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Yam et al. have recently established a more accurate equation (Organometallics
2007, 26, 6091–6098) for determining the binding constants K11 and K21 in systems
that involve the complexation of metal ions in both 1:1 and 2:1 stoichiometry and
would like to update the data found in Chem. Eur. J. 2002, 8, 4066–4076. From the
fitting of the revised equation, the binding constants of [Pt ACHTUNGTRENNUNG(C^N^C)(pyC�
CB15C5) (5) and [Pt ACHTUNGTRENNUNG(trpy)(pyC�CB15C5)] ACHTUNGTRENNUNG(PF6)2 (9) (HC^N^CH= 2,6-diphenyl-
pyridine, dppy; CB15C5= benzo[15]crown-5; trpy= 2,2’:6’,2’’-terpyridine) to K+


in 1:1 and 2:1 stoichiometries were obtained. In solution (CH3CN/DMF; 8:2 v/v),
the log K11 and log K21 values of 5 were found to be 2.73 and 3.01, respectively,
whereas those of 9 were 1.73 and 1.78, respectively. The corresponding log K11 and
log K21 values of 9 in acetonitrile were 3.40 and 3.13, respectively. In view of the
slight or insignificant changes of these values, both the discussions and conclusion
remain unchanged and are therefore retained. The authors would like to apologize
for any inconvenience caused.
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Introduction


“What I cannot create, I do not understand”
-Richard Feynman


The design of catalysts for use in synthetic chemistry is a
major cornerstone of chemical research. The advancement
of synthetic methodology has largely centered on the design
and development of small-molecule catalysts (both organo-
metallic and organocatalytic) to elicit new types of conver-
sions, or to make existing reactions exquisitely selective. In
fact, two of the most recent Nobel Prizes in chemistry have
been awarded for small-molecule catalyst development
(alkene metathesis 2005, asymmetric catalysis, 2001). When
small-molecule catalysts are developed, they are designed to
be tolerant of a wide variety of functional group types that
are not targeted for conversion (i.e., chemoselectivity pro-
vides compatibility). This allows for the catalyst to be ap-
plied generally to a wide range of substrates. Although the
successes of small molecule catalysts have made their pres-
ence ubiquitous in synthetic chemistry, one problem that re-
mains challenging is the ability to transform a single func-
tional group on a molecule in the presence of equally acces-
sible and equally reactive functionality without the use of
protecting groups. Biomolecules are the gold standard in se-
lective catalysis because of their ability to produce large
rate enhancements relative to the uncatalyzed reaction


while maintaining high levels of regio- and enantioselectivi-
ty.[1] The ability to re-create all of these desirable character-
istics in a synthetic supramolecular system has yet to be ach-
ieved. This lack of success in the supramolecular field (in
comparison to the widespread success of small-molecule cat-
alysts) might indicate a deficient understanding of the ori-
gins of biological catalysis, which is itself actively debated in
the literature.[2] To advance our understanding in a systemat-
ic way, chemists must have access to diverse molecular scaf-
folds that can be rapidly synthesized, and are capable of pre-
cisely positioning functional moieties in three dimensional
space.
Modular construction is a powerful way to achieve diver-


sity and complexity in structure from a simple set of posi-
tion-interchangeable building blocks. Chain molecules built
from a regular repeating unit provide a molecular-level ex-
ample of this concept. There is no finer demonstration that
illustrates the power of modularity than the functional diver-
sity that comes from combinations of the 20 natural amino
acids to produce polypeptide heterosequences. Foldamers, a
heavily investigated class of synthetic molecules with a di-
verse membership, meet many of the required criteria and
offer the potential for studying the aforementioned recogni-
tion and reactivity problems by creating highly controlled
molecular compartments. In this concept article, we will dis-
cuss the limitations that exist in conventional catalysis and
supramolecular chemistry and how advances in foldamer sci-
ence may provide solutions to these problems.


“Limitations” of Conventional Small-Molecule
Catalysis


The design of small-molecule catalysts for organic synthesis
has enjoyed great success. To date, a variety of highly effi-
cient, small-molecule catalysts with broad substrate generali-
ty have been synthesized and used extensively by chem-
ists.[3–5] Shown in Scheme 1 are two examples of imine-based
organocatalysts that have been heavily studied of late.[6]


These catalysts react with ketones or aldehydes to form
chiral imines which can then undergo other reactions (e.g.,
aldol, Michael addition, Diels–Alder) to give asymmetric


Abstract: Over the past several decades, chemists have
designed a myriad of supramolecular scaffolds for the
purpose of mimicking enzyme behavior and creating
more advanced catalysts. Foldamers, one class of supra-
molecular structures that feature rapid, modular synthe-
sis and dynamic structural properties and have been
widely investigated for their molecular recognition
properties. Specifically, our group has designed a reac-
tive m-phenyleneethynylene foldamer, which mimics
the selective properties (“reactive sieving”) of the iso-
leucine tRNA synthetase enzyme. In this concept we
discuss examples that have inspired our research as well
as potential directions for future advancement of this
field.


Keywords: cavitands · foldamers · peptide catalysis ·
supramolecular chemistry · synthetic enzymes


[a] R. A. Smaldone, Prof. Dr. J. S. Moore
Departments of Chemistry
Materials Science and Engineering and
The Beckman Institute for Advanced Science and Technology
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Scheme 1. Examples of imine-based organocatalysts for asymmetric syn-
thesis.
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products. It can be seen in Scheme 1 that the peripheral
groups attached to the reactants (i.e., R groups) are general-
ly uninvolved with the outcome of the conversion. This
“limitation” gives small-molecule catalysts their generality,
but may limit their ability to select a single functional group
out of many nearly identical reactive sites on a polyfunc-
tional molecule (e.g., biomolecules, complex organic mole-
cules). The demand for methodology to perform conversions
with this type of selectivity has only increased in recent
years with the desire to modify proteins and other biomole-
cules for the purpose of developing nanoscale devices, thera-
peutics and more advanced materials using approaches that
are free of protecting groups.[7–10]


Cavitand-Based Supramolecular Catalysis


Over the past several decades studies that combine receptor
binding and reactivity have attempted to create a “synthetic
enzyme”. The most common motifs include cyclodextrins,
calixarenes, and resorcinarene-based cavitand molecules, all
having been modified in various ways in an attempt to ach-
ieve this goal.[11–15] One elegant example of traditional supra-
molecular catalysis involves RebekGs resorcinarene-based
cavitand (Scheme 2).[16] This structure is capable of catalyti-
cally hydrolyzing p-nitrophenylcholine carbonate (PNPCC)
using a zinc ion attached to the rim of the cavity, which acti-
vates the carbonate for hydrolysis by a solvent water mole-
cule and subsequent decarbonylation. The cavitand is able
to recognize PNPCC through a cation–p interaction be-
tween the ammonium cation and the aromatic faces of the
cavity.[17] There are many other examples of host–guest
based catalysis in the literature that perform a variety of re-
actions including hydrolysis, oxidation, and Diels–Alder cy-
cloadditions.[11, 13]


However, most of the systems studied to date have largely
been unsuccessful at replicating the rate enhancements or
substrate selectivity of enzymes. In addition, since these sys-
tems lack the generality of small-molecule catalysts, they
have yet to be implemented as a practical technique in syn-
thetic chemistry. The lack of widespread acceptance of these
systems as synthetic reagents is probably a consequence of
two major factors: the structures are generally rigid and ach-
ieve their rate enhancements simply through increases in ef-
fective molarity, and the syntheses of these systems can be
lengthy, making the construction of a single supramolecular
catalyst a project in itself. If synthetic catalysts that utilize
sophisticated molecular recognition to enhance the selectivi-
ty of chemical reactions are to be created, these problems
must be addressed.


Catalytic Peptide Sequences


While cavitand-based systems have contributed to our un-
derstanding of supramolecular catalysis, other approaches
have made significant advances towards application of these
concepts as a practical synthetic technique. Miller and co-
workers have developed a number of short, synthetic pep-
tides to perform a variety of reactions including kinetic reso-
lutions of alcohols, aldol reactions, phosphorylation, Michael
addition, and Morita–Baylis–Hillman reactions. Some exam-
ples of these are illustrated in Scheme 3, and many show sig-
nificant promise.[18,19] These peptides, although less inten-
sively studied than the previous areas, warrant discussion
here. Of special note are MillerGs peptides, which incorpo-
rate the advantages of the modular chemistry of oligomers.
Although some of these catalytic peptides are short sequen-
ces (often as few as two amino acids), the most impressive
examples are longer chains (between four and eight amino


acids), possibly owing to a de-
fined secondary structure. The
monophosphorylation reaction
shown in Scheme 3 is extremely
interesting since the peptide is
able to phosphorylate one spe-
cific hydroxyl group (98% ee)
among three, equally reactive
hydroxyls. The transformations
that catalytic peptides perform
are synthetically relevant
making this a methodology of
great interest.


tRNA Synthetase and
Reactive Sieving


In synthesizing complex mole-
cules without the use of pro-
tecting groups, enzymes recog-
nize subtle differences in sub-


Scheme 2. Example of a resorcinarene-based cavitand that combines host-guest molecular recognition with
catalytic reactivity.[16]
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strate structure with high efficiency. One notable example of
this behavior is observed in tRNA synthetase enzymes.[20,21]


tRNA synthetases are responsible for the aminoacylation of
a specific tRNA at the 3’ hydroxyl of the terminal nucleo-
tide with the amino acid for which it is coded. Although
amino acids can vary widely in their physical characteristics
(shape, size, hydrophilicity), recognition of amino acids with
small structural differences is a significant challenge. Resi-
dues such as valine and isoleucine differ by only a single
methylene group, thus potentially opening the door for
errors in protein biosynthesis during the tRNA aminoacyla-
tion process. In spite of this
challenge, these enzymes oper-
ate with an extremely low rate
of error (as low as 1 error for
every 40000 base pairs).[21] This
extraordinary selectivity is ach-
ieved using a “double sieve”
mechanism (Figure 1), where
the enzyme uses multiple bind-
ing pockets (sieves) to select
the correct amino acid. The
first sieve is referred to as the
“coarse” sieve, which catalyzes
the formation of the amino acid
acyladenylate, but only for
those substrates that are equal
to or smaller in size than the
target amino acid. A second
“fine” sieve hydrolyzes all the
amino acid acyladenylates that
are smaller than the intended


substrate (Figure 1).[22] This remarkable example of molecu-
lar recognition provides an interesting design concept for
supramolecular chemists.


Reactive Sieving with Foldamers


Gellman and co-workers first coined the term “foldamer” in
1996 to describe any polymer or oligomer that tends to
adopt a specific, compact conformation.[23] Since then there
have been several comprehensive reviews on the variety of


Scheme 3. Kinetic resolution (top) and phosphorylation (bottom) reactions catalyzed by short, synthetic peptides.


Figure 1. a) Illustration of “double sieve mechanism” proposed by Fersht. b) Binding orientations of valine
(left) and isoleucine (right) in the active site of tRNA synthetase. This image is modified from ref. [22].
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foldamer structures developed.[23–26] Although there are
many types of foldamers, two classes stand out as the most
widely investigated: peptide-based foldamers, and aromatic
foldamers (e.g. m-phenylene ethynylene (mPE) oligomers)
(Scheme 4).[23,27,28]


Among the many kinds of supramolecular hosts that have
been reported in the literature over the past three decades,
there are several key features that set the foldamer scaffold
apart. As mentioned previously, many supramolecular host
molecules require lengthy syntheses, and/or are limited in
their ability to be unsymmetrically functionalized. For exam-
ple b-cyclodextrin, although commercially available, re-
quires the use of difficult methodology to site-specifically
modify its structure.[29] The iterative sequence-specific syn-
thesis of peptides (both a- and b-) on solid phase has al-
lowed for their construction containing any amino acid (in-
cluding unnatural variants) at any position in the chain.[30,31]


This chemistry is sufficiently facile that it is often carried
out using an automated synthesizer. Convenient methodolo-
gy for the iterative solid phase synthesis of mPE oligomer
homo- and heterosequences has also recently been devel-
oped.[32] The mPE oligomers are constructed through itera-
tive Sonogashira couplings, using two differentially reactive
monomers.
One particularly desirable aspect of mPE foldamers is


their capability to direct functional groups to the interior of
their helical binding cavity. In the more traditional supra-
molecular structures, the binding cavity cannot easily be
functionalized. For example, the interior cavity of a cyclo-
dextrin cannot be modified, since there are no functional
handles (hydroxyl groups line the edges). Similarly, the
binding pockets of cavitands such as calixarenes are com-
prised of the faces of aromatic rings, making it impossible to
add functional elements to the interior of the structure (al-
though edge functionalization is possible, analogous to the
cyclodextrin systems). mPE foldamers do not have this limi-
tation since the binding cavity is comprised of the edges of
the aromatic rings that make up its backbone, rather than
the ring faces (Figure 2).


mPE Foldamers and Reactive Sieving


mPE foldamers are particularly attractive as scaffolds for
supramolecular catalysis because of their unique structural


features. mPE foldamers are solvophobically driven to form
helical structures, giving rise to a dynamic, flexible structure
which, despite being suggested as a potentially beneficial
characteristic in designing supramolecular catalysts nearly a
decade ago, has not been a significant area of study.[33] Syn-
thetic oligomers based on the mPE scaffold can have vary-


ing stability in the folded state depending on solvent compo-
sition, temperature, oligomer length, and functional group
substitution of the interior cavity.[25, 34–37] Consequently, the
problem of product inhibition may be less likely for a cavity
formed by such a dynamic host. These characteristics make
foldamers an ideal target to investigate the effects of struc-
tural flexibility on molecular recognition and reactivity.
Numerous studies of the molecular recognition properties


of mPE foldamers have been reported in the literature over
the last ten years,[38–42] however studies of foldamer reactivi-
ty are fewer in number.[43,44] One particular study carried
out by our group involved the methylation of a dimethyl-
ACHTUNGTRENNUNGaminopyridine (DMAP) unit placed in backbone using
methyl iodide (Scheme 5).[44] The rate of methylation was in-
creased about 400-fold compared with a control oligomer
that cannot bind guests. We were able to conclude from fur-
ther studies that the rate increase resulted from association
of the alkylating agent with the foldamerGs interior helical
cavity.[45]


Although this is a stoichiometric modification of the
foldamer (i.e. , not a catalytic reaction) we surmised that the
well-defined nature of this cavity may be able to act as a
“reactive sieve” similar to the coarse sieve of the tRNA syn-
thetase enzyme. Initially it was thought that the cavity
would bind to an ideally sized substrate causing it to react at
a higher rate than other similarly reactive guests. Substrates


Scheme 4. Two of the most studied foldamer classes: b-peptide foldamer
(left) and m-phenyleneethynylene foldamer (right).


Figure 2. Cartoon illustration contrasting a helical foldamer cavitand
(mPE foldamer, right) to a calixarene based cavitand (left). Space-filling
models of actual structures are shown below each illustration (structures
are not to scale).
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too small in size would insufficiently bind with the foldamer,
and react slowly; guests too large would not fit and would
react slowly or not at all (Figure 3).
To test this hypothesis, the guest substrate scope was ex-


panded from the initial experiments involving the methyl-
ACHTUNGTRENNUNGation of DMAP-modified mPE oligomers. A series of meth-
ylating agents varying in size and shape were synthesized
and used to explore the sieving ability.[46] Alkyl methanesul-
fonate esters were chosen due to the ability to vary the reac-
tantGs size or shape without affecting the reactivity of the
active methyl group. It was believed that cavity size, as well
as substrate size would be important to the sieving ability;
consequently three oligomers of differing lengths were syn-
thesized for the study. These substrates, and foldamers are
shown in Scheme 6. Upon subjecting the DMAP modified
foldamers to the methylating agents, surprising results were


observed. The first was the fact that the reaction rates did
not correspond with the expected optimally sized guests.
Based on calculation of the cavity volume, we predicted that
a sulfonate ester containing a butyl chain would be the ideal
substrate.[47] This is not the case, as guest shape appears to
influence reaction rate more than size (Figure 4). Secondly,
this system is able to differentiate between substrates with
only subtle differences in structure, which is demonstrated
by the wide range of rate enhancements observed (from 45–
1600-fold). Despite our best efforts, we were unable to in-
hibit the methylation reaction completely by increasing the
substrate size or decreasing available cavity volume, possibly
indicating that the foldamer backbone is flexible enough to
accommodate a variety of guests. Although the exact nature
of the origin of selectivity is not yet known, future experi-
ments involving structural restriction (crosslinking) and inte-
rior modification will be carried out to explore the similari-
ties to a sieving mechanism. Such perturbations of the folda-
mer structure are extremely feasible using the solid-phase
methodology developed for this system.


Conclusion


In this concept article, we have highlighted some of the at-
tempts by supramolecular chemists to create a “synthetic
enzyme”. Clearly at this time, nature remains entirely un-
matched. This is a similar conclusion to another review of
supramolecular catalysis, published in this very journal
nearly a decade ago.[33] It is because of this lack of progress
that we assert that supramolecular chemistry may not yet be
ready to realize the dream of synthetic enzymes. With an
ever-increasing demand for more complex molecules and
nanoscale devices, the need for precise synthetic techniques
will continue to grow. Small-molecule catalysis, by design
lacks full-molecule recognition capability. However, combin-
ing the diverse synthetic toolbox provided by small-molecule
catalysis with precise molecular recognition that may be re-
alized with scaffolds such as foldamers could provide access
to precise substrate selectivity, opening the door to new syn-
thetic techniques and increasingly complex synthetic mole-
cules and devices. As more supramolecular scaffolds rapidly
become practical, artificial systems may also help to provide
insight into more complex aspects of enzymes such as the
effect of flexibility and dynamics on catalytic properties. We


Figure 3. a) Cartoon illustration of expected reactive sieving behavior for
a reactive mPE foldamer. b) DMAP-modified foldamer with reactive
DMAP unit highlighted in space-filling representation.


Scheme 5. Methylation of DMAP-modified foldamers using a methylating agent.
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believe that foldamer-based scaffolds provide an opportuni-
ty to achieve these goals. Their convenient synthesis and


modular design invite further development, and their
unique properties may enable them to be scaffolds for a
new generation of advanced synthetic catalysts custom de-
signed for precise applications.
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Introduction


Since their introduction into clinical medicine in the early
1980s considerable effort has been devoted to the develop-
ment of more effective MRI contrast agents. The efficacy of
a contrast agent, typically a Gd3+ complex, is measured in
terms of its relaxivity, defined as the increase in water
proton relaxation rate per unit concentration of contrast
agent. The theory of nuclear relaxation developed by Solo-
mon, Bloembergen and Morgan[1–5] is commonly used to de-
scribe the parameters that influence relaxivity, three of
which are commonly targeted for modification in contrast
agent design in order to improve relaxivity. The hydration
state of the gadolinium ion (q) is readily adjusted by altering
the denticity of the ligand, however, for reasons of stability
q=1 complexes are normally preferred.[6,7] Lengthening the
rotational correlation time of the complex (tR) improves the
coupling of electron and nuclear spins in a magnetic field
and thus increases relaxivity at magnetic fields typically
used in MRI (0.5–3 T). Longer tR values are readily ach-
ieved by increasing the hydrodynamic volume of the con-


trast agent.[6] In order to maximize the effect of a long tR
value the water residence lifetime of the coordinated water
molecules (tM) must also be optimized. If water exchange is
too slow then water needlessly occupies the coordination
site on the metal ion, preventing relaxation of other water
molecules. If water exchange is too fast, however, then the
water protons are not effectively relaxed before the water
molecule leaves. A number of design strategies have been
reported to optimize the water exchange kinetics of gadoli-
nium complexes.[8–10] Despite these advances in the design of
gadolinium-based contrast media there remains one addi-
tional parameter in the equations of Solomon, Bloembergen
and Morgan[1–5] that is critical to the optimization of relaxivi-
ty; the electronic relaxation time of the gadolinium ion (tS).
Although one of the primary reasons for the success of
Gd3+ as the basis of MRI contrast agents is its relatively
long electronic relaxation time, the structural factors that
govern this parameter are, as yet, not fully understood.
Early work by Koenig on the gadolinium complexes of [Gd-
ACHTUNGTRENNUNG(dtpa) ACHTUNGTRENNUNG(H2O)]2�, [Gd ACHTUNGTRENNUNG(dota) ACHTUNGTRENNUNG(H2O)]� and [Gd ACHTUNGTRENNUNG(dota-pa)ACHTUNGTRENNUNG(H2O)],
the mono-propylamide of DOTA, led to the suggestion that
electron spin relaxation was primarily influenced by the
symmetry and rigidity of the complex.[11,12] However, exami-
nation of the properties of some of the many complexes
studied since then shows that the factors that govern elec-
tronic relaxation must be far more complex than can be ac-
counted for in simple terms of rigidity and symmetry.
Although it is accepted that the effect of altering electron-


ic relaxation in low molecular weight chelates is likely to be
negligible at the relatively high fields at which clinic imaging
is performed today, there remain several reasons to under-
stand the factors that govern the electronic relaxation of a
Gd3+ complex. Not least of these is that at the current imag-
ing fields, tS has a limiting effect on relaxivity once tM and
tR have been optimized. The primary cause of electron spin
relaxation in solutions of Gd3+ complexes is modulation of
the zero-field splitting (ZFS) through perturbation of the
ligand field by rotation, vibration and other motions. ZFS is
a consequence of inter-electronic repulsion, spin-orbit cou-
pling and the action of the ligand field on the unpaired elec-
trons of the Gd3+ ion. Thus, if we hope to be able to com-
pletely understand ZFS, and ultimately electron spin relaxa-
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tion, a detailed appreciation of how molecular structure and
dynamics affect the ZFS of Gd3+ complexes will be necessa-
ry. A recurrent problem in the study of electron-spin relaxa-
tion is the structural isomerism of Gd3+ chelates. This
means that not only is there more than one species, and
therefore more than one set of ligand-field parameters
being studied at once, but internal molecular motion is mod-
ulating these ligand-field parameters during the experiment.
Take for example [Gd ACHTUNGTRENNUNG(dota) ACHTUNGTRENNUNG(H2O)]� which exists as a mix-
ture of two coordination geometries: a monocapped square
antiprism (SAP) and a monocapped twisted square anti-
prism (TSAP) in solution. These two coordination isomers
interconvert at a rate on the order of 10 s�1 at room temper-
ature.[13,14] Since [Gd ACHTUNGTRENNUNG(dota) ACHTUNGTRENNUNG(H2O)]� constitutes approximate-
ly 17% TSAP and 83% SAP in solution[15] the electron-spin
relaxation parameters measured for this complex are a
weighted average of the actual parameters of each coordina-
tion isomer.
As part of an investigation into controlling the rate of


water exchange in lanthanide complexes[8,14,16] we devised a
method by which the two coordination isomers of lantha-
nide DOTA complexes could be selectively synthesised.[8]


The reason for doing this is that it was well known that the
TSAP isomer exhibited much more rapid water exchange
kinetics than the SAP isomer.[8,14,17, 18] The S-SSSS isomer of
[Gd(1) ACHTUNGTRENNUNG(H2O)]� , which adopts a TSAP geometry, was found
to have a tM value (15 ns) one order of magnitude shorter
than that found for the S-RRRR isomer (120 ns), which
adopts a SAP geometry.[8] In addition to providing a system
with optimal water exchange kinetics for high relaxivities,
the isolation of the two coordination geometries of [Ln-


ACHTUNGTRENNUNG(dota)]� complexes also afforded a unique opportunity to
study the electronic relaxation properties of each of these
structurally distinct complexes, SAP and TSAP, not only in
isolation but also in the absence of the processes by which
the two isomers interconvert. The method of choice for in-
vestigating electron spin relaxation is electron-paramagnetic
resonance (EPR) spectroscopy. Given the number of varia-
ble temperature and/or frequency studies performed over
the last decade[19–22] the amount of experimental data avail-
able to researchers has recently increased significantly and
this has led to more refined theoretical models for the treat-
ment of this type of data. The EPR properties of the two
complexes [Gd ACHTUNGTRENNUNG(S-SSSS-1) ACHTUNGTRENNUNG(H2O)]� (TSAP) and [Gd ACHTUNGTRENNUNG(S-
RRRR-1)ACHTUNGTRENNUNG(H2O)]� (SAP) were assessed to investigate wheth-
er these systems might begin to provide useful information
relating the structural parameters of Gd3+ complexes to
their electron-spin relaxation properties.


Results and Discussion


The typical EPR spectrum of a Gd3+ complex is a single
broad line, the shape of which can be analyzed to extract
such parameters as: the magnitude of the static ZFS; the
amplitude of the modulation around this average value, the
so-called transient ZFS; and the correlation times for Brow-
nian rotation and for the transient ZFS modulation. In
order to reduce the number of parameters involved in ana-
lyzing the EPR spectra and improve the reliability of the
values obtained the rotational correlation times of the com-
plexes were measured independently. The method chosen
for measuring the rotational correlation times was analysis
of the Curie relaxation of the ligand protons of the corre-
sponding terbium complexes as described by Aime et al.[23]


and Dunand et al.[24] In the case of the complexes [TbACHTUNGTRENNUNG(S-
SSSS-1) ACHTUNGTRENNUNG(D2O)]� and [Tb ACHTUNGTRENNUNG(S-RRRR-1)ACHTUNGTRENNUNG(D2O)]� this analysis is
complicated by the loss of symmetry induced by the nitro-
benzyl substituent. In the previously reported studies on the
C4 symmetric complexes of [Tb ACHTUNGTRENNUNG(dota) ACHTUNGTRENNUNG(H2O)]� and [Tb-
ACHTUNGTRENNUNG(dotam) ACHTUNGTRENNUNG(H2O)]3+ the ligand proton resonances are well re-
solved and readily assigned.[23,24] The 1H NMR spectra of
[Tb ACHTUNGTRENNUNG(S-SSSS-1)ACHTUNGTRENNUNG(D2O)]� and [Tb ACHTUNGTRENNUNG(S-RRRR-1) ACHTUNGTRENNUNG(D2O)]�


(Figure 1) show overlapping resonances in some regions but
a total of 11 of the 15 macrocyclic ring protons, four axial
and all seven equatorial protons, can be identified.
Despite the presence of overlapping peaks that made


measurement of peak integral difficult, good inversion re-
covery profiles of these 11 resonances were obtained at 200,
400 and 500 MHz and 295 and 333 K. Longitudinal proton
relaxation times in the millisecond range were determined
from these data. A clear acceleration in the relaxation rate
was observed with increasing magnetic field. In the absence
of crystallographic data on the complexes of [Tb(1)ACHTUNGTRENNUNG(H2O)]�


the same Tb–H distances reported for [Tb ACHTUNGTRENNUNG(dota) ACHTUNGTRENNUNG(H2O)]� by
Aime et al.[23] were used to perform a Curie relaxation anal-
ysis. The nitrobenzyl substituent is thought to induce slight
distortions into the conformation of the ethylene bridge on
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which it is located[27] which may have a small effect on those
Tb–H distances. It was not anticipated that the structure of
the other ethylene bridges of the macrocyclic ring would be
altered in any way by the presence of the nitrobenzyl sub-
stituent. On this basis one can assume that the Tb–H distan-
ces in [Tb(1) ACHTUNGTRENNUNG(D2O)]� and [Tb ACHTUNGTRENNUNG(dota) ACHTUNGTRENNUNG(H2O)]� should be very
close. For both complexes, the rotational correlation time at
298 K was determined for each recorded temperature. The
values determined were very similar and afforded an aver-
age correlation time t298R ACHTUNGTRENNUNG(D2O)=120.1 ps (Supporting Infor-
mation). Use of this average t298R value did not, on average,
increase the mean error in the predicted relaxation rates,
<D ACHTUNGTRENNUNG(1/T1)> , by more than 30 s�1, compared to the total ex-
perimental relaxation rates of 300–3000 s�1 (see Supporting
Information), indicating that this average t298R value could
reasonably be used in further calculations.


Continuous wave EPR spec-
tra of [Gd ACHTUNGTRENNUNG(S-SSSS-1)ACHTUNGTRENNUNG(H2O)]�


and [Gd ACHTUNGTRENNUNG(S-RRRR-1)ACHTUNGTRENNUNG(H2O)]�


were recorded at X-band
(9.08 GHz) and W-band
(94.2 GHz) at temperatures be-
tween 0 and 70 8C. The W-band
spectra were approximately
Lorentzian in shape. The peak-
to-peak widths, DHpp, central
fields, B0, and hyperfine cou-
pling constants, A, were extract-
ed by fitting a superposition of
Lorentzians to each experimen-
tal spectrum with automatic
phase and baseline adjustment.
Because the W-band spectra
were relatively sharp the data
treatment required that the
minor gadolinium isotopes,
155Gd (14.8%, I= 3=2, g=


�0.8273M107 s�1T�1) and 157Gd
(15.65%, I= 3=2, g=�1.0792M
107 s�1T�1), be taken into ac-
count. Previous studies have
shown that hyperfine coupling
constants of A155Gd=5.67 G and
A157Gd=4.34 G can be reasona-
bly be assumed for these iso-
topes.[22] When these A values
were used to extract real DHpp


values from the W-band spec-
tra, values that were 1.0–1.5 G
lower than the apparent line
width of 10–20 G were ob-
tained. The X-band spectra de-
viated significantly from an
ideal Lorentzian line-shape, es-
pecially in the low-field region
of the spectrum, where the
spectra frequently display a


“hump” �300 G below the central field, an example of
which is shown (Figure 2). Reproduction of the X-band line-
shapes was improved by applying a phase-correction; this al-
lowed the lines to be reasonably reproduced with a Lorent-
zian fit (�10%). A similar absolute accuracy (20–30 G) can
be estimated for the central field. DHpp values between 200–
300 G at X-band (cf. �100 G for [Gd ACHTUNGTRENNUNG(dota) ACHTUNGTRENNUNG(H2O)]� and
400–600 G for [Gd ACHTUNGTRENNUNG(dtpa) ACHTUNGTRENNUNG(H2O)]2� and [Gd ACHTUNGTRENNUNG(dtpa-bma)-
ACHTUNGTRENNUNG(H2O)])[28] indicate that electron-spin relaxation is relatively
slow in both [Gd(1)ACHTUNGTRENNUNG(H2O)]� complexes.
The W- and X-band EPR data were then analyzed within


the framework of the Rast model of 2nd order static and
transient ZFS relaxation[19,29,30] using only the reduced DHpp


and B0 values rather than the full line shape, width and
shifts. The model assumes that the electron spin relaxation
is determined by the, so-called, static or average ZFS, which


Figure 1. The up-field region of the 1H NMR spectra of [Tb(S-SSSS-1)(D2O)]� recorded at 295.2 K in D2O at
200 MHz (bottom) and of [Tb(S-RRRR-1)(D2O)]� recorded 332.7 K in D2O at 200 MHz (top). The down-field
regions of the spectra are not displayed owing to the limited bandwidth of the excitation pulse. The assign-
ments of the protons of the macrocyclic ring are shown in which axS refers to the axial proton of the carbons
located on the side of the ring and eqS, the equatorial proton of the same carbon. eqC refers to the equatorial
proton located on the carbon located on the corner of the ring.[25] Molecular models of the complexes are also
shown, illustrating the difference in coordination geometry between two stereoisomers.[26]
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is rapidly modulated by molecular tumbling, and by the
transient ZFS, which is modulated by random distortions
within the complex. The static and transient ZFS were limit-
ed to 2nd order terms, although 4th and 6th order terms are
also possible for spin S= 7=2 systems, such as Gd3+ . The
value of t298R used in the analysis was fixed to the value de-
termined in D2O from the Curie relaxation study divided by
the ratio of the viscosities of D2O and H2O; h298


ACHTUNGTRENNUNG(D2O)/h298-


ACHTUNGTRENNUNG(H2O)=1.22. The activation energy for rotation was fixed to
ER=18 kJmol�1 for both complexes (consistent with the
temperature dependence of H2O viscosity). The final value
obtained, t298R ACHTUNGTRENNUNG(H2O)=98.4 ps, is at the high end of acceptable
values for DOTA-type complexes (t298R =80–100 ps),[19] how-
ever, this result is expected when one considers the increase
hydrodynamic volume that must occur upon introduction of
the nitrobenzyl substituent. The absence of very high fre-
quency EPR data meant that the natural g factor could not
be accurately determined; nonetheless, using a value of
1.9917 afforded good agreement between the theoretical
central fields and the experimental W-band values. The
EPR data were fitted to the Rast model using a least
squares procedure (Figure 3, the central field is shown as
the apparent g factor, gapp=hn/ ACHTUNGTRENNUNG(mBB0)). The parameters ob-
tained from this fitting procedure: the static ZFS magnitude
parameter (a2), the rotational correlation time at room tem-
perature (t298R =1/(6D298


R )) and its activation energy (ER), the
transient ZFS magnitude (a2T), its associated correlation
time (t298v ) and activation energy Ev ; are collected in Table 1.
The fitted and experimental peak-to-peak widths at both
fields are in good agreement and, although the apparent g
factors also fit well at W-band, the agreement is less good at
X-band. The estimated error in the central field measure-
ment—about 20 G and equivalent to Dg �0.013—can only
partially explain this discrepancy in the apparent g factor at


Figure 2. A representative X-band EPR spectrum of [Gd(S-RRRR-
1)(H2O)]� .


Figure 3. Experimental and theoretical EPR peak-to-peak widths (DHpp) and apparent g factors (gapp), shown as a function of temperature, at W-band
(*) and X-band (^) for [Gd(S-RRRR-1)(H2O)]� (left) and [Gd(S-SSSS-1)(H2O)]� (right).
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X-band. The theoretical approach taken in this study is
based on RedfieldQs theory[31] which assumes that the spin
Hamiltonian is modulated by perturbation that are small,
and/or have short correlation times (in general, jH1 jt ! 1,
where H1 is a time-dependent perturbing Hamiltonian, in
our case the ZFS, and t the correlation time for its modula-
tion).[32] The non-Lorentzian line-shape of the spectra re-
corded at X-band suggests that this system may not com-
pletely conform to RedfieldQs theory at these EPR frequen-
cies. Rigorous Monte-Carlo simulations[33] of [Gd(do-
ta)(H2O)]� have shown that, even at low temperature, the
X-band line width could adequately be predicted by Red-
fieldQs approximations. However, the dynamic frequency
shifts[34] responsible for the temperature and EPR frequency
dependence of the apparent g factor have not been studied
using that general method. Another exact approach, perhaps
more suitable for the simulation of continuous-wave spectra
but involving time-consuming simulations that make it un-
practical for experimental data fitting, uses the stochastic
Liouville equation.[35,36] Using such a method, it may prove
to be the case that these shifts are more sensitive to viola-
tions of RedfieldQs approximations than the peak-to-peak
widths. Furthermore, as our approach assumes isotropic ro-
tation the presence of the nitrobenzyl substituent in the
[Gd(1)(H2O)]� complexes may well induce anisotropic rota-
tion in these complexes which could be the cause of the
non-Lorentzian EPR lines and the deviation of the apparent
g factors from the theoretical predictions. Isotropic rotation
is not a requirement of RedfieldQs approximation and a
computationally inexpensive theoretical treatment of aniso-
tropic motion in S > 1=2 systems could be performed by
adding a second rotation correlation time and an angle be-
tween the rotation and ZFS axes as new parameters. Such a
model, combined with an extensive experimental EPR study
of a system with known anisotropy, would be a valuable ad-
dition to the researchersQ toolset and would allow an unam-
biguous answer to that particular question.
Since the EPR line-widths measured for [Gd(S-RRRR-


1)(H2O)]� and [Gd(S-SSSS-1)(H2O)]� are comparable it is
not altogether surprising that the magnitude of the static
ZFS (a2), the magnitude of the transient ZFS (a2T) and the
correlation time (t298v ) of each complex are similar. Further-
more, the zero-field splitting parameters obtained for both
[Gd(1)(H2O)]� complexes closely resemble those obtained


from extensive EPR studies of
[Gd(dota)(H2O)]� .[19] The simi-
larity of the ZFS parameters in
these three complexes suggests
that the ZFS is not significantly
affected by the changes in
ligand field induced by chang-
ing a SAP isomer into a TSAP
isomer, consistent with the
almost identical electron spin
relaxation parameters derived
for the two isomers from fitting
of NMRD data.[16] The differen-


ces between the SAP and TSAP coordination geometries
are relatively small: there is a change in the twist angle be-
tween the N4 and O4 coordination planes from about 45 to
about 298, and there is also a slight increase in the Ln–OH2


bond length. Nonetheless, these differences are large
enough that they can induce significant differences in some
properties that are related to ligand field. For example, a
significant difference is observed between the hyperfine
shifts of the ligand protons in the SAP isomer (S-RRRR)
and the TSAP isomer (S-SSSS) (Figure 1).[8,14, 16,38] This is
the result of differences in the pseudo-contact shift contribu-
tion to the overall shift, differences that are related directly
to changes in ligand field.[26] The differences in ligand field
between the two coordination isomers have also been found
to have a significant effect on the Cotton bands in ytterbium
complexes.[26] Thus the SAP and TSAP coordination geome-
tries induce different ligand fields into the Ln3+ ion, which
may be expected to produce different ZFSs in the Gd3+


complexes; however, EPR measurements show that the
magnitude of the parameter a2 is essentially the same for
both isomers. In C4-symmetric complexes the axial compo-
nent of the ZFS spherical tensor must lie along the main ro-
tation axis and so both complexes would be expected to
have the same ZFS orientation. However, slight distortions
in the coordination geometry that lower the symmetry of
the metal ion may give rise to a rhombic term that may not
have the same orientation in each complex. It may be that
the ligand fields of the SAP and TSAP isomers result in dif-
ferences in the orientation of this perpendicular component
but do not affect the magnitude of the ZFS.


Luminescence studies : Ligand-field effects are normally
studied through photophysical measurements of the metal
ion, either absorption or emission. For lanthanide ions the
amount of information that can be obtained from these
studies is limited by shielding of the 4f orbitals by the 5d or-
bitals. As a result of this shielding the effect of the ligand
field is small relative to the spin-orbital coupling
(�100 cm�1 versus �2000 cm�1). In consequence, the emis-
sion spectra of lanthanide ions are characterized by sharp
emission bands that correspond to the Russell-Saunders
(spin-orbit coupling) states of the ground state. Information
about the ligand field is contained within these sharp emis-
sion bands and can therefore only be clearly discerned at


Table 1. Electron spin relaxation parameters obtained from fitting the EPR spectra of [Gd(S-SSSS-1)(H2O)]�


and [Gd(S-RRRR-1)(H2O)]� .


[Gd(dtpa)(H2O)]�[a] [Gd(dota)(H2O)]�[b] [Gd(S-SSSS-1)(H2O)]� [Gd(S-RRRR-1)(H2O)]�


a2 [10
10 s�1] 0.60 0.35 0.48 0.46


t298R [ps][c] 110 81.7 98.4[d] 98.4[d]


ER [kJmol�1] 17 16.4 18[e] 18[e]


a2T [10
10 s�1) 0.43 0.43 0.35 0.41


t298V [ps] 0.1 0.5 2.7 3.4
EV [kJmol�1] 2.6 6.0 8.1 5.9
g 1.9930 1.9925 1.9917[e] 1.9917[e]


[a] values taken from ref. [37]. [b] Values taken from ref. [19]. [c] t298R =1/6DR. [d] Fixed to the value obtained
from the Curie relaxation experiment. [e] Fixed parameters.
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higher spectral resolutions. Under Laporte selection rules f–
f transitions are forbidden: nevertheless, some transitions
are permitted under electric or magnetic dipole selection
rules through the mixing of 5d and 4f orbitals that arises
from distortions of the coordination sphere by vibrational
motion. In consequence the intensities of f–f transitions
remain low. The Eu3+ ion is an attractive candidate for
studying transitions of the 4f electrons because the emissive
5D0 state, being non-degenerate, is not split by the ligand
field. This means that transitions from 5D0 to the 7FJ mani-
fold exhibit ligand-field patterns arising solely from the de-
generacy of the J state of the 7F ground state.
Emission spectra of the Eu3+ complexes of S-RRRR-1, S-


SSSS-1, DOTA and DTPA were recorded in aqueous solu-
tion at 298 K and 0.05 nm resolution (Figure 4). The most
noticeable aspect of these spectra is the strong similarities
between the spectra of the three macrocyclic complexes.
The relative intensity of each band is similar for each com-
plex, which suggests comparable 5d/4f orbital mixing in
each case. There are, however, some noticeable differences
in the ligand fields of the SAP and TSAP coordination geo-
metries. The 7F0 state of Eu3+ is also non-degenerate and so
a single line is observed for the 5D0!7F0 band at about
578 nm. The symmetry of the inner coordination sphere of
the Eu3+ ion in DOTA-type complexes is C4 and so two
5D0!7F1 transitions centred around 591 nm are possible.
The ligand field induced by the SAP coordination geometry
induces a large separation between these two transitions
(219 cm�1) whereas the separation in the TSAP isomer is
very small (58 cm�1). The difference in ligand-field splitting
between the two isomers is large enough that both isomers
may be identified in the DJ=1 band of the [Eu(do-
ta)(H2O)]� spectrum. Complexes with C4 symmetry may
have 4 transitions in the 5D0!7F2 band (615 nm), with one
apparent exception these transitions lie at approximately
the same energy levels in the SAP isomer. In contrast the
ligand field of the TSAP isomer causes these transitions to
appear at different energies and four distinct transitions can
be observed. Significantly the DJ=2 band is “hypersensi-
tive” a phenomenon, the origins of which are not clearly un-
derstood, that leads to significant fluctuations in the intensi-
ty of this band. The intensities of this band in all three mac-
rocyclic complexes are largely unchanged by the changes in
ligand field induced by isomerization. The 5D0!7F3 band
(650 nm) is weak but may be split into five transitions in C4


symmetric complexes. Owing to the weakness of this band it
is difficult to identify these transitions and the only noticea-
ble difference between the two coordination geometries is
an increase in the intensity of the transition at lowest
energy, an observation also reflected in the spectrum of
[Eu(dota)(H2O)]� . The 5D0!7F4 band (centred at 694 nm)
also exhibits significant differences depending upon the co-
ordination geometry. C4 symmetry results in seven possible
transitions of which two are observed to be more intense
than the others in both SAP and TSAP isomers. These tran-
sitions are well separated in the spectrum of the TSAP
isomer, with five clearly identifiable peaks and a further two


small peaks hidden by the more intense peaks. In the case
of the SAP isomer only four peaks may be clearly discerned
since the peaks are less well separated and greater peak
overlap is observed. Comparison of the emission spectra of
the SAP and TSAP isomers with that of DOTA reveal that
peaks arising from the SAP and TSAP isomeric forms of
DOTA can also be identified in the DJ=4 band.
The emission spectra of [Eu(S-RRRR-1)(H2O)]� and


[Eu(S-SSSS-1)(H2O)]� were fitted to Gaussian–Lorentzian
lines using commercially available peak fitting software
(PeakFit v4.12, Systat Software, 2007) to afford the relative
energies of the each transition in the spectrum, except those
of the DJ=3 band which was too weak to allow suitable fit-
ting. The resulting energy level diagram, including ligand-
field splitting, is shown in Figure 5. In principle the informa-
tion contained in this diagram, along with the relative inten-
sities of each peak, can be used to calculate the ligand-field
parameters: A0


0, A2
0, etc. of the Eu3+ ion in each coordina-


tion geometry. However, although a number of approaches
are available for this type of calculation[39,40] they are ex-
tremely complex, having to account for all inter-electronic
interactions and relativistic effects. Despite some sophisti-
cated models, it remains difficult to be certain that calcula-
tions performed on a single system have yielded reliable
ligand-field parameters. Furthermore, the ligand-field pa-
rameters obtained for Eu3+ cannot be directly applied to
Gd3+ , nor used to predict the Gd3+ values, to afford a
model of the ZFS. So while we await advances in the quan-
tum mechanical treatment of lanthanide ligand-field theory,
a qualitative assessment of the effects of the ligand field
upon the ZFS is the best that can currently be put forward.
Differences between the ligand fields of the SAP and TSAP
isomers are evident from their emission spectra. Further-
more, it has been shown that differences in the separation of
the two transitions of the DJ=1 band arise from a change in
the axial ligand-field parameter A2


0.[41] Despite this, and pos-
sibly other, changes in the ligand field only small variations
in the ZFS of gadolinium are observed for the SAP and
TSAP isomers of DOTA-type complexes.
The electron-spin relaxation parameters of


[Gd(dtpa)(H2O)]2� are very different from those of [Gd(do-
ta)(H2O)]� and the DOTA-type complexes studied here
(Table 1). However, the magnitude of the transient ZFS
(a2T) of [Gd(dtpa)(H2O)]2� is very similar to that found for
the DOTA-type complexes so it would appear that the mag-
nitude of the static ZFS is the primary source of the differ-
ence in electron-spin relaxation. The electron spin relaxation
time of [Gd(dtpa)(H2O)]2� is much shorter because the
static ZFS is almost twice the magnitude of that of [Gd(do-
ta)(H2O)]� suggesting that a very different ligand field is
present. It is hardly surprising therefore that overall form of
the emission spectrum of [Eu(dtpa)(H2O)]2� is substantially
different from any of those recorded for the DOTA-type
complexes. Most notably the 5D0 ! 7F2 band is considerably
more intense whereas the 5D0 ! 7F4 band is less intense.
The latter effect is most probably the result of variations in
the extent of 5d/4f orbital mixing, notably both d/f orbital
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mixing and modulation of the ZFS are the result of distor-
tions of the ligand field through vibrational motion. The
change in intensity of the DJ=2 band is most probably a
hyper-sensitivity effect and so the origins of this change are,
as yet, unknown. It is impossible to tell if, or how, the phe-
nomenon of hypersensitivity is related to the magnitude, or
modulation, of the ZFS. However, the results presented
herein indicate that a relationship between the two cannot,
at present, be ruled out. The symmetry of the inner coordi-
nation sphere of Eu3+ in DTPA is CS, lower than that of
DOTA-type complexes, and this leads to an increase in the
number of non-degnerate energy levels, 25 versus 19 in C4


symmetric complexes. The number of levels in the 8S state
of Gd3+ is unaffected by this change in symmetry and so in
the absence of an external magnetic field four Kramers dou-
blets will be present for the J= 7=2 manifold (ground state)
for all the complexes discussed herein. The change in sym-
metry could affect the orientation of the ZFS tensor, which
is close to axial in the DOTA-type complexes but could lie


Figure 4. Emission spectra of [Eu(S-RRRR-1)(H2O)]� (top), [Eu(do-
ta)(H2O)]� (above, middle), [Eu(S-SSSS-1)(H2O)]� (below, middle) and
[Eu(dtpa)(H2O)]2� (bottom). Peaks characteristic of one coordination
isomer in the spectrum of [Eu(dota)(H2O)]� are indicated with arrows;
dashed arrows indicate the SAP isomer, whereas solid arrows indicate
the TSAP isomer.


Figure 5. The energy levels of the 7FJ states of Eu3+ in the SAP and
TSAP coordination geometries (left). The J states of the Eu3+ ion are
shown in the centre for comparison. The energy levels of the 7F3 states
could not be determined, the range over which those states lie is shown
by a shaded region. The mJ states of Gd3+ in the presence of a DOTA-
type ligand field (LF) are also shown (right). Only one splitting is shown
as both the SAP and TSAP isomers appear to have similar ground state
splitting as observed in the a2T parameter of the EPR fitting.
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in any direction in DTPA and may cause a larger ZFS and
faster electron spin relaxation of [Gd(dtpa)(H2O)]2�. In
DOTA-type complexes, more subtle effects appear to be at
play. As shown by luminescence, the ligand field is clearly
affected be coordination geometry (SAP vs TSAP), howev-
er, according to our EPR and NMR results, the ZFS magni-
tude is not. Whether the ZFS tensor orientation in both iso-
mers is different remains to be seen. The amount of infor-
mation available here is limited and while it allows for the
exclusion of some relationships between ligand-field effects
and electron-spin relaxation it can only hint at the defining
relationship.


Conclusion


Clearly more work will be required if the complete relation-
ship between electronic relaxation and coordination envi-
ronment is to be elucidated. Nonetheless, the work present-
ed herein suggests that relatively small changes in the ligand
field have only marginal effects upon the magnitude of the
ZFS despite significant changes in the ligand field. The
result is that the electron-spin relaxation parameters for the
SAP and TSAP coordination geometries are very similar.
This similarity suggests that is will not be possible to distin-
guish the two coordination geometries by EPR at any field
strength. Furthermore, the similarity between the electron
spin relaxation parameters of each isomer and those ob-
tained for [Gd(dota)(H2O)� suggests that modulation of the
ZFS is not affected by interchange of the coordination ge-
ometry, which occurs at a much slower rate than electron
spin relaxation. The transient ZFS must be modulated by
much faster processes, such as vibration and rotation. The
limited amount of information available in this study is
unable to point us in the direction of a direct relationship
between ligand field (and thus ligand structure) and electron
spin relaxation. Further studies examining the effects of
ligand charge and different donor atoms may provide more
insight into this apparently complex relationship.


Experimental Section


NMR Studies : Samples of H[Tb(S-RRRR-1)(H2O)], H[Tb(S-SSSS-
1)(H2O)], H[Gd(S-RRRR-1)(H2O)], H[Gd(S-SSSS-1)(H2O)], H[Eu(S-
RRRR-1)(H2O)] and H[Eu(S-SSSS-1)(H2O)] were prepared as previously
described.[16] 1H NMR experiments on the two terbium(III) complexes
were performed on Bruker AVANCE-500, DPX-400 and AVANCE-200
spectrometers operating at 500, 400 and 200 MHz, respectively. The
sample temperature during these experiments was controlled using a
Bruker BVT-3000 temperature control unit and accurately measured
using the standard substitution technique.[42] Each experiment was per-
formed at both 295.2 and 332.7 K. Samples were prepared by dissolving
each terbium(iii) complex in D2O to afford a solution of [Tb(S-SSSS-
1)(D2O)]� at 9 mmolkg�1 and of [Tb(S-RRRR-1)(D2O)]� at
13 mmolkg�1. The protons of the macrocycle in each complex were as-
signed according to the assessment of chemical shifts by EXSY and
COSY experiments on the corresponding ytterbium complexes.[26] The
longitudinal relaxation times (T1) of these protons were determined using
the inversion recovery pulse sequence[43] and the data fitted using the


XWINNMR programme for Bruker spectrometers. A simultaneous anal-
ysis of all longitudinal relaxation rates obtained for a single complex at a
given temperature was performed with the VISUALISEUR/OPTIMI-
SEUR[44] programme according to the procedure described by Dunand
et al.[24] For the purposes of data treatment it was assumed the system
obeyed Arrhenius Law and a value of ER=16.5 kJmol�1 was used, con-
sistent with the temperature dependence of D2O viscosity.[45, 46] This treat-
ment afforded the rotational correlation time in D2O at 298 K
(t298R (D2O)) as well as the non-Curie (i.e., essentially field-independent)
relaxation rate for each proton.


EPR Studies : Continuous wave EPR spectra were recorded on 1 mm sol-
utions of [Gd(S-RRRR-1)(H2O)]� and [Gd(S-SSSS-1)(H2O)]� at around
9.08 GHz (X-band) and about 94.2 GHz (W-band) at temperatures be-
tween 273 and 343 K. The spectrometer used for X-band measurements
was a Varian E-112 and the magnetic field calibration was performed
using a Varian E-500 Gauss-meter. The spectrometer used for W-band
measurements was a custom-built instrument and the signal of Mn2+ in a
plasticine sample[47] was used as a reference for the field calibration. The
frequency was measured by a digital divider/counter. The temperature
was adjusted using standard VT controllers and accurately measured
with a copper-constantan thermocouple. Spectra were analyzed using the
NMRICMA programme.[48]


Luminescence studies : Emission spectra were acquired in on Edinburgh
Instruments FL900 fluorimeter exciting to the 5L6 state at 396 nm. The
spectra of [Eu(dtpa)(H2O)]2� and [Eu(dota)(H2O)]� were acquired under
steady state conditions. The spectra of [Eu(1)(H2O)]� were acquired with
a time gate of 200 ms and a time delay of 20 ms.
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meso-Aryl Substituted Rubyrin and Its Higher Homologues:
Structural Characterization and Chemical Properties
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Introduction


Expanded porphyrins[1] are a relatively new class of func-
tional molecules that have attracted considerable attention
recently as selective anion receptors,[2] ligands for transition
and lanthanoid ions,[3,4] photodynamic therapy photosensitiz-
ers,[5] and magnetic resonance imaging contrast agents.[6] Ex-
panded porphyrins have also proved useful in the study of
aromatic effects in large heterannulenes,[1] while, more re-
cently, their large two-photon absorption cross sections,
have made certain expanded porphyrins attractive for the


study of three-dimensional micro-fabrication, optical data
storage, and optical limiting effects.[7,8]


Many of the unique properties of fully conjugated ex-
panded porphyrins, including whether they display aromatic
features or display nonlinear optical effects, depend directly
on the size of the macrocyclic ring.[1,7–18] Accordingly, one
important research direction in expanded porphyrin chemis-
try has involved the preparation of ever larger systems. Un-
fortunately, the synthesis of such compounds remains chal-
lenging. Indeed, until recently, expanded porphyrins larger
than octaphyrins were exceedingly rare.[15,19–21] Over the
course of the last decade, the Kyoto group has developed a
series of meso-aryl and meso-trifluoromethyl substituted ex-
panded porphyrins, including a number that have demon-
strated unique electronic properties and chemical reactivi-
ty.[17,21] Unfortunately, the synthetic strategies developed ini-
tially, involving the direct condensation of mono-pyrrole
precursors with electron deficient aldehydes, are plagued by
an inevitable drop in yield as the size of the macrocyclic
products increases. Therefore, increasingly we have explored
the use of preformed multi-pyrrole fragments. In the course
of these investigations, specifically those targeting the syn-
thesis of meso-pentafluorophenyl substituted rubyrin 2[22,23]


and [38]nonaphyrin(1.1.0.1.1.0.1.1.0) 3,[24] we noticed that


Abstract: meso-Aryl substituted rubyr-
in ([26]hexaphyrin(1.1.0.1.1.0)) 2 and a
series of rubyrin-type large expanded
porphyrins were obtained from a facile
one-pot oxidative coupling reaction of
meso-pentafluorophenyl substituted tri-
pyrrane 1. The structures of two of the
resulting products were determined by
single-crystal X-ray diffraction analysis.
Whereas [52]dodecaphyrin-
(1.1.0.1.1.0.1.1.0.1.1.0) 4 takes a sym-
metric helical conformation, the larger
species, [62]pentadecaphyrin-
(1.1.0.1.1.0.1.1.0.1.1.0.1.1.0) 5, adopts a


nonsymmetric distorted conformation
in the solid state that contains an intra-
molecular helical structure. The ability
of rubyrin 2 to act as an anion receptor
in its diprotonated form (2·2H+) was
demonstrated in methanolic solutions.
Oxidation of 2 with MnO2 gave
[24]rubyrin 6, a species that displays
antiaromatic characteristics. [26]Rubyr-


in 2 and [24]rubyrin 6 both underwent
metallation when reacted with Zn-
ACHTUNGTRENNUNG(OAc)2 to give the corresponding bis-
zinc(II) complexes 7 and 8 quantita-
tively without engendering a change in
the oxidation state of the ligands. As a
result, complexes 7 and 8 exhibit aro-
matic and antiaromatic character, re-
spectively. NICS calculation on these
compounds also supported aromaticity
of 2 and 7, and antiaromaticity of 6
and 8.
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oxidative coupling reaction involving tripyrrane 1 gave
higher homologues in addition to 2 and 3. We have now
studied this condensation process in greater detail and wish
to report here the successful isolation and characterization
of [52]dodecaphyrin(1.1.0.1.1.0.1.1.0.1.1.0) 4 and [62]penta-
decaphyrin(1.1.0.1.1.0.1.1.0.1.1.0.1.1.0) 5. Pentadecaphyrin 5
is, to the best of our knowledge, the second largest expand-
ed porphyrins structurally characterized to date.


In addition to reporting the isolation of expanded por-
phyrins 4 and 5, we present further studies involving meso-
pentafluorophenyl substituted rubyrin 2. These involve anal-
yses of its anion binding behavior of the diprotonated form
and oxidation/metallation studies of the neutral macrocycle,
respectively. The first of these studies was motivated by the
finding in initial work that diprotonated rubyrin, 2·2H+ , ex-
hibited two different conformations depending on the
choice of counter anions.[23] Such an observation, which is
thought to reflect the greater flexibility of meso-substituted
rubyrins around the pyrrole�pyrrole linkage than the corre-
sponding meso-free, b-alkyl functionalized derivatives,[22a]


thus provided a specific incentive to examine the anion
binding properties of 2·2H+ in detail. Surprisingly, this is
something that has not been in the case of meso-functional-
ized (as opposed to b-alkyl substituted) expanded poprhyr-
ins.


The second set of studies was motivated by recent find-
ings that certain hexapyrrolic expanded porphyrins undergo
conversion from the corresponding aromatic to antiaromatic
forms (or vice versa) upon metallation.[7b,25,26] Such “switch-
ing”, which gives rise to easy-to-assess changes in electronic
and optical properties, is noteworthy given the normal diffi-
culties associated with isolating planar structures with
HMckel-type antiaromatic conjugation.[25,26] It was thus of in-
terest to see if rubyrin 2, a 26 p-electron species, could be
oxidized to the corresponding 24 p-electron antiaromatic
species and whether prior or concurrent metallation was re-
quired to effect the transformation. As detailed below,
meso-pentafluorophenyl substituted rubyrin 2 can indeed be


oxidized to its antiaromatic derivative, [24]rubyrin 6, by
treatment with MnO2. As such, system 2 stands a further
rare example of a switchable aromatic–antiaromatic mole-
cule.


Results and Discussion


Synthesis of meso-pentafluorophenyl substituted rubyrin
and its higher homologues : In the course of our studies on
expanded porphyrins, we noted the benefit of the electron-
deficient pentafluorophenyl group for the formation of
meso-aryl substituted expanded porphyrins from the acid
catalyzed reaction between aromatic aldehydes and simple
pyrroles.[17] Although the role of this and related deactivat-
ing groups remains to be elucidated fully, one plausible ex-
planation is that such substituents stabilize the porphyrino-
gen precursors, presumed to be formed during the course of
reaction, against possible scrambling under acidic conditions.
In light of such considerations, we examined the oxidative
coupling reaction of meso-pentafluorophenyl substituted tri-
pyrrane 1 under conditions similar to those used in the syn-
thesis of core-modified rubyrins by Chandrashekar et al.
(TFA, CH2Cl2, followed by chloranil).[22] After work up, the
resulting reaction mixture was separated over a neutral alu-
mina column to give two fractions. The second violet frac-
tion proved to be rubyrin ([26]hexaphyrin(1.1.0.1.1.0)) 2, a
product that was further purified by chromatography over
silica gel to give a pure sample in 24% yield.[23] The first
fraction was subject to further separation using size exclu-
sion chromatography; this provided the previously charac-
terized species [38]nonaphyrin(1.1.0.1.1.0.1.1.0) 3 in 9%
yield,[23] as well as the new products [52]dodecaphyrin-
(1.1.0.1.1.0.1.1.0.1.1.0) 4 and [62]pentadecaphyrin-
(1.1.0.1.1.0.1.1.0.1.1.0.1.1.0) 5 in isolated yields of 2.7 and
1.5%, respectively (Scheme 1). The isolated yields of 4 and
5, while modest, proved fully reproducible.


Scheme 1. Synthesis of rubyrin and its higher homologues.
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Spectroscopic and structural characterization of [52]dodeca-
phyrin(1.1.0.1.1.0.1.1.0.1.1.0) and [62]pentadecaphyrin-
(1.1.0.1.1.0.1.1.0.1.1.0.1.1.0): High-resolution electrospray-
ionization time-of-flight (HR-ESI-TOF) mass spectrometry
revealed an ion peak at m/z 2207.2089, a finding consistent
with 4 being a dodecapyrrolic macrocycle (calcd for a parent
[M��H] peak, C104N12F40H31, 2207.2161). The absorption
spectrum showed rather featureless broad bands at 327, 412,
657, and 784 nm (Figure 1). The 1H NMR spectrum of 4 was
characterized by a very simple pattern of signals at d 7.18,
7.05, 6.78, 6.71, 6.35, and 6.19 ppm, ascribable to the b-CH
protons, and resonances at d 14.40, 8.66, and 7.23 ppm due
to the NH protons, as would be anticipated for a highly sym-
metric conformation (see Supporting Information). This as-
signment was also supported by the clean nature of the
19F NMR spectrum recorded for 4.


Single crystals of 4 were obtained via the vapor diffusion
of hexane into a CH2Cl2 solution. X-ray diffraction analysis
of 4 revealed a near D2h symmetric twisted structure consist-
ing of two inward-orienting tripyrrane units (pyrroles L, A,
and B, and F, G, and H) and two tripyrrane units with two
inverted pyrrole rings (pyrroles C, D, and E, and I, J, and K)
(Figure 2). Intramolecular hydrogen bonding interactions
were observed between adjacent sets of amine-like pyrrole
NH protons and neighboring unprotonated imine-like nitro-
gen atoms (N-H···N distances and angles; 2.10 P and 123.88
(pyrroles A and B), 2.21 P and 122.98 (pyrroles F and G),
2.10 P and 123.88 (pyrrole G and H), and 2.21 P and 122.18
(pyrroles L and A)). Presumably, these multiple hydrogen-
bonding interactions serve to maintain the conformation
seen in the solid state and help account for the rigid struc-
ture observed in solution, as inferred from the NMR spec-
tral data alluded to above.


The HR-ESI-TOF mass spectrum of 5 revealed a parent
ion peak at m/z 2756.2530 ([M��H]; calcd for C130N15F50H36


2756.2485) corresponding to the proposed structure. The ab-
sorption spectrum exhibited relatively sharp bands at 379
and 598 nm, along with a broad absorption tail that reaches
into the near-IR region (Figure 1). The 1H NMR spectrum
of 5 was too broad to assign at room temperature and re-


mained broad upon cooling at �20 8C, displaying signals in a
range of 4–8 ppm. The 19F NMR spectrum of 5 at �20 8C in
CDCl3 was still broad, but was sufficiently well resolved to
allow for assignment (see Supporting Information). In par-
ticular, the integrations are consistent with the number of
fluorine atoms at the various positions (e.g., twenty fluorine
atoms for the ortho and meta positions and ten atoms for
the para substituents). These spectral features can be under-
stood in terms of compound 5 being non-rigid in solution
and subject to considerable conformational flexibility under
conditions of the 1H and 19F NMR spectroscopic analyses.


Macrocycle 5 was characterized more fully by single crys-
tal X-ray diffraction analysis; the resulting structure re-
vealed the system to be nonsymmetric with a helically
wound moiety (Figure 3). Intramolecular hydrogen bonding
networks between the amine NH and the imine N of pyrrole
rings in 5 presumably serve to stabilize this helical confor-
mation (N-H···N distances and angles; 2.18 P and 122.28
(pyrroles A and B), 2.15 P and 122.08 (pyrroles B and C),
2.17 P and 120.48 (pyrroles G and H), 2.15 P and 122.58
(pyrroles H and I), 2.29 P and 122.18 (pyrroles J and K),
2.08 P and 124.78 (pyrroles K and L), and 2.01 P and 127.38
(pyrroles N and O)). As can be seen from inspection of
Figure 3, the thermal ellipsoids of the smaller helical moiety
from the pyrrole A to the pyrrole D are larger than the
others. This proved true even though the data set was re-
corded at low temperature (�183 8C). Moreover, several
sets of crystals of 5 were subject to structural analyses. In all
cases, the thermal ellipsoids were always comparatively
large at this moiety, and in some instances this part proved
highly disordered. These findings are thought to reflect the


Figure 1. UV/Vis absorption spectra of rubyrin and its higher homologues
recorded in CH2Cl2.


Figure 2. X-ray crystal structure of 4, top view (top) and side view
(below). The thermal ellipsoids are scaled to the 50% probability level.
The pentafluorophenyl substituents at the meso-positions are omitted for
clarity in the side view.
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conformational flexibility observed in solution, and thus
help account for the broad signals observed in the solution
phase 1H and 19F NMR spectra.


Anion recognition behavior of protonated rubyrin : As pre-
viously reported, rubyrin 2 can take three different confor-
mations (type I, II, and III) depending upon its protonation
state (see below).[23] Whereas the free base rubyrin 2 adopts


a conformation of type I, the
conformation of the diprotonat-
ed species was found to depend
on the choice of acid; a type II
conformation is preferred upon
protonation with trifluoroacetic
acid, whereas a type III confor-
mation is preferred upon proto-
nation with HCl. These struc-
tural changes were fully charac-
terized by NMR and X-ray
analyses. Due to changes in the
conjugation pathway, these two
protonated forms exhibit differ-
ent Soret-like absorptions,
namely at 555 nm for type II
and at 518 nm for type III (cf.
Supporting Information).


We have now extended our
protonation studies to include
H2SO4 and H3PO4. Both of
these acids give rise to proton-
ated forms of 2 (i.e. , 2·2H+)
characterized by split Soret-like
bands at 520 and 550 nm that,
on the basis of the above find-
ings, are interpreted in terms of
the presence of both type II
and III conformations. To the
extent such an interpretation is
correct, it indicates that the
choice of counter anion can
have a large effect on the con-
formation of 2·2H+ . This, in
turn, prompted us to investigate
the anion recognition behavior
of 2·2H+ in greater detail. To-
wards this end, hydriodic acid


was chosen as a proton source with the expectation that the
counter iodide anion would be weakly bound to 2·2H+ and
hence easily exchanged by other anions.[27] Thus, hydriodic
acid was added to a about 4.0Q10�3 mm solution of rubyrin
2 while the changes in the UV/Vis absorption spectrum
were recorded. After the addition of �25 molar equivalents,
no further spectral changes were seen, leading to the infer-
ence that full conversion to the diprotonated form 2·2H+


Figure 3. X-ray crystal structure of 5, top view (top) and side view (below). The thermal ellipsoids are scaled
to the 50% probability level. The pentafluorophenyl substituents at the meso-positions are omitted for clarity
in the side view.
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had been effected (see Supporting Information). The final
spectrum obtained in this way is characterized by a Soret-
like band at about 550 nm, from which it is inferred that
2·2H+ exists in a type II conformation. The methanolic solu-
tion of 2·2H+ produced in this way was then subject to titra-
tion with either chloride (0–2.0 equiv) or sulfate (0–
4.3 equiv) anions (studied as their corresponding tetrabuty-
lammonium and tetramethylammonium salts, respectively)
and again the spectral changes were recorded (cf. Figure 4).


Addition of chloride anion resulted in a decrease in the ab-
sorbance intensity at 552 nm and an increase in that at
513 nm. On the basis of the prior analyses (see above), such
a result is considered consistent with a change in conforma-
tion from type II to type III as the result of chloride-for-
iodide anion exchange (Figure 4a). In contrast, the addition
of sulfate anion led to a decrease in the intensity of the
shoulder-like absorption at 513 nm and an increase in the in-
tensity of the absorbance at 552 nm (Figure 4b). This result,
which stands in contrast to the formation of two protonated
conformers upon simple protonation of 2 with sulfuric acid,
is of particular interest, since it indicates that the pre-organi-
zation of type II conformation has a large influence on the
anion recognition properties. In fact, we interpret the titra-
tion experiment (Figure 4b) with sulfate anion in terms of


anion exchange of iodide anion by sulfate anion, which
causes rigidification of a type II conformation. In both titra-
tion experiments, standard curve fits matched well with a
1:1 binding profile (cf. Supporting Information), which was
also supported by Job-plot analyses. Given this, apparent
binding constants on the order of 104


m
�1 and 105


m
�1 for


chloride anion and sulfate anion, respectively, could be esti-
mated from the absorption changes at 513 nm and at
552 nm, respectively. However, it is important to appreciate
that these values represent formal exchange constants (unit-
less) and can be taken as apparent affinity constants only to
the extent the limiting assumption that the initial iodide
anion is not bound is valid. Further, as with many analyses
of this type, the actual values were found to be rather sensi-
tive to the extent to which the anion salt in question, the
methanol solvent, and the rubyrin itself were rigorously
dried.


Oxidation of [26]rubyrin to antiaromatic [24]rubyrin : An at-
tractive feature of nitrogen-containing porphyrins and ex-
panded porphyrins is the ability to adopt two-electron oxi-
dation and reduction reactions through facile release and
uptake of two hydrogen atoms on the nitrogen atoms; in
principle, this allows for the existence of neutral forms for
multiple oxidation states.[14,17,21, 25,28] A two-electron redox
process is expected to induce a sharp HMckel type aromatic-
to-antiaromatic switch when the macrocyclic framework is
maintained, as recently demonstrated for bis-gold ACHTUNGTRENNUNG(III) hexa-
phyrin(1.1.1.1.1.1) complexes[25b,c] and a uranyl hexaphyr-
in(0.0.0.0.0.0) complex.[26c] However, we are unaware of any
fully characterized system of expanded porphyrins where
this has been demonstrated in the absence of metallation
except for meso-pentafluorophenyl substituted N-fused
[24]pentaphyrin[25a] and tetrathiaoctaphyrins.[14] However
their paratropic ring current effect were found to be subtle
presumably because of their highly distorted structures. We
thus keen to determine if such a conversion could be carried
out in the case of rubyrin 2 ([26]hexaphyrin(1.1.0.1.1.0)).
This species was thus treated with DDQ. Although this did
indeed provide a new spot on the thin layer chromatogram,
we could not purify the resulting putative new compound
through silica gel or alumina column. While not fully estab-
lished, the problem appeared to be that under both sets of
chromatographic conditions facile reduction back to 2
occurs. Therefore, 2 was subject to oxidation with MnO2.
The use of this inorganic oxidant simplified purification, in
that after the reaction, the residual inorganic solids were
simply removed by filtration to give the oxidized form of 2,
the [24]rubyrin 6, in almost quantitative yield. Compound 6
can be easily reduced back to 2 upon treatment with
NaBH4.


The formally antiaromatic species 6 was fully character-
ized by spectroscopic means. Consistent with the proposed
structure, the 1H NMR spectrum of 6 recorded in CDCl3 so-
lution revealed resonances for the inner b-CH protons as a
pair of doublet (J=4.8 Hz) at d 12.57 and 11.80 ppm, re-
spectively. Signals ascribable to the outer b-CH protons


Figure 4. UV/Vis absorption spectral changes of protonated rubyrin 2
(2·2H+) (4.0Q10�3 mm methanolic solution as produced by pretreatment
with 25 equiv of hydriodic acid) observed upon the addition of a) tetra-
butylammonium chloride (0–2.0 equiv of Cl�) and b) tetramethylammo-
nium sulfate (0–4.3 equiv of SO4


2�).
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were seen at d 5.82, 5.66, 5.41, and 5.18 ppm; these appeared
as two pairs of mutually coupled signals (J=4.6 Hz)
(Figure 5). An extremely down-field shifted signal at d


21.77 ppm was assigned to the inner NH protons. HH-
COSY spectrum of 6 revealed correlation between the
peaks at d 12.57 and 11.80 ppm, 5.82 and 5.66 ppm, and 5.41
and 5.18 ppm, respectively. Further structural information
was provided by ROESY measurement, which reveals prox-
imity of spatially neighboring protons (see Supporting Infor-
mation). In the ROESY spectrum of 6, the correlation be-
tween the inner NH proton and the outward orienting pyr-
role proton at 12.57 ppm was observed. In addition, in-depth
inspection of the 1H NMR spectrum of 6 reveals double-
doublet splitting of the peak at 5.18 ppm, which is accounted
for the long range proton-proton coupling between NH and
the outer b-CH. Overall, these findings are consistent with
the oxidized species 6 possessing a rectangular conformation
similar to that of 2 in solution, as well as displaying a dis-
tinctive paratropic ring current, which presumably arises
from its 24 p-electron conjugation pathway.[25,26] The UV/Vis
spectrum of 6 recorded in dichloromethane solution exhibit-
ed a blue-shift in the less intense Soret-like band (relative to
2) but no appreciable low-energy Q-band like band. Such
spectral features mirror those seen for the antiaromatic gold
complexes of the [28]hexaphyrins (Figure 6).[25b] Unfortu-
nately, while compound 6 proved stable under typical labo-
ratory conditions, all efforts to obtain single crystals of this
species that would be suitable for X-ray analysis were sty-
mied due to its poor solubility and lack of long-term stabili-
ty.


Zinc metallations of 2 and 6 : Given the fact that aromatic
and antiaromatic forms had been characterized previously
for several other hexapyrrolic
expanded porphyrins (see
above), it was of interest to us
to see if metallation of the two
rubyrins 2 and 6 would lead to
changes in oxidation state. Such
a study is made more compel-
ling by the fact that these two


species differ from one another only in terms of the number
of p-electrons within their respective conjugation pathways
and the charges of the fully deprotonated forms as a direct


consequence of the differing
number of NH protons.
Zinc(II) was chosen for these
studies because it is diamagnet-
ic and would permit the pro-
posed metal insertion reactions
to be followed by NMR spec-
troscopy.


Initially, metallation of 2 with
ZnACHTUNGTRENNUNG(OAc)2 was attempted in a
mixture of CH2Cl2 and metha-
nol with zinc acetate. The met-
allation proceeded smoothly
with the color of the solution


changing from violet to bright red, a transformation that
was ascribed to quantitative conversion to the bis-zinc com-
plex 7 (see below). After the metallation was complete, the
solvent was removed using a rotary evaporator. The residue
was then dissolved in a small amount of CH2Cl2, upon which
hexane was layered to induce precipitation of the inorganic
salts. These latter were then removed by filtration. A pre-
liminary single crystal X-ray diffraction analysis was per-
formed; the resulting structure revealed a bis-zinc complex
possessing a type III conformation, in which the two cations
are bound by two dipyrromethene subunits, while the two
remaining pyrrolic units do not interact with the zinc ions
(see Supporting Information). The two zinc ions are bridged
by an acetate anion as well as by an oxygen atom of a hy-
droxy group. Consistent with the formulation of 7 as a com-
plex of [26]rubyrin, the 1H NMR spectrum of 7 clearly indi-


Figure 5. 1H NMR spectrum of 6 recorded in CDCl3.


Figure 6. UV/Vis absorption spectra of rubyrin 2, [24]rubyrin 6, and their
respective bis-zinc complexes 7 and 8 as recorded in CH2Cl2.
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cated a strong diatropic ring current. This was evidenced by
signals for those protons held within the center of the ring,
namely those for the acetate, hydroxy, and the uncomplexed
pyrrolic NH group, at d �2.87, �8.97, and �5.14 ppm, re-
spectively, being positioned in a shielded region. Conversely,
the signals ascribable to the outer b-CH protons were ob-
served in a deshielded region at d 10.88, 10.37, 9.57, 9.52,
9.34, and 9.04 ppm.


The bis-zinc complex of the oxidized [24]rubyrin 6 was
synthesized and purified in a similar way. The absorption
spectrum of the resulting bis-zinc complex, 8, is character-
ized by an ill-defined broad absorption without any Q-like
absorption (Figure 6). Moreover, its 1H NMR spectrum
shows three peaks due to the b-CH protons at d 6.16, 5.22,
and 5.15 ppm, as well a peak at 4.02 ppm assigned to the
methyl groups of the two bound acetate anions. Thus, even
though the species were produced by independent synthesis,
the chemical shifts of the methyl group of the bridging ace-
tate was “shifted” from �2.87 ppm in 7 to 4.02 ppm in 8, a
finding that is fully consistent with the large proposed differ-
ences in the electronics of these two systems.


The structure of 8 was elucidated by single crystal X-ray
analysis, and was found to possess a type III conformation.
Thus, the two zinc ions coordinated by this antiaromatic ru-
byrin were found to be bridged by an acetate group, as well
as by a single oxygen atom arising from the other acetate
counter anion (Figure 7). Although the non-identical nature
of the acetate bridging seen in the solid state is slightly dif-
ferent from what might be inferred from the symmetrical
structure one would infer from the 1H NMR spectrum, the
difference can easily be accounted for in terms of “normal”
variations, such as crystal packing or, more likely, fast ex-
change on the 1H NMR time scale. In any event, apart such
small differences, it is important to appreciate that the struc-
ture of 8 is consistent with its formulation as a 24p-electron
expanded porphyrin. For instance, the side view of this com-
plex reveals the highly distorted nature of the structure.
Nonetheless, in spite of its nonplanar nature, the 1H NMR


spectrum of the bis-zinc complex of this antiaromatic
[24]rubyrin exhibits a slight up-field shift for the outer b-CH
proton resonances and a down-field shift of the inner ace-
tate protons due to the presumed presence of a paratropic
ring current effect. Taken in concert, such findings provide
support for the notion that both rubyrins 2 and 6 undergo
zinc(II) metallation without a change in their respective oxi-
dation states; thus the number of p-electrons in the bis-
zinc(II) complexes 7 and 8 are the same as those present in
2 and 6, respectively. On this basis, they are characterized
aromatic and antiaromatic, respectively.


Quantitative analyses of aromaticity and antiaromaticity of
compounds 2, 6, 7, and 8 : To evaluate aromaticity and anti-
aromaticity of rubyrins 2, 6, 7, and 8, we have carried out
theoretical calculations by the DFT (B3LYP/6-31G*
(LANL2DZ for Zn)) method[29,30] on the model compounds
where pentafluorophenyl substituents of the real systems
were replaced with protons for simplicity. Nucleus-inde-
pendent chemical shifts (NICS)[31] were obtained as the
qualitative measure for aromaticity and antiaromaticity on
optimized structures. The NICS values were calculated on
the global ring center of macrocycles, as well as centers of
each pyrrole unit and formal ring structure between two ad-
jacent pyrroles, as shown in Figure 8. Clearly, [26]rubyrin 2
is strongly aromatic, for which the NICS value was calculat-
ed to be �18.2 ppm at the center of the molecule. On the
other hand, [24]rubyrin 6 exhibits a moderately positive
NICS value (+6.5 ppm) at the center. Moreover, NICS
values at the points 3, 5, 7, 9, 11, and 13 are substantially
large positive (11.3–16.1 ppm, Table 1). On the basis of
these results, we conclude that [24]rubyrin 6 has substantial
antiaromaticity, which is also experimentally indicated by
the 1H NMR and absorption spectra.


For bis-zinc complexes of rubyrins, NICS values of 7 and
8 at the ring centers are �25.4 and +9.2 ppm, respectively,
suggesting 7 to be aromatic and 8 to be antiaromatic. This
indication is also in good agreement with experimental data.


Figure 7. X-ray crystal structure of 8, top view (left) and side view (right). The thermal ellipsoids are scaled to the 50% probability level. The pentafluor-
ophenyl substituents at the meso-positions are omitted for clarity in the side view.
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Again, NICS values of 8 at centers of formal ring structures
between two adjacent pyrroles (point 3, 5, 7, 9, 11, and 13)
are significantly large positive (18.8–23.5 ppm).


Conclusion


The coupling reaction of tripyrrane 1 with TFA and chlora-
nil provide large expanded porphyrins 4 and 5 in addition to
2 and 3. [62]Pentadecaphyrin(1.1.0.1.1.0.1.1.0.1.1.0.1.1.0) 5 is
the second largest expanded porphyrins structurally charac-
terized so far. The protonated form of rubyrin rubyrin 2 acts


as an effective anion receptor
for the chloride and sulfate
anions, as revealed by anion ex-
change experiments monitored
by UV/Vis spectroscopy.
[26]Rubyrin 2 exhibits a dia-
tropic ring current, as would be
expected given its 26 p-electron
aromatic nature. In contrast, its
two-electron oxidized form,
[24]rubyrin 6, prepared by the
oxidation of 2 with MnO2, dis-
plays a paratropic ring current
consistent with an antiaromatic
character. Both 2 and 6 are
metallated readily with zinc(II)
ions to provide the correspond-
ing bis-zinc complexes 7 and 8
in quantitative yields. Both sets
of complexes adopt type III
conformations with all the pyr-
role rings pointing inward. They
both retain the fundamental
conjugation pathways present
in the initial non-metallated
species (i.e., ligands 2 and 6).
They thus display diatropic and


paratropic ring currents, respectively, which are also sup-
ported by quantitative analyses of the optimized structures
by using NICS values. The unique properties displayed by
these rubyrins make both of them and their larger conge-
ners, including 3, 4 and 5, attractive systems with which to
study the effects of both cation coordination and anion bind-
ing on conformational motion and aromatic–antiaromatic
switching. Further studies of these and related systems are
thus ongoing in our laboratories.


Experimental Section


General procedure : All reagents and solvents were of commercial re-
agent grade and were used without further purification except where
noted. Dry CH2Cl2 was obtained by distilling over CaH2.


1H and
19F NMR spectra were recorded on a JEOL ECA-600 spectrometer (op-
erating as 600.17 MHz for 1H and 564.73 MHz for 19F) using the residual
solvent as the internal reference for 1H (d=7.260 ppm for CDCl3) and
hexafluorobenzene as an external reference for 19F (d =�162.9 ppm).
Spectroscopic grade CH2Cl2 was used as the solvent for all spectroscopic
studies, except those involving anion binding, which were carried out in
methanol. UV-visible absorption spectra were recorded on a Shimadzu
UV-3100 spectrometer. Mass spectra were recorded on a JEOL HX-110
spectrometer using the positive-FAB ionization method with an acceler-
ating voltage 10 kV and a 3-nitrobenzylalcohol matrix, or on a Shimadzu/
KRATOS KOMPACT MALDI 4 spectrometer using the positive-
MALDI ionization method. ESI-TOF-MS spectra were recorded on a
BRUKER microTOF, using either the positive and negative-ion modes;
acetonitrile was used as the solvent. Preparative separations were per-
formed by silica gel flash column chromatography (Merck Kieselgel 60H
Art. 7736), silica gel gravity column chromatography (Wako gel C-400),


Figure 8. Optimized structures of models for compounds 2, 6, 7, and 8. Points for the NICS calculations are
also shown.


Table 1. NICS values [ppm] of the selected points as depicted in
Figure 8.


Point 2 6 7 8


1 �18.2 6.5 �25.4 9.2
2 �12.4 6.5 �10.8 �1.6
3 �19.5 11.3 �22.6 23.4
4 �13.4 �5.9 �10.9 �3.7
5 �17.1 16.1 �20.4 23.0
6 �3.5 �5.2 �17.4 �1.5
7 �18.1 12.1 �20.8 18.8
8 �12.4 6.5 �10.8 �2.4
9 �18.8 11.3 �22.6 23.3
10 �13.4 �5.9 �10.9 �4.6
11 �17.1 16.1 �20.4 23.5
12 �3.5 �5.2 �17.4 �2.2
13 �18.1 12.1 �20.8 19.0
14 �15.4 9.7
15 �15.4 9.7
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or recycling preparative GPC-HPLC (JAI LC-908 with preparative
JAIGEL-2H, 2.5H, and 3H columns).


Crystallographic data collection and structure refinement : Data collec-
tion for compound 8 was carried out at low temperature (�153 8C) on a
Rigaku RAXIS-RAPID with graphite monochromated MoKa radiation
(l=0.71069 P), whereas data for 4 and 5 was collected at �183 8C on a
Bruker SMART APEX with graphite monochromated MoKa radiation
(l=0.71069 P). Details of the crystallographic data are listed in Table 2.


The structures were solved by direct methods (Sir 97[32] or SHELXS-
97[33]) using the full-matrix least square technique (SHELXL-97).[33] Sol-
vent molecules contained in the lattice of 8 were severely disordered and
could not be resolved. The program SQUEEZE[34a] in PLATON[34b] was
used to remove the solvent electron density.


CCDC 658457 (4), 658458 (5) and 658459 (8) contain the supplementary
crystallographic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.


Synthesis of rubyrin 2 and higher homologues : TFA (30.6 mL, 0.4 mmol)
was added to a solution of 1 (450 mg, 0.81 mmol) in CH2Cl2 (90 mL). The
resulting solution was stirred for 90 min at room temperature under a ni-
trogen atmosphere. At this point, chloranil (594 mg, 2.63 mmol) was
added and the mixture was heated at reflux for a further 90 min. The re-
action was quenched by the addition of aqueous NaHCO3, and the or-
ganic layer was washed once with water, and dried over anhydrous
Na2SO4. After removal of solvent, the crude product was purified over a
neutral alumina column using a mixture of CH2Cl2/hexane as an eluent.
After elution of deeply colored fractions, a purple fraction was eluted
with CH2Cl2, which gave 2 (107 mg, 24%). The first eluted fraction from
this alumina column was further purified by gel-permeation chromatogra-
phy to give 3, 4, and 5 in yields of 9.0, 2.7, and 1.5%, respectively.


meso-Pentafluorophenyl substituted [52]dodecaphyr-
in(1.1.0.1.1.0.1.1.0.1.1.0) 4 : 1H NMR (600 MHz, CDCl3, 298 K): d =14.40
(br s, 2H; NH), 8.66 (br s, 4H; NH), 7.23 (br s, 2H; NH), 7.18 (br s, 4H;


b-CH), 7.05 (br s, 4H; b-CH), 6.78 (d, J=4.6 Hz, 4H; b-CH), 6.71 (d, J=


4.0 Hz, 4H; b-CH), 6.35 (br s, 4H; b-CH), 6.19 ppm (s, 4H; b-CH);
19F NMR (565 MHz, CDCl3, 298 K): d=�136.3 (d, J=24.1 Hz, 4F; o-F),
�136.4 (d, J=20.7 Hz, 4F; o-F), �139.5 (dd, J=23.3 Hz, J=7.7 Hz; 4F;
o-F), �140.0 (br s, 4F; o-F), �153.4 (t, J=20.7 Hz, 4F; p-F) �153.6 (q,
J=20.7 Hz, 4F; p-F), �158.2 (m, 4F; m-F), �160.2 (br s, 4F; m-F),
�161.8 (m, 4F; m-F), �162.0 ppm (m, 4F; m-F); UV/Vis (CH2Cl2): lmax


(e)=327 (69000), 412 (70000), 657 (136000), 784 nm (54000 m
�1 cm�1);


HR-ESI-TOF-MS: m/z (%): calcd for C104N12F40H31: 2207.2161; found:
2207.2089 (100) [M��H].


meso-Pentafluorophenyl substituted [62]pentadecaphyr-
in(1.1.0.1.1.0.1.1.0.1.1.0.1.1.0) 5 : 19F NMR (565 MHz, CDCl3, 253 K): d=


�134.5 (br s, 1F; o-F), �136.0–�137.19 (broad peaks, 12F; o-F), �138.0
(br s, 1F; o-F), �139.2 (br s, 1F; o-F), �139.3 (d, J=21.5 Hz, 1F; o-F),
�139.5 (d, J=22.6 Hz, 1F; o-F), �140.9 (br s, 1F; o-F), �141.3 (br s, 1F;
o-F), �141.5 (br s, 1F; o-F), �151.8 (br s, 1F; p-F), �152.1 (br s, 2F; p-F),
�152.5 (br s, 1F; p-F), �152.5–�153.1 (broad peaks, 3F; p-F), �154.0
(br s, 1F; p-F), �154.2 (br s, 1F; p-F), �154.8 (br s, 1F; p-F), �159.6 (br s,
1F; m-F), �160.6 (m, 2F; m-F), �160.8 (br s, 1F; m-F), �161.3–�161.4
(broad peaks, 3F; m-F), �161.6 (br s, 2F; m-F), �162.2 (m, 1F; m-F),
�162.5 (m, 1F; m-F), �162.6 (m, 1F; m-F), �163.0–�163.1 (m, 2F; m-
F), �163.4 (br s, 1F; m-F), �164.1 (br s, 1F; m-F), �164.4–�164.5 (m, 3F;
m-F), �165.4 ppm (br s, 1F; m-F); UV/Vis (CH2Cl2): lmax (e)=379
(97000), 598 nm (120000 m


�1 cm�1); HR-ESI-TOF-MS: m/z (%): calcd
for C130N15F50H36: 2756.2485; found: 2756.2530 (100) [M��H].


