and magnitude of rotation ([a]D=++89.6�0.5 (c=0.40
in MeOH)), matched those of an authentic sample ([a]D=
+91.2�0.4 (c=0.50 in MeOH))[35] of (+)-brefeldin A (6).


Conclusion


The enantiopure furanone 4, readily available through a pal-
ladium-catalyzed AAA in a dynamic kinetic asymmetric
transformation, has shown its utility as a ™chiral aldehyde∫


building block. The efficacy of this moiety to direct the dia-
stereoselective assembly of substituted furanones was well
demonstrated by its providing equivalent or superior results
to known chiral butenolides under a variety of reactions.
The crystalline natures of the products, amplified by the
aryloxy group, simplified their purification, often requiring
only recrystallization. Conjugate additions to butenolide 4
with stabilized nucleophiles, particularly nitroalkanes, gave
complete diastereofacial control in forming the new stereo-
genic center. Cycloaddition reactions proceeded with high
facial selectivity, often affording only a single diastereomer
with up to four new stereogenic centers in outstanding
yields. The excellent yields in these additions and the ability
to run certain reactions neat with butenolide 4 has further il-
lustrated its synthetic utility. The examples of TMM dipolar
cycloadditions to the chiral butenolide 4 could not have
given better results: complete control of regio- and diaster-
eoselectivity in excellent yield. A short synthesis of Bayer
compound 5 illustrated the utility of these building blocks
for a pharmaceutical application.


The highly versatile synthetic strategy that takes advant-
age of this palladium-catalyzed AAA-derived ™chiral alde-
hyde∫ equivalent has led to a total synthesis of (+)-brefel-
din A (6). The synthesis was highly convergent and assem-
bled the natural product from three components: commer-
cial ethyl propiolate, a chiral six-carbon sulfone-ether frag-
ment, and a highly functionalized cyclopentane core. The
core fragment was readily assembled from a TMM-derived
cyclopentenoid system, formed as a single diastereomer
from a dipolar cycloaddition addition with the ™chiral alde-
hyde∫ building block. After the introduction of the C(1)±
C(3) upper side chain, through a diastereoselective addition
reaction that gave access to either epimer at C(4), it is note-
worthy that this was the first total synthesis to employ the
newly developed trans-selective hydrosilylation protocol as a
reduction method. The methodology was extended and used
as a method for trans-selective alkyne reduction in the pres-
ence of other sensitive functional groups in model studies.
The lower side chain 27 was made in several steps from the
adduct of a regio- and enantioselective AAA reaction. This
key reaction was notable for its low catalyst and ligand load-
ing, its scalability, and its outstanding yield. After brief elab-
oration of the AAA-derived piece, it was efficiently intro-
duced to the molecule×s core in a trans-selective Julia olefi-
nation. The effort was completed in 18 linear steps with 6%
overall yield from furfural 33, an inexpensive and readily
available starting material. Four of the stereogenic centers
derive from a palladium-catalyzed DYKAT, while the re-
maining chirality was established by a palladium-catalyzed
AAA reaction. In this synthesis, the potential for the design
and synthesis of analogues is noteworthy, as the developed
methodology allows access to either enantiomer of the core
and lower side chain and allows reaction conditions to con-
trol the relative stereochemistry of the remaining stereogen-
ic centers.


Scheme 14. Completion of the total synthesis of (+)-brefeldin A (6).
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Experimental Section


(4R,5S)-4-(1’,1’-Bismethoxycarbonylmethyl)-5-(2-naphthoxy)dihydrofur-
an-2-one (7): Dimethyl malonate (72.7 mg, 0.550 mmol) and DMF
(1.5 mL) were mixed, and sodium methoxide in methanol (2n, 0.10 mL)
was added. Butenolide ent-4 (113 mg, 0.500 mmol) in DMF (1.0 mL) was
added, and the solution was stirred at RT for 12 h. The mixture was dilut-
ed with methylene chloride (25 mL), washed with a saturated aqueous
solution of ammonium chloride (0.5n 25 mL), water (20 mL), and brine
(20 mL), and after drying over sodium sulfate was concentrated in vacuo.
Flash chromatography (diethyl ether/pet. ether 2:1) afforded lactone 7 as
a white foam/gel (138 mg, 77%). [a]D=++137�1 (c=4.00 in CHCl3);


1H
NMR (500 MHz, CHCl3): d=7.81±7.77 (m, 3H), 7.51±7.38 (m, 3H), 7.20
(dd, J=9.0, 2.2 Hz, 1H), 6.14 (d, J=2.4 Hz, 1H), 3.79 (s, 3H), 3.77 (s,
3H), 3.68 (d, J=2.2 Hz, 1H), 3.42±3.36 (m, 1H), 3.11 (dd, J=18.2,
9.5 Hz, 1H), 2.62 ppm (dd, J=18.2, 5.0 Hz, 1H); 13C NMR (75 MHz,
CHCl3): d=173.7, 167.5, 153.8, 134.0, 130.1, 129.7, 127.6, 126.6, 124.8,
118.6, 111.5, 103.1, 53.2, 53.0, 51.9, 41.4, 31.4 ppm; IR (film): ñ=3023,
2956, 1797, 1734, 1631, 1600, 1511, 1467, 1436, 1254, 1213, 1161 cm�1;
HRMS: m/z calcd for C19H18O7: 358.1052; found: 358.1061 [M]+ .


(4R,5S)-5-(Naphthoxy)-4-(1’-methyl-1’-nitroethyl)dihydrofuran-2-one (9):
DBU (15.2 mg, 0.100 mmol) was added to a solution of 4-(2-naphthoxy)-
butenolide ent-4 (226 mg, 1.00 mmol) and 2-nitropropane (134 mg,
1.50 mmol) in methylene chloride (5.00 mL). The solution was stirred at
RT for 1 h and was then subjected to flash chromatography (pet. ether/
diethyl ether 1.5:1.0) to afford nitroalkane 9 as a white solid (293 mg,
93%). M.p. 114±115 8C; [a]D=++163�0.8 (c=1.00 in CHCl3);


1H NMR
(300 MHz, CDCl3): d=7.83±7.79 (m, 3H), 7.52±7.42 (m, 3H), 7.22 (dd,
J=8.8, 2.5 Hz, 1H), 6.07 (d, J=2.9 Hz, 1H), 3.39±3.35 (m, 1H), 3.05 (dd,
J=18.3, 10.0 Hz, 1H), 2.53 (dd, J=18.3, 6.0 Hz, 1H), 1.71 ppm (s, 6H);
13C NMR (75 MHz, CDCl3): d=172.8, 153.6, 134.0, 130.3, 129.9, 127.7,
127.3, 126.8, 125.0, 118.5, 111.7, 102.1, 87.5, 50.0, 29.8, 24.3, 24.0 ppm; IR
(film): ñ=2994, 1796, 1631, 1600, 1542, 1511, 1468, 1348, 1252, 1213,
1158, 1069 cm�1; HRMS: m/z calcd for C17H17NO5: 315.1106; found:
315.1097 [M]+ .


{3R-[3a(1R,2S,5R)-3aa,4a,7a,7aa]}3a,4,7,7a-Tetrahydro-3-(2-naph-
thoxy)-4,7-ethanoisobenzofuran-1-(3H)-one (11): Butenolide ent-4
(45.2 mg, 0.200 mmol) and 1,3-cyclohexadiene 10 (0.19 mL, 160 mg,
2.00 mmol) were heated neat at 150 8C in the microwave for 1 h. The
mixture was concentrated in vacuo and diluted with methylene chloride
(1.00 mL). Flash chromatography (pet. ether/diethyl ether 4:1) afforded
cycloadduct 11 as a white solid as a single diastereomer (58.7 mg, 96%).
M.p. 94.5±95.0 8C; [a]D=++234�1 (c=3.40 in CHCl3);


1H NMR
(500 MHz, CHCl3): d=7.86±7.77 (m, 3H), 7.50±7.47 (m, 1H), 7.44±7.40
(m, 1H), 7.20 (dd, J=9.0, 2.4 Hz), 1H), 6.39 (t, J=7.2 Hz, 1H), 6.34 (t,
J=7.2 Hz, 1H), 5.70 (d, J=1.7 Hz, 1H), 3.20±3.18 (m, 1H), 3.06 (dd, J=
9.6, 3.5 Hz, 1H), 2.98±2.97 (m, 1H), 2.93±2.90 (m, 1H), 1.66±1.63 (m,
2H), 1.41±1.37 ppm (m, 2H); 13C NMR (75 MHz, CHCl3): d=177.5,
154.1, 134.3, 134.1, 132.4, 129.9, 129.6, 127.6, 127.2, 126.6, 124.5, 118.7,
110.9, 104.7, 46.1, 44.9, 31.8, 31.7, 23.5, 23.2 ppm; IR (film): ñ=3053,
2949, 2870, 1784, 1630, 1600, 1511, 1468, 1391, 1365, 1253, 1213, 1168,
1143 cm�1; HRMS: m/z calcd for C20H18O3: 306.1256; found: 306.1254
[M]+ .


(3S,4R,6aS)-4-(2-Naphthoxy)-3,3a,4,6a-tetrahydrofuro[3,4-c]pyrazol-6-
one (16): A solution of diazomethane [ca. 2.00 mmol, prepared by treat-
ment of 1-methyl-3-nitro-1-nitrosoguanidine (294 mg, 2.00 mmol) in di-
ethyl ether (2.00 mL) with 20% aqueous KOH solution (6 mL)] was
added at 0 8C to a solution of butenolide 4 (45.2 mg, 0.200 mmol) in di-
ethyl ether (2.00 mL). The solution was stirred for 2 h at �10 8C. The re-
action mixture was quenched with SiO2, diluted with CH2Cl2 (20 mL), fil-
tered, and concentrated in vacuo. 1H NMR spectroscopy (crude material)
indicated a dr>4:1 by comparison of the a-acetoxysulfone protons
(major d=5.88 ppm, minor d=6.14 ppm). Flash chromatography (pet.
ether/diethyl ether 1:3) gave product 16 as a white solid (38.4 mg, 76%).
1H NMR indicated the product was a single diastereomer. M.p. 172±
173 8C; [a]D=++77.8�0.2 (c=1.00 in CHCl3);


1H NMR (300 MHz,
CDCl3): d=7.80±7.2 (m, 3H), 7.49±7.38 (m, 3H), 7.16 (dd, J=19.2,
2.5 Hz, 1H), 5.88 (ddd, J=9.3, 1.5, 1.0 Hz, 1H), 5.77 (d, J=1.5 Hz, 1H),
5.14±5.04 (m, 1H), 4.97±4.89 (m, 1H), 3.27±3.19 ppm (m, 1H); 13C NMR
(75 MHz, CDCl3): d=166.3, 153.4, 134.0, 130.2, 130.0, 127.7, 127.3, 126.9,


125.1, 118.3, 111.4, 105.0, 92.8, 84.0, 39.4 ppm; IR (film): ñ=3055, 2982,
1790, 1631, 1599, 1511, 1350, 1215, 1163, 1076, 964 cm�1; elemental analy-
sis calcd (%) for C15H12N2O3: C 67.16, H 4.51; found: C 66.92, H 4.76.


(3R,3aS,6aR)-5-Benzyl-3-(2-naphthoxy)hexahydrofuro[3,4-c]pyrrol-1-
one (18/19): TFA (0.5m, 20 mL, 1.02 mg, 0.010 mmol) was added to a sol-
ution of butenolide 4 (22.6 mg, 0.100 mmol) and dipole precursor 17
(47.4 mg, 0.200 mmol) in methylene chloride (0.25 mL). The solution was
stirred at �10 8C for 4 h. Flash chromatography (pet. ether/diethyl ether
1:1) gave two products with a crude dr>3:1, as determined by 1H NMR
spectroscopy by comparison of the integrals of the major and minor sig-
nals for the anomeric center protons (d=5.92 pm, major, d=6.21 ppm,
minor). The products were both white solids; 18 (25.4 mg, 71%); 19
(7.6 mg, 21%). The combined yield was 92% (33.0 mg).


Compound 18 : M.p. 50±51 8C; [a]D=++121�0.1 (c=1.50 in CHCl3);
1H


NMR (500 MHz, CDCl3): d=7.79±7.76 (m, 3H), 7.48±7.25 (m, 8H), 7.19
(dd, J=8.8, 2.5 Hz, 1H), 5.92 (d, J=1.5 Hz, 1H), 3.60 (abx, J=56.2,
13.0 Hz, 2H), 3.35±3.30 (m, 2H), 3.18±3.08 (m, 2H), 2.51±2.45 ppm (m,
2H); 13C NMR (75 MHz, CDCl3): d=177.9, 153.9, 137.9, 134.2, 130.0,
129.7, 128.5, 128.4, 127.6, 127.3, 126.6, 124.6, 118.6, 111.0, 106.1, 58.6,
57.8, 57.1, 45.5, 43.7 ppm; IR (film): ñ=3060, 2963, 2806, 1786, 1630,
1600, 1511, 1467, 1254, 1176, 1095, 977, 954 cm�1; elemental analysis
calcd (%) for C23H21NO3: C 76.86, H 5.88; found: C 76.92, H 6.11.


Compound 19 : M.p. 135±136 8C; [a]D=++167�0.4 (c=1.50 in CHCl3);
1H NMR (500 MHz, CDCl3): d=7.80±7.76 (m, 3H), 7.48±7.25 (m, 8H),
7.19 (dd, J=8.8, 2.5 Hz, 1H), 6.21 (d, J=6.6 Hz, 1H), 3.80 (d, 13.0 Hz,
1H), 3.70 (dd, J=10.2, 2.4 Hz, 1H), 3.60 (d, J=13.0 Hz, 1H) 3.35±3.25
(m, 3H), 2.57 (dd, J=9.7, 7.0 Hz, 1H), 2.33 ppm (dd, J=9.8, 7.0 Hz,
1H); 13C NMR (75 MHz, CDCl3): d=177.4, 154.4, 138.9, 134.1, 130.0,
129.7, 128.5, 128.4, 127.6, 127.3, 126.6, 124.6, 118.6, 111.1, 100.9, 58.5,
57.2, 53.1, 45.2, 42.3 ppm; IR (film): ñ=3060, 2963, 2806, 1786, 1630,
1600, 1511, 1467, 1254, 1176, 1095, 977, 954 cm�1; elemental analysis
calcd (%) for C23H21NO3: C 76.86, H 5.88; found: C 77.00, H 6.12.


(3aS,6aR)-5-Methylenehexahydrocyclopenta[c]-furan-1-one (25):
Sodium borohydride (95 mg, 2.50 mmol) was added to a solution of
sodium hydroxide (200 mg, 5.0 mmol) in water (5 mL). After 5 min, ent-4
(140 mg, 1.00 mmol) was added. The solution was stirred for 12 h at RT,
and concentrated aqueous HCl (1 mL) was added dropwise (vigorous
bubbling). The solution was stirred for an additional 1 h at RT, diluted
with methylene chloride (20 mL), and washed with water (20 mL). The
organic phase was dried over sodium sulfate and concentrated in vacuo.
Flash chromatography (pet. ether/diethyl ether 1:1) afforded product 25
as a clear oil (58 mg, 83%). The data matched the data provided by
Bayer company.[19] [a]D=�58�0.1 (c=3.80 in CHCl3); Bayer data[19]:
[a]D=�58.7 (c=1.00 in CHCl3);


1H NMR (500 MHz, CDCl3): d=4.93 (s,
2H), 4.45±4.42 (m, 1H), 4.04 (dd, J=9.2, 2.8 Hz, 1H), 3.06±3.01 (m, 2H),
2.72±2.69 (m, 3H), 2.24±2.19 ppm (m, 1H); 13C NMR (75 MHz, CDCl3):
d=180.1, 147.8, 108.2, 72.6, 43.9, 39.1, 38.7, 35.3 ppm; IR (film): ñ=3077,
2917, 2851, 1766, 1667, 1480, 1432, 1374, 1171, 1125, 1050, 983 cm�1;
HRMS: m/z calcd for C8H10O2: 138.0681; found: 138.0686.


BAY 36-7620 (5): A solution of lithium bis(trimethylsilyl)amide in THF
(1.0m, 0.220 mL, 36.8 mg, 0.220 mmol) was added under argon at �78 8C
to a solution of substrate 25 (27.6 mg, 0.200 mmol) in toluene (1.00 mL).
After 30 min at RT, a solution of 2-(bromomethyl)naphthalene (48.6 mg,
0.220 mmol) in toluene (1.00 mL) was added; then the bright yellow solu-
tion was stirred for 12 h at RT. The mixture was quenched with water
(1.0 mL), and the organic layer was dried over sodium sulfate. Flash
chromatography (pet. ether/diethyl ether 3:1) afforded product 26 as a
colorless oil/gel (46.2 mg, 83%). The data matched the data provided by
the Bayer company.[19] [a]D=�30�0.1 (c=1.60 in CHCl3); Bayer data:
[a]D=�33.0 (c=1.0 in CH2Cl2);


[19] 1H NMR (500 MHz, CDCl3): d=7.83±
7.78 (m, 3H), 7.67 (br s, 1H), 7.49±7.45 (m, 2H), 7.36 (dd, J=8.4, 2.2 Hz,
1H), 4.92 (d, J=14.4 Hz, 2H), 3.75 (dd, J=9.2, 3.9 Hz, 1H), 3.64 (dd,
J=9.2, 7.7 Hz, 1H), 3.46 (d, J=13.7 Hz, 1H), 2.92 (d, J=13.7 Hz, 1H),
2.90±2.82 (m, 2H), 2.76±2.70 (m, 1H), 2.58 (d, J=6.1 Hz, 1H), 2.25±
2.21 ppm (m, 1H); 13C NMR (75 MHz, CDCl3): d=181.6, 147.1, 134.3,
133.4, 132.4, 128.4, 128.3, 127.8, 127.7, 126.6, 126.2, 125.8, 108.4, 72.0,
56.1, 43.6, 42.1, 41.8, 39.1 ppm; IR (film): ñ=3055, 2971, 2911, 1765,
1664, 1600, 1508, 1431, 1376, 1175, 1138, 1049 cm�1; HRMS: m/z calcd for
C19H18O2: 278.1307; found: 278.1302.
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(S)-1-Methylprop-2-enyl 4-methoxyphenyl ether (29): Carbonate 34
(2.15 g, 16.5 mmol) was added under argon at 0 8C to a degassed solution
of 4-methoxyphenol (1.86 g, 15.0 mmol), [Pd2(dba)3]¥CHCl3 (77.6 mg,
0.075 mmol), and ligand 3 (155.4 mg, 0.225 mmol) in toluene (400.0 mL).
After stirring at 0 8C under argon for 12 h, the reaction mixture was di-
rectly subjected to chromatography (pet. ether/diethyl ether 10:1) to
afford 29 as a clear oil (2.61 g, 95%). The characterization data matched
known values.[36] [a]D=�7.5�0.1 (c=5.40 in CHCl3); Lit. [23] [a]D=
�1.5�0.1 (c=1.0 in CH2Cl2);


1H NMR (300 MHz, CDCl3): d=6.87±6.77
(m, 4H), 5.93±5.87 (m, 1H), 5.23 (dd, J=17.3, 1.3 Hz, 1H), 5.14 (dd, J=
10.0, 1.3 Hz, 1H), 4.68 (quintet, J=6.3 Hz, 1H), 3.74 (s, 3H), 1.40 ppm
(d, J=6.3 Hz, 3H); 13C NMR (75 MHz, CDCl3): d=153.9, 152.0, 139.5,
117.4, 115.6, 114.5, 114.4, 75.7, 55.6, 21.3 ppm; IR (film): ñ=2981, 2933,
2834, 1506, 1465, 1442, 1228, 1039, 928, 826 cm�1; tr(S)=15.57 min,
tr(R)=17.30 min, 90% ee, (Chiralcel OD, l=254 nm, hept/iPrOH
99.9:0.1).


2-(S)-(2-Naphthoxy)-5-oxo-2,5-dihydrofuran (ent-4): 2-Naphthol (3.00 g,
20.8 mmol) in methylene chloride (50 mL) was added at 0 8C under argon
to a degassed solution of butenolide 1 (4.98 g, 25.0 mmol),
[Pd2(dba)3]¥CHCl3 (538 mg, 0.520 mmol), S,S-ligand ent-3 (1.08 g,
1.56 mmol), and tetrabutylammonium chloride hydrate (1.74 g,
6.25 mmol) in methylene chloride (150 mL) by the procedure reported by
Trost and Toste.[6] The solution was stirred at 0±5 8C for 14 h. After con-
centration to 50 mL volume, it was subjected to chromatography on silica
gel (pet. ether/diethyl ether 3:1) to afford butenolide ent-4 as a white
solid (2.84 g, 84%). The characterization data were consistent with the
literature data.[6] M.p. 73±74 8C; lit.[6] m.p. 72±74 8C; [a]D=++328�1.2
(c=1.1 in CH2Cl2); lit.[6] [a]D=++336 (c=1.05 in CH2Cl2);


1H NMR
(300 MHz, CDCl3): d=7.81±7.77 (m, 3H), 7.58±7.42 (m, 4H), 7.23 (dd,
J=9.0, 2.7 Hz, 1H), 6.51 (d, J=1.3 Hz, 1H), 6.36 ppm (dd, J=5.7 Hz,
1.3 Hz, 1H); 13C NMR (75 MHz, CDCl3): d=169.9, 154.1, 149.8, 134.0,
130.2, 129.8, 127.6, 127.3, 126.7, 125.3, 124.9, 118.5, 111.5, 100.7 ppm; IR
(CHCl3): 3112, 3060, 1793, 1761, 1631, 1600, 1466, 1368 cm�1; tr(S)=
11.8 min; tr(R)=15.2 min (major for +328), 96% ee (Chiralcel AD, l=
230 nm, hept/iPrOH 9:1).


(3S,3aS,6aR)-5-Methylene-3-(2-naphthoxy)tetrahydrocyclopenta[c]furan-
1-one (23a): Triisopropyl phosphite (491 mL, 416 mg, 2.00 mmol) was
added to a solution of ent-4 (2.26 g, 10.0 mmol), alkene 20a (2.79 g,
15.0 mmol), and palladium(ii) acetate (56.1 mg, 0.250 mmol) in toluene
(100 mL). The solution was stirred at reflux for 12 h. After concentration
in vacuo to 10 mL, flash chromatography (pet. ether/diethyl ether 3:1)
gave product 23a as a white solid (2.53 g, 90%). 1H NMR indicated the
product was a single diastereomer. M.p. 74±74.5 8C; [a]D=++235�0.3
(c=2.00 in CHCl3);


1H NMR (500 MHz, CDCl3): d=7.79±7.74 (m, 3H),
7.47±7.36 (m, 3H), 7.20 (dd, J=6.6, 2.4 Hz, 1H), 5.90 (s, 1H), 4.97 (s,
2H), 3.39±3.34 (m, 1H), 3.20 (dd, J=9.1, 3.0 Hz, 1H), 2.87±2.78 (m, 3H),
2.36 ppm (dd, J=16.0, 6.0 Hz, 1H); 13C NMR (125 MHz, CDCl3): d=
178.6, 153.9, 146.7, 134.1, 130.0, 129.7, 127.6, 127.3, 126.6, 124.6, 118.6,
111.0, 108.8, 104.7, 46.0, 43.4, 36.2, 35.6 ppm; IR (film): ñ=2956, 1787,
1631, 1600, 1511, 1467, 1252, 1214, 1158, 1121, 947, 932 cm�1; elemental
analysis calcd (%) for C18H16O3: C 77.12, H 5.75; found: C 77.36, H 5.90.


(1R,2R,4R)-4-(tert-Butyldimethylsilyloxy)-2-formylcyclopentane-1-N,O-
dimethylhydroxamine (52): Lactone ent-31b (797 mg, 2.00 mmol) and
N,O-dimethylhydroxylamine hydrochloride (488 mg, 5.00 mmol) made
into a slurry in THF (20 mL) under argon and chilled to �10 8C. Isopro-
pylmagnesium chloride in THF (4.8 mL, 987 mg, 9.60 mmol) was added
dropwise over 5 min. The solution was stirred for 0.5 h at �10 8C and was
then quenched with saturated aqueous ammonium chloride (20 mL). The
mixture was extracted with methylene chloride (100 mL). The organic
phase was dried over sodium sulfate, and concentrated in vacuo. The
product was filtered through a plug of silica (diethyl ether/pet. ether 5:1
eluent) to afford a clear oil. The oil was dissolved in methylene chloride
(20 mL) and treated with DBU (304 mg, 2.00 mmol). The solution was
heated at reflux with stirring for 6 h, diluted with methylene chloride to a
total volume of 100 mL, and washed with 1n aqueous ammonium chlo-
ride solution (100 mL). The organic phase was dried over sodium sulfate
and concentrated in vacuo. Flash chromatography (diethyl ether/pet.
ether 3:1) afforded aldehyde 52 as a clear oil (454 mg, 72%, 2 steps).
[a]D=�10.1�0.1 (c=4.00 in CHCl3);


1H NMR (500 MHz, CHCl3): d=
9.71 (br s, 1H), 4.18±4.13 (m, 1H), 3.71 (s, 3H), 3.56±3.51 (m, 1H), 3.41±
3.36 (m, 1H), 3.20 (s, 3H), 2.28±2.24 (m, 1H), 2.05±2.00 (m, 1H), 1.97±


1.92 (m, 1H), 1.80±1.74 (m, 1H), 0.86 (s, 9H), 0.04 (s, 3H), 0.03 ppm (s,
3H); 13C NMR (125 MHz, CHCl3): d=202.6, 174.5, 72.2, 61.2, 51.5, 39.1,
38.3, 35.4, 32.4, 25.7, 18.0, �4.8 ppm; IR (film): ñ=2931, 2857, 2713,
1723, 1665, 1464, 1388, 1253, 1118, 1006, 838 cm�1; HRMS: m/z calcd for
C14H26NO4Si: 300.1632; found: 300.1647 [M�CH3]


+.


Ethyl (S)-4-[(1R,2R,4R)-4-(tert-butyldimethylsilyloxy)-2-(methoxymeth-
ylcarbamoyl)cyclopentyl]-4-hydroxybut-2-ynoate (53)


Compound 53a : A n-butyllithium solution (1m in hexanes, 0.13 mL,
1.80 mmol) was added at �78 8C under argon to a solution of ethyl pro-
piolate (177 mg, 1.80 mmol) in THF/HMPA 6:1 (7 mL). The solution was
stirred for 1 h at �78 8C and became dark orange in color. Aldehyde 52
(378 mg, 1.20 mmol) in THF/HMPA solution (6:1, 7 mL) was added at
�78 8C, and the solution was stirred for 4 h. The mixture was quenched
with ammonium chloride solution (10 mL) and extracted with diethyl
ether (3î20 mL), and the organic phase was dried over sodium sulfate
and concentrated in vacuo. Crude 1H NMR showed a 6.5:1.0 diastereo-
meric mixture of (4S)/(4R) by comparison of the a-hydroxymethyl
proton signals of the Weinreb amide (major d=3.73 ppm, minor d=


3.70 ppm). Flash chromatography (diethyl ether/pet. ether 3:1) first
eluted ynoate 53a as a colorless oil (364 mg, 73%) and then ynoate 53b
as a colorless oil (75 mg, 15%), contaminated with a small amount of
53a. The combined yield was 88% (439 mg). [a]D=�14.8�0.2 (c=3.40
in CHCl3);


1H NMR (500 MHz, CHCl3): d=4.58±4.56 (m, 1H), 4.32±4.28
(m, 1H), 4.20 (q, J=7.2 Hz, 2H), 3.78 (d, J=5.4 Hz, 1H), 3.73 (s, 3H),
3.19 (s, 3H), 3.09±3.02 (m, 2H), 2.38±2.34 (m, 1H), 1.82±1.64 (m, 3H),
1.28 (t, J=7.1 Hz, 3H), 0.85 (s, 9H), 0.03 (s, 3H), 0.01 ppm (s, 3H); 13C
NMR (125 MHz, CHCl3): d=175.6, 153.2, 86.4, 77.2, 71.8, 64.3, 62.0, 61.3,
44.6, 41.6, 40.5, 37.5, 32.6, 25.8, 17.9, 13.9, �4.8 ppm; IR (film): ñ=3400,
2938, 2857, 2235, 1714, 1662, 1462, 1389, 1249, 1117, 1058, 1006 cm�1;
HRMS: m/z calcd for C19H32NO6Si: 398.1999; found: 398.2008
[M�CH3]


+ .


Compound 53b : A n-butyllithium solution (1m in hexanes, 0.13 mL,
1.80 mmol) was added at �78 8C under argon to a solution of ethyl pro-
piolate (177 mg, 1.80 mmol) and magnesium bromide (331 mg,
1.80 mmol) in DME (5.00 mL). The solution was stirred for 1 h at �78 8C
and became dark orange in color. Aldehyde 52 (378 mg, 1.20 mmol) in
DME (5 mL) was added at �78 8C, and the solution was stirred for 4 h.
The mixture was quenched with ammonium chloride solution (10 mL)
and extracted with diethyl ether (3î20 mL), and the organic phase was
dried over sodium sulfate and concentrated in vacuo. Crude 1H NMR
showed a 1.0:6.0 diastereomeric mixture of (4S)/(4R) by comparison of
the a-hydroxymethyl proton signals of the Weinreb amide (minor d=


3.73 ppm, major d=3.70 ppm). Flash chromatography (diethyl ether/pet.
ether 3:1) first eluted ynoate 53a as a colorless oil (65 mg, 13%) and
then ynoate 53b as a colorless oil (389 mg, 78%), contaminated with a
trace amount of 53a. The combined yield was 91% (454 mg). [a]D=
�17.4�0.3 (c=0.80 in CHCl3);


1H NMR (500 MHz, CHCl3): d=4.34±
4.28 (m, 2H), 4.20 (q, J=7.2 Hz, 2H), 3.78 (d, J=5.4 Hz, 1H), 3.70 (s,
3H), 3.19 (s, 3H), 3.09±3.02 (m, 2H), 2.38±2.34 (m, 1H), 1.82±1.64 (m,
3H), 1.28 (t, J=7.1 Hz, 3H), 0.85 (s, 9H), 0.03 (s, 3H), 0.01 ppm (s, 3H);
13C NMR (125 MHz, CHCl3): d=175.6, 153.2, 86.6, 77.2, 72.0, 65.2, 62.0,
62.0, 44.6, 41.6, 40.5, 37.5, 32.6, 25.8, 17.9, 13.9, �4.8 ppm; IR (film): ñ=
3400, 2938, 2857, 2235, 1714, 1662, 1462, 1389, 1249, 1117, 1058,
1006 cm�1; HRMS: m/z calcd for C19H32NO6Si: 398.1999; found: 398.2006
[M�CH3]


+ .


Ethyl (E)-(R)-4-[(1R,2R,4R)-4-(tert-butyldimethylsilyloxy)-2-(methoxy-
methylcarbamoyl)cyclopentyl]-4-hydroxybut-2-enoate (56a): The rutheni-
um catalyst (2.10 mg, 0.0040 mmol) was added at 0 8C under argon to a
methylene chloride solution (10 mL) of alkyne 53a (165 mg, 0.400 mmol)
and triethoxysilane (78.9 mg, 0.480 mmol). The mixture was allowed to
warm to RTwith stirring over 2 h. Cesium fluoride (72.9 mg, 0.480 mmol)
and ethanol (1.00 mL) were added, and the solution was stirred at RT for
12 h. The mixture was diluted with methylene chloride (50 mL) and
washed with water (2î30 mL) and brine (30 mL). The organic phase was
dried over sodium sulfate and concentrated in vacuo. Flash chromatogra-
phy (diethyl ether/pet. ether 4:1) afforded enoate 56a as a clear oil
(153 mg, 92%). [a]D=�16.2�0.2 (c=1.80 in CHCl3);


1H NMR
(500 MHz, CHCl3): d=6.92 (dd, J=15.6, 5.4 Hz, 1H), 6.05 (d, J=
15.6 Hz, 1H), 4.41±4.39 (m, 1H), 4.27±4.22 (m, 1H), 4.20 (d, J=7.0 Hz,
2H), 3.69 (s, 3H), 3.21 (s, 3H), 3.01±2.95 (m, 1H), 2.93±2.90 (m, 1H),
2.52 (d, J=4.7 Hz, 1H), 2.34±2.30 (m, 1H), 1.69±1.62 (m, 3H), 1.29 (t,
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J=7.1 Hz, 3H), 0.87 (s, 9H), 0.04 (s, 3H), 0.03 ppm (s, 3H); 13C NMR
(125 MHz, CHCl3): d=166.4, 164.8, 148.1, 121.2, 71.9, 71.3, 61.3, 60.4,
44.6, 41.0, 40.5, 36.1, 29.7, 25.8, 18.0, 14.2, �4.8 ppm; IR (film): ñ=3429,
2928, 2856, 1719, 1654, 1464, 1383, 1257, 1175, 1116 cm�1; HRMS: m/z
calcd for C20H37NO6Si: 400.2156; found: 400.2176 [M�CH3]


+ .


Ethyl (E)-(R)-4-(tert-butyldimethylsilyloxy)-{(1R,2R,4R)-4-(tert-butyldi-
methylsilyloxy)-2-[(E)-(S)-6-(4-methoxyphenoxy)hept-1-enyl]cyclopen-
tyl}but-2-enoate (61): A solution of tetrazole 17 (93.7 mg, 0.225 mmol) in
DME (1.0 mL) was added at �78 8C under argon to a solution of potassi-
um hexamethyldisilylazide (49.9 mg, 0.250 mmol) in DME (1.00 mL).
After the mixture had been kept for 1 h at �78 8C, a solution of aldehyde
51 (70.6 mg, 49.9 mg) in DME (0.5 mL) was added; the reaction mixture
was stirred for 1 h at �78 8C. The solution was allowed to warm to RT,
stirred for 16 h at RT, poured into brine (5.0 mL), and extracted with di-
ethyl ether (3î5 mL). The organic phase was dried over sodium sulfate
and concentrated in vacuo. Flash chromatography (pet. ether/diethyl
ether 8:1) afforded product 61 as a clear oil (72 mg, 81%) The E/Z ratio
as determined by 1H NMR spectroscopy was 12:1. [a]D=++5.5�0.1 (c=
1.00 in CHCl3);


1H NMR (300 MHz, CDCl3): d=6.85 (dd, J=15.6,
3.0 Hz, 1H), 6.83 (s, 4H), 5.90 (d, J=15.6 Hz, 1H), 5.38±5.35 (m, 2H),
4.26±4.16 (m, 5H), 3.77 (s, 3H), 2.33±2.28, (m, 1H), 2.03±1.98 (m, 3H),
1.98±1.93 (m, 1H), 1.89±1.82 (m, 1H), 1.75±1.67 (m, 2H), 1.58±1.40 (m,
4H), 1.21 (t, J=6.4 Hz, 3H), 0.92 (s, 9H), 0.87 (s, 9H), 0.05 (s, 3H), 0.03
(s, 6H), 0.00 ppm (s, 3H); 13C NMR (75 MHz, CDCl3): d=166.4, 151.1,
144.7, 134.5, 129.8, 128.4, 125.9, 119.8, 117.4, 114.6, 74.4, 72.8, 71.2, 60.3,
55.7, 49.2, 43.6, 42.6, 36.0, 34.1, 32.4, 29.7, 25.8, 19.8, 18.1, 18.0, �4.0,
�4.3, �4.8, �4.9 ppm; IR (film): ñ=2929, 2856, 1722, 1655, 1506, 1463,
1370, 1229, 1166, 1106, 1039 cm�1; HRMS: m/z calcd for C37H64O6Si2:
660.4241; found: 660.4238 [M]+ .


(E)-(R)-4-(tert-Butyldimethylsilyloxy)-{(1R,2R,4R)-4-(tert-butyldimethyl-
silyloxy)-2-[(E)-(S)-6-hydroxyhept-1-enyl]cyclopentyl}but-2-enoic acid
(62): Ceric ammonium nitrate (137 mg, 0.250 mmol) in water (0.500 mL)
was added at 0 8C to a solution of substrate 61 (66.1 mg, 0.100 mmol) in
acetone (2.00 mL). The solution was stirred for 30 min at 0 8C. The mix-
ture was extracted with diethyl ether (2î10 mL), and the organic phase
was dried over sodium sulfate and concentrated in vacuo. The crude mix-
ture was filtered through a thin plug of silica with diethyl ether as eluent.
Free OH: 1H NMR (500 MHz, CHCl3): d=6.92 (dd, J=15.7, 5.3 Hz,
1H), 6.18 (d, J=15.7 Hz, 1H), 5.44±5.40 (m, 2H), 4.24±4.21 (m, 1H),
4.21±4.18 (m, 1H), 4.20 (q, J=7.2 Hz, 2H), 3.86±3.82 (m, 1H), 2.32±2.27
(m, 1H), 2.07±1.96 (m, 4H), 1.82±1.77 (m, 1H), 1.60±1.55 (m, 1H), 1.52±
1.40 (m, 5H), 1.24 (d, J=6.1 Hz, 3H), 0.98 (s, 9H), 0.92 (t, J=7.2 Hz,
3H), 0.90 (s, 9H), 0.08 (s, 3H), 0.05 (s, 6H), 0.03 ppm (s, 3H); IR (film):
ñ=3360, 2930, 2858, 1692, 1659, 1472, 1405, 1250 cm�1; HRMS: m/z calcd
for C26H49O5Si2: 497.3118; found: 497.3114 [M�C4H9]


+ .


The concentrated crude mixture was dissolved in a THF/MeOH mixture
(2:1, 3.00 mL). Aqueous sodium hydroxide (1n, 1 mL) was added, and
the mixture was stirred at 60 8C for 1 h. The mixture was acidified with
1n sodium hydrogen sulfate solution (10 mL), extracted with diethyl
ether (3î5 mL), and dried over sodium sulfate. Flash chromatography
(methanol/chloroform 3:97) afforded acid 62 as a clear oil (40.6 mg,
77%, 2 steps). [a]D=�9.6�0.5 (c=0.30 in CHCl3);


1H NMR (500 MHz,
CHCl3): d=7.01 (dd, J=15.6, 5.1 Hz, 1H), 5.95 (d, J=15.7 Hz, 1H),
5.38±5.32 (m, 2H), 4.25±4.22 (m, 1H), 4.21±4.18 (m, 1H), 3.86±3.82 (m,
1H), 2.32±2.27 (m, 1H), 2.07±1.96 (m, 4H), 1.82±1.77 (m, 1H), 1.59±1.54
(m, 1H), 1.52±1.40 (m, 5H), 1.21 (d, J=6.2 Hz, 3H), 0.95 (s, 9H), 0.90 (s,
9H), 0.08 (s, 3H), 0.05 (s, 6H), 0.03 ppm (s, 3H); 13C NMR (75 MHz,
CHCl3): d=170.2, 153.6, 134.7, 129.8, 119.0, 72.9, 72.2, 68.2, 49.5, 43.6,
42.9, 38.5, 36.0, 32.4, 25.9, 25.8, 25.7, 23.4, 18.1, �3.9, 4.8 ppm; IR (film):
ñ=3360, 2930, 2858, 1699, 1659, 1472, 1410, 1256, 1120, 836, 775 cm�1;
HRMS: m/z calcd for C24H45O5Si2: 469.2805; found: 469.2800
[M�C4H9]


+ .


(5E,13E)-(2S,3aR,4R,10S,14aS)-2,4-Bis-(tert-butyldimethylsilyloxy)-9-
methyl-1,2,3,3a,4,9,10,11,12,14a-decahydro-8-oxacyclopentacyclotridecen-
7-one (63): Triethylamine (7.65 mg, 0.075 mmol) and 2,4,6-trichloroben-
zoyl chloride (17.1 mg, 0.070 mg) were added to a solution of substrate
62 (26.4 mg, 0.050 mmol) in THF (0.500 mL). The solution was stirred at
RT for 3 h. That mixture was diluted with toluene (6.0 mL) and added
dropwise over 3 h to a solution of 4-dimethylaminopyridine (30.5 mg,
0.250 mmol) in toluene (10.0 mL) at reflux. The solution was stirred at
reflux for an additional 8 h. The mixture was diluted with diethyl ether


(20 mL). The organic phase was washed with aqueous HCl solution
(0.25n, 20 mL) and saturated aqueous sodium bicarbonate solution
(20 mL) and then dried over sodium sulfate. After concentration in
vacuo, chromatography (pet. ether/diethyl ether 20:1) afforded lactone
63 as a clear oil (16.8 mg, 66%). [a]D=++40.2�0.5 (c=0.50 in CHCl3);
1H NMR (500 MHz, CHCl3): d=7.29 (dd, J=15.5, 3.1 Hz, 1H), 5.86 (dd,
J=15.5, 2.0 Hz 1H), 5.63 (ddd, J=15.6, 10.4, 4.5 Hz, 1H), 5.27 (dd, J=
15.6, 5.5 Hz, 1H), 4.92±4.85 (m, 1H), 4.21±4.18 (m, 1H), 4.03±4.00 (m,
1H), 2.28±2.21 (m, 1H), 2.07±1.94 (m, 4H), 1.88±1.79 (m, 2H), 1.75±1.70
(m, 1H), 1.56±1.45 (m, 3H), 1.27 (d, J=6.1 Hz, 3H), 1.26±1.23 (m, 1H)
0.93 (s, 9H), 0.85 (s, 9H), 0.06 (s, 3H), 0.04 (s, 3H), 0.03 (s, 3H),
0.01 ppm (s, 3H); 13C NMR (75 MHz, CHCl3): d=166.4, 152.5, 137.3,
129.3, 118.0, 76.3, 72.8, 71.4, 52.8, 43.8, 43.6, 42.0, 34.1, 31.8, 26.7, 25.8,
20.9, 18.1, 18.0, �4.1, �4.8, �4.9 ppm; IR (film): ñ=2929, 2857, 1716,
1646, 1410, 1255, 1122, 1078, 1004, 967, 837, 774 cm�1; HRMS: m/z calcd
for C28H52O4Si2: 508.3404; found: 508.3414 [M]+ .


(+)-Brefeldin A (6): A solution of TBAF (1.0m in THF, 100 mL, 26.1 mg,
0.100 mmol) was added at 0 8C to a solution of substrate 63 (16.7 mg,
0.0328 mmol) in THF (1 mL). The solution was stirred at 0 8C for 4 h.
The mixture was diluted with ethyl acetate (10 mL) and washed with
water (10 mL), and the organic phase was concentrated in vacuo. Flash
chromatography (ethyl acetate/pet. ether 5:1) afforded (+)-brefeldin A
(6) as a white solid (8.1 mg, 77%). The rotation and spectral data match-
ed those observed for natural (+)-brefeldin A. M.p. >200 8C; lit.[18] m.p.
202±203 8C; [a]D=++89.6�0.5 (c=0.40 in MeOH); lit.[18] [a]D=++91.2�
0.4 (c=0.50 in MeOH); 1H NMR (500 MHz, CHCl3): d=7.45 (dd, J=
15.5, 3.0 Hz, 1H), 5.80 (dd, J=15.5, 2.0 Hz, 1H), 5.70 (ddd, J=15.0, 10.5,
4.5 Hz, 1H), 5.27 (dd, J=15.6, 5.5 Hz, 1H), 4.79±4.75 (m, 1H), 4.21±4.18
(m, 1H), 4.02 (ddd, J=9.5, 3.1, 2.0 Hz, 1H), 2.37 (quintet, 1H), 2.10
(ddd, J=13.5, 8.4, 5.2 Hz, 1H), 2.02±1.97 (m, 2H), 1.88±1.72 (m, 5H),
1.58±1.50 (m, 1H), 1.46±1.40 (m, 1H), 1.23 (d, J=6.3 Hz, 3H), 0.89±
0.85 ppm (m, 1H); 13C NMR (75 MHz, CHCl3): d=168.4, 155.2, 138.1,
131.4, 117.8, 76.6, 73.2, 73.0, 53.2, 45.5, 44.1, 41.8, 35.0, 33.0, 28.0,
21.1 ppm; IR (film): ñ=3395, 2924, 2852, 1711, 1693, 1638, 1448, 1353,
1259, 1119 cm�1; HRMS: m/z calcd for C24H46O4: 280.1675; found:
260.1668 [M]+ .


Acknowledgment


We thank the National Institutes of Health (GM-13598) and the National
Science Foundation for their generous support of our programs. Mass
spectra were provided by the Mass Spectrometry Regional Center of the
University of California, San Francisco, supported by the NIH Division
of Research Resources.


[1] For reviews on the use of chiral acetals in synthesis see: a) B. E.
Rossiter, N. M. Swingle, Chem. Rev. 1992, 92, 566; b) A. Alexakis, P.
Mangeney, Tetrahedron: Asymmetry 1990, 1, 477; c) J. K. Whitesell,
Chem. Rev. 1989, 89, 1581.


[2] For some examples of stereochemical control in addition reactions
to olefins directed by chiral acetals see: a) J. Fujiwara, Y. Fukutani,
K. M. Hasegawa, H. Yamamoto, J. Am. Chem. Soc. 1984, 106, 5004;
b) A. Ghribi, A. Alexakis, J. F. Normant, Tetrahedron Lett. 1984, 25,
3083; c) Y. Fukutani, K. Maroka, H. Yamamoto, Tetrahedron Lett.
1984, 25, 5911; d) E. A. Mash, S. B. Hemperly, K. A. Nelson, P. C.
Heidt, S. Van Deusen, J. Org. Chem. 1990, 55, 2045; e) E. A. Mash,
J. B. Arterburn, J. Org. Chem. 1991, 56, 885.


[3] S. A. Godleski, Comprehensive Organic Synthesis, Vol. 4 (Eds.: B. M.
Trost, I. Fleming, M. F. Semmelhack), Pergamon, Oxford, 1990,
Chapter 3.3.


[4] a) B. M. Trost, Chem. Pharm. Bull. 2002, 50, 1; b) B. M. Trost, M. L.
Crawley, Chem. Rev. 2003, 103, 2921.


[5] a) B. L. Feringa, B. de Lange, J. C. de Jong, J. Org. Chem. 1989, 54,
2471; b) H. van der Deen, A. D. Cuiper, R. P. Hof, A. van Oeveren,
B. L. Feringa, R. M. Kellogg, J. Am. Chem. Soc. 1996, 118, 3801;
c) H. van der Deen, A. van Oeveren, R. M. Kellogg, B. L. Feringa,
Tetrahedron Lett. 1999, 40, 1755.


Chem. Eur. J. 2004, 10, 2237 ± 2252 www.chemeurj.org ¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 2251


A ™Chiral Aldehyde∫ Equivalent 2237 ± 2252



www.chemeurj.org





[6] For a review on dynamic kinetic asymmetric transformations see:
R. S. Ward, Tetrahedron: Asymmetry 1995, 6, 1475; B. M. Trost, F. D.
Toste, J. Am. Chem. Soc. 1999, 121, 3543.


[7] For more information see: a) B. M. Fox, J. A. Vroman, P. E. Fan-
wick, M. Cushman, J. Med. Chem. 2001, 44, 3915; b) A. B. Argade,
R. Devraj, J. A. Vroman, R. D. Haugwitz, M. Hollingshead, M.
Cushman, J. Med. Chem. 1998, 41, 3337, and references therein.


[8] For the first enantioselective synthesis of (+)-brefeldin A see: a) T.
Kitahara, K. Mori, M. Matsui, Tetrahedron Lett. 1979, 20, 3021; b) T.
Kitahara, K. Mori, Tetrahedron 1984, 40, 2935.


[9] For other enantioselective total syntheses of (+)-brefeldin A see:
a) C. Le Drian, A. E. Greene, J. Am. Chem. Soc. 1982, 104, 5473;
b) H.-J. Gais, K. L. Lukas, Angew. Chem. 1984, 96, 140; Angew.
Chem. Int. Ed. Engl. 1984, 23, 142c) H.-J. Gais, T. Lied, Angew.
Chem. 1984, 96, 143; Angew. Chem. Int. Ed. Engl. 1984, 23, 145;
d) B. M. Trost, J. Lynch, P. Renaut, D. H. Steinman, J. Am. Chem.
Soc. 1986, 108, 284; e) E. J. Corey, P. Carpino Tetrahedron Lett.
1990, 31, 7555; f) J. Nokami, M. Ohkura, Y. Danoh, Y. Sakamoto,
Tetrahedron Lett. 1991, 32, 2409; g) F. Taber, J. Silverberg, E. D.
Robinson, J. Am. Chem. Soc. 1991, 113, 6639; h) G. Solladie, O.
Lohse, J. Org. Chem. 1993, 58, 4555; i) D. Kim, J. I. Lim, Tetrahe-
dron Lett. 1995, 36, 5035; j) V. Bernardes, N. Kann, A. Riera, A.
Moyano, M. A. Pericas, A. E. Greene, J. Org. Chem. 1995, 60, 6670;
k) Y. Kobayashi, K. Watatani, Y. Kikori, R. Mizojiri, Tetrahedron
Lett. 1996, 37, 6125; l) D. Kim, J. Lee, P. J. Shim, J. I. Lim, H. Jo, S.
Kim, J. Org. Chem. 2002, 67, 764; m) R. K. Haynes, W. W. L. Lam,
L-.L. Yeung, I. D. Williams, A. C. Ridley, S. M. Starling, S. C. Von-
willer, T. W. Hambley, P. Lelandais, J. Org. Chem. 1997, 62, 4552;
n) D. Kim, J. Lee, P. J. Shim, J. I. Lim, T. Doi, S. Kim, J. Org. Chem.
2002, 67, 772; o) T.-G. Suh, J.-K. Jung, S.-Y. Seo, K.-H. Min, D.-Y.
Shin, Y.-S. Lee, S.-H. Kim, H.-J. Park, J. Org. Chem. 2002, 67, 4127;
p) Y.-G. Suh, S.-Y. Seo, J.-K. Jung, O.-H. Park, R.-O. Jeon, Tetrahe-
dron Lett. 2001, 42, 1691; q) Y.-G. Suh, J.-K. C. Jung, Y.-C. Lee, S.-
A. Kim, Tetrahedron Lett. 1998, 39, 5377; r) P. Ducray, B. Rousseau,
C. Mioskowski, J. Org. Chem. 1999, 64, 3800; s) D. Wang, D. Romo,
Org. Lett. 2002, 4, 3231.


[10] For a preliminary account of a portion of this work see B. M. Trost,
M. L. Crawley, J. Am. Chem. Soc. 2002, 124, 9328.


[11] For a discussion of Michael additions to chiral butenolides see:
E. M. Geertsema, C. W. Leung, A. van Oeveren, A. Meetsma, B. L.
Feringa, Tetrahedron Lett. 1995, 36, 7315, and references therein.


[12] F.-A. Kang, Z.-Q. Yu, H.-Y. Yin, C.-L. Yin, Tetrahedron: Asymmetry
1997, 8, 3591.


[13] J. C. De Jong, F. van Bolhuis, B. L. Feringa, Tetrahedron: Asymmetry
1991, 2, 1247.


[14] E. Keller, B. de Lange, M. T. Rispens, B. L. Feringa, Tetrahedron
1993, 49, 8899.


[15] M. T. Rispens, E. Keller, B. de Lange, J. Zijlstra, B. L. Feringa, Tet-
rahedron: Asymmetry 1994, 5, 607.


[16] B. M. Trost, D. M. T. Chan, T. N. Naninga, Org. Synth. 1984, 62, 58.
[17] B. M. Trost, D. M. T. Chan, J. Am. Chem. Soc. 1983, 105, 2315.
[18] B. M. Trost, T. N. Nanninga, T. Satoh, J. Am. Chem. Soc. 1985, 107,


721. For more details see T. N. Nanninga, Ph.D. Thesis, University of
Wisconsin, 1985, Chapter 3.


[19] We would like to thank Dr. Dirk Heimbach and the scientists at
Bayer for providing us with their data to confirm our results; b) See
also: A. Stolle, H. P. Antonicek, S. Lensky, A. Voerste, G. Mueller,
U. Stropp, E. Hovarth, V. De Vry, F. Mauler, R. Schreiber, German
Patent No. WO9936416, 1999 ; c) See also: A. Stolle, H. P. Antoni-
cek, S. Lensky, F. Mauler, J. Mittendorf, T. Mueller, A. Voerste,
222nd ACS Meeting, Division of Medicinal Chemistry, Chicago, Illi-
nois 2001, Abstr. 223; d) C. Y. Fiona, A. Stolle, H. P. Antonicek, S.
Lensky, F. Mauler, J. Mittendorf, T. Muller, J. P. Pin, L. Prezeau,
Mol. Pharmacol. 2001, 59, 965.


[20] J. B. Baudin, G. Hareau, S. A. Julia, R. Lorne, O. Ruel, Bull. Soc.
Chim. Fr. 1993, 130, 856 and earlier references; P. J. Kocienski, A.
Bell, P. R. Blakemore, Synlett 2000, 365 and earlier references. For a
review see P. R. Blakemore, J. Chem. Soc. Perkin Trans. 1 2002,
2563.


[21] F. D. Toste, Ph.D. Thesis, Stanford Unversity, 2000, Ch. 6, 494; com-
pare B. M. Trost, F. D. Toste, J. Am. Chem. Soc. 1999, 121, 4545.


[22] B. M. Trost, D. L. Van Vranken, Chem. Rev. 1996, 96, 395.
[23] H. Fukui, F. Yoshinori, K. Fujita, T. Nakagawa, H. Koshino, T.


Nakata, Bioorg. Med. Chem. Lett. 1997, 7, 2081; M. Jung, D. A.
Bustos, H. N. Elsohly, J. D. McChesney, Synlett 1990, 743.


[24] B. M. Trost, D. P. Curran, Tetrahedron Lett. 1981, 22, 1287.
[25] U. Handschin, H. P. Sigg, C. Tamm, Helv. Chim. Acta 1968, 51, 1943.
[26] R. Pappo, D. S. Allen, Jr., R. U. Lemieus, W. S. Johnson, J. Org.


Chem. 1956, 21, 478.
[27] H. Yamamoto, S. Iguchi, H. Nakai, M. Hayashi, J. Org. Chem. 1979,


44, 1363.
[28] J. M. Williams, R. B. Jobson, N. Yasuda, G. Marchegini, U. H. Dol-


ling, E. J. J. Grabowski, Tetrahedron Lett. 1995, 36, 3461.
[29] T. Takai, K. Nitta, K. Utimoto, J. Am. Chem. Soc. 1986, 108, 7408.
[30] For a review of the Suzuki reaction see: N. Miyaura, A. Suzuki,


Chem. Rev. 1995, 95, 2457.
[31] M. R. Netherton, C. Dai, K. Neuschultz, G. C. Fu, J. Am. Chem.


Soc. 2001, 123, 10099.
[32] B. M. Trost, Z. T. Ball, J. Am. Chem. Soc. 2001, 123, 12726.
[33] B. M. Trost, J. L. Belletire, S. Godleski, P. G. McDougal, J. M. Balko-


vec, J. J. Baldwin, M. E. Christy, G. S. Ponticello, S. L. Varga, J. P.
Springer, J. Org. Chem. 1986, 51, 2370.


[34] M. Yamaguchi, J. Innaga, K. Hirata, H. Sacki, T. Katsuki, Bull.
Chem. Soc. Jpn. 1979, 52, 1989.


[35] (+)-Brefeldin A was purchased from the Sigma chemical company.
[36] F. Dean Toste, Ph.D. Thesis, Stanford Unversity, 2000, Ch. 5, 406.


Received: October 17, 2003 [F5634]


¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2004, 10, 2237 ± 22522252


FULL PAPER B. M. Trost and M. L. Crawley



www.chemeurj.org






Excited-State Behavior and Photoionization of 1,8-Acridinedione Dyes in
Micelles–Comparison with NADH Oxidation


Chellappan Selvaraju[a] and Perumal Ramamurthy*[a, b]


Introduction


Reduced nicotinamide adenine dinucleotide (NADH) plays
a vital role as the electron source in the reduction of oxygen
in the respiratory chain.[1] The biological activity of oxidized
nicotinamide adenine dinucleotide (NAD+) and NADH is
based on the ability of the nicotinamide group to undergo a
reversible oxidation±reduction reaction. The mechanisms of
the conversion of NADH into NAD+ and of the reverse re-
action have been studied extensively in coenzymes as well
as in synthetic analogues during the last two decades.[2] The


issue of whether the conversion involves a one-step hydride
transfer[3] or a stepwise electron±proton±electron transfer[4]


has been studied extensively. An NADH radical cation
formed as an intermediate in the photooxidation of NADH
is confirmation of the sequential electron±proton±electron
transfer mechanism. Evidence to support the operation of
such a mechanism during thermal, photochemical, and elec-
trochemical oxidation of NADH and its analogues has been
reported.[5] Photoinduced electron transfer reactions of
NADH model compounds with various one-electron oxi-
dants have been reported.[6]


Acridinedione dyes (ADDs; for example, 1 and 2) have
been developed recently as a family of efficient laser dyes[7]
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Abstract: The photophysics and photo-
chemistry of 1,8-acridinedione dyes,
which are analogues of reduced
nicotinamide adenine dinucleotide
(NADH), are studied in anionic and
cationic micelles. Acridinedione dyes
(ADDs) are solubilized in micelles at
the micelle±water interface and are in
equilibrium between the aqueous and
micellar phase. The binding of the
ADDs with micelles is attributed to hy-
drophobic interactions and the binding
constants are determined with steady-
state and time-resolved techniques.
Nanosecond laser flash photolysis stud-
ies are carried out in aqueous, anionic,
and cationic micellar solutions. The
ADD undergoes photoionization in the
excited state to give a solvated elec-


tron. The solvated electron reacts with
the ADD to give an anion radical. In
anionic micelles, the yield of the solvat-
ed electron increases because of the ef-
ficient separation of the cation radical
and the electron. Cation radicals de-
rived from the photooxidation of
ADDs are involved in keto±enol tauto-
merization. Under acidic conditions, an
enol radical cation of the acridinedione
dye is formed from the keto form of
the cation radical by intramolecular hy-
drogen atom transfer. In cationic mi-
celles, due to electrostatic attraction,


the electron cannot escape from the
micelle and recombination of the
cation radical and the electron results
in the formation of a triplet state. For
the first time, a solvated electron is ob-
served in the laser flash photolysis of
ADDs in anionic micelles. The photo-
ionization of ADDs depends on the ex-
citation wavelength and is biphotonic
at 355 nm and monophotonic at
248 nm. From the results with this
NADH model compound, the sequen-
tial electron±proton±electron transfer
oxidation of NADH is confirmed and
the nature of the intermediates in-
volved in the oxidation is unraveled;
these intermediates are found to
depend on the pH value of the
medium.


Keywords: acridinedione ¥ cofactor
models ¥ micelles ¥ photooxidation ¥
radical ions
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and these dyes have structural similarity with NADH. These
dyes have been shown to mimic NADH analogues to a
great extent because of their tricyclic structure, which is ca-
pable of protecting the enamine moiety.[8] Drugs such as ni-
fedipine, nimoldipine, and nisoldipine fall into this class and
have many applications in medicine, for example, as calcium
antagonists, antihypertensive agents, and antiinflammatory
drugs.[9] These dyes can function as both electron donors
and acceptors and their electrochemical,[10] photophysical,[11]


and excited-state reactions[12] in homogeneous solution have
been investigated.
Photoionization also plays an important role in biological


processes; a good example is light interaction in chloroplasts
during photosynthesis.[13] The photoionization of NADH de-
rivatives has been investigated with respect to the biological
process.[14] Both monophotonic and biphotonic photoioniza-
tion of NADH has been reported.[15]


A micelle can serve as a structural and functional model
for complex bioaggregates, including proteins and biomem-
branes.[16] The unique and different photophysical properties
observed in micelles are due to a number of factors, such as
solute distribution, mobility, conformational restraints, and
the local electrical field. Within a distance of a few nanome-
ters, the microscopic dielectric constant varies from 2 to
80 Debye units and the microviscocity changes by an order
of magnitude. These factors give rise to some fascinating di-
mensions for photoinduced processes, both chemical and
physical, that occur in the micelle.[17] Micelles are recognized
as a good means of compartmentalizing solutes and they in-
crease the ion yield by preventing the back electron transfer
of the ion pair. In particular, the micellar system strongly
promotes the photoionization of many aromatic mole-
cules.[18, 19] We report here the photophysics and photochem-
istry of the acridinedione dyes in aqueous medium and in
anionic and cationic micelles; this study includes photoioni-
zation of the dyes. We also report the role of the pH value
in the mechanistic pathway of oxidation of the acridinedione
dyes, a role that can be extended to NADH oxidation.