[24]Rubyrin 6 : An excess amount of MnO2 (ca. 10 equiv) was added to a
dichloromethane solution of 2. This addition caused the color of the solu-
tion to turn from violet to dark orange. After confirmation the oxidation
was complete (as inferred from TLC analysis), the insoluble material
(presumed to be inorganic salts) was removed by filtration. Since the sol-
ubility of 6 is poor once dried, the initial filtrate obtained as the result of
this operation was used for all analyses and reactions. 1H NMR
(600 MHz, CDCl3, 298 K): d =21.77 (br s, 2H; NH), 12.57 (d, J=4.8 Hz,
2H; b-CH), 11.80 (d, J=4.8 Hz, 2H; b-CH), 5.82 (d, J=4.6 Hz, 2H; b-
CH), 5.66 (d, J=4.6 Hz, 2H; b-CH), 5.41 (d, J=4.6 Hz, 2H; b-CH),
5.18 ppm (d, J=4.6 Hz, 2H; b-CH); 19F NMR (565 MHz, CDCl3, 298 K):
d=�135.7 (br s, 4F; o-F), �138.1 (d, J=15.7 Hz, 4F; o-F), �151.6 (t, J=


21.6 Hz, 2F; p-F), �152.1 (t, J=19.1 Hz, 2F; p-F), �160.5 (m, 4F; m-F),
�162.2 ppm (m, 4F; m-F); UV/Vis (CH2Cl2): lmax (e)=439 (50100),
506 nm (39900 m


�1 cm�1); HR-ESI-TOF-MS: m/z (%): calcd for
C52N6F20H14Na1, 1125.0853; found: 1125.2715 (100) [M++Na].


Bis-zinc complex of [26]rubyrin 7: To a dichloromethane solution of 2
containing a small amount of methanol, was added a mixture of zinc ace-
tate (ca. 10 equiv) and sodium acetate (ca. 10 equiv). Stirring the result-
ing solution caused the color to change from violet to bright red. The so-
lution was filtered off and all the solvent was removed under reduced
pressure to give a crude solid. This solid was redissolved in dichlorome-
thane, layered with hexane and allowed to stand overnight. The solution
was filtered and the filtrate was concentrated to dryness to give 7.
1H NMR (600 MHz, CDCl3, 298 K): d =10.88 (br s, 2H; b-CH), 10.37
(br s, 2H; b-CH), 9.57 (d, J=4.1 Hz, 2H; b-CH), 9.52 (br s, 2H; b-CH),
9.34 (d, J=4.1 Hz, 2H; b-CH), 9.04 (br s, 2H; b-CH), �2.87 (s, 3H;
CH3COO), �5.14 (s, 2H; NH), �8.97 ppm (br s, 1H; OH); 19F NMR
(565 MHz, CDCl3, 298 K): d=�134.67 (d, J=20.7 Hz, 2F; o-F), �136.96
(d, J=20.7 Hz, 2F; o-F), �137.91 (d, J=27.3 Hz, 2F; o-F), �138.55 (d,
J=20.7 Hz, 2F; o-F), �152.25 (t, J=20.7 Hz, 2F; p-F), �152.58 (t, J=


20.7 Hz, 2F; p-F), �161.73 (t, J=27.6 Hz, 2F; m-F), �161.98–
�162.24 ppm (m, 6F; m-F); UV/Vis (CH2Cl2): lmax (e)=521 (301000),
850 nm (37000 m


�1 cm�1); MALDI-TOF-MS: m/z (%): calcd for
C52N6F20H14Zn2: 1229.9544; found: 1229.15 (100) [M+�OAc�OH].


Bis-zinc complex of [24]rubyrin 8 : This complex was prepared in a fash-
ion identical to that used to prepare 7. 1H NMR (600 MHz, CDCl3,
298 K): d =6.16 (d, J=4.8 Hz, 4H; b-CH), 5.22 (d, J=4.9 Hz, 4H; b-
CH), 5.15 (s, 4H; b-CH), 4.02 ppm (s, 6H; CH3COO); 19F NMR
(565 MHz, CDCl3, 298 K): d=�138.3 (d, J=20.9 Hz, 4F; o-F), �140.7
(d, J=19.9 Hz, 4F; o-F), �152.38 (t, J=20.7 Hz, 4F; p-F), �160.9 ppm
(m, 8F; m-F); UV/Vis (CH2Cl2): lmax (e)=317 (18000), 423 (48000), 555


Table 2. Crystallographic details for 4, 5, and 8.


4 5 8


empirical formula C104N12F40H36Cl12 C137N15F50H53 C56N6F20H18O4Zn2


Mr 2710.91 2858.94 1349.50
crystal system triclinic monoclinic monoclinic
space group P1̄ (2) P21/c (14) P21/a (14)
a [P] 9.7166(15) 36.091(3) 13.851(3)
b [P] 15.142(2) 24.210(2) 23.024(5)
c [P] 18.476(3) 15.1930(14) 17.798(4)
a [8] 84.703(2) 90 90
b [8] 75.046(2) 99.043(2) 106.429(7)
g [8] 89.022(2) 90 90
V [P3] 2614.9(7) 13110(2) 5444(2)
Z 1 4 4
1 [g cm�3] 1.722 1.448 1.646
m [mm�1] 0.448 (MoKa) 0.137 (MoKa) 1.003 (MoKa)
F ACHTUNGTRENNUNG(000) 1344 5720 2672
crystal size [mm3] 0.80x0.40x0.20 0.30x0.30x0.10 0.25x0.25x0.10
2qmax [8] 50.0 50.0 55.0
T [K] 90(2) 90(2) 123(2)
diffractometer Smart Apex Smart Apex Raxis Rapid
total reflections 24893 66886 52391
unique reflections 9162 22974 12390
reflection used 9162 22974 12390
parameters 822 1822 795
absorption
correction


empirical empirical none


R1 0.0958 0.1031 0.0781
wR2 0.2985 0.2357 0.2248
GOF 1.048 1.129 1.050
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(68000), 639 nm (11000 m
�1 cm�1); HR-ESI-FT-ICR-MS: m/z (%): calcd


for C54N6F20H15O2Zn2, 1286.9520; found: 1286.9504 (100) [M+�OAc].
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TEMPO/HCl/NaNO2 Catalyst: A Transition-Metal-Free Approach to
Efficient Aerobic Oxidation of Alcohols to Aldehydes and Ketones
Under Mild Conditions


Xinliang Wang,[a] Renhua Liu,[b] Yu Jin,[a] and Xinmiao Liang*[a, b]


The oxidation of alcohols to the corresponding carbonyl
compounds represents one of the most important functional
group transformations in organic synthesis and a vast
number of efficient methods have been developed for this
transformation.[1] Traditionally, implementing these methods
has required the use of stoichiometric oxidizing reagents
(e.g., KMnO4, MnO2, CrO3, SeO2, Br2, etc.), which are gen-
erally hazardous or toxic and generate a large amount of en-
vironmental effluents.[2] From an economic and environmen-
tal viewpoint, there is an urgent need for inexpensive and
intrinsically waste-free oxidants and a recyclable catalyst
that may be used to perform these transformations.[3a]


Therefore, the pursuit of using molecular oxygen or air as
the terminal oxidant has attracted intense research interest,
and many highly efficient catalyst systems have been devel-
oped for selective aerobic alcohol oxidation using transition
metal catalysts[4] (mainly copper,[3] palladium,[5,6] and ruthe-
nium[7]), alone or in combination with stable nitroxyl free
radicals (e.g., 2,2,6,6-tetramethyl-piperidyl-1-oxy,
TEMPO).[8,9] The introduction of TEMPO as a co-catalyst
in the transition-metal-based catalytic systems was effective
in improving the reaction selectivity under mild conditions.
However, deactivation of the transition metal catalysts in
these aerobic oxidation systems has been a recurring prob-
lem due to water competing with the substrate and/or inter-
mediate for vacant coordination sites on the active metal
catalysts.[10] On the other hand, metal-based aerobic oxida-
tion may leave possibly toxic traces of heavy metals in the
products. Therefore, the development of an efficient nonme-
tallic catalyst for the aerobic oxidation of alcohols under
mild conditions has long been desired. In this context, we
recently disclosed a process for the highly efficient aerobic
oxidation of a wide range of primary and secondary alcohols
utilizing a TEMPO-based catalyst system that was free from
any transition metal co-catalysts.[11a] Subsequent optimiza-
tion of our initial catalytic system led to an improved and
greener protocol whereby benzylic alcohols and secondary


Abstract: Hydrochloric acid, a very in-
expensive and readily available inor-
ganic acid, has been found to cooper-
ate exquisitely with NaNO2/TEMPO in
catalyzing the molecular-oxygen-driven
oxidation of a broad range of alcohol
substrates to the corresponding alde-
hydes and ketones. This transition-
metal-free catalytic oxidative conver-
sion is novel and represents an interest-
ing alternative route to the correspond-
ing carbonyl compounds to the metal-
catalyzed aerobic oxidation of alcohols.


The reaction is highly selective with re-
spect to the desired product when car-
ried out at room temperature in air at
atmospheric pressure. Notably, the use
of very inexpensive NaNO2 and HCl in
combination with TEMPO for this
highly selective aerobic oxidation of al-
cohols in air at ambient temperature


makes the reaction operationally and
economically very attractive. The re-
sults of mechanistic studies, performed
with the aid of electrospray ionization
mass spectrometry (ESI-MS), are pre-
sented and discussed. TEMPO,
TEMPOH, and TEMPO+ were ob-
served in the redox cycle by means of
ESI-MS. On the basis of these observa-
tions, a mechanism is proposed that
may provide an insight into the newly
developed aerobic alcohol oxidation.
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aliphatic alcohols in water were selectively oxidized to the
corresponding aldehydes or ketones in high yield using 1,3-
dibromo-5,5-dimethylhydantoin (DBDMH) or N-bromosuc-
cinimide (NBS) in place of bromine.[11b] However, two limi-
tations of the reported metal-free catalysis are that an auto-
clave is required to achieve the required partial pressure of
oxygen and that primary aliphatic alcohols are oxidized with
only modest selectivity in favor of the formation of alde-
hydes.[12] In light of the newly developed nonmetal catalytic
aerobic oxidation system for alcohols, in the present work
we sought to discover and develop another metal-free cata-
lytic system for the highly selective oxidation of alcohols, es-
pecially for primary aliphatic alcohols, using dioxygen as the
terminal oxidant. Specifically, we centered our efforts on
finding a cheaper, greener, and easily available nonmetal re-
agent as a co-catalyst that could be used in place of Br2 or
DBDMH. A key criterion was that the catalyst would
enable us to carry out the oxidation at ambient temperature
in air, thereby dispensing with the need for autoclaves and
minimizing the risk of explosions on a preparative scale in
industrial organic synthesis.
Herein, we describe preliminary results toward achieving


these goals and give a full account of the influence of the
new co-catalysts on the course of the reactions. We have
also obtained further mechanistic insights into these reac-
tions through the application of ESI-MS techniques, which
has revealed specific features of this novel transition-metal-
free oxidation process that should facilitate catalyst design
and screening efforts.


Results and Discussion


TEMPO/halide/NaNO2-catalyzed aerobic oxidation of
benzyl alcohol : Recently, interest in the oxidation of alco-
hols utilizing a nonmetal-driven approach has been burgeon-
ing. Many efficient transition-metal-free systems have been
developed for catalytic alcohol oxidation using TEMPO as
the catalyst and a variety of nonmetals as the terminal oxi-
dants. These oxidizing reagents include sodium hypochlor-
ite,[13] sodium chlorite,[14] sodium bromite,[15] tert-butyl hypo-
chlorite,[16] N-chlorosuccinimide (NCS),[17] [bis-
ACHTUNGTRENNUNG(acetoxy)iodo]benzene (BAIB),[18] m-chloroperbenzoic acid
(m-CPBA),[19] trichloroisocyanuric acid (TCCA),[20] oxone,[21]


chlorine,[22] and iodine.[23] However, these oxidation methods
suffer from one major disadvantage, namely, they depend
on substantial amounts of expensive and/or toxic oxidizing
reagents, and hence the concurrent production of undesira-
ble waste by-products is intrinsically unavoidable.[12] Recent-
ly, an active area of research has emerged, namely, the use
of a nonmetal catalyst and dioxygen as the terminal oxidant
for selective oxidation of alcohols, and encouraging progress
has been made;[24] some of these advances have emanated
from our own laboratories.[11c,d]


Our previous studies demonstrated that the TEMPO/Br2/
NaNO2 oxidation system undergoes a sequential cascade re-
action involving triple redox cycles, and indicated that each


of the cycles may be adjusted to match the activity of the
substrate under acidic conditions.[11] Mechanistic studies
have shown that TEMPO is a key oxidizing ingredient for
alcohol oxidation, while NaNO2 is the cheapest and most
convenient source of NO, a recyclable dioxygen activator,
under acidic conditions. On the basis of these findings, we
focused our attention on finding surrogates for Br2. A series
of halogen-containing compounds, including Bu4NBr3,
DBDMH, NBS, TCCA, DCDMH, NCS, I2, HBr, HCl, and
HF, was screened using benzyl alcohol as a typical substrate
under the standard mild reaction conditions. As can be seen,
a wide range of halogen-containing agents proved to be effi-
cient for converting benzyl alcohol to the desired aldehyde
with high selectivity (Table 1, entries 1–11). Upon closer
analysis of the results of these reactions, we found that the
halogen-containing oxidants, such as DBDMH, NBS,
TCCA, and NCS, generally cooperated efficiently with


Table 1. Catalytic aerobic oxidation of benzyl alcohol in the presence of
TEMPO and catalytic amounts of halides or other surrogates.[a]


Entry Halide/Acid t [h] Conv. [%] Select. [%]


1 Br2
[b] 10 100 100


2 n-Bu4NBr3
[b] 10.5 99.2 100


3 DBDMH[b] 10 55.0 96.7
4 NBS 10 84.9 100
5 TCCA[b] 10 39.0 96.7
6 DCDMH[b,c] 10 44.0 100
7 NCS[d] 10 14.7 86.1
8 I2


[b] 10 34.0 100
9 HBr[e] 10 92.0 98.2
10 HCl[e] 10 100 100
11 HF[f] 10 9.5 48.4
12 HBF4


[g] 10 8.3 65.1
13 HNO3


[g] 10 3.7 100
14 HNO3


[g,h] 10 6.5 81.5
15 HCl[i] 10 3.6 83.3
16 HOAc 10 1.5 66.7
17 TsOH 10 6.5 75.4
18 MeSO3H 10 10.0 67.5
19 CF3CO2H 10 7.7 54.5
20 H3PO4


[j] 10 7.9 59.5
21 H2SO4


[b,j] 10 21.3 86.4
22 H2SO4


[b,j] 13[k] 100 100
23 H2SO4


[b,j] 14[l] 100 100
24 H3PO4


[b,j] 17[k] 100 100
25 HBF4


[g] 17[k] 100 100
26 MeSO3H 16[k] 100 100
27 CF3CO2H 17[k] 100 100


[a] The aerobic oxidation conditions were as follows: benzyl alcohol
(5.0 mmol), TEMPO (0.15 mmol), NaNO2 (0.25 mmol), halide (or surro-
gate) (0.50 mmol), CH2Cl2 (8.0 mL), air, ambient temperature. Conver-
sions and selectivities are based on gas chromatography (GC) analyses
with area normalization. [b] Halide (or surrogate) (0.25 mmol).
[c] DCDMH=1,3-dichloro-5,5-dimethylhydantoin. [d] NCS=N-chloro-
succinimide. [e] HCl=conc. hydrochloric acid, HBr=40 wt% hydrobro-
mic acid. [f] HF=40 wt% hydrofluoric acid, reaction in an open anticor-
rosive plastic tube. [g] HBF4=40 wt% fluoroboric acid, HNO3=65 wt%
nitric acid. [h] In the absence of NaNO2. [i] Using the same amount of
NaNO3 as a surrogate of NaNO2; the conversion is 59.5% (98.3% selec-
tivity) and 100% (99.5% selectivity) after oxidation for 19 and 25 h, re-
spectively. [j] H3PO4=85 wt% phosphoric acid, H2SO4=96 wt% sulfuric
acid. [k] In the presence of NaCl (0.50 mmol). [l] In the presence of
BnNMe3Cl (0.50 mmol).
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TEMPO and NaNO2 in catalytically oxidizing benzyl alco-
hol to benzaldehyde. The observations could be rationalized
in terms of the positive halogen species being able to oxidize
TEMPO/TEMPOH to the oxoammonium cation (TEMPO+).
However, we were surprised to find that a few less oxidative
halogen-containing compounds, such as HCl and HBr, in
combination with TEMPO and NaNO2, were also effective
in promoting the catalysis. Of particular interest was the
finding that hydrochloric acid, a very inexpensive and readi-
ly available inorganic acid, cooperated exquisitely with
NaNO2/TEMPO in facilitating aerobic oxidation of the sub-
strate to the corresponding aldehyde under mild conditions
(entry 10). In the light of this result, we also screened some
other commonly used acids. Unfortunately, the majority of
these acids produced only a low conversion of the substrate;
only a few acids, for example H2SO4, gave a moderate con-
version. However, we observed a critical fact from these re-
sults, namely that HCl and HBr, two hydrohalogenide acids,
yielded extremely high substrate conversions and selectivi-
ties. Thus, we presumed that acidic reaction conditions and
the existence of chlorine or bromine, whether positive, nega-
tive, or neutral, were crucial to obtaining the overall catalyt-
ic activity of the TEMPO/NaNO2 catalyst. The role of the
acid was assumed to be donation of H+ to NaNO2 to gener-
ate NO/NO2. The effect of the halide anions on the catalysis
may stem from their reaction with NO2 to generate oxidiz-
ing species such as NOX (X = Cl, Br),[25] which are known
to oxidize TEMPO/TEMPOH to TEMPO+ .[26,27] To verify
the importance of the chloride or bromide anions in the cat-
alysis, we carried out the oxidation of benzyl alcohol under
standard reaction conditions with a variety of acids in the
presence of NaCl or the quaternary ammonium chloride
BnNMe3Cl (Table 1, entries 22–27). The results demonstrat-
ed that Cl� greatly promoted the oxidative conversion of
benzyl alcohol to benzaldehyde compared to the reactions
without Cl� (Table 1, entries 18–21). Interestingly, the use of
NaNO3 in place of NaNO2 led to a very slow reaction over
10 h, with complete conversion with about 100% selectivity
being achieved by prolonging the reaction time to 24 h
(entry 15). These preliminary studies revealed that acidic
conditions and chloride or bromide anions had beneficial
impacts on the catalytic oxidation. Importantly, the results
clearly demonstrated that oxidizing positive-halogen-con-
taining compounds were not essential to drive the TEMPO/
NaNO2-based catalytic system in the aerobic alcohol oxida-
tion. Being composed of a proton and chloride anion, hydro-
chloric acid was thus considered to be a promising co-cata-
lyst in combination with TEMPO and NaNO2 for the mild
and highly selective oxidation of a broad range of alcohols.
During the screening of a variety of reaction conditions,
which included varying the amount of catalyst and the sol-
vent used, we found that the catalyst system TEMPO/HCl/
NaNO2 could be applied in a wide range of solvents, such as
ClCH2CH2Cl, EtOAc, CH3CN, HOAc, and PhF, for efficient
conversions of benzyl alcohol in air at atmospheric pressure
and ambient temperature (without dioxygen or air bub-
bling).[28]


TEMPO/HCl/NaNO2-catalyzed aerobic oxidation of alcohol
substrates : Having established the optimal conditions for
the transition-metal-free catalysis, we next examined the
range of alcohols to which this catalytic aerobic oxidation
[Eq. (1)] could be applied. As revealed in Table 2, all ben-


zylic alcohols were converted into the corresponding benzal-
dehydes in high isolated yields (entries 1–13). The rates of
these benzylic alcohol oxidations were not significantly af-
fected by the electronic properties of the substituents on the
benzene ring, an observation that was seemingly at variance
with previous studies.[7c,11a, c] Similarly, activated secondary
aryl alcohols, such as 1-phenylethanol, 1-phenyl-1-propanol,
1-indanol, and benzhydrol, could be smoothly oxidized to
the corresponding acetophenone, propiophenone, 1-inda-
none, and benzophenone, respectively, in near quantitative
isolated yields (entries 15–18). We were pleased to find that
primary aliphatic alcohols, which remain difficult recalci-
trant substrates in many aerobic oxidation protocols,[4c,11]


were oxidized to the expected aldehydes with high conver-
sions and selectivities. For example, complete oxidations of
1-octanol, 2-ethyl hexanol, cyclohexyl carbinol, and cyclo-
propyl carbinol could be accomplished at ambient tempera-
ture and pressure, directly exploiting dioxygen from the air
without bubbling (entries 19–22). 2-Phenylethanol could
also be oxidized to the corresponding aldehyde with high se-
lectivity (entry 23). Secondary aliphatic alcohols could be
completely converted to the corresponding ketones in high
isolated yields under the standard mild conditions (en-
tries 24 and 25). In the case of cyclohexanol, slower oxida-
tion requiring 24 h even with method D (entry 26) was ob-
served, possibly as a result of its notable steric effect.[29] The
use of HBr in place of HCl led to completion of this reac-
tion with 100% selectivity in 14 h (entry 26). Of particular
interest is the fact that 4-(methylthio)benzyl alcohol and 2-
thiophene methanol (entries 27 and 28), which are usually
regarded as difficult substrates in most aerobic oxidations
involving transition metals due to their strong coordinating
ability, were also very smoothly converted into the corre-
sponding aldehydes in high yield. In entries 29 and 30, the
oxidation reaction was applied to pairs of substrates, both of
which bore groups susceptible to oxidation, namely hydroxy
and sulfide groups. To our delight, the oxidation system
highly selectively oxidized the hydroxy groups to carbonyl
groups, whereas the sulfide groups remained intact. More-
over, sulfide groups, which are not compatible with transi-
tion-metal-catalyzed oxidation methodology, did not have a
deleterious effect on the present oxidation reactions. In the
case of 3-pyridylmethanol, slow oxidation was observed and
the reaction was incomplete even after 24 h using method C
(entry 31). We assume that the HCl was partially neutralized
by the basic pyridine. Allylic alcohols such as cinnamyl alco-
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hol, (E)-4-phenyl-3-buten-2-ol,
and 3-methyl-2-buten-1-ol were
all completely oxidized with
high selectivity (entries 32–34).
In addition, some important
fine chemicals, such as 3-phen-
oxy-benzyl alcohol (entry 14),
3-methoxy-2-propyl alcohol
(entry 35), and ethyl lactate
(entry 36), were efficiently oxi-
dized to the corresponding car-
bonyl compounds.


Mechanistic studies based on
ESI-MS measurements : Re-
cently, ESI-MS[30] has been used
as an effective means of resolv-
ing mechanistic issues in
chemistry and biochemistry.[31]


Three reports have dealt with
mass spectrometric measure-
ments of the N-oxyl radical
TEMPO.[32] In these, it was con-
cluded that with normal ESI
the radical can be measured
both as the molecular ion gen-
erated in the electrospray ion
source and as the normal pro-
tonated molecule. Furthermore,
Vainiotalo investigated the
mechanism of TEMPO-mediat-
ed laccase-catalyzed aerobic ox-
idation of substituted benzyl al-
cohols by an ESI-MS meth-
od.[32c] To understand the pres-
ent novel aerobic oxidation re-
action, we investigated the
reaction mechanism with the
aid of ESI-MS. The data shown
in Figure 1 provided several
useful insights into this aerobic
alcohol oxidation catalyzed by
a unique combination of
TEMPO, NaNO2, and HCl. The
interesting findings can be sum-
marized as follows: 1) The
TEMPO+ cation seems certain
to be involved in the oxidation
reactions and to serve as the
active oxidant in oxidizing the
alcohol substrates. This was in-
dicated by the presence of a
signal at m/z 156, corresponding
to the TEMPO+ cation, at all
times during the reaction pro-
cesses (see Figure 1d and Fig-
ure S2 in the Supporting Infor-


Table 2. Catalytic aerobic oxidations of benzyl and various other alcohols in the presence of TEMPO and a
catalytic amount of a halide or other surrogate.[a]


Entry R1 R2 Method t [h] Conv. [%] Select. [%] Yield [%]


1 Ph H A 10 100 100 95
2 2-MeC6H4 H B 10 100 100 97
3 3-MeC6H4 H B 10 100 100 96
4 4-MeC6H4 H B 16 100 100 95
5 2-ClC6H4 H A 13 100 100 96
6 3-ClC6H4 H B 10 99.6 98.0 96
7 4-ClC6H4 H A 15 100 100 96
8 4-FC6H4 H A 10 100 100 95
9 3,5-F2C6H3 H A 10 100 100 97
10 3,5-(CF3)2C6H3 H A 12 100 100 96
11 4-MeOC6H3 H B 15 100 100 98
12 4-NO2C6H4 H B 13 100 100 99
13 4-MeO2CC6H4 H B 12 100 100 97
14 3-PhOC6H4 H B 11 100 100 99
15 Ph Me B 12 100 100 98
16 Ph Et B 12 100 100 98


17 B 16 100 100 98


18 Ph Ph B 16 100 100 99
19 CH3ACHTUNGTRENNUNG(CH2)5CH2 H D 12 100 94.8[b] 92


20 D 16 100 100 94


21 D 16 98.2 98.6 93


22 C 15 100 100 81


23 PhCH2 H C 15 73.1 100 –
24 CH3ACHTUNGTRENNUNG(CH2)4CH2 Me C 17 100 98.2 96
25 CH3ACHTUNGTRENNUNG(CH2)3CH2 Et C 27 98.4 98.5 94


26 D 24 37.3 90.6 –


D 14 100 100[c] 95
27 4-MeSC6H4 H B 11 100 100 99
28 2-thienyl H B 12 100 97.0[d] 97
29 PhCH2OH + PhSMe B 12 100 100[e] –
30 PhCH2OH + Et2S B 14 100 97.9[f] –
31 3-pyridyl H C[g] 24 92.4 96.6 96[h]


32 C 12 100 100 98


33 D 16 100 98.6 99


34 D 32 100 96.1[i] 84


35 D 31 100 100 89


36 D 29 41.2 100 –


[a] The aerobic oxidation conditions were as follows: alcohol (5.0 mmol), CH2Cl2 (8.0 mL), air, ambient tem-
perature. Method A: TEMPO (0.15 mmol), NaNO2 (0.25 mmol), HCl (0.50 mmol); Method B: TEMPO
(0.25 mmol), NaNO2 (0.25 mmol), HCl (0.50 mmol); Method C: TEMPO (0.25 mmol), NaNO2 (0.40 mmol),
HCl (0.80 mmol); Method D: TEMPO (0.40 mmol), NaNO2 (0.40 mmol), HCl (0.80 mmol); conversions and
selectivities are based on gas chromatography (GC) analyses with area normalization. All yields refer to pure,
isolated products. [b] Acid (5.2%) was formed. [c] HBr (16 mol%) was used in place of HCl. [d] Approxi-
mately 3.0% of 2-chloromethylthiophene was formed. [e] PhSMe remains intact after the reaction. [f] Et2S re-
mains intact after the reaction. [g] In the presence of 1.2 equivalents of HOAc. [h] A mixture of 3-pyridinecar-
boxaldehyde and 3-pyridylmethanol was obtained. [i] Approximately 3.9% of 3,3-dimethyl allyl chloride was
formed.
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mation). 2) Re-oxidation of TEMPOH could be realized,
presumably via NOCl. The reduction of NOCl with
TEMPOH generated NO. The oxidation of NO by dioxygen
in the presence of HCl regenerated NOCl. By comparison
with the ESI mass spectrum of a solution of TEMPO in ace-
tonitrile (see Figure S1 in the Supporting Information), we
observed some interesting results. For example, when
3 mol% TEMPO was reacted with 10 mol% HCl, we de-
tected new peaks corresponding to TEMPO+ (signal at m/z
156) and TEMPOH (signal at m/z 158) (Figure 1a). These
results were consistent with those reported in previous stud-
ies.[8b] Addition of 100 mol% BnOH to the above reaction
mixture led to disappearance of the signal at m/z 156 with
the concurrent formation of about 1.5 mol% benzaldehyde,
yet the signal at m/z 158 remained. This demonstrated that
TEMPO+ oxidized the alcohol substrate, while itself being
reduced to the corresponding hydroxylamine, TEMPOH.


The signal at m/z 156 could be
detected once more following
the further addition of 5 mol%
NaNO2 to the reaction mixture,
an observation that we attribute
to re-oxidation of TEMPOH by
NaNO2/HCl/O2. The proposed
overall reaction mechanism is
presented in Scheme 1.
This mechanism shares simi-


larities with those postulated in
our previous studies on transi-
tion-metal-free catalyzed oxida-
tions[11a,b] accomplished with
some newly-published
TEMPO-based systems.[11c,d]


The intermediate species ob-
served by ESI-MS, namely
TEMPO+ and TEMPOH, may
help to confirm the identity of
the active species postulated in
former publications.[11,24a]


Conclusion


In conclusion, we have shown
that the catalyst system HCl/
NaNO2/TEMPO permits the se-
lective aerobic oxidation of a
broad range of primary and sec-
ondary alcohols, which may
contain carbon-carbon double
bonds or N or S heteroatoms,
in air at room temperature. To
the best of our knowledge, this
is the simplest and the most
convenient method among the


TEMPO-based aerobic alcohol oxidation protocols. It is im-
portant to note that the ESI-MS experiments confirmed the
existence of TEMPO+ and TEMPOH species, thus provid-
ing an insight into the catalytic system. Mechanistically, the
TEMPO+ cation has been proved to be central to the cata-


Figure 1. ESI(+) mass spectra obtained under standard conditions from samples taken from a reaction mixture
of TEMPO (0.06 mmol) and HCl (0.20 mmol) in MeCN (5 mL) stirred at room temperature in air: a) 10 min
after the addition of benzyl alcohol (2.0 mmol), b) after a further 20 min, c) 20 min after the subsequent addi-
tion of NaNO2 (0.10 mmol), and d) 3 h after this addition of NaNO2.


Scheme 1. Proposed mechanism for TEMPO/HCl/NaNO2-catalyzed aero-
bic oxidation of alcohols.
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lytic system, and the novel use of NOCl to oxidize
TEMPOH plays a crucial role in the TEMPO/HCl/NaNO2
catalytic oxidation cycle. Further investigations will be fo-
cused on improving the catalytic activity of the HCl/NaNO2/
TEMPO system in order to lower the amount of catalyst re-
quired and to shorten the reaction times.


Experimental Section


General conditions : All chemicals were reagent grade and were used as
supplied except where noted. All reactions were performed in air at am-
bient temperature unless specified otherwise. 1H and 13C NMR spectra
were recorded on a Bruker DRX-400 instrument and were referenced to
Me4Si (d=0 ppm) and residual CHCl3 (d(


1H)=7.26 ppm) or CDCl3 (d-
ACHTUNGTRENNUNG(13C)=77.0 ppm). GC analyses for determining the conversions and se-
lectivities of the reactions were performed on an Agilent 6890N GC
system. ESI mass spectra were recorded on an Agilent 1100 Series MSD
Trap XCT operated in positive mode. A few representative examples are
listed here. Experimental procedures and spectroscopic data for all isolat-
ed compounds can be found in the Supporting Information.


General procedure for the TEMPO-catalyzed aerobic oxidation of alco-
hols : The oxidation of alcohols was carried out in air at ambient temper-
ature in a 50 mL long-necked, round-bottomed flask equipped with a
magnetic stirrer. Typically, the alcohol (5.0 mmol) and TEMPO
(0.15 mmol) were dissolved in dichloromethane (8 mL). Concentrated hy-
drochloric acid (0.50 mmol) was added, followed by NaNO2 (0.25 mmol).
The resulting mixture was stirred at room temperature and atmospheric
pressure. The conversion and selectivity of the reaction were monitored
directly by GC analyses without any prior work-up. When GC showed
the reaction to be complete, the liquid in the flask was transferred to a
separatory funnel. The organic phase was washed with 30 wt% aqueous
Na2S2O3 solution and saturated aqueous NaHCO3 solution to remove the
residual oxidant and TEMPO. The organic layer was dried over anhy-
drous Na2SO4 and concentrated to afford the desired product. Because
the selectivities in most reactions were more than 99%, the 1H and
13C NMR spectra could be recorded directly from the products isolated
in this way.


Benzaldehyde : 1H NMR (400 MHz, CDCl3, 25 8C, TMS): d=7.47 (t, 2H),
7.57 (t, 1H), 7.83 (m, J=7.2 Hz, 2H), 9.96 ppm (s, 1H); 13C NMR
(100 MHz, CDCl3, 25 8C, TMS): d=125.6, 126.2, 131.0, 132.9, 188.9 ppm.


3-Methoxyacetone : 1H NMR (400 MHz, CDCl3, 25 8C, TMS): d =2.14 (s,
3H), 3.42 (s, 3H), 4.04 ppm (s, 2H); 13C NMR (100 MHz, CDCl3, 25 8C,
TMS): d=25.8, 58.8, 77.5, 126.8, 206.2 ppm.


ESI-MS detection : With standard MS detection, we set out to identify
any possible intermediates in the reaction process by gradual addition of
the reactants. A solution of TEMPO (0.06 mmol) and HCl (0.20 mmol)
in MeCN (5 mL) was stirred at room temperature in air. After 10 min,
3 mL of the solution was withdrawn, diluted with 1000 mL of MeCN, and
transferred into the ESI source by means of a syringe pump at a flow
rate of 5 mLmin�1 for MS detection (Figure 1a). Benzyl alcohol
(2.0 mmol) was then added to the reaction mixture, and after 30 min a
further sample was taken and analyzed in the same way, whereupon
fewer signals were detected (Figure 1b). Subsequently, NaNO2
(0.1 mmol) was added, and further samples were taken after reaction
times of 20 min, 3 h, 6 h, 12 h, and 24 h; MS analyses showed the disap-
pearance of peak at m/z 158 with a re-emergence of the peak at m/z 156,
as shown in Figure 1c and d, and Figure S2 in the Supporting Informa-
tion.
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Introduction


In recent years, olefin metathesis has become a powerful
and efficient tool for the formation of carbon�carbon
double bonds in organic synthesis and polymer chemistry.[1]


The development of well-defined transition-metal com-
plexes as catalysts has been particularly important in ex-
panding the utility of this reaction.[2] Although several cata-
lysts have been reported for olefin-metathesis reactions,
ruthenium-based catalysts have received considerable atten-
tion because they provide catalytic systems more tolerant to
a large number of organic functional groups, moisture, and
oxygen. Following the discovery of [(PCy3)2Cl2Ru=CHPh]
(1), many researchers have focused on increasing the cata-
lyst activity, selectivity and stability. As identified in previ-
ous work, the key to catalyst efficiency is the ratio of the
rate of productive olefin metathesis relative to the rate of
catalyst decomposition.[3] Furthermore, decomposition prod-


ucts of olefin-metathesis catalysts have been shown to be re-
sponsible for unwanted side reactions such as olefin isomeri-
zation in addition to loss of activity.[4] The incorporation of
N-heterocyclic carbene (NHC) ligands in ruthenium cata-
lysts, such as H2IMes (H2IMes = 1,3-dimesitylimidazoli-
dine-2-ylidene), has led to the design of catalysts 2–4 with


different L-type ligands (L = PAr3, HNR2, or ROR) that
dissociate from ruthenium during initiation. These catalysts
show high activity and fast initiation in a wide range of
metathesis reactions.[5]


Despite these advances, the decomposition of the 14-elec-
tron methylidene species (H2IMes)Cl2Ru=CH2 (A) in catal-
ysis limits the utility of catalysts 2–4, especially with more
challenging substrates. Recently, new insights into the de-
composition pathways for the Ru-based catalysts have been
obtained.[6] For catalyst 2, it has been established that one
decomposition pathway of methylidene A involves a nucleo-
philic attack of free phosphine to generate intermediate B
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California Institute of Technology
Pasadena, CA 91125 (USA)
Fax: (+1)626-564-9297
E-mail : rhg@caltech.edu


Supporting information for this article is available on the WWW
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Abstract: A series of bidentate rutheni-
um-based NHC complexes with the
general formula [(H2IMes) ACHTUNGTRENNUNG(k


2-L-
COO)ClRu=CHPh)], where L is either
PAr3, HNR2, or ROR, were prepared
from commercially available
[(H2IMes) ACHTUNGTRENNUNG(PCy3)Cl2RuACHTUNGTRENNUNG(CHPh)] (2) and
the appropriate ligand. The catalytic
activities of the complexes were evalu-
ated in ring-closing metathesis reac-


tions. The type of donor ligand has a
major impact on both the initiation be-
havior and also the stability of the
complexes. Upon addition of CuCl to
the reaction mixture the initiation is


improved for the phosphine or amine
containing chelates. For the P,O-che-
late, the fast initiation was followed by
decomposition. In the case of the N,O-
containing chelate, a stable catalytic
system was achieved. Trapping experi-
ments support that the nitrogen lone-
pair reversibly coordinates CuCl during
the reaction.


Keywords: chelates ·
homogeneous catalysis ·
metathesis · ruthenium
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which can then undergo further decomposition (Scheme 1).
Very recently, it has been established that catalyst 4 may un-
dergo similar decomposition reactions with pyridine acting
as the nucleophile.[6b] As A is the critical intermediate in
metathesis reactions involving terminal olefins, it would be
desirable to stabilize this intermediate without decreasing
the rate of productive metathesis.


One strategy to prevent the decomposition route outlined
in Scheme 1 is to utilize a chelating phosphine ligand, and
thereby inhibit the build up of free phosphine. Previously,
N,O-chelates have been reported for NHC-containing ana-
logues 5 and 6.[7] However, these catalysts require high reac-
tion temperatures and exhibit low metathesis activities.


One disadvantage of employing the N,O-chelates contain-
ing Schiff bases is that the preparation involves toxic thalli-
um salts.[8] Recently, we found that replacing the alkoxide
with a more electron-withdrawing carboxylate in an N,O-
chelated analogue of catalyst 1 provided a complex with in-
creased rates of reaction.[9,10] Furthermore, the toxic thalli-
um salt could be exchanged for non-toxic and inexpensive
Cu2O. Phosphines, amines, and ethers (such as 2–4, see
above) have all been reported as the dissociating L-type li-
gands for ruthenium-based olefin metathesis catalysts con-
taining an NHC ligand. Therefore chelates based on these
functional groups would be of interest, where the L-type
ligand never “leaves” the catalyst during the reaction.
Herein, we describe non-toxic protocols for the synthesis of
a novel series of olefin metathesis catalysts bearing hemila-
bile L-type ligands, based on P-, N-, or O-tethered to a car-
boxylate. The reactivity and stability of these catalysts have
been studied in ring-closing metathesis (RCM) reactions.


Results and Discussion


Synthesis of complexes 7–9 : 2-(Diphenylphosphino)ben-
zoate was chosen as a P,O-chelate because it is structurally
and electronically closely related to triphenyl phosphine, a
neutral ligand known to readily dissociate in [(H2IMes)-
ACHTUNGTRENNUNG(PPh3)Cl2Ru=CHPh)] (2’).


[11] Upon addition of 2 to a sus-
pension of the potassium salt of 2-(diphenylphosphino)ben-
zoate in CH2Cl2 at room temperature, the desired catalyst
[(H2IMES)(kACHTUNGTRENNUNG(P,O)(Ph2P-o-C6H4COO)ClRu=CHPh] (7) is
isolated as a red solid in 75% yield after column chromatog-
raphy (Scheme 2). Catalyst 7 shows characteristic signals in


the 1H NMR spectrum at d 18.97 ppm, which corresponds to
the benzylidene proton, in 31P NMR spectrum at d 32.5 ppm
corresponding to the coordinated phosphine, and in
13C NMR spectrum at d 300.2 ppm (d, JP,C=9.6 Hz) corre-
sponding to the benzylidene carbon and at d 169 ppm corre-
sponding to the C=O of the carboxylate group. The carbox-
ylate group is also visible in the IR spectrum at nC=O=


1602 cm�1.
Crystals of 7 suitable for X-ray analysis were obtained by


slow diffusion of pentane into a solution of benzene at room
temperature (Figure 1). In comparison of 2’ and 7, a signifi-
cant shortening of the Ru�P bond length from 2.404(3) L in
2’ to 2.323 (15) L in 7 is observed. The Ru�O bond length
2.068(3) L is shorter than the Ru�Cl 2.4016(15) L. The
angle between the carbene carbon of the NHC and P (C-
Ru-P) is slightly decreased from 167.1(3) in 2’ to 163.15(16)8
for 7. The angle between the X-type ligands is slightly in-
creased from 166.96(9)8 in 2’ to 171.62(10)8 for 7 which is in
accordance with previously reported N,O-chelates such as
complex 6 (172.50(4)8).[7] All other bond lengths and angles
of 7 were similar to those of 2’.
Proline was chosen as N,O-chelate because it is commer-


cially available and has previously been used as a chelate
with 1.[9] [(H2IMes)(l-prolinate)ClRu=CHPh] (8) was pre-
pared by the reaction between 2 and the in situ deprotonat-
ed l-proline in CH2Cl2 at room temperature. Complex 8 was
obtained as a mixture of two isomers in 54% yield
(Scheme 3). The two isomers are easily separated by column
chromatography. The isomer with a higher Rf is the more
thermodynamically-stable isomer (8a). This isomer shows
characteristic signals in the 1H NMR spectrum at d


19.17 ppm corresponding to the benzylidene, a broad signal
at d 6.59 ppm corresponding to Ar-H of the mesityl group,
another broad signal d 4.10 ppm corresponding to the ethyl-


Scheme 1. Decomposition pathway for A.


Scheme 2. Synthesis of 7.
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ene bridge in the NHC, and the methyl groups of the mesi-
tyl also show up as a broad signal at d 2.40 ppm. Upon cool-
ing to �10 8C, the broadened signals resolve into individual
peaks. In the 13C NMR spectrum the benzylidene carbon
signal appears at d 296.3 ppm, and the C=O of the carboxyl-
ate group at d 183.2 ppm (14 ppm downfield compared with
7). The carboxylate group is also visible in the IR spectrum
at nC=O=1625 cm�1. Only crystals of very poor resolution
could be grown of this isomer. Even though it is not possible
to get correct bond lengths and angles, the overall structure
is evident with the amine moiety of l-proline trans to the
NHC.
The isomer with the lower Rf, is the kinetically formed


isomer (8b). This isomer shows characteristic signals in the
1H NMR spectrum at d 19.03 ppm corresponding to the ben-
zylidene, four separate signals for Ar-H of the mesityl at d


6.21, 6.52, 7.04, and 7.11 ppm (due to slow rotation of the
NHC and the mesityl), and two multiplets at d 4.16 and
4.08 ppm for the ethylene bridge of NHC, and the methyl


residues of the mesityl groups
give separate signals between d


2.01–2.63 ppm. As this kineti-
cally-formed product isomeriz-
es to the thermodynamically
more stable product at room
temperature, a 13C NMR spec-
trum was acquired at �20 8C.
The benzylidene carbon signal
appears at d 295.3 ppm and the
carboxylate at d 183.0 ppm.
The isomerization from 8b to
8a results in a 95:5 ratio of 8a/
8b. No crystals of 8b suitable
for X-ray crystallography have
been grown. As the 1H NMR
spectrum reveals inequivalent
signals for the protons in the
NHC ligand, the kinetic isomer
was assigned to have the
amine moiety cis to the NHC
ligand and the carboxylate
trans. In this configuration, the
bulky prolinate hampers the
free rotation of the mesityl
groups and the NHC ligand.
Similar isomers have been ob-
served for amines chelated to
the alkylidene used for the


design of latent olefin metathesis catalysts.[12]


Tetrahydro-2-furoic acid was chosen as the O,O-chelate as
it is the ether analogue of the successfully anchored proline.
Complex 9 was prepared by addition of (R)-(+)-tetrahydro-
2-furoic acid to a suspension of 2 and Ag2O in CH2Cl2 at
room temperature (Scheme 4). The resulting mixture was
purified by column chromatography to yield 9 in 81% yield
as a green solid in a 10:1 ratio mixture of two isomers. The
isomers were not separable by chromatography or crystalli-
zation. The major isomer shows characteristic signals in the
1H NMR spectrum at d 19.00 ppm corresponding to the ben-
zylidene, a singlet at d 6.80 ppm corresponding to Ar-H of
the mesityl group, another singlet d 3.98 ppm corresponding
to the ethylene bridge of the NHC, and the methyl groups
of the mesityl groups appear as three separate singlets at
2.19, 2.23, and 2.27 ppm. In the 13C NMR spectrum the ben-
zylidene carbon signal appears at d 315.6 ppm which is fur-
ther downfield than the other two complexes, and the C=O
of the carboxylate at d 179.8 ppm, similar to 8. The carbox-
ylate is also visible in the IR spectrum at nC=O=1608 cm�1.


Activity of complexes 7–9 in RCM : Complexes 7–9 were
tested for catalytic activity in the ring-closing metathesis
(RCM) of diethyl diallylmalonate (10) using 1 mol% of cat-
alyst in CD2Cl2 and were found to have low activity at 30 8C
due to poor initiation. In 10 minutes <5% conversion was
observed for 7, 10% for 8,[13] and < 5% for 9. Analogous
non-chelated catalysts containing either P-, N-, or O-based


Figure 1. Solid-state structure of 7 with thermal ellipsoids drawn at 50% probability. Selected bond lengths
[L] and angles [8]: Ru1�C22 1.849(6), Ru1�O1 2.068(3), Ru1�C1 2.092(5), Ru1�P1 2.3233(15), Ru1�Cl1
2.4016(15); C22-Ru1-O1 99.7(2), C22-Ru1-P1 93.06(15), O1-Ru1-P1 88.56(10), O1-Ru1-Cl1 171.62(10).


Scheme 3. Synthesis of 8.
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L-type dissociating ligands (see above, 2–4) usually proceed
to above 60% conversion under the same reaction condi-
tions.[14] While 7 and 8 continued to perform catalysis, albeit
at a low rate, the activity of 9 plateaued at less than 10%
conversion. NMR studies indicated fast initiation followed
by decomposition. The observation that the N,O-chelate (8)
performs better than the P,O-chelate (7) is expected due to
the stronger bond between Ru�P and hence a less favored
dissociation. However, the low performance of the O,O-che-
late (9) was not expected.
A rate enhancement has been reported for catalysts 5 and


6 (see above) at elevated temperatures, therefore the RCM
of 10 at 50 8C was studied for catalyst 7 and 8. As expected
the rate increased for both 7 and 8, where 8 is more efficient
than 7 (Figure 2). After 110 min, 8 reached above 95% con-


version, whereas 7 only reached 60% conversion. The per-
formance of 8 is better than that reported for other N,O-
chelates, which require higher catalyst loadings and longer
reaction times.[7c] Interestingly, in the RCM of 10, first-order
kinetics are observed for reactions with catalyst 8, but not
catalyst 7, indicating that the stability of 7 is not enhanced
despite the chelating phosphine. However, the chelate
seems to promote stability for 8.
Our group previously reported that the metathesis activity


of catalyst 1 and 2 could be increased by addition of
CuCl.[15] The CuCl is believed to act as a scavenger and acti-
vate the catalyst by removing the phosphine ligand from the


solution, thereby preventing association of free phosphine
to the propagating ruthenium complex. Therefore, we inves-
tigated the effect of CuCl on the activity of catalysts 7–9.
Indeed, the rate of RCM of 10 was increased for catalyst 7
in the presence of CuCl. The reaction had proceeded to
above 95% conversion in less than 10 minutes using
1 mol% of catalyst and 25 mol% of CuCl at 50 8C
(Figure 3).


There are no reports for the scavenging effect of CuCl for
amines in metathesis reactions in the literature. However,
the interaction between CuI and amino acids has been stud-
ied, which prompted us to investigate the effect of CuCl on
the activity of 8 in RCM.[16] In less than 10 minutes, the
RCM of 10 by catalyst 8 in the presence of CuCl proceeded
to above 95% conversion (Figure 3). To our knowledge, this
“amine scavenging effect” is not precedent in the literature.
A negligible CuCl effect was observed for complex 9 in the
RCM of 10. CuCl may have a lower affinity toward the
“harder” oxygen than the “softer” amine or phosphine.
Encouraged by the CuCl effect for catalysts 7 and 8, a


more challenging substrate was chosen. Diethyl allyl methal-
lylmalonate (12) forms cyclopentene 13, featuring a trisub-
stituted double bond, that is a more demanding reaction
than the RCM of 10 due to steric effects. Therefore, sub-
strate 12 better highlights differences in activity and stabili-
ty. RCM of 12 by catalyst 7 (1 mol%) showed fast initiation
in the presence of CuCl, similar to the RCM of 10, and the
reaction reached 50% conversion within 12 minutes
(Figure 4). The reaction rate remained constant for three
half-lives and the reaction proceeded to 88% conversion
within 36 minutes. However, after three half-lives the activi-
ty decreased and after 2 h full conversion was not achieved.
RCM of 12 by catalyst 8 (1 mol%) demonstrated the


same fast initiation kinetics as observed for catalyst 7 and
reached 50% conversion in 13 minutes (Figure 4). Interest-
ingly, catalyst 8 showed higher stability than catalyst 7 and


Scheme 4. Synthesis of 9.


Figure 2. Conversion plot for RCM of 10 with &: 7 and ^: 8. The reac-
tions were performed on a 0.08 mmol scale in C6D6 (0.75 mL) at 50 8C
using 1 mol% of catalyst.


Figure 3. Conversion plot for RCM of 10 with &: 7 and ^: 8 in the pres-
ence of CuCl. The reactions were performed on a 0.08 mmol scale in
C6D6 (0.75 mL) at 50 8C using 1 mol% of catalyst and 25 mol% of CuCl.
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performed the RCM of 12 to above 95% conversion within
40 minutes without any deviation from first-order kinetics.
The reaction proceeded to full conversion within one hour.
The RCM of 12 clearly highlights the difference in stability
for catalysts 7 and 8.


Trapping the active intermediate : Because the scavenging
effect CuCl is unprecedented for amines, we wanted to
study the effect in more detail. The CuCl effect on the activ-
ity of complex 8 could be explained by a salt exchange reac-
tion in which the chloride replaces the prolinate ligand to
generate the active 14-electron benzylidene species and
copper–prolinate (Scheme 5, path A).[17] Alternatively, the
CuCl could compete with ruthenium for the lone pair of the
nitrogen in the prolinate ligand thereby enabling an open
coordination site on ruthenium for the substrate coordina-
tion (Scheme 5, path B).


A way to distinguish between these mechanisms is to trap
intermediate C or D with pyridine. If the 14-electron benzyl-
idene forms, this intermediate would be trapped by the addi-
tion of pyridine to provide 4. Therefore, the isomerization
of catalyst 8b to 8a was run in the presence of CuCl at
50 8C and monitored by 1H NMR spectroscopy. When the
isomerization had proceeded to above 50%, pyridine (16
equivalents) was added and the reaction was stirred for
10 min at room temperature (Scheme 6). The complex was


precipitated with pentane. The filtrate was separated and
both the precipitate and the supernatant were analyzed by
1H NMR spectroscopy. The 1H NMR spectrum showed new
signals in the aromatic region at d 8.54, 6.68, and 6.66 ppm
integrated to five protons. We assign these new peaks to one
pyridine coordinated to ruthenium (Scheme 6, 8c). Impor-
tantly, the aliphatic signals corresponding to prolinate are
still present. The supernatant showed a weaker 1H NMR
spectrum with more pyridine present. Both samples were
also analyzed by HRMS. As a control experiment, the same
procedure was performed with catalyst 2 and complete con-
version to 4 was observed.[5c] Furthermore, the supernatant
only contained the Cy3P–CuCl complex. This is strong sup-
port for path B (Scheme 5) where the prolinate ligand rever-
sibly coordinates to CuCl. The k2-coordination mode of
amino acids to CuCl is also strongly favored over the k1-co-
ordination to the oxygen, which would be an intermediate
in the salt exchange route, due to the softer nature of
CuI.[16]


Conclusion


The synthesis of three catalysts featuring an L-type ligand
tethered to a carboxylate replacing both a chloride ligand
and a dative ligand catalyst 2 has been developed. Similar to
other reported chelated ruthenium olefin metathesis cata-
lysts, all three complexes show low catalytic activity in RCM
at 30 8C. For the N,O- and the P,O-chelates 7 and 8, respec-
tively, this is likely due to a chelate effect and fast decompo-
sition for the O,O-chelate 9. The initiation for both P,O- and
N,O-chelates can be improved by addition of CuCl with ini-
tial rates comparable to their non-chelated analogues. How-
ever, in the case of the P,O-chelate 7 the addition of CuCl
does not lead to a more stable catalytic system, but rather a
deviation from first-order kinetics is observed for more chal-
lenging substrates. Interestingly, in the case of N,O-chelate
8, a very robust catalytic system is achieved when the cataly-


Figure 4. Conversion plot for RCM of 12 with &: 7 and ^: 8. The reac-
tions were performed on a 0.08 mmol scale in C6D6 (0.75 mL) at 50 8C
using 1 mol% of catalyst and 25 mol% of CuCl.


Scheme 5. Mechanism of CuCl activation of 8.


Scheme 6. Trapping intermediate with pyridine.
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sis is run in the presence of CuCl with high efficiency in re-
gards to initiation, reaction rate and stability. Trapping ex-
periments support the hypothesis that the role of CuCl is to
compete with ruthenium for the lone pair of the nitrogen
thereby opening up a coordination site on ruthenium for the
substrate.


Experimental Section


Synthesis of [(H2IMES)(k ACHTUNGTRENNUNG(P,O)(Ph2P-o-C6H4COO)ClRu ACHTUNGTRENNUNG(CHPh)] (7): A
Schlenk flask was charged with 2-(diphenylphosphino)benzoic acid
(0.122 g, 0.4 mmol), KH (16 mg, 0.4 mmol) and THF (5 mL). The reac-
tion was heated for 1 h at 50 8C, cooled to RT and solvents evaporated.
[(NHC) ACHTUNGTRENNUNG(PCy3)Cl2RuACHTUNGTRENNUNG(CHPh)] (2) (340 mg, 0.4 mmol) and CH2Cl2 (5 mL)
were added to the Schlenk flask. The reaction mixture was degassed by
three pump-thaw cycles and the reaction was stirred for 5 h at RT. The
reaction mixture was filtered through a glass-frit and concentrated in
vacuo. The resulting solid was purified via column chromatography (TSI
silica) using a gradient of diethyl ether and ethyl acetate to give 7
(250 mg, 75%) as a red solid. 1H NMR (300 MHz, C6D6): d = 18.97 (s,
1H), 8.86 (m, 1H), 7.64 (m, 2H), 7.36 (m, 2H), 7.04 (m, 3H), 6.90 (m,
3H), 6.80 (m, 2H), 6.73 (m, 5H), 6.57 (m, 3H), 6.24 (s, 1H), 6.11 (s, 1H),
3.42 (m, 2H), 3.29 (m, 2H), 2.83 (s, 3H), 2.77 (s, 3H), 2.38 (s, 3H), 2.29
(s, 3H), 2.07 (s, 3H), 1.77 ppm (s, 3H); 13C NMR (75 MHz, C6D6): d =


300.2 (d, JP,C=9.6 Hz), 220.0 (d, JP,C=77.7 Hz), 170.0 (d, JP,C=6.2 Hz),
127.6–151.4 (36 aromatic signals), 51.8, 51.0, 21.4, 20.9, 20.1, 19.4, 18.5,
18.22 ppm; 31P NMR (121 MHz, C6D6): d = 32.47 ppm; IR (CH2Cl2): ñ=


3410, 3054, 2914, 1602 cm�1; FAB-HRMS: m/z : calcd for
C47H46N2O2PRuCl: 838.2051; found; 838.2029; elemental analysis calcd
(%) for C47H46N2O2PRuCl: C 67.33, H 5.53, N 3.34; found: C 67.75, H
5.18, N 2.99.


Synthesis of [(H2IMES) ACHTUNGTRENNUNG(Pro)ClRu ACHTUNGTRENNUNG(CHPh)] (8): A Schlenk flask was
charged with [(NHC) ACHTUNGTRENNUNG(PCy3)Cl2Ru ACHTUNGTRENNUNG(CHPh)] (2) (220 mg, 0.26 mmol), l-
proline (300 mg, 2.6 mmol), and Cu2O (1 g, 6 mmol) and flushed with
argon. CH2Cl2 (20 mL) was cannula transferred and the reaction was
stirred for 5 h at RT under argon during which time a color change from
red to green was observed. The reaction mixture was filtered through a
glass-frit and concentrated in vacuo. The resulting solid was purified via
column chromatography (TSI silica) using a gradient of ethyl acetate and
MeOH to give 8 in two different fractions (37 mg and 53 mg) as a green
solid in 54% yield. Thermodynamically stable isomer 8a : 1H NMR
(300 MHz, CD2Cl2): d = 19.17 (s, 1H), 7.71 (m, 2H), 7.49 (m, 1H), 7.18
(m, 2H), 6.3–7.2 (m, 4H), 4.10 (m,4H), 3.54 (m, 1H), 1.6–2.9 (overlap-
ping signals 22H), 1.43 ppm (m, 2H); 13C NMR (75 MHz, CD2Cl2,
�20 8C): d = 296.3, 221.9, 183.2, 151.7, 124.8–141.2 (17 signals), 61.9,
51.8, 50.5, 45.2, 30.5, 24.5, 21.1, 20.9, 19.9, 18.8, 18.2, 17.9 ppm; IR
(CH2Cl2): ñ =3462, 3054, 2914, 1602 cm�1; FAB-HRMS: m/z : calcd for
C33H40N3O2ClRu: 647.1866; found: 647.1853; elemental analysis calcd
(%) for C33H40N3O2ClRu: C 61.24, H 6.23, N 6.41; found: C 62.16, H
6.12, N 6.02; kinetically formed isomer 8b : 1H NMR (300 MHz, CD2Cl2):
d = 19.03 (s, 1H), 7.77 (m, 2H), 7.47 (m, 1H), 7.18 (m, 2H), 7.07 (s,
1H), 7.04 (s, 1H), 6.53 (s, 1H), 6.21 (s, 1H), 4.10, ACHTUNGTRENNUNG(m, 2H), 4.08 (m, 2H),
2.95 (m, 1H), 2.79 (m, 1H), 2.63 (s, 3H), 2.40 (s, 3H), 2.37 (s, 3H), 2.15
(s, 3H), 2.05 (s, 3H), 2.02 (s, 3H), 1.2–2.2 ppm (overlapping signals 5H);
13C NMR (75 MHz, CD2Cl2, �20 8C): d = 297.3, 222.8, 185.2, 153.6,
130.6–143.2 (17 signals), 62.3, 53.7, 52.5, 47.3, 32.6, 23.5, 22.8, 22.1, 22.0,
20.2. 20.1, 19.9 ppm.


Synthesis of [(H2IMES)(tetrahydrofuroiate)ClRu ACHTUNGTRENNUNG(CHPh)] (9): A Schlenk
flask was charged with [(NHC)ACHTUNGTRENNUNG(PCy3)Cl2Ru ACHTUNGTRENNUNG(CHPh)] (2) (220 mg,
0.26 mmol), Ag2O (60 mg, 0.26 mmol), and flushed with argon. CH2Cl2
(20 mL) was cannula transferred, (R)-(+)tetrahydro-2-furioc acid (90 mL,
2.6 mmol) was added via syringe and the reaction was stirred for 2 h at
RT under argon during which time a color change from red to green was
observed. The reaction mixture was filtered through a glass-frit and con-
centrated in vacuo. The resulting solid was purified via column chroma-


tography (TSI silica) using a gradient of chloroform and MeOH to give 9
(129 mg) as a green solid in 81% yield. Major isomer: 1H NMR
(300 MHz, CD2Cl2): d = 19.00 (s, 1H), 7.71 (m, 2H), 7.54 (m, 2H), 7.24
(m, 2H), 6.80 (s, 4H), 3.98 (s, 4H), 3.92 (m, 1H), 3.59 (m, 2H), 2.27 (s,
6H), 2.23 (s, 6H), 2.19 (s, 6H), 1.94 (m, 2H), 1.69 ppm (m, 2H);
13C NMR (75 MHz, CD2Cl2, �20 8C): d = 315.6, 215.4, 179.7, 153.8,
138.5, 138.3, 129.7, 129.6, 129.6, 129.0, 128.9, 71.4, 69.7, 51.9, 29.6, 25.3,
25.2, 21.2, 18.5, 18.4 ppm; IR (CH2Cl2): ñ =3405, 2956, 2921, 1945,
1607 cm�1; FAB-HRMS: m/z : calcd for [C33H39N2O3Ru�HCl]+ :
612.1926; found: 612.1925; elemental analysis calcd (%) for
C33H40N2O3ClRu: C 61.05, H 6.21, N 4.32; found: C 60.4, H 6.00, N 3.46.
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Introduction


Highly functionalized seven-membered carbocycles are a
common structural motif in a multitude of natural and un-
natural bioactive targets, such as the perhydroazulenes, the
guanacastepene diterpenes, or the scabronines.[1–4] Thus, the
development of efficient methods for the asymmetric syn-
thesis of complex cycloheptanes is an important ongoing re-
search area.[1–4] For example, asymmetric metal catalyzed
[4+3][2b,c] and [5+2][3] cycloadditions or ring-expanding allyl-
ACHTUNGTRENNUNGation reactions[4] for the synthesis of functional seven-mem-
bered carbocycles have been reported. Moreover, Harmata
and co-workers recently reported the first catalytic enantio-
selective [4+3] cycloaddition with a chiral amine catalyst.[2a]


The asymmetric synthesis of functional carbocycles can
also be accomplished by the use of domino reaction process-
es.[5] One way to assemble complex molecules by domino re-
actions is to employ asymmetric organocatalysis.[6] In partic-
ular, chiral amines have been used successfully in such pro-
cesses based on the direct activation of carbonyl compounds
by forming enamine and iminium intermediates.[7] More-


over, the products derived from these reactions may have a
functionality that allows for a subsequent cascade reaction
to obtain further diversification or another valuable com-
pound. For example, Enders and co-workers elegantly com-
bined a chiral amine-catalyzed, three-component, domino
reaction with a Lewis acid catalyzed intermolecular Diels–
Alder reaction in one-pot for the syntheses of complex tricy-
clic compounds.[7p] Hence, organocatalytic domino reactions
may also be applicable for the challenge of developing a
simple, one-pot, multicomponent, catalytic asymmetric syn-
thesis of functional cycloheptanes.


Based on our previous research, we envisaged a one-pot
procedure to construct oxygen- and nitrogen-functionalized
seven-membered carbocyclic frameworks (chiral tricyclic
bis-isoxazolidines) A, which contain five stereogenic centers,
with high stereocontrol [Eq. (1)]. The assembly of the func-
tional cycloheptanes should be feasible by employing a
chiral-amine-catalyzed, one-pot, three-component intermo-
lecular [3+2] cycloaddition[8] starting from simple aldehyde
and hydroxylamine substrates B–D via transition state I,[8f]


followed directly by a two-component, intramolecular [3+2]
cycloaddition of the nitrone intermediate formed between F
and hydroxyl amine E.[9] We visualized that the polycyclic
framework with a seven membered carbocycle A would pre-
dominate over the polycyclic framework with a six mem-
bered carbocycle A’ due to a combination of steric and sub-
stitution effects of the [3+2] cycloaddition mode G-1 as
compared to mode G-2 of the chiral dipole intermediate-
ACHTUNGTRENNUNG(Scheme 1).[10]


This report presents the regiospecific ; highly chemo-, dia-
stereo-, and enantioselective, one-pot, organocatalytic cas-
cade synthesis of functional cycloheptane derivatives.
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Abstract: A regiospecific, highly chemo-, diastereo-, and enantioselective one-pot
catalytic cascade synthesis of cycloheptane derivatives is presented. In this chiral-
amine-catalyzed asymmetric process, six new bonds and five new stereocenters
were formed with excellent stereocontrol (>25:1 d.r. and 98– >99 ee).
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Results and Discussion


In an initial experiment, we reacted a,b-unsaturated alde-
hyde 1, benzaldehyde 2a, and hydroxyl amine 3a to give tri-
cyclic bis-isoxazolidene ent-4a in the presence of a catalytic
amount of (S)-proline (5) (Table 1, entry 1). The reaction


smoothly assembled ent-4a with
a cycloheptane core as the only
product with >25:1 d.r. and
55% ee. The other isolated ma-
terials were starting materials
and nitrone intermediates de-
rived from the acceptor alde-
hyde and the aldehyde adduct
from the first cycloaddition
step. Thus, the reaction was re-
giospecific and no six-mem-
bered carbocycle was formed.
Encouraged by this result, we
performed a catalyst screen
with chiral amines 6–11
(Table 1). To our delight, chiral-
protected diarylprolinol 10[11]


catalyzed the formation of the
opposite enantiomer of func-
tional cycloheptane derivative
4a in 42% yield with excellent
diastereo- and enantioselectivi-
ty (>25:1 d.r. and 99% ee ;
entry 6). Moreover, chiral
amine 10 catalyzed the asym-
metric formation of 4a in tolu-
ene with excellent stereoselec-
tivity (entry 8). Based on these
results, we decided to investi-
gate the enantioselective, one-
pot, domino double [3+2] cy-
cloaddition reactions between
enal 1, aldehydes 2 and hydrox-
ylamines 3 catalyzed by amine
10 in more detail. (Table 2).


The organocatalytic cascade
syntheses were regiospecific
and highly chemo- and enantio-
selective. 1H NMR analysis of
the crude reaction mixtures de-
termined that only one predom-
inant diastereoisomer was
formed (>25:1 d.r.). The corre-
sponding cycloheptane deriva-


tives 4 were isolated in good yields for a four-step procedure
(nitrone formation!cycloaddition!nitrone formation!cy-
cloaddition; 23–68% yield). In this process, six new bonds
and five new stereocenters were formed with excellent ste-
reocontrol. The one-pot reaction procedure also allowed for
the variation of both enals 2 and hydroxylamines 3. For ex-
ample, the cascade reaction between enal 1, cinnamic alde-
hyde (2h), 4-chlorophenyl hydroxylamine (3b), and phenyl
hydroxylamine (3a) gave functional cycloheptane derivative
4 j as the only product in 51% yield with >25:1 d.r. and
99% ee (entry 10). Notably, changing the order of addition
of the hydroxylamines 3b and 3a (first 3a then 3b) gave the
functional carbocycle 4k in 43% yield as a nearly enantio-


Scheme 1. One-pot organocatalytic cascade synthesis of cycloheptane derivatives, plausible transition state I,
[3+2] cycloaddition mode G-1, and [3+2] cycloaddition mode G-2. The figures were prepared with molecular
mechanics by using frozen�C and�O distances.
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merically pure compound (>25:1 d.r. and 99% ee,;
entry 11). Moreover, aldehydes such as 2-heptenal were ex-
cellent substrates and the corresponding cycloheptane deriv-
ative 4 l was obtained with >25:1 d.r. and 99% ee


(entry 12). Nitrones derived from aliphatic aldehydes were
also excellent substrates for the cascade reaction. For exam-
ple, benzyl-protected 4m was furnished in 68% yield with
>25:1 d.r. and 98% ee (entry 13). Notably, the one-pot reac-
tion followed by highly diastereoselective dihydroxylation
allowed for the formation of seven new stereocenters with
excellent stereocontrol [Eq (2)]. Thus, compounds 12h and
12 l were isolated in 90 and 67% yield with >25:1 d.r., re-
spectively. We also prepared the optically pure cycloheptane
amino aldehyde derivative 13 l in 95% yield, which is an ex-
cellent precursor for further diversification and the synthesis
of valuable amino acid derivatives or amino alcohols.


The relative and absolute configuration of the functional
bis-isoxazolidine compounds 4 with a seven-membered car-
bocycle core was established by X-ray analysis of a single
crystal of cycloheptane derivative 4 j (Figure 1).[12]


Based on the relative and absolute configuration of 4 j, we
propose the following reaction
scheme for the stereochemical
outcome of the domino reac-
tion. Thus, efficient shielding of
the Si-face of the chiral imini-
um intermediate 10 by the
bulky aryl groups of 10 leads to
stereoselective Re-facial endo-
addition to the activated olefin
via the initial plausible transi-
tion state I depicted in
Scheme 1. This is in accordance
with previous chiral-amine-cat-
alyzed [3+2] cycloadditions.[8]


Next, the ring closure occurs
through a regiospecific intramo-
lecular endo-addition via the
[3+2] cycloaddition mode G-1.
In the case of (S)-proline, the
opposite facial attack occurs in
the first [2+3] cycloaddition
leading to formation of ent-4.


Conclusion


In summary, we report an un-
precedented example of a regiospecific and highly chemose-
lective one-pot organocatalytic cascade synthesis of bis-oxa-
zolidines with a functionalized seven membered carbocycle


Table 1. Catalyst screen for the one-pot catalytic reaction between 1a,
2a and 3a.[a]


Entry Catalyst Yield [%][b] d.r.[c] ee [%][d]


1 5 24 >25:1 �55[e]
2 6 0 – –
3 7 0 – –
4 8 0 – –
5 9 0 – –
6 10 42 >25:1 99
7 11 traces n.d. n.d.
8 10 29[f] >25:1[f] 99[f]


[a] For a general procedure and the analytical data of 4a see the Experi-
mental Section. [b] Isolated yield of the pure product 4a after silica-gel
column chromatography. [c] Determined by NMR analyses of the crude
reaction mixture. [d] Determined by chiral-phase HPLC analysis. [e] ent-
4a was formed. [f] Toluene was used as the solvent.


Table 2. Scope of the one-pot organocatalytic cascade synthesis of functional cycloheptane derivatives.[a]


Entry R1 R2 R3 Prod. Yield [%][b] d.r.[c] ee [%][d]


1 Ph Ph Ph 4a 42 >25:1 99
2 4-BrC6H4 Ph Ph 4b 42 >25:1 98
3 4-CNC6H4 Ph Ph 4c 35 >25:1 99
4 4-NO2C6H4 Ph Ph 4d 23 >25:1 99
5 Ph 4-ClC6H4 4-ClC6H4 4e 36 >25:1 99
6 4-MeOC6H4 4-ClC6H4 4-ClC6H4 4 f 49 >25:1 >99
7 4-MeOC6H4 Ph Ph 4g 45 >25:1 99
8 Ph Ph 4h 48 >25:1 98


9 4-ClC6H4 Ph 4 i 41 >25:1 99


10 Ph Ph 4j 51 >25:1 99


11 Ph 4-ClC6H4 4k 43 >25:1 99


12 Ph Ph 4 l 44 >25:1 99
13 Ph PhCH2 Ph 4m 68 >25:1 98


[a] For a general procedure and the analytical data of compounds 4 see the Experimental Section. [b] Isolated
yield of the pure products 4 after silica-gel column chromatography. [c] Determined by NMR analyses of the
crude reaction mixture. [d] Determined by chiral-phase HPLC analysis.


Chem. Eur. J. 2008, 14, 2693 – 2698 G 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 2695


FULL PAPERAsymmetric Synthesis of Cycloheptanes



www.chemeurj.org





core. The reaction is efficiently catalyzed by simple chiral
pyrrolidine derivatives and provides a direct entry to nearly
diastereo- and enantiomerically pure cycloheptane deriva-
tives, wherein the formation of five new bonds and five ste-
reocenters is controlled. Mechanistic studies, synthetic appli-
cations of this transformation, and the development of other
enantioselective domino transformations based on this con-
cept are ongoing in our laboratory.


Experimental Section


General. Chemicals and solvents were either purchased puriss p. A. from
commercial suppliers or purified by standard techniques. Catalyst 10 was
synthesized according to literature procedures.[11] For thin-layer chroma-
tography (TLC), silica gel plates Merck 60 F254 were used and com-
pounds were visualized by irradiation with UV light and/or by treatment
with a solution of phosphomolybdic acid (25 g), Ce ACHTUNGTRENNUNG(SO4)2·H2O (10 g),
and conc. H2SO4 (60 mL), in H2O (940 mL) followed by heating or by
treatment with a solution of p-anisaldehyde (23 mL), conc. H2SO4


(35 mL), and acetic acid (10 mL), in ethanol (900 mL) followed by heat-
ing. Flash chromatography was performed over silica gel Merck 60 (parti-
cle size 0.040–0.063 mm), 1H and 13C NMR spectra were recorded on Var-
ian AS 400. Chemical shifts are given in d relative to tetramethylsilane
(TMS), the coupling constants J are given in Hz. The spectra were re-
corded in CDCl3 as solvent at room temperature, TMS served as internal
standard (d=0 ppm) for 1H NMR measurements, and CDCl3 was used as
internal standard (d=77.0 ppm) for 13C NMR measurements. HPLC was
carried out using a Waters 2690 Millennium with photodiode array detec-
tor. Optical rotations were recorded on a Perkin Elmer 241 Polarimeter
(l=589 nm, 1 dm cell at 25 8C). High-resolution mass spectra were re-
corded on a Bruker MicrOTOF spectrometer.


Typical experimental procedure for the catalyst screen: N-Hydroxyaryl-
ACHTUNGTRENNUNGamine 3a (0.375 mmol, 1.5 equiv) was added to a stirred solution of alde-
hyde 2a (0.375 mmol, 1.5 equiv) in CHCl3 (1 mL). The reaction was
stirred at room temperature for 1 h and then the catalyst (0.05 mmol,
20 mol%) and a,b-unsaturated aldehyde 1 (0.25 mmol, 1.0 equiv) were
added. The reaction mixture was stirred at room temperature for 16 h
followed by addition of N-hydroxyarylamine 3a (0.25 mmol, 1.0 equiv)
and the reaction was stirred for 24 h at room temperature. Next, the
crude reaction mixture was purified directly by column chromatography
to afford cycloheptane derivative 4a.


Typical experimental procedure for the one-pot cascade synthesis of cy-
cloheptane derivatives: N-Hydroxyarylamine 3 (0.375 mmol, 1.5 equiv)


was added to a stirred solution of aldehyde 2 (0.375 mmol, 1.5 equiv) in
CHCl3 (1 mL). The reaction was stirred at room temperature for 1 h and
then catalyst 10 (0.05 mmol, 20 mol%) and a,b-unsaturated aldehyde 1
(0.25 mmol, 1.0 equiv) were added. The reaction mixture was stirred at
room temperature for 16 h followed by addition of the same or another
N-hydroxyarylamine (0.25 mmol, 1.0 equiv) and the reaction was stirred
for 4 h at room temperature. Next, the crude reaction mixture was puri-
fied directly by column chromatography to afford the functional cyclo-
heptane product 4.


Data for 4a : Yellow oil; 1H NMR (400 MHz, CDCl3): d =7.72–7.69 (m,
2H), 7.53–7.16 (m, 7H), 7.05–6.84 (m, 6H), 4.78 (br d, J=9.2 Hz, 1H),
4.77 (d, J=10.0 Hz, 1H), 4.52 (t, J=10.4 Hz, 1H), 3.86 (dd, J=2.8,
6.8 Hz, 1H), 2.33–2.01 (m, 4H), 1.86–1.77 ppm (m, 3H); 13C NMR
(100 MHz, CDCl3): d = 153.7, 152.3, 141.7, 129.4, 129.1, 128.9, 128.2,
127.5, 122.7, 121.2, 115.4, 113.9, 79.3, 77.0, 74.3, 66.0, 62.0, 33.3, 29.1,
25.3 ppm; [a]D=++235.1 (c=1.0 in CHCl3); HRMS (ESI): m/z calcd for
[M+H]+ (C26H26N2O2): 399.2067; found: 399.2079. The enantiomeric
excess was determined by HPLC with an AD column (n-hexane:
iPrOH=93:7, l =250 nm), 0.5 mLmin�1; tR=major enantiomer 16.8 min,
minor enantiomer 13.8 min.


Data for 4b : Yellow oil ; 1H NMR (400 MHz, CDCl3): d=7.72–7.58 (m,
4H), 7.36–7.20 (m, 5H), 7.05–6.82 (m, 5H), 4.77 (d, J=9.6 Hz, 1H), 4.73
(d, J=9.6 Hz, 1H), 4.51 (t, J=10 Hz, 1H), 3.83 (dd, J=6.8 Hz, J’=
2.0 Hz, 1H), 2.39–2.00 (m, 5H), 1.95–1.80 ppm (m, 2H); 13C NMR
(100 MHz, CDCl3): d = 153.3, 152.0, 140.6, 132.3, 129.0, 128.9, 128.8,
122.7, 121.9, 121.3, 115.1, 113.7, 79.3, 76.8, 73.5, 65.8, 61.6, 33.1, 28.8,
25.0 ppm; [a]D=++180.7 (c=0.5 in CHCl3); HRMS (ESI):m/z calcd for
[M+Na]+ (C26H25BrN2O2): 499.0992; found: 499.1002. The enantiomeric
excess was determined by HPLC with an AD column (n-hexane:
iPrOH=90:10, l=250 nm), 1.0 mLmin�1; tR=major enantiomer
13.7 min, minor enantiomer 9.0 min.


Data for 4c : Yellow oil; 1H NMR (400 MHz, CDCl3): d=7.81 (d, J=


3.6 Hz, 2H), 7.35–7.18 (m, 6H), 7.05–6.81 (m, 6H), 4.81 (d, J=10.4 Hz,
1H), 4.77 (m, 1H), 4.55 (t, J=11.2 Hz, 1H), 3.82 (m, 1H), 2.40–2.00 (m,
4H), 1,90–1.70 ppm (m, 3H); 13C NMR (100 MHz, CDCl3): d=152.9,
151.8, 147.3, 133.1, 129.0, 128.9, 128.0, 122.9, 121.5, 118.5, 115.2, 113.6,
112.0, 79.4, 76.9, 73.6, 66.0, 61.6, 33.0, 28.8, 24.9 ppm; [a]D=++73.5 (c=


0.5 in CHCl3). HRMS (ESI): m/z calcd, for [M+Na]+ (C27H25N3O2):
446.1839, found: 446.1847. The enantiomeric excess was determined by
HPLC with an OD-H column (n-hexane: iPrOH=90:10, l=250 nm),
0.5 mLmin�1; tR=major enantiomer 19.6 min, minor enantiomer
32.5 min.


Data for 4d : Yellow oil; 1H NMR (400 MHz, CDCl3): d=8.37 (d, J=


8.8 Hz, 2H), 7.88 (d, J=8.8 Hz, 2H), 7.35–7.10 (m, 3H), 7.05–6.96 (m,
3H), 6.91–6.86 (m, 4H), 4.86 (d, J=9.2 Hz, 1H), 4.79 (d, J=9.2 Hz, 1H),
4.55 (t, J=10 Hz, 1H), 3.82 (dd, J=6.8 Hz, J’=2.0 Hz, 1H), 2.40–2.00
(m, 4H), 1,90–1.70 ppm (m, 3H); 13C NMR (100 MHz, CDCl3): d =152.4,
151.8, 149.3, 129.7, 129.2, 129.0, 128.9, 128.1, 124.5, 122.9, 121.6, 115.1,
113.6 79.5, 76.9, 73.3, 66.0, 61.6 33.0, 28.7, 24.9 ppm; [a]D=++87.6 (c=1.0
in CHCl3); HRMS (ESI): m/z calcd for [M+Na]+ (C26H25N3O4) 466.1737,
found 466.1722. The enantiomeric excess was determined by HPLC with
an OD-H column (n-hexane: iPrOH=90:10, l=250 nm), 0.5 mLmin�1;
tR=major enantiomer 23.6 min, minor enantiomer 29.9 min.


Data for 4e : Yellow oil; 1H NMR (400 MHz, CDCl3): d =7.65–7.63 (m,
2H), 7.52–7.48 (m, 3H), 7.24–7.09 (m, 4H), 6.97–6.85 (m, 4H), 4.77 (br
d, J=9.6 Hz, 1H), 4.66 (d, J=10.4 Hz, 1H), 4.46 (t, J=10.0 Hz, 1H),
3.79 (dd, J=1.6 Hz, 6.4 Hz, 1H), 2.30–2.01 (m, 4H), 1.87–1.75 ppm (m,
3H); 13C NMR (100 MHz, CDCl3): d=152.2, 150.9, 141.0, 129.5, 129.1,
128.8, 128.5, 127.9, 127.4, 126.2, 116.7, 115.3, 79.4, 77.1, 74.4, 65.8, 62.0,
33.2, 29.0, 25.2 ppm; [a]D=++57.3 (c=0.5 in CHCl3); HRMS (ESI): m/z
calcd for [M+H]+ (C26H24Cl2N2O2): 466.1288, found: 467.1294. The enan-
tiomeric excess was determined by HPLC with an AD column(n-hexane:
iPrOH=90:10, l=250 nm), 1.0 mLmin�1; tR=major enantiomer
17.1 min, minor enantiomer 11.1 min.


Data for 4 f : White solid; 1H NMR (400 MHz, CDCl3): d =7.56–7.53 (m,
2H), 7.23–6.86 (m, 10H), 4.76 (d, J=9.6 Hz, 1H), 4.61 (d, J=10.0 Hz,
1H), 4.45 (t, J=9.6 Hz, 1H), 3.87 (s, 3H), 3.76 (dd, J=2.0, 6.4 Hz, 1H),
2.29–2.01 (m, 4H), 1.87–1.75 ppm (m, 3H); 13C NMR (100 MHz, CDCl3):


Figure 1. ORTEP picture of the crystalline cycloheptane compound 4 j.
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d=159.8, 152.3, 150.9, 132.7, 129.2, 129.1, 128.8, 128.5, 127.8, 126.2, 116.7,
115.4, 114.9, 79.3, 77.0, 74.0, 65.5, 62.0, 55.5, 33.2, 29.0, 25.2 ppm; [a]D=++


143.1 (c=1.0 in CHCl3); HRMS (ESI):m/Z calcd for [M+Na]+


(C27H26Cl2N2O3): 519.1213; found: 519.1238. The enantiomeric excess was
determined by HPLC with an OD-H column (n-hexane: iPrOH=90:10,
l=250 nm), 1.0 mLmin�1; tR=major enantiomer 8.5 min, minor enantio-
mer 11.0 min.


Data for 4g : White solid; 1H NMR (400 MHz, CDCl3): d=7.63–7.59 (m,
2H), 7.28–7.15 (m, 5H), 7.05–6.83 (m, 7H), 4.77 (br d, J=9.2 Hz, 1H),
4.72 (d, J=10.4 Hz, 1H), 4.51 (t, J=6.4 Hz, 1H), 3.87 (s, 3H), 3.83 (dd,
J=2.0, 6.8 Hz, 1H), 2.30–2.00 (m, 4H), 1.86–1.75 ppm (m, 3H);
13C NMR (100 MHz, CDCl3): d =159.6, 153.8, 152.4, 133.4, 129.1, 128.9,
128.6, 122.7, 121.2, 115.4, 114.8, 114.1, 79.3, 77.1, 73.9, 65.8, 62.0, 55.5,
33.3, 29.1, 25.3 ppm; [a]D=++143.1 (c=1.0 in CHCl3); HRMS (ESI) m/z :
calcd. for [M+Na]+ (C27H28N2O3): 451.1992; found: 451.2002. The enan-
tiomeric excess was determined by HPLC with an AD column. (n-
hexane: iPrOH=93:7, l =250 nm), 0.5 mLmin�1; tR=major enantiomer
43.4 min, minor enantiomer 23.3 min.


Data for 4h : Yellow oil ; 1H NMR (400 MHz, CDCl3): d=7.55–7.50 (m,
2H), 7.42–7.38 (m, 2H), 7.34–7.20 (m, 7H), 7.14–7.11 (m, 1H), 7.00–6.88
(m, 4H), 6.54 (dd, J=4.4 Hz, J’=16.0 Hz, 1H), 4.81 (d, J=7.2 Hz, 1H),
4.45–4.37 (m, 2H), 4.02 (dd, J=6.8 Hz, J’=2.0 Hz, 1H), 2.30–2.13 (m,
3H), 2.06–1.70 ppm ACHTUNGTRENNUNG(m, 4H); 13C NMR (100 MHz, CDCl3): d =153.8,
152.2, 136.3, 132.6, 130.1, 128.9, 128.8, 128.8, 128.1, 126.6, 122.5, 121.4,
115.2, 114.3, 78.4, 77.2, 73.2, 62.1, 61.9, 33.1, 29.1, 25.2 ppm; [a]D=++


260.5 (c=1.0 in CHCl3); HRMS (ESI): m/z calcd for [M+H]+


(C28H28N2O2) 425.2224; found: 425.2228. The enantiomeric excess was de-
termined by HPLC with an OD-H column. (n-hexane: iPrOH=90:10,
l=250 nm), 0.5 mLmin�1; tR=major enantiomer 9.6 min, minor enantio-
mer 12.3 min.


Data for 4 i : Yellow solid; 1H NMR (400 MHz, CDCl3): d=8.33–8.30 (m,
1H), 8.18–8.15 (m, 1H), 7.55–7.48 (m, 3H), 7.42–7.36 (m, 2H), 7.29–7.20
(m, 3H), 7.13–7.08 (m, 2H), 7.00–6.84 (m, 3H), 6.53 (dd, J=7.6 Hz,
16.0 Hz, 1H), 4.81 (d, J=7.2 Hz, 1H), 4.44–4.37 (m, 2H), 4.01 (dd, J=


1.6 Hz, 6.4 Hz, 1H), 2.28–2.15 (m, 3H), 2.10–1.68 ppm ACHTUNGTRENNUNG(m, 4H). 13C NMR
(100 MHz, CDCl3): d=153.9, 152.3, 135.4, 132.1, 131.8, 131.4, 131.0,
129.8, 129.1, 129.0, 128.9, 128.2, 125.7, 122.8, 122.5, 122.1, 121.6, 115.4,
114.4, 78.5, 77.4, 73.1, 62.3, 62.1, 33.2, 29.2, 25.3 ppm; [a]D=++129.4 (c=


1.0 in CHCl3);. HRMS (ESI): m/z calcd for [M+Na]+ (C28H27BrN2O2):
525.1148; found: 525.1157. The enantiomeric excess was determined by
HPLC with an AD column (n-hexane: iPrOH=93:7, l=250 nm),
1.0 mLmin�1; tR=major enantiomer 51.6 min, minor enantiomer
44.8 min.


Data for 4 j : Yellow oil; 1H NMR (400 MHz, CDCl3): d=7.55–7.15 (m,
10H), 6.95–6.83 (m, 5H), 6.52 (dd, J=8.4 Hz, J’=16.0 Hz, 1H), 4.81 (d,
J=10 Hz, 1H), 4.41–4.34 (m, 2H), 4.01 (dd, J=6.8 Hz, J’=2.0 Hz, 1H),
2.30–1.65 ppm (m, 7H); 13C NMR (100 MHz, CDCl3): d=152.4, 152.1,
136.1, 132.8, 129.7, 128.9, 128.8, 128.7, 128.2, 126.6, 126.3, 122.6, 115.6,
115.2, 78.5, 77.2, 73.6, 62.1, 61.9, 33.1, 29.0, 25.1 ppm; [a]D=++125 (c=1.0
in CHCl3); HRMS (ESI): m/z calcd for [M+Na+](C28H27ClN2O2)
481.1653, found 481.1655. The enantiomeric excess was determined by
HPLC with an OD-H column (n-hexane: iPrOH=90:10, l=250 nm),
0.5 mLmin�1; tR=major enantiomer 8.5 min, minor enantiomer 13.9 min.