Results and Discussion


Absorption and fluorescence : The absorption spectra of
ADD 1 were measured in water and with various concentra-
tions of surfactant. The critical micellar concentrations
(CMCs) of sodium dodecylsulfate (SDS) and cetyltri-
methylammonium bromide (CTAB) micelles are 8.2 and
0.92 mm, respectively.[20] Below the CMC, there is no change
in the intensity of the absorption peak of ADD 1 at 390 nm
with either SDS or CTAB. Above the CMC, the absorbance
decreases as the concentration of the surfactant increases,
with a simultaneous shift in the absorption maximum to-
wards the blue region; these changes are most rapid at the
CMC. The long-wavelength absorption maximum depends
on the solvent polarity and is assigned to intramolecular
charge transfer.[11] The absorption maxima of ADD 1 in mi-
celles and in various homogeneous solvents with different
polarities are listed in Table 1. With decreasing solvent po-
larity the absorption maximum is blue shifted and there is a


decrease in the molar extinction coefficient. The blue shift
of the absorption maximum and the decrease in the molar
extinction coefficient observed in the micelles are similar to
this solvent effect. This indicates that the ADDs are trans-
ferred from the bulk aqueous to the less polar micellar envi-
ronment.
The effect of surfactant concentration on the emission


spectrum of the ADD 1 is shown in Figure 1. Below the
CMC, there is no change in the emission intensity and emis-


sion maximum of the dye on excitation at a isosbestic point
(378 nm). As the concentration of surfactant increases
above the CMC, the fluorescence intensity is enhanced and
there is a blue shift in the emission maximum. The fluores-
cence maxima and emission quantum yields of ADD 1 in
micelles and in various homogeneous solvents with different
polarities are listed in Table 1. The polarity-dependent emis-
sion maximum confirms the charge-transfer character of the
S1 state. The fluorescence enhancement of several dyes in


Table 1. Absorption and fluorescence maxima and fluorescence quantum
yield of ADD 1 in various solvents.


Solvent Absorption Fluorescence ff ET(30)
lmax [nm] (e [m


�1 cm�1]) lmax [nm]


water 396 (9823) 470 0.45 63.1
methanol 378 (9332) 456 0.91 55.4
acetonitrile 370 (8912) 444 0.90 45.6
acetone 370 (8128) 441 0.88 42.2
dichloromethane 370 (7762) 440 0.90 40.7
chloroform 372 438 0.92 39.1
ethyl acetate 370 437 0.89 38.1
SDS 392 (9009) 462 0.74 ±
CTAB 390 (9152) 463 0.71 ±


Figure 1. Emission spectrum of ADD 1 in water with SDS concentrations
of a) 0, b) 8.4î10�3, c) 9.8î10�3, d) 0.011, e) 0.014, f) 0.017, g) 0.021,
h) 0.0634, and i) 0.11m. Inset: Plot of f/(1�f) against concentration of
SDS for ADD 1.
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micelles has been reported.[21±23] Chouchiang and Lukton[22]


reported the fluorescence enhancement of 2-(p-toluidinyl)-
naphthalene-6-sulfonate (TNS) in SDS micelles, an enhance-
ment due to the interaction between the micelles and the
TNS. The fluorescence enhancement of cyanine and rhoda-
mine dyes in micelles has also been reported.[23] These dyes
undergo aggregation in aqueous solution and, due to this,
they have lower fluorescence quantum yields in homogene-
ous solvents. The fluorescence enhancement of these cya-
nine and rhodamine dyes in micelles is due to the preven-
tion of aggregation of the dyes. The aggregation of ADDs in
homogeneous solvents is not possible because these dyes are
nonplanar; with increasing concentration of the ADD, we
do not observe any new peak in the absorption and emission
spectra. The fluorescence enhancement of ADD molecules
by micelles is not due to the prevention of aggregation proc-
esses observed with the cyanine and rhodamine dyes.
Bagdasarian and Shahinyan[24] reported the association of


dye molecules on the micellar surface and this affects the
absorption and fluorescence characteristics of the dyes. The
fluorescence enhancement of ADDs in micelles was ana-
lyzed by the Benesi±Hildebrand equation [Eq. (1)],[25] where
K is the equilibrium constant, [M] is the concentration of
micelles, and I0, I’, and I are the fluorescence intensity of
ADD in the absence of micelles, the fluorescence intensity
of bound ADD, and the measured fluorescence intensity, re-
spectively.


1
I0�I


¼ 1
I0�I 0


þ 1
KðI0�I 0Þ½M� ð1Þ


The dependence of 1/I0�I on the reciprocal concentration
of micelles was found to be linear, a fact that indicates 1:1
binding. This confirms the absence of dimer formation on
the surface of the micelle. Moreover, the absence of a new
peak in the absorption and emission spectra excludes dimer
formation of the acridinedione dyes.


The increase in the fluorescence intensity of intramolecu-
lar-charge-transfer emissions of ADD 1 and the correspond-
ing blue shift of the emission maximum in micelles with re-
spect to the results obtained with pure water are accounted
for by the following reasons.


1) During the formation of micellar aggregates the ADD
molecules are transferred from the highly polar aqueous
phase to the less polar micellar environment. It is known
that the excited singlet state of ADDs is more polar
than the singlet ground state, a fact that is obvious from
the dipole-moment data of these dyes. Experimentally
observed dipole moments of the ground and excited
states of ADDs are approximately 1.9 and 3.2 D, respec-
tively.[11] Therefore, the S1 state becomes less stabilized
than the corresponding ground state in the less polar
Stern layer of the micelles. As a result, the energy gap
between the S1 and S0 states increases and there is conse-
quently a shift in the emission maximum towards the
blue region. The fluorescence spectral shift can be used
to determine the polarity of the ADD binding site in mi-
celles. A calibration curve was constructed by plotting


the emission wavenumber against the polarity parame-
ter, the ET(30) value. This allowed us to estimate the
ET(30) values of the ADD binding sites as 57.5 and 59
for SDS and CTAB, respectively. On comparing these
values with those of alkanes, like hexane (31), and water
(63), it can be determined that the ADD is located nei-
ther in the core nor in the aqueous phase but is located
at the micelle±water interface.


2) The fluorescence intensity enhancement in micelles is
due to inhibition of radiationless decay by the micellar
aggregates. This may be reasoned out in terms of rigidi-
zation of the ADDs in the local environment encoun-
tered in the micelle.[22]


3) In aqueous solution, the strong hydrogen-bonding inter-
actions of water molecules with the dye induces nonra-
diative relaxation and therefore a decrease in the fluo-
rescence quantum yield is observed.[26] . In micelles,
ADD molecules are transferred from the hydrophilic
aqueous phase to a hydrophobic micellar environment,
which minimizes the hydrogen-bonding interactions be-
tween the ADD and water. This minimization of hydro-
gen-bonding interactions causes the diminution of radia-
tionless relaxations (induced by hydrogen-bonding inter-
actions) of the ADD, with a resultant enhancement of
intramolecular-charge-transfer emission intensity in the
micellar environment.


Fluorescence lifetimes : Fluorescence lifetimes of the ADDs
were recorded in water and in different concentrations of
SDS and CTAB solution. Below the CMC, all the dyes ex-
hibit single exponential fluorescence decay with a lifetime
of around 4±4.5 ns in water. Above the CMC, the fluores-
cence decay of the dyes does not obey a single exponential
fit but instead follows a biexponential fit according to Equa-
tion (2), where I(t) is intensity at time t, A1 and A2 are the
preexponential factors, and t1 and t2 are fluorescence life-
times. The emission decay profile of ADD 1 monitored at
470 nm and with different SDS concentrations is shown in
Figure 2.


Figure 2. Fluorescence decay of ADD 1 in water with SDS concentrations
of a) 0, b) 8.4î10�3, c) 9.8î10�3, d) 0.011, e) 0.014, and f) 0.11m.
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IðtÞ ¼ A1exp
�
�t
t1


�
þA2exp


�
�t
t2


�
ð2Þ


In aqueous micellar solution, three possible locations,
namely, the hydrophobic core, the bulk water, and the Stern
layer, are available for the dyes. The biexponential behavior
in the presence of micelles suggests that the ADDs are pres-
ent in two different environments, in one of which the fluo-
rescence decay of the ADDs has a shorter lifetime (4.2 ns)
while in the other it has a longer lifetime (7.8 ns). The short-
er lifetime is the same as the fluorescence lifetime of ADDs
in water. The longer lifetime is assigned to the ADD mole-
cules bound to the micelles. The biexponential analyses of
ADDs in the presence of different concentrations of surfac-
tant were carried out by fixing t1 as the lifetime of the dyes
in water. The fluorescence lifetime data of ADD 1 are com-
piled in Table 2. With increasing surfactant concentration,
the relative amplitude of fluorescence from the aqueous por-
tion (B1) decreases whereas the relative amplitude of fluo-
rescence from the micelle portion (B2) increases (Table 2).
This confirms that the ADD is in equilibrium between these
two environments.


Binding constants : The binding constants of ADD mole-
cules with anionic and cationic micelles (SDS and CTAB)
were determined by using both steady-state and time-re-
solved fluorescence techniques.


Steady-state fluorescence technique :[27] In the steady-state
fluorescence technique, change in the fluorescence intensity
of the ADD with surfactant concentration was used to de-
termine the binding constants. Consider the equilibrium
shown in Equation (3). The equilibrium constant for this re-
action, Ks, is given by Equation (4), where [Da] and [Dm] are
the substrate (dye) concentrations in the aqueous phase and
in the micellar phase, respectively. [Sm] is the molar concen-
tration of surfactant in the form of micelles and is equal to
the total surfactant concentration minus CMC in the ab-
sence of dye.


Da þ Sm Ð Dm ð3Þ


KS ¼
½Dm�


½Da�½Sm�
ð4Þ


The total dye and surfactant concentrations, [Dt] and [St],
are given by Equations (5) and (6). In the presence of ADD
dye the total surfactant concentration in the form of the
micelle is the sum of the surfactant concentration in the
form of the micelles with ADD [Dm] and without ADD
[Sm].


½Dt� ¼ ½Da� þ ½Dm� ð5Þ


½St� ¼ ½Sm� þ ½Dm� þ CMC ð6Þ


The fraction of the dye associated with the micelle, f
[Eq. (7)], can be expressed by Equation (8), where I, Ia, and
Im are the fluorescence intensities at an intermediate con-
centration of surfactant, in aqueous solution, and when the
ADD is completely solubilized (that is, at 0.1m surfactant
concentration), respectively.


f ¼ ½Dm�
½Dt�


ð7Þ


f ¼ I�Ia
Im�Ia


ð8Þ


By combining Equations (4)±(8), we get Equation (9).


f
1�f


¼ Ksð½St��½Dt�f Þ�KsCMC ð9Þ


By making the approximations that [Dm]! [St] and [St]@
CMC, Equation (9) can be reduced to Equation (10), where
K is the binding constant and N is the aggregation number.
The plot of f/1�f against [S] gives a straight line, (Figure 1,
inset) and the binding constant is calculated from the slope.


f
1�f


¼ Ks½St� ð10Þ


Slope ¼ K
N


Time-resolved fluorescence technique : In presence of mi-
celles, the fluorescence decay of ADDs is biexponential
with lifetimes of t1 and t2 and amplitudes of A1 and A2. The
binding constant is calculated from the amplitude by using
Equation (11), where [M] is the concentration of micelles as
given by Equation (12).


A2


A1
¼ K½M� ð11Þ


½M� ¼ ½St��CMC
N


ð12Þ


The binding constant is ob-
tained from the slope of the
plot of A2/A1 against [M]. The
binding constants obtained
from the time-resolved fluores-
cence technique are in close
agreement with the values ob-


Table 2. Lifetime data for ADD 1.


[SDS] [m] Lifetime [ns] Preexponential factor Relative amplitude
t1 t2 A1 A2 B1 B2


0.00 4.42 ± ± ± 100 ±
8.44î10�3 4.42 7.82 0.729 0.139 74.78 25.22
9.85î10�3 4.42 7.81 0.569 0.295 52.16 47.84
0.0113 4.42 7.84 0.458 0.394 39.65 60.55
0.0141 4.42 7.80 0.344 0.512 27.52 72.48
0.0169 4.42 7.82 0.238 0.612 18.02 81.98
0.0211 4.42 7.85 0.163 0.674 12.03 87.97
0.0282 4.42 7.79 0.122 0.719 8.75 91.25
0.0634 4.42 7.82 0.050 0.806 3.39 96.61
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tained by using steady-state fluorescence measurements and
are compiled in Table 3.
Electrostatic and hydrophobic interactions are responsible


for binding of the solute with the micelles. Depending upon
the nature of the solute and micelles the binding involves
one or both of these interactions. The binding of a solute to


an ionic micelle is electrostatic when the strength of the in-
teraction is determined by the charge density of the solute.
In contrast, the binding of the solute with the micelles is hy-
drophobic when the strength of the binding is determined
by the tendency of the solute to reduce its interaction with
aqueous dipole. The binding of inorganic ions such as Ag+ ,
Cu+ , and Ni+ with SDS micelles[28,29] is purely electrostatic
and does not involve any covalent interactions with the sul-
fate groups on the micellar surface. The binding constants of
aromatic hydrocarbons like benzene, anthracene, and
pyrene are in the range 4î105±2î106m�1 and correlate with
the hydrophobicity of the solutes.[29]


ADD molecules are neutral and electrostatic interactions
in the binding of ADDs with micelles are ruled out. The
binding of these dyes is mainly attributed to hydrophobic in-
teractions of the ADDs with the micelles. ADD 2 has a
higher binding constant than ADD 1 in both types of mi-
celle (SDS and CTAB). The additional methyl groups pres-
ent at positions 3 and 6 of ADD 2 make it more hydropho-
bic and it binds strongly with micelles. From the fluores-
cence studies, it can be determined that the polarity of the
ADD binding site in SDS is less than that in CTAB, that is,
the ADD is solubilized in a more hydrophobic environment
in SDS than in CTAB.


Laser flash photolysis of ADDs : The transient absorption
spectrum of the ADDs in water with laser excitation at
355 nm shows maxima in the regions around 470 and
650 nm. The transient absorption spectra of ADD 1 in water
is shown in Figure 3c. The transient decay observed above
600 nm has a short-lived component and a long-lived com-
ponent. The short-lived decay is quenched by N2O while the
long-lived decay is unaffected by N2O. Oxygen quenches the
long-lived decay observed at 650 nm, while the 470 nm tran-
sient is not affected by oxygen. It is known that O2 quenches
the triplet state of the molecule and N2O reacts with the sol-
vated electron. The above observations lead to the conclu-
sion that the 650 nm transient is due to triplet±triplet ab-
sorption[30] of ADD and the short-lived component observed
above 600 nm (Figure 3b) is due to a hydrated electron. The
hydrated electron reacts with the ADD and an anion radical
is formed. The 470 nm transient absorption is assigned as
anion-radical absorption which is in agreement with the
findings of Mohan et al.[31]


The transient absorption spectrum obtained from 355 nm
laser flash photolysis of ADD 1 in 0.1m SDS also shows
transient maxima in the 470 and 650 nm regions (Figure 4d).
These maxima are similar to those observed in water and
are assigned to anion-radical and triplet±triplet absorption,
respectively. In SDS, the transient decay observed above
600 nm also exhibits two decay components, similar to those
observed in water. The absorption of the short-lived decay
component is more intense in SDS than in water. The short-
lived decay disappears in the presence of N2O and is as-
signed to a hydrated electron, which is expected to have ab-
sorption in the region of 500±750 nm.[32] The decay of the
hydrated electron at 720 nm is shown in Figure 4c.
In the presence of anionic micelles, the solvated electron


absorbance and lifetime increase with an increase in the
SDS concentration. In SDS, the electron exits from the mi-
celles into the aqueous phase due to the electrostatic repul-
sion but the cation radical is strongly bound with the mi-
celles due to the electrostatic attraction. The inhibition of
the back reaction caused by the electrostatic barrier at the
micelle±water interface enhances the yield and lifetime of
the solvated electron. One route of decay of the electron is
through reaction with the ground state of the ADD mole-
cule. The observation of the anion-radical transient at
470 nm in SDS indicates the occurrence of the reaction of a
hydrated electron with the ADD. The rate of decay and ab-
sorbance of the hydrated electron increases with increase in
the concentration of ADD molecules and is represented in
Figure 5. The decay of the hydrated electron is analyzed by


Table 3. Binding constants for ADDs with micelles.


Dye Binding constant [î10�3m�1]
SDS CTAB


steady-state time-resolved steady-state time-resolved


ADD 1 18.2
0.1 17.7
0.3 4.1
0.2 4.5
0.1
ADD 2 86.8
2 90.3
0.2 22.6
0.5 23.2
0.2


Figure 3. Transient decay monitored at a) 470 and b) 650 nm. c) Transient
absorption spectrum of ADD 1 in water, recorded after 1 ms. In each
case, trace 1 was measured with argon saturation and trace 2 was meas-
ured with N2O saturation.
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pseudo-first-order kinetics and from the plot; the bimolecu-
lar rate constant for the reaction of ADD with the electron
is calculated to be 1.4
0.5î109m�1 s�1. The rate constant


obtained in homogeneous solution[31] (2±5î1010m�1 s�1) is
higher than the value observed in SDS. In the presence of
anionic micelles, the ejected electron is repelled by the neg-
atively charged surface of the micelles containing the neu-
tral ADD molecules. In micelles, the ADDs are partitioned
between the aqueous and micellar phases and hence the hy-
drated electron reacts only with ADD molecules that are
present in the aqueous phase. If ADDs exist as dimers in
the Stern layer, then the electron formed would react within
the Stern layer. But we observe an enhancement in the yield
and lifetime of the solvated electron with increasing SDS
concentration. This clearly indicates that the solvated elec-
tron reacts with ADD molecules present in the aqueous
phase only, a result that further supports the absence of
dimers in the Stern layer.
The transient absorption spectra of the ADDs in CTAB


show much more similarity to the absorption curves ob-
tained in aqueous solution than to those observed in SDS.
In CTAB, the triplet±triplet absorption of the ADD increas-
es with increase in the concentration of CTAB whereas no
such behavior is observed in the case of SDS. The triplet±
triplet absorption spectrum of ADD 1 in solutions with dif-
ferent concentrations of CTAB are shown in Figure 6. The


charge on the micelles plays a crucial role in the efficiency
of the separation of the products of the photoionization
process. The electron is not able to escape easily from the
cationic micelle because of the electrostatic attraction, the
recombination of the cation radical and the electron is more
efficient, and the yield of hydrated electron is lower in the
cationic micelle. The recombination reaction favors the trip-
let induction when the ion-pair energy is higher than the
triplet state of the ADD. The enhanced triplet absorption in
cationic micelles (CTAB) is nicely explained by the triplet
induction by the ion-pair recombination.


Cation radicals of ADDs : The transient decay of ADD mol-
ecules monitored at 440 nm shows residual absorbance and


Figure 4. Transient decay monitored at a) 470, b) 650, and c) 720 nm.
d) Transient absorption spectrum of ADD 1 in 0.1m SDS, recorded after
1 ms. In each case, trace 1 was measured with argon saturation and trace 2
was measured with N2O saturation.


Figure 5. Plot of pseudo-first-order rate constant of hydrated electron
decay at 720 nm against concentration of ADD 1. Inset: Decay of the hy-
drated electron with a) 4.5î10�5, b) 9î10�5, and c) 3.6î10�4m ADD 1.


Figure 6. Triplet±triplet absorption spectrum of ADD 1 in water with
CTAB concentrations of a) 0.04, b) 0.07, and c) 0.1m, recorded 2 ms after
the laser pulse.
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is much stronger in solutions of SDS and CTAB than in
pure water. The transient absorption of ADD 1 in 0.1m SDS
recorded 15 ms after the laser pulse shows a maximum at
440 nm (Figure 7), which is assigned to the cation radical of


the ADD. In a pulse radiolysis study Mohan and Mittal[33]


reported that the cation radical has absorption at 440 nm
and a broad band at 600±700 nm. The assignment of the
440 nm transient to the cation radical is therefore in agree-
ment with the pulse radiolysis studies.
Acridinedione dyes have structural similarity to NADH


and the cation radicals of NADH model compounds have
been studied extensively.[34] The radical cations generated
from NADH model compounds undergo keto±enol tauto-
merization proceeded by a [1,4] hydrogen shift. Recently
Fuzukumi et al.[35] reported the tautomerization of radical
cations of NADH analogues by using ESR and flash photol-
ysis techniques. They generated the radical cation of 1-
benzyl-1,4-dihydronicotinamide (BNAH) through thermal
and photoinduced electron transfer reactions in acetonitrile.
The keto and enol radical cations of BNAH show absorp-
tion maxima at 400 and 460 nm, respectively.
On decreasing the pH value, the residual absorbance at


440 nm decreases, with a simultaneous increase at 550 nm.
The effect of the pH value on the 440 and 550 nm transients
in SDS is shown in Figures 7a and b,respectively. Marcinek
et al.[36] reported that under acidic conditions an enol radical
cation of ADD is formed that has absorption at 550 nm.
The 440 nm transient is assigned to the keto form of the
ADD cation radical. The transient maximum of the ADD
radical cations in aqueous micellar solutions is significantly
red shifted relative to the maximum of the radical cations of
BNAH in acetonitrile.[35] Above pH 5 the ADD cation radi-


cal exists in the keto form and below pH 4 it exists in the
enol form. In the intermediate pH range both the keto and
enol forms of the radical cation coexist under equilibrium.
The pKa value of the enol radical cation was determined to
be around 4.5 in SDS and around 3.0 in CTAB. In acidic
conditions, the formation of the enol radical cation is facili-
tated by the protonation at the carbonyl oxygen atom and is
similar to the acid-catalyzed keto±enol tautomerization of
a,b-unsaturated carbonyl compounds. The transient absorp-
tion spectra of ADDs recorded in water, SDS, and CTAB
under acidic conditions (pH 3.5) show transient absorption
maxima at 590 nm (see Figure 8 for the spectrum in SDS).


In the pulse radiolysis reduction of the ADD+ molecule,
Marcinek et.al.[34] reported that the carbon-centered radical
and enol cation radical are in equilibrium and under such
circumstances they have a transient absorption maximum at
590 nm. A similar observation in the present investigation
suggests that in the pH range below 4, the enol cation radi-
cal and the carbon-centered radical are in rapid equilibrium.
In the present study we find that the enol radical cation of
acridinedione dyes is formed from the keto form of the
cation radical and, depending on the pH value of the
medium, either the keto or enol form of the cation radical
will exist. The photooxidation and the subsequent reactions
of the ADDs are represented in Scheme 1.


Comparison of the oxidation of NADH with ADD oxida-
tion : The mechanism of NADH oxidation was established
by use of model compounds (1,4-dihydropyridine deriva-
tives) and several mechanisms, such as one-step hydride
transfer and multistep electron±proton transfer, have been
proposed for the oxidation of NADH to NAD+ . The detec-
tion of the radical cation in thermal, electrochemical, and
photochemical oxidations of NADH has confirmed the se-
quential electron±proton±electron transfer mechanism. De-
protonation of the cation radical leads to the carbon-cen-
tered radical, which undergoes a further one-electron oxida-


Figure 7. The effect of pH value on the transient decay of ADD 1 in 0.1m
SDS, monitored at a) 440 and b) 550 nm. In each case, the pH values
were as follows: 1) 7, 2) 5, 3) 4, 4) 3.5, and 5) 3.0. c) The transient absorp-
tion spectrum of ADD 1 in 0.1m SDS at pH 7, 1) 1 and 2) 15 ms after the
pulse.


Figure 8. Transient absorption spectrum of ADD 1 in 0.1m SDS at
pH 4.5.
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tion to give NAD+ . Marcinek et al. reported the formation
of tautomeric enol radical cations from the oxidation of
NADH model compounds.[34] The enol radical cation
formed by the deprotonation±reprotonation processes from
the keto radical cation. They also studied the reverse step-
wise transformation of NAD+ to NADH; this process
occurs by protonation of the carbon-centered radical at the
oxygen atom resulting in the enol radical cation. The enol
form of cation radical reverts rapidly to the more stable
keto form on neutralization. The mechanism proposed by
Marcinek et al.[34] illustrates the sequential electron±pro-
ton±electron transfer in the NADHQNAD+ transformation
and includes the two tautomeric
forms of the NADH radical
cation but the authors do not
indicate the effect of the pH
value on the formation of the
cation radicals. From the photo-
oxidation of ADDs in micelles
(Scheme 1), we have concluded
that the mechanistic pathway of
oxidation (thermal and photo-
chemical) of NADH to NAD+


depends on the pH value of the
medium (Scheme 2). In alkaline
conditions, the deprotonation of
the keto cation radical
(NADHKC+) results in the
carbon-centered radical
(NADC), which further under-
goes one-electron oxidation to
give NAD+ . In acidic condi-
tions, the keto form of the
cation radical is converted into
the enol radical cation


(NADHEC+) through a [1,4] hy-
drogen shift. The enol radical
cation is in equilibrium with the
carbon-centered radical, which
can undergo further oxidation
as above (Scheme 2). From this
study we also conclude that the
reverse reaction, that is, conver-
sion of NAD+ into NADH, is
possible only in acidic condi-
tions.


Monophotonic and biphotonic
ionization : The photonicity of
photoionization processes in
aqueous homogeneous solu-
tions could not be evaluated
due to the poor yield of solvat-
ed electrons. In SDS, the yield
of solvated electrons is quite
large and this helps to identify
the mechanism of photoioniza-
tion of the ADDs. The absorb-
ance of the solvated electrons is


measured as a function of the laser intensity. The ADD
solubilized in SDS micellar solutions was excited by 248 and
355 nm laser pulses of different intensities and the absorb-
ance of the solvated electrons at 720 nm was monitored
after a 200-ns delay. The absorbance of the solvated elec-
trons can be described as a function of the laser intensity as
given by Equation (13), where OD is the optical density of
the solvated electrons at 720 nm, Et is the pulse energy, n is
an integer, and k is a constant encompassing the specified
experimental conditions. The value of n can be determined
from the double log plot of Equation (13) as described by
Equation (14).


Scheme 1. Mechanism of acridinedione dye oxidation. ADD=acridinedione dye, ADKC+ =keto radical cation,
ADCC=carbon-centered radical, ADEC+ =enol radical cation.


Scheme 2. Mechanism of NADH oxidation based on acridinedione dye oxidation in micelles.
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OD ¼ kEn
t ð13Þ


logðODÞ ¼ logðkÞ þ nlogðEtÞ ð14Þ


Figure 9 presents the plot of log(OD) against log(Et) for
ADD 1 in SDS micellar solution. For experiments with exci-
tation at 355 nm the slope is determined to be 2.08 and exci-
tation with 248 nm yields a slope of 1.1. Hence, it can be


concluded that the photoionization of ADDs by 248 nm
light proceeds by a monophotonic ionization process, while
that at 355 nm occurs through a biphotonic process.
There are several reports on photoionization of solutes in


micellar media. Aromatic hydrocarbons such as pyrene, per-
ylene, and tetracene photoionize[18] by a biphotonic process,
whereas aromatic amines with low oxidation potentials such
as tetramethylbenzidine[37] and phenothiazine[38] undergo
monophotonic ionization. Photoionization of phenothiazine
has been studied extensively in homogeneous and micellar
solutions and it has been reported that the photoionization
process depends on the excitation wavelength.[39] In aqueous
SDS micellar solutions, the photoionization of phenothia-
zine is found to be monophotonic at 266 nm, but both
mono- and biphotonic processes seem to operate at 355 nm.
It was concluded that the photoionization occurs from the
higher excited singlet state of phenothiazine.
The wavelength-dependent photonicity of the acridine-


dione dyes in SDS micellar solutions exemplifies the in-
volvement of higher excited states in the photoionization.
Excitation with 248 nm photons directly promotes electrons
from the S0 to S2 state and the photoionization proceeds by
a monophotonic process. Excitation at 355 nm promotes the
electrons to the S1 state by the absorption of one photon
and subsequent absorption of one more photon promotes
the electrons to the S2 state (Scheme 3).


Conclusion


The absorption and fluorescence spectral characteristics of
the ADDs in SDS and CTAB reveal that they are solubi-
lized in a less polar environment than water. The polarity of


the binding site of the dyes in the micelles was determined
and the probe is solubilized in the Stern layer, that is, at the
micelle±water interface, with the dye more exposed to
water. In the micellar environment the fluorescence intensi-
ty of the ADDs is enhanced. The biexponential nature of
fluorescence decay of the ADDs in micelles confirms that
the dyes are in two different environments, that is, they are
in equilibrium between the aqueous and micellar phases.
The binding constants of the ADDs with the SDS and
CTAB micelles were determined and indicate a hydrophobic
interaction between the micelles and the ADDs. Formation
of solvated electrons is observed for acridinedione dyes with
laser flash photolysis for the first time. It has been observed
that ionization is monophotonic upon excitation at 248 nm
and a stepwise biphotonic process occurs at 355 nm. In cat-
ionic micelles, the recombination of the cation radical and
the electron results in the formation of the triplet state.
Cation radicals derived from the photooxidation of ADD
molecules are involved in keto±enol tautomerization. The
enol radical cations of acridinedione dyes are formed from
the keto form of the cation radicals by intramolecular hy-
drogen transfer. The results of the present study were com-
pared with the existing mechanisms for photooxidation of
NADH and by using this study we have pointed out that the
intermediate cation radical involved in the oxidation of
NADH depends on the pH value of the biological system.


Experimental Section


ADDs have been synthesized by the procedure reported in the litera-
ture.[10, 40] SDS (Sisco Research Laboratory) and CTAB (Fluka Chemi-
cals) were checked to be fluorescence free and then used as received.
Triply distilled water was used for solution preparation. All other sol-
vents used were HPLC grade as obtained from Qualigens, India. The ab-
sorption spectra were recorded by using a Hewlett±Packard 8542A
diode-array spectrophotometer. The fluorescence experiments were car-
ried out by using a Perkin±Elmer LS5B spectrofluorimeter. The concen-
tration of ADDs used was 1î10�5m. The stock solutions of ADDs were
prepared in water/methanol (99.5:0.5 v/v). The emission spectra were re-
corded by exciting the sample at the isosbestic wavelength.


Laser flash photolysis was performed by using the third harmonic of an
Nd:YAG laser (l=355 nm, DCR-2, Spectra Physics) and a KrF excimer
laser (l=248 nm, Lexrta-50, Lambda Physik). The transient absorption
changes were monitored perpendicular to the laser beam by using a
300 W pulsed Xenon arc lamp. The transient signals were detected with a
Hamamatsu R-928 photomultiplier. The photomultiplier output was digi-
tized with a 100-MHz digital storage oscilloscope (Hewlett±Packard
54201A) interfaced to a computer. Kinetic analyses were carried out by
using the software described elsewhere.[41] For all studies the solutions
were deaerated by purging with argon gas for 30 min prior to the experi-
ments.


Figure 9. Plot of log(OD) against log(Et) for electron yields from ADD 1
in 0.1m SDS.


Scheme 3. Monophotonic and biphotonic ionization of ADD dyes.
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Time-resolved fluorescence decays were obtained by the time-correlated
single-photon-counting (TCSPC) method. A diode-pumped Milliena
V CW laser (Spectra Physics, 532 nm) was used to pump the Ti-Sapphire
rod in a Tsunami picosecond-mode locked laser system (Spectra Physics).
The 750 nm (85 MHz) beam from the Ti-Sapphire laser was passed
through a pulse picker (Spectra Physics, 3980 2S) to generate 4 MHz
pulses. The second harmonic output (375 nm) was generated by a flexible
harmonic generator (Spectra Physics, GWU 23PS). A vertically polarized
375 nm laser was used to excite the sample. The fluorescence emission at
the magic angle (54.78) was counted by an MCP PMT apparatus (Hama-
matsu R3809U) after being passed through the monochromator and was
processed through a constant fraction discriminator (CFD), a time-to-am-
plitude converter (TAC) and a multichannel analyzer (MC). The instru-
ment response function for this system is �52 ps. The fluorescence decay
was obtained and was further analyzed by using IBH (UK) software
(DAS-6).
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Introduction


Within supramolecular chemistry, the use of functional
supramolecular architectures to act as constitutionally dy-
namic adaptative materials, has emerged as a major field of
with the goal of designing self-organizing nanosystems of in-
creasing complexity.[1±3] The self-assembly of coordination-
based entities is based on the implementation of ligands that
contain specific molecular information stored in the arrange-
ment of suitable binding sites and of metal ions reading out
the structural information through the algorithm defined by
their coordination geometry.[2,3]


Of special interest are ligand systems that contain differ-
ent binding units within their structure so as to combine sev-
eral distinct coordination subprograms.[3] Square [M2+


n2(nî
n)], n=2,3,4 grid-type assemblies based on terpyridine subu-
nits and octahedrally coordinated metal ions have been ac-


tively studied by Lehn et al.[6] Different three-dimensional
superstructures assembled through pyridine±metal coordina-
tion reported by the groups of Stang[2a,d] and Fujita,[2e] reveal
a range of interesting structural and physicochemical proper-
ties.


The ligand 1 discussed in this paper operates under condi-
tions in which available terpyridine (terpy) and pyridine
(py) coordination sites can be involved in the orthogonal[4]


and linear[5] (Scheme 1) binding events, respectively, of the
octahedral metal ions. Specifically, it is of interest to investi-
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Abstract: The binding of Co2+ and
Pb2+ ions to the terpyridine and pyri-
dine subunits of the ligand 1 leads to
the self-complementary molecular
clefts 2±6, which result from the cross-
over combination of orthogonal-terpyr-
idine and linear-pyridine metal-coordi-
nation subprograms and are stabilized
by strong p±p stacking interactions.
Four different cleft-type entities, [Co2+


2(1)2] (3), [Pb2+
2(1)2] (4), [Co2+


4(1)2]


(5), [Pb2+
4(1)2] (6), are generated in


both solution and the solid state, and
may be interconverted as a function of
metal/ligand stoichiometry. One- and
two-dimensional metallosupramolecu-
lar zipper architectures result from


self-assembly in the solid state driven
by a combination of different p±p
stacking subprograms. The U-shaped
geometry of the ligand influences the
possibility of zipping and thus, in turn,
the generation of different zipper ar-
chitectures. The structures of 2±5 have
been confirmed by X-ray crystallogra-
phy; that of 6 is based on NMR spec-
tral data.


Keywords: cleft structures ¥ cobalt ¥
lead ¥ N ligands ¥ supramolecular
chemistry ¥ zippers


Scheme 1. Ion-coordination subprograms encoded in the structure of
ligand 1: a) orthogonal-terpyridine and b) linear-pyridine binding events
of the metal ions. R=�SnPr.
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gate whether the coordination behavior of this system, on
the addition of octahedral metal ions, could be selectively
expressed as an independent (linear) or interfering (cross-
over) combination of the above binding events, depending
on the experimental conditions, such as metal ion concentra-
tion, molar ratio, and so forth.


We describe here a study of the equilibrium binding of
Co2+ and Pb2+ ions to the tritopic ligand 1, which lead to
the formation of coordination compounds 2±6. We report
the crystal structures of three such complexes 2±5, which as-
semble into complementary duplex cleft-type compounds,
and further self-organize into metallosupramolecular zippers
in the solid state.


Result and Discussion


Synthesis and characterization of ligand 1: Ligand 1 was syn-
thesized by means of Potts× methodology[7]: repetitive two-
fold reaction of the central pyridine bis-Michael acceptor
unit 7 with two 4-acetyl-pyridine building blocks 8 to yield 1
(54%) (Scheme 2).


A solution of 1 in CDCl3 gives a sharp 1H NMR spectrum
with strong deshielding of meta-protons of the central pyri-


dine ring, consistent with the transoid, transoid conforma-
tion[8] of the ligand (Scheme 2). As expected a strong de-
shielding is observed for meta-pyridine hydrogen atoms, in-
dicating a tight contact with the neighboring pyridine nitro-
gen atoms; this effect agrees with an unwrapped linear con-
formation of compound 1.


Controlled generation and interconversion of the Co2+ and
Pb2+ complexes formed by ligand 1: The ability of a ligand
such as 1 to form different metal complexes combining dif-
ferent coordination subprograms creates the possibility of
forming a diverse set of output coordination devices. The
ability to control the generation and interconversion of
these entities provides, in principle, a means for taking full
advantage of the dynamic constitutional/combinatorial di-
versity that they offer.[1] Such was the case in the intercon-
version of arrays of silver(i) ions in the course of the forma-
tion of a [3î3][9] and [4î4][6d] grids, as well as in the
medium-induced adaptive exchange between a square and
an hexagonal arrangement of copper(ii) ions.[10] Further-
more, in order to control the generation of such supramolec-
ular architectures it is necessary to develop methods for
their self-assembly as well as to determine their domains of
stability. As a step towards this goal we decided to investi-
gate the formation, existence domain, and interconversion
of the polynuclear complexes that may result from the bind-
ing of Co2+ or of Pb2+ ions to various stoichiometric ratios
of ligand 1. Such systems form by self-assembly under mild
conditions and are readily amenable to solution studies by


ES mass spectrometry and NMR spectroscopy : 1H NMR ti-
tration was also performed on solutions of Pb(CF3SO3)2 and
1 in [D3]acetonitrile. ES mass spectrometry was used to
follow the titration of a solution of 1 by a solution of
Co(BF4)2 (Figure 1a) or Pb(CF3SO3)2 (Figure 1b) in acetoni-
trile in order to obtain information about the coordination
behavior of 1 towards Co2+ or Pb2+ ions. Initial complexa-
tion studies revealed that addition of Co(BF4)2 or
Pb(CF3SO3)2 to a suspension of 1 in acetonitrile caused a
rapid dissolution of the ligand in a 1/M2+ (M2+ =Co2+ or
Pb2+) molar ratio from 1:0.5 to 1:3. At a 1/M2+ ratio of 1:0.5
the ES mass spectra were consistent with the presence of
the complex [Co(1)2]


2+ (2 : m/z=565) and with the direct
formation of [Pb2(1)2(CF3SO3)2]


2+ (4 : m/z=892). Further
addition of Co2+ ions led to the progressive conversion of 2
into the complex [Co2(1)2(CH3CN)4]


4+ (3 : m/z=339), which
was the only species present at the required 1/Co2+ ratio of
1/1. The charge states of these ions were determined by iso-
topic profile simulations, which corresponded to symmetri-
cal above-mentioned solvated cations (see Supporting Infor-
mations).


Below a 1/Pb2+ ratio of 1:1 the 1H NMR spectra consisted
of the exchange-broadened signals of complex 4, indicative
of the slow exchange with the ligand 1 in solution (Fig-
ure 1e). At a 1/Pb2+ ration of 1:1 the 1H NMR spectrum of
4 consisted of a series of sharp peaks, indicating high sym-
metry. The spectra could be interpreted as ligand 1 in one
magnetic environment and showed a deshielding of protons
of the terpyridine due to the lead ion complexation. Triden-


Abstract in Romanian: Coordinarea cationilor de Co2+ si de
Pb2+ la gruparile terpiridina si piridina a ligandului 1 condu-
ce la formarea de ™chei moleculare∫ auto-complementare 2±6
ca urmarea combinarii incrucisate a subprogramelor de coor-
dinare ortogonal (terpyridina) si linear (piridina) si a stabili-
zarii prin interactii aromatice p-p. Patru entitati diferite
[Co2+2(1)2] (3), [Pb


2+
2(1)2] (4), [Co


2+
4(1)2] (5), [Pb


2+
4(1)2]


(6), sunt generate atat in solutie cat si in stare solida, care pot
fi transformate reciproc in functie de stoiechimetria metal/
ligand. Se pot obtine astfel in stare solida, arhitecturi de tip
™fermoar∫ mono si bidimensionale prin combinarea de dife-
rite subprograme de interactiune p±p. Geometria in forma de
U a ligandului influenteaza posibilitatea de assamblare si
deci conduce la generarea de arhitecturi ™fermoar∫ diferite.
Structurile p±p au fost confirmate prin cristalografie de raze
X iar cea a compusului 6 prin spectroscopie RMN.


Scheme 2. Reaction sequence for the preparation of ligand 1
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tate metal ion coordination converts the transoid, transoid
form of the free ligand to cisoid, cisoid one, corresponding
to a terpyridine-type complexation site. The terminal pyri-
dine signals were overall strongly shielded (Dd=1 ppm)
with respect to the ligand 1, suggesting that intermolecular
p±p stacking interactions played an important role in the ag-
gregation process of these compounds.


When the 1/M2+ ratio was increased from 1:1 to 1:3 the
duplex complexes 3 and 4 were progressively converted into
the new compounds [Co4(1)2(CH3CN)14(BF4)4]


4+ (5 : m/z=
310) and [Pb4(1)2(CF3SO3)4(CH3CN)4]


4+ (6 : m/z=480)


(Scheme 3). The 1H NMR spectrum of 6 indicates the same
conformational symmetry of the ligand and, with respect to
the complex 4, shows an overall deshielding of protons of
the terpyridine and terminal pyridine moieties due to the
subsequent metal ion complexation.


The ES mass and NMR spectroscopic results allow the
following conclusions to be drawn:


1) Anticipating the crystal structure results below, all these
spectroscopic data agree with the formulation in acetoni-
trile of the self-complementary duplex cleft structures 3


Figure 1. ESI mass spectra and distribution curves of the species resulted on the titration of a solution of ligand 1 in CH3CN by a solution of M2+ in
CH3CN (at initial ligand 1 concentration of 0.002m) of: a), c) the Co2+ complexes 2 (~), 3 (D), and 5 (^); b), d) the Pb2+ complexes 4 (^) and 6 (*).
The data points were plotted using the integral surface of characteristic MS-chromatogram peaks normalized by the maximal surface; e) 1H NMR titra-
tion experiment of 1 with Pb(CF3SO3)2 in CD3CN.
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and 5 : the pyridine side wall of one clip molecule filling
the cavity of the other and vice versa.


2) These duplex cleft structures are highly robust as they
are still preserved even in the presence of a large excess
of metal ions (up to 1:3 ligand/ion ratio), despite the
presence of several unoccupied ion-binding sites. The
same is indicated by the unchanged proton NMR spectra
for 3±6 at +60 8C.


3) The distribution curves of the complexes 2±6 generated
in the course of the titration of ligand 1 with M2+ are
shown in Figure 1. The duplex cleft complexes 3 and 4
are formed exclusively, but require that the correct stoi-
chiometry be used. However an intermediate complex 2
was detected in equilibrium with the more stable com-
plex 3 : approximately 80% of 3 is present at a 1/Co2+


ratio of 1:0.75. Conversely the duplex cleft complexes 3
and 4 are quite robust, remaining quasi-unperturbed on
addition of metal ions up to a 1/M2+ ratio of 1:1.5. They
transform to similar duplex cleft-type complexes 5 and 6
which remain imperturbed on addition of metal ions
beyond the required stoichiometry.


Solid-state structures of the M2+ (Co2+ Pb2+) cleft-type
complexes 3, 4, and 5 formed by ligand 1: The crystal struc-
tures of the complexes 3, 4, and 5, formed by ligand 1 with


Co2+ or Pb2+ ions, were determined from crystals obtained
from solutions in acetonitrile/benzene (1:1) at room temper-
ature.


Architectures of the duplex cleft-type complexes 3, 4, and 5 :
The X-ray structural determinations of single-crystals of 3
(pink), 4 (pale-yellow), and 5 (red) reveled that the com-
plexes have approximately the same structure. Self-comple-
mentary duplex clefts, which self-assemble in the solid state
as intriguing coordination polymers with a unprecedented
architecture resulting from the crossover of the orthogonal-
terpyridine and the linear-pyridine Co2+ or Pb2+ complexa-
tion subprograms. The molecular and the crystal-packing
structures are presented in Figures 2±4.


The unit cell of 3 was found to contain four [Co2+
2(1)2]


dimers, forming two stacks, together with eight tetrafluoro-
borate couterions, 16 coordinated acetonitrile and two ben-
zene molecules. The unit cell of 4 was found to contain one
[Pb2+


2(1)2] dimer, together with four triflate counterions
and eight uncoordinated acetonitrile molecules. The unit
cell of 5 was found to contain four [Co2+


4(1)2] dimers form-
ing two stacks, together with 32 tetrafluoroborate counter-
ions, 16 water and 40 coordinated acetonitrile molecules.


In all structures 3±5 the two ligands 1 and two M2+ (Co2+ ,
Pb2+) ions form a dimeric self-complimentary molecular
cleft, with each [M2+(1)] entity being slotted into the other
(Figures 2±4). The cobalt and lead cations are coordinated
by one terpy unit of one ligand (the average Co2+�N and
Pb2+�N distances are 2.20 ä and 2.55 ä, respectively) and
by the inner pyridine arm of the other ligand (the average
Co2+�N and Pb2+�N distances are 2.11 ä and 2.93 ä, re-


Scheme 3. Reaction sequence for the preparation of complexes 3±6. The
SnPr groups were omitted for clarity.


Figure 2. Crystal structure of the duplex cleft complex 3 : a) side view in
stick representation; b) space-filling representation of the crystal packing.
The cobalt ions are shown as gray spheres.
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spectively). The cobalt(ii) and lead(ii) cations have an octa-
hedral coordination geometry, each open face being occu-
pied by two coordinated acetonitrile molecules (the average


Co2+�NCAc distance is 2.15 ä) or by two coordinated tri-
flate counterions (the average Pb2+�OSO2CF3 distance is
2.55 ä) (Figures 2a and 3a). The cleft-type structure 3 is pre-
served in the structure 5, which is composed of four Co2+


ions and two ligands 1. The octahedral Co2+ ions exist in
two different distorted geometries: the inner two cleft-struc-
turing Co2+ ions possess the same donor sets Co(Terpy:
Py:AcCN2) as in the complex 3. The outer two Co2+ are li-
gated by the second pyridine side arm, three acetonitrile
and two water molecules (the average Co2+�OH2 distance is
2.08 ä) (Figure 4a).


The formation of the self-complementary molecular clefts
3 and 4 imposes an important deviation of the terminal pyri-
dine units from their preferred planar conformation (the
Py±Py torsional angles lie within ~52.3�0.48). In this way
two inner M2+-complexed and two outer uncomplexed pyri-
dine side arms are situated in a face-to-face stacking ar-
rangement, allowing considerable overlap with average p±p
stacking centroid±centroid distances of 3.40 ä (3) and
3.73 ä (4), corresponding to a strong van der Waals contact
compared with other similar systems.[11a] These complexes
are stabilized by favorable dipole-complexation/induced-
dipole (Figures 2a and 3a) electrostatic interactions between
p-donating and p-accepting nitrogen-containing ring sys-
tems, which generate a linear compact p±p stacking subset
of four overlapping aromatic rings. Subsequent complexa-
tion of each external pyridine lateral arm by the Co2+ ions
allow the conservation of a distorted two by two p±p
stacked subset in complex 5. In this complex the centroid±
centroid distance between inner and outer pyridines is
3.60 ä, corresponding to an offset angle of 24.78, significant-
ly opened up with the respect to those in the structure of 3
(offset angle of 10.28). These p±p stacking interactions are
reminiscent of those observed in the complementary
double-helix entities reported earlier[11b] and of the solid-
state structures of silver(i) molecular clefts described by
McMorran et al.[12]


These cleft-type structures are highly regular and may be
propagated in one or two directions without any structural
modification by taking advantage of the p±p stacking inter-
actions of the two aromatic components (the terpyridine
and the terminal pyridines) of the duplex. In the crystals,
each duplex of 3 or 5 has a tight contact with the two neigh-
boring ones by stacking with opposite orientations of the
outer pyridine side arms (average distance of 3.87 ä and
offset angle of about 10.28 : Figure 2b) or the terpyridine
moieties (average distance of 3.70 ä and offset angle of
about 10.48 : Figure 4b). The duplex cleft-type structure
12Pb2+


2, 4 combines these two p-p stacking subprograms,
each 12Pb2+


2 entity presenting a tight contact with four
neighboring ones: two by stacking of the outer pyridine side
arms (the average distance of 3.70 ä and the offset angle of
about 11.78) and two by stacking of the terpyridine moieties
(the average distance of 4.00 ä and the offset angle of
about 9.78). In the crystal lattices of 3 and 5, one-dimension-
al ribbons, as well as and the two-dimensional sheets of 4,
pack into parallel layers that are alternatively stratified
above one another in an ABAB arrangement. The layers
are connected by an additional interaction between the


Figure 3. Crystal structure of the duplex cleft complex 4 : a) side view in
stick representation; b) space-filling representation of the crystal packing.
The lead ions are shown as gray spheres.


Figure 4. Crystal structure of the duplex cleft complex 5 : a) side view in
stick representation; b) space-filling representation of the crystal packing.
The cobalt ions are shown as gray spheres.
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�SnPr moieties of each alter-
nate layer. The anions, acetoni-
trile, benzene, and water mole-
cules fill the interstices between
the complex cations in 3±5.


The X-ray crystallographic
results allow the following con-
clusions to be made:


1 In terms of molecular pro-
gramming the cleft-type ar-
chitectures 3, 4, and 5 repre-
sent attractive arrays of
cobalt and lead ions: sets of
ion dots[6c,13] of well-defined
arrangements accessible in a
single operational step by
the crossover combination of distinct metal-coordination
programs and stabilized by strong p±p stacking interac-
tions.


2) In terms of programmed self-assembly, the self-comple-
mentary molecular clefts self-organize in the solid state
in metallosupramolecular one- and two-dimensional zip-
pers of stacked duplexes, which are positioned with re-
spect to one another as a function of two p±p stacking
subprograms: one dimensional a) pyridine-p±p stacked
and b) terpyridine-p±p stacked zippers. Two-dimensional
pyridine±terpyridine p±p-stacked zippers result by syner-
getic and orthogonal combination of both subroutines
(Scheme 4).


3) In terms of dynamic diversity in crystal engineering the
conversion of pyridine-p±p-stacked complex 3 into ter-
pyridine-p-p-stacked complex 5 by subsequent addition
of Co2+ ions is reminiscent of domino series, whereby
you tap on one and they all fall on succession (Figure 5).


Conclusion


The above results describe the controlled formation and in-
terconversion of self-complementary duplex molecular clefts
by the crossover combination of orthogonal-terpyridine and
linear-pyridine metal-coordination subprograms stabilized
by strong p±p stacking interactions. The robustness of these
duplex cleft-type compounds results from compatibility and
synergistic effect of the metal-ion binding and of the strong
stacking interaction between the coordinative side arms of
the components. While similar architectures has been re-
ported in organic[14] or metallosupramolecular[12,15] systems
we believe this to be the first examples of a molecular cleft
stable in both solution and the solid state.


One- and two-dimensional metallosupramolecular zipper
architectures are generated by further self-assembly in the
solid state due to the combination of different p±p stacking
subprograms. Even more remarkable is the dynamic diversi-
ty of the different multicomponent architectures in the solid
state derived from the same ligand in solution. This contri-
bution adds several new features to the systematic rationali-
zation and prediction in metal-complex crystal engineering.


Experimental Section


General methods : All reagents were obtained from commercial suppliers
and used without further purification. THF was distilled over benzophe-
none/Na. All organic solutions were routinely dried by using sodium sul-
fate (Na2SO4). Column chromatography was carried out on Merck alumi-
na activity II±III. Pb(OTf)2 was prepared from PbO and CF3SO3H as
previously reported.[6c] 1H NMR, 13C NMR, COSY, and ROESY spectra
were recorded on an ARX 300 MHz Bruker spectrometer in CDCl3 and
CD3CN, with the use of the residual solvent peak as reference. Mass
spectrometric studies were performed in the positive ion mode using a
quadrupole mass spectrometer (Micromass, Platform 2+ ). Samples were
dissolved in acetonitrile and were continuously introduced into the mass
spectrometer at a flow rate of 10 mLmin�1 through a Waters 616HPLC
pump. The temperature (60 8C) and the extraction cone voltage (Vc=5±
10 V) were usually set to avoid fragmentations. Due to competitive equi-
libria a quantitative determination of the concentration of complexes in
solution is not possible. For this reason in Figure 1 we have used MS-
chromatogram peaks normalized by the maximal surface obtained for
every compound. The microanalyses were carried out at Service de Mi-
croanalyses, Institut Charles Sadron, Strasbourg.


Scheme 4. a), b) One- and c) two-dimensional self-organization of p±p-
stacked metallosupramolecular zippers in the solid state.


Figure 5. Dynamic diversity in the solid state, reminiscent of the dominos series principle.
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Experimental procedure for ligand 1: A solution of 7[7] (1 g, 2 mmol) in
dry THF (15 mL) was added under argon over a period of 2 h to a reflux-
ing solution of 8 (0.5 g, 4 mmol) and tBuOK (0.93 g, 8.2 mmol) mmol) in
dry THF (20 mL). The solution was stirred overnight at room tempera-
ture, and acetic acid (1 mL) and NH4OAc (1 g) were added to the reac-
tion. The mixture was refluxed for 90 min, cooled, poured into water
(100 mL), extracted with chloroform (3î100 mL), washed with saturated
aqueous NaHCO3 (100 mL), and dried with Na2SO4. After evaporation
the crude material was purified by flash chromatography (alumina/
chloroform) to give 1 (0.6 g, 2 mmol 54%). 1H NMR (250 MHz, CDCl3):
d=8.78 (d, J=1.53 Hz, 2H; H2), 8.76 (d, J=1.53 Hz, 2H; H1), 8.66 (d,
J=7.93 Hz, 2H; H5), 8.51 (d, J=1.53 Hz, 2H; H1’), 8.04 (t, J=7.93 Hz,
1H; H1), 8.01 (d, J=1.53 Hz, 2H; H2’), 7.99 (d, J=1.83 Hz, 2H; H4), 7.65
(d, J=7.93 Hz, 2H; H3), 3.18 (t, J=7.9 Hz, 4H; CH2S), 1.89 (sext, J=
7.9 Hz, 4H; CH2), 1.21 ppm (t, J=7.9 Hz, 6H; CH3);


13C NMR (CDCl3):
d=13.85, 22.24, 33.24, 114.16, 119.74, 122.07, 158.32, 158.34, 162.44,
162.72, 162.81 ppm; ES-MS: m/z (%): 536 (100) [M+H]+ ; elemental
analysis calcd (%) for C31H29N5S2 (535.7): C 69.50, H 5.46, N 13.07;
found: C 68.49, H 5.36, N 13.50.


Complex 3 : Formation from ligand 1 (10 mg, 18.6 mmol) and
Co(BF4)2¥3H20 (6.3 mg, 18.6 mmol) in CH3CN at room temperature. ES-
MS: m/z (%): 339 (100) [Co2(1)2(CH3CN)4]


4+ ; elemental analysis calcd
(%) for C68H68N10S4B2F8Co2 (1376.9): C 59.31, H 4.10, N 6.10; found: C
59.48, H 4.13, N 6.23.


Complex 4 : Formation from ligand 1 (10 mg, 18,6 mmol) and
Pb(CF3SO3)2 (9.3 mg, 18.6 mmol) in CH3CN at room temperature.
1H NMR (250 MHz, CDCl3): d=8.74 (d, J=1.53 Hz, 2H; H2), 8.76 (d,
J=1.53 Hz, 2H; H1), 8.66 (d, J=7.93 Hz, 2H; H5), 8.51 (d, J=1.53 Hz,
2H; H1’), 8.04 (t, J=7.93 Hz, 1H; H1), 8.01 (d, J=1.53 Hz, 2H; H2’), 7.99
(d, J=1.83 Hz, 2H; H4), 7.65 (d, J=7.93 Hz, 2H; H3), 3.18 (t, J=7.9 Hz,
4H; CH2S), 1.89 (sext, J=7.9 Hz, 4H; CH2), 1.21 (t, J=7.9 Hz, 6H;
CH3); ES-MS: m/z (%): 892 (100) [Pb2(1)2(CF3SO3)2]


2+ ; elemental analy-
sis calcd (%) for C64H56N12S12O12F12Pb2 (2212.8): C 34.74, H 2.55, N 7.60;
found: C 34.58, H 2.67, N 7.64.


Complex 5 : Formation from ligand 1 (10 mg, 18.6 mmol) and
Co(BF4)2¥3H20 (12.6 mg, 37.3 mmol) in CH3CN at room temperature.
ES-MS: m/z (%): 310 (100) [Co4(1)2(CH3CN)14(BF4)4]


4+ ; elemental anal-
ysis calcd (%) for C68H68N10S4B2F8Co2 (2345.9): C 46.61, H 2.95, N 8.37;
found: C 46.58, H 2.83, N 8.33.


Complex 6 : Formation from ligand 1 (10 mg, 18.6 mmol) and and
Pb(CF3SO3)2 (18.6 mg, 37.3 mmol) in CH3CN at room temperature.
1H NMR (250 MHz, CDCl3): d=8.78 (d, J=1.53 Hz, 2H; H2), 8.76 (d,
J=1.53 Hz, 2H; H1), 8.66 (d, J=7.93 Hz, 2H; H5), 8.51 (d, J=1.53 Hz,
2H; H1’), 8.04 (t, J=7.93 Hz, 1H; H1), 8.01 (d, J=1.53 Hz, 2H; H2’), 7.99
(d, J=1.83 Hz, 2H; H4), 7.65 (d, J=7.93 Hz, 2H; H3), 3.18 (t, J=7.9 Hz,
4H; CH2S), 1.89 (sext, J=7.9 Hz, 4H; CH2), 1.21 (t, J=7.9 Hz, 6H;
CH3); ES-MS: m/z (%): 480 (100) [Pb4(1)2(CF3SO3)4(CH3CN)4]


4+ ; ele-
mental analysis calcd (%) for C68H56N12S16O24F24Pb2 (2808.66): C 29.08, H
2.01, N 5.98; found: C 29.28, H 2.33, N 6.00.


X-ray crystallographic data for complexes 3, 4, and 5 : X-ray diffraction
data measurements for 3±5 were carried out at beamline ID11 at the Eu-
ropean Synchrotron Facility (ESRF) at Grenoble. Wavelengths of
0.50915 ä (compound 3) or 0.32826 ä (4 and 5) and were selected using
a double crystal Si(111) monochromator. Crystals were placed in oil,
mounted on a glass fiber and placed in a low-temperature N2 stream.
Data were collected using a Bruker ™Smart∫ CDD camera system at
fixed 2q and reduced using the Bruker SAINT software. The structures
determination and refinement were carried out with SHELXS[16] and
SHELXL[17] respectively. All non-hydrogen atoms were refined aniso-
tropically; hydrogen atoms were included at calculated positions by using
a riding model.


Single crystals of 3, [C72H73AgB4CoF6N12O6S6] were grown from acetoni-
trile/benzene (1:1) at room temperature. Measurement was carried out
on a single pink crystal of dimension 0.04î0.02î0.01 mm. The unit cell
was triclinic with space group of P1≈ . Cell dimensions were a=11.328(3),
b=13.692(3), c=14.175(4) ä, a=102.495(14), b=91.008(13), g=


108.753(11)8, V=2023.6(8) ä3, Z=1. Of the 12468 reflections collected
from 8.928�q�14.018, 4775 were unique and 4424 were observed with
I>2s(I). . The final number of parameters and constraints (on relative
anisotropic displacement factors) were 534 and 146. Final R factors were


R1=0.0511 and wR2=0.1301, (all observed data), R1=0.0480 and wR2=


0.1275 [I>4s(I)], minimum and maximal residual electron densities were
�0.544 and 0.772 eä�3.


Single crystals of 4, [C39H37F6N5O6PbS4] were grown from acetonitrile/
benzene (1:1) at room temperature. Measurement was carried out on a
single pink crystal of dimension of a single yellow crystal of dimensions
0.10î0.05î0.04 mm. The unit cell was triclinic with space group of P1≈ .
Cell dimensions were a=12.6220(5), b=13.1936(5), c=14.8022(4) ä, a=
69.773(1), b=88.406(1), g=67.549(2)8, V=2122.19(13) ä3, Z=2. Of the
12468 reflections collected from 8.928�q�14.018, 6028 were unique and
5887 were observed with I>2s(I). Structure solution and refinement
were carried out as for 4. The final number of parameters was 533. Final
R factors were R1=0.0151 and wR2=0.0367, (all observed data), R1=


0.0145 and wR2=0.0363 [I>4s(I)], minimum and maximal residual elec-
tron densities were �0.35 and 0.36 eä�3.


Single crystals of 5, [C31H29BCo2F4N5OS2 ] were grown from acetonitrile/
benzene (1:1) at room temperature. Measurement was carried out on a
single red crystal of dimension 0.09î0.05î0.04 mm. The unit cell was tri-
clinic with space group P1≈ . Cell dimensions were a=13.5860(3), b=
15.1551(3), c=16.2527(3) ä, a=112.763(1), b=97.167(1), g=


107.431(1)8, V=2831.74(10) ä3, Z=4. Of the 20852 reflections collected
from 9.278�q�14.978, 9832 were unique and 9245 were observed with
I>2s(I). The final number of parameters was 836. Final R factors were
R1=0.0454 and wR2=0.1221, (all observed data), R1=0.0434 and wR2=


0.1200 [I>4s(I)], minimum and maximal residual electron densities were
�0.480 and 0.882 eä�3.


CCDC-227293 (3), CCDC-227294 (4), and CCDC-227295 (5) contain the
supplementary crystallographic data for this paper. These data can be ob-
tained 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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Thermodynamic/Kinetic Control in the Isomerization of the
[{tBuNP(m-NtBu)}2]


2� Ion
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David Moncrieff,*[b] Mary McPartlin,[c] LucÌa Riera,[a] Anthony D. Woods,[a] and
Dominic S. Wright*[a]


Introduction


In recent years there has been considerable interest in
anionic ligand arrangements containing Group 15/nitrogen
frameworks.[1] The most exten-
sively studied class of these spe-
cies are the dianions [{RNE(m-
NR)}2]


2� (E=P,[2] As, Sb, Bi[1a]),
which have been shown to coor-
dinate a broad range of metal
ions with retention of their di-
meric E2N2 units.[1] For the
phosphorus homologues, how-
ever, dimerization of [(RN)2P]�


monoanions into [{RNP(m-
NR)}2]


2� dianions can depend
on the steric demands of the or-
ganic substituents (R)


(Scheme 1). Thus, the complex [{[tBuNP(m-NtBu)]2}2]Li4 (1)
(Scheme 2a) contains [{tBuNP(m-NtBu)}2]


2� ions,[2b] whereas
[{[R(Mes)N]2PLi}2] (Mes=2,4,6-Me3C6H2; R=1-adamantyl,
tBu) contain [{R(Mes)N}2P]� ions (Scheme 2b).[3]
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Abstract: The unique structure of [(tBuN)2PK]¥ (2) (containing [(tBuN)2P]� mono-
anions) is in stark contrast to the previously reported Li+ analogue [{[tBuNP(m-
NtBu)]2}2]Li4 (1) (containing the dimeric [{tBuNP(m-NtBu)}2]


2� ion). DFT and
31P NMR spectroscopic studies reveal that the formation of the monoanion ar-
rangements are most thermodyamically favored for Li, Na, and K, 1 being the
product of kinetic control and 2 being the product of thermodynamic control.


Scheme 1. Notional equilibrium between the [{RNP(m-NR)}2]
2� ion and [(RN)2P]� ions.


Scheme 2. a) Structure of the ’double-cubane’ aggregate [{[tBuNP-
(m-NtBu)]2}2]Li4 (1); b) Structure of [{[R(Mes)N]2PLi}2] (Mes=2,4,6-
Me3C6H2; R=1-adamantyl, tBu).
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In rare cases sterically uncongested dianions can undergo
ring opening into monoanions. The coordination require-
ments of GaIII have been invoked to explain the presence of
a [(tBuN)2P]� ion in [{PhNP(m-NPh)}2Ga{P(NtBu)2}]


[4]


(Scheme 3a), whereas the presence of intramolecular Lewis
base functionality results in trapping of this anion in
[{tBuNP(m-NtBu)2PN(2-py)}Li2{LiP(NtBu)2}] (2-py=2-pyri-
dyl)(Scheme 3b).[5]


We report here the surprising discovery that the reactions
of [{tBuN(H)P(m-NtBu)}2] with BnM (M=Na, K) in toluene
result exclusively in the formation of the [(tBuN)2P]� ion. In
situ NMR spectroscopic studies and DFT calculations indi-
cate that the selection of the [(tBuN)2P]� ion in the heavier
alkali-metal complexes is thermodynamically controlled,
whereas the formation of the [{tBuNP(m-NtBu)}2]


2� ion in
the previously reported Li derivative is kinetically control-
led.


Results and Discussion


The reaction of the macrocyclic aminophosphazane {[P(m-
NtBu)]2NH}4]


[6] with excess BnK (8 equiv) (Bn=CH2Ph) in
toluene at reflux was undertaken in an attempt to obtain the
tetraanion [{[P(m-NtBu)]2N}4]


4�, by deprotonation of the
four N-H protons within the ring (Scheme 4). However,
[(tBuN)2PK]¥ (2) was isolated unexpectedly as the major
product, resulting from the fragmentation of the P�N-
bonded arrangement of the precursor. Although the mecha-
nism of this reaction is unknown, we attribute this outcome


to the low acidity of the N-H protons, which results from
shielding of the macrocyclic core by the tBu periphery. For
example, [{[P(m-NtBu)]2NH}4] is unreactive towards a range
of organoalkali metal reagents (such as MeLi or tBuLi) at
room temperature or under reflux in toluene.


Intrigued by the formation of a [(tBuN)2P]� ion in 2, we
undertook the reaction of [{tBuN(H)P(m-NtBu)}2]


[2a] with
excess BnK (1:8 equiv, respectively). No reaction occurs at


room temperature in toluene.
However, under prolonged
(12 h) reflux 2 is generated
almost exclusively (Scheme 5),
as shown by in situ 31P NMR
studies of the reaction mixture.
The room-temperature
31P NMR spectra of reaction
solutions consist of a singlet at
d=356.7 ppm for the
[(tBuN)2P]� ion, with little or
none of [{tBuN(H)P(m-NtBu)}2]
remaining (ca. d=89.6 ppm)
and with none of the
[{tBuNP(m-NtBu)}2]


2� ion being


present (ca. d=125 ppm[2b]) (in toluene/[D6]acetone capilla-
ry). Chemical shifts of about d=340±395 ppm have been ob-
served previously for [(RN)2P]� ions.[2±5] The highly de-
shielded nature of the P centers in these species has been
used to suggest a charge-separated, N�-P+-N� structure for
the monoanions.[7a] However, more recent studies have indi-
cated that the high values of the chemical shifts may result
from more complicated effects, such as efficient mixing of
the P lone pair and p* orbitals in the NPPPN frame-
work.[7b,c] The formation of a [(tBuN)2P]� ion in 2 contrasts
dramatically with the formation of the [{tBuNP(m-NtBu)}2]


2�


ion in the room-temperature lithiation of [{tBuN(H)P(m-
NtBu)}2] with nBuLi (complex 1, Scheme 2a).[2b] Complex 2
is highly moisture-sensitive and despite repeated attempts,
using flame-dried glassware and rigorous inert-atmosphere
procedures, 2 could only be isolated as a solid contaminated
by small amounts of the starting material [{tBuN(H)P-


(m-NtBu)}2], which is always
generated during filtration and
handling. Prolonged storage of
toluene solutions during crystal-
lisation also resulted in the
generation of [{tBuN(H)P(m-
NtBu)}2] together with 2, po-
ssibly as a consequence of
deprotonation of solvent. For
this reason satisfactory elemen-
tal analysis could not be ob-
tained.


Scheme 3. Structures of a) [{PhNP(m-NPh)}2Ga{P(NtBu)2}] and b) [{tBuNP(m-NtBu)2PN(2-py)}Li2{LiP(NtBu)2}]
(2-py=2-pyridyl), containing the [(tBuN)2P]� ion.


Scheme 4. Attempted reaction of the tetramer [{P(m-NtBu)}2(m-NH)]4 with PhCH2K.


Scheme 5. Formation of 2.
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An in situ 31P NMR spectroscopic study of the reaction of
[{tBuN(H)P(m-NtBu)}2] with excess PhCH2Na in toluene
using the same procedure as for 2 also showed the exclusive
formation of the [(tBuN)2P]� ion (d=367.0) (+25 8C in tolu-
ene/[D6]acetone capillary). Intrigued by a previous brief
report that prolonged reflux of [{tBuN(H)P(m-NtBu)}2] with
nBuLi (1:2 molar equivalents) gives the cage [Li2{tBuNP(m-
NtBu)}2]2[{(tBuN)2P}Li], consisting of a [{tBuNP(m-
NtBu)}2]


2� ion and a [{tBuN)2P}]� ion,[1b,8] we decided to re-
investigate the Li system. The in situ 31P NMR spectrum of
the reaction solution formed by the addition of
[{tBuN(H)P(m-NtBu)}2] to nBuLi (1:2 molar equivalents)[2b]


at 0 8C in toluene ([D6]acetone capillary) shows the almost
quantitative formation of [{[tBuNP(m-NtBu)]2}2]Li4 (1).
However, after 16 h reflux resonances characteristic of the
[(tBuN)2P]� ion are observed (d=376.3±392.3 ppm), togeth-
er with those of other species including the cyclic phospha-
zane [{[P(m-NtBu)]2(m-NtBu)}2]


[2b] as a major product (d=
119.4 ppm). The presence of three resonances in the
[(tBuN)2P]� region [at d=392.3(s), 381.2 (s) (minor),
376.3 ppm (s)], suggests that more than one Li complex of
this ligand is generated. Further reflux (up to 40 h) results in
more of 1 being converted into the monoanion and [{[P(m-
NtBu)]2(m-NtBu)}2] (the overall
conversion of 1 into other prod-
ucts being about 50% as deter-
mined by integration of the
spectrum). The results on the
Na and K systems indicate that
the [(tBuN)2P]� ion is thermo-
dynamically more stable than
the dianion counterpart. In the
case of Li, the rate of conver-
sion of the dianion into the
monoanion is considerably
slower and the reaction is far
less selective. Nonetheless, the
NMR spectroscopic study of
the reaction of nBuLi with
[{tBuN(H)P(m-NtBu)}2] suggests
that the [(tBuN)2P]� ion is ther-
modyamically preferred to the
dianion.


To provide further support
for the conclusions drawn pri-
marily from NMR spectroscop-
ic studies, the low-temperature
X-ray structure on 2 was ob-
tained. Despite repeated at-
tempts, crystals of the Na ana-
logue could not be grown. De-
tails of the data collection and refinement of 2 are listed in
Table 1, with Table 2 giving selected bond lengths and
angles.


The structure of 2 shows that the complex is constructed
from [{(tBuN)2PK}2] dimer units (Figure 1a) in which the
two symmetry-related K+ ions are m2-bridged by both of the
N centers of each of the [(tBuN)2P]� ions (K(1)�N(1)
2.909(4) ä). These dimers then associate into an elaborate


three-dimensional network by bonding of each of the K+


ions to the P center of a neighboring [(tBuN)2P]� ion
[K(1)�P(1C), K(1F)�P(1) 3.342(3) ä (Figure 1a and 1b)].
The association of the dimer units is reinforced by relatively
short, agostic C(-H)¥¥¥K interactions (3.55 ä) with the Me
groups of these anions (ca. 3.5±4.0 ä in a range of organo-
potassium compounds[9]). Despite the previous suggestion of
high positive charge carried by the P atom in [(RN)2P]�


Table 1. Crystal data and refinement of [(tBuN)2PK]¥ (2).


formula C8H18KN2P
MW 212.31
crystal system cubic
space group Im3≈


Z 12
a [ä] 15.9435(18)
V [ä3] 4052.8(8)
m(MoKa) [mm�1] 0.474
1calcd [Mgm�3] 1.044
T [K] 180(2)
total reflections 7521
unique reflections (Rint) 375 (0.068)
R1, WR2 [I>2s(I)] 0.0437, 0.1275
R1, WR2 (all data) 0.0509, 0.1339


Table 2. Selected bond lengths [ä] and angles [8] for [(tBuN)2PK]¥ (2).


K(1)�N(1,1B) 2.909(4) P(1)�N(1,1B) 1.587(5)
K(1F,1)�P(1,1C) 3.342(3)
N(1)-K(1)-N(1B) 51.6(2) K(1)-N(1)-K(1A) 66.8(1)
N(1)-K(1)-N(1D) 90.9(2) N(1)-P(1)-N(1B) 105.9(4)
N(1)-K(1)-N(1A) 113.2(1)


Figure 1. a) [(tBuN)2PK]2 dimer units in 2. Symmetry used to generate atoms: A: 1�x, 1�y, �z ; B: x, y, �z ;
C: 1=2�z, 1=2�x, 1=2�y ; D: 1�x, 1�y, z ; E: 1=2 +z, 1=2 +x, �1=2 +y ; F: 1=2�y, 1=2�z, 1=2�x ; G: 1=2 +y, 1=2 +z, �1=2 +


x. b) Architecture of the lattice, showing one unit cell (phosphorus and potassium atoms only shown; N, C and
H atoms are omitted for clarity).
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ions,[2±5,7a] the K�P contacts linking the dimer units in 2
(3.342(3) ä) are typical of those observed in structurally
characterized K phosphides (range ca. 3.23±3.66 ä[10]). The
involvement of the P centers in metal bonding is a particu-
larly novel feature of 2 that has not previously been found
in any metal complex containing [(RN)2P]� ions.


DFT (B3LYP) calculations[11] were performed on the
monoanion species [{(tBuN)2PM}2] (M=Li, (1a); K (2a)),
the cubanes [{tBuNP(m-NtBu)}2M2] (M=Li, (1b); K (2b)),
and the double-cubanes [{[tBuNP(m-NtBu)}2M2}2] (M=Li,
(1); K (2c)) (all at 298.15 K). Owing to the complexity of
these calculations and to the computer time required, calcu-
lations on the Na systems were not undertaken. Geometry
optimizations and frequency analyses were performed using
the Gaussian 98 software program.[11a] A cc-pvdz[11b] basis
set was employed for all atoms in the dimer and cubane
molecules. The lithium and potassium basis sets were ob-
tained from the Extensible Computational Chemistry Envi-
ronment Basis Set Database.[11c] The DFT optimizations and
frequency calculations were performed using a B3LYP[12d]


functional employing the INT=ULTRAFINE parameter to
define the numerical grid.


Figure 2 shows the geometry-optimized structures of the
Li species 1, 1a, and 1b and the K species 2a±2c, together
with selected bond lengths and angles. Optimization of 1
was performed by using the coordinates obtained from the
X-ray data on the complex as a starting point. The geome-
try-optimized structure is very similar to that found experi-
mentally,[2b] consisting of the association of two cubane units
and with a tetrahedral arrangement of the four Li+ ions at
the center of the cage. Although the calculated P�N bond
lengths in the [{tBuNP(m-NtBu)}2]


2� ions of 1 (terminal P�N
1.836±1.844 ä, bridging P�m-N 1.698±1.698 ä) are longer
than those found in the X-ray structure (terminal P�N
1.743(9)±1.797(9) ä, P�m-N 1.644(9)-1.655(9) ä), the calcu-
lated N�Li bond lengths (range 2.062±2.160 ä), the P-N-P
(96.58) and N-P-N [82.78] angles within the P2N2 ring units,
and the exocyclic m-N-P-N(tBu) angles (101.0±107.48) are all
very similar to those found in the experimental structure (cf.
N�Li range 2.03(3)±2.19(3) ä, P-N-P range 96.0(4)±98.2(5)8,
N-P-N 81.7(4)±83.3(6)8, exocyclic m-N-P-N(tBu) range
103.0(4)±105.0(5)8).[2b] Optimization of the K analogue 2c
was undertaken using the coordinates of 1 as the starting
point, by replacing the Li+ ions with K+ ions. There is no


Figure 2. DFT (B3LYP) geometry-optimized structures of [{(tBuN)2PM}2] (M=Li (1a); M=K (2a)), [{tBuNP(m-NtBu)}2M2] (M=Li (1b); M=K (2b)),
and [{[tBuNP(m-NtBu)]2M2}2] (M=Li (1); M= K (2c)). Bond lengths [ä] and angles [8] for 1: m-N�P 1.838±1.844, Nterminal�P 1.697±1.698, m-N�Li 2.158±
2.160, Nterminal�Li 2.062±2.071; N-m-P-N 82.7, P-m-N-P 96.5, N-P-NtBu 101.0±107.4. For 2c : m-N�K 3.293±3.284, N�K 2.695±2.606, K¥¥¥K 3.613±3.614, N-m-
P-N 79.8, P-m-N-P 93.7.
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experimental data available on 2c ; however, the geometry-
optimized structure of this species is strikingly similar in its
architecture to those of [{CyNE(m-NCy)}2]2Na4] (Cy=cyclo-
hexyl; E=As,[12a] Sb[12b]), containing a square-planar Na4 ar-
rangement at the center of the cage. This arrangement con-
trasts with the tetrahedral pattern found in the Li complexes
[{CyNE(m-NCy)}2]2Li4]


[12c,d] which have similar solid-state
structures to 1, and has been attributed to the effect of the
increase in the ionic radius of the coordinated metal ion.
Thus, the optimized structure of 2c is entirely consistent
with previous experimental observations concerning the
structural changes occurring in this type of double-cubane
cage for the heavier alkali metals. Geometry optimization of
the K mononanion species 2a was performed using the ex-
perimental coordinates of the units found in the X-ray struc-
ture of 2 as the starting geometry. The most stable calculat-
ed structure of this isolated species is similar to the units
found in the solid-state structure of 2, however, in the calcu-
lated model the N-P-N planes of the two [(tBuN)2P]� anions
are staggered by 24.28 with respect to each other (rather
than being eclipsed, as in the experimental crystal structure
of 2). This arrangement results in an unsymmetrical pattern
of N�K bond lengths in 2c (N�K 2.772±3.069 ä) compared
to uniform N�K bond lengths found in the units of 2 in the
solid state (N�K 2.909(4) ä). The adoption of a staggered
arrangement in 2a appears to be the result of steric repul-
sion between the tBu groups of the two [(tBuN)2P]� ligands.
The calculations on the analogous Li species 1a (using the
experimental coordinates for 2 as the starting geometry and
replacing K+ with Li+) give a very different arrangement to
that found in the K monoanion model 2a. The presence of
shorter Li�N bonds in 1a results in increased steric repul-
sion between the two [(tBuN)2P]� ligands than occurs in 2a,
and in the adoption of a completely staggered arrangement
(in which the planes of the N-P-N units are approximately
perpendicular). The adoption of two different bonding
modes for the [(tBuN)2P]� ions (m-N/m-N and terminal-N/
terminal-N) is of interest in regard to the structures of the
dimers [{[R(Mes)N]2PLi}2] (Mes=2,4,6-Me3C6H2; R=1-ada-
mantyl, tBu)[3] mentioned previously (Figure 2b). In the
latter, only a terminal-N/terminal�N bonding mode is ob-
served for both monoanion ligands owing to the presence of
even greater steric crowding in these complexes.


Figure 3 shows the thermodynamic data obtained from
the DFT calculations, and the values of DE, DH, and DG
for the interconversions between the various models for Li
and K. The relative stabilities found for the Li and K


models are both in the order monoanion > double-cubane
> cubane. Although the association of cubanes 1b into the
double-cubane 1 is accompanied by a favorable enthalpy
change (DH=�6.5 kcalmol�1), this is outweighed by an un-
favorable entropy change, making this association thermo-
dynamically disfavored (DG=++12.6 kcalmol�1). In contrast,
the alternative rearrangement 1b!1a is highly thermody-
namically favorable on both entropic and enthalpic grounds
(DG=�25.2 kcalmol�1). There is a marginally greater pref-
erence for the monoanion model 2a for the K systems than
is found for the Li analogue (1a) (i.e., DG=�41.5 kcal -
mol�1 for 2c!2î2a, cf �37.8 kcalmol�1 for 1!2î1a). It
can be noted, however, that the self-assembly of the rela-
tively unhindered K species 2a into the three-dimensional
network of 2 would result in an increase in coordination
number of K+ to five and would undoubtedly lead to an
even greater thermodynamic preference for this arrange-
ment. In contrast, this option is unlikely for the Li counter-
part 1a since intermolecular P±Li association (in a manner
akin to that occurring for 2 in the solid state) will be disfa-
vored by steric shielding of the Li+ ions.


Conclusion


The combined results of in situ NMR spectroscopic studies
and DFT calculations show that the monoanion arrange-
ment of 2 is thermodynamically controlled. However, the
formation of the dianion arrangement in the previously re-
ported complex 1 is kinetically controlled. This could be as
a result a lower overall activation energy for association of
2î1b!1 compared to the cycloreversion 1b!1a. This
study highlights the potentially broad importance of thermo-
dynamic and kinetic control on the structures of anionic
Group 15/nitrogen frameworks for the first time.


Experimental Section


All manipulations were carried out under dry argon. Glassware was
flame dried. Toluene was freshly distilled over Na/benzophenone.
[{tBuN(H)P(m-NtBu)}2] was prepared by using the literature method,
from the reaction of PCl3 and tBuNH2.


[2a] In situ 31P NMR studies on re-
action mixtures were undertaken using a Bruker AM400 NMR spectrom-
eter. Samples were withdrawn from reactions by syringe and placed in
thin-walled, 528pp NMR tubes together with a [D6]acetone capillary in
order to obtain a lock. Samples were referenced to 85% H3PO4 in D2O.
A Perkin-Elmer Paragon 1000 spectrophotomer was used in IR studies.


Synthesis of 2 : In a typical reaction [{tBuN(H)P(m-NtBu)}2] (2.0 g,
5.74 mmol) in toluene (100 mL) was added to a suspension of PhCH2K
(6.0 g, 46.1 mmol) in toluene (100 mL). The mixture was stirred at room
temperature (2 h) then brought to reflux (12 h). The mixture was filtered
(Celite, P3) to give an orange solution. The solvent was removed under
vacuum to give 2 as a tan-colored solid. Yield 0.72 g (59% based on
[{tBuN(H)P(m-NtBu)}2] supplied). The contamination of this material
with small amounts of [{tBuN(H)P(m-NtBu)}2] made it impossible to
obtain satisfactory elemental analysis. NMR spectroscopic investigations
were undertaken using solvents that were dried using a Na mirror and
degassed prior to use. IR (Nujol, NaCl): ñ [cm�1]=1200 s, 1121 s, 1014 s,
922 w, 839 s, 747 m, 726 m, 704 w (air-exposure gave a sharp band at
3676 cm�1 for K±OH str. and a collection of weak N±H str. bands (3726±
3341 cm�1) for [{tBuN(H)P(m-NtBu)}2], with the rest of the spectrum
being almost identical to that for 2 apart from the band at 1200 cm�1


Figure 3. Interconversion of the Li models (1a, 1b, and 1) and the K
models (2a, 2b, and 2c) (units in kcalmol�1).
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shifting to 1216 cm�1 and that at 1121 cm�1 shifting to 1088 cm�1).
1H NMR (400 MHz, [D6]benzene, +25 8C): d=1.54 (s) (cf. d=1.11 ppm
(d., 3JP,H=0.2 Hz, major) in toluene with [D6]acetone capillary) (tBu, 2);
31P{1H} NMR (161.975 MHz, [D6]benzene, +25 8C), d=356.7 (s) (major,
2) (cf. d=354.0 ppm in toluene with [D6]acetone capillary), 90.8 ppm (s)
(minor [{tBuN(H)P(m-NtBu)}2]) (cf. d=89.6 ppm in toluene with [D6]ace-
tone capillary). Crystals of 2 are obtained in low yield by prolonged stor-
age of toluene solutions at �20 8C (several weeks). This commonly also
produces crystals of [{tBuN(H)P(m-NtBu)}2] as a result of hydrolysis or
deprotonation of the solvent.


In situ NMR studies of the Li and Na systems : The reaction of
[{tBuN(H)P(m-NtBu)}2] with nBuLi was performed in the manner descri-
bed in reference[2b]. NMR samples were withdrawn by using a syringe,
and a [D6]acetone capillary was used to obtain a lock. All 31P{1H} spectra
were recorded at 0 8C (161.975 MHz) to resolve the resonances for intact
1 from those for the cubane 1b (as noted in reference [2b]). Initial reac-
tion mixture: d=131.2 (s) [{tBuNP(m-NtBu)}2Li2] (1b) (lit. [D8]toluene,
ca. d=128[2b]), 127.5 (s) intact [{[tBuNP(m-NtBu)]2}2]Li4 (1) (lit. [D8]tolu-
ene, ca. d=125[2b]), other minor resonances at d=129.2±128.8 and
162.3 ppm (s). After 40 h reflux: d=392.3 (s), 381.2 (s) (minor), 376.3 (s),
181.0 (d) (12.4 Hz), 99.4 (d) (12.4 Hz), 160.5 (s) 129.4 (s), 129.1 (s), 127.3
(s), 119.4 (s) [{[P(m-NtBu)]2(m-NtBu)}2] (lit. [D8]toluene, 117.2[2b]), other
minor resonances d=76.2±6.0 ppm.


The reaction of BnNa with [{tBuN(H)P(m-NtBu)}2] (8:1 molar equiva-
lents) was carried out in exactly the same way as the method used for 2
(using the same scale, duration and temperature). 31P{1H} NMR (+25 8C,
toluene/[D6]acetone capillary), d=367.0 ppm (s) (no other resonances).


X-ray crystallography on 2 : Data were collected on a Nonius KappaCCD
diffractometer. The structure was solved by direct methods and refined
by full-matrix least squares on F2.[13] CCDC-218517 contains the supple-
mentary crystallographic data for this paper. These data can be obtained
free of charge via www.ccdc.can.ac.uk/conts/retrieving.html (or from the
Cambridge Crystallographic Center, 12 Union Road, Cambridge
CB21EZ, UK; Fax: (+44)1223-336033; or deposit@ccdc.cam.ac.uk).
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Ultra-Deep Desulfurization of Diesel: Oxidation with a Recoverable Catalyst
Assembled in Emulsion


Can Li,*[a] Zongxuan Jiang,[a] Jinbo Gao,[a] Yongxing Yang,[a] Shaojun Wang,[b]


Fuping Tian,[a] Fuxia Sun,[a] Xiuping Sun,[a] Pinliang Ying,[a] and Chongren Han[b]


Introduction


Ultra-deep desulfurization of fuel oils has become an envi-
ronmentally urgent subject worldwide. Very stringent envi-
ronmental regulations limit the sulfur levels in diesel fuels
to less than 15 ppm by the year 2006.[1±3] However, it is very
difficult to decrease the sulfur content from several hundred
ppm to a few ppm with current technology. 4,6-dimethyldi-
benzothiophene (4,6-DMDBT) and its derivatives are the
most refractory sulfur-containing molecules present in diesel
and are extremely difficult to remove by means of conven-
tional hydrodesulfurization (HDS).[4±7] Operation at high
temperatures and pressures is inevitably required to remove
these refractory sulfur molecules and obtain the ultra-deep
desulfurization of diesel fuels. However, this brings about a
number of problems including high investment, high operat-
ing cost, reduction of the catalyst cycle length, and increase


in the hydrogen consumption due to the hydrogenation of
aromatics present in diesel fuels.[5,6]


The ultra-deep desulfurization of fuel oils is not only used
for producing clean fuels to meet the new emission control
standards, but also for producing sulfur-free hydrogen used
in fuel-cell systems, in which the hydrogen can be produced
potentially through the reforming of fuel oils.[8,9] Fuel-cell
systems must be run with little-to-no sulfur content, because
sulfur can irreversibly poison the precious metal catalysts
and electrodes used.[9]


For these reasons, alternate desulfurization processes are
absolutely necessary for producing clean fuels. Possible
strategies to realize ultra-deep desulfurization currently in-
clude adsorption,[10,12] extraction,[17] oxidation,[13,14] and bio-
processes.[15,16] Selective catalytic oxidation combined with
extraction is one of the most promising ultra-deep desulfuri-
zation methods. Liquid-liquid extraction has been effectively
utilized to remove sulfur and/or nitrogen molecules from pe-
troleum distillates and synfuels.[17] However, the efficiency
of sulfur removal is low due to the similarity between the
sulfur-containing molecules and the remaining diesel fuels.
Since the polarity of sulfones is greater than that of the cor-
responding sulfides, the solubility of sulfones in a polar solu-
tion is much higher than that of sulfides. The efficiency of
desulfurization, by using either extraction or adsorption, can
be significantly increased after oxidizing sulfides into sul-
fones. At present, the main obstacles to the industrial appli-
cation of the process are 1) the low-oxidation activity and
low selectivity of the sulfides present in fuel oils, 2) the diffi-
culties in separation and recovery of the catalysts after the
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Abstract: A [(C18H37)2N
+(CH3)2]3-


[PW12O40] catalyst, assembled in an
emulsion in diesel, can selectively oxi-
dize the sulfur-containing molecules
present in diesel into their correspond-
ing sulfones by using H2O2 as the oxi-
dant under mild conditions. The sul-
fones can be readily separated from
the diesel using an extractant, and the
sulfur level of the desulfurized diesel


can be lowered from about 500 ppm to
0.1 ppm without changing the proper-
ties of the diesel. The catalyst demon-
strates high performance (�96% effi-
ciency of H2O2, is easily recycled, and


~100% selectivity to sulfones). Meta-
stable emulsion droplets (water in oil)
act like a homogeneous catalyst and
are formed when the catalyst (as the
surfactant) and H2O2 (30%) are mixed
in the diesel. However, the catalyst can
be separated from the diesel after de-
mulsification.


Keywords: desulfurization ¥ diesel ¥
emulsion ¥ green chemistry ¥
oxidation


Chem. Eur. J. 2004, 10, 2277 ± 2280 DOI: 10.1002/chem.200305679 ¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 2277


FULL PAPER







reactions, 3) the low efficiency of H2O2 utilization, and
4) the introduction of other components in oxidation sys-
tems.[7]


The selective oxidation of sulfides present in fuel oils has
been a challenge for a long time. Many types of oxidative
systems have been attempted, such as H2O2/inorganic
acids,[17] H2O2/organic acids,[18] H2O2/heteropolyacid,


[5,7,18]


H2O2/Ti-containing zeolites,[19] and other non-hydrogen per-
oxide systems (e.g., NO2, O3, etc.).


[17,18] However, the selec-
tivity in these systems is not high enough to oxidize the sul-
fides present in diesel fuels, and some unsaturated hydrocar-
bons of the fuel are also oxidized. Furthermore, a large
quantity of oxidant is required[5] and the operating cost is in-
creased.


Here we report that a catalyst, [(C18H37)2N
+(CH3)2]3-


[PW12O40], assembled in emulsion in diesel, can selec-
tively oxidize the 4,6-dimethyldibenzothiophene-like (4,6-
DMDBT-like) compounds to sulfone with stoichiometric
amounts of H2O2 under mild conditions. The sulfones can
then be readily separated from the diesel using an extrac-
tant, and the catalyst can be recycled. The sulfur level of the
desulfurized diesel can be lowered from about 500 ppm to
0.1 ppm without changing the properties of the diesel.


Results and Discussion


Catalysts with different quaternary ammonium cations were
synthesized. Only catalysts with proper cations can form
metastable emulsion droplets with H2O2 (30%) in diesel
(water in oil) and be easily separated from the diesel. The
catalyst with the proper quaternary ammonium cations es-
sentially serves as a surfactant that keeps the emulsion drop-
lets relatively stable. For example, [p-C5H5N


+(C16H33)]3-
[PW12O40] can form the water-in-oil microemulsion droplets
with H2O. However, these microemulsion droplets are too
stable to be easily demulsified and it is difficult to separate
the microemulsion catalyst from the diesel after the reac-
tion.[20,21] [(C8H17)4N


+]3[PW12O40] is another possible active
catalyst, but it cannot form a metastable emulsion droplet.
Thus, this catalyst has a very low catalytic activity for the
oxidation of sulfides present in diesel. These results indicate
that the size and type of quaternary ammonium cations play
a vital role in the formation of the metastable emulsion
droplet. We found that the metastable emulsion droplets
are readily formed when [(C18H37)2N


+(CH3)2]3[PW12O40] is
mixed with H2O2 (30%) in diesel and stirred. The metasta-
ble emulsion droplets can be easily demulsified by centrifu-
gation and the catalyst can then be recycled. Formation of
the metastable emulsion droplets was confirmed by optical
microscopy (Figure 1).


At first, 4,6-DMDBT was used as a model molecule for
the oxidation test because it can represent the most refrac-
tory sulfur-containing molecules in oil. 4,6-DMDBT and its
derivatives have the lowest reactivity in hydrodesulfuriza-
tion (HDS) reactions and constitute the majority of the
sulfur-containing molecules remaining in diesels after HDS
treatment. Figure 2 shows the conversion of 4,6-DMDBT
with reaction time at different temperatures. The results


demonstrate that 4,6-DMDBT can be completely oxidized
into 4,6-DMDBT-sulfone at 30 8C in about 80 min: only stoi-
chiometric H2O2 is consumed and the turnover number
(TON) is estimated to be higher than 300. These results in-
dicate that the [(C18H37)2N


+(CH3)2]3[PW12O40] catalyst as-
sembled in emulsion is very active and selective in the oxi-
dation of 4,6-DMDBT into sulfones even near to room tem-
perature. The reaction time for a complete conversion can
be shortened to 30 min and 8 min as the reaction tempera-
ture is elevated to 60 8C and 90 8C, respectively.


Figure 3 shows the sulfur-specific gas chromatography
(GC) analyses of real diesel before and after the catalytic
oxidation. The sulfides present in the diesel are mainly com-
posed of a wide range of alkyl-substituted dibenzothio-
phenes. It is worthwhile to note that all the sulfur-containing
molecules can be completely oxidized into sulfones, and
consequently the sulfones can be completely extracted by a
polar extractant. This indicates that the catalyst shows high
activity, not only for the model compound 4,6-DMDBT, but
also for the oxidation of all different types of sulfides pres-
ent in real diesel. The used catalyst can be easily separated
from the reaction system by demulsification and sedimenta-
tion. The recovered catalyst (after 3 cycles) shows almost
the same catalytic performance as the fresh one, indicating
that the catalyst can be recycled and reused for this reaction.
The sulfur-specific GC and microcoulometry for the desul-
furized real diesel show that the sulfur present in the diesel


Figure 1. Optical micrograph of the reaction mixture of prehydrotreated
diesel (50 mL, 0.053 wt% S), [(C18H37)2N


+(CH3)2]3[PW12O40] (0.010 g,
2.21 mmol), and H2O2 (0.19 mL, 1.84 mmol, 30 wt%).


Figure 2. Conversion of 4,6-DMDBT after the oxidation with H2O2 as a
function of reaction time at different reaction temperatures under the
following conditions: catalyst/4,6-DMDBT/H2O2=1:319:833 (molar
ratio).
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can be completely removed by the combined process of se-
lective catalytic oxidation and extraction, and the sulfur con-
tent in the diesel after the process is below our detection
limit, 0.1 ppm.


The remaining H2O2 was determined by CeIV(SO4)2
(0.1m) titration.[22] The conversion was based on sulfides in
the diesel, and the efficiency of H2O2 utilization was calcu-
lated according to the following formula: (no. mol sulfides)/
(no. mol consumed H2O2)î100. The efficiency of hydrogen
peroxide utilization for the oxidation of sulfides present in
diesel is more than 96%, and the conversion of sulfides in
diesel is 100%, for both the fresh and the recovered cata-
lysts. This indicates that any side reactions, such as the oxi-
dation of compounds other than sulfides, are negligible. This
is actually a green process as only stoichiometric amounts of
H2O2 are consumed, and the only byproduct is water. This
greatly reduces the H2O2 consumption and the operating
cost, and makes the process promising for future applica-
tions.


A combined oxidation and extraction desulfurization
process is described in Scheme 1. A mixture of the
[(C18H37)2N


+(CH3)2]3[PW12O40] catalyst and an H2O2 aque-
ous solution (30%) is added to the diesel (Scheme 1A). An
emulsion droplet (30% H2O2 water in oil, w/o) is immedi-
ately formed with stirring (Scheme 1B). The catalyst in the
emulsion droplets acts as a surfactant, and the H2O2 (30%)
in the emulsion can continuously supply active oxygen to
the catalyst. The catalyst at the interface between the diesel
and the H2O2 (30%) then oxidizes the sulfides into sulfones
in the diesel. This emulsion system behaves like a homoge-
neous catalyst and as a consequence, shows high activity
even at relatively low temperatures (Scheme 1C). After the
sulfides in diesel are completely oxidized, the catalyst can
be separated from the diesel through demulsification and
centrifugation (Scheme 1D). The sulfones in the diesel can


be removed by a polar extractant, and the sulfur-free diesel
is obtained (Scheme 1E).


In summary, the catalyst [(C18H37)2N
+(CH3)2]3[PW12O40]


assembled in emulsion droplets can selectively oxidize the
sulfur-containing molecules present in diesel using H2O2 as
an oxidant under mild conditions. The catalyst in the emul-
sion demonstrates high performance (�96% efficiency of
H2O2, is easily recycled, and ~100% selectivity to sulfones)
that makes it possible to achieve the ultra-deep desulfuriza-
tion (<0.1 ppm sulfur).


Experimental Section


For a model reaction run, 4,6-DMDBT (0.1571 g, 0.704 mmol, 95%) was
dissolved in an Erlenmeyer flask (100 mL) with a solvent mixture of deca-
hydronaphthalene (20 mL), tetrahydronaphthalene (15 mL), and n-do-
decane (15 mL). Then, [(C18H37)2N


+(CH3)2]3[PW12O40] (0.010 g,
2.21 mmol) and hydrogen peroxide (0.19 mL, 1.84 mmol, 30 wt%) were
added to the solution. This triphasic mixture was heated to 30 8C in
10 minutes and stirred at 1000 rpm. When the desired reaction time was
reached, the Erlenmeyer flask was immersed in an ice-water bath. The
catalyst was precipitated and the 4,6-DMDBT-sulfone was also precipi-
tated as a white solid, as the 4,6-DMDBT-sulfone is not dissolved in the
solvent, and was separated from the solution. The upper clear solution
was removed after separation by means of centrifugation and subjected
to GC-atomic emission detector (GC-AED) analysis.


For real diesel, an Erlenmeyer flask (100 mL) was charged with prehy-
drotreated diesel (50 mL, 0.053 wt% S), [(C18H37)2N


+(CH3)2]3[PW12O40]
(0.010 g, 2.21 mmol), and H2O2 (0.19 mL, 1.84 mmol, 30 wt%). This tri-
phasic mixture was heated to 30 8C and the temperature maintained
while stirring at 1000 rpm for 20 min. The stirring was stopped, and the
solution was cooled to room temperature and kept at this temperature


Figure 3. Sulfur-specific GC-AED chromatograms of real diesel, real
diesel after oxidation, and desulfurized diesel. Gas chromatography
(GC): Hewllet-Packard 6890 equipped with a capillary column (PONA,
50 mî0.2 mm, idî0.5 mm); atomic emission detector (AED): Hewlett-
Packard G2350A. Analysis conditions were as follows: injection port
temperature, 280 8C; AED transfer line/cavity temperature, 280 8C; oven
temperature program, 120±280 8C at a 1.5 8C gradient, hold for 10 min;
column pressure, 12 psi; carrier gas, helium; reagent gases, oxygen of
50 psi, hydrogen of 30 psi; wavelength for sulfur, 181 nm.


Scheme 1. Catalytic oxidation and extraction of sulfur-containing mole-
cules present in real diesel: A) before oxidation; B) during oxidation;
C) catalytic oxidation of sulfur-containing molecules in emulsion drop-
lets; D) after oxidation; E) extraction with a polar extractant.
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overnight. After finishing the selective oxidation of sulfides present in
diesel, the catalyst was precipitated and separated by means of centrifu-
gation. The sulfones in the diesel can be removed by a polar extractant,
such as 1-methyl-2-pyrrolidinone, and the desulfurized diesel is obtained.
The sulfur content in original diesel and the desulfurized diesel was de-
termined by microcoulometry (detection limit: 0.1 ngmL�1).
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Metmyoglobin-Catalyzed Exogenous and Endogenous Tyrosine Nitration by
Nitrite and Hydrogen Peroxide
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Introduction


Myoglobin (Mb) is a small monomeric heme protein that is
present in high concentration in red muscles.[1] It has been
the subject of extensive studies, which have also been per-
formed on Mb site-directed mutants, aimed at gaining infor-
mation on structure±function relationships of heme proteins
in general, as well as at elucidating its actual function(s) in
vivo. Mb is usually cited as a protein involved in dioxygen
storage and transport in cells,[2] but recently other activities
have been found. In particular, the protein is active in oxi-
dative phosphorylation,[3] it shows some peroxidase- and P-
450-like catalytic activity,[4] and protects cells against oxida-
tive damage.[5,6] In its reduced form, Mb strongly binds


carbon monoxide and nitrogen monoxide,[7,8] whereas in its
oxy form it reacts efficiently with nitrogen monoxide to pro-
duce a transient intermediate with a bound peroxynitrite
moiety.[9,10] Since nitrogen monoxide acts as an inhibitor of
cellular respiration through its reaction with cytochrome c
oxidase, the scavenging effect of Mb for NOC protects the
cell from respiratory inhibition.[11,12] The reaction of NOC
with oxyMb produces peroxynitrite; there is controversy as
to whether bound ONOO� produced by this reaction is ca-
pable of nitrating an endogenous protein Tyr residue under
physiological conditions.[10, 13] A similar controversy concerns
the ability of exogenously supplied peroxynitrite to nitrate
proteins, since Bourassa et al.[13] and Witting et al.[14] report-
ed that metMb (from horse heart and human source, respec-
tively) is nitrated at Tyr103 leaving Tyr146 unaffected, whilst
Herold et al. reported no significant nitration with metMb
and the formation of nitro-Tyr146 with apoMb from horse
heart.[15] On the other hand, in the presence of hydrogen
peroxide and nitrite, metMb nitrates exogenous tyrosine res-
idues, although no mechanistic detail concerning the active
species involved in these reactions is known.[10,16±18] These
reactions are of great interest because the presence of ni-
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Abstract: Metmyoglobin catalyzes the
nitration of various phenolic com-
pounds in the presence of nitrite and
hydrogen peroxide. The reaction rate
depends on the reactant concentrations
and shows saturation behavior. Two
competing paths are responsible for
the reaction. In the first, myoglobin
reacts according to a peroxidase-like
cycle forming two active intermediates,
which can induce one-electron oxida-
tion of the substrates. The MbFeIV=O
intermediate oxidizes nitrite to nitro-
gen dioxide, which, after reaction with
the phenol or with a phenoxy radical,
yields the nitrophenol. In the second
mechanism, hydrogen peroxide reacts
with iron-bound nitrite to produce an


active nitrating species, which we
assume to be a protein-bound peroxy-
nitrite species, MbFeIII�N(O)OO. The
high nitrating power of the active spe-
cies is shown by the fact that the cata-
lytic rate constant is essentially inde-
pendent of the redox properties of the
phenol. The occurrence of one or other
of these mechanisms depends on the
nitrite concentration: at low [NO2


�] the
nitrating agent is nitrogen dioxide,
whereas at high [NO2


�] the peroxyni-


trite path is dominant. The myoglobin
derivative that accumulates during
turnover depends on the mechanism.
When the path involving NO2C is domi-
nant, the spectrum of the MbFeIV=O
intermediate is observed. At high ni-
trite concentration, the Soret band ap-
pears at 416 nm, which we attribute to
an iron-peroxynitrite species. The
metMb/NO2


�/H2O2 system competi-
tively nitrates the heme and the endog-
enous tyrosine at position 146 of the
protein. Phenolic substrates protect
Tyr146 from nitration by scavenging
the active nitrating species. The ex-
posed Tyr103 residue is not nitrated
under the same conditions.


Keywords: enzyme catalysis ¥ heme
proteins ¥ hydrogen peroxide ¥
myoglobin ¥ nitrogen oxides ¥
peroxynitrite
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trated proteins is often observed under pathophysiological
conditions.[19±22] A few potential nitrating agents have been
recognized in vivo,[19] but the delineation of other biochemi-
cal pathways responsible for biological nitration and the
identification of specific protein targets for nitration are es-
sential for a full understanding of the mechanisms of NOC-
derived pathologies.[23] Since during inflammatory diseases
the levels of hydrogen peroxide and nitrite are markedly in-
creased in cells,[24±26] heme proteins can use these compo-
nents to produce nitrating agents. The ability of peroxidases
to promote these reactions is well known.[18,23,27] In view of
the much larger amount of Mb in the body, it is important
to assess the possible role and significance of the nitrating
activity of myoglobin in the presence of NO2


�/H2O2. We
have found that the metMb/NO2


�/H2O2 system serves to ni-
trate exogenous phenolic compounds according to two limit-
ing mechanisms, depending on nitrite concentration. The
substrates are nitrated when they are bound to the protein,
but the endogenous tyrosine residue (Tyr146) located in the
proximal side of the protein is also competitively nitrated.
This study provides an additional contribution to our under-
standing of the toxicity associated with increased expression
and/or activity of NO synthases. The tyrosine derivatives 1±
3 were chosen as representative substrates in the present in-
vestigation.


Results


Binding of nitrite to metMb : Upon addition of nitrite, the
Soret band of metMb shifts from 410 nm to 412 nm, charac-
teristic of the MbFeIII�NO2


� complex,[17] in which the nitrite
anion binds to the iron as a nitro group through the nitrogen
atom. From the dependence of the absorbance changes on
the ligand concentration, the binding constant KB = (51�
5)m�1 was obtained. The binding experiments were per-
formed with short incubation times for the anion, since in
the presence of high nitrite concentrations the Mb solution
slowly turns a brownish-green color due to a modification of
the heme.[28] The value of the binding constant obtained
here is consistent with those extrapolated from kinetic stud-
ies (KB = KD


�1 = 81m�1 obtained at 20 8C in phosphate
buffer at pH 7.5;[17] KB = 60m�1 obtained at 20 8C in Tris
buffer at pH 7.4).[29]


Phenol nitration catalyzed by Mb : In the presence of hydro-
gen peroxide, metMb catalyzes the oxidative dimerization of
phenols in a peroxidase-like reaction[30,31] involving the for-
mation of phenoxy radicals. If the solution contains nitrite,
nitrophenols are also produced.[16±18] The mechanism of this
reaction was investigated by studying the nitration of sub-


strates 1±3 by the metMb/H2O2/NO2
� system. At pH 7.5, the


nitrophenols are partially deprotonated and absorb at
around 420 nm. To reduce the interference from the protein
absorption during the kinetic experiments, the nitration re-
actions were followed by monitoring the increase of absorb-
ance at 450 nm. In preliminary experiments, the rate of
phenol nitration was studied as a function of metMb con-
centration, as well as by varying the NO2


� , H2O2, and
phenol concentrations to assess whether the nitration reac-
tion in the absence of metMb, which can occur under acidic
conditions,[32] would be likely to affect the kinetic data at
pH 7.5. Since at a protein concentration of 1mm the noncata-
lytic reaction could always be neglected, the kinetic experi-
ments were performed with [metMb] fixed at this value.
Each reactant was found to affect the observed rates in a
manner dependent on the concentrations of the others. To
simplify the analysis, it was found convenient to vary the
concentration of one reagent while keeping the concentra-
tions of the others fixed at the values found to maximize the
rate. Plots of rate versus substrate concentration and of rate
versus nitrite concentration showed saturation behavior,
suggesting that both reactants have to interact with the pro-
tein. Figure 1 shows the dependence of the nitration rate of
phenol 1 on [PhOH] (Figure 1A; where PhOH denotes in
this contribution the appropriately substituted phenol) and
[NO2


�] (Figure 1B).
Nitration of the phenol can occur through several path-


ways. By reaction with hydrogen peroxide, metMb (simply
indicated as Mb in the equations) forms an active species,
CMbFeIV=O, similar to the peroxidase compound I, with a
radical localized on the protein backbone, which bears tyro-
sine and tryptophan residues.[35] This intermediate, either by
spontaneous decay or after reaction with a substrate mole-
cule, is transformed into an MbFeIV=O derivative similar to
the peroxidase compound II. Both intermediates are able to
react with nitrite, producing NO2C, or with phenols, produc-
ing a phenoxy radical (PhOC), by one-electron oxidation.
The phenoxy radical and NO2C can undergo a fast recombi-
nation reaction producing the nitrophenol. On the other
hand, PhOC can also be produced by reaction of nitrogen di-
oxide with the phenol. If PhOC accumulates in solution,
phenol coupling dimers can be produced.[30,31] This whole
mechanism, denoted herein as path a, thus consists of the re-
actions (1)±(12).


MbþH2O2 ! CMbFeIV¼OþH2O ð1Þ


CMbFeIV¼OþNO�
2 Ð ½CMbFeIV¼O=NO�


2 
 ð2Þ


½CMbFeIV¼O=NO�
2 
 ! MbFeIV¼OþNO2


C ð3Þ


CMbFeIV¼Oþ PhOH Ð ½CMbFeIV¼O=PhOH
 ð4Þ


½CMbFeIV¼O=PhOH
 ! MbFeIV¼Oþ PhOC ð5Þ


MbFeIV¼OþNO�
2 Ð ½MbFeIV¼O=NO�


2 
 ð6Þ


½MbFeIV¼O=NO�
2 
 þ 2Hþ ! MbþNO2


C þH2O ð7Þ
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MbFeIV¼Oþ PhOH Ð ½MbFeIV¼O=PhOH
 ð8Þ


½MbFeIV¼O=PhOH
 þ 2Hþ ! Mbþ PhOC þH2O ð9Þ


NO2
C þ PhOH ! PhOC þNO�


2 ð10Þ


NO2
C þ PhOC ! O2N�C6H4�OH ð11Þ


2 PhOC ! dimers ð12Þ


Here, [CMbFeIV=O/NO2
�], [CMbFeIV=O/PhOH], [MbFeIV=


O/NO2
�], and [MbFeIV=O/PhOH] represent the complexes


between nitrite or the phenol and the Mb active species, and
O2N�C6H4�OH is the ortho-nitrophenol product. These pro-
tein complexes are believed to involve noncovalent interac-
tions between nitrite or the phenol and the Mb derivative.
In the case of metMb/PhOH complexes, the binding site of
the phenol has been located near the heme periphery by
NMR methods.[31] CMbFeIV=O can then react according to
reactions (2)/(3) or (4)/(5) depending on [NO2


�], [PhOH],
and the relative rate constants for the two processes; the
same holds true for MbFeIV=O, which can react through re-


actions (6)/(7) or (8)/(9). In any case, the nitrating agent in
path a is assumed to be NO2C.
In a different path, denoted herein as path b, it is consid-


ered that nitrite can bind directly to the iron(iii) center of
metMb. This complex then reacts with hydrogen peroxide
producing a nitrating species that is able to nitrate a mole-
cule of protein-bound phenol. Path b involves reac-
tions (13)±(16):


MbþNO�
2 Ð Mb�NO�


2 ð13Þ


Mb�NO�
2 þH2O2 ! Mbnitr þH2O ð14Þ


Mbnitr þ PhOH Ð ½Mbnitr=PhOH
 ð15Þ


½Mbnitr=PhOH
 ! MbþO2N�C6H4�OH ð16Þ


Here, Mb�NO2
� is the nitrite complex of metmyoglobin,


Mbnitr represents an active nitrating form of the protein,
which we assume to contain an iron-bound peroxynitrite,
and [Mbnitr/PhOH] is the complex between the latter species
and the phenol. Path b differs from path a in that it is as-
sumed that the mechanism does not involve peroxidase-like
intermediates and nitrogen dioxide.
A detailed kinetic study of the nitration process is compli-


cated by the number of steps and, therefore, the large
number of binding constants and rate constants involved.
Moreover, paths a and b could both be operative at the
same time, thus implying several protein forms being simul-
taneously present in solution and the need to consider all of
the reactions (1)±(16). A simplified analysis can be carried
out by employing conditions under which one path predomi-
nates, assuming that the binding and dissociation processes
are fast, and with a saturating hydrogen peroxide concentra-
tion. With these approximations, both the paths lead to the
following initial rate equation (17),


rate ¼ kcat½Mb



1þ KM
nitrite


½NO�
2 



þ KM
PhOH


½PhOH

ð17Þ


where [Mb] is the total Mb concentration and kcat represents
the maximum turnover number of the protein. The mean-
ings of KMnitrite and K


M
PhOH relate to the mechanism involved,


and give an indication of the dissociation constants for loss
of NO2


� and PhOH, respectively, from the complexes with
the Mb form that are involved in each path. Equation (17)
can be further simplified by operating under saturating con-
ditions in terms of one of the two substrates; at high nitrite
concentration, Equation (17) is reduced to Equation (18).


rate ¼ kcat½Mb
½PhOH

KM


PhOH þ ½PhOH
 ð18Þ


At high phenol concentration, Equation (19) is obtained.


rate ¼ kcat½Mb
½NO�
2 



KM
nitrite þ ½NO�


2 

ð19Þ


Figure 1. Dependence of the nitration rate of 1 on: A) phenol concentra-
tion, with [NO2


�] = 1.33m, and B) nitrite concentration, with [1] =


2.0 mm, at 25 8C in 0.2m phosphate buffer, pH 7.5. The concentrations
[metMb] = 1mm and [H2O2] = 0.37m were used.
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The rate dependence on substrate concentration for phe-
nols 1±3 (at high peroxide and nitrite concentrations) was
found to be well interpolated by Equation (18). The values
of kcat, K


M
PhOH, and kcat/K


M
PhOH thus obtained are reported in


Table 1. The rate dependence on nitrite concentration for


substrates 1±3 (at high peroxide and phenol concentrations)
was interpolated by Equation (19). While for phenols 2 and
3 the interpolation was in good agreement with the experi-
mental data, with tyramine (1) a biphasic behavior was ob-
served (Figure 1B) since at low nitrite concentration the ni-
tration rate was lower than the interpolated value. The
values of kcat, K


M
nitrite, and kcat/K


M
nitrite obtained are reported in


Table 1; in the case of tyramine the reported values were
obtained neglecting the data at low [NO2


�].


Stopped-flow experiments : Several protein intermediates
are involved in the phenol nitration reaction with the
metMb/NO2


�/H2O2 system. The prevalent protein species in
solution depends on several factors, in particular on the ki-
netic parameters of the various reaction steps and the con-
centrations of the substrates. In the presence of 25mm nitrite
(a sub-saturating concentration for the turnover measure-
ments, see Table 1), the Mb Soret band was slightly shifted
from that of metMb (410 nm) due to partial coordination of
the nitrite. Upon addition of 0.25m peroxide (in the pres-
ence or absence of phenol 2) the Soret band shifted to
424 nm (Figure 2, trace c), producing the same spectrum as
that obtained on mixing metMb and peroxide. This indicates
that the compound II-like intermediate was formed. In the
presence of excess 2, the nitrophenol optical band devel-
oped with time.
When the same experiments as above were performed in


the presence of a higher nitrite concentration (250mm; an
almost saturating concentration for the turnover measure-
ments, see Table 1), a different behavior was observed. In
the absence of peroxide and 2, the Mb Soret band appears
at 412 nm (Figure 2, trace a), characteristic of the nitro com-
plex of the protein. Upon addition of 0.25m peroxide, the
band shifts to 416 nm (Figure 2, trace b), while in the visible
region optical absorptions are observed at 506, 538, 582 (sh),
and 630 nm (sh) (Figure 2, trace d), with a pattern that dif-
fers significantly from both that of the Mb�NO2


� complex
and that of the MbFeIV=O intermediate. The spectrum re-
mains similar on increasing the peroxide concentration (up
to 0.5m), indicating that the 416 nm band does not result
from an overlap of the bands due to two species. When the
experiment was repeated in the presence of 2, the same
band at 416 nm was observed, the only difference being that
the absorption of the nitrophenol produced by the reaction
developed rapidly with time.


Inhibition effect of nitrite : A discriminating feature between
path a and path b is the nitrite binding step. According to
path a, the anion interacts with the protein after the reaction
of metMb with the peroxide has taken place (reactions (2)
and (6)). Coordination of NO2


� to the metal would there-
fore reduce the rate of forma-
tion of the active species by
competing with peroxide. The
effect of nitrite can be easily
studied at low peroxide concen-
tration, conditions under which
a reduction of the rate is to be
expected on increasing the ni-


Table 1. Steady-state kinetic parameters for the metmyoglobin-dependent phenol nitration by NO2
�/H2O2 in


0.2m phosphate buffer pH 7.5 at 25 8C.


Phenol KMPhOH kcat kcat/K
M
PhOH KMnitrite kcat kcat/K


M
nitrite


[mm] [s�1] [m�1 s�1] [m] [s�1] [m�1 s�1]


1 0.62�0.05 1.47�0.04 2400�100 ~0.6 ~1.2 ~2
2 0.14�0.03 0.76�0.03 5300�800 0.14�0.03 0.9�0.1 6.9�0.9
3 0.21�0.02 0.69�0.04 3300�200 0.08�0.02 0.43�0.04 5�1


Figure 2. UV/Vis spectra of Mb forms observed in the stopped-flow ex-
periments in the presence of various reagents, in 0.2m phosphate buffer,
pH 7.5, at 25 8C: A) trace a: Mb�NO2


� ; trace b: MbFeIII�N(O)OO; trace
c: MbFeIV=O. The concentration of metMb was 2.5mm in all these experi-
ments; those of the other reagents were as follows: a) [NO2


�] = 250mm,
[2] = 0.3mm ; b) [NO2


�] = 250mm, [2] = 0.3mm, [H2O2] = 0.25m ;
c) [NO2


�] = 25mm, [2] = 0.3mm, [H2O2] = 0.25m. The high nitrite con-
centration hinders the observation of the spectral range below 390 nm
for traces a and b. B) trace d: MbFeIII�N(O)OO; trace e: Mb�NO2


� . The
concentration of metMb was 25mm ; those of the other reagents were as
follows: d) [NO2


�] = 250mm, [2] = 0.3 mm, [H2O2] = 0.25m ; e) [NO2
�]


= 250mm, [2] = 0.3mm. Blank spectra were obtained from mixtures of
all the reagents with the exclusion of metMb. In all the experiments car-
ried out in the presence of hydrogen peroxide, intense absorptions due to
the phenol nitration products developed within a few seconds after
mixing of the reagents. The reported spectra were therefore obtained
within 1 s.
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trite concentration. In path b, binding of NO2
� to the iron


precedes the reaction with peroxide. Therefore, at low per-
oxide concentration (when reaction according to Equa-
tion (14) is a slow step) an increase of nitrite concentration
should enhance the rate according to the pre-equilibrium
step [Eq. (13)].
Experiments aimed at investigating the effect of NO2


�


were carried out by varying the nitrite concentration (from
0.03 to 1.0m) with a saturating concentration of 2 and keep-
ing the peroxide concentration fixed at 4mm. This value was
chosen because the reaction rates depend linearly on [H2O2]
in the 0±5mm range, indicating that in this range the reac-
tion with the oxidant is the slow step of the cycle. The ob-
served rates are plotted against [NO2


�] in Figure 3. The plot


shows an initial increase at very low nitrite concentrations,
which is consistent with both the paths since nitrite is neces-
sary for the reaction. When the anion concentration exceeds
0.1m, a reduction of the rate occurs, but the nitrophenol for-
mation is not blocked even at [NO2


�] up to the molar range.
This residual activity is not due to the noncatalytic reaction,
because in the absence of metMb the rate is negligible.
These observations imply that path a cannot be the only
mechanism of the reaction, and are consistent with the in-
volvement of path b.