Data for 4k : Yellow oil ; 1H NMR (400 MHz, CDCl3): d=7.55–7.15 (m,
10H), 6.95–6.83 (m, 5H), 6.52 (dd, J=8.4 Hz, J’=16.0 Hz, 1H), 4.80 (d,
J=9.6 Hz, 1H), 4.41–4.35 (m, 2H), 3.97 (dd, J=6.8 Hz, J’=2.0 Hz, 1H),
2.30–1.65 ppm (m, 7H); 13C NMR (100 MHz, CDCl3): d=153.8, 150.9,
136.2, 132.7, 130.0, 128.9, 128.8, 128.2, 127.5, 126.6, 121.5, 116.5, 114.3,
78.3, 77.2, 73.3, 62.2, 61.8, 33.1, 29.0, 25.2 ppm; [a]D=++147.5 (c=1.0 in
CHCl3); HRMS (ESI): m/z calcd for [M+H+](C28H27ClN2O2) 459.1847,
found 459.1834. The enantiomeric excess was determined by HPLC with
an OD-H column. (n-hexane: iPrOH=90:10, l =250 nm), 0.5 mLmin�1;
tR=major enantiomer 21.3 min, minor enantiomer 24.4 min.


Data for 4 l : Yellow oil; 1H NMR (400 MHz, CDCl3): d=7.30–6.80 (m,
10H), 6.10–6.00 (m, 1H), 5.80–5.70 (m, 1H), 4.80 (d, J=9.6 Hz, 1H),
4.34–4.19 (m, 2H) 3.94 (dd, J=6.4 Hz, 1.6 Hz, 1H), 2.25–1.20 (m, 13H),
0.97 (t, J=7.2 Hz, 3H); 13C NMR (100 MHz, CDCl3): d=154.1, 152.4,
134.7, 130.7, 128.8, 128.6, 122.4, 121.1, 115.2, 114.3, 78.1, 73.1, 62.4, 61.6,


33.1, 32.1, 31.5, 30.9, 29.1, 25.2, 22.3, 14.0 ppm; [a]D=++75.5 (c=1.3 in
CHCl3); HRMS (ESI): m/z calcd for [M+H]+(C26H32N2O2) 405.2537;
found: 405.2548. The enantiomeric excess was determined by HPLC with
an OD-H column (n-hexane: iPrOH=90:10, l=230 nm), 0.5 mLmin�1;
tR=major enantiomer 12.6 min, minor enantiomer 15.6 min.


Synthesis of 4m : Catalyst 10 (0.05 mmol, 20 mol%) and a?b unsaturated
aldehyde 1 (0.25 mmol) were added to a small vial containing nitrone de-
rived from benzylamine and banzaldehyde (0.25 mmol, 1.0 equiv.) in
CHCl3 (1.0 mL) . The reaction was stirred at room temperature for 3
days. Then hydroxylphenyl amine (0.25 mmol) was added and the reac-
tion was stirred at room temperature for 4 h. The crude was purified by
column chromatography to afford the desired product. Yellow oil;
1H NMR (400 MHz, CDCl3): d=7.60–7.00 (m, 15H), 4.79 (d, J=9.2 Hz,
1H), 4.73 (t, J=9.2 Hz, 1H), 4.32 (d, J=10.8 Hz, 1H), 4.25 (d, J=


13.6 Hz, 1H), 4.02 (d, J=13.6 Hz, 1H), 4.79 (dd, J=1.6 Hz, 6.4 Hz, 1H),
2.20–1.40 ppmACHTUNGTRENNUNG(m, 7H); 13C NMR (100 MHz, CDCl3): d=152.4, 139.5,
137.9, 128.9, 128.9, 128.6, 128.3, 128.1, 127.9, 126.9, 122.5, 115.3, 76.9,
75.5, 63.6, 62.6, 62.3, 33.1, 29.7, 29.1, 25.7 ppm; [a]D=++45.5 (c=0.5 in
CHCl3); HRMS (ESI): m/z calcd for [M+H]+(C27H28N2O2) 413.2224;
found: 413.2221. The enantiomeric excess was determined by HPLC with
an OD-H column. (n-hexane: iPrOH=93:7, l =230 nm), 0.5 mLmin�1;
tR=major enantiomer 13.6 min, minor enantiomer 23.2 min.


Typical dihydroxylation procedure: In a round-bottomed flask, com-
pound 4h or 4 l (0.25 mmol) was dissolved in an acetone/water (8:1) mix-
ture (1.0 mL). Next, a catalytic amount of OsO4 (2.5% mol%) and N-
methyl morpholine N-oxide (0.75 mmol) were added. The reaction mix-
ture was stirred at room temperature overnight. The crude product was
purified by column chromatography (pentane/EtOAc mixtures) to afford
the desired product 12.


Data for 12h : Yellow oil; 1H NMR (400 MHz, CDCl3): d=7.50–7.10
(m,11H), 7.00–6.90 (m, 4H), 5.12 (s, bs, 1H), 4.78 (d, J=10 Hz, 1H),
4.32–4.18 (m, 3H), 4.04 (d, J=6.4 Hz, 1H), 2.30–1.20 ppm (m, 7H);
13C NMR (100 MHz, CDCl3): d =152.5, 152.4, 141.4, 129.1, 128.7, 128.6,
127.8, 125.9, 122.4, 121.7, 115.3, 114.5, 78.9, 78.2, 72.1, 70.7, 64.2, 61.7,
33.4, 31.9, 25.1, 22.6 ppm; [a]D=++64.5 (c=1.0 in CHCl3); HRMS (ESI):
m/z calcd for [M+Na]+ (C28H30N2O4): 459.2278; found: 459.2259.


Data for 12 l : Yellow oil; 1H NMR (400 MHz, CDCl3): d =7.30–6.90 (m,
10H), 4.79 (m., 1H), 4.40–4.00 (m, 5H), 2.20–1.10 (m, 15H), 0.87 ppm(t,
J=7.2 Hz, 3H); 13C NMR (100 MHz, CDCl3): d=152.4, 152.4, 130.8,
129.0, 128.8, 128.2, 115.4, 114.4, 78.7, 74.8, 72.2, 70.1, 68.1, 64.1, 60.4, 36.7,
31.9, 30.3, 29.3, 23.7, 22.7, 14.0 ppm; [a]D=++21.5 (c=0.2 in CHCl3);
HRMS (ESI): m/z calcd for [M+Na]+ (C26H34N2O4): 461.2411, found:
461.2410.


Typical experimental procedure for aldehyde formation : In a round-bot-
tomed flask, diol 12 (0.2 mmol) was dissolved in a THF:water (1:1, 2 mL)
mixture. Next, NaIO4 (1.0 mmol) was added and the reaction was stirred
at room temperature overnight. The crude product was purified by
column chromatography (pentane:EtOAc mixtures) to afford the desired
product 13.


Data for 13 l : Yellow oil; 1H NMR (400 MHz, CDCl3): d=9.96 (d, J=


4.0 Hz, 1H), 7.20–6.90 (m, 10H), 4.83 (d, J=9.2 Hz, 1H), 4.34–4.20 (m,
2H). 4.1 (d, J=6.4 Hz, 1H), 2.40–2.30 (m, 2H), 2.00–1.00 ppm (m, 5H);
13C NMR (100 MHz, CDCl3): d = 202.1, 152.5, 151.9, 129.1, 128.9, 122.7,
122.0, 115.3, 113.7, 78.4, 76.4, 62.3, 58.1, 32.8, 31.9, 24.7, 22.7 ppm; [a]D=


+33.1 (c=1.0 in CHCl3); HRMS (ESI): m/z calcd for [M+Na]+


(C21H22N2O3) 373.1523, found 373.1540.
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Enantioselective Decarboxylation of b-Keto Esters with Pd/Amino Alcohol
Systems: Successive Metal Catalysis and Organocatalysis


Pavel Kukula, V-clav Matoušek, Tamas Mallat, and Alfons Baiker*[a]


Introduction


In the field of heterogeneous enantioselective catalysis, most
efforts have been focused on hydrogenation reactions,[1–6]


whereas other reaction types such as the Pd-catalysed enol
isomerization (cascade reaction) have attracted only limited
interest. In the field of homogeneous catalysis, however,
enantioselective protonation of achiral enolates or enol
equivalents, as is applied in the synthesis of chiral building
blocks for generation of tertiary carbon stereocentres, has
been extensively studied during the past few years.[7–23] The


Pd-induced one-pot cascade reactions of racemic a-disubsti-
tuted benzyl b-keto esters or enol carbonates to the corre-
sponding chiral ketones represent an alternative method to
the asymmetric protonation of enolates.[23–34] This cascade
(domino) reaction, extensively studied by Muzart and
H-nin, is usually performed in the presence of a supported
Pd catalyst and a chiral 1,2-amino alcohol. The catalyst
system allows the efficient synthesis of linear and cyclic ke-
tones[26,28,29, 31] such as indanones, tetralones and chroma-
nones.[24,25,30] The reaction cascade shown in Scheme 1 repre-
sents a typical example including deprotection (debenzyla-
tion), decarboxylation and asymmetric protonation as key
steps.[25–27] The deprotection reaction catalysed by metallic
Pd provides an acid or a carboxylate 2, which reacts further
by decarboxylation to provide an enol or enolate 3. Asym-
metric protonation of the enolate, assisted by a chiral amino
alcohol, gives the final ketone 4. The enantioselectivities are
usually in the 60–80% range, with only a few exceptions.[32]


Only a small amount of a chiral amino alcohol (0.1–
0.3 equiv) is required to provide a chiral product when start-
ing from a benzyl b-keto ester,[26,35] and so the reaction was
assumed to be catalytic.[24–27,35] Similarly, only catalytic
amounts of amino alcohols are required for the enantiose-


Abstract: The kinetics and mechanisms
of one-pot cascade reactions of racemic
b-keto esters to give chiral ketones in
the presence of Pd/C-chiral amino alco-
hol catalyst systems were studied.
Transformation of 2-methyl-1-tetra-
lone-2-carboxylic acid benzyl ester (1)
into 2-methyl-1-tetralone (4) in the
presence of Pd/C and cinchona alka-
loids or ephedrine was chosen as a
model reaction. After the first reaction
step, the Pd-catalysed debenzylation of
1 to afford the corresponding b-keto
acid (2), there are two possible reac-
tion routes that may be catalysed by
the chiral amino alcohol in solution or


by Pd0 sites on the metal surface in co-
operation with the adsorbed amino al-
cohol. The reaction intermediate 2 was
synthesized, and the kinetics of decar-
boxylation were followed by NMR,
UV and IR spectroscopy. The studies
revealed that the role of Pd is to trig-
ger the reaction series by deprotection
of 1. The subsequent dominant reac-
tion route from the racemic b-keto acid
2 to the chiral ketone 4 is catalysed by


the chiral amino alcohol in the liquid
phase. It is shown that kinetic resolu-
tion of the diastereomeric salt of rac-2
and the chiral amino alcohol plays a
key role in the enantioselection. High
enantioselectivity necessitates an
amino alcohol/rac-2 ratio of at least 2.
A high ratio favours the formation of
1:1 amino alcohol/acid diastereomeric
complexes, and the second amino alco-
hol molecule may be responsible for
the enantioselective protonation of 2 in
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lective protonation of enol intermediates formed by photo-
chemical irradiation of a-disubstituted ketones.[35–37]


The first enantioselective decarboxylation reaction was re-
ported in 1904 by Marckwald.[38,39] Decarboxylation of ma-
lonic acid derivatives with copper salts and cinchona alka-
loids was studied,[40–42] but it was shown later that the reac-
tion is not copper- but base-catalysed.[43–45] Enantioselective
decarboxylation has been applied for the preparation of a-
amino acids,[46, 47] Naproxen derivatives[48,49] and various de-
rivatives of b-hydroxyisobutyric acid.[11] These reactions are
carried out in homogeneous phase, in the absence of any
metal catalyst. The amount of chiral base used in the reac-
tion varies in the 10–100 mol% range and the enantioselec-
tivities are not remarkably high.


There are only a few available mechanistic studies on the
Pd-catalysed enantioselective decarboxylation–protonation
reactions.[25–27,30,33] In the example of the reaction series in
Scheme 1, (supported) Pd0 is the catalyst for deprotection of
the ester. The subsequent steps may be catalysed by the
chiral amino alcohol (“inductor”) in the homogeneous
phase, or the reaction series may proceed on the Pd surface
with the assistance of the chiral base. The latter possibility is


supported by the frequent observation that the characteris-
tics of the supported Pd have a major influence on the reac-
tion rate and enantioselectivity.[28–30] Decarboxylation on
metallic Pd occurs even at room temperature,[50] but for
preparative purposes the reaction is usually carried out at
100–300 8C.[51,52] In addition, formally the enantioselective
protonation is similar to enantioselective hydrogenations
over Pd modified by strongly adsorbing chiral compounds,
such as cinchona alkaloids. These reactions occur at the
metal surface and the chiral information is transferred by
the substrate–modifier interaction during hydrogen
uptake.[2,53,54]


The aim of this study was to investigate the different steps
of the Pd0/amino alcohol catalysed enantioselective decar-
boxylation–protonation reaction and to clarify the roles of
the catalyst components in the reaction mechanism. Our
recent study of the structural effects in the Pd-induced cas-
cade reactions of a,a-disubstituted b-keto esters in the pres-
ence of a broad range of chiral amines and amino alcohols
provided some hints as to the subordinate role of Pd in the
enantioselection.[55] Here we report kinetic and spectroscop-
ic studies using the transformation of 1 into 4 in the pres-
ence of ephedrine and the four major cinchona alkaloids as
chiral bases in a frequently used test reaction
(Scheme 1).[27,28,31,32, 35]


Results and Discussion


General features of the domino reaction : We first analysed
the influence of some key reaction parameters on the over-
all reaction rate and enantioselectivity in the transformation
of rac-1 into 4. Five different alkaloids (1,2-amino alcohols)
were tested in combination with a Pd/C catalyst (Table 1). It
has been shown that amino alcohols afford far better enan-
tioselectivities than amines, although the absolute configura-
tion of the ketone product depends on the configuration of
the carbon carrying the amino group, not the OH group.[31]


Before addition of the substrate, the catalyst was carefully
prereduced in situ in the reactor to transform the surface
oxides into metallic Pd, thus to obtain reproducible kinetic
data. The chemoselectivity in favour of 4 was always better
than 90%; the dominant by-products were 2-methyl-1-tetra-
lol (5) and 2-hydroxy-2-methyl-1-tetralone (6), probably
formed from 4 (Scheme 2). Both by-products were isolated
and characterized by GC-MS and NMR (see Supporting In-
formation). The amount of 5 increased with longer reaction
times and with higher pressure and temperature, while the


Scheme 1. Domino reaction of 1 to give 4, together with the structures of
chiral amino alcohols.


Table 1. Enantioselective domino reaction of 1 to give 4.


Amino alcohol Conversion [%] Yield [%] ee [%]


(�)-ephedrine (EP) 100 91 20 (R)
(�)-cinchonidine (CD) 76 97 21 (S)
(+)-cinchonine (CN) 99 93 22 (R)
(�)-quinine (QN) 88 96 59 (S)
(+)-quinidine (QD) 92 94 58 (R)
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amount of 6 increased when the catalyst was not pre-re-
duced or when the reaction was carried out in the presence
of air.


The highest enantioselectivities were achieved with QN
and QD, alkaloids that—unlike CN and CD—possess me-
thoxy-substituted isoquinoline rings.[55] For further experi-
ments, QN was chosen as the model amino alcohol.


The influence of the amino alcohol to substrate ratio on
the reaction rate and enantioselectivity is illustrated in
Figure 1. The ee increased rapidly with increasing QN/1
molar ratio up to 0.3–0.5, while the effect above this ratio
was negligible. This correlation indicates that a relatively
high concentration of amino alcohol is required for the
enantioselective step. An inverse correlation in the reaction
rate was observed. (Note that the conversion was deter-
mined by GC and HPLC; later on only conversions based
on calibrated GC results were used.) The negative effect of
the alkaloid on the level of conversion is probably due to
strong adsorption of the alkaloid on the Pd surface, leading
to fewer free active sites being available for the adsorption
and hydrogenolysis of the substrate. For purposes of com-
parison, quinoline is a well known poison of metal hydroge-
nation catalysts,[56] and addition of cinchona alkaloids to Pd
retards the enantioselective hydrogenation of various unsa-
turated compounds.[57–62]


Variation of the Pd to substrate ratio revealed that on de-
creasing the amount of Pd the conversion of 1 decreased, as
expected, but that the enantioselectivity in 4 remained unaf-
fected (see Supporting Information).


In order to obtain deeper insight into the reaction mecha-
nism, the kinetics of the whole reaction series were studied.
A typical course of the cascade reaction of 1 at two different
temperatures is depicted in Figure 2. The reaction proceeds
significantly more rapidly at higher temperature, but the
enantioselectivity is slightly lower.


A new observation is that the enantioselectivity at low
levels of conversion is higher than the final value. The ob-
served change is more significant at lower temperature. The
probable explanation for the conversion-dependent enantio-
selectivity is that the QN/2 ratio varies with conversion:
with increasing conversion the ratio decreases as more and
more 2 is formed. At high levels of conversion the ratio in-
creases again in parallel with the consumption of 2, but the


resulting higher actual (incremental) ee may not be seen, as
only the overall (integral) ee can be measured. In order to
validate this assumption and to gain a closer look at the re-
action mechanism, the intermediate rac-2 was synthesized
and its decarboxylation was investigated separately from the
debenzylation step.


Organocatalysis in the decarboxylation of rac-2 : Decarboxy-
lation of 2 in the absence of Pd/C was studied at various
QN to acid ratios (Figure 3). The stability of the b-keto acid
2 was reasonably high under the conditions applied, and the
rate of the uncatalysed reaction was negligibly low. We
found that high acid concentrations and the use of polar
protic solvents accelerated the decarboxylation (not shown).
Addition of the chiral base enhanced the reaction rate re-
markably up to equimolar amino alcohol/acid ratios; the


Scheme 2. Major by-products formed during the domino reaction of 1 to
give 4.


Figure 1. Influence of the QN/1 molar ratio on the conversion of 1 (GC:
~, HPLC: ^) and the enantioselectivity (&) of 4. Conditions: 1 (20 mg),
Pd/C (5 wt%, 3.6 mg), QN (0.05–1.0 equiv), acetonitrile (2 mL), H2


(1 bar), 90 min, RT.


Figure 2. Variation of enantioselectivity (35 8C: &, 55 8C: ~) and conver-
sion (35 8C: &, 55 8C: ~) as a function of reaction time and temperature.
Conditions: 1 (100 mg), QN (33 mg, 0.3 equiv), acetonitrile (10 mL), Pd/
C (5 wt%, 18 mg), H2 (1 bar).
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rates in the presence of 1 or 2 equivalents base were practi-
cally identical. The unusual rate acceleration with increasing
conversion at 0.1 QN/acid molar ratio is attributed to the in-
creasing actual QN/acid ratio with increasing conversion of
the acid.


To clarify the role of Pd in the decarboxylation reaction,
the experiments in Figure 3 were repeated in the presence
of 0.05 equivalent of Pd. Figure 4 illustrates the changes at
two different QN/2 molar ratios. Clearly, the rate of the de-
carboxylation step in the cascade reaction was diminished
by addition of Pd/C, independently of the QN/2 ratio. The
enantioselectivity in the formation of 4 was barely influ-
enced by the presence of Pd, as is discussed later. A feasible
explanation for the rate deceleration induced by the addi-
tion of Pd/C is the strong adsorption of QN on the Pd sur-


face through its quinoline ring (for comparison, see the
ATR-IR study of the adsorption of CD on Pd).[63] As a
result, the concentration of free QN in solution decreases
and the decarboxylation of 2 becomes slower. If Pd were in-
volved in the reaction mechanism, then the reaction rate
should increase and the enantioselectivity should be shifted
by the addition of Pd/C. We propose that decarboxylation of
the keto acid intermediate is catalysed by the chiral amino
alcohol and that the only role of Pd is to “trigger” the cas-
cade reaction by deprotection of 1 to afford rac-2
(Scheme 1).


Another indication of organocatalysis is the observation
that at least two equivalents of chiral amino alcohol are re-
quired to achieve high enantioselectivity in the decarboxyla-
tion of 2 (Figure 5). With increasing QN to acid molar ratio
the enantioselectivity increased remarkably and flattened
out only when more than two equivalents of the chiral base
were used. This correlation confirms our assumption that a
high amino alcohol/acid ratio is required for the enantiose-
lective step. In the cascade reaction from 1 to 4 it is suffi-
cient to introduce 0.3–0.5 equivalents of QN relative to the
substrate 1 because the intermediate acid 2 is produced
gradually on the Pd surface, so the actual QN/2 ratio is
always kept at high level. A feasible explanation for the ne-
cessity of a high QN/2 ratio is that two molecules of the
chiral amino alcohol probably interact with one molecule of
the acid 2 during the decarboxylation reaction. One equiva-
lent of the amino alcohol reacts with the acid to form a dia-
stereomeric salt, and the second equivalent probably assists
the enantioselective step. In this respect it is interesting that
the correlation between the QN/2 molar ratio and the ee is
influenced by the solvent (Figure 5). We speculate that the
correlation observed in CH2Cl2 is “distorted” in acetonitrile
due to its interaction as a base (H-bond acceptor) with the
diastereomeric complex.


Figure 3. Influence of the QN to 2 molar ratio (0–2 equiv QN) on the
rate (conversion) of the decarboxylation of 2 in the absence of Pd/C.
Conditions: 2 (40 mg), QN (0 (S), 0.1 (^), 0.3 (&), 1 (~) and 2 equiv
(*)), acetonitrile (5 mL), stirring under argon.


Figure 4. Effect of the addition of Pd/C on the rate of the decarboxyla-
tion of 2 at two different QN/2 molar ratios (0.3 and 1 equiv). Condi-
tions: 2 (40 mg), QN (0.3 and 1 equiv), Pd/C (5 wt%, 20 mg), acetonitrile
(5 mL), stirring under argon.


Figure 5. Influence of QN to 2 molar ratio and the solvent on enantiose-
lectivity. Conditions: 2 (40 mg), solvent (5 mL), stirring under argon for
70 min, CH2Cl2: ~, acetonitrile: &.
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Kinetic resolution in the decarboxylation of 2 : Variation of
the enantioselectivity with time in the transformation of 2 is
illustrated in Figure 6. The enantioselectivities measured at
100% conversion correspond to the values obtained in the
experiments shown in Figure 5. In the experiments carried
out with QN (1.0 and 2.0 equivalents) the enantioselectivity
increased with reaction time until full conversion of 2. On
the other hand, in the presence of only 0.3 equivalent of QN
a complex initial transient period is seen: the ee drops at the
beginning of the reaction (at conversions below 10%) and
then it increases again to a final, stable value. A closer look
at the data revealed that the missing initial decay at high
QN/2 ratios was probably due to the much higher reaction
rate.


We thus repeated the experiments with a focus on the ini-
tial part of the reaction, and we have plotted the enantiose-
lectivities as a function of conversion in Figure 7. In this pre-
sentation of the data, the development of enantioselectivity
with conversion is qualitatively similar for all experiments,
but the lower the QN/2 ratio, the bigger is the drop in ee at
low levels of conversion.


The decrease in enantioselectivity in the early stages of
the reaction is presumably the result of a kinetic resolution.
One of the two diastereomeric salts formed between the
racemic 2 and QN probably reacts more rapidly than the
other diastereomer, and so a product containing a higher
amount of one enantiomer of 4 is produced preferentially at
low levels of conversion. This effect is later compensated as
the other less reactive diastereomer reacts as well, and the
drop in ee occurs only at low levels of conversion. The in-
crease in ee at higher levels of conversion is explained by
the increasing actual QN to acid ratio due to consumption


of the latter. In support of this interpretation, the influence
of conversion on the variation of the calculated actual QN/2
ratio is shown in Figure 8. In the cases of 1.0 and 2.0 equiva-
lents of alkaloid (initial values), the actual ratios are already
increasing significantly at low levels of conversion, while
when only 0.1 and 0.3 equivalent alkaloid are employed, the
actual QN/2 ratio increases strongly only at above 70% con-
version.


To simulate the cascade reaction of 1 to give 4, we repeat-
ed the decarboxylation of 2 in the presence of QN
(0.3 equiv, relative to the total amount of 2) and fed the acid
continuously into the solution of acetonitrile and QN. The
high ee persisted during the whole reaction and it decreased
only slightly with time (Figure 6). During the continuous ad-


Figure 6. Development of ee during decarboxylation of the acid 2 and the
effect of the presence of Pd/C on enantioselectivity: ~: QN (1 equiv), no
Pd/C; ~ QN (1 equiv) with Pd (0.05 equiv); &: QN (0.3 equiv), no Pd/C;
&: QN (0.3 equiv) with Pd (0.05 equiv); *: QN (0.3 equiv), continuous ad-
dition of the acid 2. Conditions: 2 (40 mg), QN (0.3 and 1 equiv), Pd/C
(5 wt%, 20 mg), acetonitrile (5 mL), stirring under argon.


Figure 7. Development of ee with conversion during decarboxylation of
the acid 2. The minima in ee at 0.3 (&), 1 (~) and 2 equiv (^) QN were
reached at 15, 5 and 3 min reaction time, respectively. Conditions: 2
(40 mg), QN (0.3, 1 and 2 equiv), acetonitrile (5 mL), stirring under
argon.


Figure 8. Calculated dependence of QN to acid 2 molar ratio on the con-
version of 2 as a function of the initial QN/2 ratio, 0.1 (^), 0.3 (&), 1 (~)
and 2 equiv (*).
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dition of the acid, the QN to acid molar ratio decreased mo-
notonously, this shift diminishing the enantioselectivity as
expected. Note also the negligible effect of the addition of
Pd/C on the enantioselectivity. This observation is in line
with our proposal that the Pd surface does not play a role in
the enantioselective transformation of 2. Its role is to pro-
vide rac-2 at a slow rate to maintain the high chiral base/2
ratio in solution and thus to allow high enantioselectivity in
the amino alcohol catalysed enantioselective decarboxyla-
tion.


The interaction between the chiral amino alcohol and 2
was investigated by NMR. The acid undergoes a slow spon-
taneous decarboxylation at room temperature (see
Figure 3), and the NMR measurements were therefore car-
ried out at �10 8C. This temperature was sufficiently low to
prevent the decarboxylation of the acid. Addition of one
equivalent of the amino alcohol to 2 resulted in the forma-
tion of two diastereomeric species: the salts of the acid and
the chiral amino alcohol at a molar ratio of 1:1. The diaste-
reomers differ in their 1H and 13C chemical shifts; almost all
signals of the acid are doubled (see Supporting Informa-
tion). A part of the 1H NMR spectrum of EP and 2 is
shown in Figure 9.


The singlet at 1.49 ppm, which belongs to Me-C(2) of the
acid, splits into two signals at 1.40 and 1.43 ppm immediate-
ly after addition of the amino alcohol. The chemical shifts
and the distance of the signals depend on, among other fac-
tors, the temperature of the measurement. At lower temper-
ature, the signals appeared at lower chemical shifts and vice
versa. Several 2D-NMR experiments including COSY and
NOE were carried out (at �10 8C) in order to determine the
structures of the diastereomeric salts, but no significant in-
termolecular interaction could be observed with 1 or 2
equivalents of QN or EP.


After the temperature had been increased to 30 8C, one of
the diastereomers started to disappear from the reaction
mixture more rapidly and the chiral ketone 4 was formed.
The diastereomers decarboxylated at different rates until
almost full conversion. The rate of decarboxylation was fol-
lowed through the proton signals of the methyl group at


C(2) in the acid 2 and the product 4 (Figure 10). During the
reaction the signal of the diastereomeric carboxylate appear-
ing at a lower chemical shift (1.43 ppm, measured at 30 8C)
decreased more rapidly then the other one (1.46 ppm),
while the signal of the methyl group at C(2) of ketone 4,
represented by a doublet at 1.26 ppm, increased continuous-
ly (Figure 10). The proton signals were integrated, and the


kinetics of the decarboxylation were followed quantitatively.
In addition, the data were confirmed by independent kinetic
experiments, in which the samples were quenched with di-
azomethane and immediately analysed by chiral chromatog-
raphy. Deracemization of 2 was corroborated by the differ-
ent concentrations of its methyl esters formed after addition
of diazomethane (Figure 11). The kinetic data obtained
from derivatization experiments correspond well with those
obtained by in situ NMR measurements (not shown). More-
over, the concentrations of the single enantiomers of 4, and
thus the enantioselectivity, could also be followed. Variation
of the enantioselectivity with time (conversion) was similar
to the patterns shown in Figures 6 and 7: the ee decreased
sharply at the beginning of the reaction and then increased
monotonously at higher levels of conversion.


Origin of enantioselectivity : Kinetic experiments involving
in situ NMR analysis and chiral chromatography (after deri-
vatization) indicated that kinetic resolution of the diastereo-
meric salts formed between the intermediate acid rac-2 and
the chiral amino alcohol plays a crucial role in the cascade
reaction of 1 to give 4. The catalytic experiments revealed
that at least two equivalents of amino alcohol are required
in order to reach the highest enantioselectivity. A plausible
explanation may be that one equivalent is required to form
a salt with the acid, while the other amino alcohol molecule
is responsible for the enantioselective protonation. Note
that interactions of amino alcohols, such as cinchona alka-


Figure 9. NMR analysis of the interaction of the acid 2 with one equiva-
lent ephedrine (EP) in CD2Cl2. Bottom: pure acid (c=1 molL�1) at
�10 8C. Top: diastereomeric salt at 0 8C.


Figure 10. Kinetic resolution in the decarboxylation of the diastereomeric
salt formed between the acid 2 and ephedrine, followed by NMR
[c ACHTUNGTRENNUNG(acid)=0.25m, 1 equiv EP, solvent: CD2Cl2, temperature 30 8C, intervals
2 min].
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loids, with carboxylic acids are rather complex: beside the
1:1 salts, the formation of various cyclic and linear 1:2 base/
acid complexes has also been demonstrated by FTIR spec-
troscopy.[64] Hence, an alternative explanation would be that
the high amino alcohol/acid molar ratio favours enantiose-
lectivity due to the preferential formation of the 1:1 amino
alcohol/2 complex. It would be expected that the presence
of various amino alcohol/acid complexes possessing rather
loose structures[64] should diminish the efficiency of the
enantioselection.


In the mechanism of enantioselective decarboxylation
proposed by Muzart and H-nin,[25,27] the acid decarboxylates
to form an enol or enolate intermediate, which is enantiose-
lectively protonated. This mechanism follows the classical
cyclic mechanism of decarboxylation of b-keto esters and
malonic acid derivatives.[65, 66] The proton of the acid is trans-
ferred to the oxygen of the carbonyl group in the b-position
through a cyclic six-membered transition state. The transi-
tion state decomposition results in the formation of an enol
and carbon dioxide. The enol undergoes tautomerization
and the ketone is formed. Muzart and H-nin presumed that
the enantioselective step is enol tautomerization catalysed
by the chiral amino alcohol to form the optically active
ketone.[27] The presence of enol intermediate was supported
by UV/Vis and NMR spectroscopy.[27] It was suggested that
the acid 2 completely transformed into enol 3, which then
reacted slowly to afford ketone 4. Accumulation of enol 3
was attributed to stabilization by the keto acid 2 and to slow
enol–ketone tautomerization.[27] The kinetic analysis of the
transformation of 2 to 4, however, was made under condi-
tions far from those of the catalytic experiments: the sub-
strate concentration was orders of magnitude lower and no
chiral amino alcohol was present in the spectroscopic study.
Note that the decarboxylation reaction cannot be followed
in the presence of an amino alcohol since the UV/Vis spec-


tra of the amino alcohols overlap with those of the keto
acid.


Monitoring of the reaction by UV/Vis provided results
similar to those reported by Muzart and H-nin.[27] Figure 12
shows the absorption spectra of 2 and 4. The spectra are
very similar to each other and so it is not straightforward to
follow the reaction by UV/Vis spectroscopy alone. The reac-
tion of a concentrated keto acid solution (0.04m 2 in aceto-
nitrile) was monitored by taking samples that were diluted
in acetonitrile before analysis. No change in the spectra
could be detected during 220 min reaction time (Figure 12).
A minor shift of the maximum from 246 to 245 nm was ob-
served only after the concentrated solution had been heated
to 70 8C. The new spectrum was similar to that of the ketone
4, and TLC analysis confirmed the almost complete transfor-
mation of 2 into 4. In agreement with the former report,[27]


we could not detect the formation of enol at the high con-
centration of 2 that is applied in the catalytic reactions.


When choosing very low concentrations of 2 (�5.10�4
m),


we were able to reproduce the interesting oscillation phe-
nomenon reported by Muzart and H-nin[27] well, but the
conversion of 2 could not be confirmed by TLC (at 5.10�4


m


concentration). Moreover, we found a surprising correlation:
the (apparent) rate of the conversion of 2 (calculated from
the spectra) was diminished by increasing its concentration
in the 5.10�6 to 5.10�4


m range (see Supporting Information).
Since it was not possible to analyse samples directly at such
low concentrations, we measured the dependence of the rate
of decarboxylation of 2 on its concentration in the 5.10�3 to
5.10�1


m range by GC (after derivatization with diazome-
thane) and by NMR. We found that in this concentration
range the acid reacted more slowly when the concentration
was decreased, as expected. Therefore, we believe that de-
carboxylation of 2 is even slower at the very low concentra-
tions applied in the UV/Vis measurements and that the fas-


Figure 11. Kinetic resolution of the diastereomeric salt of the acid 2 with
QN and the formation of (R) and (S) enantiomers of the ketone 4 as
monitored by chiral GC and HPLC after derivatization with diazome-
thane. Conditions: 1 (40 mg), QN (1 equiv), CH2Cl2 (5 mL), stirring
under argon.


Figure 12. UV/Vis absorption spectra of keto acid 2 and ketone 4. Condi-
tions: 2 (40 mg), acetonitrile (5 mL), stirring under argon; samples
(10 mL) diluted with acetonitrile (3 mL) were measured.
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cinating phenomenon revealed by UV/Vis spectroscopy[27] is
an oscillation reaction.


Our attempt to detect the formation of an enolic species
during decarboxylation of 2 by in situ NMR spectroscopy
also failed. Experiments carried out with solutions of 2 (0.3
and 0.04m) in CD3CN at 25 8C revealed only slow decarbox-
ylation (7% and 3% conversion, respectively, after 3 h) and
the corresponding formation of 4. When the reaction tem-
perature was increased to 50 8C, the decarboxylation pro-
ceeded more rapidly, but again, only the formation of 4
could be observed. A possible explanation might be the
high reactivity of the enol resulting in rapid tautomerization
to the ketone 4.


We also analysed the decarboxylation of 2 with in situ
ATR-IR spectroscopy. The experiments were carried out in
the absence (Figure 13) and in the presence of quinine (see
Supporting Information). The keto acid 2 displayed three
main bands: a broad COOH band at 1720–1760 cm�1, the
C=O band at 1691 cm�1 and the band of the aromatic ring
at 1600 cm�1. The COOH band has two maxima, attributa-
ble to the free acid (1743 cm�1) and the hydrogen-bonded
acid dimer (1734 cm�1). The signal of the free acid de-
creased more rapidly than that of the dimer during decar-
boxylation both with and without QN. The different reaction
rates of acid monomer and dimer were even more pro-
nounced at higher acid concentrations (see Supporting In-
formation). The formation of ketone 4 could be monitored
through the strengthening of the C=O band at 1684 cm�1.
Unfortunately, this band overlaps with the C=O band of 2,
which makes the monitoring of the product formation more
difficult. Experiments with 0.3, 1 and 2 equiv of amino alco-
hol relative to 2 showed similar results. The disappearance
of the COOH bands was faster at higher amino alcohol/2
molar ratios. At the same time, formation of the salt be-
tween the acid and the amino alcohol could be observed
through the appearance of a broad signal belonging to the
carboxylate (asymmetric stretch) in the 1550–1650 cm�1


range. Apart from the signals belonging to the acid, carbox-


ylate, ketone and the amino alcohol, only the signal belong-
ing to the CO2 co-product could be observed. No signals in-
dicative of the enol could be identified during the reaction
either in the presence or in the absence of amino alcohol.


As emerges from the results described above, no reliable
indication of the formation of an enolic intermediate could
be obtained by spectroscopic methods. This failure might be
explained in terms of the immediate transformation of the
enolic species into the thermodynamically favoured ketone.
We prefer another interpretation, though: the direct proto-
nation of the carbon atom at C(2) by the chiral amino alco-
hol, simultaneously with the breaking of the C�C bond be-
tween C(2) and the carboxylate. These steps might proceed
as a concerted mechanism, in which the protonation would
always take place from the free side of the molecule: that is,
from the opposite side of the carboxylate. A similar mecha-
nism has been suggested by Drees et al. for the enantiose-
lective decarboxylation of a Naproxen intermediate.[67]


Conclusion


Our mechanistic study indicates that deprotection (debenzy-
lation) of 1 occurs on the Pd surface, but that the decarbox-
ylation step is catalysed homogeneously in the liquid phase
by the chiral amino alcohol (“chiral inductor”). In addition,
kinetic resolution of the diastereomeric salt of the racemic
acid and the chiral amino alcohol plays a key role in the
enantioselectivity. The kinetic resolution proceeds homoge-
neously in solution and not at the metal surface. Thus, in
contrast with various enantioselective hydrogenation reac-
tions on Pd in the presence of a cinchona alkaloid, decar-
boxylation of 2 is not a metal-catalysed route but an organo-
catalytic process.


Experimental Section


Chemicals : Ephedrine (>95%), quinine (>99%), quinidine (>99%),
cinchonine (>98%) and cinchonidine (>98%), Pd/C catalyst (5 wt%,
Fluka), acetonitrile (>99.5%), methylene chloride (>99.5%), hexane
(HPLC grade) and propan-2-ol (HPLC grade) were all supplied by
Fluka. Hydrogen (99.999%) and argon (99.999%) were purchased from
Pangas.


Synthesis of starting materials : Compounds 1 and 2 were prepared by
slightly modified methods described elsewhere.[27,35] 2-Methyl-1-tetralone-
2-carboxylic acid benzyl ester (1) was prepared by acylation of 1-tetra-
lone with diethyl carbonate and sodium hydride followed by methylation
with methyl iodide under PTC conditions and transesterification with
benzyl alcohol catalysed by titanium isopropoxide. Later, we used a pro-
cedure with the last two steps exchanged: transesterification of 1-tetra-
lone-2-carboxylic acid ethyl ester was carried out first to provide 1-tetra-
lone-2-carboxylic acid benzyl ester, which was subsequently methylated.
The latter procedure was easier to carry out and gave higher yields. 2-
Methyl-1-tetralone-2-carboxylic acid (2) was prepared by saponification
of 2-methyl-1-tetralone-2-carboxylic acid methyl ester with KOH in
methanol, followed by acidification and crystallization of the pure car-
boxylic acid 2. The acid is unstable at room temperature and undergoes
spontaneous decarboxylation to the ketone 4 and CO2. To avoid decom-
position, the acid was stored at �20 8C. Diazomethane solution in diethyl


Figure 13. Decarboxylation of keto acid 2 monitored in situ by ATR-IR
spectroscopy. Conditions: 2 (100 mg), AcCN (c=2.4S10�2


m, 20 mL),
stirred under argon at 50 8C.
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ether was prepared from Diazald 214 by the standard procedure.[68] De-
tailed description of the preparation of all starting materials together
with their characterization is provided as Supporting Information.


Typical decarboxylation procedure


a) Starting from 1: The experiments were carried out in a 50 mL glass re-
actor with heating and magnetic stirring. The catalyst (5 wt% Pd/C) and
the chiral amino alcohol (0.3 equiv relative to substrate) were introduced
into the reactor together with the solvent (acetonitrile, 5 mL), after
which the reactor was flushed with argon and hydrogen and the mixture
was stirred at the reaction temperature under a flow of hydrogen for
10 min. The reaction was started by addition of 1 (100 mg, 0.34 mmol),
dissolved in acetonitrile (5 mL), by syringe under hydrogen. Samples
withdrawn during the reaction were filtered and analysed by GC, chiral
HPLC and GC-MS.


b) Starting from 2 : The chiral amino alcohol (1 equiv relative to the sub-
strate) and the solvent (acetonitrile, 4 mL) were stirred magnetically in a
25 mL round flask under argon at room temperature. The reaction was
started by addition of the acid 2 (40 mg, 0.2 mmol) dissolved in acetoni-
trile (1 mL) by syringe under argon. Excesses of ethereal diazomethane
solution were added to the samples withdrawn during the reaction, in
order to quench the reaction before chromatography. Unreacted acid 2
was thus immediately and completely transformed into its methyl ester.
This procedure allowed us not only to monitor the reaction rate of decar-
boxylation, but also to measure the ee of the methyl ester of the acid 2.


Analysis : The reaction mixtures were analysed with the aid of a
Trace GC (Thermo Finnigan) gas chromatograph with an Agilent HP-5
capillary column (30 mS0.32 mmS0.25 mm). Chromatograms were ac-
quired under the following conditions: injector 260 8C, detector 260 8C,
50 kPa He, flow 1.5 mLmin�1, temperature program: 80 8C for 2 min,
then 20 8Cmin�1 to 300 8C. The ee of 4 was determined by HPLC with a
Merck LaChrom system. The analysis was carried out on a Chiracel OD
(240 mmS4.6 mm i.d., 10 mm particle size) chiral column at 25 8C with a
liquid flow rate of 0.9 mLmin�1 and an n-hexane/propan-2-ol 9:1 mixture
as eluent. Retention times: 7.2 min (R)-4, 7.8 min (S)-4, 13.3 and
14.5 min (R) and (S) enantiomers of 1 (not assigned). The samples with-
drawn from the reaction mixtures were also analysed with an Agilent
GC-MS (HP 6890 MSD) with an HP-5MS column (30 mS0.25 mmS
0.25 mm). Elementary analysis (Leco CHN-900 and Leco RO-478 auto-
matic analysers) and 1H and 13C NMR spectroscopy (Bruker AG
DPX 300 and AVANCE 500) were carried out to characterize all pre-
pared compounds. The decarboxylation of 2 was followed in situ by
NMR, UV and ATR-IR spectroscopy with an AVANCE 500 instrument
(Bruker AG), a Cary 400 Scan UV/Visible spectrophotometer and an
IFS66 spectrometer (Bruker Optics) fitted with a commercial mirror unit
(Specac) and a liquid nitrogen-cooled HgCdTe detector, respectively.
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Introduction


Manipulating photons and electrons at the molecular or
supramolecular level has received considerable attention, as
studies on these processes may lay the foundation for the
development of molecule-based information processing de-


vices. Electron and energy transfer processes would provide
a means for electronic communication among molecular en-
tities in the device. Then, modulation or switching of these
processes is required to process information.[1] Alteration of
some properties of a control unit in the molecular assembly
by external stimuli, such as redox reactions,[2,3] light,[4–7] and
chemical species,[8] is used to modulate energy/electron-
transfer processes. To widen the scope of molecular
switches, it would be important to realize switching in more
complex systems than simple on-off switching for a single
energy- or electron-transfer process. Recent examples incor-
porating complex modes of operation include three-way
switches,[4a,7a] a molecular re-router,[4c] a T-junction relay,[7b]


and a molecular double throw switch.[5b]


We have developed molecular light switches by using ho-
monuclear Ru or Os polypyridine-type complexes that con-
tain 4,4’’-azobis(2,2’-bipyridine)[3a] (azobpy) or 4’,4’’’’-
azobis(2,2’:6’,2’’-terpyridine)[3f] (azotpy) as a bridging ligand.
When the azo ligand is neutral in these complexes, the
metal-to-ligand charge-transfer (MLCT) excited state is rap-
idly thermally deactivated. As such, these complexes in the
as-prepared state are practically non-luminescent. When the
azo ligand is one-electron or two-electron reduced, the com-


Abstract: A star-shaped Ru/Os tetra-
nuclear complex, in which a central Os
unit is linked to three peripheral Ru
units by 4,4’’-azobis(2,2’-bipyridine)
(azobpy) bridging ligands, was pre-
pared to examine the unique photody-
namics regulated by its redox state.
The Ru/Os tetranuclear complex exhib-
its Ru-based luminescence at 77 K,
whereas the three-electron reduction
(one for each azobpy) of the Ru/Os
complex results in luminescence from
the Os unit. The photoexcited state of
the Ru/Os complex rapidly decays into


low energy metal-to-ligand charge-
transfer states, in which the excited
electron is localized in the azobpy
ligand in the form of azobpyC�. Upon
the one-electron reduction of the
azobpy ligands, the above-mentioned
low-energy states become unavailable
to the photoexcited complex. As a


result, an energy transfer from the Ru-
based excited state to the Os-based ex-
cited state becomes possible. Ultrafast
transient absorption measurements re-
vealed that the energy transfer process
consists of two steps; intramolecular
electron transfer from the terminal bi-
pyridine ligand (bpyC�) to form
azobpy2� followed by a metal-to-metal
electron transfer. Thus, the Ru/Os tet-
ranuclear complex collects light energy
into the central Os unit depending on
the redox state of the bridging ligands,
qualifying as a switchable antenna.
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electron transfer · photochemistry ·
redox chemistry · time-resolved
spectroscopy
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plexes behave more or less like the corresponding parent
complexes, [M ACHTUNGTRENNUNG(bpy)3]


2+ (M=Ru or Os; bpy=2,2’-bipyri-
dine) or [M ACHTUNGTRENNUNG(tpy)2]


2+ (tpy=2,2’:6’,2’’-terpyridine). This re-
sults in a luminescence emission, characteristic to these
kinds of complexes. A homodinuclear Ru complex,
[(bpy)2RuACHTUNGTRENNUNG(azobpy)-Ru ACHTUNGTRENNUNG(bpy)2]


4+ (Ru2),
[3a] and a tetranuclear


Ru complex, [{(bpy)2RuACHTUNGTRENNUNG(azobpy)}3Ru]
8+ (Ru4), exemplify


this class of complexes.[3e]


The redox-responsive light switches have been extended
to switches for energy transfer; for the cases of Ru/Os het-
ACHTUNGTRENNUNGeronuclear complexes containing one of the azo ligands, the
excited state of the as-prepared complexes deactivates with-
out luminescence, while the reduced counterparts exhibit in-
tramolecular excited energy transfer from the Ru unit to the
Os unit,[1c,9] from which luminescence is emitted (see the top
reaction in Figure 1).[3d, f, g] Such energy transfer plays a pivo-
tal role at the initial stage of photosynthesis.[10] Thus, exten-
sive efforts have so far been devoted to develop antenna
systems that can harness solar energy.[11] However, no switch
function has been introduced in such antenna systems.[12]


We report herein a first switchable antenna, composed of
a heterotetranuclear complex, [{(bpy)2RuACHTUNGTRENNUNG(azobpy)}3Os]


8+


(Ru3Os), which contains an Os unit in the center as an
energy accepting site surrounded by three peripheral Ru
units as light absorbing sites. The energy collection is
switched on and off depending on the redox state of the li-
gands bridging the central and peripheral metal complexes.


Increasing the number of light absorbing sites leads to an in-
creased absorptivity, resulting in an antenna effect (see the
bottom reaction in Figure 1). We examined the detailed
photodynamics of the redox-responsive switchable antenna
function of Ru3Os by using femtosecond laser flash photoly-
sis.


Results and Discussion


Structural characterization : All 1H NMR spectroscopy reso-
nances were assigned with the help of the 1H–1H COSY
spectrum in Figure 2 and the comparison with the spectrum


Figure 1. Conceptual schemes for a switch for intramolecular energy
transfer (RuOs) and a switchable antenna (Ru3Os). ET stands for energy
transfer.


Figure 2. 1H–1H NMR COSY spectrum for Ru3Os in CD3CN.
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of Ru4.
[3e] All protons within each pyridyl ring are spin–spin


coupled. Thus, each of the off-diagonal peaks in the COSY
spectrum can be attributed to nearly equivalent pyridyl
rings, as indicated by letters a–e in Figure 2. The chemical
shifts for protons in rings a, b, and d of the peripheral Ru
complexes are nearly identical to those of corresponding
protons in Ru4,


[3e] as expected. The differences in chemical
shifts for Ru3Os and Ru4 are observed for the protons in
rings e and c, and reflect the influence of the different cen-
tral metal ion. These consistent agreements between the ob-
served chemical shifts and the assumed structure provide a
strong support for the structure of Ru3Os.
The obtained complex must be a mixture of many struc-


tural isomers, since it contains four stereo (fac and mer) and
optical (d and l) isomeric centers. Differences in chemical
shifts among these isomers seem to be small, except for the
protons at the 6-position of the pyridine rings, which are the
most proximal to another ligand within the complex and,
therefore, their chemical shifts are most sensitive to the dif-
ferences among isomers.[3e,13] This is most apparent for the
chemical shifts of the a6-protons, which scatter around d=


7.7–7.8 ppm. It is generally accepted that electrochemical
and spectroscopic differences among these isomers is mini-
mum.[14]


The chemical formula of Ru3Os, was evident from electro-
spray mass spectrometry (ESMS) (Figure S1 in the Support-
ing Information). The spectrum shows two major clusters of
peaks that indicate the distribution of the isotopes of Ru
and Os. The peaks centered at m/z=1658 and 1057 corre-
spond to the species [M�2 ACHTUNGTRENNUNG(PF6)]2+ and [M�3 ACHTUNGTRENNUNG(PF6)]3+ , re-
spectively, and a weaker cluster centered at 3461, corre-
sponds to [M�PF6]+ . The 1658 cluster is magnified in Fig-
ure S1, together with the simulated isotope distribution of
Ru3Os. The excellent agreement confirms the composition
of Ru3Os and excludes the formation of the hydrazo
form,[15] which would give clusters shifted to the higher mass
side by six mass units. Finally, CHN analysis agreed within
0.4% with the calculated values as an octahydrate. The octa-
hydrate Ru4 complex has previously been obtained.


[3e]


Redox properties : The cyclic voltammogram for Ru3Os
shows oxidation waves at 0.94 and 0.63 V vs Fc+/Fc in
CH3CN as shown in Figure 3a. The former value corre-
sponds to the oxidation of the three peripheral Ru ions
ACHTUNGTRENNUNG(+2/+3), virtually at the same potential as in Ru4 (0.96 V),
whereas the latter value corresponds to the oxidation of the
central Os ion (+2/+3). In the cathodic scan in DMF (Fig-
ure 3b), redox couples appear at �0.7 and �1.2 V with
shoulder waves around �1.5 V. The wave at �0.7 V likely
contains three, one-electron reduction processes for the
three azobpy bridging ligands. This assignment is based on
comparison with analogous complexes,[3a,d, e] and the spec-
troelectrochemical results, in which reduction at �0.88 V
has the same effect as chemical reduction with three equiva-
lents of a reductant (vide infra).
The peak separation of this wave at �0.7 V is �200 mV,


which is much larger than the value of �60 mV expected for


a reversible electrode reaction for multiple noninteracting
equivalent redox centers.[16] This can be, in principle, a result
of the overlapping redox couples at slightly differing poten-
tials, and/or a slow electrode reaction. The peak separation
was invariant under different scan rates in the range of 50–
200 mVs�1. This result indicates that the redox reaction is
indeed fast, to the extent that the electrode reaction is diffu-
sion limited. It leaves only the possibility that the reduction
potentials of respective azobpy ligands are slightly different.
The difference may result from different diastereomers
(vide supra) and/or an overall electrostatic effect, owing to
charge accumulation. The electrostatic interaction is, howev-
er, much weaker than that is seen among bpy ligands in
parent [M ACHTUNGTRENNUNG(bpy)3]


2+-type complexes. For example, three con-
secutive reductions occur as well separated waves with
�200 mV differences between the waves (a �400 mV over-
all difference) in the cases of [Ru ACHTUNGTRENNUNG(bpy)3]


2+ and [Os ACHTUNGTRENNUNG(bpy)3]
2+ .


The weaker interaction, in the case of Ru3Os, is a result of
the increased distance between the additional electrons on
azobpy (in comparison with electrons on bpy) from the Os
ion.
The waves around �1.2 to �1.5 V may correspond to the


second, one-electron reduction of the monoanions of
azobpy to form dianions.[17] The reduction waves of the pe-
ripheral bpy ligands appear at <�1.8 V. This makes it possi-
ble to inject electrons into the azobpy ligand selectively,
which is important when this complex is used as a redox-re-
sponsive switch, as discussed later.


Absorption and luminescence : Ru polypyridine complexes,
such as [RuACHTUNGTRENNUNG(bpy)3]


2+ , exhibit characteristic 1
MLCT absorp-


tion band (Ru!bpy) around l=450 nm.[18] In this transi-
tion, a dp electron is promoted into the p* orbital of one of
the bpy ligands. The Os counterparts, such as [OsACHTUNGTRENNUNG(bpy)3]


2+ ,
also exhibit the 1MLCT absorption in a similar wavelength
range. In addition to this spin-allowed transition, Os poly-
pyridine complexes feature a weaker, but substantial, spin-


Figure 3. Cyclic voltammogram for Ru3Os. The anodic scan a) was per-
formed in CH3CN, while the cathodic scan b) was in DMF.
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forbidden 3MLCT absorption in the l=500–700 nm region,
owing to the heavy atom effect.[18] Consistent with the low-
lying p* level of azobpy, the complexes containing azobpy
show additional MLCT transition bands (MII!azobpy) at
the lower energy side by �5000 cm�1 of the MLCT bands of
the parent complex having only bpy ligands.[3a,d,e]


The electronic absorption spectrum for Ru3Os, which is
shown by the solid line in Figure 4, includes all of these
transitions. According to the above criteria, the bands are


assigned as follows. The l=440 nm band (e=


26000m
�1 cm�1) is assigned to the 1MLCT (Ru/Os ! bpy)


transitions. The lower energy l=580 nm band
(30000m


�1 cm�1) includes the 1MLCT (Ru/Os ! azobpy)
and the spin-forbidden 3MLCT (Os ! bpy) transitions. Fi-
nally, the band even lower in energy around l�800 nm
(8000m


�1 cm�1) corresponds to the 3MLCT (Os!azobpy)
transition.
These assignments are supported by spectroelectrochemi-


cal experiments, in which 1) OsII is oxidized to OsIII, 2) the
RuII centers are oxidized to RuIII centers and 3) the azobpy
ligands are reduced to their respective monoanions. Upon
selective oxidation of the Os ion by applying 0.82 V, the ab-
sorption bands uniformly decrease in the whole visible
range above l=480 nm (Figure 4, dotted line). Notably, the
absorption almost disappears in the l=800–900 nm range,
in which only Os-related transitions are exhibited. Indeed,
the shape of the absorption spectrum of this species,
[{(bpy)2Ru


II
ACHTUNGTRENNUNG(azobpy)}3Os


III]9+ is nearly identical to that of
Ru4 below l=900 nm.[3e] However, a new absorption pla-
teau (e= �800m


�1 cm�1) appears above l=900 nm, as
shown by the difference spectrum in Figure S2 in the Sup-
porting Information (dotted line), which may be assigned to
the RuII to OsIII intervalence charge transfer band.[12] Upon
further oxidation by applying 1.22 V, the whole MLCT ab-
sorption in the visible region nearly completely disappears
(Figure 4, dashed line), as a result of the oxidation of all
metal centers. The plateau above l=900 nm also disappears
(Figure S2, dashed line).


This species is nearly non-luminescent (<0.3% of the lu-
minescence of RuACHTUNGTRENNUNG(bpy)3


2+) at least up to l=900 nm, which
is the limit of our luminescence detector, as is the case for
other complexes containing the azobpy ligand.[19]


Transient absorption : When [Ru ACHTUNGTRENNUNG(bpy)3]
2+ is excited in the


visible absorption band, the 1MLCT states would be initially
created as the Franck–Condon states, in which one of the dp


electrons is promoted to a delocalized or localized p* orbital
of the ligand(s). The 1MLCT states rapidly relax into the
lowest excited 3MLCT state. The relaxation completes
within 300 fs in CH3CN, with the processes of intramolecu-
lar vibrational relaxation, solvent reorganization, and inter-
system crossing all occurring simultaneously.[20] In the case
of [Os ACHTUNGTRENNUNG(bpy)3]


2+ , the initially created species depends on the
excitation wavelength, because direct excitation into either
the 1MLCT or 3MLCT is possible, owing to a stronger spin-
orbit coupling. Even if 1MLCT is initially created with a
short wavelength of light, the intersystem crossing to the
3MLCT occurs rapidly (<1 ps), which is followed by vibra-
tional relaxation within the triplet manifold in 16 ps.[21] In
mixed ligand complexes in the 3MLCT state, the promoted
electron is localized on a p* orbital with the lowest energy.
For Ru3Os, the 3MLCT states may be formally represented
as [{(bpy)2Ru


II
ACHTUNGTRENNUNG(azobpy)}2ACHTUNGTRENNUNG(bpy)2Ru


III
ACHTUNGTRENNUNG(azobpyC�)OsII]8+ and


[{(bpy)2Ru
II
ACHTUNGTRENNUNG(azobpy)}2ACHTUNGTRENNUNG(bpy)2Ru


II
ACHTUNGTRENNUNG(azobpyC�)OsIII]8+ , which


correspond to Ru-based and Os-based excited states, respec-
tively.
The detailed information about the 3MLCT states was


provided by ultrafast time-resolved transient absorption
spectroscopy with a femtosecond laser. Figure 5a shows the
transient absorption spectra for Ru3Os taken in CH3CN.
The transient spectrum 1 ps after a laser excitation consists
of positive absorption in the ranges of l<500 nm and 650–
800 nm and a bleaching in the 500–650 nm range. The ab-
sorption at l<500 nm may be ascribed to the MLCT band
involving MII!azobpyC� (MII=RuII, OsII) transitions, be-
cause the same absorption band is seen in the three-electron
reduced Ru3Os (vide infra). The dip at l=440 nm may be
ascribed to the disappearance of the MLCT band of RuII!
bpy from the ground state spectrum. The bleaching in the
l=500–650 nm region is, owed to the disappearance of the
large MLCT bands involving MII!azobpy transitions in this
range. The long wavelength absorption in the region l=


700–800 may be ascribed to radical anions, bpyC� and azo-
ACHTUNGTRENNUNGbpyC�. The absorbance at l=770 nm decays with a lifetime
(t) of 0.40 ps (Figure 5b, ~), leaving a plateau-like absorp-
tion around l=660–720 nm. The difference spectral profile
produced by subtracting the 3.0 ps spectrum from the 1.0 ps
spectrum closely resembles the reported transient spectrum
of bpyC�.[22] Thus, the transition with the 0.4 ps lifetime is at-
tributable to the interligand electron transfer from bpyC� to
azobpy to produce azobpyC�.[23] A rise in absorbance at l=


460 nm (Figure 5b, *) accompanies the transition with the
same time constant of 0.4 ps. This rise corroborates the for-
mation of azobpyC�. Thus, the formation of the MLCT states
of RuACHTUNGTRENNUNG(bpy)2-based and Os ACHTUNGTRENNUNG(bpy)2-based excited states upon


Figure 4. Absorption spectra in CH3CN for the as-prepared Ru3Os (c),
the one-electron oxidized species (0.82 V; g), and the four-electron
oxidized species (1.22 V; b).
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photoexcitation is followed by rapid electron transfer from
the bpyC� radical anion to azobpy, giving rise to [{(bpy)2Ru


II-
ACHTUNGTRENNUNG(azobpy)}2ACHTUNGTRENNUNG(bpy)2Ru


III
ACHTUNGTRENNUNG(azobpyC�)OsII]8+ and [{(bpy)2Ru


II-
ACHTUNGTRENNUNG(azobpy)}2ACHTUNGTRENNUNG(bpy)2Ru


II
ACHTUNGTRENNUNG(azobpyC�)OsIII]8+ .


Notably, the maximum wavelength of the bleaching is
shifted from l=575 nm to 590 nm in the recovery process,
because the rate of increase in absorption in the bleach
region is wavelength dependent. Thus, the increase at l=


550 nm (Figure 5c) is much faster than that at 590 nm, which
is indicative of the transformation of the Ru-based MLCT
excited state to the Os-based MLCT excited state, as these
wavelengths correspond to the maxima of the RuII!azobpy
and OsII!azobpy bands, respectively, in the ground state
absorption spectra.[3d] This is an energy transfer process
from the Ru-based excited state to the Os-based excited
state. This process may also be regarded as a metal-to-metal
electron transfer (RuIII+OsII!RuII+OsIII). The lifetime of
the energy-transfer process can be estimated to be 54 ps
from the recovery of the bleaching at l=550 nm (Figure 5c).
Although the energy transfer does occur, it is between the
low-energy nonemitting states in which the excited electron
is located in azobpy. Finally, in the slowest process, the
whole transient species decays back to the ground state with
a lifetime of 113 ps, which is determined from the decay
time profile of absorbance at l=460 nm (Figure 5d). The
lifetime is considerably shortened in comparison with the
lifetime of the parent complex, [Os ACHTUNGTRENNUNG(bpy)3]


2+ (20 ns)[24] owing
to the presence of the azobpy ligands. Figure 6a shows the
energy diagram for the relevant MLCT states.


Redox-responsive switching : The absorbance of the lower-
energy bands of Ru3Os is diminished after the electrolysis at
�0.88 V for one-electron reduction (Figure 7). This spec-
trum strongly suggests that the transitions to the lowest p*
orbitals of the azobpy ligands are now prohibited. Thus, at
this electrode potential, it is likely that all three azobpy li-
gands in the complex are one-electron reduced, Ru3OsR.
This change can be reversed by re-oxidizing Ru3OsR back to
Ru3Os, thus restoring the original absorption spectrum. The
reduction of Ru3Os can also be effected by chemical reduc-
tants. If a Ru3Os solution in DMF[26] is titrated with cobalto-
cene then a spectral change identical to that by the electro-
chemical reduction is observed. The spectral changes were
completed after three equivalents of cobaltocene were
added to the solution. This indicates that the one-electron
reduction for each azobpy is responsible for the spectral
change (Figure S3 in the Supporting Information). Further
addition of cobaltocene did not bring about any further
spectral changes. The chemical reduction by means of tetra-
methylsemiquinone radical anion as a reductant also gave a
similar spectral change. The change upon reduction is ra-
tionalized by assuming that the MLCT transitions (MII!
azobpy) are now prohibited, since electrons occupy the
lowest p* orbitals of the azobpy ligands.
To confirm the site of the one-electron reduction of


Ru3Os, the singly-occupied molecular orbital (SOMO) of
one-electron reduced Ru3Os ([{(bpy)2RuACHTUNGTRENNUNG(azobpy)}3Os]


7+)


Figure 5. Time evolution of transient absorption for Ru3Os in CH3CN.
a) Spectral changes upon excitation at l=410 nm. Time profiles of ab-
sorbance at selected wavelengths with different timescales at b) l =460
(*) and 770 (~), c) 550, and d) 460 nm.


Chem. Eur. J. 2008, 14, 2709 – 2718 F 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 2713


FULL PAPERRuthenium/Osmium Tetranuclear Complex



www.chemeurj.org





has been calculated by density functional theory (Figure 8).
The structure was optimized by using the Gaussian03 pro-
gram package (see the Experimental Section). The SOMO
is mainly localized on the bridging three azobpyMs, wherein
the density is largely located on the N=N moiety. Therefore,
these bridging ligands are the site where the first reduction
takes place, at the least negative potential.


The three-electron reduced
species, Ru3OsR is nearly non-
luminescent, similar to the as-
prepared Ru3Os at room tem-
perature. This is in sharp con-
trast to Ru4


[3e] and other related
complexes for which the same
electrolysis produces an appre-
ciable luminescence. Consider-
ing the fact that the chemical
environment of the peripheral
three Ru units is the same in
Ru4


R and Ru3OsR, an efficient
quenching mechanism unique
to the excited Ru units in
Ru3OsR must be in operation.
The most likely quenching
mechanism is energy transfer to
the central Os unit. However,
we did not observe the expect-
ed luminescence from the excit-
ed Os unit as observed for the
dinuclear RuOsR,[3d] which
would be produced by the
energy transfer in addition to
the direct excitation. This may
be explained by a low quantum
yield of [Os ACHTUNGTRENNUNG(bpy)3]


2+ unit (f=


�0.005).[18b] This value could be
lowered further by the azo sub-
stitution on all of the three bi-
pyridine ligands[27] and by the


reductive electron transfer from the reduced azobpy ligands
to the emptied Os d-orbital in the MLCT excited state.
Then, the luminescence was measured at 77 K by transfer-
ring the electrolyzed solution to a quartz tube cooled in a
liquid nitrogen jacket. The cooled luminescence spectra
taken for Ru3Os and Ru3OsR are compared in Figure 9a.
The l=650 nm peak for the as-prepared Ru3Os is a weak
residual Ru-based luminescence, which appeared probably
because electron transfer from bpy·� radical anion to azobpy
may be slowed down at 77 K. Upon reduction, the Ru-based
luminescence (l=650 nm) showed no increase in intensity,
whereas for the Os-based luminescence a peak at l =


743 nm appears. This observation is indicative of an energy
transfer process from the Ru-based to the Os-based excited
states. Energy transfer in Ru3OsR is corroborated by its exci-
tation spectrum at 77 K monitored at l=743 nm where the
Os-based luminescence dominates, as given in Figure 9b
(solid line). The excitation spectra for reduced dinuclear
complexes, RuOsR and Os2


R,[3d] measured at room tempera-
ture are also shown. Comparison of the spectra reveals that
the luminescence from the Os unit with excitation at the
shorter wavelength region (l=450–550 nm), where the Ru-
based unit absorbs more, is enhanced for RuOsR as com-
pared to Os2


R. This demonstrates the sensitization of the lu-
minescence from the Os unit by the Ru unit in the heterodi-


Figure 6. Energy diagrams of the redox-responsive switchable antenna based on MLCT states of a) Ru3Os and
b) Ru3OsR.[25] A shorthand notation is used for each excited state, in which only a part of the complex (bold-
faced in the ground state description), is shown. ET stands for energy transfer. Direct excitation of the Os-
based unit is omitted for clarity.


Figure 7. Changes in the absorption spectrum for Ru3Os (40 mm) in DMF
upon reduction at �0.88 V and re-oxidation in a 1 mm cuvette.
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nuclear complex. The enhancement is even more pro-
nounced for the tetranuclear complex, Ru3OsR, and shows
the antenna effect for the energy transfer process.
Time-resolved luminescence measurements for Ru3OsR at


77 K showed that the decay at around l=650 nm, where the
Ru luminescence dominates, is a single exponential with a
lifetime of t=2.1 ns. This lifetime is much shorter than that
of Ru4


R (186 ns at room temperature),[3e] indicating an
energy transfer process with an efficiency near unity.[28] This
is also supported by the steady-state luminescence experi-
ments described above. First, the reduction-induced en-
hancement in the Ru-based luminescence in Ru3Os is negli-
gible in contrast to that in Ru4 at room temperature.[3e]


Second, only the Os-based luminescence is enhanced at
77 K (Figure 9a). A model experiment using Ru4 showed
that the luminescence of Ru4 is enhanced �30-fold upon re-
duction under the same low-temperature conditions (lmax =


630 nm).
The mechanistic insight into the apparent energy-transfer


process in Ru3OsR is also provided by ultrafast time-re-
solved transient absorption spectroscopy with a femtosecond
laser. Figure 10a,c shows the transient absorption spectra for
Ru3OsR taken in DMF, which are quite different from those
observed for Ru3Os in Figure 5a. The transient spectra con-
sist of a bleaching at l=460 nm and broad absorption bands
at l=580 nm and 770 nm. The time profiles of the absorb-
ance at 410, 580 and 770 nm (Figure 10b,d,e) exhibit a three
step processes. The first process (1.2–4.0 ps), in which the
broad absorption at l>550 nm increases, may correspond to
electron transfer from the bpyC� radical anion of the MLCT
(RuII!bpy) to the azobpyC� to produce azobpy2� (Figure 6b)
exhibiting the first-order rise with t=0.44 ps (Figure 10b).
As the unpaired electron of azobpyC� in Ru3OsR is largely lo-
calized on the N=N moiety (vide supra), a second electron


may be largely delocalized on the two bpy units of azobpy.
Such extended delocalization over two bpy units through
the N=N moiety is responsible for the broad absorption
bands at l=580 and 770 nm. Similar features are reported
for radical anions of other conjugated structures including
bpy units.[29–31] This assignment is also consistent with an en-
ergetic standpoint, as the one-electron reduction potential
of azobpyC� is less negative than that for the one-electron re-
duction of bpy. The second process (4.5–50 ps) may corre-
spond to a metal-to-metal electron transfer (RuIII + OsII!
RuII + OsIII) to afford the Os-based excited state as the
final MLCT state (Figure 6b) as observed for Ru3Os (Fig-
ure 6a), which exhibits the first-order rise at l=460 nm
(owing to the reappearance of the MLCT bands, RuII!bpy
and RuII!azobpyC�) and the decay at l=580 nm (owing to
the disappearance of the MLCT band, OsII ! azobpyC�)
(Figure 10d) with the same lifetime of t=10 ps. This elec-
tron transfer process for Ru3OsR is equivalent to the energy
transfer from the Ru unit to the Os unit. The last step is the
decay of the MLCT state to the ground state exhibiting the
first-order rise at l=460 nm and the decay at 770 nm (Fig-
ure 10e) with the same lifetime of t=210 ps. The lifetime of
the final MLCT state of Ru3OsR (210 ps) is longer than that
of Ru3Os (113 ps).


Figure 8. The SOMO of [{(bpy)2RuACHTUNGTRENNUNG(azobpy)}3Os]
7+ calculated with Gaus-


sian 03.


Figure 9. Luminescence response of Ru3Os (10 mm) to redox input in
DMF containing 0.1m Bu4NPF6 at 77 K. a) Luminescence spectra for
Ru3Os (b) and Ru3OsR (c). lex=495 nm (isosbestic point). b) Exci-
tation spectra for Ru3Os (b) and Ru3OsR (c) monitored at l=


743 nm. The excitation spectra for reduced dinuclear complexes, RuOsR


and Os2
R, at room temperature are also shown for comparison. The in-


tensities are normalized at l=675 nm.
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Conclusion


The star-shaped Ru3Os works as a switchable antenna. In
the as-prepared off-state, the photoexcited states are largely
quenched, owing to the presence of low-lying p* levels of
the azobpy ligands. Although an energy-transfer process
does occur from an Ru-based excited state to an Os-based
excited state, this process is between low-lying nonemitting
states, in which the excited electron is in one of the azobpy
ligands in the form of azobpyC�. In the on-state, on the other
hand, a highly efficient energy-transfer process from the pe-
riphery to the center is indicated, based on the quenching of
the Ru emission at room temperature. This is more clearly
evidenced by a sensitized Os-based luminescence at 77 K.
The apparent energy-transfer results from two steps: intra-
molecular electron transfer from bpyC� to azobpyC� to form
azobpy2� followed by a metal-to-metal electron transfer
(RuIII+OsII!RuII+OsIII) as revealed by ultrafast time-re-
solved transient absorption measurements.


Experimental Section


General : Chemicals were purchased from commercial sources and used
without further purification, unless otherwise noted. The solvents CH3CN
and CH2Cl2 were distilled over CaH2 before use.


Apparatus : 1H NMR spectra were recorded on a JEOL GX400 spec-
trometer. Electrospray mass spectrometry (ESMS) analysis was conduct-


ed by using a Agilent G1969A system with a time-of-flight mass spec-
trometer. Elemental analyses were carried out at the Analysis Center of
College of Science and Technology, Nihon University. UV-visible data
were obtained by using a Shimadzu UV-2400PC or Multispec-1500 spec-
trometer. Luminescence spectra were recorded on a Shimadzu RF-
5300PC fluorimeter. Near infrared spectra were recorded with a Shimad-
zu UV-3100PC.


Electrochemical measurements : Electrochemical measurements were car-
ried out by using a Hokuto Denko HZ-3000 voltammetric analyzer. The
working and counter electrodes were a Pt disk and a Pt wire, respectively.
The reference electrode was either Ag/Ag+ (0.01m AgNO3 and 0.1m


NH4PF6 in CH3CN) or an Ag wire pseudoreference. Potentials are re-
ported with respect to the internal ferricenium/ferrocene couple (Fc+/Fc)
added after each measurement. The supporting electrolyte solution was
0.1m Bu4NPF6 in CH3CN or DMF (Wako, Infinity Pure). All measure-
ments were done under a Ar blanket.


Spectroelectrochemical and time-resolved luminescence measurements :
Absorption and luminescence spectroelectrochemical measurements
were performed in CH3CN (oxidation) or DMF with a drop of aqueous
HNO3 (reduction) containing 0.1m Bu4NPF6 in an optical cuvette with a
1 cm or 1 mm optical path length. The cell was equipped with a Pt mesh,
an Ag/Ag+ , and a Pt coil separated with an absorbent cotton, as the
working, reference, and counter electrodes, respectively. The cell was
purged and then blanketed with Ar. The sample solution in the 1 cm cuv-
ette was being stirred during electrolysis. For low temperature measure-
ments, the electrolyzed solution was transferred into a quartz tube placed
in a liquid N2 jacket. Time-resolved luminescence decay for reduced spe-
cies was measured with excitation by pulses through a coumarin chromo-
phore (l=447 nm) from a nitrogen laser (l=337 nm) at 77 K. The emis-
sion was then dispersed by means of a Hamamatsu Photonics C-2830 dis-
perser and monitored by using a Hamamatsu Photonics M-2548 streak
camera.


Laser flash photolysis : Ultrafast transient absorption spectroscopy ex-
periments were conducted by using an ultrafast source: Integra-C (Quan-


Figure 10. Time evolution of transient absorption for Ru3OsR in DMF. a) Spectral changes upon excitation at l =410 nm for 1.2–4.0 ps and b) the time
profile at 580 nm. c) Spectral changes after 4.1 ps and time profiles at d) 580 (*) and 460 nm (~). e) Time profiles at l =460 (~) and 770 nm (*) at pro-
longed timescale (25–1500 ps).
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tronix Corp.), an optical parametric amplifier: TOPAS (Light Conversion
Ltd.) and a commercially available optical detection system: Helios pro-
vided by Ultrafast Systems LLC. The source for the pump and probe
pulses were derived from the fundamental output of Integra-C (780 nm,
2 mJ/pulse and fwhm=130 fs) at a repetition rate of 1 kHz. 75% of the
fundamental output of the laser was introduced into TOPAS, which has
optical frequency mixers resulting in tunable range from l=285 nm to
1660 nm, whereas the rest of the output was used for white light genera-
tion. Prior to generating the probe continuum, a variable neutral density
filter was inserted in the path in order to generate stable continuum,
then the laser pulse was fed to a delay line that provides an experimental
time window of 3.2 ns with a maximum step resolution of 7 fs. In our ex-
periments, a wavelength between l=350 nm and 450 nm of TOPAS
output, which is fourth harmonic of signal or idler pulses, was chosen as
the pump beam. As this TOPAS output consists of not only desirable
wavelength but also unnecessary wavelengths, the latter wavelengths
were deviated by using a wedge prism with wedge angle of 188. The desir-
able beam was irradiated at the sample cell with a spot size of 1 mm di-
ameter where it was merged with the white probe pulse in a close angle
(<108). The probe beam after passing through the 2 mm sample cell was
focused on a fiber optic cable, which was connected to a CCD spectro-
graph for recording the time-resolved spectra (l=410–800 nm). Typically,
2500 excitation pulses were averaged for 5 seconds to obtain the transient
spectrum at a set delay time. Kinetic traces at appropriate wavelengths
were assembled from the time-resolved spectral data. All measurements
were conducted at room temperature, 295 K.


Chemical reduction : Chemical reduction by cobaltocence[32] (Wako) was
effected by adding aliquots of a deaerated cobaltocene solution in DMF
or CH3CN to a deaerated solution of Ru3Os in DMF containing a small
amount of aqueous HNO3. The absorption spectra were recorded after
each addition. The exact concentration of added cobaltocene was deter-
mined by reducing a methyl viologen (MV2+) (MVC+ : e =1.24S
104m�1 cm�1 at l =603 nm) solution.[33] Chemical reduction was also car-
ried out by using tetramethylsemiquinone radical anion as a reductant,
which was obtained by a proportionation reaction of tetramethyl-p-ben-
zoquinone (Wako) with tetramethylhydroquinone dianion that had been
formed by the reaction of tetramethylhydroquinone (TCI) with tetra-
methyl-ammonium hydroxide (Nacalai Tesque).[34]


Preparation of azobpy : The preparation of azobpy has been improved
significantly from a previously reported method,[13] as described herein.
A suspension of 4-nitro(2,2’-bipyridine)[35] (323 mg, 1.61 mmol) in 2-prop-
anol (40 mL) was refluxed. After the suspension became clear, an aque-
ous solution of NaOH (1.1 g/2 mL) was added, and then Zn powder
(2.7 g) was added portionwise over a period of 5 min. After another 3 h
reflux, the reaction mixture was cooled with an ice bath. The resultant
solid was collected on filter paper, washed with hot H2O and EtOH, and
then extracted with hot CHCl3. The removal of CHCl3 afforded an
orange solid (155 mg, 0.46 mmol, 57%), which was suitable for use in the
preparation of [(bpy)2Ru ACHTUNGTRENNUNG(azobpy)]ACHTUNGTRENNUNG(PF6)2


[3a] without further purification.
The characterization data for azobpy are given in ref. [3na].


Preparation of Ru3Os : K2OsCl6 (30 mg, 0.06 mmol) was dissolved in eth-
yleneglycol (30 mL) at 100 8C under Ar. Then, [(bpy)2RuACHTUNGTRENNUNG(azobpy)] ACHTUNGTRENNUNG(PF6)2
(200 mg, 0.2 mmol) was added to this solution, which was then heated at
160 8C for 4 h. The solution was cooled to room temperature, to which
H2O (20 mL) and excess NH4PF6 were added. The precipitate was col-
lected, washed with a small amount of H2O and ether. The solid was
chromatographed on SiO2 eluted with CH3CN/0.4m aqueous KNO3 (3/1).
A blue-green band was collected and the CH3CN was gently evaporated
to leave an aqueous solution, to which excess NH4PF6 was added. The
precipitate was collected, washed with a small amount of H2O and ether,
and dried under vacuum to afford dark green powder. This solid was dis-
solved in CH3CN, to which trifluoroacetic acid (20 mL) was added. The
solvent was removed under reduced pressure and the resulting dark blue
powder was dried under vacuum. This was dissolved in a mixture of H2O
and CH3CN containing NH4PF6. Mild evaporation of CH3CN gave a pre-
cipitate, which was washed with a small amount of H2O and ether, and
dried under vacuum to afford a dark blue solid (14 mg, 6%). 1H NMR
(400 MHz, CD3CN, TMS): d=9.00 (m, 3H), 8.95 (m, 3H), 8.74 (m, 3H),


8.68 (d, 3J (H,H)=8 Hz, 3H), 8.52 (d, 3J (H,H)=8 Hz, 12H), 7.9–8.2 (m,
24H), 7.6–7.8 (m, 24H), 7.3–7.5 ppm (m, 18H); ESMS (CH3CN): cluster
peaks with maxima at m/z : 3461 [(M�PF6)+], 1658 [(M�2 ACHTUNGTRENNUNG(PF6))2+], 1057
[(M�3 ACHTUNGTRENNUNG(PF6))3+]; elemental analysis calcd (%) for
C120H90F48N30OsP8Ru3·8H2O: C 38.44, H 2.85, N 11.21; found: C 38.45, H
2.88, N 10.84.


Theoretical calculations : Density functional calculations were performed
with Gaussian03 (Revision C.02, Gaussian,) by using the spin-restricted
BLYP functional for the open shell molecule[36] on an 8-processor Quan-
tumCubeTM developed by Parallel Quantum Solutions (PQS). The basis
set was the double-z LanL2DZ, which applies effective core potentials[37]


to atoms in the third row and below.
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Hybrid Ligands with N-Heterocyclic Carbene and Chiral Phosphaferrocene
Components


Holger Willms, Walter Frank, and Christian Ganter*[a]


Introduction


N-Heterocyclic carbenes (NHCs) have become an intensive-
ly studied class of ligands for coordination chemistry and
homogeneous catalysis. Because of their modular structures,
many modifications of the basic imidazole-based motif have
been produced.[1] While one area of these studies has been
directed towards the elucidation of the factors determining
the stabilities of the free carbenes in terms of electronic and
steric effects,[2] another part of the investigations has focused
on potential applications of NHCs, mainly as ligands for
transition-metal-catalysed reactions.[3] In the latter context,
significant recent developments include, for example, the in-
corporation of NHC moieties into multidentate chelate li-
gands[4] and the chiral modification of NHCs with implica-
tions for their use in asymmetric catalysis.[5] Ferrocenyl-
based substituents have been used both as sterically de-
manding groups (A and B ; Scheme 1), some of which are
chiral,[6] and as scaffolds for the attachment of additional
donor groups in multidentate NHC ligands (C).[7] On the
other hand, phosphaferrocene derivatives are interesting
chiral ligands featuring electron-poor, good acceptor-type P
atoms in a unique topological arrangement. They have
proven to be useful in stereodiscriminating stoichiometric


and catalytic reactions,[8] while the number of NHC com-
plexes affording high ee values is still quite limited.[5]


Here we report a new type of multidentate hybrid ligand
in which a powerful s-donor NHC is functionalized with
one (4, 13) or two (5, 14, 15) chiral p-acidic phosphaferro-
cene groups, giving bidentate PC- or tridentate PCP-ligands.
These ligands are believed to be well suited for asymmetric
catalysis, because of the closeness of the chiral information
to the metal,[8e] the bulky substituents,[5b] and the electronic
differentiation, which should be more distinct than in other
well investigated PN-ligands.[9]


Results and Discussion


Ligand synthesis : Imidazolium cations 2+ and 3+ were
straightforwardly prepared by treatment of the trimethylam-
monium salt 1I (available from 3,4-dimethylphosphaferro-
cene-2-carbaldehyde by reductive amination[8f] and subse-
quent methylation of the amine) with imidazole or N-meth-
ylimidazole, respectively (Scheme 2). If desired, the ammo-


Abstract: N-Heterocyclic carbenes
(NHCs) possessing one or two 3,4-di-
methylphosphaferrocenyl substituents
and either methylene or ethylene alkyl
bridges have been prepared. These car-
benes turned out to be remarkably
stable and were characterized by NMR
methods and partly by mass spectrome-


try. Their molybdenum and ruthenium
complexes were examined in order to
determine the electronic properties and


the coordination behaviour of these
chiral PC- and PCP-chelate ligands,
which combine a NHC unit as a strong
s-donor with p-accepting phosphafer-
rocene moieties. Crystal structures of
one ligand precursor and of three com-
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Scheme 1. Ferrocenyl-substituted NHCs published by Togni (A, C) and
Bildstein (B).
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nium salt 1I may be obtained in enantiomerically pure form
in gram quantities. However, for the sake of preparative
convenience, the exploratory investigations described in this
paper were carried out with the racemic compound. Thus,
cation 2+ was obtained as a racemic mixture, while 3+ was
formed as its diastereomeric rac and meso forms, which
gave rise to slightly different 31P{1H} NMR resonances at d


�72.6 and �72.8 ppm, respectively (CDCl3). The
1H reso-


nance for the proton at C2 in compound 3+ depends strong-
ly on the counter anion and varies from 8.61 ppm for the
PF6 salt to 11.26 ppm for the chloride. Such behaviour was
also observed for the related ferrocene compounds and led
to an investigation of their application as anion receptors.[10]


The molecular connectivity of the imidazolium cation 3+ as
the iodide salt containing an additional molecule of water
could be unambiguously confirmed by X-ray crystal struc-
ture determination (Figure 1). However, because of the


poor crystal quality the precision of the geometrical parame-
ters does not allow for a meaningful discussion.


Subsequent deprotonation of the imidazolium salts with
NaH in THF in the presence of catalytic amounts of DMSO
yielded the carbenes 4 and 5 in virtually quantitative yields
within five minutes. Carbene 4 is stable for days in THF so-
lution in the absence of air, 5 even for weeks. To the best of
our knowledge this is the highest stability so far observed
for NHCs with metallocene substituents,[6i] even in compari-
son with the structurally very similar ferrocenyl-substituted
NHCs B (n=1) and C prepared by Bildstein[6d] and
Togni.[7a] Both carbenes were characterized by EI mass spec-
trometry and NMR spectroscopy. As expected, the 1H NMR
signals for the protons at C4 and C5, and also the 31P{1H}
resonances, are shifted to higher field than in their imidazo-
lium precursors ([D8]THF). No 13C{1H} signal could be de-
tected for the carbene C atoms, as is frequently observed.


The synthesis of related carbenes incorporating longer
alkyl chains between the phosphaferrocenyl substituents and
the NHC cores is more elaborate. Granting access to several
new imidazolium salts, the imidazole derivative 8
(Scheme 3) proved to be the first target molecule of the re-
action sequence. The crucial step was the elongation of the
phosphaferrocene aldehyde by one CH2 group by an estab-
lished procedure.[11] The extended aldehyde was then con-
verted into the alcohol 6 by reduction with sodium borohy-
dride. The mesylate 7 available from this reacted with
sodium imidazolide in THF at reflux to give the desired in-
termediate 8 as a red oil in good yield (Scheme 3). Heating


of 8 variously with methyl iodide, iodide 9 (available from
the elongated phosphaferrocene alcohol 6 as described by
Olah[12]), or the ammonium salt 1I in acetonitrile led to the
solid imidazolium salts 10I, 11I, and 12I, respectively
(Scheme 4). As the phosphaferrocene aldehyde had been
used as a racemic mixture, cation 11+ was obtained as a
mixture of rac and meso diastereomers showing signals at d


�77.2 and �77.3 ppm in the 31P{1H} NMR spectrum. Cation
10+ was isolated as a racemic mixture, while 12+ consists of
two diastereomers, each racemic.


Just like their methylene-bridged analogues, cations 10+ ,
11+ and 12+ can be deprotonated with NaH in THF/DMSO
to afford the NHCs 13, 14 and 15, respectively. However,


Figure 1. Molecular structure of imidazolium cation 3+ in the solid state.
Iodide, the water molecule and all hydrogen atoms except the one at C1
are omitted for clarity. Anisotropic displacement ellipsoids are drawn at
the 30% probability level.


Scheme 2. Synthesis of phosphaferrocenyl-substituted imidazolin-2-yli-
denes with single methylene groups between the heterocycles. i) HNMe2
(1 equiv), NEt3 (2 equiv), TiCl4 (1 equiv), CH2Cl2, �70 8C!RT, 12 h,
then NaBH3CN (1.5 equiv), MeOH; after workup: MeI (1.1 equiv),
CH2Cl2/Et2O; ii) 1-methylimidazole (1 equiv), CH3CN, reflux, 6 h; iii) imi-
dazole (0.475 equiv), CH3CN, reflux, 12 h; iv) NaH (excess), DMSO/
THF.