Reaction of MbFeIV=O with nitrite and phenols : The reduc-
tion of MbFeIV=O by nitrite, 1, or 2 was followed spectro-
photometrically through monitoring the shift of the Soret
band from 420 to 410±412 nm under pseudo-first-order con-
ditions. In the case of nitrite, the observed first-order rate
constants were found to be linearly dependent on nitrite
concentration (Figure 4) according to Equation (20),


kobs ¼ knitrite½NO�
2 
 þ B ð20Þ


where the rate constant knitrite probably consists of binding
and reaction constants, since the overall process involves
both reactions (6) and (7). The non-zero value of the inter-


cept on the y axis is probably due to self-reduction of
MbFeIV=O to the met form or to heme-protein cross-linked
forms.[17] Fitting of the experimental data to Equation (20)
gave knitrite = (18.6�0.6)m�1 s�1, in good agreement with the
data reported by Herold and Rehmann (16�1m�1 s�1, ob-
tained at 20 8C).[17]


The spectral changes accompanying the reduction of
MbFeIV=O with an excess of phenol 1 of phenol 2 also fol-
lowed a first-order behavior with time (data not shown).
The observed first-order rate constants depend on the sub-
strate concentration with a saturating behavior (Figure 5),
which can be described by Equation (21),


kobs ¼ kcat;S½PhOH

KM;S þ ½PhOH
 þ C ð21Þ


where KM,S represents the dissociation constant of the
MbFeIV=O/PhOH complex, and kcat,S is the first-order rate
constant for decay of the complex to the iron(iii) form. To
take into account the self-decay of the compound II-like in-


Figure 3. Dependence of the nitration rate of 2 on nitrite concentration
at 25 8C in 0.2m phosphate buffer, pH 7.5, with [metMb] = 1mm, [2] =


1mm, and [H2O2] = 4mm.


Figure 4. Dependence of the pseudo-first-order rate constant for reduc-
tion of MbFeIV=O by nitrite on the concentration of this anion in 0.2m
phosphate buffer, pH 7.5, at 25 8C.


Figure 5. Dependence of the pseudo-first-order rate constants for reduc-
tion of MbFeIV=O by 1 and 2 on the concentrations of these phenols in
0.2m phosphate buffer, pH 7.5, at 25 8C.
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termediate, the constant C has to be introduced into Equa-
tion (21). Fitting of the data plotted in Figure 5 with Equa-
tion (21) gave the kinetic parameters reported in Table 2.


Nitration of myoglobin : The nitrating species produced in
the metMb/NO2


�/H2O2 system could, in principle, react with
endogenous tyrosine and tryptophan residues as well. The


porphyrin could also undergo nitration, and in fact it has
been shown that upon treating the protein at pH 5.5 with a
large excess nitrite, nitration of the heme vinyl groups
occurs.[28] To assess whether metMb/NO2


�/H2O2 can modify
protein residues, HPLC/MS studies were carried out. A
blank experiment was conducted with a small amount of
metMb solution in 50mm phosphate buffer, pH 7.5, which
was directly injected into the HPLC/MS instrument. In view
of the strong absorption of the heme near 410 nm, this was
chosen as the working wavelength for UV detection. The re-
sulting HPLC-UV chromatogram showed a peak at 42.5 min
(data not shown), with a corresponding MS peak at m/z 616
attributable to free hemin. It would thus appear that the in-
jected Mb is denatured in the HPLC column, and that
hemin is released and separated from the apoprotein. In a
separate experiment, metMb was treated under similar con-
ditions as above, but with excess nitrite and hydrogen perox-
ide at 20 8C for 10 min, during which the color of the solu-
tion turned to greenish-brown and the Soret band was red-
shifted. The solution was then dialyzed to remove excess
peroxide and nitrite, and injected into the HPLC/MS instru-
ment. The new chromatogram (Figure 6A) showed, besides
the peak due to free hemin, a new peak at around 40.3 min,
resulting from hemin nitration. The corresponding mass
spectrum at this retention time gave an ion at m/z 661, 45
mass units above that of hemin and corresponding to the re-
placement of a proton in the porphyrin by NO2. Assuming
an equal sensitivity of the method for detection of the two
porphyrins, integration of the peaks indicated that the nitra-
tion had occurred to an extent of nearly 33%. When the
same experiment was repeated with a higher hydrogen per-
oxide concentration (1mm) added to the initial metMb solu-
tion containing nitrite, the production of nitrated hemin in-
creased to about 50% (Figure 6B). This indicates that the
extent of nitration depends on the amount of oxidant added
to the reaction mixture. Finally, Mb nitration was studied
under the latter conditions (1mm H2O2), but in the presence
of 1mm phenol 2. The HPLC peak at 40.3 min also appeared
in the presence of this phenol (Figure 6C), but the amount
of nitrated hemin dropped to 14%.
The possibility of nitration of protein residues by metMb/


NO2
�/H2O2 was assessed by subjecting a sample of the pro-


tein, previously incubated with 0.8m NO2
� and 1mm H2O2,


to a standard hydrochloric acid/2-butanone treatment. The
apoprotein was isolated and subsequently digested by tryp-
sin. The location of the nitration site was established by
HPLC-MS/MS analysis of the tryptic fragments of the pro-
tein, by comparison with those obtained from digestion of
untreated metMb under the same conditions. Data-depend-
ent scan analysis was performed and the resulting data were
treated with TurboSEQUEST for protein identification. Tur-
boSEQUEST recognized Mb as the main protein present in
the injected solution. A very high score was obtained and,
with both native and modified (i.e. nitrated) myoglobin, all
the peptides corresponding to the non-nitrated form of the
protein were found in the chromatographic run.
Myoglobin contains four target amino acids for nitration


(Tyr103, Tyr146, Trp7, and Trp14). The tryptic fragments
containing such amino acids correspond to residues 1±16,
103±118, and 146±153 (the last one generated by a missing
cleavage). Under the same conditions as used for the heme
analysis, the elution times of the three unmodified peptides
were 31.2, 36.7, and 20.6 min, respectively. For the metMb
sample treated with H2O2/NO2


� we analyzed the single-ion


Table 2. Kinetic parameters for MbFeIV=O reduction by 1 and 2 in 0.2m
phosphate buffer at pH 7.5 at 25 8C.


Phenol KM,S kcat,S kcat,S/KM,S
[mm] [s�1] [m�1 s�1]


1 1.7�0.1 0.020�0.001 11.6�0.6
2 2.1�0.3 0.026�0.001 13�1


Figure 6. HPLC chromatograms, with detection at 410 nm, of metMb in-
cubated in 50mm phosphate buffer, pH 7.5, at 25 8C with 0.8m nitrite and
the following reagents: A) [H2O2] = 0.1mm ; B) [H2O2] = 1mm ;
C) [H2O2] = 1mm and [2] = 1mm.
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currents of both the nitrated and standard peptides. In addi-
tion to the peaks due to non-nitrated fragments, the chroma-
togram showed a new peak with an elution time of 23.1 min
corresponding to m/z 986. This molecular mass corresponds
to that of the protein fragment 146±153 increased by 45
mass units, which corresponds exactly to the replacement of
a proton by an NO2 group. To confirm that this peak corre-
sponds to nitration of a tyrosine residue, the MS/MS spec-
trum obtained was compared with the MS/MS spectrum of
standard residue 146±153 (data not shown). The sequence of
peptide 146±153 is YKELGFQG, with tyrosine as the N-ter-
minal amino acid. A shift of 45 mass units was noted for all
the ions containing the (N-terminal) Tyr residue, while the
ions that first lost the (C-terminal) tyrosine were unchanged.
This unambiguously identifies the nitration site as the aro-
matic ring of Tyr146.
To quantify the amount of nitrated tyrosine, a selected ion


monitoring experiment was performed on the ions with m/z
941 and m/z 986. The single-ion chromatograms of the two
characteristic ions allowed calculation of the area ratio of
the two peaks. This indicated that the nitration of Tyr146
had occurred to an extent of about 6%. No detectable nitra-
tion peaks were found corresponding to Mb residues
Tyr103, Trp7, and Trp14 in the fragments of the nitrated
sample.


Discussion


In several diseases, particularly those connected with oxida-
tive stress, an increased level of 3-nitrotyrosine is found.[19]


A few mechanisms and nitrating agents have been proposed
as being responsible for nitration. Nitration of tyrosine can
occur through coupling of a tyrosyl radical with NOC, fol-
lowed by oxidation of the resulting nitrosotyrosine. The ni-
trating agent can also be NO2C, generated by oxidation of ni-
trogen monoxide or produced according to reactions (3) and
(7). Other nitrating agents are nitrous acid, produced from
nitrite at acidic pH, and peroxynitrite. The latter species, a
strong nitrating agent, has a very short lifetime but is contin-
uously produced in vivo by the reaction of NOC with super-
oxide anion.[36,37] Further nitrating species can be produced
by the oxidation of nitrite with hydrogen peroxide, although
this reaction is usually negligible when the reagents are
present at physiological concentrations. Peroxidases can cat-
alyze the latter process, since they can produce both nitro-
gen dioxide and tyrosyl radicals, and these species can then
couple to form nitrotyrosine.[38] The relative importance of
the various pathways depends on the concentration of the
enzymes and the NOC-derived species in the physiological
fluids, particularly under oxidative stress conditions, under
which hydrogen peroxide can be accumulated.[39]


Myoglobin is particularly abundant in tissues, where it can
be present at concentrations of up to 0.2mm.[11] It has been
shown that MbO2 can react with NOC producing a protein-
bound peroxynitrite,[9] and that MbFeIV=O is able to oxidize
nitrite to NO2C, and phenols to phenoxy radicals. Thus, Mb is
a potential source of nitrotyrosine in the body, especially
when the levels of nitrite and hydrogen peroxide are high.


In spite of the level of importance that these processes may
assume in vivo, no detailed investigation has been reported
on the metMb/H2O2/NO2


� system. Herold et al.[17] suggested
that phenol nitration induced by the latter system is due to
nitrogen dioxide formed by the reaction of CMbFeIV=O and
MbFeIV=O species with nitrite. A different mechanism may,
however, also be operative. In fact, it is known that nitrite
in the protonated form readily reacts with hydrogen perox-
ide producing peroxynitrite.[40] In a similar manner, coordi-
nation of nitrite to the iron(iii) center of metMb could also
promote its reactivity towards H2O2, facilitating the forma-
tion of a bound peroxynitrite species.
We have considered the possible operation of two nitra-


tion mechanisms, indicated as path a (reactions (1)±(12))
and path b (reactions (13)±(16)), which differ in terms of the
active species involved, namely NO2C and a protein-bound
peroxynitrite, respectively. The analysis of the process is fa-
cilitated by monitoring the predominant form of the protein
present in solution during turnover because this is related to
the slow step of the catalytic cycle. According to path a, op-
erating under saturating peroxide concentration (fast reac-
tion with H2O2) and considering that CMbFeIV=O is a highly
reactive species, the protein species accumulated during
turnover should be MbFeIV=O. With path b, under the same
conditions, however, the predominant protein species should
be the active nitrating species (Mbnitr). The spectra of the
protein intermediates recorded under various reaction con-
ditions revealed the presence of different species depending
on the nitrite concentration. At low nitrite concentration,
the MbFeIV=O intermediate (lmax = 424 nm) was observed,
whereas at high nitrite concentration, a species with lmax =


416 nm was observed. The spectrum of the latter differs
from that of Mb�NO2


� , and we suggest that it is due to
heme-bound peroxynitrite. The spectrum of this species also
differs from that of the peroxynitrite complex of Mb ob-
tained from MbO2 and NOC (for which the Soret band is at
410 nm, and the pattern of bands in the visible region is also
appreciably different).[10] This suggests that peroxynitrite is
bound to the iron in different modes in the two complexes:
through the peroxide oxygen, MbFeIII�OONO, when gener-
ated from MbO2, and through the nitrogen atom,
MbFeIII�N(O)OO, in the present case, where it is generated
from Mb�NO2


� . Arnold and Bohle[41] reported a UV/Vis
spectrum, attributed to an intermediate MbFeIII�N(O)OO
species, which was predicted from kinetic calculations on
the singular value decomposition based on the spectral data
obtained during the transformation of MbFeNO into
metMb upon reaction with molecular oxygen. The absorp-
tion maxima resulting from those calculations differ from
those obtained experimentally in this work; however, a
closer look at the calculated spectrum reported by Arnold
and Bohle shows that the intermediate is actually character-
ized by a broad Soret band with a maximum at 410 nm and
a pronounced shoulder at low energy,[41] suggesting that the
spectral features attributed to MbN(O)OO are mixed with
those of the metMb form of the protein. The visible part of
the spectrum for the proposed MbN(O)OO species reported
by Arnold and Bohle also supports this hypothesis, since it
shows only minor differences with respect to the metMb
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spectrum[41] in the same region (between 520 and 600 nm);
the MbN(O)OO spectrum obtained here differs strongly
from that of metMb in this region (Figure 2).
The inhibition effect of nitrite at low peroxide concentra-


tion (Figure 3) confirms that NO2C cannot be the only nitrat-
ing species, since the reaction rates are not reduced to zero
even at very high NO2


� concentration, at which this anion
might be expected to effectively compete with H2O2 for the
binding sites at iron. The complex behavior revealed by the
rate versus nitrite concentration plot is due to the fact that
changing [NO2


�] has two effects: it changes the fraction of
the protein bound to the ligand, and also the relative impor-
tance of paths a and b. This accounts for the differences in
KMnitrite values obtained for the different substrates. Path b is
predominant at high [NO2


�]; thus, kcat represents the turn-
over number of the protein along this path. The similarity in
kcat values for reactions with phenols with different redox
properties[42] indicates the high redox potential of the nitrat-
ing agent, as expected for a peroxynitrite-type active species.
The kcat/K


M
PhOH and K


M
PhOH parameters (obtained at saturating


nitrite concentration) also relate to path b. In contrast, kcat/
KMnitrite (the second-order rate constant for the reaction of ni-
trite with the MbFeIV=O) gives the dependence of the reac-
tion rates on nitrite at low anion concentration, conditions
under which path a is dominant. The rate constants obtained
for the reduction of MbFeIV=O by NO2


� or the phenolic
substrates indicate that at the concentrations of the reac-
tants used in the turnover experiments, the MbFeIV=O inter-
mediate invariably reacts with nitrite in preference to the
phenol. Thus, reactions (6) and (7) are important steps in
path a. Moreover, considering that CMbFeIV=O is more reac-
tive than MbFeIV=O, the dependence of the turnover rate
on nitrite in Equation (19) can be ascribed to reactions (6)
and (7). According to this observation, kcat/K


M
nitrite can be


compared with the second-order rate constant, knitrite, from
Equation (20). The data in Table 1 show that the values of
kcat/K


M
nitrite and knitrite (18.6�0.6m�1 s�1) are of the same order;


the smaller values of the former parameter for all the sub-
strates can be ascribed to the fact that a fraction of the pro-
tein is engaged in nonproductive nitrate formation.
To obtain an appreciation of the physiological relevance


of paths a and b, the reactivity of metMb according to the
two paths needs to be evaluated considering the concentra-
tion of the various species in the body, in particular during
inflammatory processes whereby increased levels of H2O2


and nitrite are observed. Under such conditions, the hydro-
gen peroxide concentration can be of the order of 30mm
while that of nitrite can be up to 100mm.[38] The latter value
indicates that in vivo metMb is prevalently not coordinated
by nitrite and this limits the contribution of the peroxyni-
trite mechanism. Nevertheless, during oxidative stress an in-
creased concentration of nitrogen monoxide is produced in
cells; under these conditions MbFeIV=O reacts with NOC at a
rate (k = (17.9�0.5)î106m�1 s�1 at pH 7.5)[17] which is
much faster than the production of NO2C by reaction of
MbFeIV=O with nitrite (knitrite = (18.6�0.6)m�1 s�1 at
pH 7.5). Therefore, in vivo, path a is quenched and the
metMb/H2O2/NO2


� system contributes to phenol nitration
only through path b.


The high intracellular Mb concentration[11] makes this pro-
tein a putative source of multiple nitrating species in the
body. In its oxy form, Mb reacts with NOC generating an
Mb-bound peroxynitrite; in the CMbFeIV=O and MbFeIV=O
forms it reacts with nitrite producing NO2C ; and in the met
form it reacts with nitrite and hydrogen peroxide generating
a highly reactive nitrating agent (peroxynitrite).
The nitrating species produced by the metMb/H2O2/NO2


�


system can also react with endogenous residues, in particular
the heme prosthetic group, and the Tyr103, Tyr146, Trp7,
and Trp14 residues. Our experiments indicate that both the
porphyrin and Tyr146 undergo nitration. The extent of the
modification increases with increasing peroxide concentra-
tion. Phenolic substrates protect the Mb from self-nitration.
This last observation allows us to assume that our kinetic
data are only related to the native protein and are not influ-
enced by the fraction of Mb that may be competitively
modified during catalysis, particularly since initial rates are
considered. It is important to note that there is evidence of
nitration only at Tyr146, while Tyr103 remains unaffected.
This is somewhat surprising considering that the latter resi-
due is exposed to solvent and the former is an internal resi-
due (Figure 7). Therefore, the nitrating agent responsible for


self-nitration of Mb does not come from outside of the pro-
tein, but rather the reaction is intramolecular. This result is
in keeping with the mechanisms of nitration of 1±3, which
show that only the protein-bound substrate is efficiently ni-
trated by the metMb/H2O2/NO2


� system. It can be noted
that Tyr146 is located in proximity to the Xe1 cavity of myo-
globin;[43,44] this suggests that once the nitrating species (i.e.
NO2C or ONOO�) is produced close to the heme, it diffuses
to the Xe1 cavity, where it performs the reaction on the
Tyr146 residue. Our data differ from the results of Bourassa
et al. ,[13] who found that direct treatment of metMb with
peroxynitrite led to nitration only at Tyr103. This difference
may be due to the fact that in the experiment of Bourassa
et al.[13] nitration of the exposed tyrosine occurs by reaction
with free peroxynitrite or, perhaps less probably, that migra-
tion of the negatively charged ONOO� species to the Xe1


Figure 7. Structure of Mb showing the disposition of the side chains of
Tyr103 and Tyr146.
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cavity is hindered. Interestingly, Herold et al.[15] reported
that free peroxynitrite is scavenged by metMb whilst apoMb
is nitrated only at Tyr146; this seems to indicate that exoge-
nously supplied peroxynitrite is able to react at Tyr146 only
where this residue is likely to be more exposed.


Experimental Section


Materials : Horse heart Mb was obtained from Sigma as a lyophilized
sample and purified by gel permeation chromatography on a Sephadex
G25 column with 100mm phosphate buffer, pH 7.5, as eluent. Hydrogen
peroxide (30% (w/w) solution in water), tyramine (1), 3-(4-hydroxyphe-
nyl)propionic acid (2), and l-tyrosine (3) were obtained from Aldrich.
The other reagents were obtained at the best grade available. All buffer
solutions were prepared by using doubly distilled deionized water. The
concentrations of hydrogen peroxide solutions were determined by moni-
toring the formation of the ABTS radical cation according to a standard
method.[45] The concentrations of myoglobin solutions were determined
on the basis of the extinction coefficient of metMb, 1.88î105m�1 cm�1, at
408 nm in 100mm phosphate buffer, pH 6.0.[1] UV/Vis spectra were re-
corded on a Hewlett Packard HP 8452A diode-array spectrophotometer.


Binding of nitrite : A concentrated nitrite solution in 200mm phosphate
buffer, pH 7.5, was added incrementally to a solution of metMb (3mm,
1600 mL) in the same buffer (final concentration from 0.012 to 0.31m)
thermostatted at 25.0�0.1 8C in a quartz cuvette with optical pathlength
1 cm, and UV/Vis spectra were recorded after each addition. Blank spec-
tra were recorded in the same way but in the absence of the protein.
After subtracting the corresponding blank from each spectrum, the re-
sulting spectra were corrected for dilution and then transformed into dif-
ference spectra by subtracting the native protein spectrum. The absorb-
ance changes at 422 nm, the wavelength of maximum change in the dif-
ference spectra, were then plotted against the ligand concentration. The
binding constant, KB, was obtained by interpolation of the absorbance
data with the binding isotherm for low affinity binding of a single ligand:
DA = DA¥KB[NO2


�]tot/(1+KBî[NO2
�]tot), where [NO2


�]tot represents the
total nitrite concentration in the optical cell.


Kinetic studies : All kinetic experiments were carried out by spectropho-
tometric monitoring of solutions in 200mm phosphate buffer at pH 7.5 in
a quartz cuvette of pathlength 1 cm, thermostatted at 25.0�0.1 8C and
equipped with a magnetic stirrer.


Phenol nitration catalyzed by metMb : The reactions were studied by
monitoring the absorbance change at 450 nm during the first 10±15 s
after adding an H2O2 solution to a metMb/substrate/nitrite solution (final
volume 1600 mL), obtained by mixing concentrated solutions of the reac-
tants in 200mm phosphate buffer at pH 7.5. The pH values of the mother
nitrite and phenol solutions in the buffer were adjusted to the above
value by adding sodium hydroxide or phosphoric acid. The rate data
were transformed from absorbance s�1 into [nitrophenol]produced s


�1 on the
basis of the extinction coefficients of the nitrophenols at 450 nm obtained
from their absorbance spectra[46] in phosphate buffer at pH 7.5: for 1,
e450 nm = 2300; for 2, e450 nm = 3350; for 3, e450 nm = 3100m�1 cm�1. Kinetic
parameters were obtained from fitting of the experimental rates at differ-
ent substrate/nitrite concentrations to the appropriate equations.


For each substrate, the rate dependence on the various reactant concen-
trations was studied by applying the following series of steps: 1) determi-
nation of the peroxide concentration that maximizes the reaction rate
with saturating substrate and nitrite concentrations (typically starting
from [phenol] = 1mm and [NO2


�] = 0.3m); 2) study of the dependence
of the rate on the substrate concentration while maintaining [H2O2] as
optimized in the previous step and [NO2


�] saturating; 3) study of the de-
pendence of the rate on the nitrite concentration, maintaining [H2O2] as
found in step 2 and [PhOH] saturating; 4) if the substrate and nitrite con-
centrations that maximize the rate did not fit with those used in step 1,
the whole procedure was repeated starting with different [NO2


�] and
[phenol] in an iterative way. The metMb concentration was kept at 1mm
in all the reactions and the concentrations of the other reactants used in
the kinetic studies were as follows: 1) for optimization of the peroxide
concentration, substrate 1: [PhOH] = 1.0mm, [NO2


�] = 1.33m, [H2O2]


= 0.05±0.6m ; substrate 2 : [PhOH] = 0.31mm, [NO2
�] = 0.30m, [H2O2]


= 0.05±0.3m ; substrate 3 : [PhOH] = 0.55 mm, [NO2
�] = 0.30m, [H2O2]


= 0.03±0.2m ; 2) dependence of the rate on the phenol concentration:
substrate 1: [H2O2] = 0.37m, [NO2


�] = 1.33m, [PhOH] = 0.016±2.8mm ;
substrate 2 : [H2O2] = 0.30m, [NO2


�] = 0.3m, [PhOH] = 0.031±1.4mm ;
substrate 3 : [H2O2] = 0.16m, [NO2


�] = 0.30m, [PhOH] = 0.007±0.7mm ;
3) dependence of the rate on the nitrite concentration: substrate 1:
[H2O2] = 0.37m, [PhOH] = 2.00mm, [NO2


�] = 0.063±1.3m ; substrate 2 :
[H2O2] = 0.30m, [PhOH] = 0.78mm, [NO2


�] = 0.062±0.63m ; substrate
3 : [H2O2] = 0.16m, [PhOH] = 0.78mm, [NO2


�] = 0.012±0.19m.


Dependence of the nitration rate of 2 on the nitrite concentration at low
oxidant concentration : Kinetic experiments were carried out by standard
methods with low [H2O2], saturating [PhOH], and varying [NO2


�]. The
peroxide concentration was selected by studying the dependence of the
reaction rate on [H2O2]; the concentrations of the reagents were as fol-
lows: [metMb] = 1mm, [PhOH] = 1mm, [NO2


�] = 0.1m, and [H2O2] =


from 0.5 to 5.0mm. The dependence of the nitration rate on the nitrite
concentration was studied with the following reactant concentrations:
[metMb] = 1mm, [PhOH] = 1mm, [H2O2] = 4mm, [NO2


�] = 0.03±1.0m.


Stopped-flow experiments : The stopped-flow experiments were per-
formed on a thermostatted Applied Photophysics RX-1000 instrument,
with a dead time of 1 ms, equipped with two syringes (A and B) connect-
ed to a cuvette (optical pathlength 1 cm). Syringe A was filled with a sol-
ution of the protein, nitrite and, in some of the experiments, substrate 2,
in 200mm phosphate buffer at pH 7.5, 25.0�0.1 8C; syringe B was filled
with an H2O2 solution in water or just water. Mixing of the solutions in
the cuvette thus halved the reactant concentrations. Final concentrations
of the reactants were: [metMb] = 2.5mm, [NO2


�] = 25mm in the low ni-
trite concentration experiments and [NO2


�] = 250mm in the high nitrite
concentration experiments, [PhOH] = 0.3mm, and [H2O2] = 0.25m.
Spectra were recorded in the visible region as above but using [metMb]
= 25mm. Absorbance spectra were recorded every 0.2 seconds for a total
time of 10 seconds; blanks were recorded with nitrite solutions at the
same concentrations as used in each experiment.


Reactions of MbFeIV=O : The Mb compound II-like intermediate was
prepared by incubating metMb (4mm) with two equivalents of H2O2 for
about 10 min, until the Soret band shifted from 410 nm to 420 nm and
stabilized at this wavelength. Here, the incubation time should not be
prolonged, because cross-linking of the protein can occur.[47] The reduc-
tion of MbFeIV=O to metMb after the addition of nitrite (0.04±0.9mm),
phenol 1 (0.08±7.2mm) or phenol 2 (0.07±9.4mm) solutions was followed
spectrophotometrically by recording the absorbance changes at 410 and
428 nm.


Nitration of Mb and analysis of protein fragments : Two samples of nitrat-
ed Mb were prepared by adding sodium nitrite (final concentration 0.8m)
and hydrogen peroxide (final concentration 0.1mm or 1mm) to metMb
(10 mg) dissolved in 50mm phosphate buffer at pH 7.5 (6 mL). The mix-
tures were allowed to react at 20 8C for 10 min; excess nitrite and oxidant
were removed by transferring the samples into a dialysis membrane kept
in a large vessel containing 10mm phosphate buffer at pH 7.5 (500 mL)
under slow stirring at 4 8C. Dialysis was continued overnight under these
conditions with several changes of the buffer. Then, UV/Vis spectra of
the nitrated myoglobins were recorded, and both samples were analyzed
by HPLC/MS.


A portion of each sample was transformed into apoMb by standard hy-
drochloric acid/2-butanone treatment[1] and subsequently hydrolyzed by
protease. Digestion was performed with 1:50 (w/w) trypsin at 36 8C for
2 h in 50mm phosphate buffer at pH 7.5. The samples were then analyzed
by HPLC/MS.


Protein nitration in the presence of a phenolic substrate was performed
by adding nitrite (0.8m), hydrogen peroxide (1mm), and 2 (final concen-
tration 1mm) to metMb (10 mg) dissolved in the same buffer as above
(6 mL); the sample was then treated according to the same procedure as
described above.


An LCQ-DECA ion-trap mass spectrometer (Thermo-Finnigan) equip-
ped with an electrospray ionization source was used to obtain the LC-MS
and LC-MS/MS data. The ESI conditions were as follows: capillary tem-
perature 250 8C, tube lens �25 V, source voltage +4.9 kV. The HPLC
pump was a Spectra System P4000 and the UV/Vis detector was a Spec-
tra System UV2000 working in double-wavelength mode (230 and
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410 nm). HPLC analysis was carried out with a Hypersil Elite C18
column (250î4.6 mm, 5 mm). The solvents used were: solvent A: 0.1%
trifluoroacetic acid (TFA) in distilled water, and solvent B: 0.1% TFA in
CH3CN; gradient runs were performed with a flow rate of 0.8 mLmin�1.
The elution was performed by running for 2 min with 5% B, then with a
gradient to 40% B over 48 min, and finally with a gradient to 0% B over
10 min. Nitrated residues were identified with the aid of TurboSEQUEST
(from Thermo-Finnigan, San Jose, CA)[48] software, which allows the au-
tomatic identification of proteins by comparing tandem (MS/MS) mass
spectra of the peptides obtained by tryptic degradation of Mb with pre-
dicted MS/MS spectra from a sequence database. Data-dependent scan
analysis was coupled with the use of TurboSEQUEST. The procedure in-
volves experiments in which the instrument repetitively records ESI-MS
spectra in a chromatographic run and switches to MS/MS mode when a
component elutes into the mass spectrometer. The system is capable of
identifying the molecular ion and, in the following scan cycle, through
MS/MS experiment, of detecting the fragmentation pattern of the select-
ed ion.
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Mechanism of Nitrosylmyoglobin Autoxidation: Temperature and Oxygen
Pressure Effects on the Two Consecutive Reactions


Jens K. S. M˘ller and Leif H. Skibsted*[a]


Introduction


Mice without myoglobin, which are obtained by gene-
knockout, have been found to be viable and even fertile, al-
though their heart and skeletal muscles completely lack pig-
mentation.[1,2] This intriguing finding may shed doubt on the
physiological role of the monomeric heme protein, myoglo-
bin, as being solely an oxygen carrier and storage protein in
mammalian tissue. Moreover, later studies have identified
multiple compensatory mechanisms in specific heart and
blood circulation parameters in transgenic mice devoid of
myoglobin.[3,4]


Various forms of myoglobin readily react with nitric oxide
(NO) at the iron centre of the protein. The efficient scav-
enging of free NO by oxymyoglobin (MbFeIIO2) has, within


the last few years, received increased attention because of
the possible effect that this may have in protecting mito-
chondrial cytochromes in the respiratory system.[5±7] The
rate constant for binding NO to FeII in cytochrome a3 is re-
ported to be 0.4±1.0î108m�1 s�1.[8] This is close to diffusion
control, and even nanomolar levels of NO may result in in-
stantaneously reversible inhibition of the respiratory system,
while higher levels of NO result in irreversible inhibition.[9]


MbFeII binds NO with a comparable rate constant of 1.7î
107m�1 s�1, and since MbFeII is present in relatively high con-
centrations (0.11±0.34mm), the rate becomes competitive.[10]


The fact that FeII in the heme protein has a high affinity to
form very stable complexes, and that NO is oxidised very
quickly by oxymyoglobin (MbFeIIO2)(second-order rate con-
stant of 3.4î107m�1 s�1), may be important for the scaveng-
ing of NO when this small messenger molecule is produced
in excess.[11] Accordingly, regulation of the free NO levels in
cardiac, skeletal, or smooth-muscle tissue may depend
strongly on myoglobin.[12]


Besides the protective role that myoglobin plays in pre-
venting NO toxicity, as well as regulating the level of free
NO, the nitrosylated form of FeII myoglobin (MbFeIINO)
may also be an effective antioxidant that prevents lipid per-


[a] Assistant Prof. Dr. J. K. S. M˘ller, Prof. Dr. L. H. Skibsted
Food Chemistry, Department of Dairy and Food Science
Royal Veterinary and Agricultural University
Rolighedsvej 30, 1958 Frederiksberg C (Denmark)
Fax: (+45)3528-3344
E-mail : jemo@kvl.dk


ls@kvl.dk


Abstract: As shown by singular value
decomposition and global analysis of
the absorption spectra, oxidation of ni-
trosylmyoglobin, MbFeIINO, by oxygen
occurs in two consecutive (pseudo)
first-order reactions in aqueous air-
saturated solutions at physiological
conditions (pH 7.0, I=0.16m (NaCl)).
Both reaction steps have a large tem-
perature dependence with the follow-
ing activation parameters: DH�


1 =121�
7 and DS�


1 =23�29; and DH�
2 =88�


14 kJmol�1 and DS�
2 =�63�


51 J�1K�1mol�1 at 25 8C for the first
and second step, respectively. At phys-
iological temperature, the initial reac-
tion is faster, while at lower tempera-
tures, the first reaction is slower and


rate-determining. The rate of the first
reaction is linearly dependent on
oxygen pressure at lower pressures,
while for oxygen pressures above at-
mospheric, the rate exhibits saturation
behaviour. The second reaction is inde-
pendent of oxygen pressure. The rate
of the second reaction increases when
oxymyoglobin is added. In contrast, the
rate of the first reaction is independent
of the presence of oxymyoglobin. The
observed kinetics are in agreement


with a reaction mechanism in which
the nitric oxide that is initially bound
to the FeII centre of myoglobin is dis-
placed by oxygen in a reversible
ligand-exchange reaction prior to an ir-
reversible electron transfer. The ligand-
exchange process is dissociative in
nature and depends bond breaking,
and nitric oxide is suggested to be trap-
ped in a protein cavity. The absorption
spectrum of the intermediate, as re-
solved from the global analysis, is in
agreement with a peroxynitrite com-
plex, and the initial process must in-
volve partial electron transfer.Keywords: heme proteins ¥ ligand


exchange ¥ nitric oxide ¥ nitrosyl-
myoglobin ¥ reaction mechanisms
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oxidation. The complex MbFeIINO was first identified as the
primary pigment in cured meat products, in which it is
formed by the concerted reaction of nitrite ion and
MbFeIIO2 with endogenous or added reductants.[13] Although
NO may prevent the pro-oxidative activity of certain forms
of myoglobin, the formation of MbFeIINO in vivo has re-
ceived little attention.[14] Nitric oxide seems to act both as a
pro-oxidant and an antioxidant in biological systems, where-
as MbFeIINO effectively prevents lipid peroxidation through
radical scavenging both in
cured meat products and in
model systems.[15,16]


Arnold and Bohle have stud-
ied the oxygenation reaction of
MbFeIINO both at 37 8C and in
an atmosphere saturated with
pure oxygen.[17] The reaction
between MbFeIINO and oxygen
is best described by two consec-
utive reactions that correspond
to a bi-exponential expression,
and the calculated spectrum of
the reaction intermediate indi-
cates that k1<k2, in agreement
with the spectrum obtained for
the intermediate, which resem-
bles a spectrum obtained for an
FeIII form of myoglobin, and
the authors proposed that the
intermediate was a peroxyni-
trite complex with an N-bound
peroxynitrite ligand.


Under physiological condi-
tions, the reaction of NO with
MbFeIIO2 and the reaction of
O2 with MbFeIINO yields, as
common products, MbFeIII and
nitrate ions. However, the reac-
tion rate is different by several
orders of magnitude.[18,19] Al-
though both reactions are of
key interest to gain an under-
standing of the bioregulatory role of NO and myoglobin,
the MbFeIINO and O2 reaction mechanism, in particular, is
poorly understood. This has warranted the present kinetic
investigation, in which it has been confirmed that autoxida-
tion is a stepwise reaction. In particular, we set out to identi-
fy the nature of each of the rate-determining steps in the
complex reaction sequence based on the activation parame-
ters derived from the temperature dependence of the reac-
tion rates and on the oxygen pressure dependence.


Results


Nitrosylmyoglobin is slowly oxidised by oxygen in air-satu-
rated aqueous solutions. Moreover, as shown by spectrosco-
py and electrochemical methods, the oxidation products are
metmyoglobin and nitrate ions [Eq. (1) ].[17, 19]


MbFeIINO þ O2 ! MbFeIII þ NO�
3 ð1Þ


In the present study, the reaction was monitored spectro-
photometrically under various conditions relevant for bio-
logical systems, and the heme oxidation product was con-
firmed to be MbFeIII (cf. Figure 1 and Figure 3). The ob-
served spectral changes at 20 8C and atmospheric air satura-
tion for wavelengths recorded at appropriate intervals pro-
duced the ™landscape∫ illustrated in Figure 1. However, the


kinetics of the autoxidation reaction were not accommodat-
ed within the scheme of a single first-order process, as was
previously suggested.[19,20] As is evident from Figure 2, which
shows the basic spectra and time profiles obtained from U
and V matrices, respectively, singular value decomposition
(SVD) of spectral changes in the 390±650 nm range (in-
cludes the Soret band and the so-called b- and a-band in the
visible region) confirmed that in all cases decomposition
gives rise to three components. The initial four components
clearly illustrate that the fourth component holds no rele-
vant information with respect to both the spectral and time
course, while the three preceding components resemble
either the Soret or visible bands in which, as seen from the
time courses of the second and third component V vectors,
changes occur. Accordingly, autoxidation of MbFeIINO was
analysed by a general model that includes two consecutive
steps [Eq. (2)].


Figure 1. Observed changes in spectral data during autoxidation of nitrosylmyoglobin in air-saturated aqueous
solutions (pH 7.0, I=0.16m) at 20 8C. Initial concentration of nitrosylmyoglobin was approximately 20mm. The
whole spectral landscape was scaled to accommodate the intense Soret band, while the inset diagram shows
spectral changes at the b- and a-bands between 470�l�650 nm in detail. A=absorbance.
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MbFeIINO þ O2G
k1


k�1


Hintermediate k2
�!MbFeIII þ NO�


3 ð2Þ


The use of a greater number of wavelengths to estimate
the rate constants invariably showed that the reaction could
not be described by a single exponential decay, but rather
that it consisted of two consecutive reactions; this confirmed
the findings made by Arnold and Bohle at 37 8C.[17] The
present study was extended over the temperature interval
15±30 8C, and the more powerful numerical method that is


now available was utilised. It
confirmed that description of
the autoxidation process as two
(pseudo) first-order reactions
[Eq. (2)] was valid over this
temperature interval. However,
because the two reaction rate
constants approach each other
in value as the temperature is
increased, the numerical calcu-
lation became unreliable at
higher temperature. Further-
more, both reaction steps may
involve a certain degree of re-
versibility. However, such rever-
sibility, which is most likely to
occur in the first reaction step,
will not cause any deviation
from the (pseudo) first-order
kinetics.


The SVD and global analysis
of spectral changes during
MbFeIINO autoxidation indicat-
ed the presence of a reaction
intermediate. Moreover, the es-
timated absorbance spectrum of
this reaction intermediate
helped to assign the order of
the two rate constants. The only
reasonable absorption spec-
trum, which did not have any
negative absorption regions,
was obtained for k1<k2.


[21] The
estimated absorption spectrum
of the reactant MbFeIINO, the
product MbFeIII, and the inter-
mediate are given in Figure 3.
The absorption spectrum of the
intermediate exhibits a higher
emax value than the MbFeIII


spectrum in the Soret band, but
has a similar lmax value to that
obtained for MbFeIII ; this is in-
dicative of a ferric heme com-
plex. In the b- and a-band
region, four distinct bands can
be observed for the intermedi-
ate, two of which have high de-
grees of resemblance to MbFeIII


(lmax: 505 and 630 nm). The
others consist of a shoulder at approximately l=548 nm
and a low intensity band at l=580 nm. The reaction inter-
mediate has a similar spectral pattern to transient spectra
obtained for a peroxynitrite complex of ferric heme proteins
involved in NO-induced oxidation of oxygenated hemoglo-
bin and MbFeIIO2.


[22,23] In comparison to the spectrum of the
intermediate reported by Arnold and Bohle,[17] the spectral
pattern in the visible region (b- and a-bands) is in good
agreement with the intermediate spectrum found in the


Figure 2. Results from singular value decomposition of spectral data obtained from autoxidation of nitrosyl-
myoglobin at 15 8C in atmospheric air: a) singular values [with the first three values indicated (i)±(iii)] for
SVD components 1±9; b) U vectors (basic spectra) for components 1±4; and c) V vectors (time course) for
components 1±4.
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present study. Furthermore, the position of lmax in the Soret
band is also in agreement, although the intensity of the
Soret bands differ somewhat.


The rate constants for the two consecutive reaction steps
in air-saturated aqueous solutions at each of the four tem-
peratures are given in Table 1. As shown in Figure 4, the
temperature dependence of the two reactions was analysed
according to the Arrhenius equation and non-linear regres-
sion. The Arrhenius parameters and transition-state theory
also allowed the activation parameters to be calculated
(Table 1). The marked difference in the enthalpy of activa-
tion for the two reaction steps, which indicates that the first
reaction is more sensitive to temperature, makes the concen-
tration profile for the intermediate also strongly dependent
on temperature. In particular, maximum concentrations of
the intermediate occur at low temperatures. The time pro-
files for the reactant, the intermediate, and the final product
are shown in Figure 5 for the four temperatures studied. At
15 8C as much as 50% of the total heme protein is present
as the intermediate at its concentration peak, while at 30 8C,
the maximum intermediate concentration is 20%. Measure-
ments for the rate of MbFeIINO autoxidation were also per-
formed at 35 8C, but the rate constants were not included in
the calculation based on the Arrhenius equation as values
for k1 and k2 could not be unequivocally assigned in the
global analysis of the spectral changes during the reaction.
However, in two experiments performed at 35 8C (308.2 K),
k1 and k2 were found to have average values of (2.93�
0.20)î10�3 s�1 and (2.86�0.66)î10�3 s�1, respectively.
Based on the activation parameters contained in Table 1 or
the Arrhenius plots in Figure 4, k1 and k2 would be expected
to be identical and have a value of 1.4î10�3 s�1 at 35 8C.
The coalescence of the two rate constants at this particular
temperature makes the estimates obtained from the kinetic
experiments numerically unreliable, and thus, they were not
included in the present calculation of the activation parame-
ters. Moreover, the data obtained at 35 8C could be descri-
bed by a single exponential expression that nearly had as


good a fit as the model, which involved two consecutive re-
action steps.


The autoxidation reaction rate was found to decrease as
oxygen pressure decreased. However, as may be seen from
the rate constants presented in Table 2, k2 is independent of
oxygen pressure, and only k1 decreases with decreasing
oxygen pressure. Notably, neither k1 nor k2 are affected
when oxygen pressure is increased from ambient to one at-
mosphere. The characteristic saturation kinetics observed
for the initial step of the reaction sequence may be assigned
to the dissociation of nitric oxide in a rate-determining step
prior to oxygen being bound at the iron centre. However, as
has previously been discussed, the same oxygen dependence
would be observed for an associative mechanism, in which
oxygen is bound prior to oxidation.[19] The observed value
for k1 in relationship to pO2, for both mechanisms, is in


Figure 3. Absorption spectra of MbFeIINO (reactant), MbFeIII (product),
and an intermediate species during MbFeIINO autoxidation in air-saturat-
ed aqueous solutions (pH 7.0, I=0.16m) at 15 8C. The intermediate spe-
cies exhibits several spectral features similar to a peroxynitrite complex
of MbFeIII previously described by Herold and Rehmann.[22]


Table 1. Observed (pseudo) first-order rate constants k1 and k2 for the
two consecutive reaction steps in the autoxidation of MbFeIINO (approx-
imately 2.0mm) at various temperatures in air-saturated aqueous solutions
at pH 7.0 and 0.16m (NaCl) ionic strength (cf. Figure 1). Activation pa-
rameters were calculated by using transition-state theory and Arrhenius
parameters (Figure 4).


Variable k1 [s
�1] k2 [s


�1]


temperature:
15 8C (n=6) (0.73�0.31)î10�4 (1.73�0.16)î10�4


20 8C (n=4) (1.31�0.17)î10�4 (2.59�0.21)î10�4


25 8C (n=6) (2.46�0.11)î10�4 (3.96�0.22)î10�4


30 8C (n=4) (6.23�0.22)î10�4[a] (9.35�0.78)î10�4[a]


activation parameters:[b]


DH� [kJmol�1] 120.5�6.8 88.1�14.2
DS� [J�1K�1mol�1] 24�29 �64�51


[a] Experimental conditions were identical to those used for measure-
ments of oxygen pressure dependence for pO2=21%. The rate constants
(k1 and k2) were not significantly different from those in Table 2 (P>


0.05), as shown by one-way ANOVA. [b] Standard deviation from the ob-
served rate constants was incorporated as weights in the non-linear re-
gression used to determine the activation parameters.


Figure 4. Non-linear regression fit to the Arrhenius equation of the ob-
served (pseudo) first-order rate constants k1 (*) and k2 (*) for the two
consecutive reactions of MbFeIINO autoxidation in air-saturated ([O2]
varies between 0.32 and 0.24mm) aqueous solutions (pH 7.0, I=0.16m).
The rate constants for each temperature investigated were obtained by
global analysis using singular value decomposition of the spectral data, as
shown in Figure 1 for 20 8C.
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accord with a two-parameter expression similar to the Mi-
chaelis±Menten equation [Eq. (3)].


k1 ¼
a	 pO2


1 þ ðb	 pO2Þ
¼


k1ðmaxÞ 	Kexchange 	 pO2


1 þ ðKexchange 	 pO2Þ
ð3Þ


In Equation (3), the empirical parameters a and b have
been further related to the equilibrium constant for the ex-
change of NO with O2 (Kexchange) [Eq. (4)], and with the rate
constant for NO dissociation, which corresponds to a limit-
ing dissociative mechanism for the initial reaction of the se-
quence [Eq. (5)].


MbFeIINO þ O2G
Kexchange


HMbFeIIO2 þ NO k2
�!MbFeIII þ NO�


3


ð4Þ


Kexchange 

k1 þ k2


k�1
ð5Þ


The numerical value obtained
for Kexchange, which was calculat-
ed by non-linear regression
analysis of k1 at 30 8C (Figure 6)
according to Equation (3), was
found to be (3.0�0.9)î10�2


(Table 2). The limiting k1 value
at high oxygen concentrations is
(6.20�0.04)î10�4 s�1; this is
very similar to the value found
for k2 [(6.19�0.44)î10�4 s�1] at
30 8C and pO2 of one atmos-
phere.


In the limiting mechanism de-
scribed in Equation (4), NO
and MbFeIIO2 are considered to
be formed as reaction inter-
mediates. To test this hypothe-
sis, three types of experiments
were conducted.


In the first type of experi-
ment, because the second-order
reaction between MbFeIIO2 and
NO in Equation (4) is known to


be dependent on pH and the value of k2 increases as pH is
increased,[22,23] it was considered that an increase in pH
from 7.0 to 9.5 should result in an increase in the value of
k2 by a factor of two for the reaction depicted in Equa-
tion (6).


MbFeIIO2 þ NO k2
�!MbFeIII þ NO�


3 ð6Þ


Table 2. Observed (pseudo) first-order rate constants for the two consec-
utive reaction steps in MbFeIINO autoxidation (approximately 2.0mm) at
various oxygen pressures in aqueous solutions at pH 7.0 and 0.16m
(NaCl) ionic strength. The limiting value and equilibrium constant for
ligand exchange was calculated from Equation (3) using non-linear re-
gression analysis.


Variable k1 [s
�1] k2 [s


�1]


pO2: 1% (n=4) (1.63�0.55)î10�4 (8.06�0.75)î10�4


10% (n=3) (4.30�0.78)î10�4 (7.13�0.61)î10�4


21% (n=4) (5.90�0.86)î10�4[a] (7.26�0.76)î10�4[a]


100% (n=5) (5.89�0.74)î10�4 (6.19�0.44)î10�4


saturation kinetics for step 1
maximal rate, k1(max) [s


�1] (6.20�0.04)î10�4


equilibrium constant for
ligand


(3.00�0.9)î10�2


exchange, Kexchange


[a] Experimental conditions were identical to those used for measure-
ments of temperature dependence for k1 and k2 at 30 8C. The rate con-
stants (k1 and k2) were not significantly different from those in Table 1
(P>0.05), as shown by one-way ANOVA.


Figure 6. Observed (pseudo) first-order rate constants k1 (*) and k2 (*)
for the two consecutive reactions of MbFeIINO autoxidation in aqueous
solutions (pH 7.0, I=0.16m) at 30 8C for varying oxygen pressures (11±
1130mm [O2]). Curves were obtained from fitting the parameters of the
first-order rate constant (k1) for the first reaction step using Equation (3)
and non-linear regression. In this manner, the limiting value for k1 was
calculated to be k1(max)= (6.2�0.4)î10�4 s�1, and the equilibrium constant
for O2/NO exchange by MbFeIINO was determined to be Kexchange=


0.030�0.009. The first-order rate constant (k2) for the second reaction
step was found to be independent of pO2 (P>0.05).


Figure 5. Time profiles for the three species during autoxidation of MbFeIINO to give MbFeIII and nitrate ions
in air-saturated aqueous solutions (pH 7.0, I=0.16m) at 15, 20, 25 and 30 8C.
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Such an effect was clearly not observed, as in a borax
buffer of pH 9.5 at 20 8C, k1 and k2 were found to have
values of (9.6�1.5)î10�5 and (1.53�0.32)î10�4 s�1, respec-
tively. Indeed, the k1 value was very similar to the value ob-
tained in a phosphate buffer at pH 7.0 [(1.31�0.14)î
10�4 s�1, Table 1], while the k2 value determined at pH 9.5
was even smaller than that found at pH 7.0 [(2.59�0.21)î
10�4 s�1, Table 1]. Protein conformation effect, and the fact
that the oxidation product is a hydroxide complex of
MbFeIII, which has spectral characteristics in the visible
region that are similar to both MbFeIINO and MbFeIIO2,
may have complicated the numerical resolution of k1 and
k2.


[24] However, it is clear that k2 does not relate to a bimo-
lecular reaction between NO and MbFeIIO2, since an in-
crease in k2 would have been observed upon changing the
pH from 7.0 to 9.5.


For the second type of experiment, any unbound NO
should in aqueous solution and in the presence of O2 under-
go a third-order reaction according to Equation (7) with k=
8.0î106m�2 s�1 to yield nitrite ions.[25]


4NO þ O2 þ 2H2O Ð 4NO�
2 þ 4Hþ ð7Þ


Although a sensitive colorimetric method was used (re-
sults not shown), nitrite ions were not detected during
MbFeIINO autoxidation at either low (0.01 atm) or high
oxygen pressures (1 atm).


For the third type of experiment, MbFeIINO was allowed
to undergo autoxidation at 30 8C in the presence of an equi-
molar amount of MbFeIIO2 in order to identify the role that
MbFeIIO2 plays in the oxidation of NO. Spectral analysis of
the reaction mixture during autoxidation of equimolar
amounts of MbFeIINO and MbFeIIO2 showed a complicated
kinetic pattern. As a result, the spectra of pure MbFeIINO
and MbFeIIO2 were introduced into the SVD global analysis
in order to avoid rank deficit and to obtain reliable k1 and
k2 estimates. Under these conditions the value of k1 was de-
termined to be (4.57�0.20)î10�4 s�1 (n=4); this is compa-
rable to (6.23�0.22)î10�4 s�1 (n=4, Table 1), which was de-
termined when only MbFeIINO was present in the reaction
mixture. Therefore, the rate constant (k1) for the initial reac-
tion is not significantly altered. In contrast, k2 was estimated
to be 0.13�0.02 s�1 (n=4), which is more than 100-times
greater than the k2 value determined in the absence of
MbFeIIO2 [(9.35�0.78)î10�4 s�1, n=4, Table 1]. Although
the global analysis failed to estimate time profiles for the
three species without the spectral restriction described, the
rate constants found for mixtures of MbFeIINO and
MbFeIIO2 are indicative of a mechanism in which an initial
NO/O2 ligand exchange is followed by NO-induced oxida-
tion of MbFeIIO2. Therefore, an excess of MbFeIIO2 will
effect the rate of the second reaction step, as the concentra-
tion of substrate available for NO-induced oxidation is ele-
vated. The rate constant (kobs) for autoxidation of MbFeIIO2


in air-saturated aqueous solutions (pH 7.0 and I=0.16m) at
30 8C has a value of 10�5 s�1.[24] From this value it can be cal-
culated that within the time span the reaction is monitored
in the present experiment, a maximum 2% of the conver-
sion of MbFeIIO2 to MbFeIII occurs as a result of autoxida-


tion. Accordingly, the observed increase in rate is the result
of MbFeIIO2 reacting with NO to yield MbFeIII and NO3


� ,
or more specifically relates to the second reaction step.


From experimental observations, it can be concluded that
autoxidation of MbFeIINO occurs in two steps. The first re-
action step involves NO dissociation (NO possibly escapes
to internal globin cavities) and subsequent O2 association to
FeII. This initial, rate-determining step may also include
some degree of electron transfer from FeII in agreement
with the FeIII spectrum of the intermediate, while the second
step is a reaction in which an O-bound peroxynitrite com-
plex rearranges and dissociates.


Discussion


Studies on recombinant mutant myoglobins, in which specif-
ic amino acid residues have been altered to change the envi-
ronment of the heme pocket, and as a result the ligand ac-
cessibility, have shown that NO-induced oxidation of
MbFeIIO2 depends mainly on the rate of NO entry into the
heme pocket.[18] The NO-induced oxidation of MbFeIIO2 is
fast compared to the oxidation of MbFeIINO by O2. Howev-
er, the observation that the mobility of NO in the heme pro-
tein cavity is important for subsequent electron-transfer re-
actions is relevant also for the ™reverse∫ reaction, in which
electron transfer occurs when O2 enters the MbFeIINO
heme protein. As was recently discussed in a review that
covered NO and myoglobin interactions, a common reaction
intermediate for the two reactions in which NO and O2 are
positioned for electron transfer should be considered.[20]


As outlined in Scheme 1, MbFeIINO autoxidation has pre-
viously been described by different reaction mechanisms.
The four mechanisms are ordered in relation to their degree
of associative (top) or dissociative nature (bottom), and can
be described as follows: 1) a reaction with two consecutive
reaction steps that has the rates k1


’ and k2
’, respectively, and


in which an intermediate is formed upon attack on the nitro-
gen atom in FeII�N�O by O2;


[17,19] 2) an initial fast (not ob-
servable) association of O2 to the NO ligand followed by a
rate-determining step that involves electron transfer and dis-


Scheme 1.
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sociation from myoglobin (kobs);
[19] 3) a reaction that corre-


sponds to the mechanism proposed on the basis of the new
experiments reported in the present paper and described
below; and 4) a reaction that has a limiting dissociative
mechanism, and which involves an initial ligand exchange
between bound NO and O2 present in solution. Nitric oxide
dissociation is then followed by rapid NO-induced oxidation
of MbFeIIO2 in a bimolecular reaction, and the observed
rate constant (kdiss) corresponds to the rate constant for dis-
sociation of NO from MbFeIINO.[26] Dissociation of NO
from MbFeIINO, which is suggested to be rate-determining
in the latter mechanism, is a relatively slow process. Indeed,
NO trapping techniques at neutral pH and 20 8C have
shown the rate of this step to be 1.2î10�4 s�1.[27] In a more
recent study, a comparable value of 9.0î10�5 s�1 was ob-
tained under similar conditions.[28]


The NO-induced oxidation of oxygenated heme proteins
is fast, and has been the subject of a number of studies
during the past few decades.[22,29] In two of the more recent
studies, the second-order rate constant for the reaction be-
tween MbFeIIO2 and NO at neutral pH and 20 8C was esti-
mated to be 3.4î107m�1 s�1 and 4.4î107m�1 s�1, respective-
ly.[18,23]


One of the conclusions drawn from the present study is
that kinetically, the rather slow reaction between MbFeIINO
and O2 at low temperatures appears to be the result of a
two-reaction sequence. At temperatures around 35 8C, the
values of the two rate constants approach each other, and in
a certain temperature range, the process will appear kineti-
cally as a single reaction. This apparent change from two re-
actions to one as the temperature is increased may explain
the somewhat conflicting kinetics reported for the autoxida-
tion.[17,19,20,26]


The first reaction is characterised by a (pseudo) first-
order rate constant that is linearly dependent on oxygen
concentration at low concentrations, but which is oxygen in-
dependent at higher oxygen concentrations. The second re-
action step has a first-order rate constant that is independ-
ent of oxygen pressure; this suggests that the first reaction
involves some degree of binding of O2 to MbFeIINO, while
the second reaction is an intramolecular rearrangement. The
generalised reaction shown in Equation (2) accommodates
both of the two limiting mechanisms, that is, attack on coor-
dinated NO by O2 (Scheme 1, 1), as well as complete ex-
change prior to reaction following an initial NO dissociation
(Scheme 1, 4).


The MbFeIINO autoxidation rate has been found to de-
crease with increasing hydrostatic pressure, corresponding
to a positive volume of activation of DV�=++8 mLmol�1,[30]


and indicating that the coordination sphere undergoes ex-
pansion in the reaction of MbFeIINO with O2. Such a
volume increase is normally related to a dissociative reac-
tion mechanism. In particular, it would correspond to disso-
ciation of NO from MbFeIINO prior to reaction with O2


(Scheme 1, 4). However, the mechanism suggested by
Arnold and Bohle, which involves an intermediate peroxyni-
trite complex, could also result in an expansion of the coor-
dination sphere (Scheme 1, 1). Moreover, this mechanism
also consists of two consecutive reaction steps, and is similar


to the mechanism proposed for the NO-induced oxidation
of MbFeIIO2. The latter reaction proceeds through the inter-
mediate depicted in Equation (8), in which NO is bound to
the heme cavity oxygen.[31] Notably, this intermediate is sta-
bilised under alkaline conditions, that is, when the pH is in-
creased from 7.0 to 9.5.


A similar intermediate to the peroxynitrite complex of
MbFeIII observed in the reaction of NO with MbFeIIO2 also
seems to be in agreement with the kinetics observed for the
autoxidation. However, the intermediate in the autoxidation
is not stabilised by hydroxide and at least the coordination
environment may differ. Strong evidence that the rate-deter-
mining step in the first reaction is an initial ligand exchange
between NO and O2 has been presented by Eich, who
showed that a high correlation (r2=0.95) exists between the
rate constant for NO dissociation and the rate constant for
autoxidation of NO complexes of 18 myoglobin mutants,
each of which is described as a single first-order reaction.[26]


It has also been concluded that ligand exchange is the initial
step of MbFeIINO autoxidation, and that NO dissociation is
rate-determining.


However, isotopic labelling studies found that exchange
of bound NO with free NO was faster than NO dissociation
from MbFeIINO (kexchange>10�2


m
�1 s�1).[19,32] Thus, NO ex-


change and MbFeIINO autoxidation cannot have a common
pentacoordinate FeII intermediate and be purely dissociative
in nature. The entering NO molecule in the exchange reac-
tion or the entering O2 molecule in the autoxidation reac-
tion is more likely to form a transition state or intermediate
in which there is some degree of association with the leaving
NO. The exchange activation enthalpy for NO in MbFeIINO
was found to be 47 kJmol�1;[32] this is substantially smaller
than the activation barrier found for the autoxidation of
MbFeIINO[19] (cf. Table 1). Together, these observations sug-
gest that although ligand dissociation is rate-determining for
the first reaction step, both ligands are in proximity to the
FeII centre prior to the second reaction step taking place
(Scheme 1, 3).


An autoxidation mechanism in which NO initially under-
goes dissociation is supported by the fact that the value
found for k1 [(1.31�0.17)î10�4 s�1 at 20 8C, Table 1] is com-
parable to the rate constant for NO dissociation from
MbFeIINO (1.2î10�4 s�1[27]). The somewhat higher value ob-
served for k1 possibly arises because of a contribution from
the rebinding of NO to MbFeII in the heme cavity. In this
case, the observed k1 value will be equal to kdiss + k�1. The
high second-order rate constant observed for NO-induced
oxidation of MbFeIIO2 (3.4î107m�1 s�1 at 20 8C[18]) is in
marked contrast to the value obtained for the first-order
rate constant of the second step [(2.59�0.24)î10�4 s�1 at
20 8C]. However, the effective concentration of uncoordinat-
ed NO will be extremely low during the autoxidation of
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MbFeIINO even for a mechanism in which there is initial
ligand exchange. Moreover, NO that has become dissociated
and replaced by O2 may still be present within the protein
and will attempt to rebind. In the present study, and in con-
trast to what was found for the NO-induced oxidation of
MbFeIIO2, NO present in protein cavities clearly behaves
differently to NO present in solution because the reaction
intermediate is not significantly stabilised by an increase in
pH.


The relatively large activation barrier for step 1 (DH�
1 =


121 kJmol�1, Table 1) is in agreement with a dissociative
mechanism, in which the rate-determining step involves the
breaking of the strong NO�FeII bond. This is followed by a
non-activated NO escape into the heme cavity and then fur-
ther relocation into protein cavities.[33] The second step has
an activation barrier of DH�


2 =88 kJmol�1, which most likely
indicates that electron transfer rather than bond breaking is
rate-determining. This is further supported by the negative
value obtained for the entropy of activation.