Scheme 3. Synthesis of new phosphaferrocene compounds.
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the stabilities of the carbenes with longer alkyl bridges are
reduced in relation to 4 and 5, which may be explained by
the less efficient steric protection of the carbene centre. As
the phosphaferrocenyl groups are attached to the heterocy-
clic carbene through alkyl spacers, any electronic interaction
between the NHC and the substituents can be neglected for
all ligands discussed in this paper.[6a–c] Because of their limit-
ed stabilities, the complete characterization of the carbenes
13, 14 and 15 proved difficult, as the 1H NMR spectra
showed minor signals corresponding to unknown impurities.


Complexation studies : The abilities of the phosphaferrocen-
yl-substituted NHCs to act as bi- and tridentate chelate li-
gands were demonstrated by the preparation of molybde-
num and ruthenium complexes. Heating of ligands 4, 5 and
13 with [Mo(CO)6] yielded Mo carbonyl complexes 16, 18


and 17, respectively.[13] Treatment of 5 with [Mo-
ACHTUNGTRENNUNG(MeCN)3(CO)3] gave fac-19. In all cases, coordination leads
to a considerable downfield shift in the 31P{1H} NMR spec-
tra and reduction of the 2J ACHTUNGTRENNUNG(P,H) coupling constants for the
a-protons of the phospholyl rings in the 1H NMR spectra.
The 13C{1H} spectrum of 16 in [D8]THF shows a doublet for
the carbene carbon at a typical shift[13] of 189 ppm with a 2J-


ACHTUNGTRENNUNG(P,C) coupling of 15 Hz. This signal could not be observed
in the case of complex 17, with the expanded chelate ring.
Both diastereomers of 18, however, again showed doublets
for the carbene carbons at the expected chemical shifts. The
two isomers rac- and meso-5 each give rise to a pair of enan-
tiomeric complexes of type 18, so four singlets are observed
in the 31P{1H} NMR spectrum, two in the range for coordi-
nated phosphaferrocene units and two in the region expect-
ed for the free P-donor. In complex 19, containing meso-5 as
ligand, the two P atoms are equivalent, so one singlet is ob-
served in the 31P{1H} spectrum, while rac-5 affords a C1-sym-
metric complex 19, due to the facial ligand arrangement.
Two doublets are accordingly recorded in the 31P{1H} NMR
spectrum for the latter isomer, with a 2JACHTUNGTRENNUNG(P,P) coupling of
36 Hz.


Orange crystals of complexes 16 and 17 suitable for X-ray
analysis were obtained by layering chloroform solutions of
16 and 17 with hexane. Each complex crystallizes in the
monoclinic space group type P21/n with Z=4. Representa-
tive geometrical data for both structures are summarized in
Table 1.


The molecular structure of 16 (Figure 2) features a dis-
torted octahedral arrangement around the central Mo atom
(P1-Mo1-C1 79.85(10)8) and a distorted coordination mode
of the P-ligand (C5-P1-Mo1 116.27(13)8 ; C8-P1-Mo1
153.27(14)8). The Mo–CO distances trans to P and NHC are
identical within experimental error and do not reflect the
different donor/acceptor properties of these two ligand moi-
eties. However, these Mo–CO distances are significantly
shorter than those involving the other two, mutually trans,
CO groups.


The IR spectrum of complex 19 shows a sharp band at
1924 cm�1 and a broad one at 1823 cm�1 for the CO stretch-
ing vibrations. These wavenumbers fall in the middle of the
range observed for fac-[MoL3(CO)3] complexes of ligands
with different p-acceptor strengths and are comparable to
the values of 1934 and 1835 cm�1 found for [Mo-
ACHTUNGTRENNUNG(PPh3)3(CO)3].


[1c] Such an averaging of the electronic effects


Table 1. Selected interatomic distances [N] and angles [8] in molybde-
num complexes 16 and 17.


16 17


Mo1�C1 2.300(4) 2.268(5)
Mo1�P1 2.4863(11) 2.5057(13)
Mo1�C18 1.979(5) 1.966(6)
Mo1�C17 1.988(5) 1.968(5)
Mo1�C19 2.036(4) 2.040(6)
Mo1�C20 2.050(4) 2.038(6)
P1-Mo1-C1 79.85(10) 82.75(11)
C5-P1-Mo1 116.27(13) 132.63(14)
C8-P1-Mo1 153.27(14) 137.0(2)
N1-C1-Mo1 129.0(3) 128.3(3)
N2-C1-Mo1 128.1(3) 129.2(4)
N1-C1-N2 102.8(3) 102.0(4)
C5-P1-C8 90.36(19) 90.2(2)
C18-Mo1-P1-C8 25.4(3) 34.3(3)
P1-Mo1-C1-N1 �36.2(3) �43.3(3)


Scheme 4. Synthesis of the NHC precursors with extended alkyl bridges.
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would be expected for the interaction of the NHC—which
can be mainly regarded as a s-donor—and the p-accepting
phosphaferrocene moieties.


The Mo–P distance of 2.4863(11) N in 16 lies well within
the range of bond lengths found in comparable Mo com-
plexes with bidentate phosphaferrocene ligands.[8k,l, 11] The
Mo–Ccarbene distance of 2.300(4) N falls in the upper range
usually observed for related complexes, while the N-C-N
angle (102.8(3)8) is remarkably acute.[14]


The X-ray structure of 17 (Figure 3), with a seven-mem-
bered chelate ring, shows a less distorted octahedrally coor-
dinated molybdenum centre than is seen in complex 16 (P1-
Mo1-C1 82.75(11)8). The elongation of the alkyl bridge fur-
ther allows the phosphaferrocene unit to coordinate almost
symmetrically to molybdenum (C5-P1-Mo1 132.63(14)8 ; C8-
P1-Mo1 137.0(2)8).


A seven-membered chelate ring is thus essential in order
to achieve a relaxed geometry for phosphaferrocenes with
additional NHC-donor function, whereas six-membered che-


late rings are sufficient for bidentate ligands bearing one
phosphaferrocene and one phosphine unit.[11] The other
angles and bond lengths show no significant differences,
except for the fact that the N-C-N angle (102.0(4)8) is even
more acute than in 16. The tridentate, facial coordination
mode in complex 19 could also be confirmed by X-ray dif-
fraction. However, although the connectivity of the complex
was unambiguously determined, the final refinement of the
structural model was not suitable for extraction of meaning-
ful distances and angles, due to the poor crystal quality.


Addition of carbene 4 to a suspension of [Cp*RuCl]4
[15] in


THF afforded complex 20 (Scheme 5) with a stereogenic Ru
atom. This complex was obtained as a single diastereomer,
due to the steric demand of the bulky Cp*Ru and CpFe
fragments, as also observed earlier with other bidentate
phosphaferrocene-based ligands.[8f–j] The carbene carbon
couples to the phosphorus atom with a coupling constant of
27 Hz at a chemical shift of 174.3 ppm and thus confirms the
bidentate coordination mode of ligand 4.


Treatment of 5 with the same Ru precursor complex gave
complex 21, as shown by a 31P{1H} NMR spectrum of the
crude product that featured several signals for coordinated
and uncoordinated phosphaferrocene groups in a 1:1 ratio.
The intermediate complex 21, with a bidentate ligand coor-
dination mode, could not be isolated in pure form because it
transformed into the cationic species 22+ either on heating
or upon changing of the solvent, which was essential for
column chromatography. Because of the tridentate PCP co-
ordination of the ligand 5, complex 22+ containing meso-5 is
Cs-symmetric and features one singlet in the 31P{1H} NMR
spectrum, while 22+ with rac-5 exhibits C1 symmetry and is
characterized by two doublets, each with a 2J ACHTUNGTRENNUNG(P,P) coupling
constant of 52 Hz.


Figure 3. Molecular structure of complex 17 in the solid state. Hydrogen
atoms are omitted for clarity. Anisotropic displacement ellipsoids are
drawn at the 30% probability level.


Figure 2. Molecular structure of complex 16 in the solid state. Hydrogen
atoms are omitted for clarity. Anisotropic displacement ellipsoids are
drawn at the 30% probability level.


Scheme 5. Ruthenium complexes with phosphaferrocenyl-substituted
NHCs.
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Crystals suitable for X-ray diffraction containing the com-
plex cation 22+ with the meso ligand were obtained by slow
diffusion of hexane into a chloroform/dichloromethane solu-
tion. Although an elemental analysis confirmed the compo-
sition of complex 22Cl as the chloride, the recrystallisation
procedure to obtain X-ray quality crystals led to the forma-
tion of 22+ as the tetrachloroferrate salt, in which the
charge of two cations is compensated by one FeCl4


2� di-
ACHTUNGTRENNUNGanion, the origin of which is unknown, though presumably it
is formed by partial decomposition of the phosphaferrocene
unit in cation 22+ . Complex (22)2FeCl4 crystallizes in the
monoclinic P21/n spacegroup as a solvate containing one
CHCl3 and two CH2Cl2 molecules. The complex shows a dis-
torted octahedral coordination sphere at the Ru atom (C1-
Ru1-P1 82.5(3)8 ; P1-Ru1-P2 105.03(14)8 ; Figure 4), with the


Cp* ligand and the two CpFe moieties extending in opposite
directions of space. Because of additional repulsion between
the two CpFe fragments the P–Ru vectors are tilted out of
the phospholyl mean planes away from the CpFe fragments
by 18.6 and 26.58, respectively. To the best of our knowledge
this is the highest displacement so far observed.[8f,j] Even the
C–Ru vector is tilted out of the NHC mean plane by 4.58.
Moreover, the P ligand shows a distorted coordination
mode involving the Ru-P-C angles (C5-P1-Ru1 116.6(4)8 ;
C8-P1-Ru1 149.6(4)8). The Ru–Ccarbene distance of
2.028(13) N is shorter than those in published complexes
with a NHC coordinated to a Cp(*)Ru fragment (about
2.10 N)[16] and fits in the range typically observed for Ru
complexes with PCP pincer-type NHCs.[7a,17] In comparison
with previously reported Ru complexes with bidentate phos-
phaferrocene ligands (2.238(1)–2.2912(13) N)[8f–h] the Ru�P


bonds (2.232(4) and 2.250(4) N) are also rather short. The
C-P-C angles[8f–h] in the phospholyl rings, of 86.9(6) and
88.6(7)8, and the N-C-N angle[16,17] at the carbene carbon of
98.6(10)8—usually about 102 to 1048—are exceptionally
acute and thus confirm the steric strain in this air-stable
complex.


Several attempts to prepare palladium complexes of the
new NHC ligands by treatment of solutions of carbenes 4 or
5 with several Pd precursor complexes were made. In all
cases except for one, however, decomposition occurred and
palladium black was obtained. The only successful transfor-
mation was the reaction of 4 with [Pd ACHTUNGTRENNUNG(dba)2], leading to the
bis ACHTUNGTRENNUNG(carbene) Pd0 complex 23, which could be isolated in low
yield (Scheme 6). The proton NMR spectrum confirms the
bidentate coordination mode of the ligands through the re-
duction of the 2JACHTUNGTRENNUNG(P,H) coupling constant for the a-protons
and the typical shift of the protons at C4 and C5 of the N-
heterocycle to higher field. In the 31P{1H} NMR spectrum,
one singlet and two doublets each with a 2J ACHTUNGTRENNUNG(P,P) coupling
constant of 543 Hz are observed. From racemic ligand, one
would expect two doublets for the C1-symmetric, heterochi-
ral complex with one pair of enantiomers and two singlets
for the two possible diastereomers of the C2-symmetric, ho-
mochiral complex. The lack of one singlet in the recorded
31P{1H} spectrum implies that the formation of complex 23
proceeds diastereoselectively. No peaks confirming the iden-
tity of the new palladium complex could be detected by
mass spectrometry. Layering a methylene chloride solution
of 23 with hexane gave red crystals that were unfortunately
too small for X-ray analysis.


It is important to note that all imidazolium precursors of
the NHCs with phosphaferrocenyl substituents described in
this paper failed to give NHC complexes upon treatment
with precursors bearing basic ligands such as PdACHTUNGTRENNUNG(OAc)2, Hg-
ACHTUNGTRENNUNG(OAc)2 or [Ir2 ACHTUNGTRENNUNG(m-OMe)2ACHTUNGTRENNUNG(h


4-cod)2],
[18] which are frequently


used in NHC chemistry to give the desired carbene com-
plexes. Thionation of the free carbenes with elemental
sulfur is also impossible. In all cases, either decomposition
or no reaction at all was observed. Hence it was also impos-
sible to use the ligand-transfer protocol with Ag2O estab-
lished by Lin.[19] This discrepancy in the chemical reactivity
in relation to the ferrocenyl-substituted NHCs[6d] must be as-
cribed to the phosphaferrocene groups. Any influence of the
length of the alkyl spacer can be ruled out, as further pre-
liminary coordination experiments on the elongated NHCs
showed the same behaviour.


Figure 4. Molecular structure of one cation of (22)2FeCl4 with meso-5 as
ligand in the solid state. The FeCl4


2� anion, the solvating CHCl3 and
CH2Cl2 molecules and all hydrogen atoms are omitted for clarity. Aniso-
tropic displacement ellipsoids are drawn at the 30% probability level. Se-
lected interatomic distances [N] and angles [8]: Ru1�C1 2.028(13), Ru1�
P1 2.232(4), Ru1�P2 2.250(4), C1�N1 1.385(14), N1�C2 1.345(13), C2�
C3 1.323(15), C3�N2 1.369(13), N2�C1 1.426(14), P1�C5 1.722(11), C5�
C6 1.396(14), C6�C7 1.400(15), C7�C8 1.399(15), C8�P1 1.711(11), P1-
Ru1-P2 105.03(14), C1-Ru1-P1 82.5(3), C1-Ru1-P2 84.0(4), N1-C1-N2
98.6(10), C5-P1-Ru1 116.6(4), C8-P1-Ru1 149.6(4), C5-P1-C8 86.9(6),
C17-P2-C20 88.6(7). Scheme 6. Synthesis of bisACHTUNGTRENNUNG(carbene) bischelate complex 23.
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Catalysis : Given the recent successful application of biden-
tate phosphine-NHC ligands in cross-coupling reactions,[4d,7f]


a preliminary study relating to the catalytic applicability of
the new palladium complex 23 in the Suzuki cross-coupling
reaction[20] between p-bromoacetophenone and phenylbor-
onic acid was undertaken. The reaction was conducted in
the presence of 23 (0.01 mol%) and K2CO3 as base. After
the reaction mixture had been heated at reflux in toluene
for 2 h (3, 4 h), 88% (92, 97%) conversion had been ach-
ieved, and pure p-phenylacetophenone was isolated in
>95% yield after workup.


Conclusion


We have introduced phosphaferrocenyl-substituted N-
hetero ACHTUNGTRENNUNGcyclic carbenes as a new class of chiral chelate ligands.
Because of their remarkable stabilities in solution under
inert atmosphere—particularly in relation to the analogous
ferrocene compounds—these carbenes could be character-
ized by NMR spectroscopy and partly by mass spectrometry.
Molybdenum and ruthenium complexes were prepared in
order to study the coordination behaviour of the new bi-
and tridentate NHC ligands. X-ray analyses of the former
complexes did not reveal the expected electronic differences
between the strong s-donor NHC and the p-accepting phos-
phaferrocene substituents but indicated the seven-mem-
bered chelate ring to be less strained than the six-membered
one. A palladium complex of one of the new ligands showed
catalytic activity in the Suzuki cross-coupling reaction. Fur-
ther studies of the coordination chemistry and catalytic ap-
plications of the new compounds are currently in progress.


Experimental Section


General : All reactions were carried out under dry nitrogen by conven-
tional Schlenk techniques. Solvents were dried and purified by standard
methods. Alumina was heated at 200 8C for 12 h, cooled to room temper-
ature under high vacuum, deactivated with water (5%), and stored under
nitrogen. NMR spectra were recorded on a Bruker Avance DRX 500 and
a Bruker Avance DRX 200 spectrometer. 1H and 13C{1H} spectra are ref-
erenced to the residual solvent signal, and 31P{1H} spectra to external
H3PO4 (85%). Mass spectra were recorded on a Finnigan MAT 8200
(FAB, EI). Elemental analyses were performed by the Institute for Phar-
maceutical Chemistry at the Heinrich-Heine-Universit>t D;sseldorf on a
Perkin–Elmer 2400 Series II CHN elemental analyzer. IR spectra were
obtained with a Bruker IFS 66 (KBr) and a Digilab Excalibur FTS 3500
(ATR). Pfc denotes a 3,4-dimethylphosphaferrocenyl group. 2-Dimethyl-
ACHTUNGTRENNUNGaminomethyl-3,4-dimethylphosphaferrocene,[8f] 2-(3,4-dimethylphospha-
ferrocen-2-yl)ethanol (6),[11] [2-(3,4-dimethylphosphaferrocen-2-yl)ethyl]
methylsulfonate (7),[11] and [Cp*RuCl]4


[15] were prepared by published
procedures.


(3,4-Dimethylphosphaferrocen-2-yl)methyltrimethylammonium iodide
(1I): A solution of 2-dimethylaminomethyl-3,4-dimethylphosphaferrocene
(6.735 g, 23.30 mmol) in CH2Cl2 (60 mL)/diethyl ether (60 mL) was treat-
ed with methyl iodide (1.60 mL, 25.6 mmol, 1.1 equiv). After a few min-
ACHTUNGTRENNUNGutes a yellow solid precipitated. The crude product was filtered off and
washed with diethyl ether (2R20 mL) to give 1I as a yellow powder
(8.710 g, 86%). 1H NMR (200 MHz, [D6]acetone, 25 8C): d=2.27 (s, 3H;
CH3), 2.48 (s, 3H; CH3), 3.27 (s, 9H; NMe3), 4.10 (d, 2J ACHTUNGTRENNUNG(P,H)=37.1 Hz,


1H; a-CH), 4.35 (s, 5H; Cp), 4.41 (dd, 2J ACHTUNGTRENNUNG(H,H)=13.8, 3J ACHTUNGTRENNUNG(P,H)=5.5 Hz,
1H; CH2NMe3), 4.82 ppm (dd, 2J ACHTUNGTRENNUNG(H,H)=13.8, 3J ACHTUNGTRENNUNG(P,H)=15.6 Hz, 1H;
CH2NMe3);


13C{1H} NMR (126 MHz, [D6]DMSO, 25 8C): d =14.2 (s;
CCH3), 16.4 (s; CCH3), 51.0 (d, 4J ACHTUNGTRENNUNG(P,C)=3.4 Hz; NMe3), 65.0 (d, 2J-
ACHTUNGTRENNUNG(P,C)=19.5 Hz; CH2), 72.5 (s; Cp), 78.8 (d, 1J ACHTUNGTRENNUNG(P,C)=57.6 Hz; a-CH),
80.7 (d, 1J ACHTUNGTRENNUNG(P,C)=60.4 Hz; a-CCH2), 95.8 (d, 2J ACHTUNGTRENNUNG(P,C)=4.3 Hz; CCH3),
97.4 ppm (d, 2J ACHTUNGTRENNUNG(P,C)=7.2 Hz; CCH3);


31P{1H} NMR (81 MHz,
[D6]acetone, 25 8C): d=�57.8 ppm (s); MS (FAB): m/z (%): 304 (24)
[M]+ , 245 (100) [PfcCH2]


+ ; elemental analysis calcd (%) for
C15H23FeINP (431.1): C 41.76, H 5.38, N 3.25; found: C 41.50, H 5.12, N
3.22.


1-[(3,4-Dimethylphosphaferrocen-2-yl)methyl]-3-methylimidazolium
iodide (2I): A solution of compound 1I (500 mg, 1.16 mmol) in acetoni-
trile (10 mL) was treated with 1-methylimidazole (92 mL, 1.2 mmol).
After the reaction mixture had been heated under reflux for 6 h, removal
of the solvent gave 2I as a yellow powder. The product can optionally be
washed with HCl (2n, 2R5 mL) and water (1R5 mL) and then dried
under vacuum. Yield without wash: 527 mg (100%); 1H NMR (200 MHz,
[D8]THF+[D6]DMSO (5%), 25 8C): d=2.26 (s, 3H; CH3), 2.37 (s, 3H;
CH3), 3.92 (d, 2J ACHTUNGTRENNUNG(P,H)=36.9 Hz, 1H; a-CH), 4.01 (s, 3H; NCH3), 4.39 (s,
5H; Cp), 4.98 (dd, 2J ACHTUNGTRENNUNG(H,H)=14.7, 3J ACHTUNGTRENNUNG(P,H)=6.2 Hz, 1H; CH2), 5.57 (dd,
2J ACHTUNGTRENNUNG(H,H)=14.7, 3J ACHTUNGTRENNUNG(P,H)=14.7 Hz, 1H; CH2), 7.73 (br s, 1H; HC=CH),
7.79 (br s, 1H; HC=CH), 9.47 ppm (s, 1H; NCHN); 13C{1H} NMR
(126 MHz, CDCl3, 25 8C): d =14.1 (s; CCH3), 16.8 (s; CCH3), 37.1 (s;
NCH3), 50.3 (d, 2J ACHTUNGTRENNUNG(P,C)=23.3 Hz; CH2), 72.6 (s; Cp), 77.7 (d, 1J ACHTUNGTRENNUNG(P,C)=


58.6 Hz; a-CH), 87.0 (d, 1J ACHTUNGTRENNUNG(P,C)=59.4 Hz; a-CCH2), 94.3 (d, 2J ACHTUNGTRENNUNG(P,C)=


4.5 Hz; CCH3), 97.6 (d, 2J ACHTUNGTRENNUNG(P,C)=7.5 Hz; CCH3), 121.1 (s; HC=CH),
123.5 (s; HC=CH), 135.4 ppm (s; NCHN); 31P{1H} NMR (81 MHz,
[D8]THF+[D6]DMSO (5%), 25 8C): d=�73.8 ppm (s); MS (FAB): m/z
(%): 327 (44) [M]+ , 245 (100) [PfcCH2]


+ ; elemental analysis calcd (%)
for C16H20FeIN2P (454.1): C 42.32, H 4.44, N 6.17; found: C 42.38, H 4.62,
N 5.93.


rac-/meso-1,3-Bis-[(3,4-dimethylphosphaferrocen-2-yl)methyl]imidazoli-
um iodide (3I): Imidazole (167 mg, 2.45 mmol, 0.475 equiv) was added to
a solution of compound 1I (2.226 g, 5.16 mmol) in acetonitrile (50 mL).
The reaction mixture was heated at reflux overnight and then evaporated
to dryness. The yellow-red solid was treated with HCl (2n, 20 mL) and
ultrasound until the powder was clear yellow and the aqueous phase
slightly red. The crude product was filtered off, washed with HCl (2n, 2R
20 mL) and water (1R20 mL), and then dried under vacuum (1.361 g,
81%); the diastereomers were obtained in a 1:1 ratio; 1H NMR
(200 MHz, CDCl3, 25 8C): d =2.18, 2.19, 2.23, 2.27 (4Rs, 24H; CH3), 3.88
(d, 2J ACHTUNGTRENNUNG(P,H)=36.8 Hz, 4H; a-CH), 4.28 (s, 20H; Cp), 4.71 (dd, 2J ACHTUNGTRENNUNG(H,H)=


14.6, 3J ACHTUNGTRENNUNG(P,H)=5.9 Hz, 4H; CH2), 5.45 (dd, 2J ACHTUNGTRENNUNG(H,H)=14.6, 3J ACHTUNGTRENNUNG(P,H)=


14.6 Hz, 4H; CH2), 7.03 (br s, 4H; HC=CH), 10.45, 10.51 ppm (2Rs, 2H;
NCHN); 13C{1H} NMR (126 MHz, CDCl3, 25 8C): d=14.1, 14.2 (2Rs;
CCH3), 16.8 (2Rs; CCH3), 50.4 (brd, 2J ACHTUNGTRENNUNG(P,C)=23.3 Hz; CH2), 72.7 (s;
Cp), 77.6 (d, 1J ACHTUNGTRENNUNG(P,C)=58.6 Hz; a-CH), 87.3, 87.4 (2Rd, 1J ACHTUNGTRENNUNG(P,C)=59.2 Hz;
a-CCH2), 94.3, 94.4 (2Rd, 2J ACHTUNGTRENNUNG(P,C)=4.5 Hz; CCH3), 97.6 (brd, 2J ACHTUNGTRENNUNG(P,C)=


7.0 Hz; CCH3), 120.7 (br s; HC=CH), 134.5 ppm (2Rs; NCHN); 31P{1H}
NMR (81 MHz, CDCl3, 25 8C): d=�72.8 (s), �72.6 ppm (s); MS (FAB):
m/z (%): 557 (16) [M]+ , 245 (100) [PfcCH2]


+ ; elemental analysis calcd
(%) for C27H31Fe2IN2P2 (684.1): C 47.40, H 4.57, N 4.09; found: C 47.32,
H 4.71, N 4.00. Red crystals suitable for X-ray analysis were grown by
slowly cooling down a hot solution of 3I in MeOH.


General procedure for the preparation of the N-heterocyclic carbenes : In
a small Schlenk tube the corresponding NHC precursor was dissolved or
suspended in an appropriate volume of DMSO/THF and treated with an
excess of NaH. During the reaction, which could be tracked by means of
the hydrogen evolution, the colour of the solution changed from yellow
to orange or red. When the gas evolution had stopped, either the desired
precursor complex was added to the suspension containing the carbene
or the Schlenk tube was centrifuged until the sedimentation of NaI and
excess NaH. The supernatant carbene solution was then transferred to
the other reaction mixture by syringe.


1-[(3,4-Dimethylphosphaferrocen-2-yl)methyl]-3-methylimidazolin-2-yli-
dene (4): In a small Schlenk tube, NHC precursor 2I (80 mg, 0.18 mmol)
was suspended in DMSO (0.2 mL)/THF (2.0 mL) and deprotonated by
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the general procedure. Yield: quantitative (according to the NMR spec-
tra); 1H NMR (200 MHz, [D8]THF+[D6]DMSO (10%), 25 8C): d=2.23
(s, 3H; CCH3), 2.31 (s, 3H; CCH3), 3.74 (s, 3H; NCH3), 3.80 (d, 2J-
ACHTUNGTRENNUNG(P,H)=36.3 Hz, 1H; a-CH), 4.29 (s, 5H; Cp), 4.65 (dd, 2J ACHTUNGTRENNUNG(H,H)=14.5, 3J-
ACHTUNGTRENNUNG(P,H)=6.9 Hz, 1H; CH2), 5.57 (dd, 2J ACHTUNGTRENNUNG(H,H)=14.5, 3J ACHTUNGTRENNUNG(P,H)=14.5 Hz, 1H;
CH2), 7.05 (s, 1H; HC=CH), 7.10 ppm (s, 1H; HC=CH); 13C{1H} NMR
(126 MHz, [D8]THF+[D6]DMSO (10%), 25 8C): d=12.9 (s; CCH3), 15.8
(s; CCH3), 36.6 (s; NCH3), 49.9 (d, 2J ACHTUNGTRENNUNG(P,C)=21.0 Hz; CH2), 71.7 (s; Cp),
76.0 (d, 1J ACHTUNGTRENNUNG(P,C)=58.5 Hz; a-CH), 93.7 (d, 2J ACHTUNGTRENNUNG(P,C)=4.9 Hz; CCH3), 94.5
(d, 1J ACHTUNGTRENNUNG(P,C)=58.4 Hz; a-CCH2), 96.0 (d, 2J ACHTUNGTRENNUNG(P,C)=6.8 Hz; CCH3), 117.6 (d,
4J ACHTUNGTRENNUNG(P,C)=2.8 Hz; HC=CH), 119.2 ppm (s; HC=CH); 31P{1H} NMR
(81 MHz, [D8]THF+[D6]DMSO (10%), 25 8C): d =�74.9 ppm (s); MS
(EI, 70 eV): m/z (%): 326 (5) [M]+, 245 (100) [PfcCH2]


+ .


rac-/meso-1,3-Bis-[(3,4-dimethylphosphaferrocen-2-yl)methyl]imidazolin-
2-ylidene (5): In a small Schlenk tube NHC precursor 3I (100 mg,
0.15 mmol) was dissolved in DMSO (0.1 mL)/THF (2.0 mL) and depro-
tonated by the general procedure. Yield: quantitative (according to the
NMR spectra); 1H NMR (200 MHz, [D8]THF+[D6]DMSO (5%), 25 8C):
d=2.20, 2.21, 2.27, 2.30 (4Rs, 24H; CH3), 3.76 (d, 2J ACHTUNGTRENNUNG(P,H)=36.8 Hz, 4H;
a-CH), 4.26 (s, 20H; Cp), 4.61 (dd, 2J ACHTUNGTRENNUNG(H,H)=14.4, 3J ACHTUNGTRENNUNG(P,H)=6.9 Hz, 4H;
CH2), 5.04 (dd, 2J ACHTUNGTRENNUNG(H,H)=14.4, 3J ACHTUNGTRENNUNG(P,H)=14.4 Hz, 4H; CH2), 6.94 ppm
(br s, 4H; HC=CH); 13C{1H} NMR (126 MHz, [D8]THF+[D6]DMSO
(5%), 25 8C): d=13.0 (2Rs; CCH3), 15.8 (2Rs; CCH3), 49.7 (brd, 2J-
ACHTUNGTRENNUNG(P,C)=21.3 Hz; CH2), 71.9 (s; Cp), 76.2 (d, 1J ACHTUNGTRENNUNG(P,C)=58.4 Hz; a-CH),
92.7 (brd, 1J ACHTUNGTRENNUNG(P,C)=62.3 Hz; a-CCH2), 93.8, 93.9 (2Rd, 2J ACHTUNGTRENNUNG(P,C)=3.9 Hz;
CCH3), 96.3 (d, 2J ACHTUNGTRENNUNG(P,C)=6.6 Hz; CCH3), 118.8 ppm (br s; HC=CH);
31P{1H} NMR (81 MHz, [D8]THF+[D6]DMSO (5%), 25 8C): d=�75.2
(s), �75.0 ppm (s); MS (EI, 70 eV): m/z (%): 556 (2) [M]+ , 312 (49)
[M�PfcCH2+H]+ , 245 (100) [PfcCH2]


+ , 121 (44) [CpFe]+ .


1-[2-(3,4-Dimethylphosphaferrocen-2-yl)ethyl]imidazole (8): Imidazole
(482 mg, 7.08 mmol, 2 equiv) was dissolved in THF (20 mL) and depro-
tonated with excess NaH until the gas evolution had ceased. Mesylate 7
(1,111 g, 3.14 mmol) in THF (15 mL) was added, and the reaction mix-
ture was then heated at reflux overnight. After quenching with water
(5 mL), the crude product was extracted with dichloromethane and
washed several times with aqueous NaOH (2n). The organic layer was
dried over anhydrous sodium sulfate, filtered under nitrogen, and evapo-
rated to dryness to give a red oil (892 mg, 87%). 1H NMR (200 MHz,
CDCl3 25 8C): d =1.90 (s, 3H; CCH3), 2.13 (s, 3H; CCH3), 2.55 (m, 2H;
PfcCH2CH2), 3.69 (d, 2J ACHTUNGTRENNUNG(P,H)=36.5 Hz, 1H; a-CH), 3.85 (m, 2H;
PfcCH2CH2), 4.04 (s, 5H; Cp), 6.79 (br s, 1H; HC=CH), 6.98 (br s, 1H;
HC=CH), 7.30 ppm (br s, 1H; NCHN); 13C{1H} NMR (126 MHz, CDCl3,
25 8C): d=13.1 (s; CCH3), 16.8 (s; CCH3), 32.7 (d, 2J ACHTUNGTRENNUNG(P,C)=19.6 Hz;
PfcCH2CH2), 49.1 (br s; PfcCH2CH2), 71.9 (s; Cp), 75.8 (d, 1J ACHTUNGTRENNUNG(P,C)=


58.2 Hz; a-CH), 93.3 (d, 2J ACHTUNGTRENNUNG(P,C)=4.8 Hz; CCH3), 94.1 (d, 1J ACHTUNGTRENNUNG(P,C)=


58.8 Hz; a-CCH2), 95.8 (d, 2J ACHTUNGTRENNUNG(P,C)=6.7 Hz; CCH3), 119.0 (br s; HC=CH),
129.2 (br s; HC=CH), 137.1 ppm (br s; NCHN); 31P{1H} NMR (81 MHz,
CDCl3, 25 8C): d=�78.3 ppm (s); MS (FAB): m/z (%): 327 (98)
ACHTUNGTRENNUNG[M+H]+ , 326 (100) [M]+ , 259 (44) [PfcCH2CH2]


+ , 245 (29) [PfcCH2]
+ .


2-(3,4-Dimethylphosphaferrocen-2-yl)ethyl iodide (9): Alcohol 6 (475 mg,
1.72 mmol) and sodium iodide (773 mg, 5.16 mmol, 3 equiv) were dis-
solved in acetonitrile (5 mL) and treated with Me3SiCl (0.44 mL,
3.44 mmol, 2 equiv). After the mixture had been stirred overnight at
50 8C, diethyl ether (20 mL) and water (5 mL) were added with vigorous
stirring. The organic layer was separated and washed successively with
water (10 mL), aqueous Na2S2O3 solution (10%, 3 mL) and brine (3 mL).
The red solution was then dried over anhydrous sodium sulfate, filtered
under nitrogen and evaporated to dryness to give an orange oil. The
crude product was purified by column chromatography on neutral alumi-
na (hexane). Yield: 293 mg (44%); 1H NMR (500 MHz, CDCl3, 25 8C):
d=2.14 (s, 3H; CH3), 2.19 (s, 3H; CH3), 2.70 (m, 2H; CH2CH2I), 3.08
(m, 2H; CH2CH2I), 3.73 (d, 2J ACHTUNGTRENNUNG(P,H)=36.3 Hz, 1H; a-CH), 4.11 ppm (s,
5H; Cp); 13C{1H} NMR (126 MHz, CDCl3, 25 8C): d=4.7 (d, 3J ACHTUNGTRENNUNG(P,C)=


7.3 Hz; CH2CH2I), 13.6 (s; CCH3), 17.0 (s; CCH3), 35.6 (d, 2J ACHTUNGTRENNUNG(P,C)=


19.3 Hz; CH2CH2I), 72.0 (s; Cp), 75.8 (d, 1J ACHTUNGTRENNUNG(P,C)=58.6 Hz; a-CH), 92.7
(d, 2J ACHTUNGTRENNUNG(P,C)=4.9 Hz; CCH3), 95.8 (d, 2J ACHTUNGTRENNUNG(P,C)=6.8 Hz; CCH3), 97.9 ppm
(d, 1J ACHTUNGTRENNUNG(P,C)=58.7 Hz; a-CCH2);


31P{1H} NMR (202 MHz, CDCl3, 25 8C):


d=�78.4 ppm (s); MS (EI, 70 eV): m/z (%): 386 (100) [M]+ , 259 (71)
[PfcCH2CH2]


+ , 121 (33) [CpFe]+ .


1-[2-(3,4-Dimethylphosphaferrocen-2-yl)ethyl]-3-methylimidazolium
iodide (10I): Methyl iodide (0.18 mL, 2.8 mmol, 2 equiv) was added to a
solution of 8 (461 mg, 1.41 mmol) in acetonitrile (10 mL). The reaction
mixture was heated at reflux for 3 h and then evaporated to dryness. The
residue was taken up in dichloromethane and washed with HCl (2n, 2R
10 mL) and water (1R10 mL). The organic layer was dried over anhy-
drous sodium sulfate and filtered. Evaporation of the solvent gave an
orange solid (480 mg, 73%). 1H NMR (200 MHz, CDCl3, 25 8C): d =2.06
(s, 3H; CCH3), 2.09 (s, 3H; CCH3), 2.66 (m, 2H; PfcCH2CH2), 3.59 (d,
2J ACHTUNGTRENNUNG(P,H)=36.5 Hz, 1H; a-CH), 3.97 (s, 3H; NCH3), 4.04 (s, 5H; Cp), 4.22
(m, 2H; PfcCH2CH2), 7.28 (br s, 1H; HC=CH), 7.51 (br s, 1H; HC=CH),
9.72 ppm (br s, 1H; NCHN); 13C{1H} NMR (126 MHz, CDCl3, 25 8C): d=


13.7 (s; CCH3), 16.8 (s; CCH3), 32.6 (d, 2J ACHTUNGTRENNUNG(P,C)=18.3 Hz; PfcCH2CH2),
38.9 (s; NCH3), 49.5 (br s; PfcCH2CH2), 72.3 (s; Cp), 74.8 (d, 1J ACHTUNGTRENNUNG(P,C)=


52.3 Hz; a-CH), 92.9 (d, 1J ACHTUNGTRENNUNG(P,C)=55.0 Hz; a-CCH2), 93.1 (d, 2J ACHTUNGTRENNUNG(P,C)=


5.5 Hz; CCH3), 95.2 (d, 2J ACHTUNGTRENNUNG(P,C)=5.7 Hz; CCH3), 121.2 (s; HC=CH),
121.8 (s; HC=CH), 136.3 ppm (br s; NCHN); 31P{1H} NMR (81 MHz,
CDCl3, 25 8C): d=�77.3 ppm (s); MS (FAB): m/z (%): 341 (100) [M]+ ,
259 (38) [PfcCH2CH2]


+ , 245 (16) [PfcCH2]
+ .


rac-/meso-1,3-Bis-[2-(3,4-dimethylphosphaferrocen-2-yl)ethyl]imidazoli-
um iodide (11I): A solution of imidazole 8 (280 mg, 0.86 mmol) and
iodide 9 (331 mg, 0.86 mmol) in acetonitrile (10 mL) was heated at reflux
overnight. After evaporation of the solvent, the residue was dissolved in
dichloromethane (20 mL) and washed with HCl (2n, 2R10 mL) and
water (10 mL). The organic layer was dried over sodium sulfate and fil-
tered. The crude product was then freed from organometallic impurities
by column chromatography on neutral alumina (1–2 cm). The product
was eluted with THF/MeOH 50:1. Yield: 407 mg (67%); the diastereo-
mers were obtained in a 1:1 ratio; 1H NMR (200 MHz, CDCl3, 25 8C):
d=2.15 (s, 12H; CCH3), 2.18 (s, 6H; CCH3), 2.19 (s, 6H; CCH3), 2.78
(m, 8H; PfcCH2CH2), 3.69 (d, 2J ACHTUNGTRENNUNG(P,H)=36.6 Hz, 4H; a-CH), 4.13 (s,
20H; Cp), 4.27 (m, 8H; PfcCH2CH2), 6.94 (d, 3J ACHTUNGTRENNUNG(H,H)=1.4 Hz, 2H;
HC=CH), 6.96 (d, 3J ACHTUNGTRENNUNG(H,H)=1.4 Hz, 2H; HC=CH), 10.71 ppm (br s, 2H;
NCHN); 13C{1H} NMR (126 MHz, CDCl3, 25 8C): d=13.9 (s; CCH3), 16.9
(s; CCH3), 31.7 (d, 2J ACHTUNGTRENNUNG(P,C)=19.8 Hz; PfcCH2CH2), 31.8 (d, 2J ACHTUNGTRENNUNG(P,C)=


20.2 Hz; PfcCH2CH2), 51.4 (br s; PfcCH2CH2), 72.3 (s; Cp), 75.8, 75.9 (2R
d, 1J ACHTUNGTRENNUNG(P,C)=58.3 Hz; a-CH), 92.0 (d, 1J ACHTUNGTRENNUNG(P,C)=59.4 Hz; a-CCH2), 93.6 (2R
d, 2J ACHTUNGTRENNUNG(P,C)=4.2, 4.8 Hz; CCH3), 96.2 (d, 2J ACHTUNGTRENNUNG(P,C)=6.2 Hz; CCH3), 96.3 (d,
2J ACHTUNGTRENNUNG(P,C)=6.6 Hz; CCH3), 121.9 (s; HC=CH), 137.2 ppm (2Rs; NCHN);
31P{1H} NMR (81 MHz, CDCl3, 25 8C): d=�77.2 (s), �77.3 ppm (s); MS
(FAB): m/z (%): 585 (100) [M]+ , 259 (91) [PfcCH2CH2]


+ , 245 (35)
[PfcCH2]


+ .


1-[2-(3,4-Dimethylphosphaferrocen-2-yl)ethyl]-3-[(3,4-dimethylphospha-
ferrocen-2-yl)methyl]imidazolium iodide (12I): Imidazole 8 (149 mg,
0.46 mmol) and ammonium iodide 1I (197 mg, 0.46 mmol) were dissolved
in acetonitrile (10 mL) and heated at reflux overnight. After evaporation
of the solvent the crude product was purified by column chromatography
on neutral alumina (1–2 cm). Impurities were removed with THF/MeOH
50:1 as eluent, and the product was eluted with THF/MeOH 20:1. Yield:
283 mg (88%); the diastereomers were obtained in a 1:1 ratio. (In the
following analysis of the NMR spectra two abbreviations are used: sac=


N-substituent with short alkyl chain, lac=N-substituent with long alkyl
chain). 1H NMR (200 MHz, CDCl3, 25 8C): d=2.11, 2.11 (2Rs, 6H;
sac CCH3), 2.16, 2.19 (2Rs, 12H; lac CCH3), 2.21, 2.25 (2Rs, 6H;
sac CCH3), 2.75 (m, 4H; lac PfcCH2CH2), 3.64, 3.66 (2Rd, 2J ACHTUNGTRENNUNG(P,H)=


36.5 Hz, 2H; sac a-CH), 3.89 (d, 2J ACHTUNGTRENNUNG(P,H)=36.7 Hz, 2H; lac a-CH), 4.11,
4.12 (2Rs, 10H; lac Cp), 4.26, 4.27 (2Rs, 10H; sac Cp), 4.29 (m, 4H;
lac PfcCH2CH2), 4.72, 4.73 (2Rdd, 2J ACHTUNGTRENNUNG(H,H)=14.7, 3J ACHTUNGTRENNUNG(P,H)=5.8 Hz, 2H;
sac CH2), 5.41 (dd, 2J ACHTUNGTRENNUNG(H,H)=14.7, 3J ACHTUNGTRENNUNG(P,H)=14.7 Hz, 2H; sac CH2), 7.00,
7.03 (2Rd, 3J ACHTUNGTRENNUNG(H,H)=1.8 Hz, 2H; HC=CH), 7.13, 7.14 (2Rd, 3J ACHTUNGTRENNUNG(H,H)=


1.6 Hz, 2H; HC=CH), 10.12 ppm (br s, 2H; NCHN); 13C{1H} NMR
(126 MHz, CDCl3, 25 8C): d=13.7, 13.7, 13.9, 14.0, 16.5, 16.6, 16.6 (7Rs;
CCH3), 31.1 (d, 2J ACHTUNGTRENNUNG(P,C)=19.3 Hz; lac PfcCH2CH2), 50.0 (d, 2J ACHTUNGTRENNUNG(P,C)=


23.1 Hz; sac PfcCH2), 51.2 (br s; lac PfcCH2CH2), 71.8, 72.2 (2Rs; Cp),
75.7 (d, 1J ACHTUNGTRENNUNG(P,C)=58.4 Hz; a-CH), 77.3 (d, 1J ACHTUNGTRENNUNG(P,C)=58.8 Hz; a-CH), 86.5
(d, 1J ACHTUNGTRENNUNG(P,C)=58.9 Hz; a-CCH2), 91.3 (d, 1J ACHTUNGTRENNUNG(P,C)=59.6 Hz; a-CCH2), 93.0,
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93.9, 95.8, 97.1 (4 br s; CCH3), 120.6, 122.3, 122.4 (3Rs; HC=CH),
134.5 ppm (br s; NCHN); 31P{1H} NMR (81 MHz, CDCl3, 25 8C): d=


�77.0 (s; lac), �72.1 (s; sac), �71.9 ppm (s; sac); MS (FAB): m/z (%):
571 (19) [M]+ , 245 (100) [PfcCH2]


+ .


1-[2-(3,4-Dimethylphosphaferrocen-2-yl)ethyl]-3-methylimidazolin-2-yli-
dene (13): In a small Schlenk tube, NHC precursor 10I (200 mg,
0.43 mmol) was dissolved in DMSO (0.1 mL)/THF (2.0 mL) and depro-
tonated by the general procedure. Yield: quantitative (according to the
NMR spectra); 1H NMR (500 MHz, [D8]THF+[D6]DMSO (5%), 25 8C):
d=2.22 (s, 3H; CCH3), 2.23 (s, 3H; CCH3), 2.72 (m, 2H; PfcCH2CH2),
3.70 (d, 2J ACHTUNGTRENNUNG(P,H)=36.6 Hz, 1H; a-CH), 3.95 (s, 3H; NCH3), 4.20 (s, 5H;
Cp), 4.24 (m, 2H; PfcCH2CH2), 7.68 (br s, 1H; HC=CH), 7.71 ppm (br s,
1H; HC=CH); 31P{1H} NMR (81 MHz, [D8]THF+[D6]DMSO (5%),
25 8C): d =�78.1 ppm (s).


rac-/meso-1,3-Bis-[2-(3,4-dimethylphosphaferrocen-2-yl)ethyl]imidazolin-
2-ylidene (14): In a NMR tube, NHC precursor 11I (20 mg, 0.04 mmol)
was dissolved in DMSO (0.03 mL)/THF (0.6 mL) and deprotonated with
excess NaH. When the gas evolution had ceased, the NMR tube was cen-
trifuged and spectra were recorded instantly. Yield: not determined, par-
tial decomposition; 1H NMR (200 MHz, [D8]THF+[D6]DMSO (5%),
25 8C): d=2.12, 2.18, 2.21, 2.25 (4Rs, 24H; CCH3), 2.55 (m, 8H;
PfcCH2CH2), 3.66 (d, 2J ACHTUNGTRENNUNG(P,H)=36.6 Hz, 2H; a-CH), 3.72 (d, 2J ACHTUNGTRENNUNG(P,H)=


36.5 Hz, 2H; a-CH), 4.12 (s, 10H; Cp), 4.17 (s, 10H; Cp), 4.17 (m, 8H;
PfcCH2CH2), 7.53 (br s, 2H; HC=CH), 7.54 ppm (br s, 2H; HC=CH);
31P{1H} NMR (81 MHz, [D8]THF+[D6]DMSO (5%), 25 8C): d=


�78.3 ppm (s).


[(4)Mo(CO)4] (16): In a small Schlenk tube, NHC precursor 2I (80 mg,
0.18 mmol) was dissolved in DMSO (0.2 mL)/THF (2.0 mL) and treated
with an excess of NaH. When the hydrogen evolution had stopped, solid
Mo(CO)6 (47 mg, 0.18 mmol) was added to the suspension containing the
carbene. The reaction mixture was allowed to stir for 2 h at 60 8C, giving
a deep red suspension. After quenching with a small volume of water the
suspension was evaporated to dryness. The residue was then purified by
column chromatography on neutral alumina. Elution with diethyl ether/
THF 5:1 and subsequent removal of the solvents gave 16 as a yellow
solid (49 mg, 52%). 1H NMR (200 MHz, CDCl3, 25 8C): d =2.19 (s, 3H;
CCH3), 2.22 (s, 3H; CCH3), 3.79 (d, 2J ACHTUNGTRENNUNG(P,H)=34.2 Hz, 1H; a-CH), 3.97
(s, 3H; NCH3), 4.03 (s, 5H; Cp), 4.49 (dd, 2J ACHTUNGTRENNUNG(H,H)=14.7, 3J ACHTUNGTRENNUNG(P,H)=


14.7 Hz, 1H; CH2), 4.61 (dd, 2J ACHTUNGTRENNUNG(H,H)=14.7, 3J ACHTUNGTRENNUNG(P,H)=12.5 Hz, 1H; CH2),
6.87 (d, 3J ACHTUNGTRENNUNG(H,H)=1.8 Hz, 1H; HC=CH), 6.89 ppm (d, 3J ACHTUNGTRENNUNG(H,H)=1.8 Hz,
1H; HC=CH); 13C{1H} NMR (126 MHz, [D8]THF, 25 8C): d=11.8 (d, 3J-
ACHTUNGTRENNUNG(P,C)=2.1 Hz; CCH3), 15.1 (d, 3J ACHTUNGTRENNUNG(P,C)=4.0 Hz; CCH3), 38.6 (s; NCH3),
49.5 (d, 2J ACHTUNGTRENNUNG(P,C)=13.4 Hz; CH2), 69.0 (d, 1J ACHTUNGTRENNUNG(P,C)=15.2 Hz; a-CH), 72.5
(s; Cp), 87.0 (d, 1J ACHTUNGTRENNUNG(P,C)=3.0 Hz; a-CCH2), 90.8 (d, 2J ACHTUNGTRENNUNG(P,C)=2.5 Hz;
CCH3), 91.6 (d, 2J ACHTUNGTRENNUNG(P,C)=1.6 Hz; CCH3), 120.7 (s; HC=CH), 122.8 (s;
HC=CH), 188.9 (d, 2J ACHTUNGTRENNUNG(P,C)=15.3 Hz; NCN), 207.5 (d, 2J ACHTUNGTRENNUNG(P,C)=11.3 Hz;
CO), 209.4 (d, 2J ACHTUNGTRENNUNG(P,C)=11.8 Hz; CO), 216.6 (d, 2J ACHTUNGTRENNUNG(P,C)=40.1 Hz; CO),
216.8 ppm (d, 2J ACHTUNGTRENNUNG(P,C)=11.2 Hz; CO); 31P{1H} NMR (81 MHz, CDCl3,
25 8C): d=�17.8 ppm (s); IR (ATR): ñ=2010, 1896, 1869 cm�1 (C=O);
MS (FAB): m/z (%): 536 (54) [M]+ , 480 (100) [M�2CO]+ , 424 (98)
[M�4CO]+ ; elemental analysis calcd (%) for C20H19FeMoN2O4P (534.1):
C 44.97, H 3.59, N 5.24; found: C 45.08, H 3.62, N 5.27. Layering a
chloroform solution of 16 with hexane afforded orange crystals suitable
for X-ray analysis.


[(13)Mo(CO)4] (17): In a small Schlenk tube, NHC precursor 10I
(205 mg, 0.44 mmol) was dissolved in DMSO (0.1 mL)/THF (2.0 mL) and
treated with an excess of NaH. When the hydrogen evolution had stop-
ped, solid [Mo(CO)6] (116 mg, 0.44 mmol) was added to the suspension
containing the carbene. The reaction mixture was allowed to stir for 2 h
at 60 8C, giving a deep red suspension. After quenching with a small
volume of water, the suspension was evaporated to dryness. The residue
was then purified by column chromatography on neutral alumina. Elu-
tion with diethyl ether to THF and subsequent removal of the solvents
gave 17 as a yellow powder (192 mg, 80%). 1H NMR (200 MHz, CDCl3,
25 8C): d=2.09 (s, 3H; CCH3), 2.16 (s, 3H; CCH3), 2.61 (m, 2H;
PfcCH2CH2), 3.61 (d, 2J ACHTUNGTRENNUNG(P,H)=33.9 Hz, 1H; a-CH), 3.93 (s, 3H; NCH3),
4.15 (br s, 5H; Cp), 4.38 (m, 1H; PfcCH2CH2), 4.88 (m, 1H; PfcCH2CH2),
6.91 (d, 3J ACHTUNGTRENNUNG(H,H)=1.8 Hz, 1H; HC=CH), 6.93 ppm (d, 3J ACHTUNGTRENNUNG(H,H)=1.8 Hz,


1H; HC=CH); 13C{1H} NMR (126 MHz, CDCl3, 25 8C): d =13.3 (d, 3J-
ACHTUNGTRENNUNG(P,C)=2.5 Hz; CCH3), 16.4 (d, 3J ACHTUNGTRENNUNG(P,C)=4.3 Hz; CCH3), 33.4 (d, 2J ACHTUNGTRENNUNG(P,C)=


10.7 Hz; PfcCH2CH2), 39.9 (s; NCH3), 49.9 (d, 3J ACHTUNGTRENNUNG(P,C)=10.4 Hz;
PfcCH2CH2), 69.8 (br s; a-CH), 73.4 (s; Cp), 88.5 (d, 1J ACHTUNGTRENNUNG(P,C)=15.8 Hz; a-
CCH2), 91.5 (br s; CCH3), 93.3 (s; CCH3), 121.0 (s; HC=CH), 122.8 (s;
HC=CH), 208.6 (d, 2J ACHTUNGTRENNUNG(P,C)=11.0 Hz; CO), 216.5 ppm (d, 2J ACHTUNGTRENNUNG(P,C)=


10.1 Hz; CO); two further signals for CO could not be detected unambig-
uously; 31P{1H} NMR (81 MHz, CDCl3, 25 8C): d=�23.1 ppm (br s); IR
(ATR): ñ=2010, 1891, 1861 cm�1 (C=O); MS (FAB): m/z (%): 550 (22)
[M]+ , 522 (6) [M�CO]+ , 494 (100) [M�2CO]+ , 438 (53) [M�4CO]+ ; el-
emental analysis calcd (%) for C21H21FeMoN2O4P (548.2): C 46.01, H
3.86, N 5.11; found: C 46.22, H 4.14, N 5.03. Layering a chloroform solu-
tion of 17 with hexane afforded orange crystals suitable for X-ray analy-
sis.


[(5)Mo(CO)4] (18): In a small Schlenk tube, NHC precursor 3I (100 mg,
0.15 mmol) was dissolved in DMSO (0.1 mL)/THF (2.0 mL) and treated
with an excess of NaH. When the hydrogen evolution had stopped, solid
[Mo(CO)6] (39 mg, 0.15 mmol) was added to the suspension containing
the carbene. The reaction mixture turned deep red while being allowed
to stir for 2 h at 60 8C. After quenching with a small volume of water, the
suspension was evaporated to dryness. The residue was then subjected to
column chromatography on neutral alumina. Elution with diethyl ether
and subsequent removal of the solvents gave 18 as a yellow powder; ad-
ditionally a small amount of complex 19 was eluted with diethyl ether/
THF 2:1. Yield: 77 mg 18 (69%), 21 mg 19 (20%); the diastereomers of
18 were obtained in a 1:1 ratio; 1H NMR (200 MHz, CDCl3, 25 8C): d=


2.10, 2.13, 2.21, 2.22 (4Rs, 24H; CH3), 3.80, 3.82 (2Rd, 2J ACHTUNGTRENNUNG(P,H)=34.3 Hz,
2H; a-CH), 3.87 (d, 2J ACHTUNGTRENNUNG(P,H)=36.1 Hz, 2H; a-CH), 3.98 (s, 5H; Cp), 4.03
(s, 5H; Cp), 4.29 (s, 10H; Cp), 4.34–4.70 (m, 4H; CH2), 4.70 (dd, 2J-
ACHTUNGTRENNUNG(H,H)=14.3, 3J ACHTUNGTRENNUNG(P,H)=6.5 Hz, 1H; CH2), 4.96 (dd, 2J ACHTUNGTRENNUNG(H,H)=14.4, 3J-
ACHTUNGTRENNUNG(P,H)=6.2 Hz, 1H; CH2), 5.33 (dd, 2J ACHTUNGTRENNUNG(H,H)=14.8, 3J ACHTUNGTRENNUNG(P,H)=14.8 Hz, 1H;
CH2), 5.47 (dd, 2J ACHTUNGTRENNUNG(H,H)=14.4, 3J ACHTUNGTRENNUNG(P,H)=14.4 Hz, 1H; CH2), 6.75 ppm (m,
4H; HC=CH); 13C{1H} NMR (126 MHz, CDCl3, 25 8C): d=13.4, 13.6,
16.5, 16.9, 17.0 (5Rs; CCH3), 50.6 (d, 2J ACHTUNGTRENNUNG(P,C)=14.1 Hz; CH2), 50.7 (d, 2J-
ACHTUNGTRENNUNG(P,C)=13.7 Hz; CH2), 52.3 (d, 2J ACHTUNGTRENNUNG(P,C)=22.9 Hz; CH2), 52.5 (d, 2J ACHTUNGTRENNUNG(P,C)=


23.5 Hz; CH2), 69.7 (d, 1J ACHTUNGTRENNUNG(P,C)=14.2 Hz; a-CH), 69.8 (d, 1J ACHTUNGTRENNUNG(P,C)=


13.4 Hz; a-CH), 72.6, 73.0, 73.0 (3Rs; Cp), 77.7 (d, 1J ACHTUNGTRENNUNG(P,C)=2.5 Hz; a-
CH), 86.9 (d, 1J ACHTUNGTRENNUNG(P,C)=48.1 Hz; a-CCH2), 87.0 (d, 1J ACHTUNGTRENNUNG(P,C)=48.0 Hz; a-
CCH2), 89.4 (d, 1J ACHTUNGTRENNUNG(P,C)=58.1 Hz; a-CCH2), 90.1 (d, 1J ACHTUNGTRENNUNG(P,C)=58.7 Hz; a-
CCH2), 90.9 (d, 2J ACHTUNGTRENNUNG(P,C)=20.3 Hz; CCH3), 92.0 (d, 2J ACHTUNGTRENNUNG(P,C)=20.5 Hz;
CCH3), 95.0 (brd, 2J ACHTUNGTRENNUNG(P,C)=3.5 Hz; CCH3), 96.9 (d, 2J ACHTUNGTRENNUNG(P,C)=6.6 Hz;
CCH3), 97.1 (d, 2J ACHTUNGTRENNUNG(P,C)=6.9 Hz; CCH3), 118.0, 118.0, 122.1, 122.5 (4Rs;
HC=CH), 188.8 (d, 2J ACHTUNGTRENNUNG(P,C)=15.7 Hz; NCN), 188.9 (d, 2J ACHTUNGTRENNUNG(P,C)=17.5 Hz;
NCN), 207.1 (d, 2J ACHTUNGTRENNUNG(P,C)=11.1 Hz; CO), 207.9 (d, 2J ACHTUNGTRENNUNG(P,C)=11.5 Hz; CO),
209.2 (d, 2J ACHTUNGTRENNUNG(P,C)=11.5 Hz; CO), 210.1 (d, 2J ACHTUNGTRENNUNG(P,C)=11.8 Hz; CO), 217.2
(d, 2J ACHTUNGTRENNUNG(P,C)=39.7 Hz; CO), 217.3 (d, 2J ACHTUNGTRENNUNG(P,C)=39.1 Hz; CO), 217.6 (d, 2J-
ACHTUNGTRENNUNG(P,C)=10.9 Hz; CO), 217.7 ppm (d, 2J ACHTUNGTRENNUNG(P,C)=10.0 Hz; CO); 31P{1H} NMR
(81 MHz, CDCl3, 25 8C): d=�70.9 (s), �69.8 (s), �20.1 (s), �18.9 ppm
(s); IR (ATR): ñ=2008, 1952, 1880, 1847 cm�1 (C=O); MS (FAB): m/z
(%): 766 (2) [M]+ , 682 (13) [M�3CO]+ , 589 (3) [M�4CO�Cp]+ , 533
(17) [M�4CO�CpFe]+ , 468 (12) [M�4CO�CpFe�Cp]+ , 412 (8)
[M�4CO�2CpFe]+ , 245 (100) [PfcCH2]


+ .


[(5)Mo(CO)3] (19): Imidazolium iodide 3I (100 mg, 0.15 mmol) was dis-
solved in DMSO (0.1 mL)/THF (2.0 mL) and converted into the free car-
bene 5 by the general procedure. The red solution containing the carbene
was then added to [Mo ACHTUNGTRENNUNG(MeCN)3(CO)3] (44 mg, 0.15 mmol), which had
been freshly dissolved in acetonitrile (2 mL). The solution was allowed to
stir for a few minutes before the solvents were evaporated under
vacuum. The product was then purified by column chromatography on
neutral alumina (diethyl ether/THF 2:1) and a yellow powder was ob-
tained (72 mg, 65%). Compound 19 with rac ligand was obtained in a
higher proportion than 19 with meso ligand; 1H NMR (200 MHz, CDCl3,
25 8C): d =2.09, 2.12, 2.14, 2.19, 2.25 (5Rs; CH3), 3.42 (s; Cprac-5), 3.72 (d,
2J ACHTUNGTRENNUNG(P,H)=34.3 Hz; a-CH), 3.76 (d, 2J ACHTUNGTRENNUNG(P,H)=33.8 Hz; a-CH), 4.12 (dd, 2J-
ACHTUNGTRENNUNG(H,H)=14.4, 3J ACHTUNGTRENNUNG(P,H)=20.4 Hz; CH2), 4.35 (s; Cpmeso-5), 4.39 (s; Cprac-5),
4.54 (dd, 2J ACHTUNGTRENNUNG(H,H)=14.4, 3J ACHTUNGTRENNUNG(P,H)=20.0 Hz; CH2), 4.82 (dd, 2J ACHTUNGTRENNUNG(H,H)=


14.4, 3J ACHTUNGTRENNUNG(P,H)=6.2 Hz; CH2), 5.00 (dd, 2J ACHTUNGTRENNUNG(H,H)=14.4, 3J ACHTUNGTRENNUNG(P,H)=5.4 Hz;
CH2), 5.12 (dd, 2J ACHTUNGTRENNUNG(H,H)=14.4, 3J ACHTUNGTRENNUNG(P,H)=6.0 Hz; CH2), 6.64 (s; HC=CH),
6.76 (d, 3J ACHTUNGTRENNUNG(H,H)=1.7 Hz; HC=CH), 6.84 ppm (d, 3J ACHTUNGTRENNUNG(H,H)=1.7 Hz; HC=
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CH); 13C{1H} NMR (126 MHz, CDCl3, 25 8C): d =13.3 (s; CCH3), 13.4
(2Rd, 3J ACHTUNGTRENNUNG(P,C)=1.9, 2.0 Hz; CCH3), 16.4 (d, 3J ACHTUNGTRENNUNG(P,C)=3.4 Hz; CCH3), 16.5
(s; CCH3), 16.8 (d, 3J ACHTUNGTRENNUNG(P,C)=3.0 Hz; CCH3), 50.5 (d, 2J ACHTUNGTRENNUNG(P,C)=13.0 Hz;
CH2), 51.0 (d, 2J ACHTUNGTRENNUNG(P,C)=14.5 Hz; CH2), 69.7 (d, 2J ACHTUNGTRENNUNG(P,C)=15.8 Hz; CH2),
70.0 (d, 1J ACHTUNGTRENNUNG(P,C)=24.0 Hz; a-CH), 70.8 (d, 1J ACHTUNGTRENNUNG(P,C)=19.8 Hz; a-CH), 71.9,
73.4, 73.5 (3Rs; Cp), 87.0 (s; a-CCH2), 87.4 (d, 1J ACHTUNGTRENNUNG(P,C)=4.6 Hz; a-
CCH2), 88.3 (d, 1J ACHTUNGTRENNUNG(P,C)=4.8 Hz; a-CCH2), 89.2 (s; CCH3), 89.3 (d, 2J-
ACHTUNGTRENNUNG(P,C)=1.6 Hz; CCH3), 91.2 (d, 2J ACHTUNGTRENNUNG(P,C)=8.5 Hz; CCH3), 91.4 (d, 2J ACHTUNGTRENNUNG(P,C)=


3.4 Hz; CCH3), 120.0, 120.3, 121.8 ppm (3Rs; HC=CH); 31P{1H} NMR
(81 MHz, CDCl3, 25 8C): d =�22.2 (d, 2J ACHTUNGTRENNUNG(P,P)=36.3 Hz), �10.9 (s),
�10.6 ppm (d, 2J ACHTUNGTRENNUNG(P,P)=36.3 Hz); IR (KBr): ñ =1934, 1835 cm�1 (C=O);
MS (FAB): m/z (%): 557 (6) [3]+ , 245 (100) [PfcCH2]


+ .


ACHTUNGTRENNUNG[Cp*(4)RuCl] (20): In a small Schlenk tube, NHC precursor 2I (133 mg,
0.29 mmol, 4 equiv) was dissolved in DMSO (0.2 mL)/THF (2 mL) and
treated with an excess of NaH. When the hydrogen evolution had stop-
ped, solid [Cp*RuCl]4 (100 mg, 0.07 mmol, 1.25 equiv) was added to the
suspension containing the carbene. The deep red suspension was
quenched with a small volume of water and then evaporated to dryness.
The residue was subjected to column chromatography on neutral alumina
(THF/MeOH 10:1). Evaporation of the yellow eluate gave an orange–
brown solid (150 mg, 85%). 1H NMR (200 MHz, CDCl3, 25 8C): d =1.63
(d, 4J ACHTUNGTRENNUNG(P,H)=3.0 Hz, 15H; Cp*), 2.29 (s, 3H; CCH3), 2.46 (s, 3H; CCH3),
3.35 (d, 2J ACHTUNGTRENNUNG(P,H)=34.0 Hz, 1H; a-CH), 4.04 (s, 3H; NCH3), 4.21 (s, 5H;
Cp), 4.43 (dd, 2J ACHTUNGTRENNUNG(H,H)=16.3, 3J ACHTUNGTRENNUNG(P,H)=2.4 Hz, 1H; CH2), 5.68 (dd, 2J-
ACHTUNGTRENNUNG(H,H)=16.3, 3J ACHTUNGTRENNUNG(P,H)=18.0 Hz, 1H; CH2), 7.18 (d, 3J ACHTUNGTRENNUNG(H,H)=1.8 Hz, 1H;
HC=CH), 8.24 ppm (d, 3J ACHTUNGTRENNUNG(H,H)=1.8 Hz, 1H; HC=CH); 13C{1H} NMR
(126 MHz, CDCl3, 25 8C): d=10.0 (s; Me of Cp*), 13.4 (d, 3J ACHTUNGTRENNUNG(P,C)=


3.2 Hz; CCH3), 16.3 (d, 3J ACHTUNGTRENNUNG(P,C)=5.0 Hz; CCH3), 39.0 (s; NCH3), 51.0 (d,
2J ACHTUNGTRENNUNG(P,C)=10.1 Hz; CH2), 59.8 (s; a-CH), 74.3 (s; Cp), 78.1 (d, 2J ACHTUNGTRENNUNG(P,C)=


11.8 Hz; a-CCH2), 91.8 (d, 2J ACHTUNGTRENNUNG(P,C)=4.2 Hz; CCH3), 92.5 (s; CCH3), 93.7
(s; Cp*), 122.3 (s; HC=CH), 127.1 (s; HC=CH), 174.3 ppm (d, 2J ACHTUNGTRENNUNG(P,C)=


26.5 Hz; NCN); 31P{1H} NMR (81 MHz, CDCl3, 25 8C): d=15.7 ppm (s);
MS (FAB): m/z (%): 563 (100) [M�Cl]+ , 245 (30) [PfcCH2]


+ .


ACHTUNGTRENNUNG[Cp*(5)Ru]Cl (22Cl): Imidazolium iodide 3I (100 mg, 0.15 mmol,
4 equiv) was converted into the free carbene 5 by the general procedure.
The red solution containing the carbene was then added to [Cp*RuCl]4
(40 mg, 0.04 mmol) dissolved in THF (1 mL). At this point a 31P{1H}
NMR of the crude reaction mixture showed the existence of complex 21
with ligand 5 in a bidentate coordination mode. The suspension was then
freed from all solvents, and the residue was subjected to column chroma-
tography on neutral alumina (THF/MeOH 10:1). Evaporation of the
eluate afforded an orange solid (85 mg, 70%), compound 22Cl with rac
ligand was obtained in a higher proportion than 22Cl with meso ligand;
1H NMR (200 MHz, CDCl3, 25 8C): d =1.51, 1.92 (t/virtual t, 4J ACHTUNGTRENNUNG(P,H)=


2.9 Hz; Cp*), 2.14, 2.21, 2.24, 2.32, 2.34, 2.38 (6Rs; CCH3), 3.29 (d, 2J-
ACHTUNGTRENNUNG(P,H)=32.2 Hz; a-CH), 3.40 (s; Cprac-5), 3.44 (d, 2J ACHTUNGTRENNUNG(P,H)=33.5 Hz; a-
CH), 4.18 (s; Cpmeso-5), 4.40 (m; CH2), 4.41 (s; Cprac-5), 4.78 (dd, 2J ACHTUNGTRENNUNG(H,H)=


14.8, 3J ACHTUNGTRENNUNG(P,H)=21.8 Hz; CH2), 5.07 (m; CH2), 7.52 (br s; HC=CH), 7.64
(br s; HC=CH), 7.67 ppm (br s; HC=CH); 13C{1H} NMR (126 MHz,
CDCl3, 25 8C): d=10.5, 11.3 (2Rs; Me of Cp*), 13.3 (s; CCH3), 13.4, 13.6
(2Rd, 3J ACHTUNGTRENNUNG(P,C)=3.1 Hz; CCH3), 16.4 (d, 3J ACHTUNGTRENNUNG(P,C)=4.6 Hz; CCH3), 16.7 (s;
CCH3), 16.7 (d, 3J ACHTUNGTRENNUNG(P,C)=4.5 Hz; CCH3), 49.4 (d, 3J ACHTUNGTRENNUNG(P,C)=15.8 Hz; CH2),
49.8 (d, 3J ACHTUNGTRENNUNG(P,C)=11.2 Hz; CH2), 51.2 (br s; CH2), 61.5 (dd, 1J ACHTUNGTRENNUNG(P,C)=5.2,
3J ACHTUNGTRENNUNG(P,C)=3.6 Hz; a-CH), 63.4 (dd, 1J ACHTUNGTRENNUNG(P,C)=5.3, 3J ACHTUNGTRENNUNG(P,C)=5.3 Hz; a-CH),
64.8 (d, 1J ACHTUNGTRENNUNG(P,C)=4.5 Hz; a-CH), 72.7, 73.7, 74.1 (3Rs; Cp), 80.2 (br s; a-
CCH2), 82.3 (br s; a-CCH2), 84.0 (br s; a-CCH2), 89.8 (d, 2J ACHTUNGTRENNUNG(P,C)=4.3 Hz;
CCH3), 89.8 (s; CCH3), 91.4 (d, 2J ACHTUNGTRENNUNG(P,C)=5.5 Hz; CCH3), 91.6 (s; CCH3),
91.7 (s; CCH3), 92.4 (s; CCH3), 92.7, 94.0 (2Rs; Cp*), 122.8 (s; HC=CH),
124.4 (s; HC=CH), 124.6 ppm (s; HC=CH); 31P{1H} NMR (81 MHz,
CDCl3, 25 8C): d=10.5 (s), 18.8 (d, 2J ACHTUNGTRENNUNG(P,P)=52.3 Hz), 22.2 ppm (d, 2J-
ACHTUNGTRENNUNG(P,P)=52.3 Hz); MS (FAB): m/z (%): 793 (100) [M]+ , 245 (65)
[PfcCH2]


+ ; elemental analysis calcd (%) for C37H45ClFe2N2P2Ru (827.9):
C 53.68, H 5.48, N 3.38; found: C 53.59, H 5.68, N 3.26. Layering of a
chloroform/dichloromethane solution of 22Cl with hexane afforded red
crystals of (22)2FeCl4 suitable for X-ray analysis.


[(4)2Pd] (23): Imidazolium iodide 2I (80 mg, 0.18 mmol, 2 equiv) was
converted into the free carbene 4 by the general procedure. The red solu-
tion containing the carbene was then added to [Pd ACHTUNGTRENNUNG(dba)2] (51 mg,


0.09 mmol) suspended in THF (2 mL). The resulting dark suspension was
evaporated to dryness, and the residue was subjected to column chroma-
tography on neutral alumina. Elution with THF and subsequent removal
of the solvents gave a mixture of dba and complex 23. Layering of a
CH2Cl2 solution of this mixture with hexane afforded red crystals of the
homochiral diastereomer of 23. Yield: 5 mg (7%).


Homochiral 23 : 1H NMR (200 MHz, CDCl3, 25 8C): d=2.27 (s, 6H;
CCH3), 2.28 (s, 6H; CCH3), 3.57 (s, 6H; NCH3), 4.14 (d, 2J ACHTUNGTRENNUNG(P,H)=


32.0 Hz, 2H; a-CH), 4.26 (s, 10H; Cp), 4.40 (m, 2H; CH2), 5.50 (dd, 2J-
ACHTUNGTRENNUNG(H,H)=15.1, 3J ACHTUNGTRENNUNG(P,H)=3.6 Hz, 2H; CH2), 6.81 (d, 3J ACHTUNGTRENNUNG(H,H)=1.8 Hz, 2H;
HC=CH), 6.86 ppm (d, 3J ACHTUNGTRENNUNG(H,H)=1.8 Hz, 2H; HC=CH); 31P{1H} NMR
(81 MHz, CDCl3, 25 8C): d=43.1 ppm (s).


Heterochiral 23 : 1H NMR (200 MHz, CDCl3, 25 8C): d=2.22 (s, 6H;
CCH3), 2.28 (covered s, 3H; CCH3), 2.30 (s, 3H; CCH3), 3.18 (s, 3H;
NCH3), 3.93 (d, 2J ACHTUNGTRENNUNG(P,H)=32.6 Hz, 2H; a-CH), 4.29 (s, 5H; Cp), 4.33 (s,
5H; Cp), 4.39 (s, 3H; NCH3), 4.43 (m, 1H; CH2), 4.49 (m, 1H; CH2),5.38
(dd, 2J ACHTUNGTRENNUNG(H,H)=15.1, 3J ACHTUNGTRENNUNG(P,H)=3.1 Hz, 1H; CH2), 5.79 (dd, 2J ACHTUNGTRENNUNG(H,H)=14.6,
3J ACHTUNGTRENNUNG(P,H)=6.3 Hz, 1H; CH2), 6.56, 6.66 (2Rd, 3J ACHTUNGTRENNUNG(H,H)=1.9 Hz, 2H; HC=


CH), 6.98, 7.01 ppm (2Rd, 3J ACHTUNGTRENNUNG(H,H)=1.9 Hz, 2H; HC=CH); 31P{1H}
NMR (81 MHz, CDCl3, 25 8C): d=�45.7 (d, 2J ACHTUNGTRENNUNG(P,P)=543.0 Hz),
�27.7 ppm (d, 2J ACHTUNGTRENNUNG(P,P)=543.0 Hz).


Catalysis : A Schlenk flask was charged under nitrogen with p-bromoace-
tophenone (3.38 g, 17.0 mmol, 1.0 equiv), phenylboronic acid (3.11 g,
25.5 mmol, 1.5 equiv) and potassium carbonate (4.70 g, 34.0 mmol,
2.0 equiv). Crystals of complex 23 (1.0 mg, 1.3R10�6 mmol, 0.01 mol%)
were then added, and the reaction mixture was heated at reflux in tolu-
ene (30 mL) for 4 h. Samples were taken after 2, 3 and 4 h, and the prog-
ress of the conversion was determined by integration of the 1H NMR res-
onances of the methyl groups of the starting material and of p-phenylace-
tophenone. After aqueous workup the crude product was purified by
column chromatography.


X-ray crystallographic study : Crystals of compounds [3I]·H2O, 16, 17 and
[(22)2FeCl4]·2CH2Cl2·CHCl3 were investigated with a Stoe IPDS with use
of graphite-monochromatised MoKa radiation (l =0.71073 N) at 291 K. In
the case of [3I]·H2O only crystals of very limited quality were obtained,
while in the case of [(22)2FeCl4]·2CH2Cl2·CHCl3 only small crystals were
available. The space group type P21/n was exclusively determined for all
four compounds. Lp corrections were applied to all the intensity data,
and absorption corrections using symmetry equivalent reflections were
performed. The structures were solved by direct methods,[21] and the posi-
tions of all but some of the H atoms of the iodide and of the ruthenium
compound were found by DF syntheses. Refinements[22] by full-matrix,
least-squares calculations on F2 converged to the indicators given in
Table 2. Anisotropic displacement parameters were refined for all atoms
heavier than hydrogen. Appropriate restraints had to be applied in the
case of the ruthenium compound. Idealized bond lengths and angles
were used for all the CH3, CH2 and CH groups and the solvent water
molecule of the iodide; the riding model was applied for their H atoms.
In addition, the H atoms of the CH3 groups, with the exceptions of those
at C9 and C10 of [3I]·H2O, were allowed to rotate around the neighbour-
ing C�C bonds; the H atoms of the water molecule were allowed for free
rotation. The isotropic displacement parameters of the H atoms were
kept equal to 120% of the equivalent isotropic displacement parameters
of the parent “aromatic” or secondary carbon atom and equal to 150%
of the parent primary carbon or oxygen atom, respectively. A summary
of further crystallographic data, data collection parameters, and refine-
ment parameters is collected in Table 2.


CCDC 659378 ([3I]·H2O), 659379 (16), 659380 ([(22)2FeCl4]·
ACHTUNGTRENNUNG2CH2Cl2·CHCl3) and 659381 (17) contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of charge
from The Cambridge Crystallographic Data Centre via www.ccdc.cam.
ac.uk/data_request/cif.
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Table 2. Crystallographic data for compounds 3I·H2O, 16, 17 and [(22)2FeCl4]·2CH2Cl2·CHCl3.


Compound 3I·H2O 16 17 [(22)2FeCl4]·2CH2Cl2·CHCl3


formula C27H33Fe2IN2OP2 C20H19FeMoN2O4P C21H21FeMoN2O4P C77H95Cl11Fe5N4P4Ru2


M 702.09 534.13 548.16 2071.79
crystal system monoclinic monoclinic monoclinic monoclinic
space group P21/n P21/n P21/n P21/n
a [N] 7.5930(5) 11.200(2) 11.0112(8) 20.6545(12)
b [N] 28.1741(19) 16.911(4) 17.4908(16) 18.7192(12)
c [N] 13.9685(10) 11.364(2) 11.5612(8) 23.3704(13)
b [8] 102.85(3) 98.84(2) 95.089(9) 97.364(7)
V [N3] 2913.4(5) 2126.8(7) 2217.8(3) 8961.3(9)
Z 4 4 4 4
1calcd [gcm


�3] 1.601 1.668 1.642 1.536
F ACHTUNGTRENNUNG(000) 1408 1072 1104 4200
m ACHTUNGTRENNUNG(MoKa) [mm�1] 2.188 1.375 1.321 1.556
2Vmax [8] 52.16 52.16 51.80 52.20
total reflections 29225 19050 15846 127936
independent reflec-
tions


5701 4170 4207 17629


observed reflections
[I > 2s(I)]


2488 2831 2686 4195


parameters refined 324 265 274 946
R1/wR2 [I > 2s(I)] 0.1022, 0.2754 0.0385, 0.0864 0.0410, 0.0792 0.0665, 0.1225
R1/wR2 (all data) 0.1625, 0.2879 0.0549, 0.0891 0.0616, 0.0807 0.2097, 0.1348
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between Holo- and Hemidirected Structures within the [Pb(CO)n]


2+ Model
Series
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Introduction


The Pb2+ cation has a [Xe]4f145d106s26p0 electronic configu-
ration and exhibits an especially versatile character with re-
spect to the HSAB (Hard and Soft Acids and Bases)
theory[1,2] for which it appears as a borderline acid,[3] able to
bind to wide families of ligands[4] within very flexible coordi-
nation modes (mono- to decacoordinated).[5,6] The fact that
it has been used for centuries in manufacturing or, more re-
cently, as an antidetonant in oils, has resulted in a global
lead poisoning unambiguously attested since 1965.[7] Its
chemical properties make it possible to bind to a number of
biochemically relevant systems, which results in saturnism.


Zn2+-binding proteins such as ALAD (AminoLevulinic
Acid Dehydratase), or Ca2+-binding proteins such as CaM
(calmoduline), are known to be targeted by Pb2+ in lead in-
toxications.[8–11]


The aqueous chemistry of lead has been investigated for
many years in order to develop, among others, water or soil
clean-up processes, probes, sensors or sequestering
agents.[12–18] Recently,[19] a theoretical modelling of the solva-
tion of Pb2+ has been reported and has provided a descrip-
tion compatible with the sole experimental data known.[20,21]


The gas-phase chemistry of Pb2+ is less known although a
number of species have been experimentally detected.[6,22–24]


However, the spectroscopic and theoretical investigations of
gas-phase complexes remain surprisingly rare despite avail-
able high-level theoretical data.[25] To the best of our knowl-
edge, studies devoted to such species are limited to:
Pb ACHTUNGTRENNUNG(H2O), PbACHTUNGTRENNUNG(HO2), PbOH, PbH2, PbO, PbO2 and
PbO3.


[26–28] Recently, this series has been extended to [Pb-
ACHTUNGTRENNUNG(H2O)]2+ and [Pb(OH)]+ , both compounds involved in the
aqueous, and maybe in the atmospheric chemistry of
lead.[3,29] It should be pointed out that, within all these spe-


Abstract: In this Contribution, we
focus to the currently unknown
[Pb(CO)n]


2+ model series (n=1 to 10),
a set of compounds which allows us to
investigate in-depth the holo- and hem-
idirectional character that lead com-
plexes can exhibit. By means of DFT
computations performed using either
relativistic four-component formalisms
coupled to all-electron basis sets for
[Pb(CO)]2+ , [Pb(OC)]2+ and
[Pb(CO)2]


2+ , or scalar relativistic pseu-
dopotentials for higher n values, the
structure and the energetics of these
species are investigated. The results are
complemented by Constrained Space
Orbital Variations (CSOV) and Elec-


tron Localization Function (ELF) com-
prehensive analyses in order to get
better insights into the poorly docu-
mented chemical fundamentals of the
Pb2+ cation. Whereas the discrimina-
tion between holo- and hemidirected
structures is usually done according to
the geometry, we here provide a quan-
titative indicator grounded on h1iV(Pb),
the mean charge density of the valence
monosynaptic V(Pb) ELFic basin asso-


ciated to the metal cation. Free-enthal-
py relying discussions show, moreover,
that those gas-phase complexes having
n=7, 8 or 9 may be experimentally in-
stable and should dissociate into
[Pb(CO)6]


2+ and a number of CO li-
gands. According to second-order dif-
ferences in energy, it is anticipated that
the n=3 or 6 structures should be the
most probable structures in the gas
phase. Gathering all data from the
present theoretical study allows us to
propose some concepts that the versa-
tile structural chemistry of Pb2+ com-
plexes could rely on.
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cies, only PbH2 has been spectroscopically characterized by
means of its IR spectrum,[30,31] but a few other examples
have been unambiguously identified: [PbnCO],24 Pb2, or
Pb2


� for instance.[32]


One among the possible reasons for this lack of theoreti-
cal investigations on leaded complexes is the treatment of
relativistic effects. Up to now, it has been possible to treat
both problems, correlation and relativity, by using scalar rel-
ativistic pseudopotentials coupled to the correlated tech-
niques usually used in quantum chemistry.[4,19,24, 26,27,29, 32–42]


However, the examination of relativistic effects at a four-
component level of calculation has been reported at various
levels of theory for a few mono-leaded structures:[32] PbO,[35]


PbCl4,
[35] PbH4,


[35,43] Pb ACHTUNGTRENNUNG(CH3)3H,[43] [Pb ACHTUNGTRENNUNG(H2O)]2+ ,[29] and
[Pb(OH)]+ .[29]


Lead complexes exhibit the fundamental characteristic of
being either hemi- or holodirected, as depicted in Figure 1,
according to the capability of the Pb2+ valence lone pair to


localize and become spatially directed, or to remain holo-
tropic, thus inducing holodirected structures.[5,16, 44] Following
our previous investigations on leaded compounds,[19,29,45–46]


we will herein investigate this topological transition within
the [Pb(CO)n]


2+ series. We anticipate that this contribution
will stimulate refined theoretical and spectroscopic gas-
phase investigations on such complexes. While investigations
on the neutral [Pbn(CO)] species (n=1–4)[24] and an unsuc-
cessful attempt to detect the anionic system [Pb(CO)]�[47]


have been published, to the best of our knowledge, such
[Pb(CO)n]


2+ complexes have never been reported, neither
experimentally nor theoretically.


The paper is organized as follows. We first present the set
of methodologies used and then turn to the structural de-
scription of the [Pb(CO)n]


2+ compounds. Then, the natural
charges, the frequencies of the stretching n(CO) vibrations
and the energetics are investigated within the series. Finally,
the mean charge density, volume and population of the ELF
(Electron Localization Function) basins Vn(Pb) are reported
and discussed.


We must emphasize that such investigations will provide a
deeper insight into the hemi- or holocharacter of Pb2+ com-
plexes, a feature that isoelectronic cations do not exhibit. A
better knowledge, if possible relying on rationalized founda-
tions, on the coordination chemistry of this cation is essen-
tial for the design of dedicated cryptants relevant for chela-
tion therapy.


Another reading outline can thus be proposed to the
reader. It involves a technical level, namely comparing re-
sults based on pseudopotentials to all-electron relativistic
computations. Then, comes a more conceptual level, rele-
vant to the underlying laws governing the holo- or hemi-
character that Pb2+ complexes can adopt, in order to refine
the VSEPR (Valence Shell Electron Pair Repulsion)
theory[48–50] or advanced molecular force fields[51] (even po-
larisable force fields cannot account for the hemi-/holodir-
ected transition, yet, which precludes in-depth modelling of
saturnism problems). Finally, applications to the rationalized
design of selective ligands could find an interest in the pres-
ent study.


Methodologies


Computational details : The scalar calculations have been
performed using the Gaussian03 package[52] within the Re-
stricted Hartree–Fock (RHF) and B3LYP[53,54] formalisms.
This functional, which was successfully used in previous
works devoted to Pb2+ and other heavy cations,[29,45,55] was
chosen as it has proven to provide geometries and energies
close to CCSD(T) for species closely related to those inves-
tigated here.[26,27,28]


The standard 6-31+G** basis set was used to describe the
C and O atoms, whereas scalar relativistic pseudopoten-
tials[56] (PP) were considered for Pb2+ . These are either the
LANL2DZ/PP by Hay and Wadt[57] coupled to a double-
zeta quality basis set described by the (3s3p)/ ACHTUNGTRENNUNG[2s2p] contrac-
tion, or the large-core relativistic SDD PPs by Dolg et al.[58]


coupled to a (4s4p1d)/ ACHTUNGTRENNUNG[2s2p1d] contraction to describe the
valence electrons. We also have investigated the Averaged
Relativistic Effective PPs (AREP)[59] known in the EMSL
database[60] under the CRENBL (“small-core”: valence=


5d,6s,6p) and CRENBS (“large-core”: valence=6s,6p) acro-
nyms. The CRENBS PP considered here is coupled to a va-
lence (3s3p)/ ACHTUNGTRENNUNG[1s1p] basis set whereas the CRENBL uses a
(3s3p4d)/ ACHTUNGTRENNUNG[1s1p1d] contraction. The aug-cc-pVmZ small-core
PP by Peterson have also been considered for m=2 to 5.[61]


The valence description is here achieved by means of the
following contractions: (8s6p6d)/ ACHTUNGTRENNUNG[4s3p2d], (12 s11p8d1f)/ ACHTUNG-
TRENNUNG[5s4p3d1f], (14s11p11d2f1g)/[6s6p4d2f1g] and
(16s13p12d3f2g1h)/[7s7p5d3f2g1h], respectively. All of them
have been supplemented by sets of semi-diffuse orbitals de-
termined as explained in ref. [61]. When using these pseudo-
potentials, the relevant aug-cc-pVmZ basis sets by Dunning
were considered for C and O.[62]


The All-Electron (AE) calculations have been performed
using the FaegriOs basis set for Pb2+ ; such a basis set is
known to be of at least double-zeta quality.[63]


The four-component calculations have been performed
using the DIRAC code[64] which has been recently extended
to the DFT formalism.[65,66] The Dirac-Coulomb Hamiltoni-
an[67] (thereafter, DHF/AE: Dirac-HF, DB3LYP/AE: Dirac-
B3LYP) has been considered. The uncontracted small com-
ponent basis sets were generated from the large component


Figure 1. Pb2+ complexes can be either holodirected (left) or (right) hem-
idirected (see ref. [5]).
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sets according to the kinetic balance condition. Finite size
Gaussian nuclei were used and the nuclear exponents were
taken from a list of recommended values.[68] All (SS/SS) and
(SS/LL) integrals have been retained in the calculations.