The entropy of activation for the transition state in step 1
is close to zero (DS�


1 =24�29 J�1K�1mol�1), and is thereby
in agreement with a dissociative mechanism in which the
dissociated NO molecule remains in the heme cleft. The FeII


coordination sphere with NO unbound, but still in close
proximity, only gives rise to minor changes in the organisa-
tion of the heme pocket. Finally, an electrostatic interaction
between the unbound NO and the distal residue His64 may
counteract a positive contribution to the entropy of activa-
tion for ligand dissociation from MbFeIINO. In contrast, the
entropy of activation for the second step is negative (DS�


1 =


�64�51 J�1K�1mol�1). This suggests that an inner-sphere
electron transfer takes place between the coordinated O2


and the NO trapped in the protein cavity to give a peroxyni-
trite intermediate like the one seen in Equation (8).[23] How-
ever, based on the calculated spectrum character alone, it
cannot be ruled out that the reaction intermediate is a ferric
heme complex of other nitrogen oxides, for example NO2


�


or NO3
� , as these have a similar spectral pattern.


The observation of kinetic saturation [Eq. (3)] with re-
spect to oxygen concentration for the first reaction step al-
lowed a value to be calculated for the exchange equilibrium
constant Kexchange [Eq. (5)]. However, because Kexchange is
also dependent on the rate of further reactions, for example
k2, it resembles the Michaelis±Menten constant and is not a
™true∫ thermodynamic constant. Notably, the rate of NO
dissociation from nitrosylated heme complexes was found to
exhibit saturation behaviour in the presence of imidazole as
the concentration of imidazole was increased.[28]


The equilibrium constant for the exchange of NO with
oxygen (KNO/O2


), which is a true equilibrium constant, was
estimated from the equilibrium constants for NO and O2


dissociation from MbFeII (7î10�12
m and 7.1î10�7


m, respec-
tively)[10] to be approximately 10�5. The difference between
the values obtained for KNO/O2


and Kexchange indicate that fac-
tors such as subsequent reactions contribute to Kexchange (cf.
[Eq. (4)]), and in effect make Kexchange larger than KNO/O2


.
This difference illustrates the complexity of the mechanism
for MbFeIINO autoxidation, which appears to have a
number of intermediates of fleeting existence.


Reaction pathway 3 in Scheme 1 provides the most com-
plete description of the experimental observations. In this
mechanism, NO dissociates from FeII, but remains within
the protein and is most likely trapped in a cavity, while O2


binds to FeII. The elementary reaction whereby NO under-
goes dissociation is somewhat assisted by an entering O2.
This first reaction step has a k1 very similar to the dissocia-
tion rate constant kdiss. Dissociation is then followed by oxi-
dation of MbFeIIO2, during which time NO is present within
the protein cavity, and is therefore, unavailable for reaction
in the solvent with non-coordinated O2. The rate-determin-
ing step for the second reaction seems to involve a transition
state in which NO establishes contact with the O2 coordinat-
ed to FeII from within the protein cavity, and an electron is
transferred from NO to O2. This transition state may be
identical to the transition state in NO-induced oxidation of
MbFeIIO2. The significant increase in k2 observed for equi-
molar concentrations of MbFeIINO and MbFeIIO2 in relation
to MbFeIINO alone could indicate that the dissociated NO
molecule is trapped in a cavity close to the surface of the
protein or that it may even have passed into the solvent,
whereby it can react with protein molecules other than the
myoglobin it was originally bound to. The reason that nitrite
ions are not detected as a result of O2 oxidation of NO in
solution is that this particular reaction is governed by a
third-order rate law (second order in [NO]). Thus, in the
presence of elevated concentrations of MbFeIIO2, only the
rate constant for the second step (k2) is effected.


Under conditions in which tissue fibres have a low oxygen
supply, for example ischemia, and in the presence of elevat-
ed levels of NO,[34] NO will bind to MbFeII rather than react
with MbFeIIO2. Under such conditions MbFeIINO has been
detected in myocardial tissue.[35,36] Now, apart from MbFeII-
NO preventing excess free NO from inactivating cyto-
chrome, it is possible that the NO bound to MbFeII acts as a
potential antioxidant. Indeed, MbFeIINO has recently been
shown to reduce the rate of peroxidation in a lipid model
system,[16] while administration of an NO donor during is-
chemia reperfusion was found to protect against myocardial
injury.[37] Alternative roles of Mb have been suggested in
cardiovascular biology, including the regulation of NO avail-
ability by scavenging and also transportation of the small
messenger molecule together with the activity of Mb as a
peroxidase.[38] Thus, MbFeIINO may have a function in scav-
enging reactive oxygen species, as well as other radical spe-
cies formed during ischemia and oxidative stress. Notably,
the mechanism of MbFeIINO autoxidation appears to ensure
that NO is not released from MbFeIINO by a ligand-ex-
change process when normal levels of oxygen have been re-
stored, as the exchanged NO will react with O2 within the
same molecule of myoglobin to form MbFeIII and nitrate
ions. Although, as also indicated by the experiment with
mixtures of MbFeIINO and MbFeIIO2, it cannot be excluded
that NO molecules will leave the vicinity of the protein in
nanomolar concentrations by internal pathways. The pro-
posed concerted reactivity of myoglobin towards NO and O2


is in agreement with reports published by Fauenfelder
et al.[7] These authors suggested that myoglobin was a bio-
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chemical reactor that catalyses reactions among small dia-
tomic molecules such as O2, NO and CO.


Future research into the complex reaction of MbFeII with
NO and O2 should focus on the nature of the transition
state in the second reaction step that involves MbFeIINO
and O2, in order to clarify whether this transition state is ac-
tually similar to that proposed for the reaction of NO with
MbFeIIO2 (Scheme 2). The spectra observed for the inter-


mediate in the present studies would indicate that this is the
case. It is possible that NO molecules may approach O2


bound to FeII from different cavities in the protein for the
two reactions, since several myoglobin cavities in which
small molecules are kinetically trapped, have been charac-
terised using crystallographic techniques.[39±41] A description
of the trajectory of NO molecules into and inside myoglobin
may provide insight into the various functions that myoglo-
bin has in regulating the concentration of small molecules in
living organisms.


In conclusion, MbFeII seems to have a dual function in
regulating NO molecule concentrations in mammalian
muscle cells (Scheme 2). Under conditions of normal O2


supply, the oxygenated MbFeII complex in effect becomes a
nitric oxide oxidase and ensures the rapid oxidation of NO.
On the other hand, in the absence of O2, MbFeII stores NO
possibly as a bioactive reservoir until O2 once again be-
comes available for the oxidation of NO. The release of NO
in these instances occurs slowly. The marked differences in
the rates of the two processes depends on the order in
which the two low molecular weight molecules are bound to
myoglobin.


Experimental Section


Chemicals : Water was filtered through a Millipore Q-plus purification
train (Millipore, MA, USA). Disodium hydrogenphosphate, sodium dihy-
drogenphosphate, vanadium(iii) chloride, sodium dithionite, sodium tetra-
borate and sodium decahydrate were purchased from Merck (Damstadt,
Germany). Sodium nitrite, potassium nitrate, sodium ascorbate, Griess
reagent (modified), and metmyoglobin (horse heart, type III) were pur-
chased from Sigma Aldrich (St. Louis, MO, USA). All chemicals were of
analytical grade.


Nitrosylmyoglobin and oxymyoglobin synthesis : Aqueous solutions of
MbFeIINO were synthesised from an aqueous solution of MbFeIII (2î


10�5
m) in 10mm phosphate buffer (pH 7.0, I=0.16m (NaCl)). They were


subsequently deoxygenated by purging with N2 and allowed to react
under anaerobic conditions in the dark with sodium nitrite and sodium
ascorbate (pH 5.0) as previously described.[19] MbFeIINO was purified on
a chilled (5 8C) PD10 (Sephadex G-25) column using phosphate (pH 7.0,
I=0.16m) or borate buffer (pH 9.5, I=0.16m) as eluent. MbFeIINO was
synthesised daily for use in all types of experiments. MbFeIIO2 was syn-
thesised by adding 10% sodium dithionite solution to MbFeIII (2î10�5


m)
in 10mm aqueous phosphate buffer (pH 7.0, I=0.16m). The reaction mix-


ture was subsequently allowed to react
with atmospheric oxygen and was pu-
rified on a chilled PD10 column as de-
scribed above.


Kinetic experiments : MbFeIINO au-
toxidation was monitored for solutions
at pH 7.0 (phosphate buffer) or pH 9.5
(borate buffer) at an ionic strength of
0.16m (NaCl) on either a HP8452A or
a HP8453 UV/Vis diode array spectro-
photometer (Hewlett Packard, Palo
Alto, CA, USA) equipped with both a
single and multicell thermostatted cuv-
ette holder, as well as a magnetic stir-
rer. Spectral changes during kinetic
measurements were recorded in the
wavelength range 390<l<650 nm at
2 nm intervals. Conversion of MbFeII-
NO to MbFeIII was followed for a min-
imum of three reaction half lives at 30,


25, 20, and 15 8C; this corresponds to a 90% conversion.


Partial oxygen pressure (pO2) was controlled by flushing the reaction
mixtures with certified gas mixtures of nitrogen and oxygen (1% or 10%
oxygen) obtained from AGA Gas A/S (Copenhagen S, Denmark), atmos-
pheric air, or 100% oxygen when the MbFeIINO solutions were to be sa-
turated (approximately 20mm). After synthesis and purification, solutions
were immediately transferred to a 1-cm long-necked cuvette that could
hold 2.5 mL of solution. The cuvette was subsequently sealed with a
rubber septum (Sigma Aldrich), cooled to 0 8C (ice water), and a needle
was used to supply the gas mixture at a flow of 10±13 mL per min (moni-
tored by a Porter B-125-6 flow-meter, Porter Instrument Company, Hat-
field, PA, USA) for at least 30 min. Each solution was then allowed to
equilibrate at the desired reaction temperature for an appropriate time
period and the spectra were recorded at preselected time intervals while
a gentle flow of the gas mixture was kept in the headspace of the cuvette.


The effect that MbFeIIO2 has on MbFeIINO autoxidation was studied by
using equimolar air-saturated solutions of MbFeIINO and MbFeIIO2. Chil-
led solutions of each of the two purified species were adjusted to 1.00î
10�5


m heme protein concentration using the extinction coefficients
eMbNO,548=12800 and eMbO2,544=14400m�1 cm�1. Equal volumes of each
were then mixed in a cuvette, which was equilibrated to a temperature of
30 8C, and the reaction was monitored spectrophotometrically as descri-
bed above.


Determination of nitrite ions : To further elucidate the mechanism of
MbFeIINO autoxidation at low and high pO2, experiments were conduct-
ed to measure the amount of nitrite ions produced, if any, in solutions
either saturated with 1% or 100% oxygen at 30 8C in air-tight test tubes.
Each test tube was purged with the respective gas mixture during sam-
pling, which was performed with a Hamilton syringe through a rubber
septum. The method applied to quantify the nitrite ions was based on a
standard colorimetric reaction of nitrite (Griess reagent) in acidified
medium with detection at 543 nm.


Data handling : Recorded spectral data for MbFeIINO autoxidation at
various temperatures and oxygen pressures were considered as a data
matrix (Am,n) that consisted of absorbance changes at m wavelengths and
at n different time intervals. SVD was used as a standard mathematical
method for reducing the dimensionality of the larger data sets because it
has previously been successfully applied as a powerful tool for the evalu-
ation of complex data sets obtained spectrophotometrically.[42, 43] Accord-
ing to SVD theorem, a data matrix Am,n consists of the elements shown
in Equation (9).


Scheme 2.
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Am;n ¼ Um;n � Sn;n � VT
n;n ð9Þ


In Equation (9), U is an mîn orthogonal matrix that consists of n time-
independent basic spectra, and S is an nîn diagonal matrix that contains
the positive square roots of the eigenvalues (singular values) of A, or-
dered such that the significance of each component is represented (i.e.
S1,1S1,2¥¥¥0). Finally, VT is an nîn orthogonal matrix, in which the
rows contain time courses for each SVD component. The SVD data anal-
ysis for each data set was performed with the SPECFIT Global Analysis
System Version 3.0.30 program (Spectrum Software Associates, Marlbor-
ough, MA, USA). The SVD results obtained from the spectral data were
applied to global fitting with predefined kinetic models. The relevant
concentration profiles and parameter estimates were obtained by the
non-linear regression application of the Levenberg±Marquardt algorithm;
this minimised the least-squares residuals and lead to refinement of the
initial parameter estimates. Spectral data were analysed for two consecu-
tive reactions using a kinetic model similar to the model applied by
Arnold and Bohle.[17] The numerical values for the two rate constants ob-
tained by regression analysis over the two consecutive reactions was
based on calculations of the absorption spectrum for the corresponding
intermediates. For each temperature and oxygen pressure, this analysis
revealed a clear assignment based on ™reasonable∫ absorption spectra
without negative absorption regions. In experiments that investigated the
effect of MbFeIIO2 on the autoxidation rate of MbFeIINO, inclusion of
the pure prerecorded spectra for the two initial species was used in order
to avoid rank deficiency (as a result of the presence of fewer ™colours∫
than coloured species) in the SVD analysis, therby allowing parameter
and concentration profiles to be estimated.


The observed rate constants determined at comparable experimental
conditions were analysed by one-way ANOVA using the application An-
alyst within SAS systems statistical software release 8.02 (SAS Institute
Inc., Cary, NC, USA).
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N,N’-Ethylenebis(pyridoxylideneiminato) and N,N’-
Ethylenebis(pyridoxylaminato): Synthesis, Characterization,
Potentiometric, Spectroscopic, and DFT Studies of Their Vanadium(iv)
and Vanadium(v) Complexes


Isabel Correia,[a] Joa≈o Costa Pessoa,*[a] M. Teresa Duarte,[a] Rui T. Henriques,[a]


M. Fµtima M. Piedade,[a] LuÌs F. Veiros,[a] Tamµs Jakusch,[b] Tamµs Kiss,*[b, c]


çgnes Dˆrnyei,[c] M. Margarida C. A. Castro,*[d] Carlos F. G. C. Geraldes,[d] and
Fernando Avecilla[e]


Abstract: The Schiff base N,N’-ethylene-
bis(pyridoxylideneiminato) (H2pyr2en, 1)
was synthesized by reaction of pyrid-
oxal with ethylenediamine; reduction
of H2pyr2en with NaBH4 yielded the
reduced Schiff base N,N’-ethylenebis-
(pyridoxylaminato) (H2Rpyr2en, 2);
their crystal structures were deter-
mined by X-ray diffraction. The totally
protonated forms of 1 and 2 corre-
spond to H6L


4+ , and all protonation
constants were determined by pH-po-
tentiometric and 1H NMR titrations.
Several vanadium(iv) and vanadium(v)
complexes of these and other related li-
gands were prepared and characterized
in solution and in the solid state. The
X-ray crystal structure of [VVO2(HR-
pyr2en)] shows the metal in a distorted
octahedral geometry, with the ligand
coordinated through the N-amine and
O-phenolato moieties, with one of the
pyridine-N atoms protonated. Crystals


of [(VVO2)2(pyren)2]¥2H2O were ob-
tained from solutions containing
H2pyr2en and oxovanadium(iv), where
Hpyren is the ™half∫ Schiff base of py-
ridoxal and ethylenediamine. The com-
plexation of VIVO2+ and VVO2


+ with
H2pyr2en, H2Rpyr2en and pyridox-
amine in aqueous solution were studied
by pH-potentiometry, UV/Vis absorp-
tion spectrophotometry, as well as by
EPR spectroscopy for the VIVO sys-
tems and 1H and 51V NMR spectros-
copy for the VVO2 systems. Very signif-
icant differences in the metal-binding
abilities of the ligands were found.
Both 1 and 2 act as tetradentate li-
gands. H2Rpyr2en is stable to hydrolysis
and several isomers form in solution,


namely cis±trans type complexes with
VIVO, and a-cis- and b-cis-type com-
plexes with VVO2. The pyridinium-N
atoms of the pyridoxal rings do not
take part in the coordination but are
involved in acid±base reactions that
affect the number, type, and relative
amount of the isomers of the VIVO±
H2Rpyr2en and V


VO2±H2Rpyr2en com-
plexes present in solution. DFT calcu-
lations were carried out and support
the formation and identification of the
isomers detected by EPR or NMR
spectroscopy, and the strong equatorial
and axial binding of the O-phenolato
in VIVO and VVO2 complexes. More-
over, the DFT calculations done for
the [VIVO(H2Rpyr2en)] system indicate
that for almost all complexes the pres-
ence of a sixth equatorial or axial H2O
ligand leads to much more stable com-
pounds.


Keywords: coordination modes ¥
geometric isomers ¥ N, O ligands ¥
speciation ¥ vanadium
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Introduction


Vanadium is a bioessential element that is found in remark-
ably high concentrations in marine ascidians,[1] certain mush-
rooms,[2] and polychaete worms.[3] Three types of vanadium-
containing enzymes are known: vanadium nitrogenases,[4]


vanadium-dependent haloperoxidases,[5] and vanadium-con-
taining nitrate reductases.[6,7] Among other biological effects,
vanadium×s insulin-like action[8] and anticancer activity[9]


have stimulated a considerable amount of research. Howev-
er, our understanding of the role of vanadium in living or-
ganisms is far from complete. For instance, in the insulin-
like action, it is known that the originally supplied vanad-
ium(iv) or vanadium(v) complexes undergo considerable
transformations in the organism, including ligand-exchange
processes and redox reactions, before participating in vari-
ous phosphorylation/dephosphorylation reactions involved
in the metabolism of glucose.[10] Most of vanadium×s biologi-
cally important reactions occur in water-based environments
such as blood plasma and intracellular fluids. Therefore the
knowledge of the distribution and chemical speciation of the
vanadium compounds in aqueous solution is of the utmost
importance.


Several vanadium complexes of the Schiff base sal2en
{N,N’-ethylenediaminebis(salicylideneiminato)} and related
ligands have been proposed as insulin-enhancing agents, and
for the treatment of obesity and hypertension.[11,12] To date,
only [VIVO(sal2en)] has been tested in vivo for insulin-mim-
etic activity. Pyridoxal and pyridoxamine are forms of vita-
min B6, known cofactors required by many enzymes. They
are nontoxic metabolites and fairly soluble in aqueous solu-
tion. Pyridoxal-containing vanadium complexes are there-
fore of potential therapeutic interest.
In this work we study the Schiff base derived from the


condensation of pyridoxal with ethylenediamine: H2pyr2en
(1; see Scheme 1). One disadvantage of Schiff bases (here-
after designated by SB) is their tendency to hydrolyze. This
may yield the half SB (and one aldehyde), or proceed fur-
ther to the ethylenediamine and a second molecule of pyri-
doxal. The complex [(VO2)2(pyren)2]¥2H2O was obtained
from solutions containing H2pyr2en and VOSO4, where
Hpyren is the ™half∫ SB 3 (see Scheme 1). However, this in-
stability was overcome by reduction of the SB to give an
amine: H2Rpyr2en (2). Both compounds 1 and 2 were isolat-
ed, characterized by X-ray diffraction, and their acid±base
properties studied. H2Rpyr2en was found to be quite stable


Scheme 1. Formulas of some of the compounds studied and their preparation. The H2pyren (3) is designated as the half-Schiff base of 1. This was only
obtained as the ligand in [(VO2)2(pyren)2]¥2H2O (9).
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to hydrolysis throughout the whole pH range. The vanad-
ium(iv) complexes of the two ligands, of pyridoxamine
(HpyrN) and of the SB derived from the reaction of methyl-
amine with pyridoxal (HMepyrN) were synthesized and
characterized in the solid state.
EPR, 1H, and 51V NMR spectroscopies were used to pro-


vide detailed information for the rather complicated solu-
tion equilibria of these ligands with VIVO2+ and VVO2


+ . Ab
initio[13] and DFT[14] calculations were carried out and sup-
port the formation and identification of the isomers present
in both systems, and help to explain the experimental data.
Overall the present systems are remarkable examples of the
complexity of the types of isomers that may form in solu-
tions of VIVO and VVO2 complexes (as indeed of many
other metal±ligand systems), and how pH-potentiometry,
spectroscopic techniques, DFT calculations, and computer
handling of the experimental data may be used to character-
ize the systems in solution, and evaluate the various subtle
effects that determine the isomers that form.


Results and Discussion


X-ray diffraction studies


H2pyr2en (1) and H2Rpyr2en (2): Figure 1 shows ORTEP
representations of ligands H2pyr2en (1) and H2Rpyr2en (2).
Only half of of 1 and 2 were found in the asymmetric unit,
the inversion centers being located at the midpoint of the
CH2�CH2 bonds. The overall geometrical parameters of
H2pyr2en compare well with other ethylenebis(salicylidene-
imine) derivatives,[15±17] namely those of sal2en


[15] (see Table 1


for selected data). The N=CH and O�C lengths of 1
(1.277(5) and 1.349(5) ä, respectively) are consistent with
the double-bond N=C and single-bond O�C character of
these bonds, while the NH�CH2 and O�C lengths of 2


Figure 1. Structures of A) H2pyr2en (1) and B) H2Rpyr2en (2) (ORTEP
diagrams; the thermal ellipsoids of the non-hydrogen atoms are drawn at
the 30% probability level). There are short intramolecular hydrogen
bonds: in 1 for O3�H3A¥¥¥N1 (O¥¥¥N 2.534(5) ä, H¥¥¥N 1.69(8) ä,
O�H¥¥¥N 135(6)8), and in 2 for O3�H3¥¥¥N1 (O¥¥¥N 2.597(2) ä, H¥¥¥N
1.71(3) ä, O�H¥¥¥N 153(3)8). See also the Supporting Information (SI-1).


Table 1. Selected bond lengths [ä] and angles [8] for 1, 2, 4, and 9.


[VVO2(HRpyr2en)] (4) [(VVO2)2(pyren)2]¥2H2O (9)[a]


H2pyr2en (1) H2Rpyr2en (2) X-ray DFT X-ray


N1�C2 1.464(6) 1.467(3) V1�O1 1.628(5) 1.602 V1�O1 1.6026(19)
N1�C3 1.277(5) 1.471(2) V1�O2 1.683(4) 1.614 V1�O2 1.6826(17)
O3�C5 1.349(5) 1.357(2) V1�O3 1.897(4) 1.911 V1�O3 1.9088(19)
N3�C6 1.318(6) 1.333(2) V1�O4 1.967(4) 2.103 V1�N2 2.127(2)
N3�C8 1.361(6) 1.339(3) V1�N1 2.247(5) 2.377 V1�N1 2.155(2)
C3�C4 1.468(6) 1.509(2) V1�N2 2.308(6) 2.433 V1�O2#1 2.3587(18)
C4�C9 1.410(6) 1.394(2) O3�C5 1.320(7) 1.332 O3�C5 1.322(3)
C4�C5 1.392(6) 1.396(2) O4�C12 1.314(7) 1.280 N2�C2 1.483(4)
C5�C6 1.401(5) 1.395(2) N2�C10 1.471(8) 1.456 N1�C1 1.456(3)
O5�C17 1.425(7) 1.425(2) N2�C1 1.470(9) 1.463 N1�C3 1.277(3)
C6�C7 1.487(6) 1.499(3) N1�C3 1.482(9) 1.475 O1-V1-O2 107.33(10)
C8�C9 1.356(6) 1.375(2) N1�C2 1.469(9) 1.468 O3-V1-N2 155.18(9)
C9�C17 1.500(6) 1.505(3) N3�C6 1.330(8) 1.331 O2-V1-N1 154.92(8)
C2-N1-C3 119.3(5) 112.84(16) N4�C13 1.333(8) 1.346 O3-V1-N1 82.92(8)
C6-N3-C8 119.1(5) 118.16(16) N3�C8 1.355(9) 1.342 N2-V1-N1 76.90(8)
N1-C3-C4 120.0(5) 111.42(15) N4�C15 1.335(8) 1.351 V1-O2-V1#1 101.84(8)
N3-C6-C5 120.6(5) 121.30(17) O1-V1-O2 106.8(2) 109.8 O1-V1-O3 102.19(10)
N3-C6-C7 118.8(5) 117.70(18) O1-V1-O3 100.6(2) 102.6 O2-V1-O3 99.17(8)
N3-C8-C9 124.1(5) 124.40(17) O3-V1-O4 155.7(2) 148.4 O1-V1-N1 96.5(9)


O2-V1-N1 164.2(2) 157.9 O1-V1-N2 94.39(11)
O1-V1-N2 162.4(2) 160.8 O2-V1-N2 93.25(9)
N1-V1-N2 74.4(2) 71.4 O1-V2-O2#1 171.47(8)
O2-V1-O4 94.0(2) 92.9 O1-V1-O2#1 78.16(8)
O4-V1-N1 81.54(19) 76.2
O3-V1-N1 80.99(19) 74.2
O4-V1-N2 76.9(2)


[a] #1: �x+2, �y, �z
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(1.471(2) and 1.357(2) ä, respectively) are consistent with
their single-bond character. The configurations of 1 and 2
are determined by the strong intramolecular H bonds be-
tween Ophenolic�Nimine/amine. Their main differences are in the
planarity of each half-molecule of H2pyr2en (planar within
0.012(3) ä), partly due to the conjugation of the C=N bond
with the heteroaromatic ring. The two halves of 2 are non-
planar with respect to each other. For example the torsion
angles C5-C4-C3-N1 and O3-C5-C4-C3 are �1.8(7)8 and
�0.3(7)8 in the H2pyr2en, and 35.6(2)8 and �2.3(3)8 in
H2Rpyr2en.


[VVO2(HRpyr2en)]¥3H2O (4): Upon coordination, the Namine


atoms become dissymmetric centers. The unit cell of the
crystal contains four molecules: in two of them the configu-
rations of the Namine are S,S, while in the other two they are
R,R (enantiomers of the S,S molecules). Figure 2A shows an


ORTEP diagram with the atom-labeling scheme, and select-
ed bond lengths and angles are given in Table 1. The mole-
cule is neutral with one of the pyridinium nitrogens proto-
nated, and corresponds to the symmetrical isomer, some-
times designated by a-cis (see below).[18] In complex 4 the
HRpyr2en


� ligand coordinates the VO2
+ moiety by means


of two phenolate-O� and two amine-N atoms forming a
quite distorted octahedral coordination polyhedron. This is
due both to the specific constraints of the VO2 fragment
and to the tetradentate coordination, which imposes stereo-
chemical strain, but overall the coordination geometry of
this compound is rather similar to other monomeric VVO2


complexes.[18±23] The distortion is reflected in the coordina-
tion distances and angles and there are two short bonds (V=O
bonds of 1.628(5) and 1.683(4) ä) that are trans to the two
V�N long bonds of 2.308(6) and 2.247(5) ä. The O-V-O
angle in the VO2 moiety is similar to those previously re-
ported for related complexes with nitrogen trans to the oxo
groups, for example, the a-cis isomer of the EDTA com-
plex[24] and b-cis isomer of the EDDA complex.[18] Other au-
thors[25] also found a rather similar type of isomerism and
used the notation cis- and trans-phenolates. Hereafter we
will use the a-cis and b-cis notation; however, as will be
clear below, in solution the VV±Rpyr2en system is much
more complex, because several a-cis and b-cis complexes
form.


The differences observed in the V=O distances of
[VVO2(HRpyr2en)]¥3H2O (4) are partly due to the different
involvement of the two oxygen atoms in H bonding in the
3D structure. Atom O2 is involved in two short intermolecu-
lar H bonds (with N4 and O100 of two neighboring mole-
cules), while atom O1 is only involved in a weaker one with
O6 of a symmetry-related molecule.


General structures of the a-cis and b-cis-type complexes
here : The V�Ophenolate and V�Namine bonds are within the
normal range found for this type of compound.[20,25±28] The
ligand coordinates vanadium forming a (6+5+6)-membered
fused chelate system. The rings are not planar partly due to
the greater flexibility of the reduced SB ligand, which is not
constrained to remain planar when coordinated to the metal
ion. Due to the fact that atom N4 is protonated and N3 is
not, the two heteroaromatic rings have some differences
namely: the N3�C8 and N4�C15 bonds, which differ by
0.014 ä, and some angles (e.g., C6-N3-C8 and C13-N4-C15
differ by 7.68).
Comparing the bond lengths of ligand 2 and its complex,


there are some small differences upon coordination; for ex-
ample, the C�Ophenolic bond decreases by 0.04 ä. However,
there are no significant differences between the C3�N1 and
C10�N2 internuclear separations.


Figure 2. Structures of A) [VO2(HRpyr2en)]¥3H2O (4) and B) [(VVO2)2-
(pyren)2]¥2H2O (9) (ORTEP diagrams; the thermal ellipsoids are drawn
at the 30% probability level). The H2O molecules were not included. In
(A) the Namine atoms of the [VO2(HRpyr2en)] molecule shown have S,S
configuration. The binding mode involves two Ophenolate oxygen atoms
trans to each other. The ligand is protonated at the pyridine N4 atom.
Protonation at N3 instead of N4 corresponds to the same molecule. How-
ever, for the isomer with the two Ophenolate atoms cis to each other (one
trans to the Ooxo atom), the two pyridine rings are no longer equivalent
and protonation at N3 or N4 corresponds to two different isomers.
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[(VVO2)2(pyren)2]¥2H2O (9): Although the initial mixture
contained VIV and H2pyr2en, a V


V complex with the half-
Schiff-base monoanionic ligand Hpyren (3) was obtained,
where one of the imine bonds hydrolyzed. The oxidation of
VIV was probably due to diffusion of air into the solution.
An ORTEP diagram of 9 is shown in Figure 2B, and select-
ed bond lengths and angles are in Table 1.
Compound 9 is a dinuclear VV Schiff base with a bis(m-


oxo) bridge.[25,29±31] Each VV ion is six-coordinate, and the m-
oxo atoms are trans to the V=O bonds. The coordination
polyhedra obtained can be best described as two edge-
shared octahedra that are significantly distorted. This distor-
tion is mainly due to the O1-V1-O2 angle of 107.33(9)8, a
value comparable to that obtained in compound 4 as well as
in other VO2 units found in the literature.


[17,21±23,30±33] The
V1�O1 bond has a typical V=O length of 1.6026(19) ä,
while O2 is involved in the bridge between V1 and the sym-
metry-generated V1A atom (�x+2, �y, �z). This coordina-
tion gives rise to a rather distorted V2O4 core with two
strong V�Ooxo bonds, and two weak V�O interactions (see
Table 1). The remaining three coordination sites are occu-
pied by the tridentate pyren� units, comprising the pheno-
late-O3, the imine-N1, and the amine-N2 atoms. The metal
is above the plane defined by N1, N2, O2, and O3 toward
O1 by 0.354(1) ä. The V�V separation is 3.166(1) ä, com-
parable to the values found in related complexes that range
from 3.103 ä to 3.372 ä.[30,31,33, 34] Owing to the presence of
two crystallization water molecules, there is an extended hy-
drogen-bonding network in the three-dimensional crystal
structure, which involves both the bridging m-oxygen atom
O2, the hydroxyl O5 atom, and the pyridine N3 atom (see
Supporting Information).


Infrared spectra : Some selected IR data for the ligands and
vanadium complexes are shown in the Supporting Informa-
tion. Some of the assignments were made based on litera-
ture data.[35±39] The characteristic n(V=O) band appears as a
medium-strong band at 960 cm�1 in the IR spectrum of
[VIVO(pyr2en)] (5), while for [V


IVO(Rpyr2en)] (6), the n(V=
O) band is shifted to much lower wavenumbers: 856 cm�1


(no other strong or medium-strong bands are seen in the
770±1000 cm�1 range). This low value is an indication of V=
O¥¥¥V=O interactions, in agreement with the magnetic sus-
ceptibility measurements (see below). The binding of an
Ooxo to an adjacent vanadium atom, trans to its vanadyl-O
atom, lengthens and weakens the bond, thereby lowering
the V=O stretching frequency. For complexes 7 and 8 strong
bands appear at 910 and 915 cm�1, respectively, for the n(V=
O) stretches. These low values may also be an indication of
V=O¥¥¥V=O interactions as in 6.
The IR spectrum of 4 is quite complex. This is partly due


to the protonation at N4pyridine, while N3pyridine is not proto-
nated. This, and distinct hydrogen bonding, make several IR
bands for equivalent group vibrations in each half of the
ligand molecule appear at different wavenumbers. To help
the assignment, the IR spectrum for a model compound of 4
was obtained from a DFT frequency calculation (see Sup-
porting Information SI-2, and the Experimental Section).
The bands at 1356(s) and 1290 cm�1 (medium-strong) are as-


signed to the n(C12�O4)phenolate and n(C5�O3)phenolate, respec-
tively. For the VIVO compounds these bands appear in the
range 1273±1321 cm�1 (see Table SI-3 in the Supporting In-
formation) and, in some cases, two bands may also be distin-
guished. The n(V�O1) and n(V�O2) bands were calculated
to appear at 1001 and 974 cm�1, while the experimental
values are 924 and 903 cm�1, respectively. The lower experi-
mental values arise from the hydrogen bonding involving
both O1 and O2.


Electronic absorption spectra : The electronic absorption
spectra of bis(salicylaldimines) and of their transition-metal
complexes have been extensively studied.[40±43] The electron-
ic absorption spectra of the VIVO complexes (see Table SI-4
in the Supporting Information) were measured in DMSO.
The VIVO±Schiff base complexes 5 and 8 show a strong ab-
sorption with lmax at 370±380 nm that is absent in the re-
duced Schiff base complexes. This band can be assigned to
azomethine p!p*, but also has a contribution from a
LMCT (phenolate-O to d orbitals on the vanadium) transi-
tion. Although three (or four) d±d bands are expected to
appear in the absorption spectra of VIVO complexes, they
are often overlapped or under strong CT bands. The spec-
trum of [VIVO(pyr2en)] shows band I (dxy!dxz, dyz) at ap-
proximately 730 nm, and band II (dxy!dx2�y2) at 580 nm.
Band III (dxy!dz2) occurs below 500 nm and is under the
much stronger band at ~380 nm. For complex 8, band I is
red-shifted but has about the same intensity as in 5, and
band II is blue shifted but less intense. In the 470±860 nm
range the spectrum of [VIVO(Rpyr2en)] is more intense than
that of [VIVO(pyr2en)]. As expected the spectra of [V


IVO-
(Rpyr2en)] and [V


IVO(pyrN)2] are similar and the d±d bands
I and II occur at about the same wavelength.


EPR spectra : The Hamiltonian parameters obtained by
computer simulation of the experimental X-band EPR spec-
tra of frozen solutions of the vanadium complexes in
DMSO, using the computer program from Rockenbauer,[44]


are listed in Table 2. The spectra of complexes 5, 6, and 8
show slight rhombic distortions, which can be seen in the
perpendicular lines MI=7/2, 5/2, and 3/2, indicating a dis-
torted geometry around the metal center. The gx�gy values
are in the range 0.005 to 0.009 while the jAx�Ay j are ~6 to
8î10�4 cm�1. The degree of rhombic distortion increases in
the order of complex 6<8<5. In complex 6 the ligand is
less rigid than in 5, allowing the molecule to assume a more
symmetric geometry around the metal center. In complexes
5 and 8 the ligands are Schiff bases, but in 8 instead of an
ethylene bridge there are two methyl groups, which possibly
explains the higher distortion in complex 5. The additivity
rule[45±48] was developed to allow the determination of the
identity of the equatorial donor groups in complexes of
square-pyramidal geometry (or octahedral with a weak sixth
ligand), but has also been successfully applied to structurally
distorted molecules.[49±51] The spectrum of 7 shows axial sym-
metry, and if we consider that the two ligand molecules bind
vanadium in equatorial positions through the four donor
atoms (2îNamine, 2îOphenolate)eq, the estimated Az is 158î
10�4 cm�1. If the binding mode involves (2îOphenolate, Namine,
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DMSO)eq (Namine)ax, taking Ak(DMSO)=42î10
�4 cm�1 (see


Table 2), then the estimated parameters fit better with the
simulated ones. This is probably the coordination mode of 7
in DMSO. For complexes 5, 6, and 8 the EPR parameters
(Table 2) fit well with the tetradentate binding mode in-
volving either (2îNamine, 2îOphenolate)eq or (2îNimine, 2î
Ophenolate)eq.


Magnetic properties of the vanadium(iv) complexes : The
magnetic susceptibilities, c, of the vanadium(iv) complexes 5
and 6 were measured by the Faraday method in the temper-
ature range of 3±287 K. Data were corrected for the diamag-
netic contribution using the Pascal constants.[52] The magnet-
ic susceptibility of [VIVO(pyr2en)] fits well the Curie±Weiss
law (with cP(287 K)=1.35î10


�3 emumol�1, C=


0.381 emuKmol�1, q=�0.32 K). Yamada et al.[53] reported a
meff of 1.53 mB for this complex at room temperature (RT).
However, we obtained a meff(RT) of 1.76 mB (roughly con-
stant until approximately 25 K), typical of monomeric VIVO
compounds. This is in agreement with its green color and
with the n(V=O) value obtained. In contrast, for complex
[VIVO(Rpyr2en)], smaller meff(RT) values were obtained:
1.50 mB, and these remain approximately constant until ap-
proximately 25 K. At low temperatures, an increase was ob-
served, which suggests that ferromagnetic interactions
become important. Low magnetic moments were found for
several vanadium complexes[19,53±56] with sal2en type ligands,
and these low magnetic moments have been explained by
the existence of V=O¥¥¥V=O interactions. Possibly this is
also the case for [VIVO(Rpyr2en)], which is in agreement
with the low n(V=O) value for this complex (see above).


Ligand protonation by pH-potentiometry and 1H NMR
spectroscopy


pH-potentiometry : The
H2pyr2en and H2Rpyr2en li-
gands contain six protons
that dissociate in the mea-
surable pH range, so the total-
ly protonated species cor-
respond to [H6pyr2en]


4+ and
[H6Rpyr2en]


4+ , respectively.
The totally protonated pyri-
doxamine and pyridoxal cor-
respond to [H3pyrN]


2+ and
[H2pyr]


+ , respectively. When
referring to stoichiometries of
complexes present in solution,
the usual MpLqHr notation
will be used, where L is the
totally deprotonated form of
the compounds, which corre-
sponds to [pyr2en]


2�,
[Rpyr2en]


2�, [pyrN]� , and
[pyr]� . At very high pH (>12±
13) the hemiacetal form of
pyridoxal may also deproto-
nate yielding a species
[H�1pyr]


2�. The corresponding
protonation constants are included in Table 3.
Schiff bases of the sal2en type may hydrolyze in solution


forming the half SB or eventually totally decompose at low
pH,[57,58] and their VIVO complexes may be involved in dis-
proportionation reactions.[59±61] All these processes depend
on the solvent used. The H2pyr2en ligand is soluble in water,
and much more stable in this solvent than sal2en, and pH-
potentiometry could be used to determine the protonation
constants (see Table 3). No hydrolysis was detected in the
pH range 2±7 by 1H NMR spectroscopy, but at pH >7 a
very weak signal corresponding to one of the aldehyde pro-
tons of pyridoxal could be detected. This slight extent of hy-
drolysis may explain the significantly higher uncertainties in
the protonation constants of 1, about twice those of
H2Rpyr2en (2), which is also reasonably soluble in water but
fairly stable throughout the pH range 1±13, as also con-
firmed by 1H NMR spectroscopy. Table 3 also includes the
protonation constants of pyridoxamine (obtained in this
work), and those of pyridoxal.[62,63] For 2 and pyridoxamine
the deprotonation processes overlap each other and the pKa


values were calculated from both the pH-metric and 1H
NMR data.
For pyridoxal the pKa1 of 12.9 corresponds to the deproto-


nation of its hemiacetal form,[62] and in the case of pyridoxa-
mine the pKa1 of ~10.3 corresponds mainly to the amino
group. In neutral aqueous solution the zwitterionic form
predominates (the phenol deprotonated and the pyridine-N
protonated), but a significant amount of the uncharged
forms are also present; microequilibria must be considered.
The pKa of ~8 of pyridoxal and of pyridoxamine are largely
associated with the pyridinium protons, and the pKa of ~3±4
to both the hydroxyl and the pyridinium protons.[64] Howev-
er, in the case of our ligands the existence of H bonds be-
tween the Ophenolic and the Namine/imine may change further the


Table 2. Spin Hamiltonian parameters obtained by using a computer program from Rockenbauer.[44]


Compound gx, gy Ax, Ay gz Az


(î104 cm�1) (î104 cm�1)


in DMSO
[VIVO(pyr2en)] (5) 1.985, 1.975 47.9, 55.7 1.956 157.8
[VIVO(Rpyr2en)] (6) 1.979, 1.975 47.8, 53.6 1.957 157.5
[VIVO(pyrN)2] (7) 1.977 54.1 1.954 162.2
[VIVO(Me-pyrN)2] (8) 1.981, 1.976 48.5, 55.7 1.955 159.5
[VIVOSO4]¥5H2O 1.996, 1.976 34.5, 60.0 1.949[a] 167.7[a]


in water
[VIVO(pyr2en)(H4)] n.d. n.d. ~1.942 ~172
[VIVO(Hnpyr2en)] (n=2±0) 1.982, 1.978 46.2, 56.2 1.956 158.7
[VIVO(HnRpyr2en)] (n=2±0)


[b]


pH 3.5±4.5 1.981 57.2 1.953 166.2
cis isomer[c] pH 7.05 1.981 56.0 1.953 165.0


pH 7.60 1.981 56.0 1.951 163.7
pH 3.5±4.5 1.981 50.6 1.960 158.2


trans isomer[c] pH 7.05 1.980 50.7 1.960 157.5
pH 7.60 1.980 51.5 1.960 157.0


[VIVO(HnpyrN)] (n=1,0) 1.976 58.5 1.943 169.3
[VIVO(HnpyrN)2] (n=2±0) 1.986 59.5 1.945 159.4


[a] If the binding mode of [VIVOSO4]¥5H2O in DMSO involves four equatorial DMSO ligands, the contribu-
tion of each to the gk and Ak values is gk


DMSO ~0.487 and Ak
DMSO ~42î10�4 cm�1 , respectively. [b] Two dis-


tinct EPR active species are detected in aqueous solution. The composition of the solution according to the
speciation: pH 3.5±4.5 100% [VIVOLH2]; pH 7.05 28% [VIVOLH2], 56% [VIVOLH], 16% [VIVOL]; pH 7.60
6% [VIVOLH2], 46% [VIVOLH], 47% [VIVOL]. [c] The cis- and trans-type isomers correspond to complexes
where the H2O ligand is cis or trans to the V=O group, respectively.


¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2004, 10, 2301 ± 23172306


FULL PAPER J. Costa Pessoa, T. Kiss, M. M. C. A. Castro et al.



www.chemeurj.org





acidity of the phenolic-OH, the acid±base microequilibria
becoming more complicated.
The pH-potentiometry technique allows the determina-


tion of the protonation constants of the ligands (Table 3),
but cannot provide information on the sequence of protona-
tion of their basic sites. The protonation of the N and O
atoms generally result in a deshielding of the nonlabile H
atoms attached to adjacent carbon atoms.[65] Therefore, a 1H
NMR titration study (d versus pH) was carried out for 2.
This study did not yield the whole set of microequilibria in-
volved, but gives information about the main groups in-
volved for each calculated pKa value–see Supporting Infor-
mation (SI-4). One of the Namine atoms is protonated first,
pKa1


NMR=10.7, a value close to the 10.4 reported for pyri-
doxamine.[64] The second proton corresponds to the NHpyridine


bound to the unprotonated end of the en moiety, with a
pKa2


NMR value of 8.9, close to those reported for pyridoxine
(8.96), and 4-desoxypyridoxine (9.98), which have no proto-
nated positively charged side chains, and have their Ophenolate


deprotonated.[64] The third proton corresponds to the other
NHpyridine connected to the protonated end of the en moiety,
with a pKa3


NMR value of 7.6, that is close to the value ob-
tained for pyridoxamine (7.99), which has a protonated posi-
tively charged side chain and the Ophenolate deprotonated.


[64]


The fourth proton corresponds to the protonated Namine,
with a pKa4


NMR value of 5.5. The fifth and sixth protonations
correspond successively to each OHphenolate, but could not be
distinguished by the NMR titration experiment. From these
pKa values and the deprotonation sequence it is clear that in
2 the formation of H bonds between the phenolic-OH and
the amino-NH is favorable (as found in the crystals of 2, see


above), the phenolic protons being quite acidic, even more
than those of pyridoxamine.
For the SB 1, the 1H NMR titration study indicates that


the deprotonation scheme is similar to that of H2Rpyr2en.
The higher pKa value is mainly associated to one of the
imine groups, which is in agreement with values reported
for the N-pyridoxylideneamino acidato SBs,[66,67] then comes
the two NHpyridine, followed by the second imine proton. The
pKa values of ~3.7 and ~4.4 are mainly associated with the
phenolic protons.


Vanadium(iv) complexes studied by pH-potentiometry, visi-
ble absorption, and EPR spectroscopy: Due to precipitation
of the neutral complexes [VIVO(pyr2en)], [V


IVO(Rpyr2en)]
and [VIVO(pyrN)2] the pH-metric data could not be evaluat-
ed above pH 5, 8, and 7, for the VIVO±H2pyr2en, V


IVO±
H2Rpyr2en, and V


IVO±HpyrN systems, respectively. The pH-
metric data were evaluated with the computer program
PSEQUAD,[63] with the assumption of 1:1 (and 2:1 ligand-
to-metal ratio, in the case of HpyrN) complexes of different
protonation states. The best fit between the experimental
and the calculated titration curves was obtained with the set
of constants shown in Table 3. The species distribution
curves of the complexes formed are depicted in Figure 3.
In the VIVO±H2pyr2en system, complex formation starts at


pH 3 with the formation of [VIVOLH4], where only half of
the molecule is coordinated, that is, the binding mode is
(Nimine, Ophenolate, 2îH2O)eq (structure I). [VIVOLH2] forms
through the coordination of the second half of the molecule.
Further successive deprotonations of the pyridinium-NH+


ion, which do not participate in the coordination, yield


Table 3. Protonation and formation constants[a] of species MpLqHr formed in the V
VO2±H2Rpyr2en and V


IVO±H2pyr2en, H2Rpyr2en and pyridoxamine
systems calculated from the pH-potentiometric data with the PSEQUAD computer program,[63] and from 1H NMR data (some pKai values).


H2pyr2en H2Rpyr2en Pyridoxamine[b]


logb pKa logb pKa log b pKa


potentiometry potentiometry potentiometry
[1H NMR] [1H NMR]


HL 10.07(2) 10.07(2) 10.52(1) 10.52(1) [10.7(4)] 10.26(1) 10.26(1) [10.6(3)]
H2L 18.86(3) 8.79(5) 19.67(1) 9.15(2) [8.9(4)] 18.25(1) 7.99(2) [8.1(1)]
H3L 26.94(3) 8.08(6) 27.35(1) 7.68(2) [7.6(2)] 21.61(1) 3.36(2) [3.32(5)]
H4L 33.83(4) 6.89(7) 33.33(1) 5.98(2) [5.5(2)]
H5L 38.26(5) 4.43(9) 36.37(2) 3.04(3) [±][c]


H6L 42.02(5) 3.76(10) 38.60(2) 2.23(4) [±][c]


logb (VIVO2+) logb (VIVO2+) logb (VVO2
+) logb (VIVO2+)


MLH4 36.46(5) ± 38.62(8) ±
MLH3 ± ± 36.98(5) ±
MLH2 28.01(3) 32.97(1) 33.71(4) ±
MLH 23.07(3) 26.23(2) 26.40(4) 16.58(1)
ML ~17 18.64(2) 18.07(3) 11.07(4)
ML2H2 ± ± ± 31.36(7)
ML2H ± ± ± 25.31(2)
ML2 ± ± ± 17.73(12)
fitting[d] 6.1î10�3 6.6î10�3 1.01î10�2 1.9î10�3


no. of points 113 316 436 317


[a] For each logbpqr value listed obtained by pH-potentiometry, the standard deviation obtained in the particular calculation corresponding to the values
shown are included in (parentheses). To account for the range of logbpqr values obtained in the several equilibrium models tested, each standard devia-
tion may be multiplied by about three times the values presented. [b] For the similar compound pyridoxal, the protonation constants (at 25 8C and 1m
KCl) are: 12.93, 8.28, 4.00.[62] [c] From the 1H NMR titrations only an average value for pKa5 and pKa6 could be obtained (1.98�0.06)–see Supporting
Information. [d] Difference between the experimental and the calculated titration curves expressed as the volume (mL) of titrant.
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[VIVOLH] (pKa=4.9) and [V
IVOL] (neutral, pKa~6.1, corre-


sponding to structure II), which is less soluble than [VOL]
in the case of the VIVO±H2Rpyr2en system.
In agreement with the speciation curves (Figure 3A), the


spectra of solutions containing VIVO2+ and H2pyr2en start to


deviate from that of [VIVO(H2O)5]
2+ at pH >3. As the pH


is increased, the blue solutions become green and the bands
at 370±470 nm (p!p* imine and LMCT bands) develop fur-
ther, indicating the coordination of both Nimine and Ophenolate


atoms. For the VIVO±H2Rpyr2en system the changes in the
visible spectra are also in agreement with the speciation
model. At pH 1.8 the spectrum consists of a broad d±d tran-
sition band at 775 nm, a shoulder at about 680 nm (due to
the aqua vanadyl ion), and a band at about 555 nm, showing
that a significant amount of [VIVOLH2] is present at this pH.
Between pH 3 and 4.5 all the oxovanadium(iv) is in the
form of [VIVOLH2] and there are no spectral changes.
Figures 4 and SI-6 in the Supporting Information depict


the high-field region of the X-band EPR spectra of frozen
aqueous solution samples of the VIVO±H2Rpyr2en and


VIVO±H2pyr2en systems, and Table 2 summarizes the EPR
parameters obtained from the simulation of the spectra.[44]


For the VIVO±H2pyr2en system the experimental Ak value
for VIVOLH4 fit well with the values estimated for a binding
mode (Nimine, Ophenolate, 2îH2O)eq–structure I. Upon binding
of the remaining part of the molecule, the processes
[VIVOLH2]


2+![VIVOLH]+![VIVOL] involve only the de-
protonation of the pyridinium-NH+ ion. These groups do
not participate in the coordination, and thus, no changes in


Figure 3. Concentration distribution curves of VIVO complexes formed in
solutions containing A) VIVO2+ and H2pyr2en, with CVO=2.0 mm and
L:M=2; B) VIVO2+ and H2Rpyr2en, with CVO=2.0 mm and L:M=2; and
C) VIVO2+ and pyridoxamine, with CVO=1.0 mm and L:M=8.0, calculat-
ed by using the stability constants listed in Table 3 (L:M designates the
ligand-to-metal ratio).


Figure 4. High-field region of the EPR spectra of frozen solutions (77 K)
containing VIVO2+ and H2Rpyr2en at several pH values with L:M=1 and
CVO ~0.005m. The presence of two distinct components for the stoichio-
metries [VIVOLH2], [V


IVOLH], and [VIVOL] is clearly seen.
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the EPR spectra are observed. The rhombic distortion of
the spectra, (e.g., Figure SI-6B in the Supporting Informa-
tion), is an indication of the distorted environment around
the vanadyl center, due to the rigid structure of the ligand.
Figure 3B shows that for the VIVO±H2Rpyr2en system the


complexation starts at pH 2, with the formation of
[VIVOLH2]


2+ . Further deprotonation yields [VIVOLH]+ and
[VIVOL], which then precipitates. The EPR spectra, for ex-
ample, Figure 4, show that for each stoichiometry two well
separated signals can be ascribed. Evaluated from the inten-
sities of the MI=5/2 and 7/2 components, the relative
amount of the complexes is approximately the same in the
pH range 2±5, suggesting that they are structural isomers.
An H2O ligand may coordinate in an equatorial position (cis
to the Ovanadyl atom) or axial (trans to the Ovanadyl atom), as is
common for [VIVOL2] complexes, L being a bidentate
ligand.[69,71] However, the type and number of isomers that
may form in the present systems is complex, and a more sys-
tematic and comprehensive discussion about the stoichiome-
tries and isomers that may form in solution is given below in
connection with the DFT calculations.
In the VIVO±HpyrN system (note that pyrN� � 1=2-


[Rpyr2en]
2�), complex formation starts at pH ~2.5 with the


formation of [VIVOLH]2+ (see Figure 3C), with a binding
mode similar to that shown in structure I (with Namine instead
of Nimime). Deprotonation of the noncoordinated NH


+
pyridine


of this complex yields [VIVOL]+ , while coordination of a
second pyrN leads to the formation of [VOL2H2]


2+ . Further
deprotonation of the NH+


pyridine of the bis complex yields
[VIVOL2H]


+ and [VIVOL2], the latter is neutral and precipi-
tates. The EPR spectra for this system (Table 2) indicate the
presence of three distinct types of species in the pH range
2±6: the aqua vanadyl ion, [VIVOLHm] and [V


IVOL2Hn]. The
simulated Ak value for [V


IVOLHm] fit well with the estimat-
ed value for the binding mode (Namine, Ophenolate, 2îH2O)eq.
Deprotonation of this species corresponds to only a slight
decrease in the Ak values. In agreement with the proposed


(2îNamine, 2îOphenolate)eq binding mode the spectra of
[VIVOL2Hn] correspond to lower Ak values than those of
[VIVOLHm]. The linewidths and shape of the MI=7/2 com-
ponents of the spectra indicate the existence of structural
isomers also in this system. The visible spectra of the VIVO±
pyrN system show a pattern somewhat similar to those of
the previous systems: as the pH increases the d±d transition
at lmax~760 nm shifts to lower energy, and the one at lmax~
570 (e=12.9m�1 cm�1) shifts to higher energy. The intensity
of both bands progressively increases.


Vanadium(v) complexes studied by pH-potentiometry, and
1H and 51V NMR spectroscopy: The ligand H2pyr2en does
not form complexes with VV stable enough to allow the use
of pH-potentiometry. However, in the 51V NMR spectra of
solutions containing 3 mm of VV and 6 mm of 1, a new signal
at d~�577 ppm was detected in the pH range 5±9, indicat-
ing complex formation. With pyridoxamine, the 51V NMR
measurements with 3 mm VV and 12 mm of ligand did not
show any complex formation in the same pH range. In the
VV±H2Rpyr2en system pH-potentiometry clearly indicated
complex formation, and the stability constants given in
Table 3 were obtained by the evaluation of the pH-metric ti-
tration data. The corresponding speciation diagram is shown
in Figure 5.[70] At pH >3.5, complexes [VO2LH2]


+!
[VO2LH]![VO2L]


� are the predominant species with in-
creasing pH, and at pH >9.5 the ligand molecule is dis-
placed from the coordination sphere and the oxoanions
HVO4


2�/VO4
3� are formed. As in the VIVO±H2pyr2en and


VIVO±H2Rpyr2en systems, these deprotonation processes in-
volve the NH+


pyridine protons, and 2 acts as a tetradentate
ligand in [VVO2LH2]


+ , [VVO2LH], and [VVO2L]
� (see


below).
Between pH 3.5 and 6 the 51V NMR spectra show only


two relatively broad signals (Figure 6A and SI-7 in the Sup-
porting Information). In the pH range 6±9, as the NH+


pyridine


groups successively deprotonate, the two peaks gradually
shift, but the ratios of the peak areas are almost independ-
ent on both the total V concentration or the L:M ratio. This
indicates the formation of two mononuclear complexes for
each stoichiometry, that is, structural isomers. There are two
types of structural isomers (structures III and IV in
Scheme 2), and for structure IV (b-cis isomer) the protons
of the two half-molecules are not equivalent.
Separate 1H NMR resonances are observed for the two


isomers, due to slow exchange conditions, this being espe-
cially clear for the aromatic pyridoxal protons (e.g., signals
assigned as a-cis and b-cis in Figure 6B). The assignments of
all the other 1H signals were confirmed by using 2D COSY
spectra. Comparing the 51V NMR spectra with the aromatic
region of the 1H NMR spectra (at 1:1 and other metal-to-
ligand ratios, for example, Figure 6A , Figure 6B and SI-4
in the Supporting Information), and taking into account the
relative areas of the NMR peaks, we conclude that while in
the a-cis complex the two aromatic protons are equivalent,
in the b-cis they correspond to two separate signals. This
also occurs with the other pyridoxal protons (of CH3,
CH2OH, and CH2N), as well as with the en bridge
-CH2�CH2- protons. This data supports structures III and IV
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(Scheme 2) for the a-cis and b-cis complexes, respectively.
While for the a-cis (structure III, which corresponds to the
binding mode of complex 4), the protons of the two half
molecules are equivalent, for the b-cis isomer, structure IV,
they are not. This solution structure proposed for the b-cis
isomer was confirmed by using 2D NOESY and ROESY
spectra (see SI-6 in the Supporting Information).
In the b-cis isomers (structure IV) one half of the mole-


cule is coordinated through an O (trans to a Ooxo) and a N
atom (trans to a Ophenolate), and this part is labeled as A; the
other half of the molecule where the coordination involves
O (trans to a Namine) and N (trans to a Ooxo) is labelled as B.
From the H-aromatic chemical shifts obtained in the DFT
calculations (see below), for b-cis isomers the higher experi-
mental H-aromatic chemical shifts (Figure 6B) correspond
to part B of the molecule (see structure IV). The ratio of
the two isomers does not change much throughout the pH


range 4±10. However, due to the different acidity of the
NH+


pyridine in the a-cis and b-cis isomers, there is a slight
change in the ratio of the two types of isomers between
pH 6 and 9, with a minimum of a-cis/b-cis at pH 7.8, where
the population of the monoprotonated forms of [VO2LH]
shows its maximum (Figure 5 and SI-8A in the Supporting
Information).
The species involved in the microscopic deprotonation


scheme of the NH+
pyridine groups of the a-cis and b-cis iso-


mers together with the corresponding microconstants are
shown in Scheme 3. Starting with [VVO2LH2]


+ and increas-
ing the pH, each isomer has two deprotonation steps. The
first step for the a-cisH2 and b-cisH2 isomers can proceed by
two different paths (deprotonation either on the ring A or
ring B of pyridoxal), yielding either a-cisH(BH) or a-
cisH(AH), and b-cisH(BH) or b-cisH(AH), respectively. As
the a-cis isomers are symmetrical, the a-cisH(BH) and a-
cisH(AH) are identical and simply represented by a-cisH.
Therefore, theoretically there are seven different species,
these being schematically depicted in Scheme 3.
Based on the pH dependence of the chemical shifts of the


1H and 51V NMR spectra and on the equilibria involved, the
microconstants shown in Scheme 3 could be calculated (see
SI-8 in the Supporting Information). The two stepwise pKa


values of a-cisH2 (pKa
H2 and pKa


H1) differ more (0.89) than
the expected value based on statistical consideration (0.61).
This is due to the charge of the molecule, which becomes
zero after the first deprotonation. The first deprotonation of
b-cisH2 (pKb


H2=7.19) is lower than the pKa of a-cisH2


(7.44), and this changes the ratio of the a-cis :b-cis isomers
from ~3:1 (for the stoichiometry [VO2LH2]) to ~1.7:1 (for
the [VO2LH] stoichiometry). The difference in the second


Figure 5. A) Concentration distribution curves of VVO2 complexes
formed in solutions containing KVO3 and H2Rpyr2en, with CV=2.0 mm


and L:M=2, calculated by using the stability constants listed in Table 3.
At pH~<4, the best fit of the potentiometric titration data was obtained
with models including [VVO2LH3]


2+ and [VVO2LH4]
3+ in the speciation


model. The color of the sample solutions turned to red parallel with the
formation of [VVO2LH3]


2+ , the color then slowly faded upon decreasing
the pH below 2.5. The UV/Vis measurements indicated a nonequilibrium
system because of the slow formation and decomposition of this ’red-col-
ored’ species.[70] The speciation diagram for pH <5 is therefore only ap-
proximate, and this is indicated with dashed lines. B) A microequilibrium
speciation in the same conditions in the pH range 5±11.


Figure 6. NMR spectra of a solution containing NaVO3 and H2Rpyr2en
with CV=10 mm and L:M=1 at pH ~6.7. The clearly distinct VVO2 com-
plexes with H2Rpyr2en are labeled a-cis and b-cis, which correspond to
the binding modes III and IV of Scheme 2, respectively. A) 51V NMR
spectrum, B) 1H NMR spectrum (aromatic region).
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stepwise deprotonation constants between the two isomers
(pKa


H1=8.33 and pKb
H1=8.67) is almost the same (0.35) as


for the first (0.25), but now the pKa of b-cis is higher, there-
fore the isomer ratio is settled back to ~3:1.
The acidity of one of the NH+


pyridine of b-cis is lower by
~0.42 units than the other. The assignment of the pKb


H2B


and pKb
H2A is based on the DFT calculations. The gas-phase


structure of b-cisH(BH) is less stable than that of b-
cisH(AH) by 3.5 kcalmol�1, and we assume the same trend
occurs in aqueous solution. Thus the first deprotonation
occurs mainly at the NH+


pyridine(B) which is more acidic, and
the second deprotonation involves the NH+


pyridine(A) which is
more basic. The complete resolution of the microscopic dis-
sociation scheme, which is a good example of how the joint


evaluation of parallel pH/1H NMR and pH/51V NMR data
can be used to describe such a system revealing all fine de-
tails, is given in the Supporting Information (SI-8).


DFT calculations : Gas-phase structures are obtained by
DFT calculations, but these normally give good approxima-
tions of the solution and solid-state molecular structures.
The stability of the isomers is dependent on solvation and
ionic interactions occurring in solution, and these environ-
mental effects may affect the predominance of the isomers
in solution. However, DFT calculations certainly may give
good clues in understanding the ratio of the various binding
isomers present in solution, the type of bonding present and
to explain the spectroscopic properties.


Scheme 2. Possible isomers for the VVO2±Rpyr2en complexes (structures III±IV) and VIVO±Rpyr2en (structures V±IX), and corresponding relative ener-
gies for the structures optimized by DFT. For each of the structures III±IX, there are three stoichiometries: MLH2 (both pyridine N atoms protonated),
MLH (one of the pyridine N atoms protonated, either on side A (designated by AH), or on side B (designated by BH)), and ML (both pyridine N atoms
deprotonated), where M=VIVO or VVO2. For each stoichiometry (and formal oxidation state) the isomer corresponding to the lowest energy is under-
lined and assigned: 0.0 kcalmol�1. The energies indicated for the other isomers of the same stoichiometry and oxidation state are relative to the lower
one. The Ak


est values (VIVO complexes) calculated using the additivity relation, the measured 51V NMR chemical shifts (VVO2 complexes) and calculated
ones (relative to VOCl3) by the procedure described in the experimental section (d


cal
V ) are also indicated. For the five-coordinate complexes IX the ener-


gies indicated {in brackets} correspond to the DE for coordination of water. In the case of the [VIVOL] stoichiometry with structure V, this complex with
coordinated water is unstable, spontaneously yielding the five-coordinate [VIVOL] complex with structure IX and free water.
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DFT calculations were carried out for most of the possi-
ble isomers of diprotonated (MLH2), monoprotonated
(MLH) and deprotonated (ML) VIVO and VVO2 complexes
of 2, in order to evaluate their relative energies, to under-
stand several aspects related to their structural preferences
and electronic structure, and to determine some properties.
The structure of the complexes was simplified by replacing
the -CH3 and -CH2OH groups by -H in the pyridoxal ring.
For the main objective of our calculations their effect is ex-
pected to be small, although they are relevant for intermo-
lecular association and H-bonding interaction with solvent
molecules. The Supporting Information (e.g., SI-9) summa-
rizes the structural data, relative energies, and some proper-
ties obtained in the DFT calculations, namely the experi-
mental and calculated 1H NMR data for the isomers corre-
sponding to III and IV.
For the VIVO complexes, the DFT calculations were car-


ried out both including and excluding a coordinated H2O
ligand, revealing interesting aspects on the energetics of
H2O coordination in VIVO complexes. In fact, for all stoi-
chiometries and isomers (except for one isomer and stoichi-
ometry of the VIVO±Rpyr2en system, see below), the coordi-
nation of one H2O molecule corresponds to an exothermic


reaction with calculated DE between �100 and �75 kJmol�1
(�24 and �18 kcalmol�1). For the [VIVOL] stoichiometry
corresponding to structure IX (Scheme 2), no six-coordinate
complex with a coordinated water molecule in the axial po-
sition trans to V=O could be obtained, all optimization at-
tempts leading to an isolated H2O molecule and the five-co-
ordinate complex. This emphasizes the subtle electronic/
charge effects that may be operating in this type of complex.
DFT calculations for the VVO2 isomers with two trans-


Ooxo atoms yielded structures corresponding to energies
higher (by approximately 146 kJmol�1 (~35 kcalmol�1))
than those with two cis-Ooxo atoms. This is because while in
the cis-VVO2 compounds the strongly p-donating Ooxo li-
gands have exclusive use of one dp orbital each (dxz, dyz),
and share a third one (dxy), in the trans-configuration, the
Ooxo ligands would have to share two dp orbitals and leave
one unused.
The fully optimized DFT structure (the bonding parame-


ters are given in Table 1) corresponding to compound 4 may
be used for comparison with the molecular structure deter-
mined by X-ray diffraction. As may be seen in Table 1, the
calculated bond lengths and angles compare well with those
for 4. Some of the differences arise from the fact that an iso-


Scheme 3. The NH+
pyridine microconstant deprotonation scheme for the a-cis and b-cis isomers of VVO2±Rpyr2enHn complexes. The notation used is in-


cluded (see also Scheme 2), as well as the pKa values calculated from the 1H and 51V NMR chemical shifts for the complexes (see SI-8 in the Supporting
Information). No distinct 51V NMR chemical shifts could be measured or obtained for species b-cisH(AH) and b-cisH(BH).
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lated molecule was considered in the theoretical calcula-
tions, while as was revealed by X-ray diffraction, several in-
termolecular hydrogen bonds occur in the crystal structure
of complex 4. As for the X-ray structure, the calculated V-
(Ophenolate, Namine) bond lengths of the half-molecule contain-
ing the protonated NH+


pyridine moiety are about 0.05±0.15 ä
longer than in the deprotonated half-molecule.
The DFT structural data reveal that for all isomers of


MLH2, MLH and ML complexes (M=VIVO and VVO2) of
2, in the DFT structures the (O=)V�Ophenolate(cis) and (O=)-
V�Namine(cis) bond lengths are within the values normally
found for this type of bond: approximately 1.9±2.1 and 2.1±
2.25 ä, respectively, the longer distances corresponding to
the cases where the group is trans to a Ophenolate donor (as
O4 in compound 4). For the [VIVOLH2], [V


IVOLH], and
[VIVOL] complexes, five, eight, and five isomers were con-
sidered, respectively (see Scheme 2), the average V�Ooxo


bond lengths being 1.599, 1.611, and 1.619 ä, respectively. A
similar trend was observed for the VVO2 complexes. The
longer V�Ooxo lengths (approximately 1.61±1.63 ä) corre-
spond to the complexes where the Ooxo atom is trans to a
Ophenolate atom.
The (O=)V�Ophenolate(trans) and (O=)V�Namine(trans) bond


lengths are within the range 1.94±2.20, and 2.25±2.42 ä, re-
spectively. For several of the more stable isomers of the
VIVO and VVO2 complexes the (O=)V�Ophenolate(trans) bond
lengths are shorter than expected,[71±75] the lower values
(1.94 ä) being found for some of the VIVO complexes.
There are only a few complexes with (O=)V�Ophenolate(trans)
bonds with structures characterized by X-ray diffraction,[76]


and the calculated (O=)V�Ophenolate(trans) distances are in-
termediate between those of the cis form, when the Ophenolate


is in the equatorial plane (approximately 1.9 ä), and those
of the compounds containing neutral oxygen donors, includ-
ing the HOphenolate group (approximately 2.2±2.4 ä).[73,74]


Thus, the trans influence of the Ooxo ligand is still expressed
when one compares the lengths ~1.9 and ~2.1 ä.
In agreement with the spectroscopic (EPR and NMR) re-


sults, the DFT calculations indicate that, for each stoichiom-
etry [ML], [MLH], and [MLH2] (M=VIVO and VVO2) there
are several isomeric structures corresponding to similar en-
ergies. For the VIVO complexes the binding modes corre-
spond to structures V±IX included in Scheme 2, and the
only one that appears to be energetically disfavored corre-
sponds to structure VII. Nevertheless, for each stoichiome-
try at least three types of isomers may exist in solution with
Ak


est values of either 158 or 164±5î10�4 cm�1. This is in
good agreement with the experimental values (Figure 4 and
Table 2), which showed the existence of two distinct signals
with Ak values of 157±8 and 164±6î10


�4 cm�1 in the pH
range 2±8, that is, also for all stoichiometries.
For the VVO2 complexes all types of isomers considered


in the DFT calculations (binding modes III±IV in Scheme 2)
correspond to similar energies. The maximum energy differ-
ence found was 14.6kJ mol�1 (3.5 kcalmol�1), and this for
two isomers of the [VVO2LH] stoichiometry with equal bind-
ing mode (structure IV: b-cisH(AH) and b-cisH(BH) in
Scheme 3), and differing in the type of pyridine-N atom that
is protonated.


Conclusion


The Schiff-base ligand of pyridoxal and ethylenediamine, 1,
and its hydrolytically more stable reduced derivative 2
proved to be efficient binders of both vanadium(iv) and va-
nadium(v). X-ray diffraction studies show the Schiff base
pyr2en and the reduced Schiff base Rpyr2en with strong in-
tramolecular hydrogen bonds. Several VIVO and VVO2 com-
plexes of these and related ligands were prepared and their
properties studied. One of these, namely [VVO2(HRpy-
r2en)], was isolated in crystalline form and structurally char-
acterized by X-ray diffraction. Both pyr2en and Rpyr2en
were found to form basically similar complexes, the tetra-
dentate coordination of the ligands through 2îOphenolate and
2îNamine/imine being the predominant binding mode. [V


IVO-
(pyridoxaminato)2] was also characterized and involves one
of the vitamin B6 forms as the ligand, the binding mode
being similar.
IR and magnetic susceptibility measurements with the


VIVO complex of the reduced SB revealed weak V=O¥¥¥¥V=
O interactions between the metal ion centers, which are not
present in the corresponding complex formed with the
Schiff base.
The acid±base properties of the ligands, and complexation


with VIVO2+ and VVO2
+ in aqueous solution were studied


by pH-potentiometry, visible absorption, EPR, 1H and 51V
NMR spectroscopy. We highlight the differences in the bind-
ing abilities of the SB and its reduced derivative towards
both VIVO2+ and VVO2


+ , which is clearly demonstrated by
the values of the proton displacement constants (K*) char-
acteristic to the formation equilibrium: VIVO2+ + H6L


4+


Ð[VIVOLH2]
2+ + 4H+ ; the logK* values are �14.1 and


�5.63 for pyr2en and Rpyr2en, respectively. This difference
in the stability may probably be explained by the much
higher flexibility of the reduced Schiff base ligand, lacking
the �C=N double bonds, thus resulting in significantly less
strain and/or better ligand±metal orbital overlap in the com-
plexes formed. The Schiff base may also hydrolyze, and this
was confirmed by both solution studies and X-ray character-
ization of [(VVO2)2(pyren)2]¥2H2O, containing the half Schiff
base pyren� as ligand.
EPR (VIVO±Rpyr2en system) and 1H and 51V NMR


(VVO2±Rpyr2en system) studies indicated the presence of
various isomeric species in solution. The combined quantita-
tive treatment of the pH-metric and spectral data provided
the complete description of the equilibrium system. It was
shown that distinct species result from the protonation/de-
protonation of the NH+


pyridine of the ligand. For the V
VO2±


Rpyr2en system microequilibrium constants between seven
types of complexes were calculated from the measured 1H
and 51V NMR chemical shifts. DFT calculations provided
sensible molecular structures, and energy values for the vari-
ous isomers, confirming the assumptions made on the EPR
and NMR data.
Overall the present systems are remarkable examples of


the complexity of the types of isomers that may form in sol-
utions of VIVO and VVO2 complexes (and indeed in many
other metal±ligand systems), and how pH-potentiometry,
spectroscopy, DFT calculations, and handling of the experi-
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mental data may be used to characterize the systems in solu-
tion.
The complexes prepared are slightly soluble in water and


the order of stability of the complexes formed is pyridoxa-
mine<H2pyr2en<H2Rpyr2en. Pyridoxal and pyridoxamine
are forms of vitamin B6 and are nontoxic metabolites. Their
vanadium complexes may therefore be good candidates for
therapeutic use. Toxicity, insulin-mimetic, and other biologi-
cal studies of these vanadium complexes are in progress.


Experimental Section


Materials : All chemicals used for the synthetic work were obtained from
Merck, Sigma-Aldrich or Calbiochem were of reagent grade. They were
used without further purification.


Synthesis of the ligands


Preparation of H2pyr2en (1): Pyridoxal¥HCl (2.24 g, 11 mmol) was dis-
solved in H2O (40 mL) and the pH was set to 6.5 by addition of concen-
trated KOH. Ethylenediamine (0.334 mL, 5 mmol) dissolved in ethanol
(5 mL) was added dropwise to the pyridoxal suspension. The mixture was
stirred under reflux for 1 h. The yellow precipitate formed was separated
by filtration, washed with H2O, ethanol, and diethyl ether, and dried
under vacuum. Yield: 97%; elemental analysis calcd (%) for C18H22N4O4:
C 60.32, H 6.19, N 15.63; found: C 60.6, H 6.3, N 15.7; MS: m/z : 358;
NMR (D2O) (pH~4.3): d=2.49 (s, 6H; CH3), 3.31 (s, 4H; CH2�OH), 5.1
(dd, 4H; -CH2CH2-), 6.58 (s, 2H; CH=N), 7.77 (s, 2H; CHaromatic). The
solution of the filtrate was kept at room temperature; after several weeks
yellow crystals suitable for X-ray diffraction were collected.


Preparation of H2Rpyr2en (2): NaBH4 (0.11 g, 3.00 mmol) dissolved in
methanol containing KOH was added to a suspension of H2pyr2en
(1.00 g, 2.79 mmol) in methanol/chloroform (3:2, 50 mL). The mixture
was stirred at about 5 8C overnight, and the yellow solution turned color-
less. HCl (2m) was added until pH 4±5 was reached, and the solution was
stirred for 2 h. The pH was then increased to 10 by addition of KOH
(3m). The white precipitate was filtered, washed with water, ethanol, and
diethyl ether, and dried under vacuum. Yield: 60%; elemental analysis
calcd (%) for C18H26N4O4: C 59.65, H 7.23, N 15.35; found: C 59.5, H 7.3,
N 15.4; NMR (D2O) (pH~4.8): d=2.41 (s, 6H; CH3), 3.35 (s, 4H; -
CH2CH2-), 4.35 (s, 4H; CH2NH), 4.63 (s, 4H; CH2OH), 7.62 (s, 2H;
CHaromatic). From the solution of the filtrate, kept at room temperature
for two weeks, colorless crystals were collected and characterized by X-
ray diffraction.


Synthesis of the vanadium complexes: All reactions were carried out
under a nitrogen atmosphere. The procedure for the synthesis of all VIVO
complexes was similar: the ligand (1 equiv) was dissolved in an alcoholic
solvent (or a methanol/water mixture) and sodium acetate (2 equiv) was
added. Then 1.1 equivalents of the vanadium salt (either chloride or sul-
fate) dissolved in water were slowly added and the pH was set to 7.5±8
by addition of 3m KOH. After precipitation of the complex, the solution
was filtered, washed, and dried under vacuum.


Crystals of [VVO2(HRpyr2en)] (4): The pH of a solution containing
H2Rpyr2en (3 mm) and KVO3 (3 mm) was adjusted to about 7 by addition
of 0.2m KOH. After about 24 h at room temperature yellow crystals suit-
able for X-ray diffraction were collected.


Preparation of [VIVO(pyr2en)] (5): A dark green solid was obtained.
Yield: 91%; elemental analysis calcd (%) for C18H20N4O5V¥2.4H2O {for-
mulation: [VIVO(pyr2en)]¥2.4H2O}: C 46.34; H 5.36, N 12.01; found: C
46.0, H 5.2, N 11.8.


Preparation of [VIVO(Rpyr2en)] (6): A pink solid was obtained. Yield:
75%; elemental analysis calcd (%) for C18H24N4O5V¥2.5H2O {formula-
tion: [VIVO(R-pyr2en)]¥2.5H2O}: C 45.77, H 6.19, N 11.86; found: C 45.5,
H 6.2, N 11.6.


Preparation of [VIVO(pyrN)2] (7): The ratio L:M was 2:1. A light pink
precipitate was obtained. Yield: 52%; elemental analysis calcd (%) for
C16H22N4O5V¥6H2O {formulation: [VIVO(pyrN)2]¥6H2O}: C 37.73, H 6.73,
N 11.00; found: C 37.4, H 6.6, N 10.6.


Preparation of [VIVO(Me-pyrN)2] (8): The Schiff base Me-pyrN was
formed in situ by reaction of pyridoxal¥HCl (1 equiv) with methylamine
(1 equiv). In the end an orange compound precipitated. Yield: 65%; ele-
mental analysis calcd (%) for C18H22N4O5V¥2.5H2O {formulation:
[VIVO(Me-pyrN)2]¥2.5H2O}: C 45.96, H 5.79, N 11.91; found: C 46.2, H
5.9, N 11.6.


Crystals of [(VVO2)2(pyren)2]¥2H2O (9): After about two weeks, some
crystals were formed from the filtrate obtained in the preparation of 5,
which was left in a flask and in contact with air at about 4 8C. These were
collected and characterized by X-ray diffraction.


Physical and spectroscopic studies : IR spectra were recorded with a
BioRad FTS 3000 MX FTIR spectrometer. Visible spectra were recorded
either with a Hitachi U-2000 or a Perkin-Elmer Lambda 9 UV/VIS/NIR
spectrophotometer. The EPR spectra were recorded at 77 K (on glasses
made by freezing solutions in liquid nitrogen) with a Bruker ESP 300E
X-band spectrometer. The magnetic susceptibilities were measured in the
range 5±296 K using a 7-Tesla Faraday Oxford Instruments system cou-
pled to a Sartorius S3D-V microbalance. The 1H and 51V NMR spectra
were obtained on a Varian Unity-500 NMR Spectrometer operating at
499.824, and 131.404 MHz, respectively, using a 5-mm broad band probe
and a controlled temperature unit set at 25�1 8C. The 2D COSY,
NOESY, ROESY, and TOCSY spectra were also obtained at 25�1 8C,
on the same NMR spectrometer using the same 5-mm broad band probe.


X-ray crystal structure determination of 1, 4, and 9 : For the three com-
pounds data were collected on a MACH3 Enraf-Nonius diffractometer
with Mo graphite-monochromated radiation. The crystal structures were
solved by direct methods (program SIR97[77]) and refined by
SHELXL97,[78] all in the package WinGX-Version 1.64.03b.[79] All non-
hydrogen atoms were refined anisotropically and hydrogen atoms for 1
and 9 that were located in the Fourier maps were refined isotropically. In
compound 4 the hydrogen atoms were included in calculated positions
and allowed to be refined, while riding on the parent C atom, except for
the nitrogen and the water hydrogen atoms, which were located and re-
fined isotropically with some constraints. Further details of the crystal
structure determinations are given in Table 4 and in the Supporting Infor-
mation (SI-1). Graphical representations were prepared by using ORTE-
PIII[77] and SCHAKAL99.[80]


X-ray crystal structure determination of 2 : Three-dimensional, room-tem-
perature X-ray data were collected on a Siemens Smart 1000CCD instru-
ment. The structures were solved by direct methods and refined by full-
matrix least-squares on F2. Hydrogen atoms were left to refine freely
with isotropic thermal parameters. Complex scattering factors were taken
from the program package SHELXTL.[81] Details are given in Table 4
and SI-1 in the Supporting Information.


Further details of the crystal structure investigations may be obtained
from the Fachinformationszentrum Karlsruhe, 76344 Eggenstein-Leo-
poldshafen, Germany (fax: (+49)7247-808-666; e-mail@crysdata fiz-
karlsruhe.de) on quoting the depository CSD-212900, CSD-212452, CSD-
212901, and CSD-212902 for compounds 1, 2, 4, and 9, respectively.


Determination of the vanadium content in samples : A procedure was de-
veloped for this purpose (see Supporting Information SI-10).


pH-potentiometric titrations : All measurements were made in water. The
purity of the ligands was checked pH-potentiometrically and the exact
concentration of solutions were determined by the Gran method.[82] The
stock solution of VIVO was prepared and standardized as reported earli-
er[83] and also as mentioned above. The H3O


+ concentration in the stock
solutions was determined by pH-potentiometry. The Vv stock solution
was prepared by dissolving KVO3 in KOH solution of known molarity
and its H3O


+ concentration was calculated. The vanadium content in the
commercial KVO3 was determined as described above.


All solutions were manipulated in an inert atmosphere (high purity N2 or
purified argon). The ionic strength was adjusted to 0.20m KCl and the
temperature was 25.0�0.1 8C. The pH was measured with an Orion
710A precision digital pH meter equipped with an Orion Ross 8103BN-
type combined glass electrode, calibrated for hydrogen ion concentration
as described earlier.[84] The ionic product of water was pKw=13.76.


Stability constants were determined by pH-metric titration of 10.0 or
25.0 mL samples. The ligand concentrations were in the range 0.0005±
0.005m (0.0005±0.01m for pyridoxamine), and the L:M ratio from 1 to 4
(2 to 12 for pyridoxamine). Titrations were normally done from pH 2.0
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until 11.5, unless very extensive hydrolysis, precipitation or very slow
equilibration was detected, with KOH solution of known concentration
(approximately 0.2m) under a purified argon atmosphere. The reversibili-
ty of the complexation reactions with VV was checked by back-titrations
(by titrating samples from basic pH with HCl solution of known concen-
tration (approximately 0.2 moldm�3)). The reproducibility of titration
points included in the evaluation was within 0.005 pH units in the whole
pH range.


The concentration stability constants bpqr= [MpLqHr]/[M]
p[L]q[H]r were


calculated by using the PSEQUAD computer program.[63] The formation
of the following VIVO±hydroxo complexes was taken into account:
[VIVO(OH)]+ , [(VIVO)2(OH)2]


2+ , [(VIVO)2(OH)5]
� , and


[VIVO(OH)3]
� .[71,85, 86] For the Vv systems the stability constants were sim-


ilarly defined, where M refers to VO2
+, not as HVO4


2� as is most usual
in the literature. The speciation of vanadate into monomeric, dimeric, tet-
rameric, pentameric, and decameric species[87] was taken into account
(see SI-11 in the Supporting Information).


UV/Vis spectroscopy: All measurements were made in water, except a
few involving the dissolution of solid complexes, mentioned in SI-3 in the
Supporting Information. The temperature was kept at 25.0�0.3 8C with
circulating water. Unless otherwise stated, by visible (Vis) spectra we
mean a representation of em values versus l [em=absorption/(bCM) where
b=optical path (either 0.1 or 1 cm cells were used) and CM= total metal
concentration]. The spectral range covered was normally 350±900 nm.


The Vis spectra were recorded changing the pH with approximately fixed
total vanadium and ligand concentrations. VIVO±H2pyr2en system: at
L:M ratios of 6:1 (CVO ~4.5 mm) and 2:1 (CVO ~5 mm); VIVO±H2Rpyr2en
system: at L:M ratios of 1:1 (CVO ~5 mm) and 2:1 (CVO~4.2 mm); VIVO±
H2(pyrN)2 system: at a L:M ratio of 10:1 (CVO~3 mm). For the VVO2±
H2Rpyr2en system the absorption spectra (380±900 nm) were recorded at
a L:M ratio of 2:1 with two vanadate concentrations: 0.8 mm (from
pH 2.0 to 11) and 3 mm (from pH 11 to 2.0).


EPR spectroscopy : In the absence of ethylene glycol a relatively broad
background was present in most of the frozen solution EPR spectra,
therefore most spectra were run with aqueous solutions containing 5%


ethylene glycol. The VIVO EPR spec-
tra were simulated using a program
from Rockenbauer.[44] The EPR spec-
tra help to elucidate which groups co-
ordinate in solution.[45, 88] For the VIVO
systems we used the additivity rule to
estimate the hyperfine coupling con-
stant Ak


est.[46]


1H and 51V NMR spectroscopy: All
NMR samples were prepared at room
temperature immediately before NMR
spectroscopic determinations. Ligand
solutions for the NMR pH titrations
were prepared in D2O (99.995%D)
weighing the appropriate amount of
the ligand to have the desired concen-
tration. The pD values of these solu-
tions were adjusted with DCl and
CO2-free NaOD solutions and meas-
ured on a Crison MicropH 2002 pH
meter with an Ingold 405M5 combined
electrode, calibrated at 20�1 8C with
standard buffers at pH 4.0 and 7.0.
The final pH values were corrected for
the deuterium isotope effect using
pH=pD�0.4.[89]


The solutions containing the Vv com-
plexes were prepared by weighing an
adequate amount of the ligand and
dissolving it in a H2O solution of the
vanadate salt of known concentration
(with 10% D2O) to obtain


51V NMR
spectra, or in a D2O solution of the VV


salt when the samples were analyzed
by one-(1D) and two-dimensional


(2D) 1H NMR spectroscopy, to have the desired L:M ratios. Several sets
of experiments as a function of pH, with different L:M ratios and total
concentrations were carried out.


The 1H and 51V and NMR chemical shifts were referenced relative to
TSS at 0 ppm and to a VOCl3 external solution at 0 ppm, respectively. A
presaturation pulse sequence was used for 1H NMR spectra to eliminate
the residual water signal. The aqueous VV±H2Rpyr2en system was also
studied by 2D 1H NMR techniques, including COSY, NOESY, TOCSY,
and ROESY, using the respective pulse sequences installed in the soft-
ware of the NMR instrument. 51V NMR acquisition parameters were:
33 kHz spectral width, 30 ms pulse width, 1 s acquisition time, and 10 Hz
line broadening. The signal intensities of the NMR resonances were ob-
tained using the program NUTS.[90]


Molecular orbital calculations : The calculations were performed with the
B3LYP HF/DFT hybrid functional as implemented in the Gaussian 98 set
of programs.[91] The functional includes a mixture of Hartree±Fock[13] ex-
change with DFT[14] exchange-correlation, given by Becke×s three param-
eter functional[92] with the Lee, Yang, and Parr correlation functional,
which includes both local and nonlocal terms.[93,94] All the optimized geo-
metries are the result of full optimizations without any symmetry con-
straints, done with model complexes with the CH3 and CH2OH substitu-
ents of the pyridoxal rings replaced by hydrogen atoms.


Spin unrestricted calculations were done to optimize all the possible iso-
mers of the VIVO complexes in the three protonation states (di-, mono-,
and deprotonated), with and without water coordinated, in a total of 32
different species. A standard LanL2DZ basis set[95±98] was used for the op-
timisations. In the case of the isomers presenting two equatorial Namine,
two equatorial Ophenolate and one axial H2O, trans to the V=O bond (struc-
ture V in Scheme 2), the B3LYP optimized structures described the H2O
coordination poorly, with long V�O(water) lengths (>2.4 ä) and en-
hanced H(water)-Ophenolate hydrogen interactions. Thus, the Barone and
Adamo one parameter functional[99] with modified Perdew±Wang ex-
change and Perdew±Wang 91 correlation[100±104] (MPW1PW91) was used
to re-optimize those complexes, since this functional is known to describe
weak interactions better than B3LYP.[105] Indeed, the structures obtained


Table 4. Crystal and structure refinement data.


H2pyr2en (1) H2Rpyr2en (2) [VO2(HRpyr2en)]¥3H2O
(4)


[(VO2)2(pyren)2]¥2H2O
(9)


empirical formula C9H11N2O2 C18H26N4O4 C18H31N4O9V C10H18N3O6V
formula weight 179.20 362.43 497.40 327.21
temperature [K] 293(2) 298(2) 293(2) 293(2)
wavelength [ä] 0.71073 0.71073 0.71073 0.71073
crystal system triclinic tetragonal monoclinic monoclinic
space group P1≈ P41212 P21/a P21/a
a [ä] 7.142(2) 8.7035(10) 7.131(3) 8.791(3)
b [ä] 7.897(3) 8.7035(10) 35.877(7) 13.650(6)
c [ä] 8.270(5) 24.120(4) 9.509(2) 12.347(5)
a [8] 72.76(2) ± ± ±
b [8] 80.87(2) ± 111.55(2) 109.140(3)
g [8] 76.72(3) ± ± ±
volume [ä3] 431.5(3) 1827.1(4) 2262.6(12) 1399.7(10)
Z 2 4 4 4
reflections col-
lected/unique


1953/1824
[R(int)=0.1030]


11959/2255
[R(int)=0.0481]


4377/4038 [R(int)=
0.1438]


2821/2696 [R(int)=
0.0850]


refinement
method


full-matrix least-
squares on F2


full-matrix least-
squares on F2


full-matrix least-squares
on F2


full-matrix least-
squares on F2


goodness-of-fit
on F2


0.902 1.002 1.072 1.036


final R indices [I>2S(I)]
R1 0.0774 0.0417 0.0826 0.0383
wR2 0.0961 0.0845 0.1941 0.0912
R indices (all data)
R1 0.2710 0.0716 0.1396 0.0541
wR2 0.1401 0.0961 0.2386 0.0993
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in this way, and discussed in the text, present shorter V�O(water) and
longer H(water)�Ophenolate separations than the ones resulting from the
B3LYP optimizations. Single-point energy calculations with the B3LYP
functional and a standard 6±31G(d,p) basis set[106±110] were done for all
the optimized structures. Spin contamination was carefully monitored for
all the unrestricted calculations performed, and the values of <S2>
(0.7500±0.7501) indicate minor spin contamination.


All possible isomers in the three protonation states of the VVO2 com-
plexes (in a total of 10 different species) were optimized using the
B3LYP functional and a 6±31G(d,p) basis set, and their relative energies
obtained by means of single point calculations performed with the same
functional and a standard 6±311G(d,p) basis set.[111±117] NMR shielding
tensors were calculated using the Gauge-Independent Atomic Orbital
method (GIAO)[118±122] at the Hartree±Fock level using a 6±311+G(2d,p)
basis set. The calculations were done for the several VV±Rpyr2en com-
plexes, VOCl3, VO4


3�, and HVO4
2�. The calculated frequencies presented


in the text were scaled by a factor of 0.96.[68]
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Synthesis and Characterisation of n3-Octahedral [Ni36Pd8(CO)48]
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[Ni35Pt9(CO)48]
6� Clusters Displaying Unexpected Surface Segregation of Pt


Atoms and Molecular and/or Crystal Substitutional Ni/Pd and Ni/Pt Disorder
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Introduction


Most reported high-nuclearity Ni±Pd, Ni±Pt, and Pd±Pt car-
bonyl clusters exhibit a clear-cut site and composition pref-
erence of the Pd and Pt atoms that is illustrated by the stoi-


chiometric and ordered structure of [Ni13Pd13(CO)34]
4�,[1]


[Ni16Pd16(CO)40]
4�,[2] [Ni26Pd20(CO)54]


6�,[2] [Ni36Pt4(CO)45]
6�,[3,4]


[HNi38Pt6(CO)48]
5�,[5,6] [Ni24Pt14(CO)44]


4�,[7] [Ni9Pd33-
(CO)41(PPh3)6]


4�,[8] [Ni4Pd16(CO)22(PPh3)4]
2�[9] and


[H12Pd28Pt13(CO)27(PMe3)(PPh3)12].
[10] In general, the struc-


tures of the above species show that interactions among sim-
ilar atoms are maximised and the most noble metal tends to
occupy the core of the metal-atom polyhedron. However, in
the absence of site preference dictated by the geometry of
the cluster framework, M/M’ substitutional disorder has
been observed, for example, in the series of clusters of the
formula [H4�nNi12�xPtx(CO)21]


n� (n = 2±4;x�3)[12±15] and
[Ni10(Ni6�xPtx)Pt8(CO)30]


4� (x = 2).[7] Even a non-stoichio-
metric species, for example, the trimetallic [Ni20(Ni6�xPdx)-
Pd6Au6(CO)48]


6� (x = 2.1±5.5),[16] has been isolated.
The present work originates from the recognition that


high-nuclearity metal carbonyl clusters often behave as
nanosized molecular capacitors,[6,17] as well as the observa-
tion that their electronic and chemical behaviour are modu-
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Abstract: The synthesis and structure,
as well as the chemical and electro-
chemical characterisation of two new
n3-octahedral bimetallic clusters with
the general [Ni44�xMx(CO)48]


6� (M =


Pd, x = 8; M = Pt, x = 9) formula is
reported. The [Ni35Pt9(CO)48]


6� cluster
was obtained in reasonable yields
(56% based on Pt) by reaction of
[Ni6(CO)12]


2� with 1.1 equivalents of
PtII complexes, in ethyl acetate or THF
as the solvent. The [Ni36Pd8(CO)48]


6�


cluster was obtained from the related
reaction with PdII salts in THF, and
was isolated only in low yields (5±10%
based on Pd), mainly because of insuf-
ficient differential solubility of its salts.
The unit cell of the [NBu4]6[Ni35Pt9-
(CO)48] salt contains a substitutionally


Ni±Pt disordered [Ni24(Ni14�xPtx)Pt6-
(CO)48]


6� (x = 3) hexaanion. A combi-
nation of crystal and molecular disor-
der is necessary to explain the disorder-
ing observed for the Ni/Pt sites. The
unit cell of the corresponding
[Ni36Pd8(CO)48]


6� salt contains two in-
dependent [Ni30(Ni8�xPdx)Pd6(CO)48]


6�


(x = 2) hexaanions. The two display
similar substitutional Ni±Pd disorder,
which probably arises only from crystal
disorder. The structure of
[Ni36Pd8(CO)48]


6� establishes the first


similarity between the chemistry of Ni-
Pd and Ni-Pt carbonyl clusters. A com-
parison of the chemical and electro-
chemical properties of
[Ni35Pt9(CO)48]


6� with those of the re-
lated [Ni38Pt6(CO)48]


6� cluster shows
that surface colouring of the latter with
Pt atoms decreases redox as well as
protonation propensity of the cluster.
In contrast, substitution of all internal
Pt and two surface Ni with Pd atoms
preserves the protonation behaviour
and is only detrimental with respect to
its redox aptitude. A qualitative ration-
alisation of the different surface-site se-
lectivity of Pt and Pd, based on distinc-
tive interplays of M�M and M�CO
bond energies, is suggested.


Keywords: carbonyl ligands ¥
cluster compounds ¥ crystal
disorder ¥ electrochemistry ¥
structure elucidation
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lated by the metal composition, for example [Rh14�xNix-
(CO)25]


n� (x = 0, 1, 2, 5).[18]


As part of our efforts to develop more efficient molecular
capacitors, we wished to test the effect of substituting the in-
ternal Pt atoms of [Ni38Pt6(CO)48]


6� with Pd atoms, as well
as the partial exchange of surface Ni with congener Pd or Pt
atoms. We report here the synthesis, structure and chemical
behaviour of two new n3-octahedral bimetallic clusters of
[Ni35Pt9(CO)48]


6� and [Ni36Pd8(CO)48]
6� stoichiometry. The


latter establishes a first structural similarity between the car-
bonylated Ni±Pd and Ni±Pt clusters.


Results and Discussion


Synthesis and chemical characterisation of [Ni35Pt9(CO)48]
6�


and [Ni36Pd8(CO)48]
6� : Several years ago, we reported the


synthesis of [H6�nNi38Pt6(CO)48]
n� (n = 4, 5, 6) clusters by


reaction of [Ni6(CO)12]
2� with PtII reagents in acetonitrile,


according to the formal stoichiometry of Equation (1).[5]


7 ½Ni6ðCOÞ12�2� þ 6 ½PtCl4�2� ! ½Ni38Pt6ðCOÞ48�6�


þ 2 ½NiðCOÞ4� þ 2Ni2þ þ 24Cl� þ 28CO
ð1Þ


The formation of hydride derivatives was attributed to
protonation of the resulting hexaanion by any MII aqua
complex produced in the reaction solution by the presence
of humidity. More recently, a related reaction involving 1.5±
2 moles of PtII reagents per mole of [Ni6(CO)12]


2� afforded
the [Ni24Pt14(CO)44]


4� derivative.[7] The present choice of
molar ratios midway between those previously adopted for
the synthesis of [HNi38Pt6(CO)48]


5� and [Ni24Pt14(CO)44]
4� af-


fords yet another Ni±Pt species, namely, [Ni35Pt9(CO)48]
6�.


This is conveniently obtained by reaction in ethyl acetate or
THF of [NBu4]2[Ni6(CO)12] with [Pt(SEt2)2Cl2] in a 1:1.1
molar ratio. The resulting brown precipitate is slightly solu-
ble in THF and fairly soluble in acetone. As shown by IR
and ESI-MS monitoring, both solutions contain a mixture of
[Ni35Pt9(CO)48]


6� and [HNi35Pt9(CO)48]
5�. A THF solution


affords well-shaped crystals of [NBu4]6[Ni35Pt9(CO)48]¥6THF
upon standing. Crystals are obtained from the THF mother
liquor and the acetone extract only after deprotonation of
[HNi35Pt9(CO)48]


5� to [Ni35Pt9(CO)48]
6� with sodium methox-


ide and layering with hexane and isopropyl alcohol, respec-
tively. All crystalline samples show similar ESI-MS profiles
and Ni/Pt ratios of 	3.9, in close agreement with the
[Ni35Pt9(CO)48]


6� composition later established by X ray
structural analysis. The overall yield is 	60% (based on
Pt).
The [Ni35Pt9(CO)48]


6� hexaanion is partially and quantita-
tively protonated by water and diluted solutions of acids in
THF [Eq. (2)], respectively. The resulting [HNi35Pt9(CO)48]


5�


pentaanion has been isolated by precipitation with water.
Further protonation to [H2Ni35Pt9(CO)48]


4� only occurs to a
small extent, even upon addition of excess acid and is ac-
companied by decomposition.


½Ni35Pt9ðCOÞ48�6�G
Hþ ;THF


CH3CN
H½HNi35Pt9ðCOÞ48�5�G


Hþ;THF


CH3CN
H½H2Ni35Pt9ðCOÞ48�4�


nCO in THF nCO in THF nCO in THF


2001 ðsÞ 2011 ðsÞ 2023 ðsÞ
1861 ðmÞ 1873 ðmÞ 1885 ðmÞ


ð2Þ


This represents a first difference in the reactivity between
the related [Ni35Pt9(CO)48]


6� and [Ni38Pt6(CO)48]
6� clusters.


The latter, indeed, has been reversibly protonated up to the
[H3Ni38Pt6(CO)48]


3� ion. Furthermore, the tetra- and pen-
taanions have been isolated in the solid state and partially
or fully characterised by X-ray diffraction.[5,6] The
[H6�nNi35Pt9(CO)48]


n� (n = 6, 5) derivatives display IR car-
bonyl absorptions slightly, but noticeably, shifted to higher
wavenumbers with respect to their corresponding
[H6�nNi38Pt6(CO)48]


n� counterparts. This is in agreement
with a greater Pt content, which implies the presence of sur-
face Pt atoms and, consequently, Pt�CO interactions. As for
[H6�nNi38Pt6(CO)48]


n�, the hydride nature of [HNi35Pt9-
(CO)48]


5� could not be directly proven by 1H NMR spectros-
copy. The purported presence of a hydride atom is, however,
supported by circumstantial evidence, such as the occur-
rence of a protonation±deprotonation equilibrium in ionis-
ing solvents and distinctive electrochemical behaviour (see
below).
A further significant difference between [Ni38Pt6(CO)48]


6�


and [Ni35Pt9(CO)48]
6� is represented by the decreased stabili-


ty of the redox products of the latter. Indeed, chemical re-
duction of [Ni35Pt9(CO)48]


6� with sodium naphthalenide re-
versibly affords [Ni35Pt9(CO)48]


7� (nCO in THF at 1985(s)
and 1845(m) cm�1) and [Ni35Pt9(CO)48]


8� (nCO in THF at
1975(s) and 1831(m) cm�1) in sequence. These two new
anions quantitatively regenerate the parent [Ni35Pt9(CO)48]


6�


hexaanion upon oxidation with tropylium tetrafluoroborate.
As inferable from IR, [Ni35Pt9(CO)48]


7� is stable in solution
for several hours, while [Ni35Pt9(CO)48]


8� releases decompo-
sition products upon standing for a few hours. Oxidation of
[Ni35Pt9(CO)48]


6� with tropylium tetrafluoroborate in aceto-
nitrile initially gives rise to a species showing its maximum
absorptions at 2013 and 1864 cm�1, tentatively formulated as
[Ni35Pt9(CO)48]


5�. However, before completion of the oxida-
tion, a further shift of the absorption frequencies up to 2030
and 1878 cm�1 takes place. Subsequent reduction of the
latter species with sodium naphthalenide in THF does not
re-afford the parent [Ni35Pt9(CO)48]


6� compound.
The reaction of [NBu4]2[Ni6(CO)12] with [Pd(SEt2)2Cl2]


has little or no resemblance to the corresponding reaction of
[NBu4]2[Ni6(CO)12] with [Pt(SEt2)2Cl2] both in THF and in
ethyl acetate. As previously reported, the complete disap-
pearance of the IR carbonyl absorptions of [Ni6(CO)12]


2�


from the reaction solution requires the addition of more
than two moles of [Pd(SEt2)2Cl2]. Work-up of the resulting
brown suspension has so far allowed isolation of Pd-rich
[Ni16Pd16(CO)40]


4�,[2] [Ni26Pd20(CO)54]
6�[2] and


[Ni22Pd20(CO)48]
6� species. The latter probably corresponds


to the species previously isolated by Dahl and co-workers.[19]


In the attempt to isolate a [Ni44�xPdx(CO)48]
6� species, relat-


ed to [Ni38Pt6(CO)48]
6� or [Ni35Pt9(CO)48]


6�, we set up a
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series of reactions in THF between [NBu4]2[Ni6(CO)12] and
[Pd(SEt2)2Cl2] in 1:1.1±1.3 molar ratios, to keep unreacted
[Ni6(CO)12]


2� dianion still present in the solution at the end
of the reaction. The resulting brown suspension was stirred
for several days and then worked-up as follows: the residual
[Ni6(CO)12]


2� and [Ni22Pd20(CO)48]
6� salts were eliminated


by extraction in THF. The brown residue was extracted with
acetone and partially precipitated with isopropyl alcohol to
give crude [Ni16Pd16(CO)40]


4�. The mother liquor was evapo-
rated to dryness, and the residue was crystallised from ace-
tone/hexane. An X-ray diffraction study of the resulting
crystals allowed us to establish the composition as [NBu4]12-
[Ni30(Ni8�xPdx)Pd6(CO)48][Ni30(Ni8�x’Pdx’)Pd6(CO)48]¥6 (CH3)2-
CO¥C6H14 (x and x’ = 2). The yields are very poor (	5±
10% based on Pd) because of the limited differential solubil-
ity of [Ni22Pd20(CO)48]


6�, [Ni16Pd16(CO)40]
4� and


[Ni36Pd8(CO)48]
6� as their tetrabutylammonium salts. Ele-


mental analysis of the crystals gave a Ni/Pd ratio of 	4.5, as
expected for the above composition. The acetone solution of
the salt shows an IR pattern very similar to that displayed
by related bimetallic Ni-Pt hexaanions [Eq. (3)].


½Ni36Pd8ðCOÞ48�6�G
Hþ;MeCN


DMSO
H½HNi36Pd8ðCOÞ48�5�G


Hþ ;Me2CO


MeCN
H


½H2Ni36Pd8ðCOÞ48�4�


nCO in MeCN nCO in MeCN nCO in Me2CO


1990 ðsÞ 2005 ðsÞ 2015 ðsÞ
1848 ðmÞ 1857 ðmÞ 1865 ðmÞ


ð3Þ


As for [Ni35Pt9(CO)48]
6�, the [HNi36Pd8(CO)48]


5� pentaan-
ion is readily obtained by protonation of the parent hexaan-
ion with a stoichiometric amount of sulfuric acid diluted in
CH3CN solution [Eq. (3)] and has been isolated in the solid
state by precipitating with water. In contrast to [HNi35Pt9-
(CO)48]


5�, further protonation in acetone of [HNi36Pd8-
(CO)48]


5� quantitatively affords the [H2Ni36Pd8(CO)48]
4� ion


[Eq. (3)], which was isolated as described above. The hy-
dride nature of [H6�nNi36Pd8(CO)48]


n� (n = 5, 4) could not
be directly proven by 1H NMR spectroscopy. The purported
presence of hydride atoms is suggested by circumstantial
evidence, such as their deprotonation equilibria in acetoni-
trile and DMSO, respectively.
The above suggestion is also substantiated by the chemi-


cal oxidation of [Ni36Pd8(CO)48]
6� with tropylium tetrafluor-


oborate. The resulting yet uncharacterised product did not
regenerate the parent compound upon reduction.


Electrochemical behaviour of [Ni35Pt9(CO)48]
6� : The


(square-wave) voltammetric profiles of a mixture of
[Ni35Pt9(CO)48]


6� and [HNi35Pt9(CO)48]
5� in DMF just after


its dissolution and after 90 min are shown in Figure 1. Their
comparison points out that the initially present starred
peaks progressively tend to disappear on standing. Accord-
ing to the chemistry reported in Equation (2), the starred
peaks are attributed to redox processes of [HNi35Pt9-
(CO)48]


5�. This behaviour provides further circumstantial


evidence of the hydride nature of the latter. It is also dedu-
cible that the most anodic process is greatly overlapped by
the oxidation of the residual hydride complex.
The cyclic voltammetric profile of the mixture of


[Ni35Pt9(CO)48]
6� and [HNi35Pt9(CO)48]


5� after 90 min stand-
ing in DMF solution is shown in Figure 2. The


[Ni35Pt9(CO)48]
6� ion undergoes a first one-electron reduc-


tion and a first one-electron oxidation, both possessing fea-
tures of chemical (ip(return)/ip(forward) = 1) and electrochemical
(DEp	60 mV) reversibility in cyclic voltammetry. Both are
followed in turn by a second quasi-reversible one-electron
reduction and an almost irreversible multielectron oxida-
tion, respectively. The low current density made it impossi-
ble to experimentally measure the number of electrons in-
volved in each step by controlled potential coulometry. The
starred peak in Figure 2 is clearly attributable to minor
amounts of [HNi35Pt9(CO)48]


5�.
Table 1 gives the electrode potentials for the above-men-


tioned redox processes of [Ni35Pt9(CO)48]
6� and its hydride


congener [HNi35Pt9(CO)48]
5�, also in comparison with the


series [H6�nNi38Pt6(CO)48]
n� (n = 6, 5).[6] It seems evident


that substitution of Ni with Pt atoms in [H6�nNi38Pt6-
(CO)48]


n� (n = 6, 5) significantly reduces the redox flexibili-
ty of the resulting [H6�nNi35Pt9(CO)48]


n� complexes.


Figure 1. Osteryoung voltammetric profiles of an approximately 1:1 mix-
ture of [NBu4]6[Ni35Pt9(CO)48] and [NBu4]5[HNi35Pt9(CO)48] (7î
10�4 moldm�3) recorded under the following conditions: a) immediately
after its dissolution in DMF solution (c), b) after 90 min (a). Scan
rate 0.1 Vs�1, supporting electrolyte [NBu4][PF6] (0.2 moldm


�3), gold
working electrode.


Figure 2. Cyclic voltammetric profile of an approximately 1:1 mixture of
[NBu4]6[Ni35Pt9(CO)48] and [NBu4]5[HNi35Pt9(CO)48] (7î10


�4 moldm�3)
in DMF after standing for 90 min. Scan rate 0.2 Vs�1, supporting electro-
lyte [NBu4][PF6] (0.2 moldm


�3), gold electrode.
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ESI mass spectrometry studies of [NBu4]6[Ni35Pt9(CO)48]
and [NBu4]6[Ni36Pd8(CO)48]: The enormous potential of
ESI-MS (electrospray ionisation mass spectrometry) in
studying sparingly volatile neutral organometallic com-
pounds[20] and clusters,[21] as well as nonvolatile cluster salts,
has widely been recognised.[22±24] To our knowledge, the larg-
est cluster so far studied by ESI-MS is the [Os20(CO)40]


2�


dianion.[25]


A typical ESI-MS spectrum of a crystalline [NBu4]6[Ni24-
(Ni14�xPtx)Pt6(CO)48] sample roughly consists of two sets of
signals approximately located in the regions m/z 3218±2660
and 1990±1500. All multiplets falling in these regions appear
to originate from a [NBu4]6[Ni35Pt9(CO)48] salt. The multip-
lets in the m/z 3218±2660 range are all interpretable as aris-
ing from the isotopic composition of two sets of dianions of
general formula {[NBu4]m[Ni35Pt9(CO)n]}


2� (m = 1±5; n =


47 or 46) and {[NBu4]m[Ni33Pt9(CO)n]}
2� (m = 2±6; n = 45±


47). The multiplets in the m/z 1990±1500 range can be at-
tributed to a wider set of trianions, all of them generated by
the isotopic composition of the following species: {[NBu4]m-
[Ni35Pt9(CO)46]}


3� (m = 3, 2), {[NBu4]m[Ni34Pt9(CO)n]}
3� (m


= 4, 3, 1; n = 47 or 46), {[NBu4]m[Ni33Pt9(CO)n]}
3� (m = 3,


2; n = 46 or 44 or 43), {[NBu4][Ni32Pt9(CO)43]}
3�,


[Ni30Pt9(CO)46]
3�, {[NBu4]m[Ni29Pt9(CO)n]}


3� (m = 2, 1, 0; n
= 44 or 43). A comparison between the most intense peak
of each multiplet and the calculated average molecular
weight is reported in Table 2. No spurious peak, originating
from Ni±Pt carbonylated species other than
[Ni35Pt9(CO)48]


6� could be identified. It is, therefore, con-
cluded that the [Ni35Pt9(CO)48]


6� salts mainly undergo
cation, CO and/or [Ni(CO)x] elimination as preferential
fragmentation processes. The final [Ni29Pt9(CO)44]


n� ion is
probably related to the known truncated octahedral
[Ni24Pt14(CO)44]


4�[7] cluster. Moreover, since all observed
multiplets can be attributed to ions all featuring nine Pt
atoms, this rules out the presence of compositionally differ-
ent [Ni24(Ni14�xPtx)Pt6(CO)48]


6� (14�x�0) congener ions
with a distribution giving rise to an average x value of 3.
Related investigations aimed at investigating ESI-MS sig-


nals of [NBu4]n[H6�nNi36Pd8(CO)48] (n = 4±6) salts met no
success on account of complete fragmentation into meaning-
less low molecular-weight species.


X-ray structure of [NBu4]6[Ni35Pt9(CO)48]¥6THF showing
the presence of a substitutionally Ni/Pt disordered [Ni24-
(Ni14�xPtx)Pt6(CO)48]


6� ion : The asymmetric unit of the
[NBu4]6[Ni35Pt9(CO)48]¥6THF salt contains one half anion
located on a crystallographic centre of symmetry, three
[NBu4]


+ ions and three THF molecules. The overall struc-


ture of the [Ni35Pt9(CO)48]
6� ion is very similar to that previ-


ously ascertained for the [HNi38Pt6(CO)48]
5� ion and has


been refined as a substitutional Ni/Pt disordered [Ni24-
(Ni14�xPtx)Pt6(CO)48]


6� (x = 3; see the Experimental Sec-
tion) ion. As shown in Figure 3a, the metal framework con-
sists of a [Ni24(Ni14�xPtx)] n3 octahedron encapsulating a Pt6
octahedron. In Figure 3 (as well as Figure 4) Ni and Pt sites
are shown in yellow and blue, respectively, while disordered
Ni/Pt sites are shown in magenta (Ni/Pt = 0.57/0.43) and
green (Ni/Pt = 0.93/0.07). A different view of the metal
framework of the above cluster ion is given in Figure 3b. It
shows the metal atom aggregation as four close-packed
layers giving rise to a fragment with a cubic close packing
structure (the one adopted by both metals in the bulk). This
second view shows that two opposite faces of the n3 octahe-
dron (top and bottom faces of Figure 3b) differentiate from
the other six as they are uniquely composed of nickel atoms,
while all sites but four of the two internal layers are more or
less involved in Pt segregation. This could suggest a sand-
wich segregation of Ni and Pt along the idealised C3 axis
perpendicular to the top face. A Pt-Ni-Pt oscillatory layer-
dependent segregation has been observed for (111) surfaces


Table 1. Formal electrode potentials [V, versus SCE] measured by Osteryoung square-wave voltammetry for the redox processes exhibited by
[Ni35Pt9(CO)48]


6� and [Ni38Pt6(CO)48]
6�[6] in DMF solution.


Complex E8’3�/4� E8’4�/5� E8’5�/6� E8’6�/7� E8’7�/8� E8’8�/9� E8’9�/10�


[Ni35Pt9(CO)48]
6� �0.23[a] �0.63 �1.03 �1.43


[HNi35Pt9(CO)48]
5� �0.30 �0.73 �1.17 �1.38


[Ni38Pt6(CO)48]
6� �0.62 �0.97 �1.29 �1.54 �1.75


[HNi38Pt6(CO)48]
5� �0.61 �0.98 �1.28 �1.55


[a] Assumed to be a one-electron process; see text.


Table 2. Ions found in the ESI mass spectrum of [Ni35Pt9(CO)48]
6�.


m/z Rel. int. Ion MW/z


3218 10 {[N(C4H9)4]6[Ni33Pt9(CO)46]}
2� 3217.9


3165 10 {[N(C4H9)4]5[Ni35Pt9(CO)47]}
2� 3169.4


3108 14 {[N(C4H9)4]5[Ni33Pt9(CO)47]}
2� 3110.6


3098 20 {[N(C4H9)4]5[Ni33Pt9(CO)46]}
2� 3096.7


3044 20 {[N(C4H9)4]4[Ni35Pt9(CO)47]}
2� 3048.2


2972 17 {[N(C4H9)4]4[Ni33Pt9(CO)46]}
2� 2975.5


2923 30 {[N(C4H9)4]3[Ni35Pt9(CO)47]}
2� 2926.9


2908 28 {[N(C4H9)4]3[Ni35Pt9(CO)46]}
2� 2912.9


2853 26 {[N(C4H9)4]3[Ni33Pt9(CO)46]}
2� 2854.2


2784 21 {[N(C4H9)4]2[Ni35Pt9(CO)45]}
2� 2777.7


2717 17 {[N(C4H9)4]2[Ni33Pt9(CO)45]}
2� 2718.9


2670 10 {[N(C4H9)4][Ni35Pt9(CO)46]}
2� 2670.5


1987 20 {[N(C4H9)4]4[Ni34Pt9(CO)44]}
3� 1984.5


1942 23 {[N(C4H9)4]3[Ni35Pt9(CO)46]}
3� 1941.9


1932 35 {[N(C4H9)4]3[Ni34Pt9(CO)47]}
3� 1931.7


1896 38 {[N(C4H9)4]3[Ni33Pt9(CO)45]}
3� 1893.5


1860 60 {[N(C4H9)4]2[Ni35Pt9(CO)46]}
3� 1861.1


1813 86 {[N(C4H9)4]2[Ni34Pt9(CO)43]}
3� 1813.5


1769 100 {[N(C4H9)4][Ni34Pt9(CO)47]}
3� 1770.1


1725 85 {[N(C4H9)4]2[Ni29Pt9(CO)44]}
3� 1725.1


1722 78 {[N(C4H9)4][Ni33Pt9(CO)44]}
3� 1722.5


1689 71 {[N(C4H9)4][Ni32Pt9(CO)43]}
3� 1693.6


1644 47 {[N(C4H9)4][Ni29Pt9(CO)44]}
3� 1644.2


1635 30 {[N(C4H9)4][Ni29Pt9(CO)43]}
3� 1634.9


1599 25 {[Ni30Pt9(CO)46]}
3� 1601.6


1561 18 {[Ni29Pt9(CO)44]}
3� 1563.4
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of Ni±Pt alloys,[26] whereas a reversed Ni-Pt-Ni oscillatory
enrichment has been found for the three uppermost (110)
layers of the same Ni-Pt bulk alloys by LEED experi-
ments.[27] The interpretations offered for the above surface-
sandwich segregation[28,29] do not apply to the present case.
The whole structure of the [Ni24(Ni14�xPtx)Pt6(CO)48]


6� ion
is shown in Figure 4, and the average values and the ranges
of most significant interatomic distances are collected in
Table 3. The carbonyl groups may be roughly classified as
terminal (18), edge-bridging (12) and face-bridging (18) li-
gands. However, some edge- and face-bridging carbonyl
groups are so unsymmetrical that they could be alternatively
described as terminal ligands that lean towards one or two


neighbouring metal atoms, or as edge-bridging ligands that
lean towards a third metal. This is particularly relevant for
face-bridging ligands that consequently show the widest
range of M±C interactions. In detail, each Ni vertex of the
n3 octahedron is bound to one terminal and two edge-bridg-
ing ligands. The atoms centring the eight n3-triangular faces
of the octahedron are divided into three sets: a pair of
metal atoms, centring the top and bottom faces of the n3 oc-
tahedron, as shown in Figure 3b, is bound to two face-bridg-
ing carbonyl groups and loosely interacts with a third. The
three are coordinated to alternate triangular faces sharing a
common Ni centre. Of the six atoms centring the remaining
six faces, four are disordered Ni/Pt sites displaying either
0.43 (two sites) or 0.07 (two sites) Pt fractions and two are
Ni atoms. All them are roughly bound to two face-bridging
carbonyl groups capping two opposite triangular faces. How-
ever, the two Ni and the two Ni/Pt sites featuring a 0.07 Pt
fraction are bonded to two symmetrical face-bridging car-
bonyl groups, whereas for the two Ni/Pt featuring a 0.43 Pt
fraction, one of the two face-bridging carbonyls is so unsym-
metrical that it could be alternatively classified as a terminal


ligand leaning towards a pair of
Ni atoms.
The twelve pairs of edge-sites


of the n3 octahedron are also
divided in two sets: the six pairs
of Ni atoms belonging to the
top and bottom face are bound
to one edge and two face-bridg-
ing ligands. The remaining six
pairs of metal sites belonging to
the two inner layers are bound
to one face-bridging ligand and
one terminal ligand. Of these,
four pairs are disordered Ni/Pt
sites.


Figure 3. Two views of the substitutionally Ni/Pt disordered metal frame
of [Ni24(Ni14�xPtx)Pt6(CO)48]


6� (x = 3), (Ni = yellow, Pt = blue, Ni/Pt
(	57:43) magenta, Ni/Pt (	93:7) green).


Figure 4. The whole structure of the [Ni24(Ni14�xPtx)Pt6(CO)48]
6� ion (x =


3; colours as in Figure 3).