Optimizations, vibrational analysis : Full geometry optimiza-
tions have been performed. The nature of the stationary
points encountered has been characterized by a vibrational
analysis performed within the harmonic approximation. No
scaling procedure has been applied but a factor of 0.973 can
be derived from the comparison of the experimental
(2143 cm�1) and computed (2203 cm�1, B3LYP/6-31+G**)
n(CO) stretching vibration in free CO. The unscaled vibra-
tional frequencies computed within the harmonic approxi-
mation have been retained to evaluate DEZPE, the Zero-
Point-Energy (ZPE) correction, and to estimate free-enthal-
pies (T=298 K, p=1 atm).


Interaction energies : The complexation energies used here-
after are defined according to the formation reaction:


Pb2þ þ nCO ! ½PbðCOÞn	2þ


DfEðnÞ ¼ Eð½PbðCOÞn	2þÞ�EðPb2þÞ� nEðCOÞ


The Basis Set Superposition Error (BSSE) correction has
been determined according to the counterpoise procedure
applied to the previous reaction (n+1 fragments).[69,70] The
binding energy is then defined as:


D0ðnÞ ¼ ½DfEðnÞ þ DEBSSEðnÞ þ DEZPEðnÞ	


where:


DEZPEðnÞ ¼ ZPEð½PbðCOÞn	2þÞ� nZPEðCOÞ


We have also considered the formation free-enthalpies ac-
cording to:


DfGðnÞ ¼ Gð½PbðCOÞn	2þÞ�GðPb2þÞ� nGðCOÞ


The incremental first-order differences in energy correspond
to:


D1EðnÞ ¼ Eð½PbðCOÞn	2þÞ�Eð½PbðCOÞn�1	2þÞ�EðCOÞ


D1GðnÞ ¼ Gð½PbðCOÞn	2þÞ�Gð½PbðCOÞn�1	2þÞ�GðCOÞ


Finally, the second-order differences in energy read as:


D2EðnÞ ¼ Eð½PbðCOÞnþ1	2þÞþEð½PbðCOÞn�1	2þÞ�2Eð½PbðCOÞn	2þÞ


This quantity has been widely considered in cluster physical
chemistry and has helped to rationalize the concept of
magic numbers. It has been applied either to homogenous
clusters[71–76] or to heterogeneous clusters such as XCn


+ for
example.[77] It has been extended to encapsulated atoms or


ions in clusters such as M@Sin or M@Gen,
[78,79] Co@Sin,


[80] or
Ti@Sin.


[81] In this contribution, the series under investigation
is formally relevant to chemical [Pb(CO)n]


2+ entities, but it
can also be considered as a set of [(Pb2+)@(CO)n] clusters.
D2E(n) is a sensitive quantity that reflects the stability of
clusters. It can be directly related to experimental relative
abundances determined by mass spectrometry.[73, 74]


Charge determination and ELF topological analysis : Natural
Population Analyses (NPA) have been carried out following
the implementation made in Gaussian 03.[52,82] In order to
provide a refined analysis, ELF (Electron Localization
Function) calculations[83,84] have been performed using the
TopMod package.[85,86] The topological analysis of this func-
tion and integration over the localization basins have been
realized.[87–90] Within the framework of the topological anal-
ysis of the ELF function, space is partitioned into basins of
attractors, each of them having a chemical meaning. Such
basins are classified as:[86] i) core basins surrounding nuclei,
and ii) valence basins characterized by their synaptic order.


A core basin, C(X), where X stands for a nucleus, is usu-
ally representative of electrons not involved in the chemical
bonding, namely non-valence and internal-shell electrons.
The valence basins are distinguished according to the
number of core basins with which they share a common
boundary (synaptic order). A valence basin V(X) is monosy-
naptic and corresponds to lone-pair or non-bonding regions.
A V ACHTUNGTRENNUNG(X,Y) basin is disynaptic: it connects the core of two
nuclei X and Y and, thus, corresponds to a bonding region
between X and Y. In principle, the topological analysis of
ELF should be restrained to all-electron densities since,
without core electrons, there is no core basins and, thus, no
way of rigorously define the synaptic order of the valence
basins. It has been shown, however, that it is possible to
extend the ELF approach to pseudopotentials.[29,91] If using
large core pseudopotentials, the number and the location of
the valence basins are identical to the all-electron case.
Using small-core pseudopotentials provides a semi-external
core used to determine the synapticity of well-defined
basins for the valence electrons.[92]


In the present contribution, we will only consider V(Pb),
the valence monosynaptic basin associated to the valence
electrons of Pb2+ , and, in practice, to electrons associated to
the 6s (valence electrons) and 6p (electron donated by the
ligands) orbitals. For a given complex [Pb(CO)n]


2+ , we will
use the following notations: Vn(Pb) is the ELF basin defined
previously, Nn(Pb) and wn(Pb) are the population and the
volume, respectively, associated to this basin. h1iVn(Pb) is the
corresponding mean charge density:


h1iVnðPbÞ ¼ NnðPbÞ=wnðPbÞ


CSOV energy decompositions :[93–95] It was found of interest
to complement the NPA and ELF analyses by energy de-
compositions. Among the different existing decomposition
schemes,[96–102] we have retained the Constrained Space Or-
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bital Variation (CSOV) approach as implemented in our
modified version of HONDO95.3.[103,104] The interaction
energy DEAB between two fragments A (here, CO) and B
(here, Pb2+) is then split into different components:


DEAB ¼ E1 þ E2 þ dE


where:


E1 ¼ EFC


E2 ¼ Epol þ Ect ¼ EpolA þ EpolB þ EctA!B þ Ect B!A


DE ¼ DEAB�E1�E2


where E1(EFrozenCore) includes electrostatic and exchange/
Pauli repulsion terms; E2 is the sum of a charge transfer
(Ect) term and of a polarization (Epol) term which can both
be split into contributions originating from A and B; dE ac-
counts for some higher-order many-body terms having dif-
ferent physical origins,[105–108] not detailed within the stan-
dard CSOV decomposition; they are expected to be small
with respect to DEAB.


Such an approach has been validated within the frame-
work of DFT,[104,109–112] and has recently been extended to
pseudopotential calculations on monohydrate cations of
heavy elements.[29,55] With such an energy decomposition, it
can a priori be clearly established what is the dominant
origin of the complexation energy; this makes then possible
to characterize the complex as a covalent (E2 is the largest
component in this case) or as an electrostatic (E1 is the larg-
est component) species.


In the version of HONDO we have used, there is no han-
dling of h (l=5) spherical harmonics so that the energy de-
compositions could not be performed using the exact SDD
pseudopotential considered. Consequently, we have used for
the CSOV decompositions a modified pseudopotential
(SDD*) in which the h component has been removed: the
resulting variations in DEAB are included in dE.


Results


Linear structures : [Pb(CO)]2+ versus [Pb(OC)]2+


Two coordination modes have been envisioned for the first
coordination of CO to the Pb2+ cation, either toward the
carbon end of the CO ligand ([Pb(CO)]2+) or toward its
oxygen end ([Pb(OC)]2+). This enables us to investigate, re-
spectively, the “soft” side and the “hard” side of the ligand
according to the HSAB description.[1]


[Pb(CO)]2+ : We first investigate coordination by the carbon
atom (Table 1). The fully relativistic four-component AE
calculations show a weak influence of both relativity and
correlation on the geometry, which is found linear in all
cases. The relativistic contraction of the Pb�C bond length


amounts to 0.037 Q (RHF vs DHF) while correlation (RHF
vs B3LYP) decreases that bond by 0.067 Q. The effect of
correlation is thus significantly larger than that of relativity.
The sum of these bond length reductions amounts to
0.104 Q, a value to be compared to the 0.126 Q decrease de-
duced from the RHF versus DB3LYP comparison. There is
thus a slight synergetic effect (0.022 Q) of correlation and
relativity on the Pb�C bond length. Similar conclusions are
drawn for the complexation energy as it is increased by
�1.9 kcalmol�1 by relativity and by �10.4 kcalmol�1 by elec-
tronic correlation, the sum of which is slightly smaller than
the �13.8 kcalmol�1 value obtained by the RHF versus
DB3LYP comparison. The SDD pseudopotential provides
results close to those obtained by means of AE calculations:
the difference is only 0.005 Q for the Pb�C bond length.
The agreement drops if using LANL2DZ or CRENBS. The
discrepancy rises up to more than 0.1 Q using the CRENBL
pseudopotential. The LANL2DZ complexation energy is
underestimated by 5.6 kcalmol�1 with respect to the
DB3LYP/AE value. The aug-cc-pVmZ-PP results follow, es-
pecially for the geometries, those obtained at the SDD
level. Concerning the energies, a slightly better agreement
to the DB3LYP/AE computations is in fact obtained for
m=4 or 5 but using such PPOs would considerably increase
the computational efforts for the higher n [Pb(CO)n]


2+


structures (up to n=10). We thus have retained the SDD
PPs for the remaining of this study.


[Pb(OC)]2+ : We now turn to the isomeric [Pb(OC)]2+ spe-
cies (Table 2). In any case, the Pb�O bond is shorter than
the Pb�C bond encountered previously (by about 0.16 Q at
the B3LYP/SDD level) whereas the C�O bond length is sig-
nificantly increased.


As observed for [Pb(CO)]2+ the effects of relativity and
correlation to the geometry are weak. Only considering the
coupled contributions induces a contraction of the Pb�O
bond length by 0.03 Q and increases the stabilization energy
by 3.9 kcalmol�1.


The closest results to the DB3LYP/AE computations are
obtained using the SDD or CRENBS PPs. LANL2DZ un-


Table 1. Geometrical parameters and energy data for [Pb(CO)]2+ . Bold
values correspond to reference values.


Basis set Method Pb�C [Q] C=O [Q] DfE(1)[a]


AE RHF 2.792 1.097 �19.4
DHF 2.755 1.096 �21.3
B3LYP 2.725 1.123 �29.8
DB3LYP 2.666 1.122 �33.2


SDD B3LYP 2.661 1.122 �35.4[b]
LANL2DZ B3LYP 2.623 1.122 �39.2[b]
CRENBL B3LYP 2.770 1.123 �27.6[b]
CRENBS B3LYP 2.722 1.122 �34.5[b]
aug-cc-pVDZ-PP B3LYP 2.697 1.119 �31.8
aug-cc-pVTZ-PP B3LYP 2.676 1.111 �32.7
aug-cc-pVQZ-PP B3LYP 2.674 1.109 �32.8
aug-cc-pV5Z-PP B3LYP 2.673 1.109 �32.8


[a] Energies in kcalmol�1. [b] The D0 values amount to: �28.4 (SDD),
�30.5 (LANL2DZ), �25.5 (CRENBL) and �27.5 (CRENBS) kcalmol�1.
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derestimates the Pb�O bond length and the complexation
energy whereas the opposite trend is observed for
CRENBL. In both cases, the Pb�O bond length differs by
about 0.1 Q from the reference DB3LYP/AE value.


Transition structure : Comparison of the complexation ener-
gies for [Pb(CO)]2+ and [Pb(OC)]2+ shows that C coordina-
tion is favoured (Tables 1 and 2): at the B3LYP/SDD level
of calculations, the former species is stabilized by
8.7 kcalmol�1 with respect to the later.


The potential energy curve depicted on Figure 2 illustrates
the transition between the C and O coordination.


The transition state exhibits an imaginary vibrational
wave number of 249i cm�1. It is characterized by a Pb-C-O
valence angle amounting to 72.98 and lies about
23 kcalmol�1 higher in energy than [Pb(OC)]2+ so that CO
is hardly bonded (around 3 kcalmol�1) to the cation in the
transition state. Interconversion between the O-bonded and
the C-bonded isomers should thus take place via decoordi-
nation of the carbonyl ligand. The C�O bond length is inter-
mediate to that observed in either [Pb(CO)]2+ or
[Pb(OC)]2+ . The Pb�O distance is shorter than the Pb�C
one, and amounts to 2.856 Q. It is significantly larger than
that observed in [Pb(OC)]2+ . Such a large increase is in line
with the high transition barrier to cross over during the O-
to C-coordination process (Figure 2).


Energy and population analysis : The results of the CSOV
energy decompositions (B3LYP/SDD*//B3LYP/SDD) are
reported in Table 3 for the two isomers. E1 is slightly posi-
tive in both cases. E2 is negative and ensures the coordina-
tion energy. Consequently, both complexes are to be seen as
made of two fragments, Pb2+ and CO, interacting covalently.
The bonding energy is larger (10 kcalmol�1) in the CO
isomer: this is largely due to a better covalent interaction as
E2 also is 10 kcalmol�1 larger in the CO complex than in the
OC structure. As expected from a HSAB description of the
bonding, the “softer” C terminus of CO leads to a stronger
covalent bonding.


The consideration of the NPA charges (Table 4) reveals a
weak donation from the ligand: it occurs toward the 6p orbi-
tals of the cation and amounts to 0.12 electron for the C co-
ordination and to 0.06 electron for the O coordination. This
variation is consistent with the results obtained from the
fine analysis of the E2 term of the CSOV decomposition
(Table 3) from which it can be deduced that the leading
origin of the stronger coordination of CO with respect to
OC comes from a larger ligand-to-cation charge transfer.


In both cases, the polarisation of the cation and the
charge transfer toward the ligand are very small to negligi-
ble. The remaining of E2 is roughly due for 40% to the
charge transfer from the ligand to the cation and for 60% to
the ligand polarisation in the case of [Pb(CO)]2+ . For
[Pb(OC)]2+ , these proportions amount to 70:30. The ligand
polarization induces an internal charge flow within the car-
bonyl fragment which takes place from the terminal atom
towards that bounded to the metallic cation.


In the transition state, the CSOV energy E2 reveals results
close to, but less pronounced than those observed in
[Pb(OC)]2+ . Especially (Table 3), the variation of the bond-


Table 2. Geometrical parameters and energy data for [Pb(OC)]2+ . Bold
values correspond to reference values.


Basis set Method Pb�O [Q] C=O [Q] DfE(1)[a]


AE RHF 2.501 1.142 �21.1
DHF 2.499 1.140 �22.3
B3LYP 2.501 1.165 �22.6
DB3LYP 2.467 1.164 �25.0


SDD B3LYP 2.502 1.164 �26.7[b]
LANL2DZ B3LYP 2.395 1.167 �31.1[b]
CRENBL B3LYP 2.574 1.162 �21.3[b]
CRENBS B3LYP 2.531 1.164 �25.8[b]


[a] Energies in kcalmol�1. [b] The D0 values amount to: �21.3 (SDD),
�24.3 (LANL2DZ), �20.0 (CRENBL) and �21.0 (CRENBS) kcalmol�1.


Figure 2. Potential energy curve (B3LYP/SDD) for [Pb(CO)]2+ as a func-
tion of the Pb-C-O angle. Bond lengths are in Q and angles in degrees.


Table 3. CSOV energy decompositions and CSOV components of E2 for
[Pb(CO)]2+ and [Pb(OC)]2+ (B3LYP/SDD*, kcalmol�1). CT stands for
Charge Transfer and TS for the Transition State between the two com-
plexes.


[Pb(CO)]2+ [Pb(OC)]2+ TS


DEAB �34.4 �27.4 �13.1
E1 +5.2 +3.6 12.2
E2 �40.1 �30.7 �25.6
dE 0.5 �0.3 0.3
cation polarisation
CT: cation to ligand


�0.2
�4.4


�0.3
�3.9


�0.0
�3.9


ligand polarisation
CT: ligand to cation


�21.6
�13.9


�18.2
�8.3


�12.7
�9.0


Table 4. Atomic populations (NPA, B3LYP/SDD) for the [Pb(CO)]2+


and [Pb(OC)]2+ complexes.


[Pb(CO)]2+ [Pb(OC)]2+


O 8.24 8.80
C 5.65 5.16
Pb 2.11 2.04
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ing energy between TS and that complex is explained by a
less efficient ligand polarisation: as the TS is not linear, and
because the Pb-ligand distance is significantly larger, the in-
teractions of Pb2+ with the two atoms are not as efficient.
E1 is, however, more destabilizing in TS than in [Pb(OC)]2+ .


The ELF analysis (Figure 4) shows, for both [Pb(CO)]2+


and [Pb(OC)]2+ , a non-spherical shape of V1(Pb): it is clear-
ly shifted from the Pb2+ nuclei along the Pb�C (or the Pb�
O) bond but retains an axial symmetry.


Vibrational analysis : The wave number associated to the
CO vibrational stretching amounts to 1992 cm�1 in
[Pb(OC)]2+ and to 2336 cm�1 in [Pb(CO)]2+ (B3LYP/SDD,
Table 5). This last value is larger than that observed for the
free carbonyl (computed at 2203 cm�1). Consequently, that
complex can be connected to the non-classical series,[113–118]


as expected since the 6s orbital does not have the proper
symmetry to allow back-donation toward CO. One may
object, however, that since a large-core pseudopotential is
used, which precludes back-donation from lower 5d or 4f or-
bitals, this conclusion could be biased. However, Table 1
shows that the geometry of [Pb(CO)]2+ , and especially the
C�O bond length, remain unchanged if considering all-elec-
tron calculations for which donation or back-donation pro-
cesses are fully permitted: this supports the fact that 5d and
4f orbitals are inefficient in increasing back-donation. Since
bond lengths are not impacted, the stretching vibration
should also remain unaffected in our PP computations.[119–123]


D1h versus C2v : [Pb(CO)2]
2+


In the previously investigated monoligated complexes, there
cannot be any geometrical restraint imposed to the spatial
extension of the valence lone-pair of the Pb2+ cation. This
external valence orbital is known to become either holotrop-
ic (holodirected complex) or directed (hemidirected com-
plex) depending, generally speaking, upon the number and
on the nature of the ligating moieties (Figure 1).[5] In this
section, we consider [Pb(CO)2]


2+ but restrain ourselves to C
coordination, which was shown to be the most favoured co-


ordination mode from the investigations reported above on
the [Pb(CO)]2+ and [Pb(OC)]2+ species.


All geometry optimizations have started from Cs struc-
tures allowed to relax into higher symmetries, namely C2v or
D1h. Table 6 collects the results: all optimized structures are
found C2v. The C-Pb-C angles adhere closely to 908, a value
significantly smaller than that expected from the AX2E
bonding scheme deduced from the electron count and the
application of the VSEPR model (1208).[48–50]


Relativity decreases the Pb�C bond length by 0.05 Q and
correlation by a supplementary 0.07 Q. The net contraction
amounts to 0.13 Q (RHF vs DB3LYP) showing that, in this
case, no synergetic effects appear between relativity and cor-
relation. However, both correlation and relativistic effects
appear to play an important role on the exact value of the
C-Pb-C angle, increasing its value by nearly 108 between the
RHF and DB3LYP geometries. The different pseudopoten-
tials considered perform as described previously: SDD and
CRENBS provide results close to the AE relativistic calcu-
lations. LANL2DZ generates an acceptable geometry but
overestimates the complexation energy whereas using
CRENBL results in too long Pb�C bond lengths and, conse-
quently, in a too weak complexation energy.


Comparing the geometry obtained at the B3LYP/SDD
level of calculations to that of the monocoordinated com-
plex, we only observe a slight weakening of the coordination
to Pb2+ . It is characterized by a small decrease of the bond-
ing energy per CO (by 4.8 kcalmol�1), consistent with the
lengthening of the Pb�C bond (0.045 Q). Additionally, the
two n(CO) vibrations differ by 1 cm�1, thus revealing no
coupling between one an other, and average to 2327 cm�1, a
value slightly smaller (by 9 cm�1) than that computed in
[Pb(CO)]2+ .


As seen from the potential energy curve depicted in
Figure 3 (B3LYP/SDD), the linear [Pb(CO)2]


2+ structure ap-
pears as a transition state between two identical C2v species.
The associated imaginary vibrational wave number amounts
to 31i cm�1 and the interconversion barrier to 7.2 kcalmol�1,
which is far below the CO bonding energy. Nevertheless,
reaching the TS leads to a significant lengthening of the Pb–


Table 5. NPA charges and n(CO) frequencies in the [Pb(CO)n]
2+ species.


n Pb[a] C O n(CO) [cm�1]


1 1.89 (0.12) 0.35 �0.24 2336
2 1.72 (0.30) 0.41 �0.26 2327
3 1.51 (0.52) 0.45 �0.28 2320
4 1.38 (0.65) 0.46 �0.30 2315eq/2302ax
5 1.24 (0.79) 0.48 �0.32 2299eq/2311ax
6 1.09 (0.92) 0.48 �0.33 2294
7 0.98 (1.03) 0.49 �0.34 2288
8 0.90 (1.12) 0.50 �0.37 2283
9 0.77 (1.25) 0.51 �0.38 2278
10[b] 0.76 (1.25) 0.51 (0.44) �0.38 (�0.42) 2277prox/2250dist


[a] Parenthesized values denote the populations of the 6p orbitals. [b] For
that complex, the parenthesized values refer to the distal non-bonding
CO ligand.


Table 6. Geometrical parameters and energetic for [Pb(CO)2]
2+ . Bold


values correspond to reference values.


Basis set Method Pb�C[a] C=O[a]


ACHTUNGTRENNUNG(average)
C-Pb-C [8] DfE(2)[b]


AE RHF 2.816 1.098 78.9 �36.3
DHF 2.768 1.097 82.3 �39.5
B3LYP 2.741 1.123 82.9 �54.8
DB3LYP 2.687 1.123 87.8 �60.5


SDD B3LYP 2.711 1.123 86.0 �61.2[b]
LANL2DZ B3LYP 2.664 1.123 84.4 �66.4[b]
CRENBL B3LYP 2.794 1.124 85.8 �50.9[b]
CRENBS B3LYP 2.733 1.123 90.2 �60.9[b]


[a] Bond lengths in Q and energies in kcalmol�1. [b] The D0 values
amount to: �51.6 (SDD), �54.9 (LANL2DZ), �47.4 (CRENBL) and
�51.7 (CRENBS) kcalmol�1.
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C distance (0.15 Q), whereas the C–O distance is completely
unaffected. This small energy barrier and the large increase
of the Pb�C bond length are first evidences of the flexibility
of coordination around the Pb2+ cation.


Despite the small C-Pb-C angle, the topological analysis
of the ELF function supports the AX2E character of the C2v


species. In fact, the hemidirected features of the structure
are well evidenced by the representation of V2(Pb), which
exhibits a clear non-spherical character, and a shift of its at-
tractor outside the molecule along the C2 symmetry axis
(Figure 4).


From [Pb(CO)3]
2+ to [Pb(CO)5]


2+


As previous systems and our previous work have shown the
reliability of the B3LYP/SDD approach,[19,29,45–46,55] we will
from now on restrict ourselves
to this framework. The results
related to tri- or tetracarbonyl
complexes are gathered in
Table 7.


[Pb(CO)3]
2+ : The tricarbonyl


complex appears hemidirected
and has a C3v symmetry
(Figure 4). Again, the C-Pb-C
angle is significantly smaller
than the expected value for an AX3E entity from the
VSEPR theory (1098). Similar values are nevertheless en-
countered in various main group AX3E structures such as
SbF3 (87.38),


[50] for instance.


[Pb(CO)4]
2+ : For n=4, the hemidirected (Figure 4) saw-


horse (or seesaw) C2v structure is the lowest in energy. De-
spite its AX4E electron count, which should correspond to a
monovacant trigonal bipyramid (Ceq-Pb-Ceq about 1208), it
resembles a cis-divacant octahedron as demonstrated by the
Ceq-Pb-Ceq and Cax-Pb-Cax valence angles amounting to 868
and 1578 respectively. For that complex, the binding carbon-
yls can be put into two sets. Those in equatorial positions
are characterized by a “short” Pb�C bond length of 2.743 Q
whereas those in axial positions are associated to a “long”


Pb�C bond length of 2.897 Q. The former are associated to
n(CO) close to 2315.5 cm�1 and the latter to 2302.7 cm�1.
This can be compared to the three n(CO) vibrations in
[Pb(CO)3]


2+ , which differ by less than 1.5 cm�1 and average
to 2320 cm�1. In addition to the case of the dicarbonyl com-
plexes, a significant decrease of n(CO) with the coordination
number is highlighted, although remaining much higher
than in free CO. This will be discussed further for the whole
series of polycarbonyl complexes, but let us also point out
that it is to be related to a small but also systematic increase
of the Pb–C distances.


We have investigated a tetracarbonyl structure having an
holotropic distribution of the ligands, namely an holodirect-
ed structure which would formally be consistent with an
AX4 VSEPR description. The resulting Td structure is slight-


Figure 3. Potential energy curve for [Pb(CO)2]
2+ as a function of the C-


Pb-C angles. Bond lengths are in Q and angles in degrees.


Figure 4. Topology of the ELF function (h=0.83) for [Pb(CO)n]
2+ , n=1


to 9. From top to bottom and from left to right: a) [Pb(CO)]2+ ,
[Pb(OC)]2+ , [Pb(CO)2]


2+ ; b) [Pb(CO)3]
2+ , [Pb(CO)4]


2+ (C2v hemidirect-
ed), [Pb(CO)4]


2+ (Td holodirected); c) [Pb(CO)5]
2+ , [Pb(CO)6]


2+ ,
[Pb(CO)7]


2+ ; d) [Pb(CO)8]
2+ , [Pb(CO)9]


2+ . Core basins C(C) and C(O)
are in purple, valence disynaptic basins V ACHTUNGTRENNUNG(C,O) in green, and valence
monosynaptic basins V(O), V(C) and V(Pb) in red.


Table 7. Geometrical parameters and energetic for [Pb(CO)3]
2+ and [Pb(CO)4]


2+ (B3LYP/SDD).


Complex Symmetry Pb�C[a] C=O[a] C-Pb-C[a] DfE(n)[b] DfG(n)[b]


[Pb(CO)3]
2+ C3v 2.736 1.124 86 �83.0 �58.0


[Pb(CO)4]
2+ C2v 2.743/2.897 1.126 86/129/157 �96.9 �63.4


[Pb(CO)4]
2+ Td 2.887 1.125 110 �94.1 �58.7


[Pb(CO)4]
2+ D4h 2.917 1.126 90 �90.8 �55.5


[a] Bond lengths in Q and angles in degrees. [b] Energies and free enthalpies in kcalmol�1.
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ly destabilized with respect to the previous C2v hemidirected
structure. The energetic difference amounts to 2.8 kcalmol�1


and rises to 4.7 kcalmol�1 for the free enthalpy. In that tet-
rahedral complex, all Pb�C bond lengths are identical at
2.887 Q, close to the “long” distances observed in the C2v


isomer. Indeed, this structure is not an energy minimum:
the vibrational analysis reveals three degenerated imaginary
frequencies (T2 symmetry) corresponding to the distortions
of the Pb-C-C-C dihedral angles to recover the cis-divacant
octahedron. Such a small energy barrier associated to a
third-order extremum is a clue for the flexibility of these
polycarbonyl complexes. The same remarks apply to the
planar D4h structure, still higher in energy, and still a high-
order saddle-point. It costs 6.1 kcalmol�1 (DfE(4)) and
7.9 kcalmol�1 (DfG(4)) to reach this transition structure
from the lowest C2v geometry.
These values compare favoura-
bly with the 8–12 kcalmol�1 es-
timates for converting a hemi-
directed to a constrained holo-
directed structure in the ab-
sence of strong interactions be-
tween the ligands.[5] It should
however be kept in mind that
the estimates reported in refer-
ence [5] have been obtained by
means of uncorrelated Hartree–
Fock calculations relying on the
LANL2DZ PP, a procedure
that has been shown insufficient
to quantitatively describe heavy
metal complexes.[19,29, 45–46,55]


[Pb(CO)5]
2+ : The pentacarbon-


yl complex exhibits a C4v sym-
metry and a structure close to an octahedron having lost
one axial ligand, in line with an AX5E structure (a slightly
distorted square-based pyramid as the metal cation is not in
the plane defined by the four carbon atoms). V5(Pb) is di-
rectional: a slight deformation towards the missing ligand is
observed (Figure 4). The axial ligand, corresponding to the
short Pb–C distance, is associated to n(CO)=2311 cm�1,
while the vibration frequencies average to 2299 cm�1 for the
four basal carbonyl ligands (they differ by less than
1.5 cm�1).


The holodirected D3h structure (which is a trigonal bipyra-
midal more in line with a formally AX5 electron count) is
found 1.5 kcalmol�1 (DfE) and 3.5 kcalmol�1 (DfG) higher in
energy than the previous hemidirected structure. The axial
Pb�C bond lengths amount to 2.917 Q, and the equatorial
ones to 2.934 Q. It exhibits two imaginary frequencies at
11.5i cm�1.


From [Pb(CO)6]
2+ to [Pb(CO)10]


2+


For n rising from 1 to 5, the external valence lone pair of
Pb2+ remains shifted from the nucleus position and the com-


plexes are hemidirected. Further insight into the flexibility
of these species could be obtained from ab initio molecular
dynamics simulations.[19] These are under investigations and
will be published in due time.


It can be anticipated that increasing the number of car-
bonyl ligands will induce constraints due to steric hindrance.
One way for the resulting complexes to accommodate such
steric effects would be to switch into holodirected structures
in which the lone pair recovers a holotropic character. The
structures and energetics have been collected in Table 8.


[Pb(CO)6]
2+ : The lowest-energy hexacarbonyl complex ex-


hibits an octahedral structure (formally: AX6) with six equal
Pb–C distances (2.961 Q). Such an arrangement is not in
line with the previous structures, as one would have expect-


ed a D5h (AX6E) monovacant pentagonal-bipyramidal ge-
ometry according to the standard VSEPR rules.[48–50,124]


However, it has been suggested that “in AX6E (X=Cl, Br,
I) molecules with the Oh geometry the ligands X are suffi-
ciently closely packed around the central atom A so as to
leave no space in the valence shell for the lone pair E,
which remains part of the core”.[124–129] Such octahedral
structures are known for example, for [SnX6]


4�, [SbX6]
3�,


[BiX6]
3�, [SeX6]


2�, or [TeX6]
2� (X=Cl, Br or I), in which the


central metallic ion is isoelectronic to Pb2+ (ns2 np0 valence
electronic configuration: n=4, 5 or 6).[50, 124,130–133] The previ-
ously-involved cations, namely Sb3+ , Bi3+ , Se4+ , and Te4+


are not known, however, and to the best and most knowl-
edge acquired by the authors from the literature, to be the
subject of any holo- or hemidirectional dichotomy: these
cations’ lone pairs have not been reported to have any ste-
reochemical role, at least yet. For the Sn2+ cation, things
may be subtler and should deserve deeper attention as the
interpretation of some crystallographic data remains some-
how unclear, as well as for Bi3+ engaged in the solid
phase.[134,135] Although the cation Pb3+ is not isoelectronic
with the previous one, we can also notice that the [PbCl6]


3�


Table 8. Geometrical parameters and energetic for [Pb(CO)n]
2+ (B3LYP/SDD).


Complex[a] Pb�C[b] C=O[b] C-Pb-C[b] Group DfE(n)[c] D1E(n)[c] DfG
[c] D1G(n)[c]


[Pb(CO)]2+ 2.661 1.122 – C1v �35.4 �35.4 �28.4 �28.4
[Pb(CO)2]


2+ 2.711 1.123 86 C2v �61.2 �25.8 �45.7 �17.3
[Pb(CO)3]


2+ 2.736 1.124 86 C3v �83.0 �21.7 �58.0 �12.3
[Pb(CO)4]


2+ 2.743eq/2.897ax 1.126 86/129/157 C2v �96.9 �14.0 �63.4 �5.4
[Pb(CO)5]


2+ 2.745eq/2.925ax 1.125 80/88 C4v �109.3 �12.4 �67.9 �4.5
[Pb(CO)6]


2+ 2.961 1.127 90 Oh �119.8 �10.5 �72.2 �4.3
[Pb(CO)7]


2+ 3.017eq/2.969ax 1.128 72/90 D5h �127.6 �7.8 �73.1 �0.9
[Pb(CO)8]


2+ 3.037 1.128 73/77 C4v �135.1 �7.5 �69.0 +4.1
[Pb(CO)9]


2+ 3.067eq/3.133ax 1.128 70(4)/118(2)/
135(2)[d]


C4v �139.9 �4.8 �64.8 +4.2


[Pb(CO)10]
2+ 3.069/3.172/


4.57[d]
1.128 55(4)/110(4)/


180(1)[e]
C4v �142.9 �3.0 �59.8 +2.9


[a] The most stable structure is retained. [b] Bond lengths in Q and angles in degrees. [c] Energies in kcal
mol�1. [d] These values refer to the different Cax-Pb-C angles, and to their occurrence. [e] These values refer to
the different Cd-Pb-C angles, and to their occurrence.
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complex is octahedral.[136] In the currently investigated
[Pb(CO)6]


2+ structure, the six n(CO) values differ by less
than 2.2 cm�1 and average to 2294 cm�1. It is worth noting
that, in this highly symmetric structure, no significant cou-
pling of the n(CO) mode appears.


[Pb(CO)n]
2+ , n=7–8 : The heptacoordinated species (for-


mally AX7E) is a D5h pentagonal bipyramid (thus most con-
sistent with AX7 complexes) having, this time, axial Pb�C
bond lengths (2.969 Q) shorter than the equatorial ones
(3.017 Q). The seven n(CO) vibrations fall within 7.5 cm�1


and average to 2288 cm�1.
In the square antiprism (holodirected, C4v) octacoordinat-


ed complex, all carbonyl groups are equivalent and the Pb�
C bond length (3.037 Q) is slightly longer than those ob-
served in [Pb(CO)7]


2+ : the values for n(CO) are within
5 cm�1 and average to 2281 cm�1.


The nonacarbonyl complex (Figure 5, left) is holodirected
and has a C4v symmetry. The Pb�C bond lengths are within
3.067 and 3.133 Q, still larger than in the lower n complexes,
for which a monotonous increase of the bond length was ob-
served with respect to n. The n(CO) vibrations differ by less
than 10 cm�1 and average to 2278 cm�1 (Table 5).


[Pb(CO)10]
2+ : All attempts to optimize a decacarbonyl


structure have failed. Usually, the structure obtained with
ten ligands exhibits a long apical Pb�C bond lengths of
about 4.57 Q (Figure 5, right): the supplementary carbonyl
ligand thus cannot be considered as bounded anymore.
Moreover, the C-Pb-C valence angles involving the proximal
axial carbonyl and the “equatorial” ones amount to 109.98
whereas those involving the supplementary distal carbonyl
decrease to about 558 (Table 8). For such an optimized
structure, the 10 n(CO) frequencies split into a set of nine
values closely related to the nine vibrations observed in
[Pb(CO)9]


2+ which average at 2277 cm�1, and a single value
at 2250 cm�1 corresponding to the distal ligand. This latter
value is still closer to the n(CO) vibration observed for free
CO (computationally obtained at 2203 cm�1). This provides
an other hint that this structure should be better described
as a [Pb(CO)9]


2+ entity weakly interacting with a single CO.
Inspection of NPA charges (Table 5) provides an other evi-


dence that there is one non-bonding ligand in the
[Pb(CO)10]


2+ species: there is no variation of the natural
charge hold by the metal cation going from n=9 to 10 and,
thus, no supplementary charge transfer toward the 6p orbi-
tals. Moreover, the distal ligand (Pb–C 4.57 Q) is almost
non-polarized, the C�O bond length (1.131 Q) and the CO
stretching wave number (2250 cm�1) farther indicate that it
is a quasi free ligand. The remaining differences with respect
to a purely free carbonyl very certainly come from a residu-
al influence of the metallic cation and from the ligand field
induced by the other CO entities.


Discussion


Charge, frequency and energetic considerations


Linear behaviours with n : Additional qualitative insight into
the complexation properties of Pb2+ can be found in Table 5
with collects the NPA charges for the series of complexes
(n=1 to 10). Interestingly, the partial charge on Pb2+ de-
creases almost linearly with respect to the number of CO li-
gands (Figure 6): the charge transfer per CO unit is almost
constant from n=1 to 9, the exception for n=10 having
been explained above.


This charge transfer mostly takes place from the carbon
atoms toward the 6p orbital of the metal cation. It is thus
coupled to an increasing polarisation of the ligands: the
NPA charges on the carbon atoms increases with n faster
than those on the oxygen atoms, thus increasing altogether
the charge difference between the two atoms of the carbon-
yl ligands.


More insights on this ligand polarisation can be gained by
examining the hemidirected [Pb(CO)4]


2+ and [Pb(CO)5]
2+


structures for which the ligands can be put into two sets,
distal or proximal, according to the Pb�C bond length. The
net charge on the distal carbonyl ligands (+0.17) is slightly
larger than that of the proximal ones (+0.14) whereas the


Figure 5. The structure of [Pb(CO)9]
2+ and [Pb(CO)10]


2+ .


Figure 6. Variations of the NPA charges at the Pb cation with respect to
the number of CO ligands in [Pb(CO)n]


2+ . The linear regression pro-
vides: q(Pb)=�0.1435n + 2 with a regression coefficient: R2=0.989.


www.chemeurj.org G 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 2730 – 27432738


O. Parisel et al.



www.chemeurj.org





charge difference between C and O in CO remains almost
unchanged between the two sets of ligands: 0.76 for the
proximal CO, and 0.77 for the distal CO. The polarization
of the CO ligand thus does not seem to be related to the
Pb�C bond lengths nor to the presence, or not, of a ligand
in trans position.


Additionally to the charge transfer, the Pb�C bond length
increases linearly with n whereas the stretching CO vibra-
tion decreases with increasing n. This results in a linear cor-
relation between NPA charges held by Pb2+ and vibrational
frequencies as reported in Figure 7 for the [Pb ACHTUNGTRENNUNG(COn)]


2+


series. A clear linear correlation appears, as would have
been obtained between n(CO) and the coordination
number.


Relative stabilities : Whereas charge transfer, bond lengths
and n(CO) altogether exhibit a number of features consis-
tent with the incremental coordination of CO ligands, the
energetic features are not in line with these observations.
Up to n=5, attaching CO ligand remains favoured
(Figure 8). Even binding the sixth ligand favours the com-
plexation energy by 10.5 kcalmol�1. From n=6, the com-
plexation energies and free enthalpies have different behav-
iours. DfE(n) decreases from 7 to 9 whereas DfG(n) is quasi
stable for n=7 and re-increases for n=8 and 9. This is a
clear signature of the influence of entropy on the stability of
theses complexes. At low temperature, all complexes are ex-
pected to be stable from these data. At room temperature
(T=298 K at which the G values have been evaluated), or
higher, as the entropic term increases, those complexes
having n >7 become unstable with respect to those of lower
n, and the existence of the heptacarbonyl complex is uncer-
tain and needs further investigations. However, octa- and
nonacarbonyl complexes are expected to dissociate into at
least [Pb(CO)7]


2+ and a number of CO moieties.
Additional conclusions shall be obtained from the second-


order difference in energy D2E(n).[73,74] Whereas the great


stability of the n=6 structure is in line with the previous ob-
servations (Figure 9), it predicts that the n=3 structure
should also be observed in gas-phase.


The holo/hemi transition quantified—Consequences


Localisation of the ELF attractors : As mentioned above, in
hemidirected arrangements, a single ELF attractor is located
trans to the proximal ligands (see, for instance, Figure 10).
For n=4, it is on the symmetry axis and coplanar with the
two proximal CO ligands. For n=5, it is located trans to the
proximal CO ligands and is collinear to the associated O-C-


Figure 7. n(CO) frequencies in cm�1 in [Pb(CO)n]
2+ as a function of the


NPA charge of Pb2+ . The frequencies are indicated as dashes. The dots
correspond to the average over all n(CO) for each structure. The linear
regression provides: n(CO)=53.799q(Pb) + 2235.3 with a regression co-
efficient R2=0.993.


Figure 8. Variations of: DfG(n) (&); DfE(n) + DEZPE(n) (~); DfE(n) (^).


Figure 9. Second-order difference in energy D2E(n) in kcalmol�1.


Figure 10. Location of the ELF attractors in [Pb(CO)4]
2+ and


[Pb(CO)5]
2+ . Angles in degrees and bond lengths in Q.
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Pb direction. For these two complexes, the lone pair thus ap-
pears directional and the corresponding Vn(Pb) basin is as-
sociated to a well-defined single attractor.


Things are different for [Pb(CO)7]
2+ in its pentagonal bi-


pyramidal structure. In that case, the holotropic orientation
of the ligands does not favour any privileged direction for
the lone pair to expand. We note that the set of carbon
atoms (or the set of oxygen atoms) makes a decahedron
centred on the metal cation. The directions defined by Pb2+


and the centres of the faces of such decahedrons thus consti-
tute regions of minimal electronic density toward which one
expects the lone pair to expand the most easily. This is ex-
actly what is observed when investigating the ELF attractors
(Figure 11): V7(Pb) is not associated to a single attractor,
but to 10 attractors exhibiting an holotropic distribution
around the metal cation. The same observations can be
drawn for the holodirected n=6 (an octahedral structure
thus having eight faces), for which the bifurcation dia-
grams[88] reveals eight attractors.


However, the octacarbonyl complex (a square-antiprism
structure having 10 faces) only possesses two attractors on
the C4 axis. V9(Pb) is associated to four attractors only: in-
creasing the number of ligands increases the mean electron-
ic density around the metal cation and decreases the
number of privileged directions the lone pair can distort
toward. In all these cases (n=6 to 9), Vn(Pb) do not involve
any contribution from the CO ligands: it has thus become
chemically inert. At the opposite, for n=1 to 5 structures,
slight contributions from the C atoms are observed.


Linear variations of h1iVn(Pb) and wn(Pb) up to n=6 : Apart
from geometrical differences, increasing the coordination in-
duces an increase of Nn(Pb) as seen from Table 9. This is
fully in line with the charge decrease at Pb revealed by the
NPA analysis. Concomitantly, a decrease of wn(Pb) appears.
Increasing the number of ligands around the metallic cation
thus compresses the metallic valence pair as the volume
wn(Pb) decreases, despite the simultaneous increase of the
Pb�C bond lengths. Consequently, the mean charge density
h1iVn(Pb) increases drastically: it is almost tripled going from
n=0 to 9. This can be connected to the smaller and smaller
gain in the coordination energy when increasing the number


of ligands as the energetic cost of such a compression of the
valence pair (an increased electronic density increases the
Coulomb repulsion between the two electrons) counter-bal-
ances the gain recovered from the coordination of supple-
mentary ligands. The result of this balance appears on
Figure 12: h1iVn(Pb) increases roughly linearly with n up to 6.


Breaking h1iVn(Pb) and wn(Pb) at n=6 : A topological transi-
tion toward saturation. From n=6, h1iVn(Pb) becomes rather
constant, reaching a limit value of about 15.0T10�3 e�au�3.
Very interestingly, the transition between the linear and the
constant behaviour of both wn(Pb) and h1iVn(Pb) occurs at
this same n=6 value, which, as seen previously, corresponds
to the transition from hemidirected to holodirected struc-
tures.


Toward a semi-quantitative model of bonding in Pb2+ com-
plexes? In the current [Pb(CO)n]


2+ series, the n=6 value
corresponds to the transition between hemi- (low n values)
and holodirected (high n values). It also corresponds to the
turning point from which the strict application of the text-
book VSEPR rules seems to fail and has to be modi-
fied:[50,124–127] for low n values, the complexes follow the rule
and adopt (more or less distorted) AXnE structures, whereas
for higher n, structures corresponding to AXn electron


Figure 11. Location of the ELF attractors (left) corresponding to the ELF
basin (right, h=0.85) of the lone pair for [Pb(CO)7]


2+ .


Table 9. Volume wn(Pb), population Nn(Pb) and mean charge density
h1iVn(Pb) of the Vn(Pb) ELF basins in [Pb(CO)n]


2+ .


n wn(Pb) [au
3] Nn(Pb) [e


�] h1iVn(Pb) [10
3Te�au�3]


0 362.0 1.99 5.50
1 291.0 2.15 7.39
2 264.0 2.26 8.56
3 240.0 2.34 9.75
4 221.0 2.36 10.68
5 199.0 2.42 12.16
6 170.3 2.45 14.39
7 167.0 2.46 14.73
8 164.3 2.44 14.85
9 163.0 2.44 14.97


Figure 12. Volume wn(Pb) in au3 (left axis, ~) and mean charge density
h1iVn(Pb) in 10�3 e�au�3 (right axis, &) of the Vn(Pb) ELF basins in
[Pb(CO)n]


2+ .
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counts are observed. This alternative electron count seems
appropriate as the valence lone-pair has lost its stereochemi-
cal activity and can be proposed to act as if merging the
core. The existence of saturation plateaus for both wn(Pb)
and h1iVn(Pb) constitutes a novel feature in the Pb2+ chemis-
try and might provide a clue on how the cation decides its
coordination number. If we made the a priori reasonable hy-
pothesis that the limiting value of h1iVn(Pb) does not depend
on the ligands whereas the amount of donation toward the
metal does, it can then be proposed that, in the limit where
ligand–ligand repulsions do not play the leading role:


* Pb2+ can accommodate up to a large number of weakly
donating neutral ligands. As the coordination is high, the
resulting structures are likely to be holodirected.


* At the opposite, when Pb2+ coordinates to strong donat-
ing ligands, the limiting value of the mean charge density
h1iVn(Pb) will be reached for low coordination numbers. It
is then unlikely that the number of ligands can be in-
creased, and the resulting species will most probably
adopt a hemidirected structure. In those cases, Vn(Pb)
will point toward the vacancy left by the missing ligands.


From this viewpoint, CO should be considered as a rela-
tively weak s-donor, and stronger donating ligands should
be obtained using anionic species. These points, and espe-
cially the constancy of the limiting value with respect to the
ligands and the n value corresponding to the hemi- towards
holodirected structures, are under investigations and will be
published in due time. However, we can already notice that
such conclusions are in line with some empirically known
factors favouring hemidirected or holodirected structures
(cf. Table 6 of ref. [5]).


Conclusion


The analysis of the complexation energies reveals the stabili-
ty, with respect to isolated Pb2+ and CO, of the [Pb(CO)n]


2+


species up to n=9, but that relying on the free enthalpies in-
dicates a maximum of thermodynamic stability for n=7 at
T=298 K. Second-order difference in energy reveals, how-
ever, a special stability for the n=3 and 6 structures. Experi-
mental investigations should be of interest to determine
whether the n=8 and 9 complexes exist in the gas phase or
whether they dissociate into CO and [Pb(CO)7]


2+ . Even for
n=7, the complex require further investigation to confirm
its existence. Our calculations show that [Pb(CO)10]


2+


should in fact be considered as CO weakly interacting with
[Pb(CO)9]


2+ .
In all structures, the Pb�C bond lengths are rather high,


more than 2.6 Q, a significantly increased value when com-
pared to transition metal carbonyl complexes.[113] Such large
distances allow diminishing the ligand–ligand repulsion and
reaching high coordination numbers.


For n <6, all structures follow the VSEPR rules and can
be described as AXnE entities, where E is the valence lone


pair of the cation. These complexes are hemidirected and
the associated Vn(Pb) basins exhibit a clear distortion: they
point outside the complexes and occupy void sites. The tran-
sition toward a holodirected structure occurs at n=6. From
this value, the complexes have to be described as AXn enti-
ties as the 6s2 lone pair has become stereochemically inert
and has merged the VSEPR core. The associated ELF
Vn(Pb) basins exhibit holotropic shapes.


This transition at n=6 has been quantified by the mean
charge density h1iVn(Pb) associated to Vn(Pb). From n=0, this
value increases regularly with n : Vn(Pb) appear being com-
pressed by the ligands. h1iVn(Pb) reaches a limiting plateau
starting at n=6 from which Vn(Pb) cannot be compressed
farther, thus loosing any role in determining the subsequent
allowed coordination numbers which become governed by
ligand–ligand repulsions only.
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Introduction


The azido group constitutes a versatile functional group[1]


that may be involved in many important synthetic transfor-
mations,[2] including 1,3-dipolar cycloadditions onto alkynes,
which have recently attracted a lot of interest through the
click-chemistry concept.[1b] Numerous methods have been
developed to incorporate an azido group into a carbon
framework.[3–8] Amongst these, radical processes hold a spe-
cial place and have recently led to useful and attractive de-


velopments. For instance, N3 radical species were shown to
add to electron-rich olefins by using a combination of hyper-
valent iodine reagents and TMSN3.


[5] Activation of the C�H
bond and formation of the corresponding alkyl azide by
using similar reagents[6] or IN3 was also reported.[7] More
challenging intermolecular transfer of azido groups has also
been described by using sulfonyl azides following a fragmen-
tation process.[8] Recently, we developed a useful carboazi-
dation process, allowing the formation of both a C�C bond
and a C�N bond in a one-pot operation starting from simple
olefins (Scheme 1).[9] The reaction works well with radical
species which have an electrophilic character that add effi-
ciently onto olefins in a first step. This intermolecular pro-
cess then generates a second radical species with nucleophil-
ic character, which reacts with the sulfonyl azide to provide
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Scheme 1. The carboazidation reaction of olefins. Application to chiral
allylsilanes.
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the carboazidation product. The process is general and was
found to be efficient for a number of radical precursors and
olefins. This method is a valuable tool in organic synthesis,
as illustrated by some recent applications in natural product
synthesis.[10]


Allylsilanes are known to react efficiently with radical
species and possess an enhanced reactivity, compared to
other olefins, toward radical intermediates with electrophilic
character.[11] Allylsilanes exhibit a unique reactivity towards
electrophiles, and while a wealth of data is available on the
1,2-stereocontrol arising from the reaction of chiral allylsi-
lanes with ionic electrophilic reagents,[12] little is known on
the stereocontrol occurring during radical reactions of chiral
allylsilanes.[13] Porter et al. first demonstrated that an allylic
silicon group could control the stereochemistry of a new ste-
reogenic center created during the radical addition (atom
transfer) of a-bromo and a-iodo amides onto a chiral allylsi-
lane.[14] Based on these premises, we started an investigation
on the 1,2-stereocontrol arising from free-radical mediated
carboazidation of chiral allylsilanes (Scheme 1).[15] We
report here a full account of our studies, including the scope
and limitations of the process, and an EPR study on the b-
silyl radical species issued from the addition of the carbon
radical onto chiral allylsilanes. Finally, ab initio calculations
were performed, providing support for the transition state
models proposed to rationalize the stereoinduction.


Results and Discussion


Synthesis of chiral allylsilane precursors : A series of simple
allylsilanes possessing one or two stereogenic centers (bear-
ing the silicon group) were prepared (Table 1). Racemic al-
lylsilanes 1a,b bearing a single stereogenic center were pre-
pared through the intermediacy of a silylcuprate-mediated
SN2’ displacement of the corresponding allyl chlorides
(Scheme 2).[16] Allylsilanes 3a–h, with two contiguous ste-
reogenic centers, were prepared following the Yamamoto–
Reetz allylation[17] procedure from allylsilanes 2a–c and the
corresponding aldehydes (Table 1). Good yields and high
levels of anti stereoselectivity were generally observed using
this strategy. This method is general and provided good re-
sults with most aldehydes that were tried, except glyoxal


(entry 4) for which the resulting titanium alcoholate was
found to be difficult to hydrolyze. The nature of the silicon
moiety was also varied, with PhMe2Si, Ph3Si, and (iPr)3Si
groups introduced following this approach.[18]


syn-Diastereomers of chiral allylsilanes were prepared in
parallel, starting from allyltin intermediates (not shown).[19]


Under Lewis acid conditions, allylsilanes 4a,b were thus ob-
tained in moderate to good yield, but with high levels of
syn-stereocontrol (Scheme 3).


Finally, g-hydroxyallylsilanes were prepared by reacting
the lithium carbanion of allylsilanes 2a,b with racemic phe-
nyloxirane (Scheme 4).[20] While good yields of the desired
and separable diastereomers 5b and 6b were obtained from
2b, only the anti isomer 5a could be isolated from the reac-
tion mixture starting from 2a. In this case, a large amount
of the g isomer was formed along with the desired a-anti 5a
and a-syn isomers.


Carboazidation of achiral allylsilanes : Carboazidation was
first carried out on simple allylsilanes 2a,b, lacking a stereo-
genic center, in order to test the influence of the substitu-
ents on the silicon center on the course of the carboazida-
tion. Xanthate 7 was used as a radical precursor,[21] and
DTBHN (di-tert-butyl hyponitrite) as an initiator, and the
reaction was carried out as previously reported.[9] Under


Table 1. Synthesis of chiral b-hydroxy allylsilanes 3a–h (Scheme 2).


Product R R’ R’’ Yield
[%][a]


anti/
syn[b]


1 3a Me Ph Ph 66 >98:<2
2 3b Me Ph iPr 79 >98:<2
3 3c Me Ph tBu 69 >98:<2
4 3d Me Ph CO2Et 22 >98:<2
5 3e Me Ph CH=CHMe (E) 68 >98:<2
6 3 f iPr iPr Ph 79 >98:<2
7 3g Ph Ph Ph 63 >98:<2
8 3h Ph Ph iPr 68 >98:<2


[a] Isolated yield. [b] Estimated from 1H NMR analysis of the crude reac-
tion mixture.


Scheme 2. Chiral allylsilanes 1a,b and anti-b-hydroxy allylsilanes 3a–h.


Scheme 3. Synthesis of syn-b-hydroxy allylsilanes 4a,b.


Scheme 4. Synthesis of g-allylsilanes 5a,b and 6b.
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these conditions (1.5 h at 80 8C), 2a,b provided the carboazi-
dation products 8a,b in excellent yields,[22] indicating that
the nature of the silicon group has little effect on the rate of
the radical process on simple allylsilanes (Scheme 5). This
contrasts with observations by Hwu et al., who noticed sub-
stituent effects in the radical addition of ketones onto allyl-
silanes.[23] This reactivity is also very different from that of
allylsilanes toward electrophiles under ionic conditions, for
which 2b is far less reactive than 2a.[24]


Carboazidation of OH-free chiral b- and g-hydroxyallylsi-
lanes : With these results in hand, we then started our inves-
tigations on the carboazidation of chiral allylsilanes 1a,b,
3a–c, 3e–g, 4a, and 5a,b (Scheme 6). Several trends emerge


from the preliminary studies summarized in Table 2. Car-
boazidation of chiral allylsilanes led to moderate to good
yields of the desired b-azidosilanes 9a,b, 10a–f, 11a, and
12a,b with syn selectivities. The moderate yields were gener-
ally ascribed to the tedious purification of the products,
from excess sulfonyl azide. The diastereomer ratio was esti-
mated from 1H and 28Si NMR studies after removal of tin
residues through a short pad of silica, and the relative con-
figuration of the major isomer was obtained by treating the


isolated pure diastereomers with tetrabutyl ammonium fluo-
ride (TBAF). Under these conditions, the syn and anti-b-azi-
dosilanes led to the corresponding Z- and E-olefins, respec-
tively, in high yield through an anti-stereospecific b-elimina-
tion.[25,26] The syn configuration of the major isomer was
later confirmed through X-ray structure determination of a
crystalline b-azidosilane (vide infra).


The influence on the 1,2-stereocontrol and of the nature
of the substituents on the carbon backbone and the silicon
center were studied, as well as the effect of the additive ste-
reogenic centers located in the b- and g-positions relative to
the silicon group. Modest-to-high levels of syn-stereoselec-
tivity were thus observed, with diastereocontrol increasing
with the size of the R’’ substituents (entries 1, 4, and 5). Sim-
ilar observations were made by Porter et al. during their
studies on the radical azidation of b-silyl Barton esters.[26]


The diastereocontrol also increased with the size of the
silicon group, as shown by the good to excellent diastereo-
mer ratio observed with (iPr)3Si and Ph3Si groups, albeit
with moderate yield (entries 2,3). It should also be noted
that the Ph3Si group always led to lower yields than other
silicon groups, probably due to the decomposition of the
azide product under our radical conditions. This contrasts
with the results observed with the achiral allylsilane 2b
(Scheme 5). b-Fragmentation of the b-silyl radical inter-
mediate was ruled out as no olefinic proton could be detect-
ed in the 1H NMR spectrum of the crude reaction mixture.
Aryl migration and homolytic aromatic substitution may
also be envisioned, but are not supported by the isolation of
the corresponding byproducts.


The stereocontrol appears to rely mainly on the nature of
the substituents on the a-stereocenter bearing the silicon
group (i.e., 1a,b). Hence, the introduction of a second ste-
reogenic center (as in 3a–g and 4a) did not greatly influence
the level of stereocontrol (entries 1–7). The same conclusion
may be drawn if the additional stereogenic center is more
remote, that is, in the g-position as in 5a,b (entries 8,9). A
slightly better diastereocontrol was observed with the syn-b-
hydoxysilane 4a than anti-3a (entries 1 and 7). However,
this result should be treated with caution as the yield in this
case is moderate and decomposition of the minor isomer
can not be completely ruled out. Overall, we observed that
b-benzylic alcohols (3a,f,g, 4a) were quite sensitive to the


Scheme 5. Carboazidation of achiral allylsilanes 2a,b. Study on the effects
of substituents at silicon.


Scheme 6. Carboazidation of OH-free chiral allylsilanes.


Table 2. Carboazidation of chiral allylsilanes 3a–h, 4a, and 5a,b.


Allyl-
silane


Product R R’ R’’ Yield
[%][a]


syn/
anti[b]


1 3a 10a Me Ph Ph 71 63:37
2 3g 10b Ph Ph Ph 30 90:10
3 3 f 10c iPr iPr Ph 34 >95:<5
4 3b 10d Me Ph iPr 56 >90:<10
5 3c 10e Me Ph tBu 45 >90:<10
6 3e 10 f Me Ph CH=CHMe – –
7 4a 11a Me Ph Ph 47 73:27
8 5a 12a Me Ph – 72 80:20
9 5b 12b Ph Ph – 30 80:20


[a] Isolated yield. [b] Estimated from 1H NMR and 28Si NMR analysis of
the crude reaction mixture.
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reaction conditions, although again no b-elimination prod-
ucts could be detected from the crude reaction mixture. In
line with this observation, only decomposition was observed
upon carboazidation of diene 3e with an allylic alcohol
moiety (entry 6).


Carboazidation of OH-protected chiral b- and g-hydroxyal-
lylsilanes : Although free OH groups are usually inert under
radical conditions, the sometimes modest yields observed
above, along with the reported failure[27] during carboazida-
tion of olefins bearing a free hydroxyl group, led us to con-
sider the carboazidation process onto OH-protected b-hy-
droxy allylsilanes (Scheme 7). As summarized in Table 3,


yields with acetate-protected allylsilanes were generally
higher and more reproducible, indicating that in our case
the OH group probably interferes with the radical process
for reasons that are currently unknown. The diastereocon-
trol was in turn slightly lower (see Table 2, entry 4, and
Table 3, entry 1). The acetate led to the best results in terms
of both yield and diastereocontrol. In comparison, a triethyl-
silyl (TES) group, as in 13b, led to the b-azidosilane 15b
(Entry 2) in reasonable yield, but with no stereocontrol.
This may be attributed to the small size differentiation, on
the allylic stereogenic center, between the large PhMe2Si
group and the medium-sized substituent iPrCHOSiEt3.


The influence of various parameters on the stereocontrol
(nature of the substituents on the allylsilane framework and
at silicon, additional stereogenic centers) was studied as
above. Optimization of the carboazidation conditions, vary-
ing the temperature and the nature of the azide reagent,
was also considered.


Decreasing the temperature from 80 to 60 8C led to a sig-
nificant improvement of the yield of product, but with simi-
lar stereocontrol, indicating that b-azidosilanes are sensitive
to thermal degradation (entries 1 and 3). The reaction was
also carried out under irradiation at a lower temperature
(entries 4,5). A slightly higher level of stereocontrol was ob-
tained at the expense of the yields, with a large amount of
xanthate 7 left unreacted even after 8 h of irradiation. As
above for 3e, the diene 13e led mainly to decomposition
(entry 8), and allylsilane 13 f provided the desired b-azidosi-
lane 15 f (entry 9) with good selectivity but poor yield. syn-
b-Hydroxy allylsilanes 14a,b afforded all-syn azides 16a,b in
good yields and selectivities (entries 10,11), which compare
well with those observed with anti-diastereomers, showing
again the weak effect of the stereochemistry of the b-stereo-
center on the stereochemical course of the carboazidation.
As above, increasing the size of the R group improved the
diastereocontrol (entries 3 and 6). The excellent diastereo-
control obtained reproducibly with benzyl acetate 13d is
misleading as a careful examination of 1H and 28Si NMR
spectra of the crude reaction mixture led to the conclusion
that a partial degradation of the minor diastereomer was
likely to be the cause of the overestimation of the diastereo-
meric ratio. Pleasingly, b-silylazide 15d crystallized, allowing
the determination of its relative configuration through X-
ray crystallography, thus confirming the syn configuration
determined through chemical correlation[25] (Figure 1).


Optimization of the reaction conditions also led us to in-
vestigate the nature of the sulfonyl azide. Increasing the size
of the aryl (or alkyl) sulfonyl group led to no improvement
of the diastereocontrol (entry 13). The absence of a steric
effect of the R’ sulfonyl group may be explained in the light
of recent work by Masterson et al.[28] who demonstrated that
the linear azide reacts with the carbon radical center,


Scheme 7. Carboazidation of OH-protected chiral allylsilanes.


Table 3. Carboazidation of OH-protected chiral allylsilanes (Scheme 7).


Allyl-
silane


Product R PG T
[8C]


Yield
[%][a]


syn/
anti[b]


1 13a 15a iPr Ac 80 67[c] 78:22
2 13b 15b iPr SiEt3 80 61[c] 50:50
3 13a 15a iPr Ac 60 74[c] 77:23
4 13a 15a iPr Ac 10–15[d] 44[e] 84:16
5 13a 15a iPr Ac �30[d] 48[e] 82:18
6 13c 15c tBu Ac 60 72[e] 83:17
7 13d 15d Ph Ac 60 65[e] >95:<5
8 13e 15e CH=CHMe Ac 60 – –
9 13 f 15 f CO2Et Ac 60 34[e] 88:12


10 14a 16a Ph Ac 60 78[e] 83:17
11 14b 16b iPr Ac 80 67[e] 82:18
12 13a 15a iPr Ac 60 74[e] 77:23
13 13a 15a iPr Ac 60 50[f] 77:23
14 13a 15a iPr Ac 60 64[g] 76:24


[a] Isolated yield. [b] Estimated from 1H NMR analysis of the crude reac-
tion mixture. [c] PhSO2N3 was used. [d] hn. [e] 3-PyrSO2N3 was used.
[f] 2,4,6-PhSO2N3 (Trisyl) was used. [g] EtSO2N3 was used.


Figure 1. X-ray structure determination of b-azidosilane 15d.
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through its terminal nitrogen center, so that the R’ group is
rather remote from the reacting center. In line with this, 3-
pyridyl[9c] and ethylsulfonyl azides led to similar diastereo-
control, but with better yields than the trisyl azide[3] (en-
tries 12 and 14). 3-Pyridylsulfonyl azide is, however, recom-
mended when purification of the b-azidosilane is tedious, as
the excess of azide may simply be removed through a mild
acidic workup.


The nature of the substituents at silicon was again varied,
with Ph3Si leading invariably to lower yields (i.e., 19,
Scheme 8), and only decomposition products with b-silylace-


tate 17a. In this case, we observed the formation of olefinic
products probably resulting from the elimination of Ph3SiN3


or Ph3SiOAc fragments. These byproducts could unfortu-
nately not be isolated in pure form from the complex reac-
tion mixture. Finally, triisopropylsilylallylsilane 17b led to
the corresponding b-azidosilane as a single stereoisomer,
thus demonstrating that bulky silicon groups promote an op-
timum level of diastereocontrol. However, for the sake of
simplicity, the PhMe2Si group was used in most of our stud-
ies, since it provides a reasonable level of diastereocontrol,
is stable, easily available from commercial sources, and can
be oxidized into the corresponding OH group[29] under mild
conditions (vide infra).


Carboazidation with various xanthates and olefins : Interest-
ingly, other xanthates may be added to our allylsilanes, al-
lowing attractive further functionalization of the resulting b-
azidosilanes. This is illustrated with the ketone 21a and the
Weinreb amide 21b, both adding to allylsilane 13a to afford
the desired b-azido silanes 22a,b in good yields and with
reasonable selectivities (Scheme 9).


In contrast to the above results, we experienced some lim-
itations with the carboazidation of chiral 2,2-disubstituted
allylsilanes and allylic ethers (Scheme 10). Carboazidation
of allylsilane 23 thus afforded, as expected, azide 24 in good
yield, but without any selectivity. In parallel, it was antici-


pated, based on some precedent, that we could take advan-
ACHTUNGTRENNUNGtage of the reversal of stereocontrol generally observed
during reactions of allylsilanes and their allylic alcohol ana-
logues with radical and ionic reagents.[11d,e, 30] Carboazidation
of chiral allylic ethers 25a,b was thus tested, and led, sur-
prisingly, under the above conditions, to the desired b-
alkoxy azides 26a,b in modest to good yield, but with very
low stereocontrol, which contrasts with literature reports on
closely related stereocontrolled radical processes.[31]


Application of the carboazidation of chiral allylsilanes to
the synthesis of an analogue of castanospermine : The utility
of the carboazidation process applied to chiral allylsilanes
has recently been illustrated with the total synthesis of hya-
cinthacine A1.[10a] This chemistry was also found practical
for straightforward access to an analogue of indolizidine cas-
tanospermine, a potent glycosidase inhibitor (Scheme 11).[32]


Carboazidation of optically pure chiral allylsilane 27,[10a]


under the optimized conditions described above, thus led to
b-silylazide 28 in 85 % yield and with good stereocontrol.
The next four steps were similar to those developed for the
synthesis of hyacinthacine A1.[10a] Thus, oxidation of the C�
Si bond under Fleming buffered conditions,[29d,e] followed by
saponification (MeOH, NH3) of the resulting acetates led to
a diol which was protected as a bis-acetonide. Regioselective
deprotection of the latter gave the diol 29, in which the pri-
mary alcohol function was transformed into the correspond-


Scheme 8. Influence of the nature of the silicon group on the carboazida-
tion.


Scheme 9. Varying the nature of the xanthate fragment.


Scheme 10. Carboazidation of 2,2-disubstituted allylsilanes and allylic
ethers.
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ing tosylate 30. Pd/C reduction of the azido group of 30
then led to the desired amine, which cyclized spontaneously
to provide a lactam that was reduced with LiAlH4 into the
bicyclic intermediate 31. Deprotection of the acetonide and
treatment of the resulting chlorhydrate with basic Dowex
led to 1-deoxy-6,8-diepicastanospermine 32,[32a] a potent in-
hibitor of a-l-fucosidase,[32b] in 45 % overall yield and in ten
steps from allylsilane 27.


Carboazidation of chiral allylsilanes—EPR and quantum
chemical studies—transition-state models : The course of the
carboazidation process under radical conditions is believed
to follow the pathway depicted in Scheme 12,[8a,b] with the
C�N bond formation as the stereochemistry-determining
step. It was reasoned that during the reaction of radical I,
which has nucleophilic character, with electrophilic sulfonyl
azide, the transition state (II) should resemble the starting
b-silyl radical I in the ground state.[33] Spectroscopic mea-
surement and recent ab initio calculations have shown that
the minimum energy conformations of acyclic b-silyl radicals
such as I exhibit a sC�Si bond eclipsing the radical SOMO,
the maximum energy having a
sC�Si bond orthogonal to the
radical orbital.[34]


EPR experiments were car-
ried out to provide additional
information relative to the con-
formation of radical species I in
the ground state. Radical I was
generated inside the EPR


cavity, at room temperature, by photolytic cleavage of
(Bu3Sn)2 in the presence of xanthate 7 and allylsilanes
(13a,d, 14a, and 17b) in benzene. All the spectra were
straightforwardly interpreted on the basis of the coupling of
the unpaired electron with the a- and three unequivalent b-
protons; the spectroscopic parameters are reported in
Table 4.


Inspection of Table 4 shows that the value of a(Ha) is es-
sentially unaffected by changing the nature of SiR3 and R’’
substituents in I (Scheme 12). Its value depends on the spin
density at the a-carbon, which is expected to be close to 1
(for comparison, in the isopropyl radical, a(Ha) is
22.22 Gauss). In contrast, the value of a(Hb) shows a signifi-
cant dependence on the nature of substrate and a good cor-
relation is observed between this value and the carboazida-
tion ratio. According to the Heller–McConnel equation,[35]


the value of a(Hb) depends on the time-average value of
cos2q, in which q is the dihedral angle between a b-C�H
bond and the axis of the p orbital on Ca. The low value of
a(Hb) indicates that hcos2qi is close to zero. On this basis,
two different conformations I-A and I-B could be drawn,
with eclipsing interactions between the sC�Si bond and the
radical SOMO (Figure 2). These conformations are similar
to those obtained through other spectroscopic methods[36]


and in good agreement with our recent calculations on radi-
cal cyclizations.[34]


To further support the putative conformations of the b-
silyl radicals and explain the stereochemistry of the process,
we carried out a quantum chemical study on the radical azi-
dation step. The reaction of 1a with phenylsulfonyl azide to
give 9a was chosen as a model system (see Scheme 6). To
reduce the number of conformational possibilities for the


Scheme 11. Synthesis of an analogue of castanospermine.


Scheme 12. Allylsilane carboazidation pathway.


Table 4. EPR spectral parameters [in Gauss] for radical I (Scheme 12) deriving from allylsilanes 13a, 13d,
14a, 17b.


SiR3 Allylsilane R’’ a(Ha) a(Hb) a ACHTUNGTRENNUNG(H’b) a ACHTUNGTRENNUNG(H’’b) syn/anti


1 SiMe2Ph 13a iPr 20.64 8.66 25.82 25.96 78:22
2 SiMe2Ph 13d Ph 20.70 7.65 23.05 24.75 >95:5
3 SiMe2Ph 14a Ph 20.71 8.00 23.34 24.61 83:17
4 Si ACHTUNGTRENNUNG(iPr)3 17b Ph 20.82 5.75 24.63 25.58 >95:5
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ethyl group and thus lower the computational costs, we re-
placed the CO2Et group by a simpler CO2Me group, assum-
ing that the alkyl chain on the terminal ester has no direct
influence on the course of the carboazidation process.
B3 LYP/6–31G(d) calculations performed using the reaction
temperature of 80 8C (see Computational Methods) led to
two stable radical conformers that confirm the putative
schemes I-A and I-B in Figure 2. The radical I-B is 2.66 kcal
mol�1 more stable than I-A, due to the weaker gauche inter-
actions in the former, while the interconversion barrier from
I-A to I-B amounts to 0.55 kcal mol�1. Moreover, as suspect-
ed from EPR experiments, both radicals present an almost
coplanar arrangement between the sC�Si bond and the radi-
cal SOMO, I-B presenting an angle of 868 between Hb and
the silicon group with no pyramidalization of the carbon
radical center. I-A presents larger deformations with an
angle of 788 between Hb and SiMe2Ph and a pyramidaliza-
tion of 58, which probably account for its higher energetic
level. Concerning the azide addition, we considered only an
attack at the terminal nitrogen center of the azide.[28]


PhSO2N3 may then approach radicals I syn or anti relative
to the SiMe2Ph group. The syn approach led to much higher
energetic transition states (TS) with major rearrangement of
the radicals in a conformation in which the silicon group is
orthogonal to the radical orbital. Thus, only transition states
resulting from an anti approach relative to silicon were con-
sidered, the azide moiety preferring to avoid strong steric in-
teractions with the silicon group. Two diastereomeric transi-
tion states II-A and II-B, resembling conformations I-A and
I-B, thus emerged, which led to syn and anti b-azidosilanes
respectively (Figure 3).


A total of eight different transition states (TS) were then
considered (Figure 4), four TS named IIA-i leading to the
syn product and four TS named IIB-i leading to the anti
product. The structures IIA-i (IIB-i) with i=1 and i= 2 (or
with i= 3 and i=4) differ from the others by a rotation of
about 1208 of the sulfonyl group. The activation barriers and
the relative Gibbs free energies (DGi) of the eight TS, as cal-
culated at the B3 LYP and ROMP2//B3 LYP levels, are re-
ported in Table 5. The lower TS arises from the less stable
radical I-A, and the activation barriers (between 15–
19 kcal mol�1), being one order of magnitude higher than
the interconversion barrier between I-A and I-B, mean that
the reaction should follow a Curtin–Hammett regime, in
which product ratios are only controlled by the DGi values.
The relative populations were thus estimated by performing
Maxwell–Boltzmann statistics using the relative free ener-


gies of the eight possible TS.[33b] Populations of products
connected to IIA-i and IIB-i were eventually summed to


Figure 2. Conformations of the b-silyl radical obtained through EPR
measurements.


Figure 3. Transition-state models for the carboazidation of chiral allylsi-
lanes.


Figure 4. Representation of the eight transition structures leading to 9a.
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obtain the final populations of the syn and anti b-azidosi-
lanes, respectively (last line of Table 5). The relative ener-
gies indicate that the major product is formed through the
IIA-i structure, in which the sulfonyl azide approaches on
the Hb side, thus avoiding steric interactions with the methyl
group (as in IIB-i). It is worth noting that, as observed ex-
perimentally, increasing the size of this medium-sized group
(iPr, tBu) led to better diastereomeric excess.


The pyramidalization of the carbon radical center
amounts to 258 and the length of the incipient bond is equal
to 2.30 P, consistent with the picture of an early transition
state. Besides, the dihedral angle between the sC�Si bond and
the incipient C�N bond is �157.88. All the other transition
states present similar features, confirming the stabilizing
effect of an eclipsed conformation between the sC�Si bond
and the SOMO of the radical. Although the relative order-
ing of the eight transition states depends on the level of
theory used to determine the electronic wave function, the
B3 LYP and ROMP2//B3 LYP levels predict very similar syn/
anti selectivities that reproduce fairly well the experimental
ratio (73:27, see Scheme 6).


Interestingly, this transition-state model is reminiscent of
the Felkin–Anh model[37] proposed for nucleophilic addi-
tions to chiral carbonyl compounds. Similar to Felkin–Anh
model, the more favorable transition state II-A, that is, the
approach of the reagent anti with respect to the largest sub-
stituent (SiR3) on the side of the smallest group (H), occurs
through the highest energy conformation of the starting rad-
ical (i.e., I-A), under a Curtin–Hammett regime.[37c] The par-
tial positive charge developing at the carbon radical center
at the transition state is also stabilized further by the elec-
tron-rich sC�Si bond through hyperconjugation (b-silicon
effect).[38] A related model had been proposed earlier by
Giese and Curran[39] to rationalize the 1,2-stereoinduction
occurring in reactions of acyclic radicals. At the transition
state, the largest groups are orthogonal to each other with a
pronounced pyramidalization (�258), a key feature to ex-
plain the preference for the approach of sulfonyl azide fol-
lowing TS-IIA instead of that illustrated by TS-IIB.


Conclusion


Carboazidation of chiral allylsilanes provides the corre-
sponding b-azidosilanes with 1,2-stereocontrol ranging from
7:3 to >95:5. This process is particularly powerful as it pro-
vides straightforward access to acyclic systems with several
contiguous stereogenic centers, the stereochemistry of which
can be controlled efficiently. EPR experiments and ab initio
calculations have also been performed, which led to transi-
tion state models allowing the prediction of the stereochem-
ical course of the carboazidation reaction. These investiga-
tions offer valuable information and better insight into the
factors at the origin of the 1,2-stereocontrol in these sys-
tems. They also give information on the behavior of acyclic
radical systems such as I (Scheme 12) that should be rele-
vant for other transformations as well as carboazidations.[40]


Experimental Section


Computational methods : Geometry optimizations were performed in
vacuum using the density functional theory (DFT) with the three-param-
eter hybrid functional B3 LYP and the 6–31G(d) basis set. Thermal cor-
rections were calculated from the unscaled B3 LYP/6–31G(d) harmonic
vibrational frequencies using experimental temperature and pressure
conditions. Every transition structure was characterized by a single imagi-
nary frequency in the diagonalized mass-weighted Hessian matrix associ-
ated with the normal mode corresponding to the formation of the C�N
bond. The largest eigenvalue of the total spin operator was equal to
0.7596, which suggests no error due to spin contamination. The electronic
energies were further refined by using the restricted open shell second-
order Møller-Plesset (ROMP2) level of theory with the same basis set.
This procedure is referred to as ROMP2/6–31G(d)//B3 LYP/6–31G(d)
and abbreviated as ROMP2//B3 LYP. All calculations were performed
using Gaussian03.[41] The geometries of all the TS are provided as Sup-
porting Information.


EPR spectroscopy: EPR spectra were obtained using a Bruker ESP300
spectrometer equipped with an NMR gaussmeter for field calibration
and a Hewlett Packard 5350B microwave frequency counter for the de-
termination of the g factors. Photolysis was carried out by focusing the
unfiltered light from a 500 W high pressure mercury lamp on the EPR
cavity. The instrument settings were as follows: microwave power
5.0 mW, modulation amplitude 0.05 mT, modulation frequency 100 kHz,
scan time 180 s.


General remarks : 1H NMR and 13C NMR spectra were recorded on a
BrBker Avance 300 (1H: 300 MHz, 13C: 75.5 MHz) or a BrBker AC-250
FT (1H: 250 MHz, 13C: 62.9 MHz), with CDCl3 as internal reference. The
chemical shifts (d) and coupling constants (J) are expressed in ppm and
hertz, respectively. IR spectra were recorded on a Perkin–Elmer Paragon
1000 FT-IR spectrophotometer as neat films on NaCl windows or as KBr
pellets. HRMS were recorded on a Varian MAT 311 apparatus (for EI)
or a Micromass ZABSpec TOF apparatus (for ESI). Melting points were
determined by using a BBchi Totolli apparatus and are uncorrected.
Merck silica gel (0.043–0.063 mm) was used for flash chromatography.
All reactions were carried out under a nitrogen atmosphere unless speci-
fied otherwise. CH2Cl2 was distilled over CaH2. Benzene and THF were
distilled from sodium/benzophenone prior to use. All reagent-grade
chemicals were obtained from commercial suppliers and were used as re-
ceived, unless otherwise stated. Spectroscopic data for the starting allylsi-
lanes is available in the Supporting Information.


Preparation of b-hydroxyallylsilanes (general procedure A): 1.6m solu-
tion of n-butyllithium in hexane (1.1 equiv) was added to a solution of al-
lylsilane (1 equiv) in dry THF, followed by TMEDA (1.5 equiv) at 0 8C.
The resulting pale yellow solution was stirred at 0 8C for 2 h, turning red-


Table 5. Relative Gibbs free energies [DG, kcal mol�1] of the transition
structures IIA-i and IIB-i and relative product populations [Rel. pop.
%], calculated at 353 K.


B3 LYP/6–31G(d) ROMP2/6–31G(d)//
B3 LYP/6–31G(d)


DG Rel. pop. DG Rel. pop.


TS syn
IIA-1 0.00 60 0.00 52
IIA-2 0.83 18 0.73 18
IIA-3 2.41 2 1.16 10
IIA-4 2.46 2 2.60 1
TS anti
IIB-1 1.75 5 2.19 2
IIB-2 2.07 3 2.44 1
IIB-3 2.42 2 1.87 4
IIB-4 1.46 8 1.05 12
syn/anti ratio 82:18 81:19
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dish brown, then cooled to �78 8C. Titanium isopropoxide (1 equiv) was
added at �78 8C and the mixture was stirred for 1 h at this temperature.
Finally, a solution of aldehyde (1 equiv) in dry THF was added at �78 8C,
and the reaction mixture was then stirred for 75 min. The reaction was
quenched with an aqueous solution of NH4Cl at �78 8C. The organic
layer was decanted and the aqueous layer extracted with diethyl ether.
The combined organic layers were then washed with H2O, dried over
MgSO4, and the solvents were removed under reduced pressure. The resi-
due was purified by chromatography.


Acetylation of b- and g-hydroxysilanes (general procedure B): Acetic an-
hydride (2 equiv), NEt3 (2 equiv), and a catalytic amount of 4-DMAP
(0.1 equiv) were added to a stirred solution of alcohol (1 equiv) in dry
CH2Cl2 (6.5 mL mmol�1). The resulting mixture was then stirred at room
temperature (RT) under nitrogen for 18 h and was treated with saturated
aqueous NaHCO3 solution. The organic layer was decanted and the
aqueous layer extracted with diethyl ether. The combined extracts were
washed with brine and dried over MgSO4, and the solvents were concen-
trated in vacuo. The crude product was purified by chromatography
through silica.


Radical carboazidation (general procedure C): DTBHN (3 mol % or
18 mol %) was added every 90 min to a solution of ethyl 2-iodoacetate or
xanthate (1 or 2 equiv), olefin (2 or 1 equiv), arylsulfonylazide (3 equiv)
and (Bu3Sn)2 (1.5 equiv) in dry benzene (2 mL mmol�1) at reflux (80 or
60 8C) under N2. The reaction was monitored by TLC. Upon completion,
the solvent was removed under reduced pressure and the crude product
was filtered through silica gel (pentane, then pentane/EtOAc).


4-Azido-5-(dimethylphenylsilanyl)pentanoic acid ethyl ester (8a): Pre-
pared according to general procedure C from ethyl ester 7 (86.8 mg,
0.42 mmol), dimethylphenylallylsilane (136.2 mg, 0.77 mmol), benzenesul-
fonylazide (220.3 mg, 1.20 mmol), (Bu3Sn)2 (0.29 mL, 0.57 mmol), and
DTBHN (12 mg, 0.07 mmol) in dry benzene (0.8 mL). The crude product
was purified by chromatography (pentane/EtOAc 95:5) to afford a
yellow oil (103.9 mg, 81%). IR (neat): nmax = 3069–2958, 2102, 1728, 1252,
1110 cm�1; 1H NMR (250 MHz, CDCl3): d=7.56–7.30 (m, 5 H), 4.11 (q,
J =7.3 Hz, 2H), 3.38 (m, 1 H), 2.37 (t, J=7.0 Hz, 2 H), 1.93–1.63 (m, 2H),
1.24 (t, J =7.0 Hz, 3 H), 1.21 (dd, J=14.3, 7.3 Hz, 1H), 1.11 (dd, J =14.6,
7.0 Hz, 1H), 0.39 (s, 3H), 0.37 ppm (s, 3 H); 13C NMR (63 MHz, CDCl3):
d=172.8, 137.9, 133.4, 129.2, 127.9, 60.5, 59.5, 32.2, 30.8, 21.8, 14.1 ppm;
MS (LSIMS): m/z (%): 328 (12) [M+Na]+ , 263 (100) [M�N3]


+ ; HRMS
[M+Na]+ C15H23N3O2SiNa calcd: 328.145911; found: 328.145725.


4-Azido-5-triphenylsilanylpentanoic acid ethyl ester (8b): Prepared ac-
cording to general procedure C from ethyl ester 7 (86.7 mg, 0.42 mmol),
triphenylallylsilane (233.4 mg, 0.78 mmol), benzenesulfonylazide
(230.3 mg, 1.26 mmol), (Bu3Sn)2 (0.29 mL, 0.57 mmol), and DTBHN
(12 mg, 0.07 mmol) in dry benzene (0.8 mL). The crude was purified by
chromatography (pentane/EtOAc : 95/5) to afford a yellow oil (133.5 mg,
74%). IR (neat): nmax = 3071–2910, 2101, 1728, 1110 cm�1; 1H NMR
(250 MHz, CDCl3): d =7.58–7.30 (m, 15H), 4.07 (q, J=7.3 Hz, 2H), 3.51
(m, 1 H), 2.33 (m, 2H), 1.90–1.75 (m, 3 H), 1.68 (dd, J= 14.9, 6.6 Hz, 1 H),
1.20 ppm (t, J =7.3 Hz, 3 H); 13C NMR (63 MHz, CDCl3): d=172.7,
135.6, 133.9, 129.7, 128.0, 60.5, 59.4, 32.6, 31.0, 19.6, 14.1 ppm; MS
(LSIMS): m/z (%): 452 (12) [M+Na]+ , 387 (31) [M�N3]


+ , 259 (100)
[Ph3Si]; HRMS [M+Na]+ C25H27N3O2SiNa calcd: 452.175932; found:
452.177025.


4-Azido-5-(dimethyl-phenyl-silanyl)-hexanoic acid ethyl ester (9a): Pre-
pared according to general procedure C from ethyl ester 7 (91.5 mg,
0.44 mmol), 1a (334 mg, 0.88 mmol), benzenesulfonylazide (241 mg,
1.32 mmol), (Bu3Sn)2 (0.33 mL, 0.65 mmol), and DTBHN (13 mg,
0.06 mmol) in dry benzene (1.5 mL). The crude was purified by chroma-
tography (pentane/EtOAc : 98/2) to afford the two diastereomers (syn/
anti 73:27) as a colorless oil (90.3 mg, 64%). IR (neat): nmax =3069–2874,
2097, 1734, 1251, 1112, 702 cm�1; 1H NMR (250 MHz, CDCl3), major +


minor: d =7.60–7.30 (m, 10 H), 4.11 (q, J=7.0 Hz, 2H), 4.10 (q, J=


7.0 Hz, 2H), 3.45 (m, 1H), 3.35 (m, 1 H), 2.41–2.26 (m, 4 H), 1.80–1.60
(m, 4 H), 1.43–1.35 (m, 2 H), 1.25 (t, J =7.0 Hz, 3 H), 1.23 (t, J =7.0 Hz,
3H), 1.02 (d, J =7.3 Hz, 6H), 0.38 (s, 6 H), 0.34 ppm (s, 6H); 13C NMR
(63 MHz, CDCl3), major + minor: d =172.9, 137.4, 133.8, 129.1, 127.8,
65.4, 60.5, 31.2, 28.6, 27.4, 25.5, 25.2, 14.1, 10.4, 9.6, �3.8, �3.9, �4.4 ppm;


MS (ESI): m/z (%) : 342 (100) [M+Na]+ , 277 (74) [M�N3]
+ , 135 (80)


[PhMe2Si];. HRMS [M+Na]+ C16H25N3O2SiNa calcd: 342.1613; found:
342.1613.


4-Azido-5-(dimethylphenylsilanyl)-5-phenylpentanoic acid ethyl ester
(9b): Prepared according to general procedure C from ethyl ester 7
(70.2 mg, 0.34 mmol), 1b (161 mg, 0.64 mmol), benzenesulfonylazide
(199 mg, 1.09 mmol), (Bu3Sn)2 (0.25 mL, 0.49 mmol), and DTBHN
(10 mg, 0.06 mmol) in dry benzene (1 mL). The crude was purified by
chromatography (EP/EtOAc : 98/2) to afford an inseparable mixture of
the two diastereomers (syn/anti 80:20) as a colorless oil (74.4 mg, correct-
ed yield 55 %). IR (neat): nmax =3069–2958, 2099, 1733, 1250, 1112,
702 cm�1; 1H NMR (250 MHz, CDCl3), major + minor: d=7.50–7.00 (m,
20H), 4.08 (q, J =7.0 Hz, 2H), 4.06 (q, J =7.0 Hz, 2 H), 3.77 (ddd, J =8.5,
7.3, 7.0 Hz, 1H), 3.61 (m, 1H), 2.47 (d, J =7.3 Hz, 1H), 2.42 (d, J=


10.7 Hz, 1 H), 2.30 (t, J =7.6 Hz, 2H), 2.29 (t, J=7.0 Hz, 2H), 1.93–1.62
(m, 4 H), 1.21 (t, J= 7.0 Hz, 3H), 1.20 ppm (t, J =7.0 Hz, 3H); 13C NMR
(63 MHz, CDCl3), major + minor: d =172.6, 139.2, 137.2, 133.9, 129.3,
129.1, 128.3, 127.9, 126.7, 64.0, 60.5, 42.5, 42.0, 30.9, 30.6, 29.5, 29.1, 14.1,
13.7, �2.4, �2.6, �3.9, �3.9, �4.6 ppm; MS (ESI): m/z (%): 404 (8)
[M+Na]+ , 339 (100) [M�N3]


+ ; HRMS [M+Na]+ C21H27N3O2SiNa calcd:
404.1770; found: 404.1748.