Table 3. Average M�M bond lengths and corresponding individual ranges [ä] for [Ni24(Ni14�xPtx)Pt6(CO)48]
6�


(x = 3), A, [Ni30(Ni8�xPdx)Pd6(CO)48]
6� (x = 2, first ion), B, and [Ni30(Ni8�xPdx)Pd6(CO)48]


6� (x = 2, second
ion), C.[a]


A B C


Av Range Av Range Av Range
M�M 2.728 2.717(1)±2.740(1) 2.693 2.680(1)±2.706(2) 2.705 2.693(1)±2.719(1)
M�Ni 2.658 2.600(1)±2.735(1) 2.568 2.525(1)±2.615(1) 2.576 2.525 (1)±2.626(1)
Ni�Ni 2.566 2.430(3)±2.767(3) 2.568 2.400(2)±2.812(2) 2.572 2.406(2)±2.839(2)
Ni/M�M 2.651 2.578(2)±2.736(1) 2.719 2.642(1)±2.859(2) 2.719 2.651(1)±2.860(2)
Ni/M�Ni 2.647 2.592(2)±2.733(2) 2.592 2.511(1)±2.634(1) 2.599 2.514(1)±2.643(1)
Ni/M�Ni/M 2.667 2.614(2)±2.731(1) ± ± ± ±
Ni�Ct or Ni/M�Ct 1.75 1.69(1)±1.79(1) 1.77 1.76(1)±1.78(1) 1.77 1.75(1)±1.78(1)
Ni�Ceb or Ni/M�Ceb 1.90 1.82(2)±1.99(2) 1.90 1.85(1)±1.95(1) 1.90 1.84(1)±1.95(1)
Ni�Cfb or Ni/M�Cfb 1.96 1.65(7)±2.12(2) 1.99 1.87(1)±2.16(1) 2.00 1.88(1)±2.18(1)


[a] t = terminal, eb = edge-bridging, fb = face-bridging
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X-ray structure of [NBu4]12[Ni30(Ni8�xPdx)Pd6(CO)48][Ni30-
(Ni8�x’Pdx’)Pd6(CO)48]¥6 (CH3)2CO¥C6H14 (x and x’ = 2): The
asymmetric unit of the [NBu4]12[Ni30(Ni8�xPdx)Pd6(CO)48]
[Ni30(Ni8�x’Pdx’)Pd6(CO)48]¥6 (CH3)2CO¥C6H14 (x and x’ = 2)
salt contains two independent half-anions, six [NBu4]


+ ions,
three acetone molecules and a half molecule of n-hexane.
The overall structures of the two independent
[Ni36Pd8(CO)48]


6� ions are very similar and the two ions only
slightly differ in the relative Pd fraction found in each sub-
stitutionally Ni/Pd disordered site. That is the reason to
keep the x and x’ notation. Both ions consist of a [Ni30-
(Ni8�xPdx)] n3 octahedron encapsulating a Pd6 octahedron.
For both ions, the disordered sites are those centring the
eight triangular faces of the n3-octahedral moiety. As a con-
sequence, only a pictorial representation of the metal frame-
work of the first ion is given in Figure 5, where Ni and Pd


sites are shown in yellow and blue, whereas disordered Ni/
Pd sites are shown in different colours roughly according
with their Pd fractions. The refined Pd fraction of four sur-
face sites (orange spheres in Figures 5 and 6) of each ion is
very small (0.05±0.1). Nevertheless, we decided to take it
into account after refining other alternative models (see the
Experimental Section).
The whole structures of the two [Ni30(Ni8�xPdx)Pd6-


(CO)48]
6� ions are also practically identical; only that of the


first ion is reported in Figure 6. The most significant intera-
tomic distances of both ions are collected in Table 3. The
overall distribution and stereochemistry of the CO groups is
almost coincident with that just described for
[Ni35Pt9(CO)48]


6�. However, the underlying metal distribu-
tion is different: each Ni vertex of the n3 octahedron is
bound to one terminal and two edge-bridging ligands. The
atoms centring the eight n3-triangular faces of the octahe-
dron are divided in two sets. A pair of metal atoms, centring
two opposite faces of the n3 octahedron, is bound to three
symmetrical face-bridging carbonyl groups coordinated to
three alternate triangular faces. These sites (magenta
spheres) are the Ni/Pd disordered sites with the highest Pd
fraction (0.63 and 0.72 in the two independent ions, respec-
tively). The atoms centring the remaining six faces are all
disordered Ni/Pd sites displaying Pd fractions (values in pa-


renthesis refer to the second ion) of 0.17 (0.18), 0.1 (0.05)
and 0.1 (0.05). All of them are bound to two face-bridging
carbonyl groups coordinated to two opposite triangular
faces. The 24 edge sites are Ni atoms and may be divided in
two sets: those belonging to the top and bottom face are
bound to one edge- and two face-bridging CO ligands.
Those belonging to the interlayer edges are bound to one
terminal and one face-bridging ligand.


Analysis of the substitutional Ni/Pt and Ni/Pd disorder
of [NBu4]6[Ni24(Ni14�xPtx)Pt6(CO)48]¥6THF (x = 3)
and [NBu4]12[Ni30(Ni8�xPdx)Pd6(CO)48][Ni30(Ni8�x’Pdx’)Pd6-
(CO)48]¥6 (CH3)2CO¥C6H14 (x and x’ = 2): The observed sub-
stitutional Ni/Pt and Ni/Pd disorder of [Ni24(Ni14�xPtx)Pt6-
(CO)48]


6� (x = 3) and [Ni30(Ni8�xPdx)Pd6(CO)48] (x = 2)
could have several contrasting explanations. In principle, it
could also be caused by the presence of co-crystallised mix-
tures of compositionally different [Ni44�xMx(CO)48]


6� (M =


Pd or Pt) species giving the observed overall x values. Limit-
ed to [Ni24(Ni14�xPtx)Pt6(CO)48]


6�, the above possibility is ex-
cluded by ESI-MS experiments. The observed Ni/Pt disorder
can only be caused by the presence in the crystal either of
different [Ni35Pt9(CO)48]


6� stereoisomers (molecular disor-
der), or random orientation of a single stereoisomer (crystal
disorder), or an entanglement of both. The latter is clearly
the case for [Ni35Pt9(CO)48]


6�. Crystal disorder is implied by
the presence of a crystallographic centre of symmetry, which
cannot be featured by any stereoisomer having an odd
number (3) of surface Pt atoms. In view of the differences in
the experimental Ni/Pt fractional distributions, the disor-
dered sites may be classified into two distinct groups. A ste-
reoisomer featuring three Pt atoms distributed over the six
magenta sites of Figure 3 (either as three neighbouring
atoms on one face or as a single and a pair of atoms distrib-
uted over two faces) is formally sufficient to interpret the
Ni/Pt disordered sites of the first group. A crystallographic


Figure 5. The substitutionally Ni/Pd disordered metal frame of [Ni30-
(Ni8�xPdx)Pd6(CO)48]


6� (x = 2, first ion), (Ni = yellow, Pd = blue, Ni/Pd
(	37:63) magenta, Ni/Pd (	83:17) green), Ni/Pd (	90:10) orange.


Figure 6. The whole structure of the [Ni30(Ni8�xPdx)Pd6(CO)48]
6� ion (x = 2,


first ion; colours as in Figure 5).
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centre of symmetry is assumed to be generated by associa-
tion in the crystal lattice of the above stereoisomers as such
or upside down and mirrored owing to random molecular-
ion recognition of the two faces uniquely composed by Ni
atoms.
The second group of disordered Ni/Pt sites can be ex-


plained by random distribution of three Pt atoms over eight
sites (16 independent stereoisomers). As above, these ster-
eoisomers randomly enter the crystal as such and are rotat-
ed by 608 and mirrored. An overall occurrence frequency of
86 and 14% of the two groups of stereoisomers would
match the experimental Pt fractions.
The formal interpretation of the substitutional Ni/Pd dis-


order of [Ni36Pd8(CO)48]
6� is straightforward. A single ster-


eoisomer that has two opposite n3-triangular faces centred
by Pd atoms and has a molecular centre of symmetry is suf-
ficient. This is assumed to enter in the lattice according to
the four possible orientations of the idealised C3 axes of the
n3-octahedral moiety, with a percentage corresponding to
the experimental Pd fraction found in both ions.


Conclusion


The structures of [Ni35Pt9(CO)48]
6� and [Ni36Pd8(CO)48]


6� es-
tablish the first similarity between the Ni±Pt and Ni±Pd car-
bonylated clusters. A comparison between the chemical and
electrochemical properties of [H6�nNi35Pt9(CO)48]


n� and
[H6�nNi38Pt6(CO)48]


n� (n = 5, 6) indicates that surface Pt
atoms decrease the propensity of the cluster to partially sub-
stitute its free negative charge with hydride atoms and limit
the range of n values of the non-isoelectronic series of
[Ni35Pt9(CO)48]


n� derivatives. Therefore, it seems conceiva-
ble to speculate that the truncated octahedral structures of
[Ni24Pt14(CO)44]


4�[7] and [Pt38(CO)44]
2�[30] directly ensue from


a progressive destabilisation of the [Ni44�xPtx] n3 octahedron
as the amount of Pt increases. The effect of Pd seems to be
different. The propensity to give several isoelectronic
[H6�nNi36Pd8(CO)48]


n� (n = 3±5) hydride derivatives is
maintained. However, the probable intrinsic weakness of all
bonds involving Pd precludes the possible existence of
stable [Ni36Pd8(CO)48]


n� (n¼6 6) species.
The different site-selectivity of surface Pd and Pt atoms


deserves some comment. Although the carbonyl stereo-
chemistry of the [Ni44�xMx(CO)48]


6� (M = Pt, x = 6, 9; M
= Pd, x = 8) series of compounds is almost identical, coor-
dination with CO of the metal atoms centring the n3-triangu-
lar faces shows small, but interesting, differences as a func-
tion of their Ni, Pd or Pt prevalent identities. Thus, Pd
atoms are bonded to three symmetrical face-bridging li-
gands, Ni atoms bind two symmetrical face-bridging ligands
and weakly interacts with an edge-bridging CO (Ni¥¥¥C =


2.36 ä), and Pt atoms are bonded to one symmetrical and
one unsymmetrical triply bridging carbonyl group. The coor-
dination difference between Pd and Ni could probably be
caused by the smaller size of the latter and the C¥¥¥C non-
bonding repulsions among three symmetrical three-fold li-
gands bound to a common Ni atom. Indeed, the C¥¥¥C and
O¥¥¥O non-bonding contacts of the above three-fold carbonyl


groups are in the 2.9±3.1 and 3.1±3.2 ä ranges, respectively.
However, the lower coordination of Pt should stem from
electronic factors. The coordination of the Ni, Pd and Pt
metal atoms centring the n3-triangular faces of [HNi38Pt6-
(CO)48]


5�,[5] [Ni24(Ni14�xPtx)Pt6(CO)48]
6�, [Ni30(Ni8�xPdx)Pd6-


(CO)48]
6�, as well as the [Ni24Pt14(CO)44]


4�[7] and
[Pt38(CO)44]


2�[30] pair of compounds, nicely matches the CO
adsorption behaviour of corresponding terrace atoms be-
longing to close-packed (111) surface layers of Ni, Pd and Pt
crystals. At 1=3 CO coverage, both experimental and theoreti-
cal results indicate that Pd is bound three-fold, Ni two- and
three-fold and Pt on-top of CO, respectively.[31,32] The differ-
ent coordination preference of CO onto Pd and Pt surfaces
seems to be particularly significant to understand Pd and Pt
surface segregation in the present clusters. Thus, optimisa-
tion of the metal cohesive energy of a bare [Ni36Pd8] cluster
would segregate surface Pd atoms onto the edges. The n3-
edge atoms of the above clusters display two types of coor-
dination with CO: one edge and two face bridges or one ter-
minal and one face-bridging ligand. The latter coordination
seems particularly unlikely for palladium. As a compromise
between M�M and M�CO bonding interactions, the Pd
atoms are segregated in the centres of the n3 faces, preferen-
tially where a coordination with three three-fold carbonyl
groups is attainable. In contrast, optimisation of metal cohe-
sive energy in a bare [Ni35Pt9] cluster would segregate sur-
face Pt atoms in the centres of the n3 faces. However, attain-
ment of the most favourable binding properties of Pt with
CO would lead these atoms to segregate onto the n3-edge
sites of the second type or in the lowest CO-coordinated
face-centring sites, as experimentally observed. Therefore,
the observed surface segregation of Pd and Pt in the above
carbonyl clusters seems to derive from a subtle compromise
between optimisation of M�M and M�CO interactions and
could be of some significance in interpreting metal migra-
tion, chemiadsorption and catalytic behaviour of Ni±Pd and
Ni±Pt alloy particles.[29,32]


Experimental Section


All reactions and sample manipulations were carried out using standard
Schlenk techniques under nitrogen and in dried solvents. The
[Ni6(CO)12]


2� salts have been prepared according to the literature.[33]


Analyses of Ni, Pd and Pt were performed by atomic absorption on a
Pye-Unicam instrument. Analyses of C, H and N were obtained with a
ThermoQuest FlashEA 1112NC instrument. IR spectra were recorded
on a Perkin Elmer1605 interferometer in CaF2 cells. Proton NMR spec-
tra were recorded on a Varian Gemini 300 MHz instrument, and ESI
mass spectra were determined on a Waters Micromass ZQ4000 instru-
ment. Materials and apparatus for electrochemistry have been described
elsewhere.[6] The figures were drawn with SCHAKAL99.[34]


Synthesis of [NBu4]6[Ni35Pt9(CO)48]: [Pt(SEt2)2Cl2] (1.20 g, 2.7 mmol) was
added in portions to a solution of [NBu4]2[Ni6(CO)12] (2.62 g, 2.24 mmol)
in ethyl acetate (60 mL) with stirring. The mixture was left to react for
48 h, and the resulting dark brown suspension was filtered and evaporat-
ed to dryness. The residue was thoroughly washed with water (40 mL)
and then with isopropyl alcohol (30 mL). The residual brown material
was extracted in THF (30 mL) and then in acetone (50 mL). The THF
solution afforded black plates of [NBu4]6[Ni35Pt9(CO)48]¥6THF on stand-
ing (	0.08 g). An additional 1.10 g of [NBu4]6[Ni35Pt9(CO)48]¥xMe2CO
was precipitated from the acetone solution by treating it with a few drops
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of sodium methoxide in methanol followed by layering with n-heptane
(40 mL). The overall yield was 	60% based on Pt. The salt is soluble in
acetone, acetonitrile, DMF, DMSO, less soluble in THF, sparingly soluble
in alcohols and insoluble in non-polar solvents. Elemental analysis calcd
(%) for [NBu4]6[Ni35Pt9(CO)48]¥6THF: C 28.65, H 3.78, N 1.19, Ni 29.17,
Pt 24.93; found: C 28.53, H 3.86, N 1.14, Ni 28.87, Pt 24.52.


Synthesis of [NBu4]6[Ni36Pd8(CO)48]: [Pd(SEt2)2Cl2] (0.82 g, 2.29 mmol)
was added in portions to a solution of [NBu4]2[Ni6(CO)12] (2.06 g,
1.76 mmol) in THF (60 mL) under a continuously renewed nitrogen at-
mosphere. The mixture was stirred for 6 h, and then left to react for
three days as above. The resulting dark brown suspension was filtered
and evaporated to dryness. The residue was thoroughly washed with
water (40 mL) and then with isopropyl alcohol (30 mL). The residual
brown material was extracted in acetone (20 mL) and partially precipitat-
ed by layering with isopropyl alcohol (20 mL) to obtain the known
[NBu4]4[Ni16Pd16(CO)40] salt. The mother liquor was dried under vacuum,
and the residue was repeatedly crystallised from acetone and n-hexane to
obtain black plates of [NBu4]12[Ni30(Ni8�xPdx)Pd6(CO)48][Ni30-
(Ni8�x’Pdx’)Pd6(CO)48]¥6 (CH3)2CO¥C6H14 (x and x’ = 2) (81 mg, 5%
based on Pd). The salt is soluble in THF, acetone, acetonitrile, DMF,
DMSO, sparingly soluble or insoluble in alcohols and non-polar solvents.
Elemental analysis calcd for [NBu4]6[Ni36Pd8(CO)48]¥3 (CH3)2-
CO¥0.5C6H14: C 31.33, H 4.06, N 1.41, Ni 35.33, Pd 14.24; found: C 31.21,
H 3.97, N 1.32, Ni 35.18, Pd 14.62.


X-ray studies : Crystal data and collection details for [NBu4]6[[Ni24-
(Ni14�xPtx)Pt6(CO)48]¥6THF (x = 3) and [NBu4]12[Ni30(Ni8�xPdx)Pd6-
(CO)48][Ni30(Ni8�x’Pdx’)Pd6(CO)48]¥6 (CH3)2CO¥C6H14 (x and x’ = 2) are
reported in Table 4. The diffraction experiments were carried out on a
Bruker SMART2000 diffractometer equipped with a CCD detector at
room temperature for [NBu4]6[[Ni24(Ni14�xPtx)Pt6(CO)48]¥6THF (x = 3)
and at �50 8C for [NBu4]12[Ni30(Ni8�xPdx)Pd6(CO)48][Ni30(Ni8�x’Pdx’)Pd6-
(CO)48]¥6 (CH3)2CO¥C6H14 (x and x’ = 2). Data were corrected for Lor-
entz polarisation and absorption effects (empirical absorption correction
SADABS).[35] The structures were solved by direct methods and refined
with full-matrix least-squares (SHELX97[36]) for independent reflections
with I>2s(I). In the case of the [NBu4]12[Ni30(Ni8�xPdx)Pd6(CO)48][Ni30-
(Ni8�x’Pdx’)Pd6(CO)48]¥6 (CH3)2CO¥C6H14 (x and x’ = 2) salt , on account
of the extremely high number of parameters to refine, the data set was
divided into two blocks, one including the anionic parts, the other includ-
ing the cations and the solvent molecules. For both species, the disor-
dered metal sites were initially refined isotropically with coordinate and
displacement parameter restraints in order to obtain the relative occu-
pancy factors. Preliminary refinement of [NBu4]6[[Ni24(Ni14�xPtx)Pt6-
(CO)48]¥6THF gave a non-integer stoichiometry (x = 3.29); in accord-
ance with the experimental indication from ESI-MS, the occupancy fac-
tors of disordered Ni/Pt metal sites were restrained to have an overall x
value of 3.0. Analogously, the first refinement of [NBu4]12[Ni30-
(Ni8�xPdx)Pd6(CO)48][Ni30(Ni8�x’Pdx’)Pd6(CO)48]¥6 (CH3)2CO¥C6H14 afford-
ed x and x’ values of 1.98 and 2.4, respectively. Two independent sites of
each anion (orange spheres in Figure 5) featured Pd fraction <0.1. The
second refinement as [NBu4]12[Ni34(Ni4�xPdx)Pd6(CO)48][Ni34-
(Ni4�x’Pdx’)Pd6(CO)48]¥6 (CH3)2CO¥C6H14, in which those sites were treat-
ed as pure Ni atoms gave x and x’ values of 1.60 and 1.94, respectively. A
third refinement model, in which all eight disordered Ni/Pd sites were
constrained to with x = 2.0, gave a slightly improved fitting, and this was
used in subsequent refinements. After fixing the occupancy factors, all
metal sites, including the disordered ones, were anisotropically refined
keeping coordinate and displacement parameter restraints. Anisotropic
displacement parameters were also assigned to all other atoms of the
anions and cations, while solvent molecules were treated as isotropic.
CCDC-211556 and CCDC-211557 contain the supplementary crystallo-
graphic data for [NBu4]6[[Ni24(Ni14�xPtx)Pt6(CO)48]¥6THF (x = 3) and
[NBu4]12[Ni30(Ni8�xPdx)Pd6(CO)48][Ni30(Ni8�x’Pdx’)Pd6(CO)48]¥6 (CH3)2-
CO¥C6H14 (x and x’ = 2), respectively. These data can be obtained free
of charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or from the
Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge
CB21EZ, UK; fax: (+44)1223-336033; or deposit@ccdc.cam.uk).
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The Photoisomerization Mechanism of Azobenzene: A Semiclassical
Simulation of Nonadiabatic Dynamics


Cosimo Ciminelli, Giovanni Granucci, and Maurizio Persico*[a]


Introduction


Azobenzene and its derivatives are one of the most impor-
tant classes of photochromic compounds. Their reversible
photoisomerization is the basis for a great variety of nano-
scale devices and materials with photomodulable proper-
ties.[1±14] A great variety of properties and functions can be
made photoswitchable: structure and self-organization of
materials, chemical and biochemical activity, optical, electri-
cal and permeation parameters. For many of these applica-
tions one of the basic concerns is that the photoisomeriza-
tion quantum yields may be lowered by the inclusion of azo-
benzene in rather constraining molecular environments.
Also important, in some cases, is the overall response time,
that is, the time required for the photoisomerization and the
(following or simultaneous) reorganization of the whole
supramolecular system (see e.g. refs. [1, 15]).


Such features of the processes taking place in the excited
and ground states depend on the detailed reaction mecha-
nism and can be studied by semiclassical simulation meth-
ods,[16] as shown in this paper. Understanding the photoiso-
merization mechanism of azobenzene is an interesting basic
issue in itself, and is also instrumental to the design of
better nanoscale devices. Simulations of supramolecular sys-
tems can also be carried out, with a QM/MM extension of


the method here applied:[17±19] however, the most advanced
time-resolved spectroscopic techniques have been applied to
azobenzene itself, so this will be the first benchmark for the
simulation results.


The spectroscopy and photochemistry of cis- and trans-
azobenzene (in the following referred to as CAB and TAB)
have been summarized in several reviews.[20±23] An important
feature to be explained is that the photoisomerization quan-
tum yields for n!p* excitation, at 380±500 nm, considerably
exceed those obtained by p!p* excitation, at 280±380 nm,
for both the cis!trans and trans!cis reactions. This led to
the hypothesis that different mechanisms operate in the two
cases. Potential energy curves for the two envisageable path-
ways, torsion of the N=N double bond and N-inversion (see
Figure 1), were computed by Monti et al.[24] as early as in
1982, for three singlet states at CI (configuration interac-
tion) level with a minimal basis set. These results indicated
that inversion should be the preferred pathway in S1, corre-
sponding to the n!p* excitation, and torsion in S2. Experi-
mental support for this hypothesis was found by Rau and
co-workers, who studied the photoisomerization of cyclic
and sterically hindered azobenzenes.[21,25, 26] However, more
accurate computational studies[27, 28] have recently shown
that the shape of the potential energy surfaces (PES) is
rather different from what previously believed. Namely, the
shape of the S1 PES is more favourable to torsion than to in-
version; moreover, a fourth singlet PES (S3 state), with a
pronounced minimum around aCNNC = 908, crosses that
of S2 along the torsion pathway and is therefore important
for the dynamics following p!p* excitation. Unpublished
results by Diau[29] and by Orlandi group[30,31] substantially
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Abstract: We have simulated the photoisomerization dynamics of azobenzene,
taking into account internal conversion and geometrical relaxation processes, by
means of a semiclassical surface hopping approach. Both n!p* and p!p* excita-
tions and both cis!trans and trans!cis conversions have been considered. We
show that in all cases the torsion around the N=N double bond is the preferred
mechanism. The quantum yields measured are correctly reproduced and the ob-
served differences are explained as a result of the competition between the inertia
of the torsional motion and the premature deactivation of the excited state.
Recent time-resolved spectroscopic experiments are interpreted in the light of the
simulated dynamics.
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confirm these findings, while shedding light on previously
unnoticed features of the PES and of the crossing seams.


The new theoretical results therefore challenge the origi-
nal, widely accepted, mechanistic interpretation of the pho-
toisomerization of azobenzene. Starting with 1996, there has
been a flourishing of time-resolved spectroscopic experi-
ments on this reaction,[32±40] which detected transients with
lifetimes ranging from about 0.1 to 10±20 ps. The discussion
of most of these results, with the exception of the most


recent ones,[39] was inevitably unaware of the almost contem-
porary theoretical progresses, but some new ideas were put
forward. However, a thorough explanation of the experi-
mental evidence is still missing, and we think it can only
derive from a study of the reaction dynamics, including non-
adiabatic transitions between the first four singlet states.
This is the aim of the present work. In the next section we
specify the essential details of the semiempirical method
and we outline the most important features of the potential
energy surfaces (PES). We will then describe the results of
the simulations, with emphasis on the reaction mechanism
(torsion versus inversion) and on the dynamical effects
which influence the quantum yields. Finally, in the last sec-
tion before the concluding remarks, we shall offer an inter-


pretation of several time-resolved spectroscopic studies, in
the light of our computational results.


Method and Semiempirical Representation of the
Electronic States


In this work we have applied a direct semiclassical dynamics
approach recently developed in our group[16] and imple-


mented in a development ver-
sion of the MOPAC package.[42]


The method combines Tully×s
trajectory surface hopping ap-
proach[43] with a direct semiem-
pirical calculation of PES and
electronic wavefunctions. The
direct or ™on the fly∫ strategy
avoids the cumbersome fitting
or interpolation procedures for
the preparation of analytic PES
and other electronic matrix ele-
ments, and is practically manda-
tory for systems such as azo-
benzene, where at least five in-
ternal coordinates undergo
large amplitude variations
(CNNC and CCNN dihedrals
and NNC angles).


The choice of a semiempiri-
cal method for solving the elec-
tronic problem is apparently
the best compromise between
accuracy, transferability and
computing speed. An accepta-
ble level of accuracy, also for
the excited state PES, was
reached by re-optimizing the
semiempirical parameters, as
described below. In practice, for
molecules of the size of azoben-
zene, the re-parametrized semi-
empirical PES are as accurate
as the best available ab initio
ones.[27±31,41] The parameters are
fairly transferable,[18] in the


sense that standard or reoptimized sets can be trusted to
yield quite acceptable results for all the details of the PES
which are not of primary importance for the process under
study (for instance, CH stretching and CCH bending poten-
tials in azobenzene).


In order to represent excited states and to treat highly dis-
torted geometries, the electronic wavefunctions were of the
CI type. The molecular orbitals (MO) were obtained by
means of a modified SCF procedure with floating occupa-
tion numbers (ON).[16,44] Thus, the MO occupation was con-
tinuously adapted to the geometry: for instance, when the p


and p* orbitals become almost degenerate because of the
double bond torsion, their ON were almost equal. More-
over, the lowest virtual MOs were partially optimized, as in


Figure 1. Optimized geometries for ground and excited states (indicated SN) and conical intersections (indicat-
ed SN�SN+1 C.I.). The following constraints were imposed: aCNNC=1808 for TAB S1 and S2 ; aCNNC=08
for CAB S1 and S2 ; aCNNC=1408 for the S0�S1 crossing seam; aNNC=1808 for PLI and PEI.
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a state-averaged CASSCF cal-
culation. The CI space was a
complete active space with four
electrons in four MOs, corre-
sponding to the highest n and p


and the two lowest p* at undis-
torted geometries. In addition,
the CI includes all single excita-
tions involving the last five oc-
cupied MOs and the first five
virtuals. The total number of
determinants was 259.


Target values of energies and
geometrical parameters used in
the optimization of the semiem-
pirical parameters are listed in
Table 1, along with the final results obtained with the semi-
empirical wavefunctions. Details of the procedure are given
in Appendix A. Table 2 reports the vertical transition ener-
gies computed with a variety of methods. It is apparent that
the re-parametrized semiempirical calculation competes in
accuracy with the best ab initio methods.


Figures 2 and 3 show the potential energy curves of four
singlets and two triplets along the torsion and inversion re-
action pathways. In Figure 2, the angle f=aCNNC is


varied, and all other internal coordinates are optimized; the
optimization was carried out independently for S0, S1 and S2.
For the inversion pathway we take q1=C1N1N2 as the inde-
pendent variable, and we minimize the energies of S0 and S1.
In the ground state, the phenyl group which migrates re-
mains in the CNNC plane only at transoid geometries (q1<


1308), then it rotates to approach the perpendicular inverto-
mer geometry (see Figure 1). Note that the torsion curves
can be labelled with C2 symmetry symbols, which makes ap-
parent the presence of a crossing seam between S2 and S3,
whereas no symmetry element is conserved upon inversion.
Overall, the S1 and S2 surfaces are quite similar to those
computed by Ishikawa et al.,[28] who made the most exten-
sive exploration of the azobenzene PES, at CASSCF level.
However, our semiempirical S2 and S3 energies are lower
than theirs, and closer to previous ab initio results obtained
with more extensive CI treatments.[27, 30,31,41]


Figure 1 and Table 3 show the essential features of some
of the most important structures: global, local and constrain-
ed minima, transition states, and conical intersections. In
some of the optimizations the CNNC or NNC angles have
been constrained to fixed values, in order to locate approxi-
mately transition states or transoid/cisoid minima. Namely,
we obtain conditioned minima of the latter kind for S1 and
we find a considerable symmetric opening of the NNC
angles: the difference with respect to the equilibrium values
in S0 is about 148 for TAB and 298 for CAB. This is clearly
due to the decrease of electronic charge in the nonbonding
orbitals. In S2 the optimal NNC angles undergo much small-
er changes with respect to the ground state.


The conical intersections are of the highest interest for
the nonadiabatic dynamics. Crossing seam optimizations
have been performed by means of a new algorithm based on
a penalty function (see Appendix B). We optimized success-
fully five conical intersections (see Figure 2). One involves
S0 and S1 and coincides with the minimum in the excited
state, at aCNNCffi958 : it is therefore a very efficient
funnel. Two conical intersections between S1 and S2 have
been located at transoid and cisoid geometries, respectively,
and are very close to the minimum energy path in S2 ; small
geometrical distorsions and almost negligible increases in
the S2 energy are needed to access them. Also along the S2/
S3 crossing seam we find two minima: one at a transoid ge-


Table 1. Target values for the optimization of the semiempirical parame-
ters and corresponding values computed at semiempirical level. Energies
in eV, referred to TAB S0 if not otherwise specified; distances in ä,
angles in degrees.


Semiempirical Target


vertical excitation energies
TAB S1 2.94 2.81
TAB S2 4.28 3.90
TAB S3 4.80 3.90
TAB T1 1.78 2.09
TAB T2 2.89 2.83
CAB S1 3.23 2.81
CAB S2 5.03 4.60
CAB S3 5.00 4.60
CAB T1 3.73 4.69
CAB T2 3.66 4.75
energies at other geometries
E(CAB)�E(TAB); S0 0.40 0.66
E(ROT)�E(PEI); S0 0.28 0.29
PEI, S0 (opt. S0) 1.76 2.08
PEI, S1 (opt. S0) 3.37 3.31
PEI, S2 (opt. S0) 6.48 5.09
PEI, S3 (opt. S0) 6.92 7.35
PEI, T1 (opt. S0) 2.34 3.02
PEI, T2 (opt. S0) 5.49 6.30
PLI, S0 (opt. S0) 1.95 2.91
ROT, S0 (opt. S0) 2.05 2.37
ROT, S1 (opt. S1) 2.48 2.88
equilibrium geometries
TAB, RNN 1.239 1.247
TAB, RNC 1.427 1.428
TAB, aNNC 117.5 114.1
CAB, RNN 1.221 1.253
CAB, RNC 1.434 1.449
CAB, aNNC 124.3 121.9
CAB, aCNNC 4.1 6.5
CAB, aNNCC 54.7 53.3


Table 2. Vertical transition energies [eV] obtained by several methods.


method TAB CAB


S1 S2 S3 S1 S2 S3


semiemp. (this work) 2.94 4.28 4.80 3.23 5.03 5.00
CIPSI[a] 2.81 4.55 4.61 2.94 4.82 4.86
CASSCF 6e�/5 MO 3.48 6.26 6.37 4.53 6.80 6.37
MRSDCI[b] 3.11 5.39 6.56 3.95 6.12 5.56
CASSCF 10e�/10 MO[c] 3.11 5.56 5.66
CASPT2[c] 2.34 4.74 4.81
CASSCF 14e�/12 MO[d] 3.18 3.38
CASPT2[e] 2.70 3.95 4.12
exp.[33, 34, 37] 2.80 3.94 2.86 4.38


[a] Multireference perturbation theory with selected zero-order space; reduced 6-31G basis set with polariza-
tion functions on N.[27] [b] Multireference singles and doubles CI; split-valence basis set with polarization func-
tions on N.[28] [c] 6-31G basis set.[41] [d] 6-31G* basis set.[31] [e] ANO basis set, 3s2p1d for C and N, 2s1p for H.
Based on 14 e�/12 MO CASSCF.[30]
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ometry (aCNNCffi1608) and
the other one at about half way
of the torsional reaction path
(aCNNCffi858).


After this work was complet-
ed we became aware of unpub-
lished results by Diau[29] and by
Orlandi group.[30, 31] Both con-
firm the existence of the S0±S1


conical intersection and its
asymmetric geometry. Gagliardi
et al.[30] performed rather accu-
rate CASPT2 calculations,
based on a 14 e�/12 MO
CASSCF with a double zeta
basis plus polarization functions
on C, N and H. They found the


Figure 2. Potential energy curves for the torsion around the N=N bond. All internal coordinates are optimized as the angle CNNC is varied. Left panel:
the S0 energy is minimized and the other energies are computed at the S0 optimal geometry; right panel: same for S1 and S2. Circles indicate position and
energy of optimized conical intersections: �, S0�S1; � , S1�S2 ; �, S2�S3. The dotted line corresponds to the S0�S1 crossing seam.


Table 3. Energies and geometries of important points in the azobenzene PES, computed at semiempirical
level. Energies with respect to ground state TAB (global minimum), in eV. Distances in ä, angles in degrees.


Structure State[a] E RNN aNNC[b] aCNNC


TAB S0 0.00 1.239 117.5 180.0
CAB S0 0.40 1.221 124.3 4.1
ROT S0 2.05 1.244 129.5 90.0[c]


PEI S0 1.76 1.205 125.0/180.0[c] ±
TAB S1 2.48 1.202 131.5 180.0[c]


CAB S1 2.85 1.230 152.9 0.0[c]


ROT S1 2.20 1.231 126.8/137.0 95.0
TAB S2 3.99 1.283 116.5 180.0[c]


CAB S2 4.46 1.283 129.3 0.0[c]


ROT S0/S1 2.20 1.232 126.3/136.5 94.7
TAB S0/S1 2.93 1.208 152.4 180.0[c]


TAB S1/S2 3.76 1.289 112.0 175.8
CAB S1/S2 4.69 1.329 125.1 0.7
TAB S2/S3 4.43 1.284 119.9/122.6 160.6
ROT S2/S3 4.63 1.254 129.3/136.0 85.5


[a] One state label indicates a PES minimum; two states indicate a conical intersection. [b] We report two dif-
ferent values for asymmetric geometries. [c] Constrained internal coordinate.


Figure 3. Potential energy curves for the N inversion. All internal coordinates are optimized as one of the NNC angles is varied. Left panel: the S0


energy is minimized and the other energies are computed at the S0 optimal geometry; right panel: same for S1.
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twisted minimum of the 21A state (S2 or S3 at other geome-
tries) slightly lower than 11B (S1), as far as the presence of a
C2 axis allows one to attribute different symmetry labels to
the two states. Since the minimum is located at
aCNNCffi1008, the authors propose that torsion within the
S2±S3 manifold is the mechanism of trans!cis photoisomeri-
zation, with low quantum yield because of a fast decay to S0


at unfavourable geometries. Diau[29] explored three reaction
pathways by CASSCF calculations: torsion, inversion and
double inversion, that is, symmetric opening of the NNC
angles (starting from TAB). He found, along the last coordi-
nate, an S0±S1 conical intersection, with aNNCffi1578 and
energy about 1 eV above the S1 minimum. Since this funnel
becomes accessible with a large vibrational energy excess,
Diau proposed that it can play a role in increasing the deac-
tivation rate in the case of p!p* excitation, thus lowering
the quantum yields.


Although the double inversion pathway was not taken
into account when optimizing the semiempirical parameters,
we found Diau×s conical intersection in good agreement
with his ab initio calculations, at aNNCffi152.48 and
0.73 eV above the S1 minimum. More important, as we shall
see at the end of the next section, it turns out that the
double inversion conical intersection lies on the same cross-
ing seam as the minimum energy one. Only for CNNC
angles close to 908 does the crossing seam coincide approxi-
mately with the minimum energy path along the torsional
coordinate in S1. For other aCNNC values, both on the cis
and on the trans side, a progressive opening of the NNC
angles with respect to the S1 optimum values is needed to
cross the S0 surface. This is due to the shape of the two PES,
the S0 one raising much more than that of S1 as the NNC
angles open. On the other hand, the S1 PES goes up steeply
when closing the NNC angles, and this is why the S1±S2


crossing is found at NNC smaller than optimal for both
states.


Simulation of the Photoisomerization Dynamics


We ran four simulations, for the trans!cis and cis!trans
photoisomerizations, with two different ranges of initial ex-
citation energies: the 2.7±3.7 eV interval (S1 state of n!p*
character) and the 3.7±5.5 eV one (S2±S3, p!p* transition).
Each simulation involves more than 200 trajectories, with in-
itial conditions reproducing vertical excitation from a Boltz-
mann distribution of coordinates and momenta for one of
the stable isomers in the ground state (see Appendix C).
The distribution of excitation energies, that is, the simulated
absorption spectrum, shows two bands. For TAB the bands
are centred at 3.16 and 4.41 eV, while for CAB they are at
3.27 and 4.80 eV, with FWHM of about 0.35 eV. These
values are all slightly higher than the experimental
ones[33, 34,37] (2.80 and 3.94 eV for TAB, 2.86 and 4.38 eV for
CAB), but in the right relationships. A comparison with the
results of Table 1 shows that in some cases the vertical tran-
sition energy is in slightly better agreement with experiment
than the maximum of the simulated spectrum: this is simply
due to a cancellation of errors.


Each trajectory is stopped when it has reverted to the
ground state and has approached the geometry of a stable
isomer, either the starting one or the other one. The criteri-
um is that aCNNC should be comprised between �2 and
+28 for CAB, or 178 to 1828 for TAB. These specifications
define a conventional ™reaction time∫ tR, which goes from
the vertical excitation to the end of the trajectory. In the fol-
lowing we shall distinguish between ™reactive trajectories∫,
which start close to the equilibrium geometry of one isomer
and end up at the other one; and ™unreactive trajectories∫,
which revert to the initial isomer. Table 4 shows the average
tR for reactive and unreactive trajectories. It is apparent that
starting from the less stable isomer, CAB, all the times are
shorter. Moreover, exciting to S2 or S3 delays the isomeriza-
tion with respect to the S1 excitation.


The fraction of reactive trajectories is the computed quan-
tum yield F. In Table 5 the computed and experimental
quantum yields are compared. The agreement is satisfacto-
ry: as expected, Fcis!trans is larger than Ftrans!cis and in both
cases the n!p* quantum yield exceeds the p!p* one.
Most of the times the computed quantum yields are close to
the upper values of the ranges obtained in different solvents,
which is consistent with a moderate inhibiting effect of some
solvents on the geometry changes leading to photoisomeri-
zation. We have also examined the dependence of the quan-
tum yields on the initial excitation energy. There is no evi-
dence of important variations of the quantum yield within
the n!p* absorption band, while, within the p!p* band,
Ftrans!cis shows a slight increase as a function of the excita-
tion energy and Fcis!trans a slight decrease. The relative in-
sensitivity of the quantum yields on the excitation energy (a
rather common case in photochemistry) is an indication that
small errors in the excited state energetics should not affect
too much the calculated results, provided the overall shape
of the PES is correct. In the low absorption gap between the
two bands we have very few trajectories, so the quantum
yields are undetermined. However, our data are consistent
with a rather sudden decrease of the quantum yield, in pass-
ing from n!p* to p!p* excitation, if only for the trans!
cis reaction where this effect is more marked.


The simulations show that the preferred reaction pathway
is torsion of the N=N double bond in all four cases (cis!
trans or trans!cis, n!p* or p!p* excitation). This can be
seen in Figure 4, where the average CNNC and NNC angles
are plotted as functions of time. Of the two NNC angles we
chose, for each point along a trajectory, the smaller and the
larger one, which contribute to separate averages, so as to
bring out the asymmetric opening of one of the two angles,
that is, the N inversion, if it would occur. Moreover, we dis-
tinguish among reactive and unreactive trajectories. At the
beginning, the two CNNC plots are almost coincident, but
they start to diverge well before reaching the half-way
(aCNNC=908). Upon excitation in S1, the NNC angles
tend to open in a symmetric way, as expected since the
cisoid and transoid minima of S1 (see Figure 1 and Table 3)
have NNC angles significantly larger than in the ground
state. However, the inversion mechanism would require an
asymmetric NNC motion, which does not take place: in fact,
the NNC angles do oscillate, without going beyond about
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1408. Several pronounced oscillations follow the n!p* exci-
tation of TAB, while starting from CAB the torsion of the
CNNC angle is faster, so there is time only for one oscilla-
tion along the NNC coordinate. Notice that the S1 minimum,
where all trajectories are attracted (also those starting in S2/
S3, as we shall see), is slightly asymmetric and its NNC
angles are intermediate between those of TAB and CAB in
S1, and larger than in S0 or S2. These remarks explain why,
in the case of p!p* excitation, the NNC averages increase
gradually, as they adapt to the S1 PES after internal conver-
sion (IC).


Since we correctly repro-
duce the difference in n!
p* and p!p* quantum
yields, we conclude that the
hypothesis of completely
different reaction pathways
for the two cases can be
disposed of. The explana-
tion must be sought in the
details of the reaction dy-
namics. The following anal-
ysis will show that the
quantum yields are deter-
mined by the competition
between the S1!S0 IC and
the torsional motion
around the N=N double
bond: if the IC occurs too
early, that is, much before
the midpoint along the tor-
sional coordinate
(aCNNC=908), no iso-
merization occurs, because
of the unfavourable slope
of the S0 PES. Excitation in
the p!p* band, with re-
spect to the n!p* one, is
characterized by a larger
available vibrational energy
and by the excitation of in-
ternal modes which favour
the ™early IC∫, so decreas-
ing the quantum yield.


Figure 5 shows the time
dependent populations of
the electronic states; for
the ground state, we distin-
guish the cis and trans pop-


ulations, Pcis and Ptrans, according to the CNNC angle
(�308<aCNNC<308 for cis, 1508<aCNNC<2108 for
trans); note that, with these definitions, in general Pcis +


Ptrans<PS0
.


In the next section we shall try to correlate the electronic
population dynamics with the observation of transients in
time-resolved spectroscopic studies.[32±41] Here we just under-
line that the S2 and S3 states, when populated by p!p* exci-
tation, undergo a very fast decay to S1, within about 100 fs.
This is due to the presence of S1±S2 conical intersections
very close to the Franck±Condon regions, both on the trans
and on the cis sides (see Figure 2). During such a short time,
there is little torsion of the N=N bond, especially when
starting from TAB. The torsional motion is indeed slower
than with n!p* excitation, because of the unfavourable
slope of the S2 and S3 PES in the Franck±Condon region.
This can be seen in Figure 4 and also in Table 4, where we
have listed the average aCNNC at the time of the first S2!
S1 surface hopping. The reaction therefore takes place es-
sentially on the S1 surface, in agreement with evidence ob-
tained by the time-resolved fluorescence studies of Tahara


Table 5. Computed and experimental[21] quantum yields. Statistically de-
rived standard deviations for the theoretical values are given[a] .


n!p* excitation p!p* excitation


Ftrans!cis, computed 0.33�0.03 0.15�0.02
Ftrans!cis, experimental 0.20±0.36 0.09±0.20
Fcis!trans , computed 0.61�0.03 0.48�0.03
Fcis!trans , experimental 0.40±0.75 0.27±0.44


[a] The standard deviation for the quantum yield F computed over a
total of NT trajectories is s=


ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Fð1�FÞ=NT


p
.


Table 4. Simulation results for distinct groups of trajectories: reactive (trans!cis or cis!trans), unreactive
(trans!trans or cis!cis) and total (reactive + unreactive), starting from each isomer. t [fs], E [eV], angles [8].
Averages � standard deviations are given where appropriate.


Starting from TAB: n!p* excitation (S1) p!p* excitation (S2/S3)
reactive unreact. total reactive unreact. total


number of trajectories 72 143 215 34 188 222
total energy wrt TAB 4.94�0.31 4.95�0.30 4.94 6.18�0.27 6.17�0.33 6.17
vertical transition energy 3.15�0.38 3.17�0.32 3.16 4.46�0.41 4.40�0.43 4.41
initial q=aCNNC 175�3 176�3 176 175�3 176�3 176
total time tR 379�193 524�252 475 696�317 543�273 566
time of first hop S2!S1 47�47 61�52 51
q=aCNNC at first hop S2!S1 174�5 172�5 173
larger aNNC at f. hop S2!S1 117�4 116�3 116
smaller aNNC at f. hop S2!S1 113�3 112�3 112
time of last hop S1!S0 322�152 331�158 328 604�280 407�203 437
q=aCNNC at first hop S1!S0 104�10 113�13 110 111�24 134�22 130
dq/dt at first hop S1!S0 �2.0�1.2 �0.3�1.2 �0.8 �1.7�1.5 �0.3�1.4 �0.6
larger aNNC at f. hop S1!S0 140�4 139�4 140 141�5 139�9 140
smaller aNNC at f. hop S1!S0 133�5 132�6 133 133�7 134�9 134
time of last hop S1!S0 368�186 400�194 389 679�343 452�218 487
q=aCNNC at last hop S1!S0 99�5 121�20 114 95�17 134�24 128
dq/dt at last hop S1!S0 �2.4�1.1 0.2�1.5 �0.6 �1.7�1.6 0.1�1.5 �0.2


Starting from CAB: n!p* excitation (S1) p!p* excitation (S2/S3)
reactive unreact. total reactive unreact. total


number of trajectories 140 91 231 153 169 322
total energy wrt TAB 5.47�0.30 5.47�0.28 5.47 7.00�0.27 7.01�0.28 7.00
vertical transition energy 3.28�0.35 3.25�0.33 3.27 4.78�0.38 4.81�0.35 4.80
initial q=aCNNC 5�3 5�3 5 5�3 5�3 5
total time tR 214�75 101�42 170 293�112 163�80 225
time of first hop S2!S1 50�59 59�53 55
q=aCNNC at first hop S2!S1 22�31 24�28 23
larger aNNC at f. hop S2!S1 125�4 124�3 124
smaller aNNC at f. hop S2!S1 121�3 121�3 121
time of first hop S1!S0 62�23 65�27 63 122�72 128�69 125
q=aCNNC at first hop S1!S0 82�4 81�5 82 82�5 79�10 80
dq/dt at first hop S1!S0 1.8�0.9 0.2�1.2 1.2 1.7�1.3 0.1�1.9 0.9
larger aNNC at f. hop S1!S0 130�3 130�3 130 130�4 131�5 131
smaller aNNC at f. hop S1!S0 120�4 119�5 120 119�4 120�4 119
time of last hop S1!S0 88�88 88�51 88 209�148 154�86 180
q=aCNNC at last hop S1!S0 88�16 81�12 85 108�34 80�11 93
dq/dt at last hop S1!S0 1.7�1.0 �0.6�1.5 0.8 0.8�2.2 �0.9�2.1 �0.1
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and co-workers.[37,38] In the trans!cis photoisomerization, a
modest repopulation of the S2 state occurs in the
aCNNCffi908 region, where the S2 PES has a minimum
rather close to S1. In the cis!trans case about 15 % of the
trajectories remain in S2 when travelling from aCNNC’08
to 908. In both cases we have verified that the more or less
prolonged transit on the S2 PES does not influence the
quantum yields significantly: in fact, distinct subsets of tra-
jectories, found or not found in S2 at a given torsion angle,
contain approximately the same fraction of reactive and un-
reactive trajectories.


The S1 state in turn decays to S0 almost completely within
1 ps, when starting from TAB, and much faster (about
300 fs) when starting from CAB. This is true both with p!
p* and with n!p* excitation, and is in agreement with the
shorter lifetimes assigned to cis S1 by time-resolved investi-
gations (see Table 6). Moreover, a recent determination of
the fluorescence quantum yields[40] assigns a value of 0.3 to
the lifetime ratio tcis/ttrans. As already anticipated, an impor-
tant fraction of the trajectories land on the ground state too
early, that is, before the CNNC angle has gone beyond 908 :
in this way, the slope of the S0 PES tends to bring the mole-
cule back to the starting isomer. In Table 4 we have listed


hqi, that is the average CNNC angle, at the time of the first
and last surface hopping from S1 to S0 (notice that several
hops may take place between these two states for each tra-
jectory). In all cases, at the time of the first hop, hqi is still
short of the 908 midpoint value (i.e. , hqi <908 when starting
from CAB and hqi >908 when starting from TAB). Howev-
er, the angular velocity hdq/dti for the reactive trajectories
has the right sign to bring the molecule beyond the barrier
in the ground state, thanks to the inertia of the torsional
motion: hdq/dti is negative when starting from TAB, and
positive when starting from CAB. In fact, at the time of the
last hop the dihedral angle has moved closer or even
beyond 908. For the unreactive trajectories the values of hqi
and hdq/dti are invariably less favourable: namely, in all
four cases the sign of hdq/dti at the last hop time is opposite
to that of the reactive trajectories.


Having established that the quantum yields are deter-
mined by the balance between the contrasting effects of
early IC and torsional inertia, we can examine how the ini-
tial excited state influences such effects. Upon p!p* excita-
tion, we find that the majority of the trajectories start in S2,
since the S0!S3 transition has a smaller oscillator strength.
Figure 5 shows that the lifetime of S2 is about 100 fs. At the


Figure 4. Average CNNC and NNC angles as functions of time, for reactive (trans!cis or cis!trans) and unreactive trajectories. Two averages are
shown for the NNC angles: one for the smaller and one for the larger angle.
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time of the first S2!S1 hop the average CNNC angle has
made almost no progress with respect to the transoid initial
conditions (see Table 4), while, starting from CAB, it has
changed by about 188 only. The further decay to S0 occurs
somewhat later than in the case of direct excitation to S1.
For the unreactive trajectories, the S1!S0 IC is delayed by
50±80 fs, which is less than the lifetime of S2. The aCNNC
averages and related angular velocities are less favourable
to the accomplishment of isomerization than with n!p* ex-
citation. In conclusion, with more vibrational energy the
decay of S1 is slightly faster, but the torsion around the
double bond is not.


The reason is that the crossing seam between S0 and S1 is
reached more easily, and with values of the torsion angle
further from 908, if more energy is available. As already
noted, the crossing seam coincides with the minimum
energy path in S1 only in its lowest part, between
aCNNCffi808 and aCNNCffi1058 (see Figure 2). For
CNNC angles outside this range, a variable amount of vibra-
tional energy is needed in the suitable internal modes. To
show how the dynamics following n!p* and p!p* excita-
tion differ under this respect, we plot in Figure 6 the S0 and
S1 potential energies UK as functions of the torsion angle,
averaged over all trajectories. The S0�S1 energy gap of


course reduces progressively as
aCNNC approaches 908, with
either n!p* or p!p* initial
excitation. Notice that the two
average energies hUKi never
cross, since by definition U1
U0 even when the two electron-
ic states actually swap. In order
to compare the probability of
getting close to the crossing
seam in the different cases, we
have also represented the stan-
dard deviations sK of the aver-
ages hUKi. We find that both s0


and s1 are larger in the case of
p!p*excitation, because more
vibrational energy is available.
We shall assume that the condi-
tion hU1i�s1= hU0i + s0 results
in approximately the same,
non-negligible, probability of
approaching the crossing seam
for all cases. The plots indicate
that, with p!p* excitation, the
above condition is reached for
torsion angles substantially
closer to the starting one, in
comparison with the n!p*
case. As a consequence, ™earli-
er∫ decay occurs and the quan-
tum yield is lowered.


The optimized geometries of
the S0�S1 crossing seam (see
Figure 1 and Table 3) and the
average aNNC values at the


time of the S1!S0 surface hoppings (Table 4) suggest that
the most effective internal mode in promoting the IC is the
symmetric opening of the NNC angles. This is particularly
clear in the case of trans!cis photoisomerization, where the
dependence of the quantum yield on the initial excited state
is sharper. In fact, the IC to S0 occurs when the aNNC
averages are between 132 and 1398 with n!p* excitation,
and 134±1408 with p!p* excitation: in both cases the NNC
angles are larger than in the minimum of the S1 PES. To
reach the energy minimum of the conical intersection, which
practically coincides with the S1 PES minimum, it would not
be necessary to open the NNC angles so much: however,
this deformation allows the molecule to approach the cross-
ing seam earlier, at CNNC angles considerably different
from 908 (see Figure 1 and Table 3), so favouring the early
IC. The location of the S2�S1 conical intersection, with
aCNNC about 58 smaller that in the S0 and S2 minima,
brings about a higher degree of vibrational excitation for
the NNC symmetric bending mode, than in the case of
direct excitation to S1. So the photoisomerization dynamics
and the quantum yields are strongly influenced by the elec-
tronic structure of the excites states, which determines the
shape of the PES. Quite clearly this description of the nona-
diabatic dynamics incorporates the gist of Diau×s propos-


Figure 5. Time-dependent populations of the electronic states.
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al,[29] that the symmetric NNC bending mode would contrib-
ute to the deactivation of S1; however, the S1�S0 transitions
actually take place at geometries with some degree of tor-
sion (aCNNC = 90±1608, on the trans side) rather than
along a pure double inversion pathway.


Figure 7 is a sketch of the first three PES, showing two
typical trajectories, one starting in S1 and the other in S2. It
offers a simplified view of the reaction mechanism, which
can be summarized as follows (the first two steps apply only
to p!p* excitation):


1) excitation to S2 (or to S3 with ultrafast decay to S2);
2) closing of the NNC angles to reach the S1�S2 crossing


seam, using some of the extra vibrational energy availa-
ble after excitation (actually the optimized conical inter-
section lies lower than the Franck-Condon point);


3) torsion (decrease of CNNC towards 908) and wide oscil-
lations of the NNC coordinate, in the S1 surface;


4) approach to the S0�S1 crossing seam, possibly with
rather large values of NNC, and CNNC still in the neigh-
borhood of 1308 ;


5) decay to S0 and, most of the times, reversion to the ini-
tial isomer, TAB (this part of the trajectory is not shown
in the figure).


The direct excitation to S1 qualitatively follows the same
steps 3 to 5, but with a smaller amplitude of the NNC oscil-
lations, determined by the difference in the S0 and S1 equili-
brium angles. As a consequence the S0�S1 crossing seam is
hit with smaller NNC and with CNNC closer to 908, so in-


creasing the probability of iso-
merization. It is important to
note that, although the NNC
bending oscillations are more
pronounced after p!p* than
after n!p* excitation, their ex-
perimental detection will be
easier in the latter case: in fact,
the S2�S1 decay, taking place in
a time comparable with the
symmetric NNC bending vibra-
tional period, destroys the co-
herence of the wavepacket (see
Figure 4).


Time-Dependent
Spectroscopy


Table 6 summarizes the results
of time-resolved spectroscopic
experiments. Transients have
been monitored by IR and UV/
Vis absorption, Raman, and
fluorescence spectroscopy. The
p!p* excitation of TAB yields
transients with lifetimes of
three distinct orders of magni-
tude: 0.1±0.5, 0.8±1.2, and 10±


16 ps, respectively. Approximately the same lifetimes (0.2, 2,
10±20 ps) were also observed after n!p* excitation of
CAB, and the two shorter ranges (0.16±0.6, 0.8±2.6) also by
n!p* excitation of TAB. No experiments concerning the
p!p* photolysis of CAB have been performed to our
knowledge. In interpreting such results, one should take into
account the motion of the wavepacket on the PES, that is,
the geometrical relaxation of the molecule, which brings
about changes in position, shape and intensity of the absorp-
tion/emission bands. Therefore, a transient lifetime obtained
at a fixed probe wavelength cannot be simply assumed to
correspond to the lifetime of an excited electronic state.
This is one of the reasons why different times have been
measured, even in similar excitation conditions.


We have simulated the transient absorption and emission
spectra which can be expected in each of the four basic ex-
periments (n!p* or p!p* excitation of TAB or CAB), as
described in Appendix C. In fact, the simulated emission
spectra are more complete and reliable than the absorption
ones, first of all because photon absorption may end up in
states higher than S3, not considered in this work. Moreover,
the absorption transients are measured as difference spectra,
with respect to the equilibrium (pre-excitation) condition.
Of course, the subtraction operation mainly affects the
region with l<360 nm (p!p* band) and is quite irrelevant
for l>500 nm, where both TAB and CAB are transparent.
The absorption from hot S0, produced by IC from higher
states, can differ substantially from that of thermally equili-
brated S0, especially in the case of the forbidden n!p*
band of TAB. The strongest S0 absorption is anyway due to


Table 6. Pump-and-probe and other time-resolved experiments performed on trans- and cis-azobenzene. Exci-
tation and transient absorption wavelengths (l) and transient lifetimes (t).


trans-azobenzene
reference l (pump) [nm] l (probe) [nm] t [ps]


Lednev et al.[32] 303 370±450, max at 390 0.9±1.2, 13
Lednev et al.[33] 280 390±420 0.8, 14


300 max at 475 <0.18
300 max at 400 0.8, 10


Fujino and Tahara[36] 273 Raman[a] 1, 16[b]


Fujino et al.[37] 280 fluor. S ½c�
2 �0.1


280 fluor. S ½d�
1 ’0.5


Fujino et al.[38] 267 max at 475, 600 <0.5
267 max at 410, 500 0.9, 17


Schultz et al.[41] 330 207[e] 0.17, 0.42
Lednev et al.[33] 390,420 360±420, 500±700 0.6, 2.6


445 max at 400, 550 2.3
N‰gele et al.[34] 435 459, 563 0.32, 2.1
Lu et al.[39] 432 fluor. S ½d�


1 0.16±0.28, 0.78±1.56[f]


Satzger et al.[40] 480 370±580, max at ~400, 530 0.35, 3
max at <370 12


cis-Azobenzene
reference l(pump) [nm] l(probe) [nm] t [ps]


Hamm et al.[35] 408 IR[g] �20
N‰gele et al.[34] 435 max at 360 0.18, 2, 20


435 max at 550 0.18, 2, 10
Satzger et al.[40] 480 370±630, max at 540 0.1, 0.9


max at <370 5.6


[a] Raman spectrum based on the 410 nm absorption band. [b] Obtained in hexane; in ethylene glycol, a single
lifetime of ’12.5 is observed. [c] Upconverted fluorescence band at 380±480 nm. [d] Up-converted fluores-
cence band at 550±750 nm. [e] Time-resolved photoelectron spectroscopy. [f] t increasing with fluorescence
wavelength. [g] Infrared frequencies around 1500 cm�1.
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the p!p* band, and has been detected by Lednev
et al. ,[32,33] N‰gele et al.[34] and Satzger et al.[40] in the
360±450 nm range, red shifted with respect to the normal
spectrum. While we confirm qualitatively the position of
these bands, we cannot presently simulate them adequately,
because we should prolong our trajectories in the S0 PES in-
stead of stopping them after isomerization. Moreover, the
transient decays are in this case rather complex, with life-
times spanning almost two orders of magnitude. The shorter
ones are probably due to the motion of the wavepacket
(mainly torsion) and to internal vibrational relaxation
(energy transfer from torsion and a few other modes which
are initially excited, to all other modes). The longer life-
times (10±20 ps) correspond to energy transfer to the
solvent: these values compare well with our previous
findings for the photolysis of azomethane in water solu-
tion,[45] but could not have been found in the present
isolated molecule study, even prolonging the simulations
n time. Hot ground state was also detected by the IR
and Raman measurements of Hamm et al.[35] and Fujino
and Tahara,[36,38] and solvent relaxation was monitored by
Terazima et al. :[46] in all cases, the same long lifetimes were
found.


The only part of the transient absorption spectra we can
reproduce at least semiquantitatively is the S1!S2,3 band
which takes place at l >400 nm. This is illustrated in
Figure 8. As already observed, transitions from S1 to S4 or
higher states, not taken into account in our simulation, may
contribute to the transient spectrum at shorter wavelengths.
The n!p* excitation of both TAB and CAB yields the
bands observed by Lednev et al.,[33] N‰gele et al.[34] and
Satzger et al.[40] at 500±700 nm. Both the S1!S2 and the S1!
S3 transitions are active and in CAB they can be distinguish-
ed (see for comparison refs. [34,40]). However, our transient
spectra can be fitted with good accuracy by a single expo-
nential, with lifetimes t1=350 fs for TAB and 50 fs for
CAB. To explain the presence of the weaker components
with longer lifetime, found in the quoted experiments, one
could invoke a contribution of ground state absorption also
at these wavelengths, or a slowing down effect due to the
solvent, which is absent in our simulations. Another possibil-
ity is a specific failure of the semiclassical model: quantum
mechanical full multiple spawning calculations[47] are in
progress to bring out such a possibility.


By p!p* excitation of TAB, we find a signal X(t) with a
clear biexponential behaviour, due to the consecutive decay


Figure 6. Average S0 and S1 potential energies (thick lines) � standard deviations (thin lines), as functions of the leading coordinate aCNNC.
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law X(t)/exp(�t/t1)�exp(�t/t2), where t1 and t2 are the
lifetimes of S1 and the pair S2�S3, respectively. This simple
situation is due to the good separation of the time scales
(t1@t2), while the S2�S3 population exchange is even faster.
If we take t2=130 fs, from the decay of the corresponding
fluorescence band (see below), the fit of the S1!Sn absorp-
tion band yields t1=400 fs. This is only slightly longer than
by direct n!p* excitation, and is, again, in agreement with
the short lifetime components of the experimental spectra.
For CAB we cannot do the same analysis, because both life-
times are very short and of the same order of magnitude,
about 100 fs (see also Figure 5).


The simulated time-resolved fluorescence spectra do not
suffer from the same drawbacks as the absorption ones.
They are shown in Figure 9. Experiments were done only
with TAB. Lu et al.[39] measured the up-converted fluores-
cence after n!p* excitation and interpreted their results ac-
cording to the rotation mechanism of photoisomerization.
They found a two-component decay, with lifetimes depend-
ing on the emission wavelength, in the ranges 160±280 fs
and 780±1560 fs. We only find t1=190±306 fs, which increas-
es as the wavelength goes from 580 to 760 nm; this is in
agreement with the short lived component of Lu et al. If we
compare the emission and absorption lifetimes, derived both
from measurements[39,34] and from simulations, we see that
fluorescence decays faster than absorption. Both features,
that is, fluorescence lifetimes increasing with wavelength,
and shorter than those of absorption from the same state,
are due to the motion of the excited state wavepacket. In
fact, the long wavelength emission is generated at longer
delay times after excitation, when the wavepacket samples


lower portions of the S1 PES,
corresponding to smaller S1�S0


energy gaps. On the other
hand, for the same reason, the
DE 3 dependence of the sponta-
neous emission rates acceler-
ates the decay of the fluores-
cence with respect to that of ab-
sorption, because at later times
the average DE is smaller.
These rather subtle effects illus-
trate well the general caveat
against identifying the lifetimes
of spectroscopic transients with
those of electronic states. As al-
ready noted, in the simulated
fluorescence spectra as in the
absorption ones we lack the
slow decaying (1±2 ps) compo-
nent. Of the two explanations
put forward in discussing the
absorption transients, only the
effect of solvent friction can be
invoked in the case of fluores-
cence. The fluorescence decay
of n!p* excited CAB is
much faster than that of TAB
(�50 fs), with a maximum in-


tensity at 400 nm: no measurements are available in this case.
The transient fluorescence of TAB after p!p* excitation


has been detected and accurately analyzed by Fujino
et al.[37, 38] Our results are in good agreement with theirs. A
strong band at short wavelengths is due to S2!S0 emission,
with a small contribution of S3!S0, and decays with a life-
time t2=130 fs. Another weak band in the 500±900 nm in-
terval is due mainly to S1 emission, superimposed to the
queue of the S2,3 band (S2,3!S1). We tried to fit the time de-
pendence by the consecutive decay law X(t)/exp(�t/
t1)�exp(�t/t2), assuming t2=130 fs, as we did for the S1 ab-
sorption spectrum. The resulting t1 varied from 220 to 360 fs
according to the wavelength, mainly because of the variable
contribution of the fast S2 component. By taking the pure S1


component, as Fujino et al did by decomposition of the
time-dependent signal, we get t1=410 fs at 600 nm, in good
agreement with their result (500 fs). The p!p* excited
CAB fluorescence spectrum is more complicated, in that the
S2 and S3 emissions give place to separate bands, so one can
see a three-step consecutive decay, but with very short life-
times, as already noted when commenting the absorption re-
sults.


A special place should be reserved to the time-resolved
photoelectron spectra measured by Schultz et al.[41] upon ex-
citation of TAB with l=330 nm. This is the only published
experimental study conducted in a molecular beam, rather
than in solution. In the interpretation of the authors, these
measurements reveal the existence of a fourth excited state,
S4, associated with a peak centred at 0.15 eV in the photo-
electron energy spectrum. In fact, the vertical excitation
energy to S4, according to CASSCF, CASPT2 and TD-DFT


Figure 7. Sketchy view of the S0, S1 and S2 PES, as functions of the torsional angle CNNC and of the symmetric
NNC bending coordinate. Dashed lines indicate the crossing seams. Two typical trajectories are shown, one
starting in S1 (red dots) and the other one in S2 (blue dots).
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calculations by the same authors, is very close to that of S2


and S3. It gives place to an allowed transition, whereas S0!
S3 is forbidden: this is why Schultz et al. emphasize the im-
portance of S4 relative to S3, although also the computed
S0!S4 oscillator strength is much smaller than that of S2.
Since they find a lifetime of 420 fs for the associated transi-
ent, they propose that populating this relatively long lived
state makes the difference between the n!p* and the p!
p* photochemistry. We did not include S4 in our calcula-
tions, but our S3 state is initially populated at least as much
as the computed oscillator strength of S4 would imply: this
may happen because at distorted geometries the transition
to the genuine S3 (1Ag) state is no longer forbidden, and/or
because the S3 and S4 energies actually swap according to
the geometry. In any case, it seems unlikely that the upper
state of a very close lying pair should live for 420 fs, and we
find that S3 itself decays in about 100 fs, together with S2, in
agreement with Fujino et al. experiments.[37,38] Another plau-
sible assignment for the 0.15 eV band in the photoelectron
spectrum is the transition from S1 to the first or second ionic
state[48] (D0 or D1), that should be observed approximately


at the same energy as the S3,4!
D2,3 transition postulated by
Schultz et al. However, the S1!
D0,1 band should appear with a
time delay due to the lifetime
of S2, whereas no delay is de-
tected experimentally. On the
basis of the above considera-
tions, we propose that both the
S3,4!D2,3 and S1!D0,1 transi-
tions contribute to the 0.15 eV
band at short and at long times,
respectively; the 420 fs lifetime
would then be essentially that
of S1, in agreement with other
experimental determinations
and with our simulations.
Schultz et al. also observe an-
other band, corresponding to a
photoelectron energy of
1.15 eV, with a lifetime of
170 fs: in this case we agree
with them in attributing it to
the S2!D0 transition.


Concluding Remarks


The mechanism of photochemi-
cal reactions is quite a difficult
subject, which is most appropri-
ately tackled by a combined
theoretical and experimental
approach. Single experiments,
in the absence of a firm theo-
retical basis, can be interpreted
in many different ways. Compu-
tational simulations, only re-


cently become available for molecules as large as azoben-
zene, can be questioned mainly as to the accuracy of the
PES on which they are based. The semiempirical PES pre-
sented in this work are more accurate than the ab initio
ones currently used for this kind of studies.


The present investigation of azobenzene photoisomeriza-
tion highlights the above considerations. In the lack of a
solid theoretical background, for at least two decades the
difference in the quantum yields obtained with n!p* and
p!p* photolysis has been attributed to the existence of two
distinct isomerization pathways, inversion and torsion. Our
simulations show that only one mechanism operates, namely
torsion of the N=N double bond. The inversion pathway in
the S1 PES is not energetically forbidden, but is much less
favourable: in fact, preliminary results[19] on the photoisome-
rization of azabenzenophanes[21,25,26] show that inversion can
play a role in the presence of conformational constraints. Of
course further refinements of the PES may change in the
future some details of our results, but we think that the
main features are correct, first of all because of the good
agreement with nearly all experimental findings.


Figure 8. Simulated transient absorption spectra, averaged over three different time intervals. Only the S1!S2,3


transition is shown.
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We have demonstrated that rather subtle changes in the
coupled nuclear and electronic dynamics can explain the vi-
olation of Kasha×s rule. The case of azobenzene photoisome-
rization, as we understand it now, illustrates the respective
roles of the inertia of nuclear motion along the reaction co-
ordinate and of the nonadiabatic transitions between elec-
tronic states, which may have opposite effects on the quan-
tum yields of any reversible photoisomerization AQB.
When all molecules, both in the direct and in the inverse re-
action, go through a common intermediate C in the excited
state, with a lifetime long enough as to loose the memory of
the starting isomer, the sum of quantum yields FA!B + FB!A


must be one. The competition of nonadiabatic and/or radia-
tive decay processes acting before C is reached (™early deac-
tivation∫) will lower the quantum yields (FA!B + FB!A<


1). On the other hand, if C is a very efficient funnel, the nu-
clear momentum gained during the A!C or B!C geomet-
rical relaxation will not be lost completely before reverting
to the ground state (™memory effect∫), thus increasing the
reaction probability in both directions: in this case one
might even find FA!B + FB!A>1. But in fact the memory
effect, since it requires very efficient nonadiabatic couplings,


will hardly occur without the
adverse influence of early deac-
tivation. That of azobenzene is
probably a typical example of
ultrafast photoisomerization,
where both effects are impor-
tant. The difference between
n!p* and p!p* excitation
consists in details of the wave-
packet dynamics in the S1 PES:
it is mainly the larger amplitude
of the symmetric NNC bending
motion that shifts the balance
toward early deactivation in the
p!p* case.


In the last years, a variety of
time resolved spectroscopic
techniques have been applied
to the study of azobenzene pho-
toisomerization. While none of
these experiments, taken alone,
can yield the key for the solu-
tion of the mechanistic prob-
lem, they are a source of hard
data which must find an explan-
ation in the framework of the
proposed mechanism, as shown
in the preceding section. We
generally find a good agree-
ment between our simulated
spectra and the observed transi-
ents. In order to account for
medium and long lifetime com-
ponents of the spectra (1±
10 ps), we shall need to run
simulations of the photoisome-
rization in a solvent cluster,


which is now possible by means of the QM/MM extension
of our technique.[17,18] Further experiments may confirm the
gist of our results. In particular, we predict that the n!p*
excitation of trans-azobenzene is followed by oscillations in
the symmetric NNC bending mode, rather than in the asym-
metric one which would prelude to N-inversion. The excita-
tion of this important vibrational mode might be detected
by resonant Raman spectroscopy, thus settling the question
of inversion versus rotation mechanism in the S1 state. We
have also formulated predictions for the fluorescence and
absorption transient spectra of p!p* excited cis-azoben-
zene, which have not yet been observed.


Appendix A: Optimization of Semiempirical
Parameters


The optimization of the semiempirical parameters took as a starting
point the standard AM1.[49] No changes were made for the H atoms. The
C atom parameters had already been optimized for the benzene mole-
cule, taking into account seven electronic states; the optimization aimed
at reproducing high quality ab initio data for planar and distorted equili-
brium geometries, transition energies and conical intersection points.[50]


Figure 9. Simulated transient emission spectra, averaged over three different time intervals.
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Only the N atom parameters were modified in view of adjusting the first
four singlet PES of azobenzene to reproduce the available ab initio[27]


and experimental data. The target values we considered for the re-para-
metrization are listed in Table 1; they were mainly energy differences,
with the addition of some geometry data concerning equilibrium struc-
tures. We soon discovered that AM1, however re-parametrized, yields
too large equilibrium values for the NNC angles and a too low inversion
barrier in the ground state. Therefore we added a correction to all the
PES, in the form:


Ucorr ðq1; q2Þ ¼ P1þcosð2�Þ
P1þ1


X2


i¼ 1


P2


�
cos


�
p
qi�P3


p�P3


�
þ 1


�
ð1Þ


where q1 and q2 are the two NNC angles and f=aCNNC. P1, P2 and P3


are adjustable parameters which were optimized along with all other
semiempirical parameters.


The optimization is done by searching for minima of the weighted sum of
square errors:


F ðPÞ ¼
� X


i


�
Vs;iðPÞ�Vt;i


Vt;i


�2


Wi


� � X
i


Wi


��1


ð2Þ


where Vt,i are the energetic and geometrical data to be reproduced
(target values), and Vs,i their semiempirically computed counterparts,
which depend on the parameter set P ; the Wi are weights. Fifteen param-
eters were optimized, that is, the whole AM1 set, with the exclusion of
the Slater exponent of the basis functions, and with the addition of P1, P2


and P3 (see above).


The geometries of both stable isomers were taken from X-ray diffraction
studies.[51, 52] The orientation of the phenyl groups in TAB is an object of
controversy. Earlier electron diffraction measurements[53] were interpret-
ed in favour of a substantial non-planarity (NNCC angles of about 308),
while a more recent study by Tsuji et al. ,[54] taking explicitly into account
the torsional potential, finds a shallow minimum at aNNCC=08 (C2h


symmetry), with torsional barriers of less than 2 kcal mol�1. SCF, DFT
and MP2 calculations[54±56] gave different results, mostly in favour of a
planar structure. The coupling between the two torsions is weak,[54] there-
fore the Ci and C2 structures with the same NNCC angles have almost
equal energies. Given the uncertainty of these results, we have not in-
cluded them in the target function, and we have a posteriori verified that
the torsional potential is very flat at within the first 208. Experimentally
the cis±trans energy difference in the ground state is 9.9±12 kcal mol�1


and the best theoretical calculations yield slightly higher values,[27, 56, 57]


therefore we have set the target value of 12 kcal mol�1.


The vertical transition energies are normally thought to correspond to
maxima in the absorption spectra.[33, 34, 37] In the case of azobenzene, our
ab initio calculations[27] showed that S2 and S3 are very close in energy;
moreover, in TAB the 1Ag state (S3) gives place to a forbidden transition,
which is probably not detectable in the spectrum. Therefore, we have as-
sumed the same target values for the vertical transition energies of S2


and S3 (see Table 1). We implicitly neglect the zero-point energy, which is
consistent with the use we shall make of the semiempirical PES, in the
semiclassical simulations. The ground and excited state energies for the
rotamer (ROT), the perpendicular invertomer (PER) and the planar in-
vertomer (PLA) shown in Figure 1, have been taken from our previous
ab initio calculations.[27]


The minimization was performed by means of the simplex method, com-
bined with simulated annealing.[58] Table 1 shows both the target values
Vt,i and the semiempirically computed ones, Vs,i.


Appendix B: New Procedure for Conical
Intersection Optimization


The potential energy UK of an excited state can be optimized with respect
to the internal coordinates, with the constraint of degeneracy with anoth-


er state L (UK = UL). In this way, one finds the minimum energy conical
intersection point for states K and L. Algorithms that locate the crossing
seam and simultaneously minimize the potential energy have been put
forward in the past years[59±62] and have also been applied in conjunction
with our semiempirical method.[63] All these methods require the calcula-
tion of derivative couplings, that are not implemented for all kinds of
wave functions and in all computational packages. Moreover, the optimi-
zation of conical intersections often runs into problems because very dis-
torted geometries are reached: this depends on a delicate balance be-
tween the two goals of the search algorithm (approaching the crossing
seam and minimizing the energy), which is influenced by the starting
point as well as by operative options. Therefore we have implemented
another method for crossing seam optimization, of comparable efficiency
and to be used as an alternative to the existing ones. The new method
does not require the calculation of derivative couplings and can be ap-
plied also to crossings between states of different spin symmetry.


The new algorithm is based on a penalty function. We use the standard
optimizers (for instance BFGS as implemented in MOPAC[42]), to search
the space of the nuclear coordinates Q for the minimum of a modified
potential energy function F(Q). The function F contains two terms: one
is the average of the state energies and the other one is a penalty func-
tion, monotonously increasing with the energy difference DU=UK�UL.
We have


FðQÞ ¼ UKþUL


2
þab2 ln


�
1þ


�
UK�UL


b


�2�
ð3Þ


where a and b are suitable constant parameters. The penalty function
(second term in the r.h.s.) forces the optimization to approach the cross-
ing seam, without altering the position of the minimum. In fact, for
DU!b the function is quadratic in DU : Fffi(UK+UL)/2+aDU 2. There-
fore, the larger is a, the closer to the crossing seam is the minimum of
F(Q). For DU@b the penalty function is proportional to ln(DU), so it
does not force a too fast approach to the crossing seam, which might
result in a large increase of the average energy, corresponding to highly
distorted geometries. Reasonable parameter values are of the order of a
= 5 (kcal mol�1)�1 and b = 5 (kcal mol�1).


Appendix C: Initial conditions and Simulated
Spectra


The initial conditions for a swarm of trajectories are sampled according
to the following prescriptions. First a Brownian trajectory is run in the
ground state, starting from the minimum corresponding to one of the
stable isomers, with T=298 K. The Brownian motion is generated by in-
tegrating Langevin×s equations[16] for a time (8 ps) long enough as to war-
rant an adequate sampling of the largest amplitude motions, namely the
rotation of the phenyl rings. The Brownian trajectory provides a number
of points in the phase space of the nuclear coordinates and momenta, dis-
tributed according to Boltzmann×s statistics. For each point we calculate
the excitation energies DEK = UK�U0 (UK being the electronic energy of
state K) and, for each DEK falling in the required range, we evaluate the
excitation probability, proportional to the square transition dipole
j h0 j m!jKi j 2. A stochastic algorithm generates zero, one or more vertical
excitations to each state K for the current phase space point, according
to the computed probability. Each excitation gives place to one trajecto-
ry: notice that, because of the surface hopping stochastic algorithm, tra-
jectories starting with the same initial conditions will be generally differ-
ent. The procedure generates, as a by-product, a distribution of excitation
energies, that is, a simulated absorption spectrum for the ground state at
thermal equilibrium.


Time-resolved absorption and emission spectra for the excited molecule
can be generated from the nonadiabatic trajectory results, by the follow-
ing procedure. For each time step within a given interval (tb, te), we sum
the contributions due to all trajectories to the absorption probability PA


and to the emission probability PE. For each trajectory, we consider the
current PES UK and we calculate the transition energies DE =


UL�UK(L>K) and the relative contributions to PA, proportional to m 2
KL
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(square transition dipole). The function PA(DE) is then generated in the
form of a histogram and normalized both with respect to the number of
trajectories and to the time interval (tb,te). In the same way we construct
the emission spectrum PE(DE), by considering transitions K!L with L<


K and contributions proportional to m 2
KL(UK�UL)3. Notice that, because


of the truncation of the basis of electronic states, the simulated absorp-
tion spectrum is not complete, especially in the short wavelength region.
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Selective Complexation and Transport of Europium Ions at the Interface of
Vesicles


Valÿrie Marchi-Artzner,*[a, c] Marie-Josephe Brienne,[a] Thaddÿe Gulik-Krzywicki,[b]


Jean-Claude Dedieu,[b] and Jean-Marie Lehn*[a]


Introduction


Molecular recognition of metal ions at the interface of a
lipidic membrane can be the first step of ion transport
through biological membranes, as is observed in biological
cells. For example, the binding of divalent calcium ions to
phosphatidylcholine lipids is of great importance in a biolog-
ical context.[1] The activity of numerous membrane proteins
involved in cell adhesion, such as cadherins, is dependent on
calcium ions. Biological membranes are impermeable to
ions,[2] and membrane proteins or peptides modulate ion


fluxes across the lipid bilayer. The presence of ions can
affect the stability of the membrane and even induce reor-
ganization of the lipids within the membrane[3] or a phase
transition, as is observed for phosphatidylethanolamine in
the presence of LaIII.[4] Furthermore, the presence of diva-
lent ions such as CaII or MgII induces aggregation or fusion
of negatively charged vesicles, while the presence of mono-
valent ions does not.[5] The addition of lanthanide ions to
negatively charged vesicles was also reported to induce such
phenomena. Indeed vesicles composed of an anionic phos-
phate-functionalized lipid effect the permeability to lantha-
nide ions by forming lipophilic complexes,[6] but the ion se-
lectivity of these systems remains very poor because the in-
teraction is essentially electrostatic.[7] To improve the ion se-
lectivity, amphiphilic derivatives of b-diketone ligands were
chosen in view of their ability to bind lanthanides and to
form stable luminescent complexes with EuIII ions.[8]


We describe here the preparation of functionalized vesi-
cles bearing at the interface b-diketone groups that can se-
lectively bind lanthanide ions. Our objective was to explore
whether metal/ligand molecular recognition can be used as a
tool to build up functional artificial membranes that can be
tuned for ion transport or for inducing controlled formation
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Abstract: The aim of the present work
was to design functionalized lipidic
membranes that can selectively interact
with lanthanide ions at the interface
and to exploit the interaction between
membranes induced by this molecular-
recognition process with a view to
building up self-assembled vesicles or
controlling the permeability of the
membrane to lanthanide ions. Amphi-
philic molecules bearing a b-diketone
unit as head group were synthesized
and incorporated into phospholipidic
vesicles. Binding of EuIII ions to the
amphiphilic ligand can lead to forma-
tion of a complex involving ligands of
the same vesicle membrane (intravesic-


ular complex) or of two different vesi-
cles (intervesicular complex). The
effect of EuIII ions on vesicle behavior
was studied by complementary techni-
ques such as fluorimetry, light scatter-
ing, and electron microscopy. The for-
mation of an intravesicular luminescent
Eu/b-diketone ligand (1/2) complex
was demonstrated. The linear increase
in the binding constant with increasing
concentration of ligands in the mem-
brane revealed a cooperative effect of


the ligands distributed in the vesicle
membrane. The luminescence of this
complex can be exploited to monitor
the kinetics of complexation at the in-
terface of the vesicles, as well as ion
transport across the membrane. By en-
capsulation of 2,6-dipicolinic acid
(DPA) as a competing ligand which
forms a luminescent Eu/DPA complex,
the kinetics of ion transport across the
membrane could be followed. These
functional vesicles were shown to be an
efficient system for the selective trans-
port of EuIII ions across a membrane
with assistance by b-diketone ligands.


Keywords: ion transport ¥
lanthanides ¥ ligand design ¥ lipids ¥
vesicles
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of self-assembled membranes of vesicles, as in the case of
recosomes.[9±12]


We synthetized amphiphilic b-diketone ligands composed
of a lipidic anchor, a hydrophilic poly(ethylene glycol)
spacer, and a ligand head group (Scheme 1). The complexa-
tion of lanthanides ions at the interface of vesicles decorated
with ligand L (5a) and the interaction between such vesicles
in the presence of lanthanide ions were analyzed by fluorim-
etry, dynamic light scattering, and electron microscopy. The
EuIII/b-diketone ligand complex exhibited strong lumines-
cence due to energy transfer from the ligand to the lantha-
nide ions with high efficiency.[13] This property has been
used for sensitive detection of EuIII complexation in vesicle
suspensions.[14]


The ability of ligand L to transport EuIII ions across the
membrane and the kinetics of this transport were also stud-
ied by using a fluorescence permeability test. Such function-
al vesicles that can entrap lanthanide ions in the aqueous in-
ternal compartment of the vesicle have potential applica-
tions in extracting lanthanides from aqueous solutions, for
labeling therapeutic vectors, in magnetic resonance imag-
ing[15,16] and for staining biomolecular systems.[8]


Results and Discussion


Synthesis of the amphiphilic b-diketone ligands 5a and 5b :
The amphiphilic compounds 5 bearing a b-diketone as head
group, two hexadecyl chains as lipophilic anchor, and two
hydrophilic tetra- or hexaethyleneoxy spacers were synthe-
sized according to Scheme 1. Commercial monoethers 1 of


tetra- and hexaethylene glycol were treated with tosyl chlo-
ride in pyridine. The resulting tosylates 2 were condensed
with m-hydroxyacetophenone and ethyl m-hydroxybenzoate
in the presence of K2CO3 in DMF to give 3 and 4, respec-
tively, in 80±90% yield. Treating an equimolar mixture of 3
and 4 with NaH following a literature procedure afforded
the desired b-diketones 5 in 20±35% yield.[17] In the follow-
ing, only the behavior of compound 5a, named ligand L,
will be described.


Complexation of EuIII ions by b-diketone amphiphile L in
solution : To test the ability of L to chelate EuIII in ethanol
solution, titration of EuIII by L was monitored by UV and
fluorescence spectroscopy. The stoichiometry of the L/EuIII


complex was determined by the Job method in ethanol solu-
tion.[18] With both techniques a maximum was observed
around 65 mol% of L, close to what is expected for a 1/2
complex EuL2 (Figure 1). With b-diketono ligands which do


not have long alkyl chains, octacoordinate chelate com-
plexes of europium were isolated in the solid state.[19] The
smaller metal/ligand ratio observed here suggests that other
ligands such as ethanol or water may act as additional li-
gands. On excitation of the ligand L at 350 nm, a high-inten-
sity emission was observed at 612 nm, which corresponds to
luminescence of the europium ion occurring by an intramo-
lecular energy transfer from the ligand to the europium ion
only in the case of the EuL2 species. Indeed, the very low
fluorescence intensity for 0±50 mol% of ligand means that
the initially formed 1/1 species is nonluminescent. Thus,
only the EuL2 complex is detected by fluorescence spectro-
scopy.


Preparation of LUVs functionalized by b-diketone L and
their stability in the presence of Eu III ions : Large unilamel-
lar vesicles (LUVs) composed of 0.1±5 mol% of L and egg
phosphatidylcholine (EPC) as lipid matrix were prepared by
the extrusion method. The presence of L in the vesicles was
checked by observing the UV absorption band of the ligand


Scheme 1. Synthesis of the b-diketones 5a and 5b.


Figure 1. Job diagram of a solution of the lipid L (5a, 48 mm) and
Eu(NO3)3 in ethanol obtained by a) UV spectroscopy and b) fluorescence
spectroscopy with excitation at 350 nm
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at 350 nm after vesicle filtration. Due to the method of vesi-
cle preparation, the ligand was statistically distributed
within the two leaflets of the vesicle bilayer.


To evaluate the solubility of the ligand in EPC or dipalmi-
toyl phosphatidylcholine (DPPC) lipid bilayers, calorimetry
was performed on suspensions of multilamellar vesicles
composed of different L/EPC or L/DPPC mixtures, as
shown in Figure 2a and b, respectively. We analyzed the sol-


ubility in EPC and DPPC lipid matrix to study the effect of
the state of the vesicle membrane (gel or fluid) on the com-
plexation process. First, for pure ligand L, a peak corre-
sponding to fusion of the hexadecyl chains was observed at
61 8C with DH=139 Jg�1, values slightly lower than those
obtained for L in the solid state. A peak at the same posi-
tion was observed for a 5/95 L/EPC mixture and attributed
to the pure ligand L (Figure 2a). The DH value for this
peak of 72 Jg�1, normalized with respect to the amount of L
in the mixture, is about half the value for pure L. For a 3/97
L/EPC mixture virtually no peak was observed. These re-
sults show that there is no significant segregation of ligand
L in the EPC bilayer below 3 mol% of L. In other words,
the ligand L is soluble in the EPC bilayer up to about
3 mol%, while at 5 mol% L tends to segregate in the mem-
brane. In the case of L/DPPC mixtures (Figure 2b), a very
small peak corresponding to pure L was only detected for 5/
95 and 3/97 L/DPPC mixtures. On the other hand the peak
of DPPC corresponding to the transition from La to Lb’ at
41.7 8C and the pretransition between Lb’ and Pb’ around
30 8C were observed for all mixtures, and this suggests that
the presence of L does not change the state of the DPPC
membrane (data not shown).[20] In conclusion L appears to
be soluble in DPPC lipid membrane up to 5 mol% and thus
is more soluble in DPPC than in EPC matrix, as expected
from the length of the two hexadecyl chains of L, which cor-
responds to that of DPPC.


The effect of adding lanthanide ions on vesicle stability
and interactions was appraised by determining the change in
size and morphology of pure EPC and L/EPC LUVs by dy-


namic light scattering. The results are summarized in
Table 1. As expected for preparation by extrusion, the L/
EPC vesicles had a mean diameter of about 100 nm and
were unilamellar, as shown by freeze-fracture electron mi-
croscopy.


The addition of EuIII induced an increase in vesicle size
when the ratio [EuIII]/[lipid] of the lanthanide concentration
and the total lipid concentration were in the same range
(around 0.25) even in the absence of the ligand L. No
change in size was observed on addition of either a large
excess or only a small amount of EuIII relative to the total
lipid concentration. To explain the effect of EuIII ions one
can consider the electrostatic effect of binding of ions to the
vesicle membrane. Europium(iii) ions are known to interact
with the phosphate head group of lecithin phosphatidylcho-
line.[21] For example, the adsorption constant of LaIII ions on
the surface of palmitoyl oleyl phosphatidyl glycerol (POPG)
or palmitoyl oleyl phosphatidyl choline (POPC) vesicles was
determined to be Kapp�103m�1.[22] Since initially the EPC
vesicles were slightly negatively charged,[23] EuIII binding re-
sulted in electrical neutralization of the vesicle surface and
thus increased the attractive van der Waals forces between
vesicles, which tended to aggregate.[7] These results were
confirmed by freeze-fracture electron microscopy (Figure 3).


Figure 2. Calorimetric curves of multilamellar vesicle suspensions com-
posed of different mixtures in pure water: a) L/EPC; b) L/DPPC. The
total lipid concentration was fixed at [lipid]=100 mgmL�1. The peaks are
normalized with respect to the amount of L.


Table 1. Mean diameters Dn in nm (�20%) of L/EPC or pure EPC
LUVs at [lipid]=0.44 mm in the presence of EuIII at various concentra-
tion ratios [EuIII]/[lipid].


mol% of L [EuIII]/[lipid]
in EPC 0 0.023 0.23 2.3


0 100 ± 650 ±
0.1 90 100 940 100
1 90 ± 315 ±


Figure 3. Cryofracture electron microscographs of LUVs ([lipid]=
2.5 mm) in the presence of 0.5 mm EuCl3 ([Eu]/[lipid]=0.2): a) pure EPC
LUVs, b) 0.1% mol L/EPC LUVs. The scale bar represents 200 nm.
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In the following, the ratio [Eu]/[lipid] was always less
than 0.1, under which conditions the addition of lanthanide
ions to EPC vesicles does not induce aggregation. The size
of the vesicles prepared by the extrusion method was
checked by dynamic light scattering. The question arises
whether complexation occurs and, if so, how the lanthanide
ions interact with vesicles functionalized by ligand L.


Complexation of EuIII ions to L/EPC vesicle membranes : To
detect the complexation of the lanthanide ions at the bilay-
er/water interface of the L/EPC vesicles, the effect of adding
of EuIII aliquots to a suspension of L/EPC vesicles was fol-
lowed by fluorescence and UV spectroscopy. Beforehand,
we checked that an aqueous solution of EuIII salt did not ex-
hibit any fluorescence due to the quenching of the emission
of the hydrated EuIII ion by water molecules even in the
presence of pure EPC vesicles. On excitation of the b-dike-
tone ligand L (350 nm), the addition of EuIII caused a large
increase in the emission intensity of EuIII, which eventually
reached a plateau (Figure 4).


The observed increase in EuIII emission intensity was at-
tributed to energy transfer from the ligand to the metal that
occurs only in the EuL2 complex, as seen before for experi-
ments in solution. The EuIII ions bind to L at the interface


of the L/EPC vesicles to form a luminescent complex EuL2


until all the ligands L are complexed at the end of the titra-
tion, corresponding to the plateau observed.


To test whether this complexation is a reversible process,
we used a strong competitor ligand, namely, 2,6-pyridinedi-
carboxylic acid (DPA), which is known to form very stable,
luminescent complexes with EuIII.[24, 25] By direct excitation
of either DPA or ligand L, one can follow the luminescence
of the two complexes formed, Eu(DPA)3 and EuL2. At the
end of the titration of L/EPC vesicles with EuIII, aliquots of
DPA were added stepwise. The changes in the emission in-
tensities of the two complexes Eu(DPA)3 and EuL2 are
shown in Figure 5.


Initially, all the ligands L were complexed to EuIII, so that
the normalized emission intensity of EuL2 was maximal.
During the titration with DPA, the luminescence signal of
EuL2 decreased, while the emission of Eu(DPA)3 increased
and reached a plateau for the addition of three equivalents
of DPA. This result is in agreement with an exchange reac-
tion between ligands L and DPA that results in complete
dissociation of the EuL2 complex [Eq. (1)].


EuL2 þ 3DPA Ð EuðDPAÞ3 þ 2L ð1Þ


Thus the complexation of EuIII on the L/EPC vesicle bi-
layer surface is reversible, and the complexation reaction at
the interface of the vesicle is an equilibrium process.


The question is how the organization of the amphiphilic
ligands within the membrane affects the complexation. Con-
sider the equilibrium of complexation of EuIII to the ligand
L with a 1/2 stoichiometry [Eq. (2)].


Euþ 2L Ð EuL2 ð2Þ


For the whole solution, the apparent binding constant
Kapp is expressed by Equation (3), where the volume concen-
tration of each constituent i is defined as [i]=ni/V, the ratio
of the number of moles of i to the total volume V of the sol-
ution.


Figure 4. a) Fluorescence spectra of a LUV suspension composed of a L/
EPC (5/95) mixture (total lipid concentration [lipid]=0.23 mm) during ti-
tration with a solution of Eu(NO3)3 in a buffer solution containing 10 mm


Tris (pH 8). b) Emission fluorescence at 612 nm of the complex EuL2


during the titration.


Figure 5. Emission intensities during the titration of a solution of 5%
mol L/EPC LUVs ([lipid]=0.29 mm) containing Eu(NO3)3 (13.4 mm) with
a solution of DPA for the EuL2 complex (*, excitation at 350 nm) and
for Eu(DPA)3 complex (&, excitation at 290 nm)
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Kapp ¼
½EuL2

½Eu
½L
2 ð3Þ


Assuming that the ligand L and the complex EuL2 are en-
tirely incorporated into and soluble in the EPC membrane,
the binding constant at the interface of the vesicle can be
written as Equation (4), where the surface concentration of
each constituent i is defined as (i)=ni/S, the ratio of the
number of moles of i to the total surface area S of the lipidic
bilayer, which can be evaluated from nlipid, the Avogadro
number N, and the mean surface area a occupied by one
lipid head group (taken to be 0.7 nm2)[26] according to the
relation S=nlipidaN.


Kbilayer
a ¼ ðEuL2Þ


½Eu
ðLÞ2 ð4Þ


By combining the above relations, the complexation bind-
ing can be expressed by Equations (5)±(7) where cL=nL/
nlipid, the ratio of the number of moles of L to the total
number of moles of lipid.


Kapp ¼ Kbilayer
a


V
S


ð5Þ


Kapp ¼
Kbilayer


a


aN
1


½lipid
 ð6Þ


Kapp ¼
Kbilayer


a


aN½L
 cL ð7Þ


In our titration experiments to check the validity of the
Equations (6) and (7), the equilibrium constant was evaluat-
ed from the half-equivalence of the titration, that is, the
point at which half of the ligand L was consumed to form
EuL2 [Eq. (8)]. The Eu concentration [Eu]1/2equiv required to
complex half of the total amount of ligand L was taken as
the value corresponding to a normalized fluorescence of
EuL2 of 0.5.


½L
1=2equiv ¼ ½L

2


and ½EuL2
1=2equiv ¼
½L

4


then Kapp ¼
1


½Eu
1=2equiv½L

ð8Þ


In a first experiment, titrations of LUVs containing
1 mol% or 2 mol% of ligand L with EuIII were performed
while maintaining constant [lipid], the total concentration of
lipid. The two curves are nearly superimposed (Figure 6a),
in agreement with Equation (6). If complexation occurred in
solution, the curves would not be superimposed, since twice
[Eu]1/2equiv is required to keep Kapp constant [see Eq. (8)].


In a second experiment, titrations of L/EPC LUVs con-
taining various molar percentages of L cL were performed
while keeping constant [L], the total concentration of ligand
L. The titration curves (Figure 6b) show the dependence on
cL in vesicles. The apparent constant Kapp was found to be
proportional to cL (Figure 6c), as expected from Equa-
tion (7). If the reaction occurred in bulk, no change in the ti-
tration curves would be observed, since [L] was constant
[see Eq. (8)]. The observed sigmoidal shape of the titration


curves may be attributed to the formation of a complex with
L or EPC. In particular, our Job titration in solution (see
above) showed that the 1/1 complex EuL was nonlumines-
cent. The binding constant of Eu to EPC lipid, known to be
in the range of 103±104m�1, can be neglected in a first ap-
proximation in comparison to the binding of europium to
the b-diketone ligand.[22]


In conclusion, the observed dependence of the apparent
binding constant on the molar fraction of ligand L and on
the lipid concentration confirms the 1/2 stoichiometry of the
complex resulting from the binding of two ligands to EuIII


that occurs at the vesicle interface and is in agreement with
the fact that the free ligand L and the complex EuL2 are
miscible in the membrane at these molar percentages of
ligand L in the bilayer. The fraction of ligand L in the mem-
brane appears to be a crucial parameter that shifts the equi-
librium of complexation. The higher the concentration of
the ligand in the membrane is, the higher the apparent equi-


Figure 6. a) Variation of the emission intensity at 612 nm (excitation at
350 nm) of L/EPC LUVs with various molar fractions of L (cL) during ti-
tration by Eu: 1% (*), 2% (&). The total lipid concentration was fixed
at [lipid]=0.56 mm. b) Variation of the emission intensity at 612 nm (ex-
citation at 350 nm) of LUVs with various molar fractions of L (cL) during
titration with Eu: 0.5% (*), 1% (&), 2% (!). The volume concentration
of L was fixed at 11.2 mm. c) Corresponding evolution of the apparent
constant Kapp with cL
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librium constant for binding to the vesicle interface. Similar
ligand cooperativity at the interface of membrane surface
was recently observed.[27] Thus, the increase in ligand con-
centration leads in effect to the generation of a more power-
ful complexation site at the vesicle interface.[28] This proper-
ty could explain why the affinity of a substrate for a mem-
brane receptor can be reinforced by clustering of the recep-
tors in biological membranes without changing the total
number of receptors in the bilayer.[29] In biological systems,
similar results were observed,[30] for example, in the associa-
tion of pentameric cholera toxin with GM1, an oligosacchar-
ide portion of the GM1 ganglioside. The binding of the
toxin to the surface of a cell that is densely covered with
GM1 moities occurs essentially irreversibly and with greater
DG of association than the binding of five monomeric units
of GM1.[31]


EuIII ion transport across the membrane of the vesicles : In-
terestingly, no further increase in the emission intensity of
EuL2 was observed by addition at the end of the titration of
an excess of cholate detergent, known to permeabilize and
disrupt the vesicle bilayer. Therefore, one can conclude that
the complexation at the interface of the vesicles engaged all
the ligands of the membrane even if they were statistically
distributed over the two leaflets initially. Since EPC lipid
membranes are not permeable to lanthanides, the question
arose how lanthanide ions are transported across the vesicle
bilayer.


To address this question, a permeability test was devel-
oped. The strong competitor ligand DPA was encapsulated
in L/EPC vesicles at a concentration of 30mm so that DPA
was in excess compared to the ligand L embedded in the
vesicle membrane. Eu(NO3)3 was then added in excess. In
solution, at the same concentrations of EuIII and DPA, we
observed the formation of the Eu(DPA)3 complex, but the
kinetics were too fast to be followed. In the case of L/EPC
vesicles, the formation of the Eu(DPA)3 and the EuL2 com-
plexes was followed by means of the variation of the emis-
sion intensity of EuIII under excitation of DPA at 290 nm
and of b-diketone L at 350 nm (Figure 7). The emission in-
tensities of the Eu(DPA)3 and EuL2 complexes increased
strongly up to a maximum and then slowly decreased. By
comparison, no significant change in fluorescence occurred
in the case of pure EPC vesicles (i.e., without ligand L) for
excitation of DPA at 290 nm, that is, no Eu(DPA)3 complex
was formed. The very small change observed can be attrib-
uted to the slow release of DPA from the vesicles. These re-
sults clearly show that EuIII ions were transported across the
bilayer in the presence of the ligand L, and this process was
followed by formation of the Eu(DPA)3 complex.


The curve corresponding to the formation of Eu(DPA)3
(Figure 7a) was fitted by a monoexponential function. The
characteristic time t for the formation of Eu(DPA)3 was
found to be around 15 s. This value is much higher than that
observed in a DPA solution. This discrepancy suggests that
DPA was not released into the external medium through
membrane defects created by the ligand L, but that EuIII


ions passed through the membrane due to the dissociation
of EuL2 by DPA.


Two kinds of mechanisms can be envisaged for ion trans-
port: 1) transverse movement (flip-flop) of the complexed
ligand and 2) formation of pores consecutive to complexa-
tion of L, which can induce ligand clustering. The observed
transport kinetics are rather fast (t=15 s) compared to the
usual transport by a flip-flop mechanism (t=1±30 min)[26]


and therefore tend to exclude such a mechanism.
To obtain further information on the transport mecha-


nism, the effect of membrane fluidity on the permeability to
lanthanides was tested. Matrix rigidity is expected to slow
down dramatically the kinetics of the transport by flip-flop
movement because of restriction of lipid motion. Therefore,
dipalmitoyl phosphatidylcholine (DPPC), which exists in a
gel phase below 41 8C, was used as lipid matrix. The L/
DPPC (5/95) vesicles containing DPA at a concentration of
30 mm were titrated with EuIII at room temperature. The
characteristic time for the formation of Eu(DPA)3, found to
be 35 s, is comparable to that obtained for a fluid EPC lipid
matrix (15 s). Consequently, the rigidity of the membrane
does not significantly change the kinetics of formation of
Eu(DPA)3 and those of EuIII transport. This result speaks
against flip-flop as the main mechanism of transport. Never-
theless, our experiments do not permit the mechanism to be
elucidated completely. The complexation of the ligand L
could either facilitate the opening of pores due to a possible
reorientation of the ligands L in the membrane once they
are complexed, or the formation of the complex could
induce defects in the membrane by clustering of ligands,
which could increase the permeability of the membrane and


Figure 7. Evolution with time of the emission intensity induced by the ad-
dition of an excess of Eu(NO3)3 (33 mm) to a solution of vesicles
([Lipid]=0.28 mm) containing 30 mm DPA: a) by excitation at 290 nm
(Eu(DPA)3), b) by excitation at 350 nm (EuL2)
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permit the passage of EuIII. Similar effects on vesicle perme-
ability were already attributed to the reorientation of the
carrier molecule in the case of an amphiphilic peptide.[32] In
conclusion these experiments show clearly that europium
ions are transported across the membrane due to the pres-
ence of the ligand L but do not elucidate by which mecha-
nism this transport occurs.


To define the role of the amphiphilic ligand L in the ion
transport, kinetics experiments were performed at various
pH values and at various molar fractions cL of the amphi-
philic ligand L (Table 2).


First, the characteristic time values t decreased with in-
creasing pH, as expected from the acid/base properties of


the b-diketone ligand L. At basic pH the b-diketone group
is partially deprotonated. The pKa values of acetylacetone in
water and DMSO are 8.9 and 13.3, respectively, while the
pKa of dibenzoylmethane in DMSO is 13.35.[33] By analogy
the pKa of b-diketone ligand L in water was assumed to be
around 9. The presence of small clusters of L in EPC mem-
brane, suggested by the DSC measurements, could explain
why the kinetics are faster for 5 mol% than for 1 mol% of
L. These results show that the amphiphilic ligand L induces
the transport of EuIII across the vesicle membrane by com-
plexation and that the kinetics can be modulated by the sur-
face concentration of the ligand L and also by the pH of the
medium.


Conclusion


The results described here show that incorporation of a syn-
thetic amphiphilic b-diketone ligand L in a vesicular mem-
brane allows a tunable control of the permeability of the
membrane to EuIII ions. The ion/b-diketone ligand molecu-
lar recognition occurs by reversible complexation at the sur-
face of the vesicle and results in selective and fast transport
of lanthanide ions across the vesicle membrane assisted by
the amphiphilic b-diketone ligand, as shown in Figure 8.


The observed complexation involves two ligands of the
same vesicle membrane (intravesicular complexation). This
synthetic system shows a very interesting synergic effect in
which the binding constant at the vesicle interface is modu-
lated by the ligand concentration in the membrane. This
system offers an example of the design of artificial function-
al vesicular systems that can selectively transport ions. For a
better understanding of the actual mechanism of transport,
it would be necessary to elucidate the orientation of the


ligand within the membrane and its possible reorientation
following its complexation.


The next step towards the self-assembly of vesicles by
metal/ligand interaction is to explore how to induce the for-
mation of a complex between two different vesicles (interve-
sicular complexation), which is a key step towards a selec-
tive self-assembly of vesicles into organized polyvesicular ar-
chitectures.


Experimental Section


Synthesis of the ligands


General : IR: Perkin-Elmer 297, KBr pellets. NMR (CDCl3): Bruker
AM200SY equipped with Aspect 3000 data system, d in ppm downfield
from TMS, J in Hz. TLC: Merck, silica gel 60 F254, 0.25 mm (analytical
TLC), UV detection. Preparative column chromatography: Merck silica
gel 60 (0.040±0.063 mm). Elemental analyses: Service Central d’Analyse
du CNRS. M.p. and enthalpies of fusion (DH): Perkin-Elmer DSC7 dif-
ferential scanning calorimeter, heating or cooling rate 5 8Cmin�1 unless
otherwise stated, temperatures in 8C, DH in kJmol�1. As usual, the pres-
ence of mesophases was detected when the phase transitions did not ex-
hibit significant hysteresis in the cooling runs. The very low enthalpies of
the two transitions between 1 and �25 8C could be associated with rota-
tor phases similar to those displayed by long-chain linear alkanes.[34]


Complete characterization of the observed mesophases would require
more thorough studies beyond the scope of the present paper.


Tetraethyleneglycol monohexadecyl ether p-toluenesulfonate (2a): Tosyl
chloride (2.3 g, 12 mmol) was added with stirring to an ice-cooled solu-
tion of commercial tetraethyleneglycol monohexadecyl ether (1a, 3.3 g,
7.9 mmol) in dry pyridine (15 mL). The reaction mixture was kept at 4 8C
for 22 h and poured into ice water (ca. 40 mL). The mixture was extract-
ed with diethyl ether (2î40 mL) and the organic phases washed with 1n
HCl (4î10 mL) and brine. Drying over Na2SO4 and evaporation afforded
2a (4.0 g, 88%), which was used for the next step without further purifi-
cation 1H NMR: d=7.80 (d, J=8 Hz, 2H), 7.34 (d, J=8 Hz, 2H), 4.16 (t,
2H), 3.58±3.66 (m, 14H), 3.44 (t, J=7 Hz, 2H), 2.45 (s, 3H), 1.57 (m,
2H), 1.25 (m, 26H), 0.88 ppm (t, 3H).


Hexaethyleneglycol mono hexadecyl ether p-toluenesulfonate (2b): Pre-
pared by the same procedure described for 2a, from commercial hexae-
thyleneglycol monohexadecyl ether (1b, 3.04 g, 6 mmol) and tosyl chlo-
ride (2.3 g, 12 mmol) in dry pyridine (15 mL). The crude product 2b
(3.06 g, 91%) was used for the next step without further purification 1H
NMR: d=7.78 (d, J=8 Hz, 2H), 7.32 (d, J=8 Hz, 2H), 4.14 (t, 2H),
3.56±3.69 (m, 22H), 3.42 (t, J=7 Hz, 2H), 2.43 (s, 3H), 1.55 (m, 2H),
1.24 (m, 26H), 0.86 ppm (t, 3H).


3-[hexadecyloxy(tetraethyleneoxy)]acetophenone (3a): A mixture of 3-
hydroxyacetophenone (210 mg, 1.5 mmol), 2a (0.86 g, 1.5 mmol), and dry
K2CO3 (0.75 g, 5.4 mmol) in dry DMF (7.5 mL) was stirred at 80 8C for
24 h under nitrogen. The mixture was poured into ice water (ca. 30 mL)
and extracted with diethyl ether (2î30 mL). The organic extracts were


Table 2. Effect of the molar fraction of L cL and pH on the kinetics of
permeation of EuIII into L/EPC vesicles containing a 30 mm DPA solu-
tion, evaluated by a monoexponential fit of the kinetic curves of DPA/
EuIII complexation.


cL pH t�10% [s]


5 8 15
1 9 116
1 8 143
1 7 208


Figure 8. Schematic mechanism of the complexation at the surface of
vesicles and ion transport across the vesicle membrane assisted by the di-
ketone ligand L
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washed with water (3î10 mL), dried over Na2SO4, and concentrated.
The residue (780 mg) was subjected to chromatography (silica gel, 40 g,
elution with AcOEt/hexane 20/80) to provide 3a (710 mg, 88%), which
was recrystallized from pentane at 0 8C for analysis. DSC (M=metastable
mesophase): K!I 33 8C, DH=105 kJmol�1 (1st heating run); I!M
17.5 8C, DH=42 kJmol�1, M!M �0.2 8C, DH=0.8 kJmol�1, M!M
�23 8C, DH=1.5 kJmol�1 (1st cooling run); M!M �22.5 8C, DH=


1.7 kJmol�1, M!M 1 8C, DH=0.75 kJmol�1; M!K ca. 5±10 8C (exother-
mic crystallization), K!I 32 8C, DH=103 kJmol�1 (2nd heating run). Re-
crystallization could be avoided when cooling was stopped at 10 8C and
heating proceeded immediately thereafter: M!M 18.8 8C, DH=


42 kJmol�1. 1H NMR: d=7.49±7.56 (m, 2H), 7.36 (t, J=8 Hz, 1H), 7.10±
7.16 (m, 1H), 4.18 (m, 2H), 3.88 (m, 2H), 3.56±3.75 (m, 12H), 3.43 (t,
J=7 Hz, 2H), 2.59 (s, 3H), 1.57 (m, 2H), 1.25 (m, 26H), 0.88 ppm (t,
3H); elemental analysis (%) calcd for C32H56O6 (536.78): C 71.60, H
10.52; found: C 71.52, H 10.62.


3-[hexadecyloxy(hexaethyleneoxy)]acetophenone (3b): Prepared by the
same procedure described for 3a from 3-hydroxyacetophenone (275 mg,
2 mmol), 2b (1.32 g, 2 mmol), and dry K2CO3 (1 g, 7.25 mmol) in dry
DMF (10 mL). The crude product (1.25 g) was subjected to chromatogra-
phy (silica gel, 50 g, elution with AcOEt/hexane 70/30) to give 3b
(990 mg, 80%). DSC: K!K ca. 20 8C, K!I 27±30 8C (several ill-resolved
peaks), DH=113 kJmol�1 (1st heating run); I!M 14.7 8C, DH=


44 kJmol�1, M!M �1.3 8C, DH=0.74 kJmol�1, M!M �23.8 8C, DH=


1.5 kJmol�1 (1st cooling run); M!M �23.6 8C, DH=1.6 kJmol�1, M!M
�0.2 8C, DH=0.76 kJmol�1, M!I 16 8C, DH=44 kJmol�1 (2nd heating
run). Contrary to 3a, no recrystallization was observed. 1H NMR: d=
7.47±7.54 (m, 2H), 7.34 (t, J=8 Hz, 1H), 7.08±7.14 (m, 1H), 4.16 (m,
2H), 3.86 (m, 2H), 3.54±3.74 (m, 20H), 3.42 (t, J=7 Hz, 2H), 2.57 (s,
3H), 1.55 (m, 2H), 1.23 (m, 26H), 0.86 ppm (t, 3H); elemental analysis
(%) calcd for C36H64O8 (624.89): C 69.19, H 10.32; found: C 69.13, H
10.44.


Ethyl 3-[hexadecyloxy(tetraethyleneoxy)]benzoate (4a): A mixture of
ethyl 3-hydroxybenzoate (300 mg, 1.8 mmol), 2a (1.03 g, 1.8 mmol), and
dry K2CO3 (0.9 g, 6.5 mmol) in dry DMF (9 mL) was stirred at 80 8C for
24 h under nitrogen. The mixture was poured into ice water (ca. 30 mL)
and extracted with diethyl ether (2î30 mL). The organic extracts were
washed with water (3î10 mL), dried over Na2SO4, and concentrated.
The residue (980 mg) was subjected to chromatography twice (silica gel,
45 g and 20 g, elution with AcOEt/hexane 40/60) to provide 4a (750 mg,
73%), which was recrystallized from MeOH/pentane for analysis. DSC:
K!I 27±28 8C (2 ill-resolved peaks), DH=103 kJmol�1 (1st heating run);
I!M 10.3 8C, DH=42 kJmol�1, M!M �0.8 8C, DH=0.7 kJmol�1 (1st
cooling run stopped at �10 8C); M!M 0.4 8C, DH=0.6 kJmol�1, M!I
11.6 8C, DH=42 kJmol�1 (2nd heating run), no recrystallization was ob-
served. 1H NMR: d=7.56±7.66 (m, 2H), 7.33 (t, J=8 Hz, 1H), 7.09±7.14
(m, 1H), 4.36 (q, J=7 Hz, 2H), 4.17 (m, 2H), 3.87 (m, 2H), 3.55±3.75
(m, 12H), 3.43 (t, J=7 Hz, 2H), 1.56 (m, 2H), 1.39 (t, J=7 Hz, 3H), 1.25
(m, 26H), 0.88 ppm (t, 3H); elemental analysis (%) calcd for C33H58O7


(566.81): C 69.93, H 10.31; found: C 69.93, H 10.33.


Ethyl 3-[hexadecyloxy(hexaethyleneoxy)]benzoate (4b): Prepared by the
same procedure described for 4a, from ethyl 3-hydroxybenzoate (330 mg,
2 mmol), 2b (1.32 g, 2 mmol), and dry K2CO3 (1 g, 7.25 mmol) in dry
DMF (10 mL). The crude product (1.27 g) was subjected to chromatogra-
phy (silica gel, 50 g, elution with AcOEt/hexane 70/30) to give 4b (1.04 g,
79%) as a liquid. DSC at 5 8Cmin�1: I!M 7.8 8C, DH=42 kJmol�1, M!
M �2.2 8C, DH=0.75 kJmol�1, M!M �24.6 8C, DH=1.8 kJmol�1 (cool-
ing run); M!M �24.5 8C, DH=1.9 kJmol�1, M!M �1.5 8C, DH=


0.75 kJmol�1, M!M!K 8 8C with partial simultaneous crystallization
starting at 5 8C, K!I �11±13 8C (2 melting peaks, heating run). DSC at
1 8Cmin�1: recrystallization could be avoided when cooling was stopped
at 5 8C and heating proceeded immediately thereafter: M!M 8 8C, DH=


41 kJmol�1. 1H NMR: d=7.55±7.64 (m, 2H), 7.31 (t, J=8 Hz, 1H), 7.07±
7.12 (m, 1H), 4.35 (q, J=7 Hz, 2H), 4.16 (m, 2H), 3.85 (m, 2H), 3.53±
3.73 (m, 20H), 3.42 (t, J=7 Hz, 2H), 1.55 (m, 2H), 1.39 (t, J=7 Hz, 3H),
1.24 (m, 26H), 0.86 ppm (t, 3H); elemental analysis (%) calcd for
C37H66O9 (654.91): C 67.86, H 10.16; found: C 67.86, H 10.16.


Diketone 5a (L): 1,2-Dimethoxyethane (DME, 20 mL), 3a (537 mg,
1 mmol), and 4a (567 mg, 1 mmol) were added to NaH (120 mg of 60%
suspension in oil, 3 mmol) that had been washed three times with dry
pentane by decantation. The reaction mixture was stirred and heated to


reflux for 12 h under nitrogen. After cooling and addition of two drops
of water, the mixture was poured into ice water (20 mL) and 1n HCl
(10 mL). The resulting crystals were collected by filtration, washed with
water, and dried at room temperature. This crude product (1.06 g) was
subjected to chromatography (silica gel, 50 g, elution with AcOEt/hexane
40/60, then AcOEt) and recrystallized from CH2Cl2/MeOH at 0 8C to
give 5a (345 mg, 33%). DSC: K!K �60 8C, K!I 65±68 8C (several ill-
resolved peaks), DH=172 kJmol�1, (no mesophase). 1H NMR: d=7.53±
7.58 (m, 4H), 7.34 (t, J=8 Hz, 2H), 7.09±7.14 (m, 2H), 6.81 (s, 1H), 4.22
(m, 4H), 3.90 (m, 4H), 3.55±3.75 (m, 24H), 3.43 (t, J=7 Hz, 4H), 1.57
(m, 4H), 1.25 (m, 52H), 0.88 ppm (t, 6H); elemental analysis (%) calcd
for C63H108O12 (1057.52): C 71.55, H 10.30; found: C 71.53, H 10.35.


Diketone 5b : Prepared by the procedure described for 5a, from 3b
(312 mg, 0.5 mmol), 4b (327 mg, 0.5 mmol), and NaH (60 mg of 60% sus-
pensionin oil, 1.5 mmol) in DME (10 mL). The crude product (610 mg)
was subjected to chromatography (silica gel, 60 g, elution with AcOEt/
MeOH 96/4) and recrystallized twice from CH2Cl2/MeOH to afford 5b
(118 mg, 19%). DSC: K!I 57±58.5 8C (2 ill-resolved peaks), DH=


216 kJmol�1 (1st heating run); I!M 18.8 8C, DH=77 kJmol�1 (cooling
runs); M!I �20 8C, DH=�75 kJmol�1, exothermic recrystallization oc-
curring just after I!K 22±30 8C, DH=�155 kJmol�1, exothermic K!K
47 8C, DH=25 kJmol�1, K!I 58 8C, DH=210 kJmol�1 (next heating
runs). 1H NMR: d=7.45±7.50 (m, 4H), 7.30 (t, J=8 Hz, 2H), 7.01±7.07
(m, 2H), 6.74 (s, 1H), 4.14 (m, 4H), 3.82 (m, 4H), 3.50±3.65 (m, 40H),
3.35 (t, J=7 Hz, 4H), 1.49 (m, 4H), 1.27 (m, 52H), 0.88 ppm (t, 6H); ele-
mental analysis (%) calcd for C71H124O16 (1233.73): C 69.12, H 10.13;
found: C 69.10, H 10.16.


Vesicle preparation and characterization


LUV preparation by extrusion : LUVs were prepared according to stan-
dard procedures.[35] A lipid film was formed by evaporation of a chloro-
form solution of the lipid mixture (13 mmol) in a 10 mL round-bottomed
flask under reduced pressure at room temperature. The lipid film was
then hydrated with the appropriate aqueous buffer or water (1 mL) and
subjected to five freeze±thaw cycles with liquid nitrogen and water at
20 8C. The obtained lipid suspension was then extruded ten times through
a Whatman laser-etched polycarbonate membrane with 100 nm pore size
at 40 8C. Purification was performed by gel exclusion on a prepacked Se-
phadex G-10 column (Pharmacia) to give a final lipid concentration of
4.3 mm.


For the incorporation of DPA, the amount of DPA in the vesicle repre-
sents around three equivalents of L embedded in the vesicle membrane
in the permeability experiment by assuming that the incorporation yield
of L is around 100% during vesicle preparation and given a vesicle diam-
eter of 100 nm.


Differential scanning calorimetry measurements on the suspension of
multilamellar vesicles (MLVs): the suspension of MLVs composed of
L :EPC and L :DPPC mixtures were prepared as follows: A lipid film was
formed by evaporation of a chloroform solution of the lipid mixture
(60 mmol) in a 5 mL round-bottomed flask under reduced pressure at
room temperature. This lipid film was then hydrated with water (500 mL)
and subjected to ten freeze±thaw cycles with liquid nitrogen and water at
20 8C until the mixture was a homogeneous suspension. The total lipid
concentration was around 100 mgmL�1. These suspensions were weighed
(50 mg) into a steel capsule. At least two heating/cooling cycles were per-
formed at 5 8Cmin�1.


UV and fluorescence spectroscopy: A DU 640 Beckman UV spectrome-
ter was used for UV absorbance measurements. The excess absorbance
calculated for the Job titration was calculated according to the following
relation: Aexc(x)=A(x)�[[A(1)�A(0)]x+A(0)] where A(x) is the absorb-
ance of the solution containing a molar fraction x of L. Titrations of vesi-
cles were performed by fluorescence spectroscopy at room temperature
by using a SPEX FluoroMax spectrometer at a constant volume of 3 mL.


Freeze-fracture transmission electron microscopy : To achieve the best
preservation of the sample structure on cryofixation, we replaced water
with water/glycerol (33 vol%) solution. A 20±30 mm thick layer of the
sample was deposited on a thin copper holder and then rapidly quenched
in liquid propane. The frozen samples were fractured in vacuo (ca.
10�7 Torr) with the liquid-nitrogen-cooled knife of a Balzers 301 freeze-
etching unit. The replication was performed by unidirectional shadowing
with platinum/carbon at an angle of 358. The mean thickness of the metal
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deposit was 1±1.5 nm. The replicas were washed with organic solvents
and distilled water and then observed under a Philips EM 410 electron
microscope. The contrast of images is related to the depth fluctuations of
the metal deposit.


Light scattering measurements : Vesicle samples were filtered through
Nucleopore filters (pore size: 0.25 mm) at 0.1±0.5 mm lipid concentration.
The dynamic light scattering measurements were carried out on a 4700/
PCS100 (Malvern) at several angles. A coherent argon laser at 514.5 nm
produced incident irradiation. Correlation functions were analyzed by
the method of cumulants to give the hydrodynamic diameters. The error
indicated for the mean diameter was estimated from the half-width of
the size-distribution peak.
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