4-Azido-6-hydroxy-6-phenyl-5-triisopropylsilanylhexanoic acid ethyl ester
(10c): Prepared according to general procedure C from ethyl ester 7
(221.5 mg, 1.06 mmol), 3 f (609 mg, 2 mmol), benzenesulfonylazide
(549 mg, 3 mmol), (Bu3Sn)2 (0.76 mL, 1.5 mmol), and DTBHN (30 mg,
0.18 mmol) in dry benzene (2 mL). The crude was purified by chromatog-
raphy (pentane/EtOAc : 95/5) to afford a yellow oil (syn/anti >95:5,
192.2 mg, yield 34%). 1H NMR (300 MHz, CDCl3): d=7.39–7.32 (m,
5H), 5.21 (m, 1 H), 4.02 (q, J =7.1 Hz, 2H), 3.69 (m, 1H3), 2.39 (d, J =


4.5 Hz, 1H), 2.21–2.11 (m, 2H), 1.95–1.81 (m, 1H), 1.79 (m, 1H), 1.70–
1.51 (m, 1H), 1.18 ppm (m, 24H); 13C NMR (75 MHz, CDCl3): d=172.5,
145.1, 128.5, 128.4, 125.2, 72.4, 62.0, 60.4, 37.8, 31.8, 31.3, 19.4, 19.3, 14.1,
11.7 ppm; MS (ESI): m/z (%): 456 (16) [+Na]+ , 391 (80) [M�N3]


+ , 347
(100); HRMS [M+Na]+ C23H39N3O3SiNa calcd: 456.265841; found:
456.265502.


4-Azido-5-(dimethylphenylsilanyl)-6-hydroxy-7,7-dimethyloctanoic acid
ethyl ester (10e): Prepared according to general procedure C from ethyl
ester 7 (208 mg, 1 mmol), allylsilane 3c (524 mg, 2 mmol), benzenesulfo-
nylazide (549 mg, 3 mmol), (Bu3Sn)2 (0.76 mL, 1.5 mmol), and DTBHN
(30 mg, 0.18 mmol) in dry benzene (2 mL). The crude was purified by
chromatography (pentane/EtOAc 95:5) to afford a colorless oil as an in-
separable mixture of azidosilane and PhSO2N3 (syn/anti >90:10,
360.6 mg, estimated yield 45%). IR (neat): nmax =3520, 3069–2871, 2097,
1732, 1252, 1112 cm�1; 1H NMR (250 MHz, CDCl3): d=7.61–7.52 (m,
2H), 7.39–7.31 (m, 3 H), 4.17 (q, J=7.3 Hz, 2H), 4.03 (m, 1H), 3.49 (d,
J =4 Hz, 1H), 2.52–2.27 (m, 2H), 1.86–1.63 (m, 2 H), 1.56 (d, J =4 Hz,
1H), 1.38 (m, 1H), 1.29 (t, J =7.3 Hz, 3 H), 0.73 (s, 9H), 0.47 (s, 3H),
0.41 ppm (s, 3H); 13C NMR (75 MHz, CDCl3): d =172.9, 138.5, 134.3,
129.0, 127.8, 75.9, 62.4, 60.4, 37.1, 35.3, 32.2, 32.1, 26.0, 14.2, �1.8,
�3.3 ppm; MS (LSIMS): m/z (%): 414 (48) [M+Na]+, 364 (69), 349 (100)
[M+N3]


+ ; HRMS [M+Na]+ C20H33N3O3SiNa calcd: 414.218890; found:
414.218667.


Ethyl 4-azido-6-hydroxy-5-(dimethylphenylsilyl)-6-phenylhexanoate
(11a): Prepared according to general procedure C from ethyl ester 7
(110 mg, 0.53 mmol), allylsilane 4a (303.7 mg, 1.06 mmol), benzenesulfo-
nylazide (288 mg, 1.59 mmol), (Bu3Sn)2 (0.40 mL, 0.79 mmol), and
DTBHN (15 mg, 0.09 mmol) in dry benzene (1 mL). The crude was puri-
fied by chromatography (pentane/EtOAc 9:1) to afford a colorless oil
(syn/anti 73:27, 102.1 mg, 47 %). IR (neat): nmax =3500, 3069–2854, 2098,
1732, 1251, 1111 cm�1. : 1H NMR (250 MHz, CDCl3), major diastereo-
mer: d=7.61–7.19 (m, 10 H), 4.91 (dd, J= 8.2, 3.7 Hz, 1 H), 4.04 (q, J=


7.0 Hz, 2 H), 3.36 (m, 1H), 2.29–2.07 (m, 3 H), 1.93–1.66 (m, 2H), 1.19 (t,
J =7 Hz, 3 H), 0.50 (s, 3H), 0.42 ppm (s, 3H); 13C NMR (75 MHz,
CDCl3): d=172.6, 144.6, 139.1, 134.3, 128.9, 128.6, 127.7, 126.3, 74.9, 64.4,
60.4, 42.1, 31.7, 29.3, 14.1, �0.7, �1.0 ppm.


6-Acetoxy-4-azido-5-(dimethylphenylsilanyl)-7-methyloctanoic acid ethyl
ester (15a): Prepared according to general procedure C from ethyl ester
7 (50 mg, 0.24 mmol), allylsilane 13a (139.4 mg, 0.48 mmol), 3-pyridylsul-
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fonylazide (132 mg, 0.72 mmol), (Bu3Sn)2 (0.18 mL, 0.36 mmol), and
DTBHN (9 mg, 0.05 mmol) added by 3% portion every 90 min. The
crude was purified by chromatography (hexane/EtOAc 95:5) to afford a
yellow oil (syn/anti 77:23, 75 mg, 74%). IR (neat): nmax = 3070–2965, 2106,
1732, 1427, 1372, 1235, 1112, 837, 817 cm�1; 1H NMR (300 MHz, CDCl3),
major diastereomer: d =7.58–7.51 (m, 2H), 7.38–7.32 (m, 3H), 4.93 (dd,
J =8.1, 2.1 Hz, 1H), 4.14 (q, J =7.1 Hz, 2 H), 3.89 (m, 1H), 2.38 (m, 2H),
2.00 (s, 3 H), 1.84 (m, 1H), 1.68 (m, 2H), 1.45 (dd, J=2.0, 1.4 Hz, 1H),
1.26 (t, J= 7.2 Hz, 3 H), 0.77 (d, J =7.0 Hz, 3H), 0.74 (d, J= 7 Hz, 3H),
0.41 (s, 3 H), 0.40 ppm (s, 3 H); minor diastereomer: d=7.58–7.48 (m,
2H), 7.40–7.32 (m, 3H), 5.03 (dd, J= 6.7, 5.2 Hz, 1 H), 4.12 (q, J =7.1 Hz,
2H), 3.75 (m, 1H), 2.36 (m, 2H), 2.04 (s, 3 H), 1.94 (m, 1 H), 1.69 (m,
2H), 1.43 (m, 1H), 1.25 (t, J= 7.2 Hz, 3H), 0.81 (d, J =6.8 Hz, 3 H), 0.71
(d, J=6.6 Hz, 3 H), 0.43 (s, 3H), 0.42 ppm (s, 3 H); 13C NMR (75 MHz,
CDCl3), major diastereomer: d=172.8, 170.7, 137.7, 134.2, 129.1, 127.7,
76.8, 63.0, 60.5, 36.5, 32.5, 32.0, 31.7, 21.6, 19.4, 18.5, 14.2, �2.1,
�3.1 ppm; minor diastereomer : d?172.7, 170.5, 137.8, 133.7, 129.2, 127.9,
77.0, 62.8, 60.4, 33.7, 32.2, 31.7, 30.3, 21.1, 19.9, 17.5, �2.3, �2.4 ppm; MS
(ESI): m/z : 442 (50) [M+Na]+ ; HRMS [M+Na]+ C21H33N3O4SiNa calcd:
442.2138; found: 442.2137.


4-Azido-5-(dimethylphenylsilanyl)-7-methyl-6-triethylsilanyloxyoctanoic
acid ethyl ester (15b): Prepared according to general procedure C from
ethoxythiocarbonylsulfanyl-acetic acid ethyl ester 7 (59 mg, 0.283 mmol),
allylsilane 13b (205 mg, 0.566 mmol), benzenesulfonylazide (161 mg,
0.849 mmol), (Bu3Sn)2 (0.21 mL, 0.424 mmol) and DTBHN (9 mg,
0.05 mmol) added by 3% portion every 90 min. The crude was purified
by chromatography (hexane/EtOAc : 98/2) to afford a yellow oil (50/50,
75 mg, 61%). IR (neat) nmax =2857, 2099, 1738, 1250, 1111 cm�1;
1H NMR (400 MHz, CDCl3) two diastereomers: d=7.54–7.49 (m, 4H),
7.39–7.30 (m, 6 H), 4.17–4.04 (m, 4H), 3.98 (m, 1H), 3.87 (m, 1 H), 3.85–
3.79 (m, 2H), 2.48–2.23 (m, 2H), 2.21–2.00 (m, 2 H), 1.92-.159 (m, 4H),
1.61-.154 (m, 2H), 1.45–1.31 (m, 2H), 1.29–1.23 (m, 6H), 1.01–0.95 (m,
18H), 0.88 (d, J =6.8 Hz, 3H), 0.80 (d, J =6.8 Hz, 3H), 0.68–0.59 (m,
18H), 0.46 (s, 3H), 0.44 (s, 3H), 0.43–0.41 ppm (m, 6 H); 13C NMR
(75 MHz, CDCl3) two diastereomers: d=172.8, 172.8, 139.2, 139.1, 134.1,
133.7, 128.9, 128.8, 127.8, 127.6, 76.3, 75.1, 63.5, 63.0, 60.4, 60.3, 35.8, 35.7,
35.2, 34.8, 32.1, 32.1, 32.0, 30.5, 19.5, 17.7, 17.6, 17.6, 14.2, 7.1, 5.6, 5.6,
�0.9, �1.5, �1.6, �2.7 ppm; MS (ESI): m/z (%): 514 (100) [M+Na]+ ,
471 (40); HRMS [M+Na]+ C25H45N3O3Si2Na calcd: 514.2897; found:
514.2892.


Ethyl 6-acetoxy-4-azido-7,7-dimethyl-5-(dimethylphenylsilyl)octanoate
(15c): Prepared according to general procedure C from ethyl ester 7
(144 mg, 0.69 mmol), allylsilane 13c (425 mg, 1.4 mmol), 3-pyridylsulfo-
ACHTUNGTRENNUNGnylazide (386 mg, 2.1 mmol), (Bu3Sn)2 (0.53 mL, 1.05 mmol), and
DTBHN (22 mg, 0.13 mmol) added by 3% portion every 90 min. The
crude was purified by chromatography (pentane/EtOAc 95:5) to afford a
yellow oil (syn/anti 83:17, 108 mg, corrected yield 72%). IR (neat): nmax =


3071–2872, 2106, 1738, 1370, 1235, 1113, 1051, 837 cm�1; 1H NMR
(300 MHz, CDCl3), major + minor: d=7.62–7.53 (m, 2H), 7.39–7.31 (m,
3H), 5.01 (m, 1H), 4.14 (q, J =7.2 Hz, 1H), 4.13 (q, J =7.0 Hz, 1H), 4.07
(m, 1H), 2.51–2.28 (m, 2H), 2.13 (s, 3 H), 2.10 (s, 3H) 1.83 (m, 1H), 1.67
(m, 1H), 1.38 (m, 1H), 1.26 (t, J =7.2 Hz, 3H), 1.25 (t, J =7.2 Hz, 3H),
0.69 (s, 9 H) 0.67 (s, 9H),0.48 (s, 3H) 0.43 (s, 3 H), 0.41 (s, 3H) 0.40 ppm
(s, 3H); 13C NMR (75 MHz, CDCl3), major + minor: d=172.8, 172.7,
170.5, 170.3, 138.0, 137.9, 134.4, 134.2, 129.3, 129.1, 127.8, 127.7, 76.7,
76.5, 63.5, 62.7, 60.5, 60.4, 37.6, 37.2, 34.9, 32.7, 32.4, 32.0, 31.7, 26.2, 26.1,
21.9, 21.0, 14.2, �2.0, �2.4, �2.5, �3.7 ppm; MS (LSIMS): m/z (%): 456
(100) [M+Na]+ , 391 [M�N3]


+ , 349, 305, 288; HRMS [M+Na]+


C22H35N3O4SiNa calcd: 456.229455; found: 456.230196.


Ethyl 6-acetoxy-4-azido-5-(dimethylphenylsilyl)-6-phenylhexanoate
(15d): Prepared according to general procedure C from ethyl ester 7
(52 mg, 0.25 mmol), allylsilane 13d (162 mg, 0.50 mmol), benzenesulfo-
ACHTUNGTRENNUNGnylazide (137 mg, 0.75 mmol), (Bu3Sn)2 (0.18 mL, 0.37 mmol), and
DTBHN (7 mg, 0.04 mmol) added by 3% portion every 90 min. The
crude was purified by chromatography (hexane/EtOAc 95:5) to afford a
yellow oil (syn/anti >95:5, 74 mg, 65%). IR (neat): nmax =3440, 2105,
1737, 1373, 1229, 1112, 1033 cm�1; 1H NMR (300 MHz, CDCl3): d= )7.42–
7.35 (m, 5 H), 7.31–7.18 (m, 5 H), 6.05 (d, J =3.4 Hz, 1H), 4.03 (q, J=


7.2 Hz, 1H), 4.02 (q, J =7.1 Hz, 1H), 3.72 (m, 1 H), 2.20–2.00 (m, 2H),
2.03 (s, 3H), 1.72–1.55 (m, 2H), 1.45–1.31 (m, 1 H), 1.19 (t, J =7.2 Hz,
3H), 0.47 (s, 3H), 0.39 ppm (s, 3H); 13C NMR (75 MHz, CDCl3): d=


172.4, 169.8, 140.5, 137.5, 134.0, 129.2, 128.4, 127.9, 127.5, 125.4, 74.1,
62.2, 60.4, 41.8, 31.6, 31.4, 21.4, 14.1, �2.0, �2.6 ppm; MS (ESI): m/z
(%): 476 (100) [M+Na]+ , 433 (29), 299 (18), 217 (48); HRMS [M+Na]+


C24H31N3O4SiNa calcd: 476.1981; found: 476.1961.


Diethyl 2-acetoxy-4-azido-3-(dimethylphenylsilyl)heptanedioate (15 f):
Prepared according to general procedure C from ethyl ester 7 (73 mg,
0.35 mmol), allylsilane 13 f (213 mg, 0.66 mmol), 3-pyridylsulfonylazide
(197 mg, 1.07 mmol), (Bu3Sn)2 (0.25 mL, 0.5 mmol), and DTBHN (10 mg,
0.06 mmol) added by 3% portion every 90 min. The crude was purified
by chromatography (pentane/EtOAc 9:1) to afford a yellow oil (syn/anti
88:12, 54 mg, 34%). Major diastereomer : IR (neat) nmax =3071–2950,
2109, 1740, 1731, 1373, 1113, 817 cm�1; 1H NMR (300 MHz, CDCl3): d=


7.56–7.49 (m, 2H), 7.40–7.34 (m, 3 H), 5.11 (d, J =1.9 Hz, 1H), 4.14 (m,
4H), 3.72 (m, 1 H), 2.44–2.24 (m, 2H), 2.03 (s, 3 H), 1.86 (m, 1 H), 1.78–
1.66 (m, 2H), 1.25 (m, 6H), 0.47 ppm (s, 6 H); 13C NMR (75 MHz,
CDCl3): d =172.6, 170.1, 170.0, 136.6, 133.9, 129.5, 128.0, 71.4, 62.9, 61.7,
60.5, 36.7, 31.5, 31.1, 20.9, 14.2, 14.0, �2.3, �2.7 ppm; MS (LSIMS): m/z
(%): 472 (30) [M+Na]+ , 407 (65) [M�N3]


+, 372 (26), 235 (22); HRMS
[M+Na]+ C21H31N3O6SiNa calcd: 472.187984; found: 472.187837.


Ethyl 6-acetoxy-4-azido-5-(dimethylphenylsilyl)-6-phenylhexanoate
(16a): Prepared according to general procedure C from ethyl ester 7
(58 mg, 0.278 mmol), allylsilane 14a (151 mg, 0.466 mmol), 3-pyridylsulfo-
nylazide (156 mg, 0.85 mmol), (Bu3Sn)2 (0.18 mL, 0.36 mmol), and
DTBHN (16 mg, 0.09 mmol) added by 3% portion every 90 min. The
crude was purified by chromatography (hexane/EtOAc 95:5) to afford a
colorless oil (syn/anti 83:17, 98 mg, 78 %). IR (neat): nmax =3069–2950,
2099, 1737, 1229, 1111, 1022 cm�1; 1H NMR (250 MHz, CDCl3), major +


minor: d=7.60–7.50 (m, 2 H), 7.40–7.22 (m, 5 H), 6.09 (d, J=7.0 Hz, 1 H),
5.93 (d, J=8.5 Hz, 1 H), 4.04 (q, J =7.0 Hz, 2H), 3.38 (m, 1H), 2.30–2.06
(m, 2 H), 1.96 (s, 3H), 1.95 (m, 2H), 1.89 (s, 3 H), 1.76–1.64 (m, 2 H), 1.20
(t, J=7.3 Hz, 3H), 1.19 (t, J =7.3 Hz, 3H), 0.46 (s, 3 H), 0.41 (s, 3 H),
0.34 ppm (s, 3H); 13C NMR (63 MHz, CDCl3) major diastereomer: d=


172.3, 169.4, 140.5, 138.4, 133.8, 129.0, 128.5, 127.9, 127.8, 126.6, 76.2,
63.4, 60.4, 39.6, 31.5, 29.2, 21.1, 14.1, �1.2, �1.3 ppm; minor diastereo-
mer: d=172.2, 169.5, 141.1, 138.4, 133.6, 126.4, 74.8, 62.3, 60.4, 38.4, 31.2,
29.3, 21.1, 13.7, �1.3, �2.3 ppm; MS (LSIMS): m/z (%): 476 (100)
[M+Na]+ , 329 (50), 307 (36), 288 (67); HRMS [M+Na]+


C24H31N3O4SiNa calcd: 476.198155; found: 476.198755.


6-Acetoxy-4-azido-5-(dimethylphenylsilanyl)-7-methyloctanoic acid ethyl
ester (16b): Prepared according to general procedure C from ethyl ester
7 (55 mg, 0.265 mmol), allylsilane 14b (154 mg, 0.53 mmol), benzenesul-
fonylazide (145 mg, 0.795 mmol), (Bu3Sn)2 (0.20 mL, 0.4 mmol), and
DTBHN (5 mg, 0.05 mmol) added by 3% portion every 90 min. The
crude was purified by chromatography (hexane/EtOAc : 95/5) to afford a
yellow oil (syn/anti 82:18, 74 mg, 67 %). IR (neat) nmax = 2970–2874, 2100,
1732, 1427, 1372, 1236, 1112, 838, 817 cm�1; 1H NMR (300 MHz, CDCl3),
major + minor: d=7.61–7.50 (m, 2H), 7.40–7.32 (m, 3H), 5.07 (dd, J=


9.4, 1.5 Hz, 1 H), 5.00 (dd, J=9.0, 2.3 Hz, 1H), 4.11 (q, J =7.2 Hz, 2H),
4.06 (q, J= 7.1 Hz, 2H), 3.52 (m, 1H), 2.33 (m, 2H), 2.07 (s, 3 H), 2.04 (s,
3H), 1.92–1.58 (m, 7H), 1.48 (dd, J=5.4, 1.6 Hz, 1 H), 1.23 (t, J =7.2 Hz,
3H), 1.21 (t, J =7.3 Hz, 3H), 0.91 (d, J=6.6 Hz, 3 H), 0.89 (d, J =6.4 Hz,
3H), 0.80 (m, 3H), 0.78 (d, J=6.6 Hz, 3H), 0.52 (s, 6H), 0.51 (s, 3 H),
0.50 ppm (s, 3 H). 13C NMR (75 MHz, CDCl3), major diastereomer: d=


172.7, 170.2, 138.4, 133.8, 129.1, 127.8, 78.8, 63.9, 60.4, 36.7, 32.9, 31.3,
27.8, 21.2, 19.8, 18.2, 14.1, �0.7, �1.9 ppm; minor diastereomer: d=


172.3, 170.4, 138.8, 133.7, 129.1, 127.9, 78.4, 63.1, 60.5, 35.2, 32.6, 31.0,
30.2, 21.2, 19.9, 18.5, 14.1, �0.3, �2.7 ppm; MS (ESI): m/z (%): 442 (75)
[M+Na]+ ; HRMS [M+Na]+ C21H33N3O4SiNa calcd: 442.2138; found:
442.2126.


(4S,5R,6S)-Ethyl 6-acetoxy-4-azido-5-(triisopropylsilyl)-6-phenylhexa-
noate ethyl ester (18b): Prepared according to general procedure C from
ethyl ester 7 (92 mg, 0.44 mmol), allylsilane 17c (77 mg, 0.22 mmol), 3-
pyridylsulfonylazide (124 mg, 0.67 mmol), (Bu3Sn)2 (0.17 mL, 0.32 mmol),
and DTBHN (14 mg, 0.08 mmol) added by 3% portion every 2 h. The
crude was purified by chromatography (hexane/EtOAc 95:5) to afford a
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yellow oil (syn/anti >95:<5, 65 mg, 62%). IR (neat): nmax =3063–2868,
2104, 1732, 1226 cm�1; 1H NMR (300 MHz, CDCl3): d=7.38–7.14 (m,
5H), 6.14 (d, J =1.9 Hz, 1H), 3.81 (qd, J=7.1, 2.1 Hz, 2H), 3.54 (ddd, J=


10.5, 4.1, 2.3 Hz, 1H), 2.03 (s, 1 H), 1.99–1.91 (m, 2H), 1.64–1.56 (m, 2H),
1.11–0.87 ppm (m, 21H); 13C NMR (75 MHz, CDCl3): d=172.4, 169.9,
141.3, 128.6, 127.3, 124.9, 74.9, 62.2, 60.4, 37.7, 31.8, 31.7, 21.7, 19.3, 14.1,
12.2 ppm; MS (ESI): m/z : 498 (100) [M+Na]+ ; HRMS [M+Na]
C25H41N3O4SiNa calcd: 498.2764; found: 498.2744.


Ethyl 7-acetoxy-4-azido-7-phenyl-5-(triphenylsilyl)heptanoate (20): Pre-
pared according to general procedure C from ethyl ester 7 (102 mg,
0.48 mmol), allylsilane 19 (380 mg, 0.82 mmol), 3-pyridylsulfonylazide
(265 mg, 1.44 mmol), (Bu3Sn)2 (0.36 mL, 0.72 mmol), and DTBHN
(16 mg, 0.09 mmol) added by 3% portion every 90 min. The crude was
purified by chromatography (pentane/EtOAc 9:1) to afford a colorless
oil (syn/anti 87:13, 89 mg, 31%). Major diastereomer : IR (neat): nmax =


3070–2933, 2100, 1732, 1428, 1372, 1112 cm�1; 1H NMR (250 MHz,
CDCl3): d =7.53–7.28 (m, 20H), 5.78 (m, 1H), 4.06 (q, J =6.9 Hz, 2H),
3.95 (m, 1 H), 2.44–2.26 (m, 2 H), 2.25–2.16 (m, 2H), 2.04 (s, 3H), 2.02–
1.91 (m, 1 H), 1.79–1.46 (m, 2H), 1.21 ppm (t, J =7.2 Hz, 3H); 13C NMR
(63 MHz, CDCl3): d=172.6, 170.1, 139.4, 136.0, 133.1, 129.7, 128.5, 128.0,
127.4, 126.3, 75.9, 64.6, 60.4, 33.9, 31.8, 28.4, 26.8, 21.3, 14.1 ppm; MS
(LSIMS): m/z : 614 (13) [M+Na]+ , 504 (11), 259 (100) [Ph3Si]+ ; HRMS
[M+Na]+ C35H37N3O4SiNa calcd: 614.245105; found: 614.244118.


5-Azido-2-methyl-4-(dimethylphenylsilyl)-8-oxononan-3-yl acetate (22a):
Prepared according to general procedure C from xanthate 21a (123 mg,
0.69 mmol), allylsilane 13a (105 mg, 0.362 mmol), 3-pyridylsulfonylazide
(190 mg, 1.03 mmol), (Bu3Sn)2 (0.26 mL, 0.52 mmol), and DTBHN
(12 mg, 0.06 mmol) added by 3% portion every 90 min. The crude was
purified by chromatography (hexane/EtOAc 95:5) to afford a colorless
oil (syn/anti 72:28, 101 mg, 72%). IR (neat): nmax =2962, 2101, 1732,
1236 cm�1; 1H NMR (300 MHz, CDCl3), major isomer: d=7.54 (m, 2H),
7.33 (m, 3 H), 4.93 (dd, J=8.3, 1.9 Hz, 1H), 3.85 (m, 1 H), 2.61–2.40 (m,
2H), 2.12 (s, 3 H), 2.00 (s, 3H), 1.85 (m, 1H), 1.75–1.49 (m, 2H), 1.47 (m,
1H), 0.78 (d, J =6.8 Hz, 3H), 0.76 (d, J =6.8 Hz, 3H), 0.40 (s, 3 H),
0.39 ppm (s, 3H); 13C NMR (75 MHz, CDCl3): d =207.7, 170.7, 137.7,
134.3, 129.0, 127.8, 76.8, 63.1, 40.8, 36.6, 32.0, 31.3, 29.9, 21.7, 19.4, 18.5,
�2.2, �3.1 ppm; MS (ESI): m/z (%): 412 (100) [M+Na]+ . HRMS
[M+Na]+ C20H31N3O3SiNa calcd: 412.2032; found: 412.2017.


7-(N-Methoxy-N-methylcarbamoyl)-5-azido-2-methyl-4-(dimethylphenyl-
silyl)heptan-3-yl acetate (22b): Prepared according to general procedure
C from xanthate 21b (97 mg, 0.43 mmol), allylsilane 13a (157 mg,
0.89 mmol), 3-pyridylsulfonylazide (247 mg, 1.29 mmol), (Bu3Sn)2


(0.32 mL, 0.64 mmol), and DTBHN (13 mg, 0.07 mmol) added by 3 %
portion every 90 min. The crude was purified by chromatography (pen-
tane/EtOAc 8:2) to afford a yellow oil (syn/anti 77:23, 209 mg, estimated
yield 75%). Major diastereomer: IR (neat): nmax =2964, 2104, 1731, 1664,
1373, 1235, 1111 cm�1; 1H NMR (300 MHz, CDCl3): d=7.59–7.52 (m,
2H), 7.38–7.31 (m, 3H), 4.92 (dd, J =8.3, 2.3 Hz, 1H), 3.95 (m, 1H), 3.69
(s, 3 H), 3.18 (s, 3 H), 2.59–2.44 (m, 2H), 1.99 (s, 3H), 1.92–1.63 (m, 3H),
1.49 (m, 1 H), 0.78 (d, J= 6.8 Hz, 3H), 0.74 (d, J =6.8 Hz, 3 H), 0.41 (s,
3H), 0.40 ppm (s, 3H); 13C NMR (75 MHz, CDCl3): d =170.8, 137.8,
134.3, 129.0, 127.7, 76.6, 63.3, 61.2, 36.7, 32.2, 31.9, 29.1, 21.7, 19.4, 18.5,
�2.0, �3.1 ppm; MS (LSIMS): m/z (%): 457 [M+Na]+ (100); HRMS
[M+Na]+ C21H34N4O4SiNa calcd: 457.2247; found: 457.2249.


Ethyl 4-azido-4-methyl-5-(dimethylphenylsilyl)-5-phenylpentanoate (24):
Prepared according to general procedure C from ethyl ester 7 (62 mg,
0.3 mmol), olefin 23 (160 mg, 0.6 mmol), 3-pyridylsulfonylazide (175 mg,
0.9 mmol), (Bu3Sn)2 (0.22 mL, 0.45 mmol), and DTBHN (9 mg,
0.05 mmol) added by 3% portion every 90 min. The crude was purified
by chromatography (pentane/EtOAc 98:2) to afford a yellow oil as an in-
separable of xanthate and both diastereomers (50:50, 90.2 mg, estimated
yield 71%). IR (neat): nmax =3070–2950, 2099, 1732, 1252, 1112 cm�1;
1H NMR (250 MHz, CDCl3), major + minor: d=7.47 (m, 4 H), 7.34 (m,
6H), 7.28–7.05 (m, 10H), 4.05 (m, 4 H), 2.49 (s, 1 H), 2.47 (s, 1 H), 2.32–
2.15 (m, 4H), 1.96–1.67 (m, 4H), 1.22 (s, 3H), 1.21 (s, 3 H), 1.18 (m, 6H),
0.47 (s, 3H), 0.43 (s, 3 H), 0.20 (s, 3H), 0.15 ppm (s, 3H); 13C NMR
(63 MHz, CDCl3): d=172.9, 172.8, 139.5, 139.3, 138.8, 138.7, 134.1, 134.0,
129.0, 128.9, 128.1, 128.0, 127.7, 127.6, 125.9, 66.7, 66.4, 60.5, 60.4, 48.3,


48.0, 35.9, 34.8, 29.4, 24.1, 23.2, 14.1, �1.0, �1.1, �2.0, �2.2 ppm; MS
(LSIMS): m/z (%): 418 [M+Na]+ (35), 353 (100), 318 (13), 288 (43);
HRMS [M+Na]+ C22H29N3O2SiNa calcd: 418.192505; found: 418.192676.


Ethyl 4-azido-5-(benzyloxy)hexanoate (26a): Prepared according to gen-
eral procedure C from ethyliodoacetate (222 mg, 1.04 mmol), olefin 25a
(324 mg, 2 mmol), benzenesulfonylazide (550 mg, 3 mmol), (Bu3Sn)2


(0.75 mL, 1.5 mmol) and DTBHN (5 mg, 0.03 mmol) in dry benzene
(2 mL). The crude was purified by chromatography (cyclohexane then cy-
clohexane/tBuOMe 95:5) to afford a yellow oil as an inseparable mixture
of PhSO2N3 and both diastereomers (54:46, 281 mg, estimated yield
43%). IR (neat): nmax =3065–2871, 2127, 1732, 1449, 1372, 1170,
1087 cm�1; 1H NMR (300 MHz, CDCl3), major + minor: d=7.41–7.25
(m, 10 H), 4.59 (m, 4H), 4.30 (m, 1H), 4.22 (m, 1 H), 4.14 (q, J =7.2 Hz,
2H), 4.14 (q, J =7.2 Hz, 2H), 3.45 (m, 1 H), 3.20 (m, 1 H), 2.69–2.52 (m,
2H), 2.51–2.34 (m, 2H), 2.12 (m, 2 H), 2.04 (m, 2 H), 1.34 (d, J =6.0 Hz,
3H), 1.31–1.22 ppm (m, 9 H); 13C NMR (75 MHz, CDCl3): d=172.6,
172.5, 138.2, 138.0, 128.3, 127.7, 126.6, 77.5, 77.2, 70.8, 70.7, 60.5, 60.4,
42.0, 40.3, 34.4, 34.3, 30.8, 30.4, 18.5, 17.9, 14.2 ppm.


4-Azido-5-(tert-butyldimethylsilanyloxy)hexanoic acid ethyl ester (26b):
Prepared according to general procedure C from ethyliodoacetate
(212 mg, 0.99 mmol), olefin 25b (373 mg, 2 mmol), benzenesulfonylazide
(550 mg, 3 mmol), (Bu3Sn)2 (0.75 mL, 1.5 mmol) and DTBHN (5 mg,
0.03 mmol) added by 3% portion every 90 min. The crude was purified
by chromatography (cyclohexane then cyclohexane/EtOAc 98:2) to
afford a yellow oil (57:43, 214 mg, 68 %). IR (neat), major diastereomer:
nmax =2959–2858, 2103, 1736, 1463, 1257, 1179, 837 cm�1; minor diastereo-
mer: nmax =2930–2858, 2102, 1736, 1472, 1257, 837 cm�1; 1H NMR
(300 MHz, CDCl3), major diastereomer: d=4.15 (q, J=7.2 Hz, 2H), 3.89
(m, 1H), 3.32 (dt, J=10.6, 3.5 Hz, 1H), 2.43 (m, 2H), 1.81 (m, 1 H), 1.58
(m, 1H), 1.27 (t, J =7.2 Hz, 3H), 1.17 (d, J =6.2 Hz, 3H), 0.90 (s, 9 H),
0.08 ppm (s, 6H); minor diastereomer : d =4.15 (q, J =7.1 Hz, 2H), 3.83
(m, 1H), 3.00 (dt, J =9.9, 4.8 Hz, 1 H), 2.46 (m, 2H), 1.85 (m, 1H), 1.27
(t, J=7.2 Hz, 3 H), 1.21 (d, J= 6.2 Hz, 3 H), 0.91 (s, 9H), 0.1 (s, 3H),
0.09 ppm (s, 3H); 13C NMR (75 MHz, CDCl3), major diastereomer: d=


172.9, 71.3, 67.6, 60.5, 31.2, 25.7, 25.4, 18.7, 17.9, 14.2, �4.5, �4.9 ppm;
minor diastereomer: d=172.9, 71.4, 66.9, 60.5, 31.1, 25.8, 25.7, 20.7, 17.9,
14.2, �4.5, �5.0 ppm; MS (LSIMS): major diastereomer m/z (%): 316
[M+H]+ (17), 258 (47), 185 (16), 159 (100), 115 (34); minor diastereomer
m/z (%): 316 [M+H]+ (21), 258 (97), 185 (37), 159 (100), 115 (44);
HRMS [M+H]+ C14H30N3O3Si calcd: 316.205646; found: 316.205260.


Tosylate (30): p-Tolylsulfonyl chloride (270 mg, 1.4 mmol) was added to a
solution of diol 29 (71.5 mg, 0.236 mmol) in pyridine (3.5 mL). The mix-
ture was stirred at RT for 5 h then quenched with brine. The aqueous
layer was extracted with EtOAc and the combined extracts washed with
Cu2SO4. The solvent was evaporated under vacuum and the crude puri-
fied through silica gel (pentane/EtOAc 8:2) to afford a colorless oil
(101.5 mg, 94%). IR (neat): nmax =3500, 2953, 2106, 1738, 1361, 1177,
1069 cm�1; 1H NMR (300 MHz, CDCl3): d= 7.81 (d, J =8.2 Hz, 2 H), 7.36
(d, J =7.9 Hz, 2H), 4.34 (dd, J= 10.2, 2.0 Hz, 1 H), 4.20 (m, 1 H), 4.17
(dd, J=6.1, 4.6 Hz, 1 H), 4.07 (dd, J =10.0, 6.4 Hz, 1H), 3.97 (dd, J =9.5,
6.1 Hz, 1H), 3.69 (s, 3H), 3.56 (m, 1H), 2.89 (d, J =5.5 Hz, 1 H), 2.50 (m,
2H), 2.45 (s, 3H), 2.16–1.85 (m, 2 H), 1.40 (s, 3 H), 1.29 ppm (s, 3H);
13C NMR (75 mhz, CDCl3): d =173.4, 145.1, 132.5, 129.9, 128.0, 109.1,
79.6, 75.7, 72.4, 67.8, 58.4, 51.8, 30.5, 26.9, 24.7, 21.6 ppm; MS (LSIMS):
m/z (%): 480 [M+Na]+ (100), 430 (35); HRMS [M+Na]+


C19H27N3O8SNa calcd: 480.141657; found: 480.141685.


(3aR,4R,9aR,9bS)-Octahydro-2,2-dimethyl ACHTUNGTRENNUNG[1,3]dioxoloACHTUNGTRENNUNG[4,5-g]indolizin-
4-ol (31): The tosylate 30 (104 mg, 0.227 mmol) was dissolved in MeOH
(2.3 mL) and 10% Pd/C (2 mg) was added. The suspension was stirred at
RT under H2 (1 atm) for 2 h. The solution was filtered through Celite
(MeOH, 10 mL) then the residue was concentrated under vacuum. The
crude product was dissolved in MeOH (3 mL), Et3N (0.16 mL,
1.14 mmol) was added, and the solution was heated under reflux over-
night. The solvent was evaporated and the resulting crude material dis-
solved in THF (2.8 mL). A 1 m solution of LiAlH4 in Et2O (0.64 mL) was
added dropwise at 0 8C. The solution was stirred under reflux for 3 h.
Water (0.03 mL), NaOH 10 % (0.03 mL), and water (0.05 mL) were suc-
cessively added. The residue was extracted with EtOAc. The organic
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layer was dried over Na2SO4 and the solvent evaporated under vacuum.
The crude was purified through silica gel (CH2Cl2/MeOH 9:1) to afford a
white solid (37 mg, 77 %). IR (neat): nmax = 3376, 2924, 1379, 1207 cm�1;
1H NMR (300 MHz, CDCl3): d= 4.31 (dd, J =6.1, 2.7 Hz, 1H), 4.12 (dd,
J =6.4, 4.6 Hz, 1H), 3.78 (m, 1H), 3.00 (dd, J =11.0, 6.1 Hz, 1 H), 2.91
(m, 1 H), 2.55 (m, 1 H), 2.47–2.36 (m, 2 H), 2.07–1.65 (m, 5H), 1.58 (s,
3H), 1.37 ppm (s, 3 H); 13C NMR (75 MHz, CDCl3): d=109.4, 74.7, 74.5,
66.3, 60.4, 54.1, 53.5, 26.1, 25.9, 25.3, 22.4 ppm; MS (LSIMS): m/z (%):
214 (100) [M+H]+ ; HRMS [M+H]+ C11H20NO3 calcd: 214.144319;
found: 214.143925.


(6R,7R,8S,8aR)-Octahydroindolizine-6,7,8-triol (32):[32a] The acetonide
31 (37 mg, 0.173 mmol) was dissolved in MeOH/HCl (v/v 2:1) (0.9 mL).
The solution was stirred under reflux for 1 h. The solvent was evaporated
and the chlorhydrate was purified through DOWEX 1X10 (OH� form)
and eluted with water to afford 32 as a colorless oil (29 mg, 97%).
1H NMR (300 MHz, CD3OD): d=3.83 (m, 2 H), 3.45 (m, 1 H) 3.17 (dd,
J =12.1, 2.6 Hz, 1H), 3.02 (m, 1H), 2.17 (m, 2H), 2.06 (m, 1H), 1.98–
1.65 ppm (m, 4H); 13C NMR (75 Mhz, CD3OD): d=72.3, 71.7, 71.2, 67.9,
57.7, 54.6, 25.5, 22.4 ppm.


X-ray of (15d): CCDC 659354 contains the supplementary crystallo-
graphic data for this paper. These data can be obtained free of charge
from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.
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Abstract: Attaching electron-rich 1,3-
dithiol-2-ylidene moieties to polynitro-
fluorene electron acceptors leads to the
formation of highly conjugated com-
pounds 6 to 11, which combine high
electron affinity with a pronounced in-
tramolecular charge transfer (ICT) that
is manifested as an intense absorption
band in their visible spectra. Such a
rare combination of optical and elec-
tronic properties is beneficial for sever-
al applications in optoelectronics. Thus,
incorporation of fluorene–dithiole de-
rivative 6a into photoconductive films
affords photothermoplastic storage


media with dramatically increased pho-
tosensitivity in the ICT region. A wide
structural variation of the dithiole and
fluorene parts of the molecules reveals
excellent correlation between the ICT
energy and the reduction potential
with the Hammett's parameters for the
substituents. Although only a small sol-
vatochromism of the ICT band was ob-


served, heating the solution led to a
pronounced blueshift, which was prob-
ably as a result of increased twisting
around the C9=C14 bond that links the
fluorene and dithiole moieties. X-ray
crystallographic analysis of 7a, 8a, 10a,
11a and 13a confirms an ICT interac-
tion in the ground state of the mole-
cules. The C9=C14 double bond be-
tween the donor and acceptor is sub-
stantially elongated and its length in-
creases as the donor character of the
dithiole moiety is enhanced.
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Introduction


Conjugated donor–p-acceptor molecules (D–p-A) with
strong electronic coupling between the D and A moieties
have been of general interest for a number of electronic and
optoelectronic applications. Large second-order polarisabili-
ty and electro-optic effects render them the most promising
non-linear optical and electro-optical materials for telecom-
munications.[1–4] More elaborate structures in this family
(usually incorporating several D–p-A moieties) have been
explored for their large two- and three-photon absorption
cross-sections,[5–7] which are important properties for several
applications, such as optical limiting and fluorescent imag-
ing. Recently, D–p-A derivatives have also been extensively
studied in molecular electronics, particularly for use as un-
imolecular rectifiers.[8,9]


Donor–acceptor (HOMO–LUMO) interactions in such
molecules usually result in intramolecular charge-transfer
(ICT) absorption bands in the visible or near-IR region of
their electronic spectra. The strong sensitivity of the ICT
band to variations in the molecular structure and media
makes D–p-A compounds convenient model systems in
physical organic chemistry. Thus, solvatochromism in one
such molecule, the dye 4-hydroxyphenylpyridinium, was
used to establish the solvent polarity scale ET. At the same
time, a strong HOMO–LUMO interaction in the majority of
such molecules makes them neither strong electron donors
nor acceptors. It is, however, desirable for several applica-
tions to combine a pronounced electron affinity and strong
light absorption in the same compound. A possible ap-
proach to achieve this combination would be to use a p-ex-
tended electron-acceptor moiety with numerous electron-
withdrawing substituents, which could maintain an electron-
deficient character in the presence of the ICT interaction.


Electron acceptors in the fluorene series are known for
their unique ability to sensitise photoconductivity of poly-N-
vinylcarbazole-type (PVK) semiconductive polymers and re-
lated amorphous hole-transporting materials.[10–13] The pro-
cess is based on the formation of a charge-transfer complex
(CTC) between the fluorene acceptor and a carbazole
donor, which is highly efficient because of the great structur-
al similarity between these components. However, the rela-
tively weak intensity of the charge-transfer band (e~1000–
2000m


�1 cm�1[14]) affects the efficiency of the photosensitisa-
tion. Some improvements in photosensitisation were found
when a nitrofluorene was covalently linked to a fullerene ac-
ceptor with an intrinsic absorption in the visible region.[15]


CTCs of dendrimers that contain nitrofluorene and carba-
zole were used to design columnar liquid crystals with im-
proved charge-transport characteristics.[16] Very recently, a
trinitrofluorenone acceptor moiety was used together with a
hexabenzocoronene donor core to build supramolecular
nanotubes with substantial axial photoconductivity.[17] The
electron affinity of the strongest fluorene acceptor, 9-dicya-
nomethylene-2,4,5,7-tetranitrofluorene, is close to that of
7,7,8,8-tetracyano-p-quinodimethane (TCNQ); moreover, 9-
dicyanomethylene–polynitrofluorenes have up to four rever-


sible reduction waves in cyclic voltammetry (CV) experi-
ments, which reveals their extraordinary electron-acceptor
capacity.[18] The 1,3-dithiole heterocyclic ring, a structural el-
ement of the famous p-electron donor tetrathiafulvalene
(TTF), is also a promising building block for different types
of supramolecular systems and a terminal donor moiety in
D–p-A non-linear optical chromophores.[19]


We suggested that combining these two structural blocks
(dithiole and nitrofluorene) would yield D–p-A molecules
with interesting electronic properties. An important feature
of such a combination is that full intramolecular charge
transfer, which results in a zwitterionic state D+–p-A�,
would cause aromatisation of both donor and acceptor moi-
eties (6 and 14e systems, respectively; resonance structure
1b). This aromatisation would stabilise the charge-separated
excited state, which is of paramount importance for optoe-
lectronic applications. The electronic properties of such
diads could be tuned across a wide range by the synthetical-
ly convenient introduction of electron-donating and elec-
tron-withdrawing groups (EDG and EWG, respectively).


Previously we reported some representatives of the gener-
al structure 1 and showed their ability to sensitise the photo-
conductivity of polymers that contain carbazole.[20,21] The
present work describes the synthesis and detailed studies of
the structural effects in both fluorene and dithiole rings on
the spectral and electrochemical properties of these new
donor–acceptor diads, as well as on their supramolecular or-
ganisation in the solid state. Electrochemical and spectro-
scopic data have been supported by theoretical DFT calcu-
lations. We also demonstrate the remarkable stability and
great potential of these materials in optoelectronic applica-
tions, that is, very high efficiency of these compounds as sen-
sitisers of the conductivity of poly[N-(2,3-epoxypropyl)car-
bazole] (PEPK) in optical data storage processes (e.g., pho-
tothermoplastic hologram recording[11,22]).


Results and Discussion


Synthesis : Nitrosubstituted fluorenes 4a–g have been pre-
pared by nitration of fluorene or its 4-substituted derivatives
with nitric acid, or a mixture of nitric acid with acetic or sul-
furic acids, as previously described.[20,23–25] As strong C�H
acids,[26] derivatives 4a–g readily participate in condensation
reactions with various electrophiles, which include aldehy-
des,[4b,27] amides,[26] and dithiolium salts.[20,21,28] Thus, treat-
ment of nitrosubstituted fluorenes 4a–g with dithiolium salts
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3A–F, which were obtained by methylation of the corre-
sponding 1,3-dithiol-2-thiones 2A–F with methyl trifluoro-
sulphonate,[29] results in the formation of 9-(1,3-dithiol-2-yli-
dene)fluorenes 6–11 (Scheme 1). The reaction proceeds


smoothly in N,N-dimethylformamide (DMF) with no addi-
tional catalyst (in contrast with common base-catalysed re-
actions of activated methylene compounds) and its rate posi-
tively correlates with the electron-withdrawing strength of
substituents in the fluorene nucleus. Thus, for 4a the reac-
tion is completed within 1 h at room temperature, whereas
4g typically requires over 24 h at 65 to 70 8C. Compounds 6
to 11 are very intensely coloured (red to black), air- and
light-stable solids. No signs of decomposition were observed
after storage for several years on the bench or after heating
to the melting points (typically, above 250–300 8C).


Compounds 7 to 11 have a limited solubility in most or-
ganic solvents (moderate for derivatives that contain carbo-
methoxy substituents). Thus, long-chain-substituted deriva-
tive 6a was specifically synthesised to improve the processa-
bility for device applications. Compounds 7 to 11, however,
all dissolve in concentrated sulfuric and trifluoromethanesul-
fonic acids. This results in a reversible protonation of the
molecules at the C9 position of the fluorene nucleus to form
cations 6’ to 11’, which have a positive charge delocalised
over an aromatic dithiolium ring[30] (Scheme 2).[20] Similar
behaviour was demonstrated by other 1,3-dithiole deriva-
tives, notably TTFs.[31] Such protonation eliminates the pre-
requisite conditions for ICT (donor character of the dithiole
moiety, conjugation path), which affords 6’ to 11’ as almost
colourless salts with UV/Vis absorption spectra that resem-


ble those of the corresponding 9H-fluorenes (Figure 1). Re-
ducing the acidity of the solution shifts the equilibrium to-
wards non-protonated forms 6 to 11 (Scheme 2), which leads


to a gradual restoration of the ICT bands upon dilution of
the solution in H2SO4 with acetic acid (Figure 1). The basici-
ty of diads 6 to 11 decreased with the increasing electron-
withdrawing ability of substituents X and Y, which destabil-
ises the dithiolium cation. For dicarbomethoxy-substituted
11a only a partial protonation was observed in concentrated
H2SO4, as revealed by a residual ICT absorption in the UV/
Vis spectra. The protonation can be followed by a downfield
shift of the proton signals in the NMR spectra. For partially
protonated compound 11a, two sets of signals that corre-
spond to the neutral and protonated forms, were observed
(see the NMR spectroscopy data given in Table 8).


Electrochemistry : The electrochemical behaviour of com-
pounds 6 to 11 was studied by CV in either dichloromethane
or N,N-dimethylacetamide (DMA) with 0.1m Bu4NPF6 as
the supporting electrolyte. The presence of both electron-ac-
ceptor (nitrofluorene) and electron-donor (dithiole) frag-
ments gives compounds 6 to 11 highly amphoteric multire-
dox behaviour, with up to four single-electron reduction
waves (the first two or three reduction processes are reversi-
ble) and up to two single-electron oxidations (Figure 2,
Table 1). It is quite unusual for organic molecules to show


Scheme 1. Synthesis of 9-(1,3-dithiol-2-ylidene)fluorenes 6 to 11 by con-
densation of nitrofluorenes 4 with dithiolium salts 3.


Scheme 2. Protonation of 1,3-dithiol-2-ylidene-fluorene conjugates 6 to
11 in strong acids.


Figure 1. Electronic absorption spectra of 7a in mixtures of H2SO4/acetic
acid with various concentrations of H2SO4, a) 94, b) 62, c) 45, d) 35 and
e) 29% H2SO4. The absorbance is corrected for the dilution.
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five to seven distinct redox states (neutral, radical anion,
dianion, radical trianion, tetraanion, radical cation and di-
cation), although other examples (fullerenes, D–s-A diads)
are known.[32]


The observed first and second reduction potentials are in
good linear correlation with the sum of the Hammett con-
stants of the substituents in the benzene rings of the fluo-
rene moiety (sA


p ) as shown by Equation (1), (Figure 3).


E1=2 ¼ E0
1=2þ1A


X
sA
p ð1Þ


in which E1/2 is the observed half-wave redox potentials, E0
1=2


is the E1/2 value of the reference compound (unsubstituted
benzene rings in the fluorene nuclei, �sA


p =0), and 1A is a
sensitivity parameter of the redox potential to substituents
effects.


The potentials E
red1


1=2 and E
red2


1=2 both showed good linear cor-
relations (correlation coefficient r=0.980–0.993) on �sA


p


with sensitivity parameters of 1A�0.35 for red1 and �0.30
for red2 processes (Table 2). The 1A values were essentially
independent of the substituents in the dithiole ring (cf.
series 7, 8 and 11; Table 2), which means that there is no
cross-correlation between the variations of the fluorene and
the dithiole structures.


In the reduced (anionic) states, the negative charge
should be localised almost exclusively on the fluorene frag-
ment, which is also in agreement with LUMO orbital locali-
sation on the fluorene moiety (see the Theoretical studies


Figure 2. Cyclic voltammograms for tetranitro derivative 6a and trinitro-
carbomethoxy derivative 7c in CH2Cl2 that contains 0.1m Bu4NPF6 (scan
rate 100 mVs�1).


Table 1. CV data for solutions of compounds 6 to 11 in DMA and CH2Cl2.
[a]


Solvent Eox1
1=2


ACHTUNGTRENNUNG(D!DC+)
Ered1


1=2


ACHTUNGTRENNUNG(A!AC�)
Ered2


1=2


ACHTUNGTRENNUNG(AC�!A2�)
Ered3


1=2


ACHTUNGTRENNUNG(A2�!AC3�)
Ered4


pa


ACHTUNGTRENNUNG(AC3�!A4�)
HOMO[b]


[eV]
LUMO[b]


[eV]
KdisprR104[c]


ACHTUNGTRENNUNG[m�1]


6a CH2Cl2 0.86, 1.22 ir[d] �0.91 �1.10 �1.91 – �5.9 �4.1 6.0
6a DMA – �0.80 �1.04 �2.04[e] – – �4.2 0.9
7a DMA 0.85 ir �0.83 �1.07 �2.01 – �5.8 �4.2 0.9
7b DMA 0.84 ir �0.94 �1.15 �2.04 – �5.8 �4.1 2.8
7c CH2Cl2 0.82, 1.35 ir �1.11 �1.21 �1.89 – �5.8 �3.9 �200.0
7c DMA 0.79 ir �0.98 �1.22 �2.05 – �5.8 �4.0 0.9
7d DMA 0.76 ir �1.12 �1.35 �2.02 – �5.8 �3.9 1.3
7e DMA 0.73 ir �1.18 �1.37 – – �5.7 �3.8 6.0
7 f DMA – �1.28 �1.43 – – – �3.7 29.0
8a DMA 0.79 ir �0.78 �1.02 �2.00 – �5.8 �4.2 0.9
8b DMA 0.77 ir �0.90 �1.11 �2.03 – �5.8 �4.1 2.8
8c DMA 0.75 ir �0.94 �1.18 �2.05 – �5.8 �4.1 1.9
8d DMA 0.73 ir �1.08 �1.29 �2.00 – �5.7 �3.9 2.8
8e DMA 0.72 ir �1.14 �1.32 �1.53 ir – �5.7 �3.9 8.9
9a DMA � �0.76 �1.01 �1.99 – – �4.2 0.6
10a DMA 1.18 ir �0.77 �1.02 �2.00 – �6.2 �4.2 5.8
11a DMA – �0.76 �0.98 �1.79 �2.08[e] – �4.2 1.9
11b DMA – �0.87 �1.06 �1.81 �2.10[e] – �4.1 6.0
11d DMA – �1.05 �1.25 �1.83 �2.03[e] – �3.9 4.1
11e DMA – �1.11 �1.31 �1.88[e] – – �3.9 4.1


[a] 0.1m Bu4NPF6 was used as the supporting electrolyte (scan rate 100 mVs�1). Potentials are given versus Fc/Fc+ . [b] Calculated from MO=�5.0�E1/


2(vs. Fc/Fc+).[59] [c] Kdispr is the disproportionation constant in the equilibrium 2AC�ÐA+A2�, which was estimated from the equation for the single-elec-
tron redox process, DEredð1�2Þ


1=2 =Ered1
1=2 �Ered2


1=2 =�0.059 log Kdispr.
[34] [d] ir: irreversible, values correspond to Epa. The second value is for the DC+!D2+ process


(oxidation to dication). [e] The estimated uncertainties for these values are 	0.05 V.


Figure 3. Dependence of the E
red1


1=2 (filled shapes) and E
red2


1=2 (open shapes)
reduction potentials of series 7 (circles), 8 (squares) and 11 (triangles)
versus the sum of the sp constants in the fluorene moiety. Lines show the
linear fits of the experimental data from Table 1 (for correlation parame-
ters see Table 2).


www.chemeurj.org M 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 2757 – 27702760


D. F. Perepichka, I. F. Perepichka, M. R. Bryce et al.



www.chemeurj.org





section). Therefore, the sensitivity of the reduction poten-
tials to substituents in the fluorene ring (1A) is five to ten
times higher than the corresponding sensitivity to substitu-
ents in the dithiole moiety (1D=0.04–0.07 V for both reduc-
tion waves).[33]


The thermodynamic stability of the radical anion versus
the corresponding dianion is described by the equilibrium
2AC�ÐA0+A2� with a disproportionation constant Kdispr. It
can be determined from CV experiments as E1/2 and Kdispr


are related through Equation (2):[34]


Ered1
1=2 �Ered2


1=2 ¼ �0:059logKdispr ð2Þ


For systems with Kdispr values greater than 10�1, two redox
processes coalesce into a single two-electron redox wave in
CV experiments. We have previously observed a large varia-
tion in the thermodynamic stability of radical anions of fluo-
rene-based acceptor molecules[14] as well as of radical cat-
ions of 1,3-dithiole-based donor molecules.[35] In the most
extreme case, the radical cation of a p-extended dithiole de-
rivative is completely destabilised, which gives rise to a truly
two-electron (inverted potentials) oxidation process.[35,36] In
dithiole–fluorene diads, a complete coalescence of the first
and second reduction waves has never been observed, al-
though the thermodynamic stability of species AC� has a
slight tendency to decrease with a reduction in the electron-
withdrawing character of substituents in the fluorene moiety
(cf. Kdisp=0.9R10�4 for 7a and 29R10�4 for 7 f, Table 1). A
relative stabilisation of the radical anion was achieved in
polar solvents; the disproportionation constant is decreased
by over two orders of magnitude when low polarity CH2Cl2
is replaced by highly polar DMA (e.g., Kdisp =0.9R10�4 and
200R10�4 for compound 7c in DMA and CH2Cl2, respec-
tively).


A single-electron electrochemical oxidation of compounds
6 to 11 produces radical cation species, in which the positive
charge is expected to mainly localise on the dithiole frag-
ment (as the aromatic dithiolium cation) with the unpaired
electron residing on the fluorene moiety. Although this type
of radical was shown to be very stable in the radical anion


state (a radical ion copper salt of 2,4,5,7-tetranitro-9-dicya-
nomethylenefluorene was isolated and analysed by X-ray
crystallography),[37] all attempts to isolate or analyse the rad-
ical cation salts of 7 and 8 by chemical oxidation with
NOBF4 have failed. Nevertheless, the above-mentioned rad-
ical cations are reasonably stable on the CV timescale in sol-
vents such as CH2Cl2 (Figure 2), and even the second (irre-
versible) oxidation peak was observed. Unfortunately, owing
to the low solubility of the other derivatives, the use of
highly nucleophilic DMA as the solvent was unavoidable,
and only irreversible oxidation peaks have been observed in
this solvent (Table 1).


Intramolecular charge transfer: electron-absorption spec-
troscopy studies : The intense colour of compounds 6 to 11 is
the result of intramolecular charge transfer (ICT) from the
donor dithiole moiety onto the acceptor nitrofluorene nu-
cleus, which can be visualised by resonance structure 1b.
The ICT manifests itself in a long-wavelength absorbance
band (ICT band) with maxima in the range of 470 to 610 nm
and a high extinction coefficient (~10000m


�1 cm�1). Not un-
expectedly, increasing the electron-withdrawing strength of
substituents R1 and R2 in the acceptor fluorene fragment
(H<CO2Me<CN<NO2) and the electron-releasing ability
of substituents X and Y (CO2Me< I<SMe<Me) in the
donor dithiole fragment results in a pronounced bathochro-
mic shift of the ICT band. Remarkably, however, the energy
of the ICT band maxima (hnICT, eV) is in good linear de-
pendence with the sum of the Hammett parameters of the
substituents (�sp)


[38] in either acceptor [Eq. (3), see Table 3
for correlation parameters in series 7, 8 and 11] or donor
moieties [Eq. (4), sensitivity parameter 1D=0.226	0.030,
correlation coefficient r=0.967).


hnICT ¼ hn0
ICTþ1A


X
sA
p ð3Þ


hnICT ¼ hn0
ICTþ1D


X
sD
p ð4Þ


The sensitivity parameters, 1A and 1D, for an acceptor and a
donor series, respectively, have an opposite sign, but are of
almost equal absolute value within experimental error. Thus
the cross-correlation term is insignificant and the ICT
energy correlates well with the �sp


A��sp
D term [Eq. 5,


Figure 4]. The correlation on Figure 4 incorporates the pre-
viously reported fluorene–di-
thioles series 12a–d.[20] Such re-
markably linear dependence of
the hnICT on the substituents
throughout almost the entire
visible range of the spectrum
(lmax=470–610 nm) allows fine
tuning of the absorption band,
which is important for tailoring
the sensitivity of the photocon-
ductive materials based on
these compounds (see below).


Table 2. Correlation parameters for the reduction potentials of com-
pounds 7, 8 and 11 from Equation (1).[a]


Redox
process


E0
1=2 [eV] 1A [V] r s0 n


7a–f Ered1
1=2 �1.998	0.072 0.366	0.027 0.989 0.028 6


7a–f Ered2
1=2 �2.059	0.053 0.308	0.020 0.991 0.021 6


8a–e Ered1
1=2 �1.923	0.112 0.354	0.041 0.980 0.033 5


8a–e Ered2
1=2 �2.012	0.093 0.307	0.029 0.982 0.027 5


11a,b,d,e Ered1
1=2 �1.877	0.122 0.348	0.046 0.984 0.036 4


11a,b,d,e Ered2
1=2 �2.055	0.076 0.339	0.028 0.993 0.022 4


[a] The following Hammett constants were used, sp=0.78 (NO2), 0.66
(CN), 0.45 (CO2Me), 0 (SMe) and �0.17 (Me);[38] r is the correlation co-
efficient, s0 is the standard deviation and n is the number of points used
in the correlation.


Chem. Eur. J. 2008, 14, 2757 – 2770 M 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 2761


FULL PAPERPush–Pull Diads



www.chemeurj.org





hnICT ¼ ð2:81	 0:02Þþð�0:22	 0:01Þð
X


sA�
X


sDÞ ð5Þ


Solvato- and thermochromism : The compounds studied
reveal a relatively weak solvatochromic effect of their ICT
bands, in which the lICT varies by less than 20 nm


(�0.05 eV) in different solvents (Table 3). As for other
push–pull fluorene derivatives, the highest wavelength ab-
sorption was observed in highly polarisable (aromatic and
chlorinated) solvents, whereas the polarity of the media did
not have a major effect.[27d] This suggests that there is a sig-
nificant ICT in the ground state (i.e., the contribution of res-
onance form 1b is high), with relatively small changes in the
dipole moment of the molecules during photoexcitation. An
interesting media effect is, however, a pronounced thermo-
chromic behaviour. Solutions of compounds 6 to 11 demon-
strate a hypsochromic shift of their ICT bands with increas-
ing temperature (Figure 5). The ICT band energy is inverse-


ly proportional to the temperature [Eq. (6)], and the tem-
perature sensitivity parameters a (�71 for 6a and �82 eVK
for 11a in chlorobenzene, see the Supporting Information)
are very similar to those we have previously observed for
other fluorene–dichalcogenole diads.[20]


hnICT ¼ hnTð1ÞICT þa=T ð6Þ


Similar behaviour is documented for conjugated oligo- and
polythiophenes, for which it is explained by torsional distor-
tions of the conjugated chain (rotation around C�C inter-
unit bonds) at elevated temperatures.[39] It is likely that the
increased bond length of the C9=C14 bond between the flu-
orene and dithiole parts of the molecule (see the section on
X-ray crystallography below) facilitates the twist around this
bond at elevated temperature, which, in turn, suppresses
conjugation to cause a blue shift of the ICT band.


X-ray crystallography : To assess the structural variations in
fluorene–dithiolylidene diads, we performed X-ray crystallo-
graphic studies on derivatives 7a, 8a (briefly reported earli-
er[21]), 10a, 11a and 13a (Figure 6) with the same (2,4,5,7-
tetranitro-) substitution in the fluorene acceptor moiety and
varied 4,5-substituents in the dithiole donor moiety. These


Table 3. Maxima of the ICT bands of compounds 6–11 in different sol-
vents and correlation parameters for the series 7, 8 and 11b from Equa-
tion (3).


ACHTUNGTRENNUNG(CH2Cl)2 DMF Acetone
lICT [nm] lICT [nm] lICT [nm]


ACHTUNGTRENNUNG(eICT ACHTUNGTRENNUNG[M�1 cm�1])


6a 590[a] – –
7a[b] 611 609.5 595 (8600)
7b[b] 589 588 –
7c[b] 580 582 –
7d[b] 554 546.5 –
7e[b] 540 542 –
7 f[b] 535.5 532 –
8a[c] 592 589 578 (9700)
8b[c] 572 567 –
8c[c] 568 563 –
8d[c] 538 531.5 –
8e[c] 529 523.5 –
8g[c] 498 495 –
9a 558 572.5 –
10a 557 560 –
11a[d] 544 546 535 (9800)
11b[d] 528.5 527.5 –
11c[d] 520 523 –
11d[d] 496 495.5 –
11e[d] 488 – –
11g[d] 472 474.5 –


[a] Recorded in CH2Cl2. [b] Correlation parameters determined by
Eq. (3), in which R is the multiple correlation coefficient, hn0


ICT = (2.83	
0.05) ((CH2Cl)2), (2.86	0.05) eV (DMF); 1A= (�0.249	0.020)
((CH2Cl)2), (�0.259	0.018) eV (DMF); R=0.987 ((CH2Cl)2), 0.991
(DMF). [c] hn0


ICT = (2.88	0.03), ((CH2Cl)2), (2.91	0.04) eV (DMF);
1A= (�0.245	0.013) ((CH2Cl)2), (�0.248	0.017) eV (DMF); R=0.994
((CH2Cl)2), 0.990 (DMF). [d] hn0


ICT = (2.99	0.05) ((CH2Cl)2), (2.95	
0.07) eV (DMF); 1A= (�0.221	0.021) ((CH2Cl)2), (�0.208	0.025) eV
(DMF); R=0.981 ((CH2Cl)2), 0.978 (DMF).


Figure 4. Cross-correlation of the first electronic transition (hnICT) in
compounds 9–12 with varying the substituents in both the fluorene and
the dithiole moieties (&: series 7, ~: series 8, *: compound 9a, +: com-
pound 10a, ^: series 11, ~: series 12 (from ref. [24]). The solid line shows
the linear fit according to Equation (5) (total number of points n=24,
correlation coefficient r=0.993).


Figure 5. The effect of the temperature on the position of ICT bands in
solutions of 6a in 1,2-dichlorobenzene was observed (no correction for
the solution thermal expansion was made, which led to a minor decrease
in the observed absorbance with increasing temperature). The inset
shows photographs of solutions in chlorobenzene at 100 8C (left) and
10 8C (right).
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variations play two different roles, firstly, their electronic in-
fluence affects the distribution of the electronic density
(ICT) in the molecule. The C9�C14 bond, which must be a
single bond in 1b, is indeed longer in compounds 7 to 13
than in 14 (1.367(3) S) in which the fluorene moiety has
little electron-withdrawing ability[35] (see Table 4). The
lengthening (as well as the twist around this bond) is stron-
ger when the dithiole moiety carries electron-releasing sub-
stituents (7a, 8a) and weaker when it has electron-with-
drawing CO2Me substituents (10a, 11a), although the effect
only marginally exceeds experimental error, and the C15=
C16 bond distance (which must lengthen with the increase
in ICT) is even less sensitive. Thus, the increased donor abil-


ity of the dithiole fragment, that is, from 11a with two elec-
tron-withdrawing CO2Me substituents to 7a with two elec-
tron-releasing methyl substituents, is manifested by a slight
increase in the length of the C9=C14 bond from 1.376 to
1.398 S. Therefore, the observed bond lengthening is clearly
attributable to ICT, as visualised by resonance forms
1a$1b. Nevertheless, the length of this bond is still closer
to a typical double bond, which suggests the neutral (non-
zwitterionic) ground state of the molecules.


In each case the fluorene moiety is warped as a result of
steric repulsion between the 4- and 5-nitro substituents,
which (together with the C4 and C5 atoms) tilt to opposite
sides of the fluorene plane. The puckering is not strong
enough to disrupt the aromatic system. Molecule 11a is dis-
ordered between two oppositely warped conformations, of
which the major one (72% occupancy) is shown. Compound


Figure 6. X-ray molecular structures of 7a, 8a, 10a, 11a and 13a. Thermal ellipsoids are drawn at the 50% probability level. The DMSO molecule (10a),
disorder (11a) and the second independent molecule of 13a are omitted.


Table 4. Selected bond lengths [S] from single crystal X-ray diffraction
and DFT B3LYP/6-31G(d) calculations.


C9�C14 bond C15�C16 bond
X-ray DFT X-ray DFT


7a 1.398(2) 1.3832 1.341(2) 1.3462
7b – 1.3826 – 1.3462
7c – 1.3808 – 1.3459
7d – 1.3807 – 1.3459
7e – 1.3791 – 1.3460
7 f – 1.3785 – 1.3455
7g – 1.3762 – 1.3458
8a 1.395(5)[21] 1.3808 1.352(5)[21] 1.3530
10a 1.384(2) 1.3800 1.337(2) 1.3444
11a 1.376(3) 1.3801 1.339(3) 1.3508
13a 1.391(4) 1.3810 1.396(4) 1.3982
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10a crystallised as a 1:1 solvate with DMSO, which is disor-
dered, but forms a relatively strong secondary bond S1··O
2.910(2) S with 10a. The asymmetric unit of 13a comprises
two independent molecules of similar geometry, in which
the dithiole ring (planar in other molecules) is folded along
the S···S vector by 7.4 or 2.88. Molecule 8a is twisted by 208
around the C9=C14 bond; this twist amounts to 68 in 7a and
1 to 38 in other compounds. Thus the donor and acceptor
moieties are almost coplanar and such a conformation fa-
vours a partial ICT, as represented by resonance forms
1a$1b.


All five crystal structures contain continuous stacks of
molecules related through inversion centres (and thus are
rigorously parallel) or, in 11a, related through a glide plane
and roughly parallel (within 108). In 7a and 8a the stacking
is mainly between acceptor moieties (A), whereas the donor
groups (D) are separated as widely as possible within the
stack. In 10a and 11a the stacking is of D–A type, in 13a
both D–A and A–A overlaps are present simultaneously.
The mean interplanar separations are fairly uniform in 7a
(3.48–3.50 S), 8a (3.36–3.46 S) and 13a (3.48–3.60 S),
whereas in 10a these separations alternate between 3.39 and
3.79 S, that is, the stack effectively consists of dimers. The
inter-stack motif is herringbone, except in the triclinic struc-
ture of 8a in which all of the molecules are parallel. Thus,
changing the substituents affects the crystal packing, through
a change of molecular dimensions and intermolecular inter-
actions S···O in 7a, 8a and 11a (3.19 to 3.25 S), O···N in
13a (2.93 S) and S···S in 8a (3.54 S), although these are
rather weak. More detailed analysis of the crystal packing in
fluorene–dithiole push–pull compounds, which includes
dyads 7a, 8a, 10a, 11a and 13a, will be published else-
where.[40]


Theoretical studies : The geometry and electronic structures
of the fluorene–dithiole diads were calculated by using the
hybrid B3LYP functional of density functional theory
(DFT).[41] This level of theory with a medium basis set (6-
31G(d)) is now routinely used to study medium-sized organ-
ic molecules and has been shown to accurately predict the
structure and energy of other related p-functional materi-
als.[42]


The calculated gas-phase geometries of 7 to 11 very close-
ly resemble those found in the solid by X-ray crystallogra-
phy (see above). The difference between the calculated and
observed bond lengths of most bonds does not exceed 0.005
to 0.008 S. The exceptions to this are the C�S bonds in the
dithiole ring (D=0.025–0.030 S) and the exocyclic C9=C14
bond (D=0.004–0.018 S, Table 4). Whereas the small dis-
crepancies in the C�S bond length are possibly owing to in-
trinsic limitations of the method, the deviations for the C9=
C14 bond are likely to be as a result of intermolecular inter-
actions in the solid state. As noted above, the order and the
length of this bond is sensitive to the extent of the ICT in
the molecules (1a$1b). For diads with significant ICT, the
resonance input of structure 1b is substantial, and the parti-
ally zwitterionic ground state is highly stabilised by the sur-


rounding dipoles. Thus, compounds 7a and 8a with the
strongest ICT have the longest C9=C14 bonds, which are
further elongated in the solid state (Table 4).


Throughout the range of substituents in the donor and ac-
ceptor moieties, the LUMO is almost exclusively localised
on the acceptor nitrofluorene moiety (Figure 7). The highest


LUMO density is seen on the electron-withdrawing substitu-
ents and on the C11�C12 bond within this unit. Thus, the re-
duction potentials of 7 to 11 are predicted to depend strong-
ly on the substituents in the fluorene moiety and be less sen-
sitive to the structure of the dithiole moiety, precisely as was
observed in the electrochemical experiments (see above).
Conversely, the HOMO is much more delocalised, and is ex-
pected to depend strongly on substituents in both the ac-
ceptor and donor parts of the molecule. Although the irre-
versible character of the oxidation process does not allow
accurate correlations to be made, a positive shift of 80 mV
of the oxidation potential of the 4,5-dimethyl-1,3-dithiole
derivatives upon introducing the third nitrogroup in the flu-
orene moiety (7d!7a, Table 1) is indicative of this behav-
iour. The calculated frontier orbital energies (Figure 8) pre-
dict that changing the fluorene substitution pattern from
two (7g) to four (7a) nitro groups (D�sp=1.56) raises the
LUMO by ~0.8 eV and HOMO by ~0.6 eV, that is, substitu-
ents in the fluorene moiety have a slightly larger effect on
the LUMOs than on the HOMOs (for series 8a–g and 11a–
g see the Supporting Information). A similar change in the
substituents in the donor dithiole moiety (from 7a to 11a,
D�sp =1.24) decreases the LUMO and HOMO energies by
0.15 and 0.29 eV, respectively (see the Supporting Informa-
tion). Thus, substituents in the dithiole moiety have a stron-
ger effect on HOMO orbital energies. The calculated orbital
energies are within 0.6 eV of values determined by electro-
chemistry, but surprisingly, even larger differences are found


Figure 7. B3LYP/6-31G(d) frontier orbital coefficients in compounds 7a
and 11g.


www.chemeurj.org M 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 2757 – 27702764


D. F. Perepichka, I. F. Perepichka, M. R. Bryce et al.



www.chemeurj.org





for the electrochemical and computed HOMO–LUMO gaps
(>1 eV, cf. Table 1 and Figure 8). In part, this is owing to
the irreversible character of the oxidation process, which
makes it impossible to accurately determine the thermody-
namic redox potentials. A much better correlation was ob-
served between the first optical transition (optical gap,
hnICT) and the calculated HOMO–LUMO gaps (see the Sup-
porting Information). According to time-dependent (TD)
DFT calculations, the lowest energy absorption of com-
pounds 7 to 11 is always a simple HOMO–LUMO transi-
tion. The calculated transition energies are in good agree-
ment with the observed hnICT values (Figure 9). Remarkably,
however, the offset between the experimental and calculat-


ed values varies significantly with substituents, and the diads
consisting of strong acceptor and donor fragments have an
ICT energy that is lower than the calculated value by up to
0.15 eV. This behaviour is consistent with the solvent effects,
which should be stronger for compounds with pronounced
charge-transfer character.


Materials applications : Carbazole-containing polymers are
widely used hole-transporting materials with pronounced
photoconductivity in the ultraviolet region of the spec-
trum.[12,13] 2,4,7-Trinitrofluorenone (TNF) and 2,4,7-trinitro-
9-dicyanomethylenefluorene (DTF) are known as efficient
fluorene acceptors, commercially used as sensitisers of elec-
trophotographic and photothermoplastic materials based on
carbazole-containing photoconductive polymers.[11, 43,44] Thus,
PVK/TNF blend was the first commercially used organic
material to replace selenium in the electrographic process
(IBM Copier I Series, 1970).[45] The broad absorption of the
PVK/TNF CTC extends the photosensitivity throughout the
visible region of the spectrum. However, a low absorptivity
of the intermolecular CTC limits the photosensitisation effi-
ciency and requires a high concentration of acceptor units.
Furthermore, the spectral zone of the photosensitivity of
such materials cannot be easily expanded into the long-
wavelength visible and near-IR regions (as required for
some applications, for example, holographic interferometry
by using He/Ne or solid state NIR lasers). A number of dye
molecules dispersed in a polymer matrix (e.g., in PVK or
poly(N-epoxypropylcarbazole) (PEPK)) have been success-
fully used as photoreceptors in the electrophotographic pro-
cess to increase the sensitivity in a certain region of the
spectrum (at the absorption maximum of the dye).[46] How-
ever, they are generally not suitable for photothermoplastic
processes owing to poor rheological properties of the films
and inefficient thermodeformation during the development
of the latent image. On the other hand, the photothermo-
plastic process has some important advantages over electro-
photography (real-time information recording, reversibility
of the image formation–erase process, high sensitivity, suita-
bility for hologram recording), and consequently, wider
areas of applications (e.g., holographic interferometry). Pho-
tothermoplastic storage media (PTSM) based on polymer
donor–molecular acceptor CTCs are widely studied in this
instance.[11] Combining strong absorption and electron affini-
ty in fluorene acceptors with ICT, we hoped to increase the
photoresponse of PTSM in the ICT region of the acceptor.


Thus, we have prepared thin films ((1.2	0.1) mm) of the
hole-transporting material PEPK blended in different ratios


Figure 8. B3LYP/6-31G(d) orbital energy diagram and the HOMO–
LUMO gap (Eg) for compounds 7a–g.


Figure 9. Relationships between the hn calculated from TD-DFT B3LYP/
6-31G(d) in the gas phase and experimental hnICT energies from electron
absorption spectra of compounds 7a–f, 8a–e,g, 9a, 10a and 11a–e,g in
1,2-dichloroethane (*) and DMF (&). The dashed line corresponds to a
slope of 458 of equal energies, the solid line shows the linear fit for data
in 1,2-dichloroethane (hnICT =�(1.37	0.31)+(1.57	0.13)hnTD-DFT; s0=


0.05, r=0.941, n=20).
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with fluorene acceptor 6a and used them as photothermo-
plastic storage media. Analogous films have been prepared
with TNF, which has an electron affinity very close to that
of 6a, but lacks ICT. Figure 10 shows the spectral distribu-


tion of the electrophotographic response (SDV) of PEPK
films sensitised by acceptor 6a in comparison with TNF.
Whereas the spectral response of PEPK/TNF films in the
electrophotographic regime decreases above approximately
560 nm, PTSM with acceptor 6a demonstrates an increased
response in the region of 500 to 700 nm with a maximum at
around 600 nm, which corresponds well to the ICT energy of
the acceptor (Table 3). The long-chain C18H37 groups in 6a
substantially increase the solubility of the acceptor and en-
hance the rheological properties of PTSM, which makes
them suitable for hologram recording by using a simple He/
Ne laser (l=632.9 nm) even without the additional plasticis-
er used in other acceptors (20–30 wt%), such as TNF, to
achieve appropriate thermodeformation properties of the
films, but which decrease the photoresponse of the material
owing to a dilution effect.


In contrast to TNF, for which SDV decreases with increas-
ing wavelength in the visible region, compound 6a displays
increased sensitivity in its ICT region. At the He/Ne laser
wavelength, PEPK/6a PTSM
achieves an electrophotographic
sensitivity approximately five
times higher than that of the
PEPK/TNF material, even at
much lower concentrations of
the acceptor (Table 5). The
long-chain substituents in 6a
have a pronounced plasticising
effect on the PTSM and im-
prove its rheological properties.
Even at high concentrations of
6a (20 wt%), no phase segrega-
tion or crystallisation of the ac-
ceptor from the blend were ob-
served, which occurs for films


of PEPK or PVK with TNF or DTF at concentrations great-
er than 10 wt% of the acceptors. This leads to a high diffrac-
tion efficiency (hmax=25%) that is not far from the theoreti-
cal limit for plane light wave holograms (33.9%)[47] and al-
lowed the films to attain an extremely high level of holo-
graphic sensitivity (Sh =250–300 m2J�1, at h=1%). Remark-
ably, only one to two mol% of 6a is sufficient to reach the
maximum sensitivity of the PTSM. In addition, PTSM with
6a as an acceptor shows a higher dynamic range of holo-
gram recording compared with TNF, which allows better
registration of low-contrast objects. The significant (more
than an order of magnitude) increase in the holographic sen-
sitivity and the fact that the spectral response of this sensi-
tivity is linked to a position of the ICT band (and thus can
be tuned by substituents) makes this type of acceptor very
promising as a sensitiser for recording holograms on PTSM
materials.


Experimental Section


General : Acetone, DMF and DMA were purified as described previous-
ly.[48] Chlorobenzene and 1,2-dichloroethane were stirred with sulfuric
acid, washed with water, dried over MgSO4, distilled from P2O5 and then
from CaO. Methyl trifluoromethylsulfonate (methyl triflate, �98%, Al-
drich) and Bu4NPF6 (Fluka, puriss) were used as received. UV/Vis spec-
tra were acquired by using a Varian Cary 5000 UV/Vis-NIR spectrome-
ter. Nitrosubstituted fluorenes 4b,e[23] and 4c,f[20] were prepared by nitra-
tion of fluorene or its 4-substituted derivatives with nitric acid or its mix-
ture with acetic or sulfuric acid, as described previously.


Cyclic voltammetry : Electrochemical experiments were carried out by
using a BAS Epsilon electrochemical analyser. CV was performed in a
three-electrode cell equipped with a platinum disk (f=1.6 mm) as the
working electrode, platinum wire as a counter electrode and a non-aque-
ous Ag/Ag+ reference electrode (0.01m AgNO3 and 0.1m Bu4NPF6 in
MeCN). Cyclic voltammograms were recorded at room temperature in
dry CH2Cl2 or DMA, deoxygenated by bubbling with argon gas, with
0.1m Bu4NPF6 as supporting electrolyte. The potentials are given versus
ferrocene (Fc), which was used as an internal standard and showed the
following potentials against the reference electrode: +0.20 V (vs. Ag/
Ag+ in CH2Cl2), and +0.10 V (vs. Ag/Ag+ in DMA).


X-Ray crystallography : X-ray diffraction experiments were carried out
by using a SMART 3-circle diffractometer with a 1 K CCD area detector
and graphite-monochromated MoKa radiation (l =0.71073 S) and a
Cryostream (Oxford Cryosystems) open-flow N2 cryostat. The structures


Figure 10. Spectral distribution of the electrophotographic response (SDV)
of PEPK films sensitised by 5 wt% of acceptors 6a (~) and TNF (&).


Table 5. Results of PTSM tests based on PEPK sensitised by fluorene acceptors.


l=632.9 nm
Acceptor Concentration


ACHTUNGTRENNUNG[wt%] (mol%)
V0


[a] [V] DV/V0
[b] [%] SDV


[c]


ACHTUNGTRENNUNG[m2J�1]
Sh


[d]


ACHTUNGTRENNUNG[m2J�1]
hmax
[e] [%]


DR[f]


TNF 5.0 (3.5) 210 14 1.9 9 15 1000
6a 2.0 (0.44) 170 10 8 210 �25
6a 5.0 (1.1) 160 10 10 250 �25 �3000
6a 10 (2.2) 155 10–15 12–16 250–300 25 �3000
6a 20 (4.4) 135–140 20–25 10–12 200–250 20 �2000


[a] V0 is the surface potential of the film, charged in the dark. [b] DV/V0 is the dark decay of the surface poten-
tial for 30 s. [c] SDV is the electrophotographic response of the film estimated by the latent electrostatic image
as 20% decay of the surface potential under illumination. [d] Sh is the photoresponse estimated by visualised
image at the level of diffraction efficiency of the hologram h =1%. [e] hmax is the maximal diffraction efficien-
cy of the film for plane wave hologram recording. [f] DR is dynamic range of hologram recording, defined as
the maximal difference between the intensity of the reference and object laser beams to achieve the diffraction
efficiency h=1%.
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were solved by direct methods and refined by full-matrix least squares
against F2 of all reflections by using SHELXTL software[49] (Table 6).
CCDC 114934 (8a SADWUP), 656461 (7a), 656462 (10a), 656463 11a
and 656464 (13a) contain the supplementary crystallographic data for
this paper. These data can be obtained free of charge from The Cam-
bridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_
request/cif.


Computational procedures : DFT computations of the geometries of com-
pounds 7 to 12 were carried out with the Gaussian 03[50] package of pro-
grams by using Pople's 6-31G split valence basis set supplemented by d-
polarisation functions for heavy atoms. Becke's three-parameter hybrid
exchange functional[51] with Lee–Yang–Parr gradient-corrected correla-
tion functional (B3LYP)[52] were employed. Thus, the geometries were
optimised at the B3LYP/6-31G(d) level of theory and the electronic
structures were calculated at the same level of theory. The lowest energy
absorptions were obtained from TD-DFT calculations (at the same
B3LYP/6-31G(d) level) for optimised geometries. Contours of HOMO
and LUMO orbitals were visualised at a cut-off of 0.05 by using the Mo-
lekel v.4.3 program.[53]


Photophysical measurements of sensitised PEPK films :[11] PTSM were
prepared in the following way: PEPK (0.5 g) obtained by anionic poly-
merisation of N-(2,3-epoxypropyl)carbazole[54] and a corresponding
amount of 6a were dissolved separately in methyl ethyl ketone (both in
5 mL), and then the solutions were combined and filtered. The resulting
solution was supported on an ITO-coated glass base. The final thickness
of the photoconductive films was (1.2	0.1) mm. The surface of the film
was charged by a positive corona discharge grid; the final potentials were
V0�120–160 Vmm�1 (measured by the dynamic sonde method). The rela-
tive dark decay of the surface potential (DVR100/V0) was estimated for a
time of 30 s (DV= V0�Vt, in which Vt is the charge potential of the sur-
face in the dark after t =30 s) and lies in the range of 10 to 15%. The
electrophotographic sensitivity (SDV [m2J�1]) was estimated at a level of
20% decay of the initial potential under illumination with wavelengths of
400 to 900 nm and an intensity of 0.1 mWcm�1. Real holographic sensitiv-
ity (Sh [m2J�1]) was estimated at the level of 1% diffraction efficiency
(h=1%) of the visualised image by recording holograms of the planar
light wave at the spatial frequency of n=450 mm�1 with irradiation of a
He/Ne laser (l=632.9 nm). The maximal diffraction efficiency, which
was achieved without amplification of the hologram recording (hmax [%]),
was found to be the ratio of the beam intensity diffracted into the first
order of a diffraction to the intensity of the beam grazed on the holo-
gram when the ratio of the intensities of the integrated beams was 1:3.
The dynamic range (DR) of the hologram recording was estimated to be
a maximal ratio of the reference and object beams for achieving h=1%.


2-Methylthio-1,3-dithiolium triflates 3A–F : Methyl triflate (3 mmol) was
added to a solution of 2A,[55] 2B,[56] 2C, 2D, 2E[57] or 2F[58] (2 mmol) in


dry chloroform (10–30 mL), which caused an exothermic reaction. The
reaction mixture was stirred at 45 8C for 1 h, then evaporated in vacuum.
The product was used in the condensation reactions with the fluorenes
without further purification. Triflates 3A–F can be stored at �20 8C
under argon for several weeks without appreciable decomposition.


2,4,5,7-Tetranitrofluorene 4a :[24] Fuming nitric acid (60 mL, d=


1.50 gcm�3) was cooled to 0 8C and fluorene (16.6 g, 0.1 mol) was added
with intense stirring whilst the temper-
ature was kept below 10 8C. Additional
fuming HNO3 (40 mL) was then
added, the mixture was stirred at 60 8C
for 1.5 h and the product was left to
crystallise. The product was filtered,
washed with nitric acid (10 mL, d=


1.35 gcm�3), then with water until the
washings were neutral and then dried
to give 4a (22.05 g, 64%) as a light
yellow powder (m.p. 275–276 8C
(decomp)) suitable for further synthe-
ses. It can be additionally recrystal-
lised from a minimal amount of
fuming nitric acid. M.p. 278–280 8C
(decomp); lit. m.p. 275–276 8C (de-
comp);[24b] Rf=0.30 (SiO2, m-xylene/
dioxane 10:1). 1H NMR (400 MHz,
[D6]acetone): d=9.07 (2H, d, J=


2.0 Hz; H-1,8), 8.89 (2H, d, J=2.0 Hz;
H-3,6), 3.58 ppm (2H, s; H-9);
13C NMR (100 MHz, [D6]acetone): d=


151.1, 147.2, 140.2, 138.1, 126.8 (CH),
123.5 (CH), 67.7 ppm (CH2).


2,4,7-Trinitrofluorene 4d :[25] Fuming nitric acid (150 mL, d=1.50) was
cooled to 0 8C and fluorene (20 g, 0.12 mol) was added with intense stir-
ring over approximately 30 min while the temperature was kept below
+5 8C. The mixture was stirred at 0 to +5 8C for 30 min and then poured
onto ice (1 kg). The solid was filtered, washed with water until the wash-
ings were neutral and then dried to give crude 4d (33 g, 91%). The crude
product was recrystallised twice from acetic acid to give 4d as yellow
crystals (21.5 g, 59%). M.p. 210–211 8C; lit. m.p. 210–211 8C;[25] Rf =0.70
(SiO2; benzene/acetone 30:1); 1H NMR (400 MHz, [D6]acetone): d =8.91
(1H, d, J=2.0 Hz; H-1), 8.86 (1H, d, J=2.0 Hz; H-3), 8.65 (1H, d, J=


2.0 Hz; H-8), 8.42 (1H, dd, J=8.8, 2.0 Hz; H-6), 8.28 (1H, d, J=8.8 Hz;


Table 6. Crystal data for compounds 7a, 10a, 11a, and 13a.[a]


Compound 7a 10a 11a 13a


formula C18H10N4O8S2 C18H8N4O9S2·C2H6OS C20H10N4O12S2 C20H8N4O8S2


Mr 474.42 582.53 562.44 496.42
T [K] 120 105 100 120
a [S] 10.994(2) 13.4384(14) 10.8860(17) 18.406(2)
b [S] 9.831(2) 8.0904(8) 27.790(4) 25.936(3)
c [S] 17.003(3) 21.379(2) 7.2462(12) 8.067(1)
b [8] 91.84(1) 99.77(2) 96.18(1) 100.76(4)
V [S3] 1836.7(5) 2290.7(4) 2179.4(6) 3783.3(8)
Z 4 4 4 8
m [mm-1] 0.35 0.40 0.33 0.35
reflns collected 22279 27536 19407 27264
reflns unique, Rint [%] 4865, 3.5 6118, 3.8 4812, 5.1 8727, 7.3
R1, wR2 [%] 3.0, 8.1 3.6, 9.3 4.5, 10.8 4.8, 11.0


[a] All compounds are monoclinic with space group P21/c (no. 14). R1=� j jFo j� jFc j j /� jFo j on the data with
I>2s(I). wR2= {�[w ACHTUNGTRENNUNG(Fo


2�Fc
2)2/�[w ACHTUNGTRENNUNG(Fo


2)2]}1/2.


Table 7. Conditions for the preparation of compounds 6–11.


t[a] [h] T [8C] Y1[b] [%] Y2[c] [%] M.p. [8C]


6a 2 20 75 50 131–135
7a 1 20 95 90 >360
7b 3 30 95 90 >360
7c 15 30 92 86 >300 (decomp)
7d 20 40 95 91 >360
7e 22 50 84 81 >360
7 f 25 70 55 51 >300 (decomp)
8a 1 20 56 40 321–322.5
8b 3 25 100 88 305–310
8c 3.5 20 71 57 240–242
8d 25 60 55 50 248–250
8e 25 70 21 – 296–297.5
8g 1 110 43 11 289–292
9a 2 20 – 75 >360
10a 1 20 90 – 350 (decomp)
11a 1 20 85 74 282–284
11b 3 20 90 76 278–282
11c 6 25 74 49 258–263
11d 30 50 33 30 248–252
11e 30 65 28 17 283–287


[a] Reaction time. [b] Crude yield. [c] Purified yield after recrystallisa-
tion.
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H-5), 4.53 ppm (2H, s; H-9); 13C NMR (100 MHz, [D6]acetone): d=


151.1, 149.4, 149.0, 148.0, 146.0, 142.0, 137.7, 127.0 (CH), 125.2 (CH),
123.7 (CH), 121.3 (CH), 120.0 (CH), 38.4 ppm (CH2).


General method for the preparation of 6 to 11: Dithiolium triflate 3A–F
(0.42–0.45 mmol) was added to a solution of fluorene 4a–g (0.4 mmol) in
DMF (2 mL) and the reaction mixture was stirred at 20 to 70 8C for 1 to
30 h. The precipitate that formed was filtered, washed successively with
DMF, acetone and 2-propanol, and dried in vacuo to give compounds 6
to 11, which were purified by recrystallisation from DMF. The reaction
temperature, time and yields are collected in Table 7. The 1H NMR spec-
tra of the synthesised compounds are collected in Table 8.
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CDCl3. [c] Recorded at 50 8C. [d] Recorded at 90 8C. [e] Recorded at 120 8C. [f] Recorded in D2SO4 at 500 MHz. [g] One drop of CF3CO2D was added to
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Selective Gas Adsorption and Unique Structural Topology of a Highly Stable
Guest-Free Zeolite-Type MOF Material with N-rich Chiral Open Channels


Jian-Rong Li,[a] Ying Tao,[a] Qun Yu,[a] Xian-He Bu,*[a] Hirotoshi Sakamoto,[b] and
Susumu Kitagawa[b]


Introduction


Microporous metal-organic framework (MOF) materials
with zeotype structures have attracted wide attention, owing
to their unusual topologies and applicable functions for cat-
alysis, gas separation and storage.[1] Compared to those of
inorganic zeolites, the pore structures of MOFs can be more
easily designed and functionally modified to yield the de-
sired shape, size, and surface characteristics.[2] However, en-
gineering of such MOFs in control of stability, network top-
ology, and functionality is still facing great challenges. In
fact, for any practical applications, it is very important that
these materials are structurally robust and thermally stable.
Unfortunately, thermal instability is a major problem for
many MOFs. Guest-free MOFs generally have higher ther-


mal stability, but they are difficult to be constructed, and are
also very rare.[3] In addition, because the pore dimensions of
some MOFs typically fall in the range of 4–6 ., they often
exhibit a high adsorption selectivity that is particularly at-
tractive for the separation of small gas molecules.[4] From
the structural point of view, zeolite networks, as the most
significant topologies for porous materials, are scarce for
porous MOFs. The analysis of such network topology is im-
portant in the design and elucidation of crystal structures.[1c]


On the other hand, chirality plays an important role in
chemistry and material. It is also challenging to design a
crystalline material combining both chirality and porosity.[5]


Recently, it was realized that multi-topic tetrazolate-based
organic ligands have great potential for generating MOF
materials with novel network topologies and permanent po-
rosity.[6] Here we report a novel guest-free MOF material,
[Zn ACHTUNGTRENNUNG(dtp)] (1) constructed from a new developed di-topic
tetra ACHTUNGTRENNUNGzolate ligand, 2,3-di-1H-tetrazol-5-ylpyrazine (H2dtp)
(Figure 1). Remarkably, 1 possesses a unique zeolite-like
chiral framework structure with chiral open channels, high
thermal stability, and selective gas adsorption ability. We se-
lected H2dtp as the ligand, in view of its 1) rigidity and non-
linearity, which may reduce the probability for interpenetra-
tion, 2) nitrogen-rich and multifunctional coordination char-
acteristics, to build complex frameworks with N-donor deco-
rated channels; and 3) potential chirality, to obtain chiral
frameworks.


Abstract: A new multifunctional di-
topic tetrazolate-based ligand, 2,3-di-
1H-tetrazol-5-ylpyrazine (H2dtp) has
been designed and synthesized. The
solvothermal reaction of this ligand
with ZnCl2 gave a robust guest-free
three-dimensional zeolite-like chiral
metal-organic framework (MOF) com-
plex, [Zn ACHTUNGTRENNUNG(dtp)], which crystallized in
chiral space group P61 and possessed
chiral open channels with nitrogen-rich


walls and the diameter of approximate-
ly 4.1 .. This framework presents a
unique uniform etd (8,3) topology, is
the first example of its type in MOFs,
and exhibits high thermal stability with
the decomposition temperature above


380 8C and permanent porosity. It is in-
teresting that this material is able to se-
lectively adsorb O2 and CO2 over N2


gas, being a rare example in MOFs. In
addition, C2H2 and MeOH adsorption
results show that although the frame-
work channel holds nitrogen-rich walls
that may provide H-bonding sites, no
N···H H-bond effect between the guest
molecules and microporous surface was
observed.
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Results and Discussion


Heating a mixture of ZnCl2 and H2dtp dissolved in N,N-di-
methylacetamide (DMAC) and MeOH at 120 8C for 48 h af-
forded pure-phase 1 as pale hexaprismatic crystals. The
X-ray analysis revealed that 1 crystallizes in the chiral space
group P61 and has a guest-free chiral framework structure
with one-dimensional (1D) homochiral open channels.
Solid-state CD measurements (Figures 3S, and 4S in the
Supporting Information) indicate that a single randomly se-
lected crystal displays dichroic signals corresponding to the
absorption of UV spectrum, showing each individual crystal
of 1 consists of a single enantiomer, and therefore a chiral
crystal in the solid state. It means that each crystal of 1 is
spontaneously resolved by chiral crystallization. However,
as expected there exists an inverse CD signal when measur-
ing another single crystal, and the mixed bulk crystals do
not display dichroic signals. Based on such results, it could
be considered that the crystallization of 1 is racemic with
equivalent enantiomeric crystals crystallized in P61 and P65


space groups, respectively (indeed, the X-ray diffraction for
another single crystal in the P65 has also been performed).


Complex 1 has a three-dimensional (3D) structure, con-
sisting of one type of ligand and one type of ZnII atom.
Each ligand coordinates to three ZnII atoms, and each in a
bidentate fashion (Figure 1 and 5S in the Supporting Infor-
mation). It bonds to each of two ZnII atoms through one
pyrazine N [Zn�N=2.037(4), 2.393(4) .] and one tetrazole
N atom [Zn�N=2.627(4), 2.023(4) .], and to a third
through two tetrazole N donors [Zn�N=2.108(3),
2.044(4) .]. In turn, each distorted octahedral ZnII ion is co-
ordinated by three chelating ligands. This results in a zeo-
type 3D framework containing close-packed 1D open chan-
nels (Figure 2a,b, and 6S in the Supporting Information).
PLATON calculations indicate that 1 contains 40.7% void
space that is accessible to the solvent molecules.[7] It is inter-
esting that the framework is built by three types of single
helices (Figure 2c and 7S in the Supporting Information),
with 61, 31 and 21 screw axis, respectively running in parallel
along the c axis. Each type of helices is homochiral and is
achieved by the tetrazolate groups linking ZnII through its
1- and 4-position N atom coordination, which is highlighted
in Figure 7S in the Supporting Information. Both 61 and 31


helices are right-handed, but those of 21 are opposite with
equal numbers to those of 31. Thus, the framework presents
chirality being made for such 61 helices, thereby 1 crystal-
lized in P61 space group. Such 61 helical chains generate the
chiral channels with the diameter of approximately 4.1 .,
and are so small that they are highly stable without guest
molecules incorporated. Another interesting feature is that
the channels have a nitrogen-rich (or N-donor functional)
wall with helical arrangements of 2- and 3-position N atoms
of tetrazolate groups (Figure 2b and 6S in the Supporting
Information). These N atoms may act as basic adsorption
site to interact with guest molecules, especially by providing
H-bonding sites in some cases.[2d]


Control of chirality in MOFs is a great challenge, in which
one of the most successful approaches is based on using a
chiral organic ligand to link the metal atom (or cluster) in


Figure 1. Schematic representation of the construction behaviors of ZnII


and the dtp2� ligand in 1.


Figure 2. a) Structure of 1 showing open channels along the c axis.
b) Chiral channels in 1, N atoms are highlighted by ellipses. c) 2D projec-
tion down the c axis showing three types of helices.
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the framework.[5c] And yet, there is also the possibility of
forming chiral solids from achiral building blocks by a topo-
logical framework construction strategy. In 1, the ligands
dtp2� is chiral similar to 1,1’-binaphthyl derivatives,[5c] based
on such a fact: two tetrazolate groups are not parallel with a
dihedral angle of 33.5o, and have different degree of torsion
with respect to the pyrazine plane (the dihedral angles are
12.4 and 25.7o, respectively). However, the 3-connected 3D
net offers an alternative mechanism for rendering the chiral-
ity because the topology of such frameworks is often chiral
due to the presence of helices, such as the (10,3)-a net.[8]


Herein, the origin of chirality in 1 should be best ascribed to
the 3-connected topological construction of ligands and
metal ions, probably also has close relationship with the
ligand chirality. The simplification of the 3D framework of 1
by regarding each ZnII atom and each dtp2� ligand as 3-con-
necting nodes to generate a uniform (8,3) net with the
vertex symbol of 8.8.82 and the SchlPfli symbol of 83


(Figure 3), containing topological 41, 61 and 121 helices


(chemical 21, 31 and 61 helices as described above) arrayed
along the crystallographic c direction. Topologically, a fea-
ture of this net is the 41 helices running in the c direction,
which are all of the same handedness, and of different hand-
edness to all the 61 and 121 helices arranging in the same di-
rection. This results in the overall 3D framework chirality.
Indeed, fifteen uniform (8,3) nets sub-divided from -a to -o
were elucidated by Wells in his classic monographs on net-
works.[8] Some of them containing (8,3)-a, b, and c were now
known to be displayed by real crystal structures,[9] however
(8,3) nets are still rare comparing with (10,3) ones. The net
of 1 is clearly different from those reported, considering the
linkage configurations and symmetry. On the other hand,
this net can also be assigned as the etd abbreviation accord-
ing to OQKeeffeQs categorization,[10] which is closely related
to other plane 3-connected (8,3) nets of eta, etb, etc [that is,
(8,3)-c], etf and noj, but topologically different, as compared
in Table 1. Owing to the existence of two chemically or crys-
tallographically different 3-connected nodes (two kinds of
vertex), ZnII and ligand, the space group P6122 of the most
symmetrical configuration of the etd net is lowered to P61 in


1. Furthermore, in the topologically simplified net of 1,
three links around each node are not of equivalent distance,
with the sizes of ~3.2, 3.9 and 4.2 ., respectively, and the
three angles around each node are also not equal. In addi-
tion, the 2D projection down the hexagonal axis (i.e. the c
direction), with 4-, 6- and 12-membered rings, is reminiscent
of a number of well-known zeolite frameworks, such as the
AFI, ATO, GME, and OFF zeotypes (Figure 8S in the Sup-
porting Information).[11] However, it should be noted that
many of the zeolite nets are based on a 4-connected node,
but the net in 1 is 3-connected. Such an example is very rare
in zeolite-like MOFs.


TG-DTA analysis (Figure 4) indicates that 1 is thermally
stable until near 380 8C. Thus, it provides an opportunity for
probing gas adsorption properties. To our surprize, attempts


to measure an N2 adsorption isotherm for 1 at 77 K revealed
almost no N2 uptake (Figure 5). In contrast, it was found
that a significant amount of O2 (77 K) and CO2 (195 K) are
adsorbed, and both present typical Type-I adsorption curve
as defined by the IUPAC. The uptake amounts at 1.0 atm
are 79.3 and 98.8 cm3g�1 for O2 and CO2, respectively. Fit-
ting the Langmuir equation to the isotherm of O2 and CO2


gave an estimated surface area of ~279 and ~390 m2g, and
to the BET equation give ~246 and ~313 m2g, respectively.
Using the D-R equation, the micropore volume of 1 is esti-
mated to be ~0.16 cm3g from the CO2 adsorption isotherm,
which is smaller than that of 0.29 cm3g calculated from the


Figure 3. The underlying 3-connected (8,3) etd topology of 1, ligands are
represented as black spheres, ZnII as grey.


Table 1. A topological comparison for some close relative uniform 3-con-
nected (8,3) nets.[10]


Symbol Space
group[a]


Kinds of
vertex


Kinds of
edge


Vertex
symbol


Net fea-
ture


etd P6122 1 3 8.8.82 chiral
uniform


eta P6222 1 2 8.8.82 chiral
uniform


etb R3̄m 1 2 8.8.82 uniform
etf R3̄c 1 3 8.8.82 uniform
etc P63/mmc 2 2 82.82.82


82.82.82


uniform


noj P4322 2 3 8.8.83 8.8.8 chiral
uniform


[a] On the most symmetrical configuration.


Figure 4. TG-DTA diagram of 1.
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crystal structure. This discrepancy can be attributed to the
gas molecules being unable to fill the void space efficiently.
Notably, the monolayer coverage predicted by fitting the
Langmuir and BET equations to the O2 and CO2 isotherms
were also different, suggesting that there probably exist dif-
ferent number of binding sites being accessible in each case.


The selective sorption of O2 and CO2 over N2 may be at-
tributed to the restricted size of the channels in 1, which dis-
tinguishes these gases with small kinetic diameters (O2,
3.46 .; CO2, 3.3 .) from those with larger ones (N2, 3.64 .)
(having different diffusion rates).[12] This behavior is analo-
gous to the molecular sieve effect observed in zeolite 4 ..[13]


To our knowledge, only a few known MOF materials have
the similar effect, including Mn-formate,[4a] Mg-2,6-naphtha-
lenedicarboxylate,[4b] CUK-1[4e] and PCN-13.[4i] The selective
adsorption behavior may be useful in achieving certain gas
separations. Therefore, this material may find applications,
such as utility for the separation of O2, CO2 and N2 from
air.


It is interesting that the channels in 1 have a nitrogen-rich
surface, which may form H-bond interactions with some
guest molecules such as C2H2 and MeOH. Therefore, it may
have different adsorption ability for C2H2 or MeOH from
that for CO2, as observed in [Cu2ACHTUNGTRENNUNG(pzdc)2 ACHTUNGTRENNUNG(pyz)] (pzdc2�=pyr-
azine-2,3-dicarboxylate, pyz=pyrazine),[2d] in which the spe-
cific sorption for C2H2 is ascribed to the formation of H-
bonds between acetylene molecule and the basic oxygen
atom sites in the microporous surface. To test this hypothe-
sis, the adsorption isotherms of C2H2 (at 197 K) and MeOH
(at 298 K) were carried out. As shown in Figure 6, the ad-
sorptions show also a similar type-I isotherm for both gases,
the uptake amounts are about 90.0 cm3g�1 at 1.0 atm, and
are similar to that of CO2. Thus, it is in contrast to the ad-
sorption behavior of [Cu2ACHTUNGTRENNUNG(pzdc)2ACHTUNGTRENNUNG(pyz)],[2d] probably, because
the N atoms of the dtp2� tetrazol rings are weaker H-bond
acceptors than the O atoms of pzdc. The adsorption behav-
ior of 1 is also different from those of magnesium and man-
ganese formats reported recently by Kim et al. ,[14] which
have adsorption selectivity for C2H2 over CO2. This selective
adsorption was “presumably due to the slightly larger size of
C2H2 relative to CO2, which provides the former with more-
effective van der Waals interactions with the framework
walls”.[14] On the other hand, the adsorptions (and desorp-


tions) for C2H2 and MeOH in 1 are reversible, similar to
those for O2 and CO2. These results indicate that the incom-
ing guest molecules can move freely into the channels, with-
out forming H-bonding interaction with the pore surface. In
addition, in the isotherm curve of MeOH the second in-
crease above P/P0 =0.8 may be attributed to the adsorption
on the external crystallite surface.[15]


Conclusion


A new tetrazolate-based ligand has been synthesized, and
used to react with ZnII in solvothermal conditions to give a
robust guest-free zeotype MOF material that contains chiral
channels. This framework material has a unique etd (8,3)
topology, the first example in MOFs, high thermal stability
and permanent porosity. It exhibits rare gas-adsorption se-
lectivity for O2 and CO2 over N2 gas, and could be useful in
the separation of air. In addition, C2H2 and MeOH adsorp-
tions show that although the framework channels have
ACHTUNGTRENNUNGnitrogen-rich walls that may provide H-bonding sites, no
N···H H-bond interaction effect was observed, and thus also
no discrimination of CO2 and C2H2, as expected. The chan-
nels in 1 might also be useful for polymerization reactions
(such as C2H2) and hydrogen uptake, both of which are now
under investigation.


Experimental Section


The ligand 2,3-di-1H-tetrazol-5-ylpyrazine (H2dtp) was synthesized by
replicating a literature procedure developed by Sharpless et al.[16] (see
the Supporting Information for details). [Zn ACHTUNGTRENNUNG(dtp)] (1) was prepared by
the solvothermal reaction: a mixture of H2dtp (43 mg, 0.2 mmol) and
ZnCl2 (55 mg, 0.4 mmol) in 8 mL of DMAC-MeOH (1:1, DMAC=N,N-
dimethylacetamide) mixture solvent was sealed in a Teflon-lined stainless
autoclave and heated at 120 8C under autogenous pressure for 48 h, and
then cooled to room temperature. Pale hexaprismatic crystals were col-
lected and washed by DMAC, methanol and ether. Yield: 50% based on
H2dtp. Element analysis (%): Calcd. for C6H2N10Zn (Mr: 279.53): C
25.78, H 0.72, N 50.11; found: C 25.64, H 0.85, N 50.32. For FT-IR (KBr,
cm�1), see Figure 1S in the Supporting Information. The phase purity
was confirmed by comparison of experimental XRPD pattern with that
simulated from the single-crystal data (Figure 2S in the Supporting Infor-
mation). This material is almost insoluble in common solvents, even in


Figure 5. Adsorption isotherms of N2, O2 and CO2 for 1. Figure 6. Adsorption isotherms of C2H2 and MeOH for 1.
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DMF, DMAC and DMSO. It has high thermal stability as shown in
Figure 4, in which a little of the weight loss in 25–100 8C may be attribut-
ed to the dampness of the measured sample. In addition, after heated at
100 8C for 20 min, the crystals are still transparent and XRPD pattern is
intact (Figure 2S in the Supporting Information).


Caution! Although we have met no problems in handling Zn-azides and
Zn-tetrazolate during this work, it should be treated with great caution,
owing to their potential explosive nature.


X-ray single crystal diffraction measurement for 1 was carried out on a
Bruker Smart 1000 CCD diffractometer equipped with a graphite crystal
monochromator situated in the incident beam for data collection at
293(2) K. The determinations of unit cell parameters and data collections
were performed with Mo-Ka radiation (l =0.71073 .) and unit cell di-
mensions were obtained with least-squares refinements. The program
SAINT[17] was used for integration of the diffraction profiles. The struc-
ture was solved by direct methods using the SHELXS program of the
SHELXTL package and refined with SHELXL.[18] ZnII atoms were
found from E-maps and other non-hydrogen atoms were located in suc-
cessive difference Fourier syntheses. The final refinement was performed
by full matrix least-squares methods with anisotropic thermal parameters
for non-hydrogen atoms on F2. The hydrogen atoms were added theoreti-
cally, riding on the concerned atoms and refined with fixed thermal
factor. Crystal data: C6H2N10Zn, Mr=279.55; hexagonal; space group
P61; a=14.163(2), c=11.568(2) .; V=2009.3(6) .3; Z=6; 1calc =


1.386 gcm�3 ; T=293(2) K; collected/unique=11658/3092; R1=0.0363,
wR2=0.1041 (for I>2q(I)); R1=0.0465, wR2=0.1077 (for all data) and
GOF=1.050; flack parameter=0.07(2). CCDC 642658 (1) contains the
supplementary crystallographic data for this paper. These data can be ob-
tained free of charge from The Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data_request/cif.


Thermal analyses were carried out in the temperature range of 25–600 8C
by means of a Rigaku standard TG-DTA analyzer in N2 with an increas-
ing temperature rate of 10 8C/min. An empty Al2O3 crucible was used as
reference.


Measurements for the gas adsorption isotherms of N2 (77 K), O2 (77 K),
CO2 (195 K), C2H2 (197 K) and MeOH (298 K) were performed in the
gaseous state by using BELSORP18-Plus volumetric adsorption equip-
ment from BEL Japan. Gases are highly pure and a 41.3 mg crystal
sample of 1 was used for all the five measurements, time and again.
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Syntheses of Ladder-Type Oligonaphthalene Derivatives and Their
Photophysical and Electrochemical Properties


Jun-Chun Chen, Tse-Shi Lee, and Chih-Hsiu Lin*[a]


Polynuclear aromatic compounds are fascinating to chem-
ists due to the general curiosity in electronically delocalized
systems[1] and their applications in optical and electronic de-
vices.[2] In the syntheses, characterizations, and fabrications
of these large conjugated systems, poor solubility is a
common problem. To overcome this difficulty, flexible alkyl
groups are frequently grafted onto the aromatic rings as sol-
ublizing groups. However, the additional substitutions often
cause twists along the p-backbone and severely disrupt the
conjugation effect.[3]


An ingenious solution to this dilemma was conceived for
para-oligophenylene-type systems by employing solublizing
groups that can also force the backbone to adopt planar ge-
ometries (Scheme 1a). In practice, the para-phenylene oligo-
mers carrying cyclizable substitutions were first synthesized
by Suzuki+s coupling. The bridges between phenylene units
were then formed by intramolecular Freidel–Craft reactions.
The planarized oligophenylene or other conjugated systems
thus formed are often referred to as the “ladder-type” oligo-
mers. Since being independently explored by M2llen, Tour,
and Swager,[4] this paradigm has been studied by numerous


other researchers with a view to constructing ladder-type p-
systems. The much exploited oligofluorene materials for
light-emitting applications clearly emerged from this con-
cept.[5] A similar idea was also applied to the synthesis of
1,8-double-bridged oligonaphthalene, commonly known as
rylene compounds. The synthesis starts with the construction
of oligonaphthalene connected at the 1 position by means of
palladium-catalyzed cross-coupling reactions. The 8–8’
bridges were subsequently connected by oxidative or reduc-
tive cyclization (Scheme 1b).[10]


While the applications of ladder-type oligophenylene
flourish, the closely related ladder-type oligonaphthalene
(LON) system has been completely overlooked. We attri-
bute this neglect to the lack of synthetic accessibility. One
major difficulty for this class of compounds is that the
common strategy to synthesize ladder-type oligophenylene
can not be adapted to construct LON directly. As shown in
Scheme 2, such synthesis would require a scarce 1,2,5,6-sub-
stituted naphthalene derivative as the starting material. A
more serious problem is the regioselectivity in the cycliza-
tion step. As depicted in the scheme, to construct 1,1’-con-
nected oligonaphthalenes, the cyclization step can proceed
through either 1,2- or 1,8-selectivity to produce regioisomers
with different topologies.
To overcome the synthetic difficulties, we propose a new


strategy to synthesize LON derivatives based on the acid-
catalyzed intramolecular cyclization of 1- and 2-bisnaphthyl-
phenyl or trisnaphthyl methanol. Such cationic cyclization
reactions were first documented in the literature in the
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1920s, however, it was not until 1998 that satisfactory spec-
tral characterizations of the cyclization products were re-
ported by Olah et al. (Scheme 3).[6]


This reaction constitutes a formal synthesis of ladder-type
binaphthalene, we believe a similar concept can be applied
to constructing higher LON derivatives with some fine
tuning of the reaction conditions (Scheme 3). Conceptually,
this strategy reverses the order of bond constructions in the
well-established route to ladder-type oligophenylene in
which aryl–aryl bonds were formed before the cyclization of
the bridging units. In the present approach, the bridging
groups between naphthyl units are formed before the naph-
thyl–naphthyl bonds are con-
nected by means of cationic
cyclization. Here, we report our
preliminary success with this
strategy and some basic photo-
physical properties of the LON
derivatives thus produced.


Results and Discussion


We first sought to optimize the
acid-catalyzed cyclization step
in dinaphthylphenyl methanol
compounds (synthesized
through the addition of 1- or 2-
lithionaphthalene to the corre-
sponding benzoic esters) by
screening various substitutions
on the phenyl rings. Because
such a cyclization reaction has
to be carried out at multiple


sites in one molecule in the syntheses of higher oligomers, it
is therefore crucial to seek out a combination of substrate
and reaction conditions that ensures the best yield. Other-
wise, the multiple cyclization reaction would likely produce
very low yield of high oligomers contaminated with insepa-
rable byproducts. Under such adverse circumstances, the
precise spectroscopic characterization of the desired LON
products would be unfeasible. After screening a number of
common acidic conditions (AcOH/HCl at various ratios, di-
chloroacetic acid, and BF3·OEt2), we found that neat tri-
fluoromethane sulfonic acid can serve as the medium for a
wide range of substrates in this cyclization reaction. (For
simpler substrates, trifluoroacetic acid can also be used.) As
for substrates (Scheme 4), the compounds (1, 3, 5) carrying
electron-withdrawing groups (N,N’-dibutyl amide, CF3) on
the para position of the phenyl groups gave satisfactory
yields of corresponding cyclized products 2, 4, 6. In contrast,


Scheme 3. Utilization of the acid-catalyzed intramolecular trisnaphthyl methanol cyclization reaction in the
synthesis of LON derivatives.


Scheme 1. Established synthetic strategy for ladder-type oligophenylene
and rylene derivatives.


Scheme 2. Difficulties with applying conventional strategy to the synthe-
sis of LONs.
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when the phenyl ring is substituted with mild electron-do-
nating groups (methyl, tert-butyl), the reactions require
higher temperature and the yields for cyclization products
are much inferior. With strong electron-donating methoxy
substitutions, the regioselectivity of cyclization reactions was
altered from the desired naphthyl–naphthyl bond formation
to the phenyl–naphthyl one. We therefore reckoned that the
cyclization reactions with substrates carrying electron-with-
drawing substitutions on the phenyl rings are much more
amenable to the syntheses of long LON derivatives. Such
substrates are, therefore, employed in the subsequent syn-
thesis of higher LON derivatives.
The regioselectivity of the cyclization reaction from com-


pound 1 (and other similar compounds) to produce 2 re-
quires further clarification, as three isomeric products (1,1’-,
1,3’-, and 3,3’-connection) are possible. Fortunately, these
products are distinguishable by routine 1H NMR spectrosco-
py. Based on the number of 1H signals observed in the aro-
matic region, the unsymmetrical 1,3’-connected structure


was immediately ruled out. In addition, the 1H NMR spec-
trum of all isolable cyclized products from this series con-
tains four sets of doublets (J�8 Hz) in the aromatic region,
whereas no singlet signal was observed. Such spectral fea-
tures are consistent with the 1,1’-connected product as
shown, rather than of the 3,3’-type product reported by
Olah. We therefore concluded that this series of cyclization
produces 1,1’-connected products. Such regioselectivity can
be reasonably attributed to the larger molecular orbital
(MO) coefficients of the intermediate cations at these posi-
tions.
With the conditions for synthesizing dimeric LON deriva-


tives optimized, we proceeded to synthesize trimeric LON
derivatives (Scheme 5). The cyclization precursors for 1,1’-
and 2,2’-connected trimers were synthesized through two-
fold addition reactions of 1- or 2-lithionaphthalene to the
corresponding diketones 7 and 10, respectively (synthesized
through other two-fold addition reactions of corresponding
Grignard reagents to known naphthalene dialdehydes fol-


Scheme 4. Model reactions to synthesize dimeric LON derivatives: a) N,N’-dibutyl-4-iodobenzamide, cyclopentylmagnesium bromide (THF), then PCC
(CH2Cl2); b) 1- or 2-bromonaphthalene, nBuLi (�78 8C, THF); then NaH, MeI (RT, THF).
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lowed by pyridinium chlorochromate (PCC) oxidation).
N,N’-Dibutyl amide substitutions on phenyl groups are in-
troduced to serve two purposes: to facilitate the cyclization
reaction and to improve the solubility of ladder-type prod-
ucts. The crude diol products from the double addition reac-
tions were converted to methyl ethers 8 and 11 to aid their
purification and characterization. The key double cyclization
steps in acidic mediums (CF3COOH and CF3SO3H, respec-
tively) gave the desired LON derivatives 9 and 12 in excel-
lent yields.
To synthesize the cyclization precursors to tetramer LON


and higher oligomers, the most straightforward way is to
follow Rajca+s strategy for the syntheses of polytrityl
ethers.[7] With methyl ether as a protecting group for the ter-
tiary alcohol during the lithium–halogen exchange step, the
addition of lithiated dinaphthylphenylmethyl methyl ether
derivative 13 to amide ester 14 (Scheme 6) should furnish
the desired tetranaphthalene cyclization precursor. To our
surprise, we did not detect any expected addition products
with this intuitive approach. After several futile attempts to
optimize the reaction, we noticed the diminution of the me-
thoxy group signal in the 1H NMR of the complex crude
mixture from the reaction. This observation indicated that
the nBuLi and methyl ether underwent some unknown side
reaction that is even more facile than the lithium–halogen
exchange process at low temperature.
Having identified that the ether functionality might have


caused the failure in Scheme 6, it is clear that the proper
lithium reagents must be generated in the absence of methyl
ethers. To avoid ether-type protecting groups for the tertiary


alcohol, we perceived the lithium alkoxide intermediate
might be viewed as an unconventionally protected alcohol.
In practice, the addition of 2-bromo-6-lithionaphthalene to
ester 14 first generated an intermediate alkoxide that then
underwent double lithium–bromide exchange to furnish the
bis-lithium reagent. Two equivalents of 15 were then added
to furnish the double addition. The crude product from such
a reaction sequence was then treated with NaH and MeI to
convert the tertiary alcohols into methyl ethers (Scheme 7).
With this two-step strategy, we not only solved the chemose-
lectivity problem, but also devised a one-pot–five-compo-
nent reaction for this class of compounds. Though the yield
of the tetranaphthalene cyclization precursor 16 from flash
chromatography is only 18%, this unoptimized yield should
be considered fair bearing in mind that the reaction se-
quence includes four lithium–bromide exchange reactions,
four carbon–carbon bond formation reactions, and four


carbon–oxygen bond formation
reactions. More importantly, this
reaction sequence provided
access to our cyclization precur-
sors from simple building blocks
in just two convenient steps. The
pentanaphthalene cyclization
precursor 17 was synthesized ac-
cordingly in 12% yield
(Scheme 7) by simply switching
ester 14 in tetramer synthesis to
diketone 10.
The cyclization steps to ach-


ieve tetramer and pentamer
LONs are performed in triflic
acid (Scheme 8) to give 18 and
19 in 52 and 47% yields, respec-
tively. Notably, compounds 8, 9,
11, 12, 16–19 were all produced
as mixtures of stereoisomers.
These isomers are neither sepa-
rable by simple flash chromatog-
raphy nor clearly differentiable
by NMR spectroscopy. There-
fore, all the subsequent photo-
physical and electrochemical
measurements are performed onScheme 5. Syntheses of trimer LONs.


Scheme 6. Failed synthesis of 1,1’-tetramer LON precursor.
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the supposed mixtures of stereoisomers. Furthermore, due
to the spectral similarity among oligomers, the spectral iden-
tifications of 9, 12, 18, 19, and their cyclization precursors 8,
11, 16, 17 are nontrivial tasks. Fortunately, these diastereo-
meric mixtures are distinguishable by some subtle differen-
ces in 1H and 13C NMR (see Supporting Information). By
comparing these subtle spectral features, we confirmed that
each compound is of good purity without contamination
from shorter oligomers. High-resolution mass spectra also
showed molecular-ion peaks that are consistent with the
proposed structures.
To construct tetrameric 2,2’-connected LON derivatives,


the one-pot procedure similar to that for 1,1’-connected
compounds was followed, as shown in Scheme 9. A trifluor-
omethyl group is employed as the electron-withdrawing sub-
stitution on the phenyl group instead of the amide used in
the 1,1’ system. This modification is necessary because the
addition of the lithium reagent to amide groups becomes
competitive in the addition step. (The ketones in 20 and 23
are much more hindered than those in 10 and 15.) Unfortu-
nately, in the synthesis of tetramer LON 25, the key cycliza-
tion step only furnished impure ladder-type products in low
yield. Nevertheless, the production of 25 is evident from 1H,
13C NMR and mass spectra.
The photophysical data of LON derivatives are shown in


Figure 1 and Table 1. As expected, the absorption and emis-
sion spectra of these LON derivatives both show marked
bathochromic shifts compared to their unplanarized counter-


parts (entries 2–5 in Table 1).[8]


However, the effect is much
smaller than those found in
rylene-type compounds (en-
tries 6, 7 in Table 1).[9] Judged
by the absorption spectra, the
effect of cyclization on spectral
shift is more pronounced in the
1,1’-connected compound 2
than in the 2,2’-connected 4 and
6. It is tempting to attribute the
results to the larger MO coeffi-
cients of naphthyl units at the 1
position. However, this trend is
reversed upon comparing the
absorption spectra of dimers 2,
4, 6, with those of trimers 9, 12,
22 and higher oligomers. These
seemingly conflicting observa-
tions suggest that the optical
band gap is not influenced
solely by simple conjugation
lengths. We believe the larger
bathochromic shift in the 1,1’-
connected series 2, 9, 18, 19 is
partly due to structural defor-
mation in individual naphthyl


units coerced by a strong 8,8’ hydrogen interaction. This 8,8’
hydrogen interaction also forces the intramolecular twists
(estimated 238) between the naphthyl units and causes the
rapid decay of the long-range conjugation effect in these 1,1’
compounds. On the other hand, the red shifts observed in
the 2,2’ series (4–12, 6–22–25) are mainly the result of ex-
tended conjugation and such interaction apparently persists
over a longer range than in the 1,1’ series. Relative to the


Scheme 7. Synthesis of 1,1’-tetramer and -pentamer LON cyclization precursors.


Scheme 8. Synthesis of 1,1’-tetramer and -pentamer LONs: a) 1-bromo-4-
trifluoromethylbenzene, nBuLi in THF at �78 8C; then PCC in CH2Cl2 at
RT; b) 1-bromonapthalene, nBuLi in THF at �78 8C; then NaH, MeI in
THF at RT; c) CF3SO3H; d) 1) 2,6-dibromonaphthalene, 1 equiv nBuLi in
THF at �78 8C to RT; 2) 1 equiv nBuLi in THF at �78 8C, then methyl 4-
trifluoromethyl benzoate.
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fully planar rylene compounds in which the conjugation
effect does not show signs of saturation, even for a hexary-
lene derivative,[10] the diminutions of conjugation effect are
rather quick in both series. The quantum yields of these
LON derivatives range from 28–83%. The longer oligomers
appear to be better emitters. This trend is also seen in the
ladder-type oligophenylene series in which the emission
quantum efficiency can be enhanced when the rotations
around the aryl–aryl bonds are restricted.
The HOMO levels of dimeric and trimeric LON 2, 4, 9,


12 were probed by cyclic voltammetry (Table 1). The result
indicates the HOMO levels were raised by 0.16 eV from 2
to 9 and 0.20 eV from 4 to 12. Because the optical batho-
chromic shifts in these two pairs of LONs are 0.3 and
0.4 eV, respectively, it can be inferred that the LUMO levels
are lowered by 0.14 and 0.20 eV by one ladder-type unit.
These observation is consistent with our previous hypothesis
that the conjugation effect is stronger in the 2,2’-connected
series. It also appears that one additional laddered naphthyl
unit exerts roughly equal influences on HOMO and LUMO
levels in both series of short oligomers.


Conclusion


We have synthesized two series of isomeric LONs up to
pentamers. The naphthyl units are first assembled as oligo-
meric dinaphthylphenylmethyl methyl ethers. A convenient
one-pot–five-component reaction was developed for the syn-
theses of tetramers and one pentamer. The key aryl–aryl
bonds were then constructed through an intramolecular cat-
ionic cyclization reaction. These compounds show marked
red shifts in both absorption and emission spectra compared
to their unplanarized counterparts. Decent fluorescence
quantum yields were observed in these systems, as in the
ladder-type phenylene. The HOMO and LUMO levels in
dimers and trimers were estimated from their cyclic voltam-
metry (CV) and optical absorption data. This two-step strat-
egy provides simple and efficient access to these new conju-
gated compounds that can be utilized as light-emitting mate-
rials or further elaborated into other interesting systems,
such as rylene derivatives. Both research directions are cur-
rently being pursued in our group.


Experimental Section


General protocols : All chemicals and reagents were purchased from TCI,
Acros, or Lancaster Company and were used without further purification.
Reaction solvents THF and ether were distilled from Na/benzophenone.
CH2Cl2 was distilled from CaH2.


N,N-Dibutylterephthalamic acid methyl ester (14): A THF solution of
terephthaloyl chloride (2.0 g, 9.85 mmol in 40 mL) was mixed with Et3N
(4.40 mL, 29.55 mmol) at 0 8C before dibutyl amine (2.35 mL,
13.79 mmol) was slowly added. The mixture was warmed back to RT and
stirred for 1 h. The reaction was cooled to 0 8C again before CH3OH was
added (0.57 mL, 13.79 mmol). The reaction was stirred at RT and was
quenched with water after 1.5 h. The THF was removed in vacuo and the
residue was extracted with CH2Cl2. The combined organic phase was
dried over MgSO4 and concentrated. Pure ester amide (0.86 g, 30%) was
obtained by performing flash column chromatography (silica gel; CH2Cl2/
hexane 1:8 to CH2Cl2).


1H NMR (500 MHz, CDCl3, TMS): d=0.74–1.63
(m, 14H), 3.10–3.48 (m, 4H), 3.91 (s, 3H), 7.39 (d, J=8.5 Hz, 2H),
8.04 ppm (d, J=8.5 Hz, 2H); 13C NMR (125 MHz, CDCl3, TMS): d=


13.47, 13.80, 19.16, 20.17, 29.53, 30.70, 44.42, 48.60, 52.14, 126.36, 129.62,
130.45, 141.63, 166.35, 170.47 ppm; IR (KBr): ñ=731, 787, 864, 1115,
1277, 1635, 1723, 2873 cm�1; HRMS: m/z : calcd for C17H26NO3: 292.1913
[M+H+]; found: 292.1909.


N,N-Dibutyl-4-(methoxydinaphthalen-2-yl-methyl)-benzamide (1): 1-Bro-
monaphthalene (0.78 g, 3.76 mmol) was dissolved in THF (13 mL) and
the solution was cooled to �78 8C. nBuLi (1.6m in hexane, 2.4 mL,
3.86 mmol) was slowly added at this temperature and the exchange reac-
tion was completed within 1 h. To the lithium reagent solution was added
a THF solution of 14 (0.50 g, 1.72 mmol in 5 mL). The reaction was
warmed back to RT and stirred for another hour before being quenched
with saturated NH4Cl solution. THF was removed by using a rotary evap-
orator and the residue was extracted with CH2Cl2 several times. The com-
bined organic phase was dried over MgSO4 and concentrated to give the
crude alcohol (0.84 g).


This crude intermediate and CH3I were dissolved in THF (10 mL). NaH
powder (60% mixture in mineral oil, 0.1 g, 2.50 mmol) was added in por-
tions and the methylation was completed within 3 h. The remaining NaH
was quenched with saturated NH4Cl solution before the THF was re-
moved. The residue was extracted with CH2Cl2 and the combined organic
extracts were dried over MgSO4 and concentrated. The remaining viscous
material was purified by performing flash column chromatography


Scheme 9. Syntheses of 2,2’-trimer and -tetramer LONs.
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(CH2Cl2) to give 1 (0.36 g, 40% over two steps). 1H NMR (400 MHz,
CDCl3, TMS): d =0.68–1.60 (m, 14H), 3.16 (s, 3H), 3.16–3.45 (m, 4H),
7.31 (d, J=8 Hz, 2H), 7.44–7.50 (m, 6H), 7.56 (d, J=8 Hz, 2H), 7.74–
7.80 (m, 6H), 8.00 ppm (d, J=1.6 Hz, 2H); 13C NMR (100 MHz, CDCl3,
TMS): d=13.41, 13.87, 19.56, 20.23, 29.59, 30.67, 44.43, 48.62, 52.42,
87.22, 126.04, 126.18, 126.97, 127.39, 127.44, 127.55, 128.35, 128.72, 132.41,
132.80, 136.00, 140.70, 144.69, 171.40 ppm; IR (KBr): ñ =2955, 2867,
1617, 1461, 1432, 811, 749, 476 cm�1; HRMS: m/z : calcd for C37H40NO2:
530.3059 [M+H+]; found: 530.3060.


N,N-Dibutyl-4-(7H-dibenzo ACHTUNGTRENNUNG[c,g]fluoren-7-yl)-benzamide (2): Under an
inert atmosphere, compound 1 (0.20 g, 0.38 mmol) was dissolved in
CF3COOH (2 mL). After 5 min, the cyclization reaction was stopped by
adding a deoxygenated NaHCO3 aqueous solution (15 mL). The crude
mixture was extracted with CH2Cl2 and the combined organic phase was
dried over MgSO4 and concentrated. Cyclized product 2 (0.18 g, 96%)
was isolated by performing flash column chromatography (silica gel;
CH2Cl2/hexane 8:1).


1H NMR (400 MHz, CDCl3, TMS): d=0.73–1.57 (m,
14H), 3.02–3.44 (m, 4H), 5.18 (s, 1H), 7.10 (d, J=8.0 Hz, 2H), 7.23–7.25
(m, 2H), 7.45 (d, J=8 Hz, 2H), 7.53–7.60 (m, 4H), 7.82 (d, J=8 Hz,
2H), 7.96 (dd, J=1.2, 8 Hz, 2H), 8.77 ppm (d, J=8 Hz, 2H); 13C NMR
(125 MHz, CDCl3, TMS): d=13.52, 13.87, 19.65, 20.25, 29.67, 30.72,
44.52, 48.69, 55.53, 122.76, 125.01, 125.20, 126.97, 127.09, 128.28, 128.56,
128.67, 128.83, 134.25, 136.10, 137.77, 141.37, 147.15, 171.44 ppm; IR
(KBr): ñ =2952, 2929, 2863, 1627, 1458, 1432, 1104, 812, 747 cm�1;
HRMS: m/z : calcd for C36H36NO: 498.2797 [M+H+]; found: 498.2798.


N,N-Dibutyl-4-(methoxydinaphthalen-1-yl-methyl)-benzamide (3): This
compound was synthesized by following the same procedure as for its
isomeric compounds 1 except that 2-bromonaphthalene was used instead
of 1-bromonaphthalene. Yield 42%. 1H NMR (400 MHz, CDCl3, TMS):
d=0.55–1.56 (m, 14H), 3.05 (brm, 2H), 3.23 (s, 3H), 3.40 (brm, 2H),
7.16–7.26 (m, 8H), 7.34 (dd, J=7.7, 7.7 Hz, 2H), 7.48 (d, J=8.0 Hz, 2H),
7.76–7.80 (m, 4H), 8.33 ppm (d, J=8.8 Hz, 2H); 13C NMR (100 MHz,
CDCl3, TMS): d=13.25, 13.84, 19.44, 20.17, 29.60, 30.59, 44.51, 48.62,
54.14, 91.30, 124.24, 125.17, 125.76, 128.38, 128.44, 128.54, 129.23, 131.90,
134.64, 135.32, 139.06, 144.82, 171.41 ppm; IR (KBr): ñ =3049, 2957,
2929, 2868, 1632, 1100, 782, 736 cm�1; HRMS: m/z : calcd for C37H40NO2:
530.3059 [M+H+]; found: 530.3060.


N,N-Dibutyl-4-(13H-dibenzo ACHTUNGTRENNUNG[a,i]fluoren-13-yl)-benzamide (4): In an
inert atmosphere, compound 3 (0.20 g, 0.38 mmol) was dissolved in triflic
acid (2 mL). The reaction was quenched with a deoxygenated 1.0m


NaHCO3 solution after 10 min. The mixture was extracted with CH2Cl2
and the combined extracts were dried over MgSO4. The solvent was re-
moved in vacuo and pure product 4 (0.17 g, 90%) was isolated by per-
forming flash chromatography (silica gel; CH2Cl2/hexane 8:1).


1H NMR
(400 MHz, CDCl3, TMS): d =0.61–1.55 (m, 14H), 3.02–3.40 (m, 4H), 5.67
(s, 1H), 7.19–7.25 (m, 4H), 7.27–7.37 (m, 4H), 7.84–7.86 (m, 4H), 7.92
(d, J=8.4 Hz, 2H), 8.00 ppm (d, J=8.4 Hz, 2H); 13C NMR (125 MHz,
CDCl3, TMS): d=13.42, 13.86, 19.51, 20.21, 29.63, 30.61, 44.58, 48.66,
53.74, 118.33, 123.68, 125.10, 126.48, 127.21, 128.69, 128.93, 129.03, 130.08,
133.29, 135.56, 139.21, 142.90, 144.22, 171.40 ppm; IR (KBr): ñ =3047,


Figure 1. UV/Vis and fluorescence spectra of LON derivatives a, b) 2, 9, 18, 19, c, d) 8, 22, 26.
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2952, 2870, 1627, 1461, 1428, 1306, 812, 735 cm�1; HRMS: m/z : calcd for
C36H36NO: 498.2797 [M+H+]; found: 498.2798.


Naphthalen-1-yl-(4-trifluoromethylphenyl)-methanone (23): A THF solu-
tion of 4-bromobenzotrifluoride (1.5 g, 6.7 mmol in 20 mL) was cooled to
�78 8C and to this chilled solution was added nBuLi (2.65 mL, 2.5m in
hexane, 6.7 mmol). After the reaction was stirred at low temperature for
1 h, a THF solution of 1-naphthaldehyde (0.95 g, 6.1 mmol in 5 mL) was
slowly added to the mixture. The reaction was then warmed back to RT
and stirred for 1 h before being quenched with saturated NH4Cl solution.
The THF was removed by using a rotary evaporator and the residue was
extracted with CH2Cl2. The combined organic phase was dried over
MgSO4 and concentrated in vacuo. The crude alcohol thus obtained
(1.7 g) was directly dissolved in CH2Cl2 (30 mL) with pyridinium chloro-
chromate (1.95 g, 9.02 mmol) and stirred at RT for 2 h. The chromium-
containing side products were removed by a short column. Pure 23 (1.6 g,
88%) was obtained by performing flash chromatography (silica gel;
CH2Cl2/hexane 1:2.5). 1H NMR (400 MHz, CDCl3, TMS): d=7.50–7.60
(m, 4H), 7.73 (d. J=8.1 Hz, 1H), 7.93–7.96 (m, 2H), 7.97 (s, 1H), 8.04
(d, J=8.1 Hz, 1H), 8.14–8.18 ppm (m, 1H); 13C NMR (100 MHz, CDCl3,
TMS): d=124.26, 125.42, 125.46, 125.48, 125.49, 125.53, 126.69, 127.65,
128.51, 128.53, 130.56, 130.86, 132.10, 133.79, 134.33 (q, J=33 Hz, CF3),
135.24, 141.32, 196.75 ppm; IR (KBr): ñ=3060, 1664, 1325, 1282, 1250,
1171, 1130, 1066, 781 cm�1; HRMS: m/z : calcd for C18H12F3O: 301.0840
[M+H+]; found: 301.0837.


4-(Methoxydinaphthalen-1-yl-methyl)-a,a,a-trifluorotoluene (5): A THF
solution of 1-bromonaphthalene (0.18 g, 0.87 mmol in 20 mL) was cooled
to �78 8C and to this chilled solution was slowly added nBuLi (0.35 mL,
2.5m in hexane, 0.88 mmol). The exchange reaction was allowed to pro-
ceed for 1 h at low temperature before a THF solution of 23 (0.23 g,
0.77 mmol in 5 mL) was added. The reaction was warmed back to RT
and stirred for another hour before being quenched with saturated
NH4Cl solution. THF was removed by using a rotary evaporator and the
residual mixture was extracted with CH2Cl2. The combined organic phase
was dried over anhydrous MgSO4 and concentrated. The crude alcohol
(0.33 g) was dissolved in THF (25 mL) and to this solution was added
MeI (0.15 mL, 2.4 mmol) and NaH (0.1 g, 60% dispersed in mineral oil,
2.5 mmol). The reaction was stirred for 16 h at RT before being quenched


with saturated NH4Cl solution. The THF was removed by using a rotary
evaporator and the residual mixture was extracted with CH2Cl2. The
combined organic phase was dried over MgSO4 and concentrated. The
crude ether product was purified by performing flash chromatography
(silica gel; CH2Cl2/hexane 1:4) to give pure 5 (0.29 g, 82%). 1H NMR
(400 MHz, CDCl3, TMS): d =3.23 (s, 3H), 7.19–7.29 (m, 6H), 7.35–7.37
(m, 2H), 7.50 (d, J=8.2 Hz, 2H), 7.61 (d, J=8.2 Hz, 2H), 7.78–8.82 (m,
4H), 8.30 ppm (d, J=8.7 Hz, 2H); 13C NMR (100 MHz, CDCl3): d=


54.09, 91.28, 124.37, 124.53, 124.57, 124.61, 125.40, 125.47, 128.22, 128.34,
128.65, 128.91, 129.53, 131.81, 134.75, 138.82, 147.79 ppm; IR (KBr): ñ=


3048, 2939, 1507, 1406, 1326, 1166, 1117, 1070, 799, 781 cm�1; HRMS: m/
z : calcd for C29H21F3O: 442.1544 [M


+]; found: 442.1549.


13-(4-Trifluoromethylphenyl)-13H-dibenzo ACHTUNGTRENNUNG[a,i]fluorine (6): In a round-
bottomed flask, compound 5 (0.1 g, 0.22 mmol) was kept in a strict N2 at-
mosphere before triflic acid (2 mL) was added. The reaction was stirred
at RT for 5 min before being quenched with a deoxygenated 1.0m


NaHCO3 solution. The product was extracted with CH2Cl2 and the com-
bined organic phase was dried over anhydrous MgSO4 and concentrated.
The residue was purified by performing flash chromatography (silica gel;
CH2Cl2/hexane 1:5) to give pure 6 as a white solid (0.56 g, 60%).
1H NMR (400 MHz, CDCl3, TMS): d=5.69 (s, 1H), 7.31–7.38 (m, 6H),
7.44 (d, J=8.1 Hz, 2H), 7.79–7.82 (m, 2H), 7.85–7.88 (m, 2H), 7.93 (d,
J=8.4 Hz, 2H), 7.99 ppm (d, J=8.4 Hz, 2H); 13C NMR (100 MHz,
CDCl3, TMS): d =53.33, 118.39, 125.22, 125.89 (q), 126.66, 128.97, 129.11,
129.18, 129.92, 133.33, 139.29, 143.93, 146.04 ppm; IR (KBr): ñ =3055,
2922, 1517, 1324, 1164, 1121, 1068, 840, 808 cm�1; HRMS: m/z : calcd for
C28H17F3: 410.1282 [M


+]; found: 410.1273.


N,N-Dibutyl-4-iodobenzamide : 4-Iodobenzoic acid (9.0 g, 36.28 mmol)
and thionyl chloride (3.96 mL, 54.42 mmol) were dissolved in toluene
(80 mL) and the solution was refluxed under a nitrogen atmosphere for
16 h. The volatiles were removed by using a rotary evaporator to give the
crude 4-iodobenzoyl chloride. This intermediate was then dissolved in
CH2Cl2 (40 mL) and to this solution was slowly added dibutyl amine
(12.2 mL, 72.66 mmol) at 0 8C. The reaction was warmed back to RT at
stirred for 2 h. The reaction solution was washed with water (4O) before
being dried over MgSO4 and concentrated. The crude product was then
purified by performing flash chromatography (silica gel; CH2Cl2/hexane
8:1) to give the amide as a clear liquid (12.6 g, 96%). 1H NMR
(500 MHz, CDCl3, TMS): d =0.78–1.62 (m, 14H), 3.1–3.6 (m, bs, 4H),
7.05–7.08 (d, J=8 Hz, 2H), 7.69–7.72 ppm (d, J=8 Hz, 2H).


Bis-4,4’-(N,N-dibutylbenzamide)-(2,6-naphthalenediyldicarbonyl) (7):
N,N-Dibutyl-4-iodobenzamide (2.92 g, 8.14 mmol) was dissolved in THF
(20 mL) and the solution was cooled to 0 8C in an ice bath. Cyclopentyl-
magnesium bromide (1.3m in THF, 6.88 mL, 8.95 mmol) was slowly
added and the exchange reaction was stirred for 20 min. Powder of 2,6-
naphthyl dialdehyde (0.5 g, 2.71 mmol) was added at this point. The reac-
tion was allowed to proceed at RT for 1 h before quenched with saturat-
ed NH4Cl solution. The volatiles were removed in vacuo and the residue
was extracted with CH2Cl2. The combined organic phase was dried over
MgSO4 and concentrated to give the crude product. Without further pu-
rification, the crude diol was dissolved in CH2Cl2 and mixed with pyridi-
nium chlorochromate (2.34 g, 10.84 mmol). The oxidation proceeded for
90 min and the reaction mixture was passed through a short silica-gel
column to remove chromium side product. The pure product (1.12 g,
64%) was obtained by performing flash column chromatography (silica
gel; CH2Cl2/diethyl ether 9:1).


1H NMR (400 MHz, CDCl3, TMS): d=


0.78–1.65 (m, 28H), 3.18–3.53 (m, 8H), 7.49 (d, J=8.0 Hz, 4H), 7.87 (d,
J=8.0 Hz, 4H), 7.97–8.03 (m, 4H), 8.28 ppm (s, 2H); 13C NMR
(125 MHz, CDCl3, TMS): d=13.58, 13.86, 19.69, 20.22, 29.55, 30.76,
44.46, 48.68, 126.50, 126.53, 129.82, 130.12, 131.28, 134.11, 136.57, 137.76,
141.40, 170.41, 195.64 ppm; IR (KBr): ñ=2957, 2935, 2871, 1660, 1632,
1286, 1266, 1113, 867, 734 cm�1; HRMS: m/z : calcd for C42H51N2O4:
647.3849 [M+H+]; found: 647.3839.


Compound 8 : A solution of 2-bromonaphthalene in THF (0.16 g,
0.77 mmol in 3 mL) was cooled to �78 8C and nBuLi (2.5m in hexane,
0.31 mL, 0.77 mmol) was added slowly. The exchange reaction was stirred
at low temperature for 1 h before another THF solution of 7 was added
(0.20 g, 0.31 mmol in 4 mL). The reaction was warmed back to RT and


Table 1. Photophysical and electrochemical properties of LON deriva-
tives.[a]


Compounds Abs
lmax
[nm]


Flu.
lmax
[nm]


Emission
quantum
yield [%][b]


Oxidation
potential
(vs. ferroce-
ne)[c]


1 naphthalene 278 326
2 ACHTUNGTRENNUNG[1,1’]binaphthalenyl 295 365
3 ACHTUNGTRENNUNG[2,2’]binaphthalenyl[d] 306 373 57
4 [1,1’;5’,5’’]ternaphthalene[e] 299
5 [2,2’;6’,2’’]ternaphthalene[d] 332 388
6 rylene 440 434
7 terylene 555 579
8 2 368 396 39 1.13
9 9 404 439 28 0.97
10 18 420 463 60
11 19 427 468 58
12 4 348 389 41 1.23
13 6 348 396 45
14 12 395 426 83 1.03
15 22 393 432 74
16 25 (impure) 413 450


[a] All optical measurements for LON derivatives were carried out in
chloroform solution (�10�5m) at RT. [b] Quantum yields were deter-
mined by using coumarin6 dye as the standard. [c] CV measurements
were carried out in CH2Cl2 solution with TBAPF6 as the supporting elec-
trolyte. Ag/AgNO3 electrode was used as the reference electrode.
[d] Chromophores were attached to pentose. See ref. [8d]. [e] Dialkyl de-
rivative. See ref. [8e, f].
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stirred for 1 h. Saturated NH4Cl solution was added to quench the reac-
tion and the solvent was removed in vacuo. The residue was extracted
with CH2Cl2 and the combined organic extracts were dried over MgSO4


before being concentrated to give the crude diol. Without further purifi-
cation, the crude intermediate was dissolved in THF (10 mL). To this so-
lution was added CH3I (0.1 mL, 1.62 mmol) and NaH (60% in mineral
oil, 0.1 g, 2.50 mmol). After the alkylation reaction proceeded for 16 h,
the excess NaH was quenched with saturated NH4Cl solution and the sol-
vent was removed in vacuo. The residue was extracted with CH2Cl2 and
the combined organic phase was dried over MgSO4 and concentrated.
The crude product was purified by performing flash chromatography
(silica gel; CH2Cl2/diethyl ether 15:1) to give pure 8 (0.11 g, 38%).
1H NMR (500 MHz, CDCl3, TMS): d =0.69–1.58 (m, 28H), 3.15 (s, 6H),
3.15–3.45 (m, 8H), 7.30 (d, J=8.5 Hz, 4H), 7.31–7.48 (m, 8H), 7.55 (d,
J=8.5 Hz, 4H), 7.70–7.97 (m, 8H), 7.98 ppm (d, J=9.5 Hz, 4H);
13C NMR (100 MHz, CDCl3, TMS): d =13.46, 13.90, 19.60, 20.26, 29.67,
30.70, 44.45, 48.66, 52.44, 87.23, 126.08, 126.22, 126.95, 127.22, 127.42,
127.46, 127.61, 128.09, 128.38, 128.77, 131.84, 132.43, 132.81, 136.05,
140.64, 141.31, 144.60, 171.39 ppm; IR (KBr): ñ=2944, 2868, 1631, 1461,
1432, 1082, 816, 742, 481 cm�1; HRMS: m/z : calcd for C64H71N2O4:
931.5414 [M+H+]; found: 931.5405.


Compound 9 : Under an inert atmosphere, compound 8 (0.10 g,
0.11 mmol) was dissolved in CF3COOH (1 mL). After stirring for 5 min,
the cyclization reaction was quenched with deoxygenated 1.0m NaHCO3


solution. The mixture was extracted with CH2Cl2 and the combined or-
ganic extracts were dried over MgSO4 and concentrated. Purification was
performed by performing flash chromatography (CH2Cl2) to give 9
(91 mg, 95%). 1H NMR (400 MHz, CDCl3, TMS): d=0.75–1.58 (m,
28H), 3.20–3.44 (m, 8H), 5.25 (s, 2H), 7.17 (m, J=8 Hz, 4H), 7.24–7.29
(m, 4H), 7.45–7.60 (m, 8H), 7.85 (d, J=8 Hz, 2H), 7.98 (dd, J=1.2,
8 Hz, 2H), 8.62–8.65 (m, 2H), 8.76 ppm (d, J=8 Hz, 2H); 13C NMR
(125 MHz, CDCl3, TMS): d=13.55, 13.89, 19.67, 20.27, 29.69, 30.75,
44.54, 48.73, 55.61, 121.33, 121.43, 122.87, 125.33, 126.81, 126.85, 127.06,
127.13, 128.45, 128.59, 128.63, 128.89, 129.95, 134.23, 136.16, 137.84,
137.92, 138.25, 138.36, 141.39, 146.46, 147.38, 147.50, 171.48 ppm; IR
(KBr): ñ=2957, 2927, 2864, 1631, 1465, 1428, 809, 750 cm�1; HRMS: m/z :
calcd for C62H63N2O2: 867.4890 [M+H+]; found: 867.4884.


Bis-4,4’-(N,N-dibutylbenzamide)-(1,5-naphthalenediyldicarbonyl) (10):
Under a nitrogen atmosphere a THF solution N,N-dibutyl-4-iodobenza-
mide (2.92 g, 8.14 mmol in 20 mL) was immersed in an ice bath and cy-
clopentylmagnesium bromide (1.3m in THF, 6.88 mL, 8.95 mmol) was
slowly added. The exchange reaction was stirred for 20 min before
powder of compound 1,5-naphthyl dialdehyde (0.5 g, 2.71 mmol) was
added. The reaction was stirred at RT for 1 h before being quenched
with NH4Cl solution. The THF and other volatiles were removed in
vacuo and the residue was extracted with CH2Cl2. The combined organic
extracts were dried over MgSO4 and concentrated to give the crude diol.


The subsequent oxidation was carried out with the unpurified diol in
CH2Cl2 solution (70 mL) with pyridinium chlorochromate (2.34 g,
10.84 mmol) as the oxidant. The oxidation was accomplished in 2 h and
the chromium ACHTUNGTRENNUNG(III) side products were removed by passing the reaction
mixture through a short silica-gel column. Pure compound 10 (1.08 g,
62%) was obtained by performing further flash chromatography (silica
gel; CH2Cl2/diethyl ether 10:1).


1H NMR (400 MHz, CDCl3, TMS): d=


0.76–1.62 (m, 28H), 3.14–3.50 (m, 8H), 7.43 (d, J=8.0 Hz, 4H), 7.54 (t,
J=7.9 Hz, 2H), 7.61 (d, J=7.9 Hz, 2H), 7.88 (d, J=8.0 Hz, 4H),
8.24 ppm (d, J=7.9 Hz, 2H); 13C NMR (125 MHz, CDCl3, TMS): d=


13.61, 13.90, 19.75, 20.28, 29.60, 30.80, 44.52, 48.71, 125.83, 126.66, 128.29,
128.95, 130.57, 131.16, 136.48, 138.29, 142.18, 170.40, 197.04 ppm; IR
(KBr): ñ=2958, 2928, 2872, 1663, 1635, 1273, 981, 796 cm�1; HRMS: m/z :
calcd for C42H51N2O4: 647.3849 [M+H+]; found: 647.3841.


Compound 11: To a THF solution of 1-bromonapthalene (0.22 g,
1.07 mmol in 3 mL) was slowly added nBuLi solution (2.5m in hexane,
0.43 mL, 1.07 mmol) at �78 8C. The exchange reaction was finished after
1 h. A THF solution of 10 (0.5 g, 1.72 mmol in 5 mL) was slowly added
before the reaction was warmed back to RT and stirred for another 1 h.
The reaction was quenched with saturated NH4Cl. The volatiles were re-
moved in vacuo and the residual mixture was extracted with CH2Cl2. The


combined extracts were dried over MgSO4 and concentrated to give the
crude diol.


The methylation was carried out as in the synthesis of 8 in THF (10 mL)
with NaH and CH3I (0.1 g, 2.50 mmol and 0.10 mL, 1.61 mmol, respec-
tively). After the established work-up procedure, the desired product
(95 mg, 22%) was isolated as a mixture of two diastereomers by perform-
ing flash chromatography (silica gel; CH2Cl2/diethyl ether 8:1). HRMS:
m/z : calcd for C64H71N2O4: 931.5414 [M+H+]; found: 931.5416. For other
spectroscopic data, see Supporting Information.


Compound 12 : Under an inert atmosphere, compound 11 was dissolved
(0.12 g, 0.13 mmol) in trifilic acid (1 mL) and the cyclization reaction was
allowed to proceed for 5 min before the reaction was quenched with de-
oxygenated 1.0m NaHCO3 solution. The reaction mixture was extracted
with CH2Cl2 before the combined organic phase was dried over MgSO4


and concentrated in vacuo. Pure product (0.10 g, 93%) was isolated as a
mixture of two diastereomers by performing flash chromatography
(CH2Cl2). HRMS: m/z : calcd for C62H63N2O2: 867.4890 [M+H+]; found:
867.4877. For other spectroscopic data, see Supporting Information.


Compound 13 : A THF solution of 2,6-dibromonaphthalene (0.53 g,
1.85 mmol in 16 mL) was cooled to �78 8C and to this solution nBuLi
(1.6m in hexane, 1.27 mL, 2.03 mmol) was slowly added. After the ex-
change reaction proceeded for 1 h, a THF solution of 15 (0.72 g.
1.85 mmol in 7 mL) was added dropwise. The reaction was then warmed
back to RT and stirred for another 60 min before being quenched with
saturated NH4Cl solution. The volatiles were removed in vacuo and the
residue was extracted with CH2Cl2. The combined organic phase was
dried over MgSO4 and concentrated to give the crude alcohol. Without
further purification, the crude mixture was dissolved in THF solution
(15 mL) and CH3I (0.31 mL, 1.62 mmol) and NaH (60% in mineral oil,
0.12 g, 3.00 mmol) were added to fulfil the methylation. After being
stirred for 3 h at RT, the reaction was quenched with saturated NH4Cl so-
lution and the solvent was evaporated in vacuo. The remaining mixture
was extracted with CH2Cl2 several times and the combined organic phase
was dried over MgSO4 and concentrated. The crude product was purified
by performing flash column chromatography (CH2Cl2) to give 13 (0.53 g,
48%) as an amorphous solid. 1H NMR (500 MHz, CDCl3, TMS): d=


0.68–1.60 (m, 14H), 3.15 (s, 3H), 3.15–3.46 (m, 4H), 7.32 (d, J=8 Hz,
2H), 7.45–7.47 (m, 3H), 7.53 (m, 4H), 7.65 (dd, J=1.2, 8 Hz, 2H), 7.76–
7.81 (m, 3H), 7.94–7.97 ppm (m, 3H); 13C NMR (100 MHz, CDCl3,
TMS): d=13.40, 13.87, 19.56, 20.23, 29.63, 30.66, 44.45, 48.62, 52.43,
87.12, 120.13, 126.13, 126.18, 126.24, 126.29, 126.64, 126.87, 127.10, 127.41,
127.55, 127.66, 127.91, 128.35, 128.76, 129.43, 129.99, 131.25, 131.45,
132.44, 132.78, 133.43, 136.15, 140.26, 141.61, 144.26, 171.33 ppm; IR
(KBr): ñ =2955, 2932, 2868, 1630, 1461, 1428, 1078, 812, 743, 477 cm�1;
HRMS: m/z : calcd for C37H39


79BrNO2: 608.2164 [M+H+]; found:
608.2167.


N,N-Dibutyl-4-(naphthalene-2-carbonyl)-benzamide (15): N,N-Dibutyl-4-
iodobenzamide (3.24 g, 9.02 mmol) was dissolved in THF (30 mL) and to
this solution was slowly added cyclopentylmagnesium bromide (1.0m in
THF, 10 mL, 10.00 mmol). The exchange reaction was allowed to proceed
for 20 min and a THF solution of 2-naphthaldehyde (1.30 g, 8.32 mmol in
30 mL) was added. The reaction was stirred at RT for 1 h before being
quenched with saturated NH4Cl solution. The volatiles were removed in
vacuo and the residue was extracted with CH2Cl2. The combined organic
phase was dried over MgSO4 and concentrated to furnish the crude alco-
hol that underwent subsequent oxidation without further purification.


The crude alcohol was dissolved in CH2Cl2 (50 mL) and to this solution
was added pyridinium chlorochromate (3.89 g, 18.04 mmol). The reaction
was stirred at RT for 50 min and the mixture was passed through a short
silica-gel column to remove chromium side products. Flash column chro-
matography (silica gel; CH2Cl2/hexane 8:1) was performed and yielded
15 (2.40 g, 82%) as an amorphous solid. 1H NMR (400 MHz, CDCl3,
TMS): d=0.77–1.65 (m, 14H), 3.17–3.52 (m, 4H), 7.48 (d, J=8 Hz, 2H),
7.53–7.62 (m, 2H), 7.84–7.93 (m, 6H), 8.22 ppm (s, 1H); 13C NMR
(100 MHz, CDCl3, TMS): d=13.63, 13.91, 19.74, 20.28, 29.61, 30.82,
44.50, 48.73, 125.53, 126.42, 126.91, 127.80, 128.44, 128.51, 129.46, 130.11,
132.17, 132.21, 134.41, 135.36, 138.36, 141.08, 170.63, 196.21 ppm; IR
(KBr): ñ =2957, 2931, 2871, 1656, 1631, 1465, 1428, 1292, 783, 753,
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477 cm�1; HRMS: m/z : calcd for C26H30NO2: 388.2277 [M+H+]; found:
388.2277.


Compound 16 : A THF solution of 2,6-dibromonaphthalene (0.59 g,
2.06 mmol in 10 mL) was cooled to �78 8C and to this solution was
slowly added nBuLi (2.5m in hexane, 0.88 mL, 2.20 mmol). The exchange
reaction was stirred at low temperature for 1 h and a THF solution of 15
(0.31 g, 1.06 mmol in 30 mL) was added. The reaction was then warmed
back to RT and stirred for 40 min to furnish the double addition. The re-
action vessel was re-cooled to �78 8C and another portion of nBuLi was
slowly added (2.5m in hexane, 0.88 mL, 2.20 mmol). The double-ex-
change reaction was stirred at low temperature for 40 min before a THF
solution of 14 (0.80 g, 2.06 mmol in 6 mL) was slowly added. The reaction
was warmed back to RT and stirred for 40 min before being quenched
with saturated NH4Cl solution. The volatiles were evaporated by using a
rotary evaporator and the residue was extracted with CH2Cl2 several
times. The combined organic extracts were dried over MgSO4 and con-
centrated to give the triol crude intermediate. The crude product was dis-
solved in THF (15 mL) and to this solution were added CH3I (0.39 mL,
6.18 mmol) and NaH (60% mixture in mineral oil, 0.15 g, 3.75 mmol).
The reaction was stirred for 16 h before being worked-up by the same
procedure as before. Pure product 16 (0.53 g, 18%) was then isolated by
performing flash chromatography (silica gel; CH2Cl2/diethyl ether 8:1).
ESI-LRMS: calcd for C91H102N3O6: 1332.78 [M+H+]; found: 1333.35. For
additional spectroscopic data, see Supporting Information.


Compound 18 : Under an inert atmosphere, compound 16 (48 mg,
0.04 mmol) was dissolved in triflic acid (0.5 mL) at RT. The cyclization
reaction was completed in 5 min and quenched with an deoxygenated
NaHCO3 aqueous solution. The resulting mixture was extracted with
CH2Cl2 and the combined organic phase was dried over MgSO4 and con-
centrated. Pure 18 (28 mg, 52%) was obtained as an amorphous solid by
performing flash column chromatography (silica gel; CH2Cl2/diethyl
ether 10:1). HRMS: m/z : calcd for C88H89N3O3: 1235.6904 [M


+]; found:
1235.6923. For additional spectroscopic data, see Supporting Information.


Compound 17: A solution of 2,6-dibromonaphthalene in THF (0.70 g,
2.45 mmol in 20 L) was cooled to �78 8C and to this solution was slowly
added nBuLi (2.5m in hexane, 1.02 mL, 2.56 mmol). After the exchange
reaction proceeded for 1 h, a THF solution of 14 (0.69 g, 1.07 mmol in
10 mL) was slowly added. The reaction mixture was then warmed back
to RT and stirred for 40 min for the completion of the double addition.
The reaction flask was then re-cooled to �78 8C and another portion of
nBuLi (2.5m in hexane, 0.98 mL, 2.45 mmol) was added. After the
double-exchange reaction was completed in 30 min, a THF solution of 13
(0.95 g, 2.45 mmol in 10 mL) was slowly added. The reaction was then
warmed back to RT and stirred for 40 min before being quenched with
saturated NH4Cl solution. The solvent was removed in vacuo and the re-
maining mixture was extracted with CH2Cl2 several times. The combined
organic extracts were dried over MgSO4 and concentrated to furnish the
crude product. To this crude tetrahydroxy mixture was added THF
(15 mL), CH3I (0.54 mL, 8.56 mmol) and NaH (60% in mineral oil,
0.21 g, 5.25 mmol) to carry out the methylation. After stirring for 16 h at
RT, the reaction was worked-up as in the previous step. Pure tetramethy-
lether 17 (0.22 g, 12%) was obtained by performing flash column chro-
matography (silica gel; CH2Cl2/diethyl ether 10:1). ESI-LRMS [M+H+]
calcd for C118C133N4O8: 1734.01; found: 1734.60. For additional spectro-
scopic data, see Supporting Information.


Compound 19 : Under an inert atmosphere, compound 17 (78 mg,
0.04 mmol) was dissolved in triflic acid (0.7 mL). The cyclization reaction
was stirred at RT for 5 min before being quenched with deoxygenated
1.0m NaHCO3 solution. The mixture was extracted with CH2Cl2 and the
combined organic phase was dried over MgSO4 and concentrated in
vacuo. Purification was carried out by performing flash column chroma-
tography (silica gel; CH2Cl2/diethyl ether 5:1) to give 19 as an amorphous
solid (30 mg, 47%). HRMS: m/z : calcd for C114H117N4O4: 1605.9075
[M+H+]; found: 1605.9071. For additional spectroscopic data, see Sup-
porting Information.


Bis-4,4’-(a,a,a-trifluorotoluene)-(1,5-naphthalenediyldicarbonyl) (20): A
THF solution of 4-bromobenzotrifluoride (1.5 g, 6.7 mmol in 25 mL) was
cooled to �78 8C and to this chilled solution was slowly added nBuLi


(2.65 mL, 2.5m in hexane, 6.67 mmol). The reaction was kept at low tem-
perature for 1 h before a THF solution of 1,5-diformyl naphthalene
(0.55 g, 2.9 mmol in 5 mL) was slowly added. The reaction was then
warmed back to RT and stirred for another 60 min before being
quenched with saturated NH4Cl solution. After the THF was removed by
using a rotary evaporator, the remaining mixture was extracted with
CH2Cl2. The combined organic phase was dried over anhydrous MgSO4


and concentrated. The crude diol thus obtained (1.5 g) was mixed with
pyridinium chlorochromate (1.7 g, 7.93 mmol) in CH2Cl2 (30 mL) and the
reaction was stirred at RT for 2 h. The chromium side products were re-
moved by a short silica-gel column and the pure diketone product
(1.13 g, 80%) was obtained by performing flash chromatography (silica
gel; CH2Cl2/hexane 1:1.5). 1H NMR (400 MHz, CDCl3, TMS): d =7.57
(dd, J=7.8, 7.0 Hz, 2H), 7.62 (dd, J=7.0, 1.0 Hz, 2H), 7.74 (d, J=8.1 Hz,
4H), 7.97 (d, J=8.1 Hz, 4H), 8.32 ppm (dd, J=7.8, 1.0 Hz, 2H);
13C NMR (100 MHz, CDCl3, TMS): d=125.62, 125.65, 125.99, 128.77,
129.25, 130.63, 131.26, 134.71 (q, J=33 Hz, CF3), 135.95, 140.94,
196.36 ppm; IR (KBr): ñ=3048, 1659, 1322, 1162, 1126, 1064, 857, 795,
772 cm�1; HRMS: m/z : calcd for C26H15F6O2: 473.0976 [M+H+]; found:
473.0975.


Compound 21: A THF solution of 1-bromonaphthalene (0.8 g, 3.88 mmol
in 30 mL) was cooled to �78 8C and to this solution was slowly added
nBuLi (1.55 mL, 2.5m in hexane, 3.88 mmol). The exchange reaction was
stirred at low temperature for 1 h before a THF solution of 20 (0.8 g,
1.70 mmol in 5 mL) was added. The reaction was then warmed back to
RT and stirred for 1 h before being quenched with saturated NH4Cl.
THF was removed by using a rotary evaporator and the residue was ex-
tracted with CH2Cl2. The combined organic phase was dried over anhy-
drous NaSO4. The crude diol (1.3 g) was dissolved in THF (30 mL) and
to this was added NaH (0.35 g, 60% dispersed in mineral oil, 4.7 mmol)
and MeI (0.55 mL, 81 mmol). The reaction was stirred at RT for 16 h
before being quenched with saturated NH4CL solution. THF was again
removed by using the rotary evaporator and the residual mixture was ex-
tracted with CH2Cl2. The combined organic phase was dried over anhy-
drous MgSO4 and concentrated. The crude 21 was purified by performing
flash chromatography (silica gel; CH2Cl2/hexane 2:5) to give pure prod-
uct (0.64 g, 50%). HRMS: m/z : calcd for C48H34F6O2: 756.2463 [M+];
found: 756.2451. For additional spectroscopic data, see Supporting Infor-
mation.


Compound 22 : In an oxygen-free atmosphere, compound 21 (0.2 g,
0.26 mmol) was dissolved in triflic acid (4 mL) at RT. The reaction was
neutralized with deoxygenated 1.0m NaHCO3 solution (20 mL) after
5 min. The mixture was then extracted with CH2Cl2 and the combined or-
ganic phase was dried over anhydrous MgSO4 and concentrated. Pure 22
(0.07 g, 40%) was obtained by performing flash chromatography (silica
gel; CH2Cl2/hexane 1:3). The 1H NMR spectrum indicates only one
isomer present. HRMS: m/z : calcd for C46H26F6: 692.1939 [M


+]; found:
692.19380. For additional spectroscopic data, see Supporting Information.


Compound 24 : A THF solution of 1,5-dibromonaphthalene (1.05 g,
3.67 mmol in 30 mL) was cooled to �78 8C and to this solution was
slowly added nBuLi (1.46 mL, 2.5m in hexane, 3.67 mmol). The reaction
was stirred at low temperature for 1 h before a THF solution of 23
(1.00 g, 3.32 mmol in 5 mL) was added. The reaction was warmed back to
RT and stirred for 60 min before being cooled to �78 8C again. Another
portion of nBuLi (1.46 mL, 2.5m in hexane, 3.67 mmol) was then slowly
added and the reaction was stirred for another hour. THF solution of 4-
trifluoromethyl benzoyl chloride (0.35 g, 1.68 mmol in 5 mL) was added
before the reaction was again warmed back to RT and stirred for 1 h.
The reaction was quenched with saturated NH4Cl and the THF was
evaporated by using a rotary evaporator. The residue was then extracted
with CH2Cl2 and the combined organic phase was dried over anhydrous
NaSO4 and concentrated. Purification was carried out by performing
flash chromatography to give triol 24 (1.2 g, 70%). HRMS: m/z : calcd
for C64H41F9O3: 1028.2912 [M


+]; found: 1028.2902. For additional spec-
troscopic data, see Supporting Information.


Compound 24’: Compound 24 (0.5 g, 0.48 mmol) was dissolved in THF
(30 mL) and to this solution was added MeI (0.28 mL, 4.8 mmol) and
NaH (0.19 g, 60% dispersed in mineral oil, 7.9 mmol). The reaction was
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stirred at RT for 16 h before being quenched with saturated NH4Cl solu-
tion. The residual mixture was extracted with CH2Cl2 and the combined
organic phase was dried over anhydrous MgSO4 and concentrated. Pure
triether product 24’ (0.44 g, 85%) was obtained by performing flash chro-
matography (silica gel; CH2Cl2/hexane 1:3.5). HRMS: m/z : calcd for
C67H47F9O3: 1070.3381 [M


+]; found: 1070.3372. For additional spectro-
scopic data, see Supporting Information.


Compound 25 : To deoxygenated triflic acid (25 mL) was slowly added a
CH2Cl2 solution of 24 (0.5 g, 0.48 mmol in 0.8 mL). After being stirred
for 5 min at RT, the reaction was quenched with 1.0m deoxygenated
NaHCO3 solution (40 mL). The mixture was then extracted with CH2Cl2
and the combined organic phase was dried over MgSO4 and concentrat-
ed. By performing flash chromatography (silica gel; CH2Cl2/hexane 1:5),
the desired product 25 (0.05 g, 10%, impure by NMR) was isolated with
some unidentified contaminants. HRMS: m/z : calcd for C64H35F9:
974.2595 [M+]; found: 974.2603. For additional spectroscopic data, see
Supporting Information.
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Binding of Topotecan to a Nicked DNA Oligomer in Solution


W. Bocian,*[a] R. Kawęcki,[b] E. Bednarek,[a] J. Sitkowski,[a, b] M. P. Williamson,[c]


P. E. Hansen,[d] and L. Kozerski*[a, b]


Introduction


Topoisomerases are essential enzymes that relieve the tor-
sional stress produced in DNA during replication by cutting
the DNA on one strand and thus allowing the broken strand
to rotate around the uncut strand.[1,2] In human topoisomer-
ase I (topI) the reaction is mediated by Tyr723, which at-
tacks the phosphate backbone to create a 3’-phosphotyro-
sine.[3] After rotation of the cut strand, the DNA is re-ligat-
ed by attack of the liberated 5’-OH on the phosphotyro-
sine.[2] This re-ligation step is normally much faster than the
initial cleavage, which implies that the concentration of
nicked DNA is very low. A variety of small aromatic mole-
cules, such as the natural product camptothecin (CPT) or its
derivative topotecan (TPT), can intercalate into the nick
site generated by topI and stabilize the DNA–topI com-
plex.[4–7] This leads to cell death, which explains why TPT
and its analogues are typically described as poisons as they
convert an essential enzyme into something that damages
DNA. The molecular mechanism for cell damage is thought
to arise from the generation of double-strand breaks at the
intercalation site in rapidly dividing cells as a result of stall-
ing the replication complex.[8–11] Such DNA poisons show
great promise as drugs against solid tumors, of which TPT
(Hycamptin) and irinotecan (Camptosaur) are currently in
clinical use.[12–16] This has led to considerable effort in devel-
oping other analogues as improved drugs.[17–22] The aim of
this paper is to provide a greater understanding of the bind-


Abstract: Topotecan (TPT) is in clini-
cal use as an antitumor agent. It acts
by binding to the covalent complex
formed between nicked DNA and top-
oisomerase I, and inserts itself into the
single-strand nick, thereby inhibiting
the religation of the nick and acting as
a poison. A crystal structure analysis of
the ternary complex has shown how
the drug binds (B. L. Staker, K. Hjer-


rild, M. D. Feese, C. A. Behnke, A. B.
Burgin, L. Stewart, Proc. Natl. Acad.
Sci. U.S.A. , 2002, 99, 15387–15392),
but has left a number of unanswered
questions. Herein, we use NMR spec-


troscopy and molecular modeling to
show that the solution structure of a
complex of TPT with nicked natural
DNA is similar, but not identical to the
crystal conformation, and that other
geometries are of very low population.
We also show that the lactone form of
TPT binds approximately 40 times
more strongly than the ring-opened
carboxylate.
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ing of TPT to nicked DNA to assist in designing improved
drugs.


Recent crystal structures of the ternary top1–DNA–CPT
and top1–DNA–TPT complexes[6,8] have thrown light on the
way these molecules bind to nicked DNA. In the crystal
structures, both CPT and TPT intercalate into the nick site
as if they were normal base pairs; this widens the interbase
distance by approximately 3.6 L and leaves the DNA helix
essentially linear. The major interaction is hydrophobic ring-
stacking. There are no hydrogen bonds to the DNA in the
crystal structures, but there are a small number of noncon-
served hydrogen bonds to topI. Specifically, one hydrogen
bond between the 20(S)-hydroxy group of TPT ring E and
Asp533 (in both the lactone and carboxylate forms, see
below), and probably the same hydrogen bond in the CPT
complex as well as between N1 of CPT and Arg364. In an
indenoisoquinoline complex there is a probable bifurcated
hydrogen bond to Arg364 from a carbonyl group for which
no equivalent functional group exists in CPT. Thus, there
appears to be no hydrogen-bonding interactions either with
DNA or with topI that are key to determining specificity.
This observation highlights the need to investigate the com-
plexes in more detail.


TPT and CPT exist in an equilibrium between the lactone
and the ring-opened carboxylate form depending on the pH
(Scheme 1), at pH 7.4 >80% is the carboxylate.[23–26] Most


biological assays indicate that the carboxylate form of TPT
is not active as a topI inhibitor. However, both crystal struc-
tures reveal the presence of both forms in the crystal, appa-
rently in approximately the same ratio as seen in solution. It
was not possible to determine the relative affinities of the
two forms, although NMR studies suggest little if any bind-
ing of the carboxylate form.[27] Modeling studies of DNA in-
teractions with the CPT family have been published, but
throw little light on this problem.[28–32] Therefore, there is a
question as to whether the bound carboxylate form seen in
the crystal is due to the carboxylate binding to the ternary
complex with the same affinity as the lactone or is due to
hydrolysis of the lactone, possibly when it is already bound
into the DNA nick site. This is an important question for
the design of compounds with improved efficacy.


The crystal structures have greatly advanced our under-
standing of the binding of the camptothecin family to nicked
DNA. However, there are still some important details that
need to be addressed. The first is whether CPT and TPT can
bind in other places and/or orientations to those seen in the
crystal structures. Only one bound conformation is seen in
the crystal structures, but this does not preclude binding in
other modes because it may be that the form seen is the
only one that crystallizes. As an example of this problem,
many ligand complexes with dihydrofolate reductase have
been shown to adopt multiple ligand conformations in solu-
tion, although in crystal structures generally only a single
form is observed, which is not always the physiologically im-
portant form.[33] The second question is the relative affinity
of the carboxylate and lactone to nicked DNA, which is an
important question for the design of effective analogues for
use as drugs. Herein, we have addressed these questions by
using NMR spectroscopy. We have used a stable synthetic
nicked decamer GCGTTflGTCGC,[34] which we have previ-
ously shown to adopt a standard B-DNA conformation. We
show, by using a method developed previously by us,[35] that
there is only one significant binding mode and that it is simi-
lar to that observed in the crystal structures, although the
conformation is not identical. Importantly, the method does
not assume or require a single conformation and thus offers
a relatively unbiased search of conformational space. We
also show that the carboxylate form binds to nicked DNA
approximately 40 times more weakly than the lactone, and
hence, is probably not biologically significant, even when
bound to the ternary complex.


Results and Discussion


The crystal structures of complexes of topI–DNA with CPT
and its analogues all show the drugs intercalated and bind-
ing in the same orientation. However, there are four possi-
ble coplanar stacking orientations, and the fact that only
one orientation was seen in the crystal structures does not
necessarily mean that only one orientation is possible or
biologically relevant. Moreover, there have been experimen-
tal studies demonstrating minor groove binding. It is there-
fore important to check explicitly for minor populations of
alternative conformations. The standard restrained molecu-
lar dynamics/simulated annealing method for NMR struc-
ture calculation is a minimization towards a single optimum
and is inherently poor at identifying minor alternative con-
formers. We have therefore taken a different approach here;
we have used modeling to calculate the structures of the
four possible conformations and compared these with exper-
imental measurements to allow the identification of minor
conformers, if present.


The other question addressed herein is the binding affini-
ty of the lactone and carboxylate forms of TPT, which was
investigated by measuring the diffusion rate of TPT in the
absence and presence of DNA. We discuss this question
first.


Scheme 1.
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Nicked DNA decamer binding by TPT lactone and carbox-
ylate : In the presence of nicked DNA, TPT is in equilibrium
between free and DNA-bound forms. Its diffusion coeffi-
cient is therefore a weighted average of free and bound
forms, which permits calculation of the binding affinity.[36]


This analysis is complicated by the self-association of TPT in
solution, which also affects the diffusion coefficient[35] and
implies that it is first necessary to measure the self-associa-
tion; this can also be carried out by using diffusion coeffi-
cients (Table 1). Because the lactone and carboxylate forms
have different NMR signals (e.g., for the C-20 methyl
group), we have been able to determine the binding affini-
ties of both forms from the same solution by using PFG
(pulsed field gradient) experiments performed at pH 7.05 at
which both forms are significantly populated. By measuring
the binding affinities of both forms in the same solution, we
are effectively using the best possible internal control on the
accuracy of the results. The relative diffusion coefficients for
the methyl groups of the two forms are shown in Figure 1.
This experiment yielded values for Ka of 3.78 and 0.1 mm


�1


for the lactone and carboxylate forms, respectively
(Table 1). This demonstrates that binding of the carboxylate
is very weak, in line with its lack of biological activity, but in
contrast to conclusions from the ternary complex crystal
structure, which showed that the carboxylate form can be
equally well-accommodated in an intercalation pocket in an
enzymically prepared nick structure.


We have previously measured the affinity of TPT for the
DNA octamer dACHTUNGTRENNUNG(GCGATCGC)2; TPT binds to the ends of
the octamer with a Ka value of 1.5 mm


�1.[35] Thus, TPT binds
more strongly to nicked DNA than to terminal base pairs,
but only by a factor of 2.5. Our nicked decamer is held to-
gether by poly(ethylene glycol) linkers attached as a loop to
both ends of the stem that holds the ends together. It there-
fore does not contain readily available terminal base pairs
although it is possible to envisage binding of TPT onto the
ends of the stem. However, in practice no such binding is
observed, as demonstrated below.


Binding of TPT to DNA affects the kinetics and energet-
ics of the ring-opening reaction. In free aqueous solution,
the lactone/carboxylate mixture reached equilibrium within
2 h at pH 7 with a ratio of 20:80 lactone/carboxylate. How-
ever, in the presence of DNA at pH 7, equilibrium was only
reached after 24 h and the lactone/carboxylate ratio was 1:1.
Therefore, DNA binding slows down the interconversion.
This result is not surprising because DNA binding reduces
the exposure of the lactone ring to the solvent. The change
in the lactone/carboxylate ratio demonstrates that binding
to DNA favors the lactone form. This is consistent with the
lactone being the preferred bound form of TPT.[38]


Figures S1 and S2 of the Supporting Information show re-
giospecific changes to the chemical shifts induced by TPT on
interaction with DNA and some intermolecular NOE cross-
peaks for the complex, respectively. Table S3 in the Support-


ing Information comprises the
complete experimental NOE
data along with back-calculat-
ed values for eight computed
conformations of the complex.
Tables S4 and S5 in the Sup-
porting Information summa-
rize the results of the NOE
analysis, averaging over 800
structures within a 9 ns molec-
ular dynamics (MD) run.
These data demonstrate that
TPT binds at the nick site
rather than in the minor
groove,[39] the major groove, or
at the ends of the DNA stem.
However, if we assume that
TPT may adopt multiple con-


Table 1. PGSE data for the binding of TPT to nicked decamer DNA duplex.[a]


Sample pH Concentration
[mm]


Di (TPT)
ACHTUNGTRENNUNG(free)
[10�10 m2 s�1]


Di (TPT)
(complexed)
[10�10 m2 s�1]


Di ACHTUNGTRENNUNG(DNA)
[10�10 m2 s�1]


Ka


ACHTUNGTRENNUNG[mm
�1]


Signal
observed


2[b] 5.95 CDNA, 0.96 – – 1.13 – T-7 CH3


CTPT, 0.96 3.05�0.04 1.68�0.01 – 3.78�0.1 C-20
CH3


2a[c] 7.01 CDNA, 0.96 – – 1.18 – T-7 CH3


CTPT, 0.96 3.05�0.04 2.39�0.01 – 0.1�0.01[d] C-20
CH3


TPT 5.0 CTPT, 0.10 4.07�0.13 – – – C-20
CH3


TPT 6.0 CTPT, 0.64 3.43�0.13 – – – C-20
CH3


TPT 5.9 CTPT, 0.96 3.05 �0.04 – – – C-20
CH3


[a] Di denotes the diffusion coefficient, Ka is the affinity constant. [b] TPT present in solution only in the lac-
tone form. [c] TPT present in solution in both carboxylate and lactone forms. [d] Carboxylate form in the pres-
ence of the lactone.


Figure 1. A DOSY spectrum showing diffusion coefficient versus methyl
chemical shift.[37] A weaker interaction of the TPT-carboxylate form with
the nicked DNA decamer (sample 2a) is revealed compared with the
TPT-lactone form.
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formations in fast exchange, the data do not unambiguously
show which sets of conformations are allowed. We therefore
used molecular modeling to address this question.


Molecular modeling : Having established that TPT binds ex-
clusively in the nick site, we used molecular modeling to
generate a set of low-energy conformers and then compared
these with the experimental data to test for the presence of
alternative conformers. Because MD is good at producing
low-energy conformations, but poor at comparing their ab-
solute energies, we do not have great confidence in the ener-
gies generated from the MD analysis. Therefore, our meth-
odology, which builds on our earlier work on the analysis of
multiple conformations,[35,40, 41] takes all of the conformations
within a wide energy range of the lowest-energy conformer
and searches for any conformers or sets of conformers that
are consistent with the experimental data. Eight conforma-
tional families were investigated that consist of four pairs of
structures (A and B) that differ only in the orientation of
the CH2NMe2 group. Each conformation was modeled over
a long simulation time in explicit water after an extended
equilibration period, and the averaged conformation was
calculated. It turned out that during a long simulation time
the TPT in complexes St2A, St2B, St3A, and St3B moved
into the minor groove, whereas the other structures re-
mained intercalative. The free energies and entropies of
these structures are listed in Table S6 in the Supporting In-
formation, from which it can be seen that structures St1 can
probably be rejected because of their high energy, but the
other three pairs are energetically similar. It is thus clear
that molecular modeling alone cannot distinguish between
correct and incorrect conformers, in agreement with earlier
results.[30,31] We have therefore used experimental NOEs and
chemical shifts to eliminate incorrect conformers. Tables S4
and 5S in the Supporting Information summarize the results
of NOE analysis, averaging over 800 structures within a 9 ns
MD run, and clearly show that only the conformational
family St4 displays acceptable agreement between calculat-
ed and experimental NOEs, with better agreement for the
structure St4A. We calculated a semi-quantitative NOE R
factor for each of the structures St1A, St1B, St2A, St2B,
St3A, St3B, St4A, and St4B against the experimental inter-
molecular NOEs, which are 55, 53, 47, 45, 47, 47, 3, and
16%, respectively. This clearly demonstrates that St4A gives
the best fit to the experimental NOE intensities, St4B is ac-
ceptable, and the others deviate too widely to be acceptable.
Significantly, inclusion of other structures into an ensemble
with St4 did not improve the fit. In other words, the NOE
data demonstrate that conformations St1, St2, and St3 are
not populated in solution to any significant extent. Based on
experience with other systems[40–42] we can be confident that
no more than 10% of other structures are present and prob-
ably much less, which implies an energy penalty of at least
1.3 kcalmol�1 against other structures being present in the
complex. The absence of the minor-groove conformations
St2 and St3 was also demonstrated by the chemical shifts.
The averaged structures of St4A and St4B are shown in


Figure 2, and all eight structures are shown in Figure S4 in
the Supporting Information.


The NOEs and chemical shifts therefore demonstrate that
the intercalated structure St4 is the only plausible conformer
in solution. NOEs and chemical shifts are thus useful in re-
stricting the conformational space explored by molecular
modeling.


Comparison with the X-ray structure : The calculations re-
ported above demonstrate that the experimental parameters
are consistent with St4A being the only significantly popu-
lated conformer in solution. The geometry of St4A is also
similar to that seen in the X-ray structures of ternary com-
plexes.[6,8] This is confirmed by the good agreement between
NOEs back-calculated from the X-ray structure and the ex-
perimental NOEs (Table S4). However, St4A is not identical
to the crystal structure (Table S7). The NOE R factor for
the crystal structure is 22%, which demonstrates reasonable
agreement with the experimental data, but implies that the
solution structure of the binary complex is better matched
by St4A than by the crystal structure. Our analysis of the
NOEs also suggests that structure St4 is a better model for
the binary complex than the crystal structure. This may
imply some structural rearrangement caused by the presence
of topI.


Figure 2. Views of the minor grooves of the MD-derived structures of the
nicked decamer–TPT complexes that fit best the experimental NOEs.
Only six base-pair units flanking the nick are shown for clarity. Each
structure represents the minimized average of structures from the last
1 ns out of a 10 ns MD run.
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An additional finding of this study concerns the binding
of the lactone and carboxylate. The PFG result demon-
strates that the carboxylate binds approximately 40 times
more weakly than the lactone, in agreement with the biolog-
ical inactivity of the former. On the other hand, the X-ray
ternary structures contain both forms in approximately their
solution ratios, although we have been careful not to read
too much into this result. The result reinforces the conclu-
sion of the X-ray studies that the major interaction is ring-
stacking with few if any structure-specific hydrogen bonds.
Independent support for this hypothesis has been furnished
by a study on luotonin A, which is a close analogue of
campthothecin and has an unsubstituted aromatic E ring
that stabilizes the human DNA topI–DNA covalent binary
complex and mediates topI-dependent cytotoxicity in intact
cells.[19] The authors concluded that even in the absence of
the 20(S)-hydroxy group, the analogue is able to intercalate
into nicked DNA in a similar manner to CPT.


Biological significance : The nicked DNA decamer used in
this work is a useful model of the topI–DNA complex. It
contains a native-like hydroxy group at the 5’ nick site
rather than a thiol. The nick was introduced into the
TTflGT motif, which is commonly considered to be the pre-
ferred site of cleavage. Thus, the environment of TPT is sim-
ilar to that found in vivo, although it lacks the presence of
topI. The crystal structures, however, show two direct hydro-
gen bonds at most between TPT and the protein, and as dis-
cussed above, the binding of TPT appears to be dominated
by hydrophobic stacking interactions with nicked DNA.
Moreover, the structure of DNA in the ternary complex is
similar to that found herein, as shown above. It is therefore
likely that the binary complex studied herein is similar in ge-
ometry to the in vivo ternary complex. Thus, our finding
that only structure St4 is present to any significant extent
implies that only this binding mode need be considered in
any drug design program as the additional binding energy
required to stabilize any other geometry is too large.


Nevertheless, the in vivo complex is different to that stud-
ied herein in that it also contains topI. The presence of the
enzyme is likely to stabilize the more elongated DNA struc-
ture required for the intercalation of TPT and contributes at
least one additional hydrogen bond. The energy contributed
by a hydrogen bond is generally quoted as being in the
range of 2 to 6 kJmol�1 (0.5–1.5 kcalmol�1),[43] although in
solvent-exposed situations it is often even lower than this.[44]


Thus, the extra stabilization of the TPT complex as a result
of the enzyme is likely to be of the order of 0.5 to 1 kcal
mol�1, which is the same magnitude as kT (0.6 kcalmol�1).
We therefore anticipate that the presence of the enzyme will
not have a large effect on the conclusions reached herein.


Our observation of the stabilization by DNA of the lac-
tone form is consistent with earlier observations and with
the greater affinity of DNA for the lactone. The slowing
down of the lactone/carboxylate exchange kinetics may indi-
cate involvement of the lactone carbonyl in a specific inter-
action that hinders nucleophilic attack of the carbonyl


carbon atom by the bulk solvent. The crystal structure of
the TPT ternary complex[6] reveals no direct hydrogen
bonds that involve the lactone or carboxy group, although
there are two water-mediated interactions, which generally
have very little effect on the energy.[44] We therefore suggest
that the lactone is likely to bind more tightly in the ternary
complex and in the binary complex, which implies that the
approximately equal amounts of lactone and carboxylate
seen in the crystal structure may arise from slow hydrolysis
after binding. The implication for drug design is that the lac-
tone is strongly preferred.


Both X-ray and NMR spectroscopy studies have now
demonstrated that TPT intercalates into the nick, essentially
lengthening the DNA by one base pair. In the X-ray struc-
ture of the ternary complex, there is only one hydrogen
bond between the enzyme and TPT, between 20(S)-OH and
Arg533. Almost all of the interactions with TPT are there-
fore hydrophobic stacking interactions. The limited number
of interactions explains the low binding affinity of TPT for
DNA measured herein.


Our complementary studies herein and previously, in
which we showed two conformational families in equilibri-
um for TPT-binding to the uncleaved DNA octamer d-
ACHTUNGTRENNUNG(GCGATCGC)2,


[35] indicate that unstrained wild-type DNA
is not a target for TPT. Only nicked DNA is a target for
TPT. This is confirmed by the fact that TPT binds only to
the edge GC base pair in the octamer, which mimics one
half of a nick, and not to the stem of the duplex. It is impor-
tant to point out that both studies show the same geometry
for TPT-stacking against a GC base pair. This implies that
binding selectivity is a cooperative, complementary property
based on the contributions from both partners; that is, a
properly prepared nick composed of the most suitable bases
for an attractive interaction and relevant pharmacophores in
the ligand capable of supplying the complementary func-
tions for binding interactions with DNA.


This paper also demonstrates how ab initio calculations
and the measurements of NOEs and chemical shifts can be
used to determine the structure of weakly bound ligands to
DNA and to distinguish between different binding modes.


Experimental Section


Synthesis and purification of DNA oligomers : The nicked duplex deca-
mer oligonucleotide was synthesized as described earlier[34] on a 1-mmole
scale with an ABI 394 DNA synthesizer by using phosphoramidite
chemistry starting on T5. A, T, G, and C phosphoramidites were pur-
chased from ABI/Perkin–Elmer, Warrington (UK). The PEG-6 spacer
(18-O-dimethoxytritylhexaethyleneglycol,1-[(2-cyanoethyl)-(N,N-diiso-
propyl)]phosphoramidite; (Glen Research, Sterling, Virginia (USA)) was
coupled with the oligonucleotide during the normal synthesis cycle be-
tween G1–C20 and G11–C10. The oligonucleotide was purified by ion-
exchange chromatography on a HiTrap-Q column (Pharmacia Biotech)
by using gradient elution with ammonium bicarbonate solution (0.1–
0.8m) and desalted on Sephadex G-10.


Sample preparation : Samples for NMR spectroscopy measurements were
prepared by dissolving the nicked decamer in K3PO4 or Na2HPO4 buffer
(38 mm) that contained sodium chloride (38 mm) plus [D4]TSP (TSP= tri-
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methylsilylpropionate). The pH was adjusted to 7.05 (sample 1). Samples
in H2O contained 10% (v/v) D2O. Samples in both H2O and D2O were
0.96 mm in oligonucleotide, as measured by UV spectrophotometry. Ti-
tration of the DNA with TPT was performed by using a stock solution of
TPT (5 mm) in H2O (�pH 4), thus producing a 1:1 TPT/DNA ratio by
adding 100 mL of the TPT solution. The titration was performed by
adding 10 mL aliquots to allow changes in the DNA signals to be moni-
tored and to permit their assignment. At the start of the titration, TPT
was completely in its lactone form and equilibrium with the carboxylate
was reached only after 24 h. At the end of the titration, the pH was ad-
justed to 5.6 (sample 1a). TPT is more soluble at this pH and the equilib-
rium was shifted to the lactone form. A sample in D2O was prepared in-
dependently, in the same buffer at pH 5.95 (sample 2). After acquiring
the necessary NMR data the pH was changed to 7.01 (sample 2a) to en-
hance the population of the carboxylate form. TPT reference solutions
for PFGSE experiments and DNMR studies were prepared in the same
buffer and concentrations were checked by UV spectrophotometry. The
diffusion experiments were run in D2O solution (sample 2a) by using a
170 ms sine-shaped gradient pulse incremented from 1 to 50 Gcm�1.


2D NMR spectra : Spectra of samples 1, 1a, 2, and 2a were measured by
using a 500 MHz Varian INOVA spectrometer and sample 2 was mea-
sured by using a Varian 800 MHz spectrometer at the Carlsberg National
NMR Center for Biomolecular Research, Copenhagen. NOESY spec-
tra[45] in H2O (samples 1 and 1a) at 30 oC were recorded by using a
Varian INOVA 500 MHz spectrometer employing the TPPI method[46]


with a 250 ms mixing time. The spectra of 2 and 2a in D2O were obtained
by using a Varian INOVA 500 MHz spectrometer under similar condi-
tions. The NOESY spectra of sample 2 (pH 5.95, 1:1 TPT/DNA molar
ratio) were acquired by using a Varian INOVA 800 MHz spectrometer
with a mixing time of 200 ms. TOCSY spectra[47] were acquired in phase-
sensitive mode by using a Varian INOVA 500 MHz spectrometer with
isotropic mixing times from 0.01 to 0.12 s.


Computational methods


General : All calculations were carried out by using the AMBER 6.0 pro-
gram[48] with the PARM99[49] parameter set. The nucleic acid molecules
were neutralized by Na+ cations. The molecules were surrounded by a
periodic box of water described by the TIP3P potential[50] extended to a
distance of 10 L from any solute atom. The number of explicit water
molecules included in the simulations varied from 2477 to 2545. The
force-field parameters for TPT were selected by analogy to existing pa-
rameters in the force field. Charges were derived by using the RESP[51]


multiconformational charge-fitting procedure. The ab initio electrostatic
potential for RESP was calculated by using GAUSSIAN 98[52] at the HF/
6-31G* level of theory, and two low-energy conformers of topotecan were
used. As suggested recently,[26] the geometry of the tautomeric TPT
forms and a protonated form of NMe2 were calculated at the B3LYP/6-
31G* level of theory. Solvent effects were included by means of the
CPCM variant of the polarizable continuum model (PCM).


Starting structures : Our NMR spectroscopy decamer structure[34] was
used (PDB code: 1G1N) as the starting structure for simulation. Topote-
can was docked into the nick of the decamer parallel to the G6–C15 and
T5–A14 base pairs. There are only four possible stacking orientations
(St1–St4) for TPT in a nick, based on the two axes of a molecular plane
(Scheme S1). It is assumed that all local changes in the stacking geometry
of TPT in a nick (e.g., small-scale movement within the nick) will be suf-
ficiently probed in a dynamic run. During the initial calculations it
became apparent that the dimethylamino group very rarely reorients on
the timescale of our MD simulations. Therefore, two conformations of
the CH2NMe2 group in TPT were considered, designated A and B and
placed on one or the other face of the molecular plane, to give eight
starting structures in all. In conformation A the dimethylamino and ethyl
groups are on opposite sides of the molecular plane, whereas in confor-
mation B they are placed on the same side of the TPT plane.


Molecular dynamics : The particle mesh Ewald (PME) method[53] was
used to treat long-range electrostatic interactions with a cubic B-spline
interpolation and a 10�5 tolerance for the direct space sum cut-off. A 9 L
cut-off was applied to the nonbonded Lennard–Jones interactions. The
SHAKE algorithm was applied to constrain all bonds that involved hy-


drogen atoms with a tolerance of 10�5 L2 and a 1 fs time step was used in
the dynamics simulation. All systems used the same minimization and
equilibration protocols. First, the water molecules and counterions were
minimized for 1000 steps of steepest descent and 4000 of conjugate gradi-
ent method with the DNA and topotecan restrained by 10 kcalmol�1L�2


to the initial positions, followed by a second unrestrained minimization.
The next steps of the equilibration protocol were 15 ps constant volume
MD with 5 kcalmol�1L�2 restraints on the DNA and topotecan with the
system gradually heated from 10 to 300 K by using the Berendsen cou-
pling algorithm[54] with a coupling parameter of 1 ps. Then, by using 50 ps
constant pressure MD with a 1 ps pressure relaxation time, the density of
the system was adjusted close to 1 gcm�3. During a subsequent 35 ps of
constant volume and temperature dynamics the restraints on the TPT
and DNA base pairs were gradually reduced to 0.1 kcalmol�1L�2.


Docking procedure : A coarse intercalative complex was constructed man-
ually by using our NMR decamer structure and TPT. Then a single dis-
tance restraint (TPT-H17b/G6-H4’, based on an experimental NOE) was
introduced to hold the two molecules together and the energy of this re-
straint was gradually increased from zero up to 10 kcalmol�1L2, with a
4 L upper threshold, during 200 ps MD, followed by gradual relaxation
(600 ps) and a final 2 ns unrestrained MD equilibration. This procedure
led to the structure St1A. The other starting structures were generated
by using this template by rotation of the TPT molecule along one of its
axes (St2A, St3A, and St4A) or by rotating the dimethylamino group
(St1B, St2B, St3B, and St4B), followed by 1 ns unrestrained equilibration.
This simplified docking procedure was used because it made it possible
to omit the initial generation of a nick-widening in DNA, which is the
most difficult part of the docking procedure. The docking procedures
were followed by a 9 ns unrestrained MD production run for each of the
eight structures St1A–St4B, and additionally for one reference structure
St0 for a pure nicked DNA.


Calculations at the B3LYP/6-31G* CPCM level of theory suggest that
there is a double potential well for the location of the proton in the
Me2N···HO�C10 fragment, so that two tautomers are possible.[26] Inde-
pendent 10 ns MD runs were therefore conducted for both tautomers of
neutral TPT (St4A-OH and St4A-NH, with the proton on oxygen and ni-
trogen, respectively) and for TPT protonated on the NMe2 group (St4A-
prot), with essentially identical results (Table S5).


Back-calculations of NOE effects :[55] NOE effects were calculated by
making the approximation that correlation times in the DNA–TPT com-
plex are the same for all nuclei and neglecting any exchange effects. The
NOEs were calculated for each snapshot structure taken from the MD
simulations, using the cytosine H5–H6 cross-peak volumes for reference,
and reported as an average over the trajectory [Eq. (1), in which h̄ is the
percentage of the calculated average NOE relative to the H5–H6 cyto-
sine NOE, ri is the distance between the observed protons in the i snap-
shot structure for a total number of N structures, and r0 is the reference
distance of 2.47 L between the H5–H6 cytosine protons]. When protons
from a rapidly rotating methyl group are involved in an interaction, the
expression r�6 is replaced by < r�3> 2. The NOE R factor was calculated
by using Equation (2), in which Aobs and Acalcd are the observed and cal-
culated NOEs, respectively.[56,57] The NOEs used are the observed inter-
molecular NOEs reported in Table S3.


�h ¼


P


i


r
�6
i


r
�6
0


N
� 100%


ð1Þ


R ¼
P
jAobs�AcalcdjP
jAobsj


� 100% ð2Þ
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Introduction


Boronic acids are known to bind 1,2- and 1,3-diol-containing
structures through reversible covalent interactions.[1–4] Such
interactions have been used for the preparation of fluores-
cent sensors[5–23] and transporters[24,25] for carbohydrates, as
well as lectin mimics (termed boronolectins) for cell-surface
carbohydrate recognition.[26–30] Critical to such sugar-sensing
efforts is the availability of boronic acid reporter compounds
that change fluorescence properties upon sugar binding. Par-
ticularly desirable are boronic acids that emit fluorescence
at long wavelengths beyond the UV region (above 500 nm),
which would have less background interference and higher
penetrating power for cellular applications.
Some long-wavelength fluorescent boronic acid reporters


have been reported.[7,9,15, 31–35] Among those compounds, a
boron–dipyrromethane (BODIPY) dye functionalized with
a phenylboronic acid group (510 nm) was the only water-
soluble fluorescent probe that showed fluorescence intensity
increases upon sugar binding.[36] Long-wavelength emission
has been observed with the 1,8-naphthalimide fluorophore,


and the addition of a 4-amino group to this compound has
been shown to significantly change its fluorescence proper-
ties.[12,37–39] In our recent work, 4-amino-1,8-naphthalimide
was used as a template for a series of long-wavelength fluo-
rescent boronic acid reporters that showed fluorescence in-
tensity increases upon sugar binding.[13] Somewhat related
work was also reported by Trupp and co-workers. However,
in their work, an added aliphatic linker with an appended
amino group was used to modulate the fluorescence proper-
ties of a naphthalimide fluorophore.[12] In our work, the phe-
nylboronic acids are directly attached to the naphthalimide
fluorophore to modulate its fluorescence. In this series, an
amino group was positioned in a 1,5 relationship to the bor-
onic acid, which helps to modulate its pKa and electronic
states.[6,40–43] The change in the ionization state of the boron
atom upon sugar binding from the neutral sp2 form to the
anionic sp3 state was thought to be the reason for the ob-
served fluorescence changes. In our previous work, we ex-
amined the effect of N substitution on the fluorescence
properties of this series of compounds. Herein, we would
like to report our work on the design, synthesis, and evalua-
tion of 1b–d, compounds that have electron-donating or
electron-withdrawing groups at the para position on the
phenyl boronic acid moiety (Scheme 1). These groups in-
clude a methoxy group (1b), a methoxycarbonyl group (1c),
and a fluoro group (1d). We were interested in studying
whether changes in the phenylboronic acid substitution
would have a significant effect on the fluorescence and bind-
ing properties of these compounds. Moreover, we also used
computational chemistry to study the theoretical basis for


Abstract: Boronic acids that change
fluorescence properties upon sugar
binding are very useful for the synthe-
sis of carbohydrate sensors. Along this
line, boronic acids that fluoresce
beyond 500 nm are especially useful. A
series of boronic acid fluorescent re-
porter compounds based on the 4-
amino-1,8-naphthalimide structure


have been synthesized (1a–d) and eval-
uated under near physiological condi-
tions. These compounds showed good
water solubility and significant changes
in fluorescence properties after binding


with sugars, with the emission wave-
length being at around 570 nm. Ana-
logues in this series with different sub-
stitutions showed similar properties.
We have also examined the mechanism
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the observed spectroscopic property changes. The com-
pounds synthesized will be very useful for the preparation
of fluorescent carbohydrate sensors and lectin mimics (boro-
nolectins),[29] and the understanding of the substituent ef-
fects gained will also be very useful for the future design of
other fluorescent boronic acid compounds.[29]


Results and Discussion


Synthesis : For the synthesis of the analogues designed, our
general approach was to couple the 4-amino-1,8-naphthali-
mide core (2) with an appropriately substituted 2-bromo-
benzylbromide (5a–e, Scheme 2). For this, we needed to
protect the imide nitrogen atom of 2 to minimize side reac-
tions. A benzyl protecting group was used. In our previous
work, we also studied other protecting groups and found
that use of the methoxymethyl (MOM) protecting group re-


sulted in chelation of the palladium catalyst in the boryla-
tion step and subsequently diminished borylation efficien-
cy.[13] Therefore, in the first step of protection, 4-amino-1,8-
naphthalimide (2) was treated with sodium methoxide/meth-
anol in DMF at room temperature and was then treated
with benzyl bromide to afford 4-amino-N-benzyl-naphthali-
mide 3 (Scheme 2). Among the alkylating agents 5a–e, three
were not commercially available and were prepared through
benzylic bromination of the corresponding bromotoluene
analogues 4c–e by treatment with AIBN and NBS in CCl4
at 70 8C (reflux conditions). Subsequent alkylation of 3 with
benzylbromide analogues 5 gave the desired arylbromide
compounds 6 except with 5e, which did not undergo alkyla-
tion. Borylation of 6a was carried out with PdCl2ACHTUNGTRENNUNG(dppf) as
the catalyst to generate 1a.[44–46] Boronic acids 1b–d were
prepared from 6b–d by following similar procedures. It
should be noted that deprotection of the boronic acids oc-
curred spontaneously during the borylation reaction and the
subsequent workup. Therefore, no separate deprotection
step was needed. Purification of the final products by using
C-18 reversed-phase (RP) HPLC afforded free boronic
acids 1a (30%), 1b (24%), 1c (14%), and 1d (21%).


Fluorescence binding studies : Since the compounds were de-
signed to change their fluorescence properties upon sugar
binding, we studied their fluorescence properties under vari-
ous conditions. However, before such studies, we wanted to
make sure that these boronic acids have sufficient water sol-
ubility for the study. Therefore, we took seven UV spectra
of each boronic acid in a concentration range of 1J10�4


(1% methanol in phosphate buffer, pH 7.4) to 1J10�6m.
Good linear relationships between concentrations and UV
absorbance were obtained for all four boronic acids, a result
indicating that these compounds were completely soluble
and aggregation was not an issue under the conditions stud-
ied. As a result, we selected a concentration range of 1J
10�5 to 5J10�6m for the binding tests at pH 7.4 (1% MeOH
in phosphate buffer).
The boronic acids themselves showed an excitation wave-


length (lex) of 493 nm and an emission wavelength (lem) of
567 nm. Upon binding with a model sugar, fructose, the
emission blue shifted to 550 nm and the fluorescence inten-
sity increased by about 2-fold for all these boronic acids
(Figure 1). Subsequent extensive binding studies were then
conducted at a sensor concentration of 1J10�5m for boronic
acids 1a, 1b, and 1d and 5J10�6m for boronic acid 1c.
The emission shift and the fluorescence intensity changes


of the boronic acids upon binding with sorbitol followed the
same trend as those with fructose, and the fluorescence in-
tensity increased to an even larger degree (about fourfold;
Figure 2). Such results are consistent with our earlier obser-
vations that that carbohydrates that bind more tightly tend
to bring on greater maximal fluorescence intensity
changes.[47–52] Similar studies were conducted with glucose.
The apparent association constants (Ka) between the bor-


onic acids and the three sugars were determined. The affini-
ty trend with the boronic acids followed the order d-sorbi-


Scheme 1. Structures of long-wavelength boronic acid reporters. Bn:
benzyl.


Scheme 2. a) NaOCH3/CH3OH, BnBr, DMF, room temperature; b) NBS,
AIBN, CCl4, reflux, hn ; c) NaH, DMF, 5a–d, room temperature; 4) neo-
pentylglycol diboron, [PdCl2 ACHTUNGTRENNUNG(dppf)], KOAc, DMSO, 90 8C. DMF: N,N-di-
methylformamide; NBS: N-bromosuccinimide; AIBN: azobisisobutyroni-
trile; dppf: 1,1’-bis(diphenylphosphanyl)ferrocene; DMSO: dimethylsulf-
oxide.
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tol>d-fructose>d-glucose, which is consistent with previ-
ous literature reports for other monoboronic acids
(Table 1).[1,4] Such intrinsic preference for different diols by
monoboronic acids dictates the need for more than a single
boronic acid in the construction of selective sensors for vari-


ous carbohydrates. It is interest-
ing to note that the four ana-
logues with varying substituents
on the phenylboronic acid
moiety showed very similar
binding constants (Table 1).
Such results further confirm our
earlier findings that the sub-
stituent effect on the binding
affinity of a phenylboronic acid
moiety is hard to predict,[4] es-
pecially when there is an amino
group in a 1,5 relationship.[19]


The newly synthesized com-
pounds (1b–d) showed very
similar properties to those of
the original compound 1a. It
should be noted that, in our
previous work, methanol con-
centrations affected the binding
constants of 1a. For example,
the binding constant of 1a with
fructose was 57m


�1 in 0.1%
methanol/buffer solution and
changed to 25m


�1 in 1% metha-
nol/buffer.[13] However, the
binding constants with other
sugars showed little change
with this minor change in meth-
anol concentration.


pH titration and apparent pKa


determination : With the aim of
understanding the basic mecha-
nism through which fluores-
cence intensity changes occur,
we studied the pH profiles of
the fluorescence intensity in the
absence and presence of sugars
(500 mm). When tested in the
absence of any sugar, the emis-
sion intensity of 1a increased
nine-fold at 550 nm upon
changing the pH value from 2
to 12 (Figure 3), with an appar-
ent pKa value of about 6.0,
which was assigned to the bor-
onic acid moiety (Table 2).
When the pH value was


changed from 2 to 12, the fluo-
rescence intensity of 1a at
550 nm increased 33-, 11-, and


40-fold with the addition of fructose, glucose, and sorbitol,
respectively. The apparent pKa values observed were 3.9,
5.5, and 4.1 for the esters of fructose, glucose, and sorbitol,
respectively. The apparent pKa values of 1a in 1% metha-
nol/buffer were slightly different from those of previous


Figure 1. Fluorescence spectra of boronic acids upon addition of d-fructose (0–500 mm) in 0.1m phosphate
buffer at pH 7.4 with 1% MeOH; lex=493 nm. A) 1a (1J10�5m); B) 1b (1J10�5m); C) 1c (5J10�6m); D) 1d
(1J10�5m).


Figure 2. Fluorescence spectra of boronic acids upon addition of d-sorbitol (0–500 mm) in 0.1m phosphate
buffer at pH 7.4 with 1% MeOH; lex=493 nm. A) 1a (1J10�5m); B) 1b (1J10�5m); C) 1c (5J10�6m); D) 1d
(1J10�5m).
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studies in 0.1% methanol/buffer.[13] The trend of the appar-
ent pKa values with the other three boronic acids (1b–d) fol-
lowed the order boronic acid alone>d-glucose>d-fruc-
tose>d-sorbitol (Table 2), as expected.[1,4,13] These apparent
pKa values showed a general Hammett correlation, as ex-
pected from our earlier publication (data not shown).[4]


The shift to the left in the pH-titration traces (Figure 3)
for the sorbitol and fructose esters compared with those for
the glucose ester and boronic acids alone is consistent with
previous findings that sorbitol and fructose esters have
lower apparent pKa values than the free boronic acid and
the glucose ester.[1,4, 13] The overall lower apparent pKa


values for those compounds with an electron-withdrawing
group (1c and 1d) than for those with no such substituents
or with an electron-donating substituent (1a and b) is to be
expected.[4]


In order to achieve a good understanding of the origin of
the fluorescence intensity changes, we took 1a as an exam-
ple to study the pH profile of UV absorbance in the absence
and presence of fructose (500 mm). For boronic acid 1a
alone, the lmax value changed from 440 to 492 nm when the
solution pH value increased from 4.5 to 7.5; the UV intensi-
ty decreased by half at 440 nm and increased 3-fold at
493 nm. For the boronic ester of 1a with fructose, the UV
wavelength changed from 440 nm to 479 nm when the solu-
tion pH value increased from 2.5 to 5.0; the absorbance in-
tensity showed a slight decrease in the wavelength range
400–425 nm and the intensity increased 2-fold at 479 nm
(Figures 4 and 5). Such results suggest that the observed
fluorescence intensity changes upon variation in the pH
value could, at least partially, be attributed to the increased
absorption at the excitation wavelength. The apparent pKa


values of 1a and the 1a ester form were 6.0 and 3.9 from
the UV studies; these values
are consistent with the results
of the fluorescence studies
(Figure 3 and Table 2). As
shown in Figure 4 and 5B, the
UV lmax value of 1a changed
from 492 to 479 nm after fruc-
tose addition at a near physio-
logical pH value.


Fluorescence quantum yield
studies : The fluorescence quan-
tum yields for boronic acids
1a–d and their sugar complexes
were also determined with fluo-
rescein as a reference com-
pound.[53,54] The quantum yields
of the boronic acids were deter-
mined according to Equa-
tion (1), where Q is quantum
yield, A is UV absorbance, OD
is optical density (fluorescence),
and subscript R indicates the
reference compound.[55,56]


Q ¼ QRðA=ARÞðODR=ODÞ
ð1Þ


Table 1. Apparent association constants (Ka) of the boronic acids with
different sugars.[a]


Fructose Glucose Sorbitol
Ka [m


�1] DIf
[b]


ACHTUNGTRENNUNG(fold)
Ka [m


�1] DIf
[b]


ACHTUNGTRENNUNG(fold)
Ka [m


�1] DIf
[b]


ACHTUNGTRENNUNG(fold)


1a[c] 25�2 2.5 1.4�0.3 1.1 110�1 2.6
1b[c] 28�1 2.4 1.1�0.2 1.1 117�3 2.5
1c[d] 27�1 1.7 1.4�0.2 1.2 103�2 2.2
1d[c] 24�2 1.8 0.9�0.3 1.1 98�6 2.4


[a] Experiments in duplicate were conducted in 0.1m buffer solution at
pH 7.4 with 1% MeOH. [b] DIf


[a] (fold): represents maximum intensity
change over initial intensity. [c] [boronic acid]=1J10�5m. [d] [boronic
acid]=5J10�6m.


Figure 3. pH profile of the fluorescence intensity of boronic acids in the absence and presence of sugars in
0.1m aqueous phosphate buffer with 1% MeOH, [sugar]=500 mm, lex=493 nm, lem=550 nm. Boronic acid
alone (^), in the presence of d-fructose (&), in the presence of d-glucose (~), and in the presence of d-sorbitol
(J). A) 1a (1J10�5m); B) 1b (1J10�5m); C) 1c (5J10�6m); D) 1d (1J10�5m).


Table 2. Apparent pKa values of the boronic acids in the absence and
presence of sugars.[a]


pKa Boronic acid Fructose Glucose Sorbitol


1a[b] 6.0�0.2 3.9�0.4 5.5�0.3 4.1�0.3
1b[b] 6.3�0.2 4.2�0.2 4.9�0.2 3.9�0.1
1c[c] 5.6�0.1 3.7�0.2 4.7�0.1 3.6�0.2
1d[b] 5.8�0.1 3.6�0.1 5.5�0.3 3.5�0.3


[a] All experiments were performed in duplicate; sugar concentration:
500 mm in 0.1m buffer solution at pH 7.4 with 1% MeOH. [b] [boronic
acid]=1J10�5m. [c] [boronic acid]=5J10�6m.
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The results showed that the quantum yields of the boronic
acids in the presence of fructose and sorbitol were higher
than those of the boronic acids alone and in the presence of
glucose, a fact that is consistent with the trend of fluores-
cence intensity changes (Table 3). However, these quantum
yields are not directly correlated with the apparent pKa


value of each compound. This is understandable since many
other factors, such as flexibility, solvation, and excited-state
electron-density distribution, are expected to affect the
quantum yields of these compounds as well.


Solvent studies and proposed mechanism for the fluores-
cence property changes : In order to understand the reason
for the observed spectroscopic property changes upon sugar
addition and variation of the pH value, we also studied sol-
vent effects on boronic acid 1b and a reference compound
3. When the solvent polarity decreased from water to ethyl
acetate, a significant blue shift in the lmax value and the


emission wavelength for both compounds was observed
(Tables 4 and 5). Furthermore, both the UV and fluores-
cence intensities increased with decreases in the solvent po-
larity. Such results are consistent with an excited-state inter-
nal charge-transfer (ICT) mechanism,[15,57–65] in which polar
solvents help to stabilize the excited-state charge separation
and therefore lower the energy gap between the ground and
excited states.[65,66] Other possibilities may also include a
change in the specific species formed when going from an
aqueous environment to an organic solution.[10,40,41,43,67–70]


Figure 4. UV spectra of pH studies of boronic acid 1a (1J10�5m) in the
absence and presence of fructose in 0.1m aqueous phosphate buffer with
1% MeOH and pH value changes from 2.0 to 12.0. A) Boronic acid 1a
alone; B) 1a in the presence of d-fructose (500 mm). All experiments
were performed in duplicate.


Figure 5. pH profile of the UV absorbance lmax and intensity of boronic
acid 1a (1J10�5m) in the absence and presence of fructose in 0.1m aque-
ous phosphate buffer with 1% MeOH and [fructose]=500 mm. A) Ab-
sorbance intensity changes with varying pH. Boronic acid alone at
440 nm (^), boronic acid alone at 493 nm (&), in the presence of d-fruc-
tose (500 mm) at 415 nm (+), and in the presence of d-fructose (500 mm)
at 479 nm (J); B) absorbance lmax changes with different pH values. Bor-
onic acid alone (~) and in the presence of d-fructose (500 mm ; *). All
experiments were performed in duplicate.


Table 3. Fluorescence quantum yields of the boronic acids alone and in
the presence of various sugars.[a]


Boronic acid Fructose Glucose Sorbitol


1a[b] 0.026�0.003 0.081�0.003 0.035�0.004 0.084�0.005
1b[b] 0.037�0.002 0.095�0.002 0.052�0.001 0.101�0.001
1c[c] 0.048�0.002 0.090�0.004 0.059�0.001 0.103�0.007
1d[b] 0.038�0.003 0.093�0.002 0.053�0.002 0.093�0.002


[a] Sugar concentration: 500 mm in 0.1m buffer solution at pH 7.4 with
1% MeOH; all experiments were performed in duplicate. [b] [boronic
acid]=1J10�5m. [c] [boronic acid]=5J10�6m.


Table 4. Solvent effect on the spectroscopic properties of compound 3.[a]


H2O MeOH Ethyl
acetate


lmax [nm] 434�1 433�1 417�2
UV intensity[b] 1.0 2.6�0.3 2.9�0.2
emission wavelength [nm] 542�1 527�1 494�1
emission intensity relative to that in water 1.0 6.9�0.2 10.6�0.4


[a] [compound 3]=1J10�5m. All experiments were performed in dupli-
cate. [b] Relative to that in water.
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The similar solvent effects on compound 3, which does
not have a boronic acid moiety, and boronic acid 1b indicate
that the phenylboronic acid moiety itself does not directly
participate in the generation of fluorescence, although the
formation of the anionic boronate species (Scheme 3) may
influence the fluorescence properties of 1b (and 1a, 1c, and
1d), which will be discussed in the next section. The similar
behaviors among 1a–d in terms of lmax, emission wave-
length, pH profiles, and sugar-induced fluorescence changes
also suggest that the phenylboronic acid moiety plays only
an auxiliary role in fluorescence modulation and is not part
of the fluorophore that is responsible for fluorescence gener-
ation.


The proposed internal charge-transfer mechanism is also
consistent with the pH profiles presented in Figure 4. As the
pH value increases, the boronic acid moiety becomes ion-
ized, which gives a net �1 charge. The positioning of a


charged functional group next to the fluorophore should
help to stabilize the excited-state charge separation and
should result in a bathochromic shift of the UV spectra with
increased intensity. To a certain extent, the effect of the neg-
atively charged boron atom is similar to increased solvent
polarity on the stabilization of the excited-state charge sepa-
ration.
Through a combination of all of the results stated above,


one can summarize the structural changes of 1a–d and their
relationship to the fluorescence properties by using
Scheme 3. At low pH values, boronic acids 1a–d exist in the
neutral trigonal form, 1, with a possible B�N bond through
donation of the nitrogen lone-pair electrons to the boron
open shell.[40,41,43, 71] It is understood that the aromatic amine
group involved is not a strong Lewis base because of the
substitution of two electron-withdrawing imide functional
groups on the naphthalene ring. Therefore, the exact
strength (or existence) of the B�N bond is not clear. How-
ever, in either case, it does not affect the subsequent analy-
sis of the observed fluorescence changes. As the solution pH
value increases toward the respective pKa values (5.6–6.0;
Table 2), the boron atom is converted into its anionic tetra-
hedral form, 7. As discussed earlier, this generation of a net
negative charge helps to stabilize the excited-state charge
transfer and therefore causes a bathochromic shift of the
UV lmax value with increased intensity (Figures 4 and 5).
The increased absorbance can be at least a partial contribu-
ting factor for the observed fluorescence intensity increase.
With the addition of a carbohydrate, the pKa value of the
boronic ester 8 becomes even lower than that of the boronic
acid species (Table 2).[1,2,4] Similarly, an increased pH value
would result in the generation of the anionic boronate ester
9, which should also help to stabilize the excited-state
charge transfer in much the same way as the boronate spe-
cies 7 and would explain the bathochromic shift in the UV
lmax value. As presented in Figures 1–3 and Tables 1 and 3,
the boronate esters 9 are much more fluorescent than the
corresponding boronates 7. Complexation with a sugar will
most likely add steric hindrance and decrease the freedom
of rotation around the C�N bond of the aniline nitrogen
atom, which can increase the fluorescence quantum yield
and consequently the fluorescence intensity. Sugar addition
to the boronic acid solution at the physiological pH value
also causes a hypsochromic shift in both the UV lmax value
(Figures 4 and 5B) and fluorescence emission wavelength
(Figures 1 and 2). Since at the physiological pH value, both
the boronic acid 1 and the boronic ester 8 should be in their
respective ionized states, 7 and 9, there is no difference in
their net charge. Therefore, the observed hypsochromic shift
is most likely due to the perturbation of the position and/or
orientation of the anionic boronate esters 9 relative to that
of the boronate species 7. It is reasonable to expect that ad-
dition of a sugar moiety would increase steric hindrance,
which in turn could increase the distance between the anion-
ic boronate functional group and the fluorophore. The dis-
tance between the boron and aniline nitrogen atoms is espe-
cially important because the lone-pair electrons of the nitro-


Table 5. Solvent effect on the spectroscopic properties of 1b.[a]


H2O MeOH Ethyl
acetate


color red orange yellow
lmax [nm] 492�1 486�2 466�3
UV intensity[b] 1.0 1.3�0.1 1.4�0.1
emission wavelength [nm] 567�1 559�1 537�1
emission intensity relative to that in water 1.0 5.3�0.2 14.4�1.1


[a] [boronic acid 1b]=5J10�6m. All experiments were performed in du-
plicate. [b] Relative to that in water.


Scheme 3. Equilibrium between different forms of boronic acids 1a–d in
the absence and presence of sugars at different pH values.
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gen atom are most likely involved in the excited-state
charge transfer.[72–77] If this is indeed the case, the increased
B–N distance (this is simply the B–N distance, not a B�N
bond length as there is no B�N bond here) could lessen the
stabilizing effect of the negatively charge boronate in 9 on
the excited-state charge-transfer species, which in turn
should lead to a hypsochromic shift.
To examine structural aspects of the sugar–boronic acid


complex, we performed a series of density function theory
(DFT)[78,79] calculations in a polarizable continuum model
(PCM)[80] to investigate the structures of these boronic acids
and the corresponding esters with fructose. Electronic struc-
ture calculations were performed by using the Gaussian 03
series of programs[81] on a Linux-based 40-node cluster. The
DFT method B3LYP and the 6�31+GACHTUNGTRENNUNG(d,p) base set was
used for all calculations, along with the PCM solvation
model. The PCM solvation model was used in single-point
energy calculations (PCM(sp)) and during geometry optimi-
zations and frequency calculations (PCM ACHTUNGTRENNUNG(opt)). All calcula-
tions with the PCM solvent model employed the united-
atom topological model for Hartree–Fock (UAHF) atomic
radii during construction of the solvent cavity, as recom-
mended in the Gaussian 03 userLs reference manual. All ge-
ometries were fully optimized, and the characters of the sta-
tionary points found were confirmed by a harmonic frequen-
cy calculation at the same level of theory to ensure a mini-
mum was located. The results are shown in Table 6. Figure 6
shows the minimized structures of 1a in different forms and
the B–N distances.


The B–N distance for a strong B�N bond is usually
around 2 M.[82–84] In the neutral trigonal form (1, Scheme 3),
the calculated B�N bond lengths of 1a–d were 1.84–1.91 M;
these values suggest the possibility of B–N interactions to
some degree. Furthermore, the solvent-bridging effect ob-
served in the crystal state for some boronic acids is another
factor that could influence the interpretation of the B�N
bond strength and/or existence.[43] It should be noted that
our group recently reported the reexamination of the B�N
bond issue and concluded that B�N bond hydrolysis after
complexation with a diol was the dominate pathway in most
cases in an aqueous environment.[40,41] Such results were fur-
ther supported by studies from the Anslyn group[43] and are
consistent with the present study. Upon conversion of the
boron atom into its anionic form 7, the B–N distances in-
creased to about 3 M. This is understandable since the tetra-
hedral form of the boronic acid functional group has no


open shell to accommodate the lone-pair electrons of the ni-
trogen atom and therefore there cannot be B�N bond for-
mation. The calculated B–N distances in boronate fructose
complexes 9 with 1a–d were 0.13–0.29 M longer than those
in the corresponding boronates 7. The lengthened B–N dis-
tance should result in a lessened stabilization of the excited-
state charge separation and then a hypsochromic shift.
Therefore, the computational results are consistent with the
observed hypsochromic shifts of the UV lmax value and fluo-
rescence emission wavelength as discussed above.


Conclusion


We have synthesized and evaluated a series of long-wave-
length (around 570 nm) boronic acid fluorescent reporters,
which showed good water solubility and significant fluores-
cence changes upon sugar addition. Variation of the para-
position substituents on the phenylboronic acid moiety had
very little effect on either the binding affinity or the spectro-
scopic properties. Mechanistic studies suggest that these flu-
orophores involve excited-state charge transfer, which can
be stabilized by the appended boronic acid group once it is
ionized. Such stabilization is consistent with the observed
fluorescence and UV pH profiles. The increased fluores-
cence intensities of these boronic acids upon sugar addition
can be explained by the increased B–N distance in the boro-
nate complex state, 9 ; this conclusion is supported by exten-
sive computational results. The boronic acids synthesized


Table 6. Calculated B–N distances of boronic acids 1a–d in the neutral
form (1), anionic form (7), and complexed boronate ester form (9).


B–N distance [M]
neutral anionic complex


1a 1.85 3.19 3.33
1b 1.85 3.02 3.31
1c 1.91 3.05 3.31
1d 1.84 3.01 3.17


Figure 6. Modeled structures of boronic acid 1a in the neutral form (A),
the anionic form (B), and the boronic ester form (C).
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(1a–d) will be very useful for the preparation of long-wave-
length sensors and boronolectins[29] for carbohydrates, glyco-
lipids, and glycoproteins. Work on incorporating these bor-
onic acids into DNA for fluorescent aptamer development
is in progress.[85]


Experimental Section


General : 1H and 13C NMR spectra were recorded on a Bruker 400 MHz
spectrophotometer in deuterated choloroform (CDCl3) or deuterated
[D6]DMSO ((CD3)2SO) with either tetramethylsilane (TMS; d=


0.00 ppm) or the NMR solvent as the internal reference unless otherwise
specified. HPLC purification was carried out with a Shimadzu LC-10AT
VP system and a Zobax C18 reversed-phase column (4.6 mmJ25 cm).
Fluorescence spectra were recorded on a Shimadzu RF-5301 PC spectro-
fluorometer. Absorption spectra were recorded on a Shimadzu UV-1700
UV/Vis spectrophotometer. Quartz cuvettes were used in all fluorescence
and UV studies. All pH values were determined by a UB-10 Ultra basic
benchtop pH meter (Denver Instruments). Analytical thin-layer chroma-
tography (TLC) was performed on Merck silica gel 60 plates (0.25 mm
thickness with F-254 indicator). Sugars, buffers, and diols were bought
from Aldrich or Acros and were used as received. Water used for the
binding studies was doubly distilled and further purified with a Milli-Q
filtration system. Solvents for extraction and chromatography were used
as received. Drying solvents (DMF, DMSO) were purchased from Acros.
1H, 13C NMR and MS spectra of selected compounds are given in the
Supporting Information.


General procedure for synthesis of compounds 5 : Dry CCl4 (100 mL) was
added to a mixture of 4 (10 mmol, 1.0 equiv), AIBN (0.5 mmol,
0.05 equiv), and NBS (10 mmol, 1.0 equiv). The mixture was heated at
70 8C (reflux) under white light (IR: 115–125 V, 175 W) with stirring for
2.5 h. Then solvent was evaporated under vacuum.


4-Bromo-3-bromomethylbenzoic acid methyl ester (5c): Column chroma-
tography (hexanes/ethyl acetate 8:1) gave 5c (38%) as white crystals.
TLC (hexanes/ethyl acetate 10:1): Rf=0.50; 1H NMR (CDCl3): d =8.08
(s, 1H), 7.77 (t, J=8.4 Hz, 1H), 7.62 (d, J=8.4 Hz, 1H), 4.58 (s, 2H;
CH2), 3.89 ppm (s, 3H; CH3);


13C NMR (CDCl3): d =165.8, 137.5, 133.6,
132.2, 130.8, 130.1, 129.8 (COOCH3), 52.5 (OCH3), 32.6 ppm (CH2); MS
(ESI): m/z (%): 310 [M+].


1-Bromo-2-bromomethyl-4-fluorobenzene (5d): Column chromatography
(hexanes) gave 5d (39%) as white crystals. TLC (hexanes/ethyl acetate
10:1): Rf=0.50; 1H NMR (CDCl3): d=7.48–7.52 (m, 1H), 7.16–7.19 (m,
1H), 6.86–6.91 (m, 1H), 4.52 ppm (s, 2H; CH2);


13C NMR (CDCl3): d=


163.1, 160.6, 138.9, 134.5, 118.1, 117.3, 32.5 ppm (CH2); MS (ESI): m/z
(%): 268 [M+], 270 [M+2H]+ .


1-Bromo-2-bromomethyl-4-nitrobenzene (5e): Column chromatography
(hexanes/ethyl acetate 20:1) gave 5e (21%) as white crystals. TLC (hex-
anes/ethyl acetate 20:1): Rf=0.50; 1H NMR (CDCl3): d=8.31 (s, 1H),
8.00 (m, J=11.6 Hz, 1H), 7.76 (d, J=8.4 Hz, 1H), 4.61 ppm (s, 2H;
CH2);


13C NMR (CDCl3): d =139.0, 134.5 (2C), 131.6, 125.9, 124.4,
31.5 ppm (CH2); MS (ESI): m/z (%): 295 [M+], 297 [M+2H]+ .


General procedure for synthesis of compounds 6 : Dry DMF (25 mL) was
added to a mixture of 3 (1.00 mmol, 1.0 equiv) and sodium hydride
(60%, 1.03 mmol, 1.03 equiv). The mixture was stirred for 10 min, then a
solution of 5 (1.00 mmol, 1.0 equiv) in anhydrous DMF (15 mL) was
added dropwise under N2 at room temperature with stirring. Afterwards,
the stirring was continued at room temperature for 12 h. The solvent was
then evaporated under vacuum.


2-Benzyl-6-(2-bromo-5-methoxybenzylamino)-benzo[de]isoquinoline-1,3-
dione (6b): Column chromatography (hexanes/ethyl acetate 12:1) gave
6b (31%) as a yellow powder. TLC (hexanes/ethyl acetate 1:2): Rf=0.50;
1H NMR (CDCl3): d =8.64 (d, J=6.4 Hz, 1H), 8.49 (d, J=8.4 Hz, 1H),
8.10 (d, J=8.4 Hz, 1H), 7.61–7.64 (m, 1H), 7.49–7.52 (m, 3H), 7.26–7.28
(m, 2H), 7.21 (d, J=7.2 Hz, 1H), 6.91 (d, J=4.2 Hz, 1H), 6.68–6.75 (m,
2H), 5.35 (s, 2H; CH2), 4.63 (s, 2H; CH2), 3.70 ppm (s, 3H; CH3);


13C NMR (CDCl3): d=176.6, 175.3, 148.7, 141.3, 139.3, 137.8, 134.5,
133.9, 131.4, 128.8, 128.4, 127.2, 125.9, 125.1, 123.3, 120.8, 115.6, 114.5,
111.3, 105.2, 55.5 (OCH3), 43.4 (CH2), 29.7 ppm (CH2); MS (ESI): m/z
(%): 500.9 [M�H]+ , 501.8 [M+], 502.8 [M+H]+ , 503.8 [M+2H]+ .


3-[(2-Benzyl-1,3-dioxo-2,3-dihydro-1H-benzo[de]isoquinolin-6-ylamino)-
methyl]-4-bromobenzoic acid methyl ester (6c): Column chromatography
(hexanes/ethyl acetate 8:1) gave 6c (25%) as a yellow powder. TLC
(hexanes/ethyl acetate 1:2): Rf=0.45; 1H NMR (CDCl3): d=8.65 (d, J=


.0 Hz, 1H), 8.48 (d, J=8.4 Hz, 1H), 8.18 (d, J=7.6 Hz, 1H), 8.07 (s, 1H),
7.89 (m, J=8.4 Hz, 1H), 7.76 (d, J=8.4 Hz, 1H), 7.69 (t, J=7.6 Hz, 1H),
7.55 (d, J=6.8 Hz, 2H), 7.23 (m, 3H), 6.71 (d, J=8.4 Hz, 1H), 5.39 (s,
2H; CH2), 4.77 (s, 2H; CH2), 3.88 ppm (s, 3H; CH3); MS (ESI): m/z
(%): 529.0 [M+], 531.0 [M+2H]+ .


2-Benzyl-6-(2-bromo-5-fluorobenzylamino)-benzo[de]isoquinoline-1,3-
dione (6d): Column chromatography (hexanes/ethyl acetate 12:1) gave
6d (27%) as a yellow powder. TLC (hexanes/ethyl acetate 1:2): Rf=0.50;
1H NMR ([D6]acetone, 400 MHz): d =8.72 (d, J=8.4 Hz, 1H), 8.57 (d,
J=7.2 Hz, 1H), 8.37 (d, J=8.4 Hz, 1H), 7.79–7.72 (m, 3H), 7.46 (d, J=


7.2 Hz, 2H), 7.31–7.20 (m, 4H), 7.11–7.06 (m, 1H), 6.71 (d, J=8.4 Hz,
1H), 5.33 (s, 2H; CH2), 4.81 ppm (s, 2H; CH2);


13C NMR ([D6]acetone):
d=178.2, 176.4, 163.3, 149.7, 138.4, 134.5, 134.1, 130.9, 128.2, 127.6, 126.9,
124.9, 120.8, 116.0, 115.7, 110.4, 104.8, 47.2 (CH2), 42.7 ppm (CH2); MS
(ESI): m/z (%): 489.0 [M+], 490.1 [M+H]+ .


General procedure for synthesis of compounds 1: According to a typical
borylation procedure, 6 (0.237 mmol, 1.0 equiv), bis(neopentylglycol)
borane (64.2 mg, 0.284 mmol, 1.2 equiv), [PdCl2 ACHTUNGTRENNUNG(dppf)] (23.5 mg,
0.029 mmol, 0.12 equiv), and potassium acetate (70.5 mg, 0.718 mmol,
3 equiv) were mixed at room temperature under an N2 atmosphere. This
was followed by addition of anhydrous DMSO (2 mL) with a syringe.
The solution was heated at 90 8C for 10 h and then cooled to room tem-
perature. Ethyl acetate (20 mL) and water (15 mL) were added to the re-
action mixture. The separated organic phase was washed with water (2J
10 mL). After drying over sodium sulfate and solvent evaporation, the
residue was purified by column chromatography (hexanes/ethyl acetate
3:2, to ethyl acetate/methanol 10:1) and further purified by HPLC (C18
RP column). Elution conditions: CH3CN/MeOH (1 mLmin�1); 0–10 min
(CH3CN 100%), 10–20 min (CH3CN 100!0%), 20–29 min (CH3CN
0%), 29–30 min (CH3CN 0!100%).


2-Benzyl-6-(2-boronic acid-5-methoxy-benzylamino)-benzo[de]isoquino-
line-1,3-dione (1b): 1b (24%) was obtained as a red powder. HPLC: tR=


20 min; 1H NMR (CD3OD, 400 MHz): d=8.22 (d, J=7.2 Hz, 1H), 8.05
(d, J=8.4 Hz, 1H), 7.59 (d, J=6.8 Hz, 1H), 7.35 (d, J=8.4 Hz, 2H),
7.17–7.27 (m, 4H), 7.02 (d, J=7.6 Hz, 2H), 6.74 (t, J=10.8 Hz, 1H), 6.17
(d, J=8.4 Hz, 1H), 5.33 (s, 2H; CH2), 4.52 (s, 2H; CH2), 3.73 ppm (s,
3H; CH3);


13C NMR (CD3OD): d =166.3, 164.6, 163.2, 159.8, 141.8,
138.6, 137.3, 132.0, 129.3, 128.7, 127.8, 127.6, 127.2, 126.3, 124.8, 119.6,
117.9, 112.5, 111.8, 102.3, 100.3, 54.2 (OCH3), 46.3 (CH2), 42.5 ppm
(CH2); MS (ESI): m/z (%): 466.2 [M+], 467.2 [M+H]+ , 468.2 [M+2H]+ .


3-[(2-Benzyl-1,3-dioxo-2,3-dihydro-1H-benzo[de]isoquinolin-6-ylamino)-
methyl]-4-boronic acid-benzoic acid methyl ester (1c): 1c (14%) was ob-
tained as a red powder. HPLC: tR=22 min; 1H NMR (CD3OD): d=8.25
(d, J=6.8 Hz, 1H), 8.15 (s, 1H), 8.08 (d, J=8.4 Hz, 1H), 7.88 (d, J=


7.2 Hz, 1H), 7.72 (d, J=8.0 Hz, 1H), 7.62 (d, J=6.8 Hz, 1H), 7.36–7.43
(m, 3H), 7.26–7.29 (m, 2H), 7.20 (d, J=8.8 Hz, 1H), 6.18 (d, J=8.8 Hz,
1H), 5.35 (s, 2H; CH2), 4.62 (s, 2H; CH2), 3.88 ppm (s, 3H; CH3); MS
(ESI): m/z (%): 493.1 [M�H]+ , 495.1 [M+H]+ , 522.1 [M�2H+2CH3]


+ .


2-Benzyl-6-(2-boronic acid-5-fluorobenzylamino)-benzo[de]isoquinoline-
1,3-dione (1d): 1d (21%) was obtained as a red powder. HPLC: tR =


21 min; 1H NMR (CD3OD, 400 MHz): d=8.55 (d, J=7.2 Hz, 1H), 8.47
(d, J=8.4 Hz, 1H), 7.66 (d, J=7.6 Hz, 1H), 7.42–7.48 (m, 3H), 7.21–7.37
(m, 6H), 7.07–7.14 (m, 2H), 5.35 (s, 2H; CH2), 4.55 ppm (s, 2H; CH2);
13C NMR (CD3OD): d=174.0, 164.7, 164.2, 140.5, 137.67, 133.8, 130.12,
128.4, 128.0, 127.7, 126.8, 124.0, 123.0, 122.3, 114.4, 110.5, 107.4, 104.9,
48.3 (CH2), 42.8 ppm (CH2); MS (ESI): m/z (%): 453.1 [M�H]+ , 454.1
[M+].


Procedures for the binding studies (with 1a as an example): Solutions of
1a (1J10�5m) and 1a (1J10�5m) with sugar (0.5m) were prepared in
0.1m phosphate buffer at pH 7.40. These two solutions were then mixed
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in a 1-cm cuvette. In the solution, the ratio of boronic acid and sugar was
increased gradually. After being shaken for 2 min, the solution was used
to test the fluorescence intensity or UV absorbance immediately. Six to
eight points were collected for the calculation of apparent binding con-
stant, Ka, with the assumption of a 1:1 complex formation mechanism.
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A Mixed-Valence, Hexadecamolybdenum Cluster With an MoVI Cubane
“Jewel” in a “Setting” of Five MolybdateVI-Linked Dinuclear MoV Units


Lyndal M. R. Hill, Brendan F. Abrahams, and Charles G. Young*[a]


Introduction


Polyoxometalates are well known in early transition metal
chemistry and many have found applications in analytical
chemistry, materials science, nanotechnology, homo- and
heterogeneous catalysis, green chemistry, environmental re-
mediation, and medicine.[1–3] These complexes vary in nucle-
arity, charge, size, and topology, and the variation of these
attributes provides enormous opportunities for new struc-
tures, properties, and applications; the influence of topology
on the properties of polyoxometalate species is of particular
interest to researchers in this area.
Isopolyanions and Keggin, Dawson, and lacunary species


are classic examples of polyoxometalates in the small size
range.[4] Cation-anion aggregates, e.g., Weakley complexes,
constitute medium-sized species.[4] Extremely large compo-
site and mesoscopic polyoxometalates have been pioneered


by M,ller and co-workers;[5,6] these complexes are now
being fabricated into nanostructured materials with exciting
properties and applications. Very few polyoxomolybdates
feature tetrahedral molybdate (MoO4


2�) units and those
that do typically contain a second metal (Cu, Ni, Co) bound
at multiple peripheral sites.[7–10] Only two of these species
contain dinuclear MoV fragments, viz., a spherical Mo13
porous capsule[11] and an approximately tetrahedral Mo13
complex.[12] To date, examples of hexadecamolybdates are
limited to the “shrink-wrapped” anion [H2Mo16O52]


10�,[13]


and the “cation-encapsulating” anions [H2Mo16(OH)12O40]
6�


and [NaMo16(OH)12O40]
7�.[14,15] These mixed-valence species


possess spherical topologies and are devoid of tetrahedral
centers.
Here, we report the synthesis and structure of


[Mo16O42(OH)2(3-iPrC3H3N2)12]·nH2O (1), formed upon the
degradation of [TpiPrMoO2ACHTUNGTRENNUNG{OC6H3ACHTUNGTRENNUNG(OMe)2-2,3}] (TpiPr=


hydro ACHTUNGTRENNUNGtris(3-isopropylpyrazolyl)borate) in dichloromethane/
methanol mixtures. The non-spherical, electrically neutral,
mixed-valence cluster is comprised of fragments that are
generally atypical of polyoxometalates and features a net-
work of hydrogen bonds between the surface pyrazole NH
and framework oxygen atoms.


Abstract: The hexadecanuclear, mixed-
valence cluster [Mo16O42(OH)2(3-
iPrC3H3N2)12]·nH2O (1), has been syn-
thesized and characterized by X-ray
crystallography, IR spectroscopy and
mass spectrometry. The C2-symmetric
complex consists of a cubane MoVI4O4


“jewel” held in a 10-point “setting”
comprised of five dinuclear MoV units
tethered together by two tetrahedral
MoVI centers. The dinuclear units are
ligated by twelve 3-isopropylpyrazole
units that interact with the Mo�O


framework through a network of hy-
drogen bonds. Structural parameters,
charge requirements, and bond valence
sum analyses support the assignment of
+5 and +6 oxidation states to the di-
nuclear and cubane/tetrahedral Mo
centers, respectively. Space filling
models reveal that the pyrazole groups


coat much of the surface of the mole-
cule, apart from a number of oxo-rich
seams that trace a chiral pattern across
the surface. Complex 1 exhibits a
unique structure that combines moiet-
ies generally atypical of polyoxometa-
lates, viz., a Mo cubane containing
only two terminal oxo ligands, and
three distinct MoV2 units (including a
5-coordinate Mo center) tethered into
a 10-point “setting” by tetrahedral
MoVI centers.
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Results and Discussion


Views of the complete structure (excluding lattice solvent)
and a polyhedral representation of 1 are shown in Fig-
ure 1a–c, and a view of the central donor-atom/metal frame-
work is given in Figure 2. The C2-symmetric complex con-
sists of a cubane “jewel” held in a 10-point “setting” com-
prised of five dinuclear units tethered together by two tetra-
hedral Mo centers (Figure 1a). The periphery of the cluster
is decorated by isopropylpyrazole ligands, H-bonded to oxo
ligands and lattice water molecules, the H-bonding network
being displayed in Figure 1b.
The cubane unit consists of two Mo2(m3-O-donor)2 butter-


fly units, linked via four Mo�O bonds. The Mo atoms of the
top face, Mo1 and Mo1’, are further coordinated by a termi-
nal oxo group (1.710(5) O) and two m2-oxo ligands from ad-
jacent dinuclear units. The Mo atoms on the lower face,
Mo2 and Mo2’, are bound by three m2-oxo ligands from
three separate dinuclear units. The faces of the cubane also
deviate from planarity. The cubane core and the coordinated
terminal and m2-oxo groups can be described in terms of
four edge shared MoO6 octahedra, the structure being remi-
niscent of [W4O16]


8� and certain subunits in polyoxometa-
lates.[4] Bond distances within the cubane unit are given in
Table 1. Table 2 lists the bond and torsion angles and
Table 3 lists the interplanar angles calculated for the cubane
unit. The Mo···Mo distances in the cubane unit of 1 exceed
3.4 O, consistent with the presence of MoVI centers. The
cubane unit of 1 is a rare example of an asymmetric Mo4O4-
cluster, featuring terminal oxo ligands at only two of the
four Mo centers, and a complement of m3-bridging oxo and
hydroxo ligands. To date, only four MoVI[16] and four MoV[17]


cubane complexes have been structurally characterized.
The cubane “jewel” is clasped within a 10-point “setting”


comprised of five dinuclear syn-[Mo2O2ACHTUNGTRENNUNG(m-O)2]
2+ units


linked by two tetrahedral molybdate(VI) units, and decorat-
ed by peripheral 3-isopropylpyrazole ligands (Figure 1a,b).
The bond distances within the dinuclear units are listed in
Table 4. The relevant Mo centers possess distorted-octahe-
dral geometries, with the exception of Mo5 and Mo5’, which
have square pyramidal geometries (Figures 1c (green cen-
ters) and 2). The axial terminal oxo groups of the dinuclear
units point away from the center of the molecule. The dinu-
clear units are of three types. Two of the dinuclear units
(Mo3/Mo4 and Mo3’/Mo4’) bind across opposing lateral
faces of the cubane via axial m-oxo ligands (viz. , trans to oxo
ligands O5 and O14); one Mo bears two pyrazole ligands,
and the other is coordinated by a single pyrazole. Two other
dinuclear units bind across the other lateral faces of the
cubane, via m-oxo ligands that occupy the equatorial posi-
tions of Mo5 and Mo5’; the second Mo atom in these units,
Mo6 and Mo6’, bind two pyrazole ligands. Finally, a unique
dinuclear unit (Mo7/Mo7’) binds the bottom face of the
cubane via its axial m-oxo ligands (viz. , trans to oxo ligands
O20 and O20’), with the Mo centers bearing anti pyrazole li-
gands.


The terminal oxo ligands possess characteristically short
Mo�O distances (�1.67 O), while the Mo�ACHTUNGTRENNUNG(m-O) distances
fall into two ranges: 1.9–2.0 O for the single bonds linking


Figure 1. a) Structure of 1 (Mo purple; O red; N blue; C black). The C2


axis runs vertically. Apart from the cubane (linkages in green), the Mo�
O framework is represented with black bonds. All other bonds are gold.
b) The H-bonding network in 1. H-bonds are indicated by black and
white rods, with participating nitrogen centers numbered. The molecule
has been rotated by �45 8 about the C2 axis with respect to the image in
(a). c) Polyhedral representation of 1. The six-, five- and four-coordinate
centers are shown in yellow, green and blue, respectively.
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dinuclear cores, and 2.0–2.3 O for weaker cubane/dinuclear-
unit interactions. The bond distances and angles in the dinu-
clear fragments conform with those expected of [MoV2O2ACHTUNGTRENNUNG(m-
O)2]


2+ units possessing a single Mo�Mo bond.[18]
Each of the two tetrahedral


Mo centers, Mo8/Mo8’, is
linked to three different dinu-
clear units via m2-oxo ligands.
Their coordination spheres are
completed by a terminal oxo
ligand, projecting away from
the cubane unit. These molyb-
date units occupy anti, equato-
rial sites of the basal dinuclear
unit. Bond distances and
angles for these tetrahedral
centers are provided in
Table 5. The Mo8/8’�ACHTUNGTRENNUNG(m-O)
bonds are �0.06–0.10 O longer
than the terminal oxo bond
(Mo8-O18) of 1.705(5) O, and
all are typical of four-coordi-
nate MoVI centers. The bond
angles subtended at Mo8/8’
(107.3(3)-111.3(2)8) are all
close to the tetrahedral angle.
Twelve, H-bonded 3-isopro-


pylpyrazole ligands decorate
the periphery of the complex
(Figure 1b). The two upper-
most pyrazole ligands are H-
bonded to the terminal oxo li-
gands on the cubane
(N2H···O1=2.888(9) O), and


the m2-oxo link provided by O4 (N2H···O4=2.880(9) O).
The m2-oxo link of O21 is also H-bonded, with
N10H···O21’=2.686(8) O. Six of the remaining eight ligands
participate in NH···O H-bonding interactions with bridging
oxo ligands of the Mo2O2ACHTUNGTRENNUNG(m-O)2 units, with H-bond distances
ranging from 2.722(9)–2.741(8) O. Donor atom N6 is H-
bonded to the water of crystallization, O24 and O25. Thus,
each of the pyrazole ligands is bound as a neutral, H-
bonded moiety. There are no counterions in the lattice and
hence the complex is electrically neutral.[19] Space-filling
models of the complex reveal that the pyrazole groups coat
much of the surface, apart from a number of oxo-rich seams
that trace out a chiral pattern (see the Supporting Informa-
tion).
Structural parameters (vide supra) and charge balance re-


quirements support the assignment of +5 and +6 oxidation


Figure 2. ORTEP projection of the donor-atom/metal framework of 1
(50% thermal ellipsoids). Dark bonds highlight the cubane and dinuclear
moieties. The tetrahedral Mo sites (Mo8/Mo8’) lie at the lower left and
right of the diagram.


Table 1. Bond distances in the Mo4O4 cubane core.


Bond or atom pair Distance [O] Bond or atom pair Distance [O]


O2···O23 2.421(17) Mo2�O2 2.356(5)
Mo1�O1 1.710(5) Mo2�O3 1.975(5)
Mo1�O2 2.218(5) Mo2�O3’ 2.207(5)
Mo1�O2’ 2.084(5) Mo2�O6 1.818(5)
Mo1�O3’ 2.243(5) Mo2�O13 1.726(5)
Mo1�O4 1.769(5) Mo2�O22 1.736(5)
Mo1�O8 1.811(5)


Table 2. Bond and torsion angles of the Mo4O4 cubane core.


Atoms Angle [8] Atoms Angle [8]


Mo1�O2�Mo1’ 104.0(2) Mo2�O3’�Mo2’ 101.0(2)
O2�Mo1�O2’ 73.2(2) O3’�Mo2’�O3 73.3(2)
Mo1�O2�Mo1’�O2’ �17.4(3) Mo2�O3’�Mo2’�O3 �24.0(2)
O2�Mo1�O2’�Mo1’ �18.6(3) O3’�Mo2’�O3�Mo2 27.1(3)
O2�Mo1�O3’ 71.4(2) Mo1�O2’�Mo2’ 100.3(2)
Mo1�O3’�Mo2 110.9(2) O2’�Mo2’�O3’ 72.4(2)
O3’�Mo2�O2 69.5(2) Mo2’�O3’�Mo1 107.9(2)
Mo2�O2�Mo1 106.5(2) O3’�Mo1�O2’ 73.0(2)
O2�Mo1�O3’�Mo2 10.6(2) Mo1�O2’�Mo2’�O3’ �19.9(2)
Mo1�O3’�Mo2�O2 �10.1(2) O2’�Mo2’�O3’�Mo1 19.1(2)
O3’�Mo2�O2�Mo1 9.9(2) Mo2’�O3’�Mo1�O2’ �21.6(2)
Mo2�O2�Mo1�O3’ �9.6(2) O3’�Mo1�O2’�Mo2’ 17.4(2)


Table 3. Interplanar angles of the Mo4O4 cubane.


Face Plane 1 Plane 2 Angle [8]


upper O2�Mo1’�O2’ O2�Mo1�O2’ 22.0(1)
Mo1’�O2�Mo1 Mo1�O2’�Mo1’ 28.7(2)


lower O3’�Mo2’�O3 O3’�Mo2�O3 32.0(1)
Mo2�O3’�Mo2’ Mo2’�O3�Mo2 40.6(2)


side A O2�Mo1�O3’ O3’�Mo2�O2 11.7(3)
Mo1�O3’�Mo2 Mo2�O2�Mo1 16.4(3)


side B Mo1�O2’�Mo2’ Mo2’�O3’�Mo1 31.2(2)
O2’�Mo2’�O3’ O3’�Mo1�O2’ 23.7(2)


combinations[a] lower upper 0.00(1)
side A upper or lower 88.5(1)
side B upper or lower 90.0(1)
side A side B 88.8(2)


[a] Plane 1 and Plane 2 refer to the average planes calculated for the four-membered faces listed.
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states to the dinuclear and cubane/tetrahedral Mo centers,
respectively. These oxidation state assignments were con-
firmed by bond valence sum (BVS) analyses. The BVS ap-
proach establishes the bond valence of each bond in a com-
pound, enabling a BVS to be calculated for a given atom, as
simply the additive effect of the contributing bonds. Equa-
tion (1) defines the relationship between the bond length, r,
and bond valence, s, for a cation-anion pair:[20]


s ¼ exp ½ðro�rÞ=B� ð1Þ


In which ro and B are empirically determined parameters.
The oxidation state of the cation (i), Vi, can then be estimat-
ed using Equation (2) (where sij is the bond valence between
the atoms i and j).


Vi ¼
X


j sij ð2Þ


Oxidation-state-specific ro values have been established
for MoV and MoVI bonds to O and N.[21] More precise oxida-
tion states may be calculated using oxidation-state-specific
values.[22] Liu and Thorp claim
to obtain reliable BVS values
only when their values of ro
are used.[21] Table 6 provides ro
values for the pertinent bonds
of the Mo16 complex.
In order to apply the ro


values in Table 6 to the Mo16


complex, the cubane and tetra-
hedral sites (Mo1, Mo2 and
Mo8) were assigned as MoVI


centers and the dinuclear sites
(Mo3, Mo4, Mo5, Mo6 and
Mo7) as MoV. The results of
bond valence sums carried out
using Equations (1) and (2) are
given in Table 7.
The BVS calculations vary


somewhat depending on the
set of ro values used. The
upper entries of Table 7 sup-
port a +6 oxidation state as-
signment for the cubane and
tetrahedral Mo atoms, while
the lower entries provide rea-
sonable values supporting di-
nuclear MoV centers. Success-
ful reports of the application
of bond valence sums to mo-
lybdenum polyanions contain-
ing MoV�MoV bonds have not
indicated which of the ro
values tabulated by Brown
were used.[13,30] Thus, the BVS
approach supports the oxida-


tion state assignments for 1, though it is recognized that the
selective use of ro values (here, the combining of the two
sets of results in Table 6) is a consequence of the prevailing
accounts of different bond valence parameters (namely ro).
In conclusion, the above BSV analysis supports the formula-
tion of the complex as a neutral MoV10Mo


VI
6 mixed-valence


species.
The diamagnetic, EPR-silent complex exhibits medium in-


tensity IR n ACHTUNGTRENNUNG(Mo=O) bands at �950 cm�1 and n ACHTUNGTRENNUNG(Mo�m-O)
and n(Mo ACHTUNGTRENNUNG(m-O)2) bands at �897–827 cm�1, 740–728 cm�1
and 478 cm�1. Broad, weak bands at 3241 and 3133 cm�1 are


Table 4. Bond distances in the Mo2O2 ACHTUNGTRENNUNG(m-O)2 groups.


Bond Atoms Distance [O] Bond Atoms Distance [O]


Mo�Mo Mo3�Mo4 2.5618(11) Mo�O[a] Mo3�O9 1.937(5)
Mo5�Mo6 2.5871(10) Mo3�O10 1.940(6)
Mo7�Mo7’ 2.5659(14) Mo4�O9 1.941(5)


Mo=O Mo3�O5 1.668(6) Mo4�O10 1.930(6)
Mo4�O14 1.677(6) Mo5�O11 1.926(5)
Mo5�O7 1.663(6) Mo5�O12 1.925(5)
Mo6�O15 1.674(6) Mo6�O11 1.932(5)
Mo7�O20 1.669(5) Mo6�O12 1.951(5)


Mo�O[b] Mo3�O4 2.183(5) Mo7�O21 1.940(5)
Mo4�O13’ 2.299(5) Mo7�O21’ 1.923(5)
Mo4�O17 2.037(5) Mo�N Mo3�N1 2.184(7)
Mo5�O6 2.027(5) Mo3�N3 2.211(7)
Mo5�O8 2.030(5) Mo4�N5 2.176(7)
Mo6�O16 2.165(5) Mo6�N7 2.217(6)
Mo7�O22’ 2.269(5) Mo6�N9 2.210(6)
Mo7�O19 2.073(5) Mo7�N11 2.203(6)


[a] Atoms in dinuclear units. [b] Atoms in core framework.


Table 5. Bond distances and angles at the tetrahedral Mo sites, Mo8 and Mo8’.


Bond Distance [O] Oxygen Type Connectivity Angle [8]


O16�Mo8�O17 110.2(3)
Mo8�O16 1.761(5) bridge to Mo6 O16�Mo8�O18 109.0(3)
Mo8�O17 1.801(5) bridge to Mo4 O16�Mo8�O19 111.3(2)
Mo8�O18 1.705(5) terminal oxo O17�Mo8�O18 108.5(3)
Mo8�O19 1.790(5) bridge to Mo7 O17�Mo8�O19 110.4(3)


O18�Mo8�O19 107.3(3)


Table 6. Reported ro values for molybdenum.


Bond ro [O]
[a]


MoII–VI�O 1.882[23]


MoV–VI�O 1.872[24]


MoIII–VI�O 1.890[25]


MoVI�O 1.882,[26] 1.90,[27] 1.907[21]


MoV�O 1.917[21]


MoV�N 1.893,[28] 2.006[21]


[a] Apart from the values of Liu and Thorp[21] all values have been
ACHTUNGTRENNUNGtabulated by Brown.[29]


Table 7. BVS calculations for 1.


Mo site Mo1 Mo2 Mo8 Mo3 Mo4 Mo5 Mo6 Mo7


BVS[a] 5.91 6.06 5.91 5.53 5.53 5.42 5.45 5.51
5.80 5.95 5.80 4.91 5.02 5.04 4.85 5.01


[a] The upper entries use ro values reported by Liu and Thorp
[21] and the lower entries use values tabulated by


Brown (ro: Mo
VI�O 1.90; MoV�O 1.89; MoV�N 1.893; see Table 6).[29] B is taken to be 0.37.[20]
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assigned to the n(NH) modes of the pyrazole units. The pos-
itive ion electrospray ionization mass spectrum (ESI-MS) of
1 in MeCN/MeOH exhibited a strong peak cluster around
m/z 1810–1825 (see the Supporting Information). Half-inte-
ger peak separations were consistent with a dicationic
parent ion peak cluster, principally solvated [1+2H]2+ .
Peaks resulting from successive loss of five isopropyl-
ACHTUNGTRENNUNGpyrazole units were also observed. The compound was not
sufficiently soluble to allow NMR experiments.


Conclusion


A hexadecanuclear MoV10Mo
VI
6 species (1) stabilized by a


H-bonded network of surface 3-isopropylpyrazole ligands
has been isolated and structurally characterized. Electrically
neutral, mixed-valent 1 exhibits a unique structure that com-
bines moieties generally atypical of polyoxometalates, viz.,
the first Mo cubane “jewel” to contain only two terminal
oxo ligands[19] and three distinct MoV2 units (including a 5-
coordinate Mo center) tethered into a 10-point “setting” by
two tetrahedral MoVI centers.


Experimental Section


Syntheses :


[TpiPrMoO2 ACHTUNGTRENNUNG{OC6H3 ACHTUNGTRENNUNG(OMe)2-2,3}]: The complex was prepared by adapting
a literature procedure described by Millar et al.[31,32] A solution of
[TpiPrMoO2Cl] (1.00 g; 2 mmol), 2,3-dimethoxyphenol (5 mmol) and tri-
ACHTUNGTRENNUNGethylamine (3–4 mL; 21.5–28.7 mmol) in dichloromethane (30 mL) was
stirred for 3 days, whereupon the reaction mixture was reduced to low
volume (�5 mL) by rotary evaporation. The residue was purified by
column chromatography on silica gel by using dichloromethane as eluent.
The complex eluted as an orange band after unreacted [TpiPrMoO2Cl]
and excess parent phenol. The isolated fraction was reduced to dryness,
then treated with methanol and refrigerated to yield crystals (yield
1.10 g, 90%).
1H NMR (C6D6, 400 MHz, 238C): d =1.00, 1.20, 1.23 (3Rd, 6H; 6RCH3


of iPr), 3.33, 3.78 (2Rs, 3H; 2ROCH3), 3.98 (sept, 2H; CH of iPr), 4.83
(sept, 1H; CH of iPr), 5.66 (d, 1H; 4-CH of TpiPr), 5.87 (d, 2H; 4-CH of
TpiPr), 6.24 (dd, 1H; arene ring CH), 6.28 (dd, 1H; arene ring CH), 6.61
(t, 1H; arene ring CH), 7.19 (d, 1H; 5-CH of TpiPr), 7.36 ppm (d, 2H; 5-
CH of TpiPr); IR (KBr): ñ= 2503 (m, BH), 2466 (w, BH), 1507 (s, CN),
925 (s, MoO2), 903 cm


�1
ACHTUNGTRENNUNG(s, MoO2); elemental analysis calculated (%) for


C26H37BMoN6O5: C 50.34, H 6.01, N 13.55; found: C 49.79, H 5.85, N
13.16.


Complex 1: The instability of [TpiPrMoO2 ACHTUNGTRENNUNG{OC6H3 ACHTUNGTRENNUNG(OMe)2-2,3}] and related
dioxo complexes in the absence of excess phenolate co-ligand has been
noted[32] and di-, tetra-, octa- and hexadecanuclear (1) species are formed
upon degradation under different conditions.


Attempts to grow crystals of [TpiPrMoO2 ACHTUNGTRENNUNG{OC6H3 ACHTUNGTRENNUNG(OMe)2-2,3}] by diffusion
of methanol into a solution of the complex in dichloromethane led to the
development of a blue coloration and large ruby-red crystals of 1
(�10% yield) after two weeks. IR (KBr disk): ñ = 3241 (w, NH), 3133
(w, NH), 2967 (m), 2933 (w), 2873 (w), 1369 (w-m), 957 (m, Mo=O), 947
(m, Mo=O), 897 (s, Mo�m-O), 876 (s, Mo�m-O), 860 (s, Mo�m-O), 827 (s,
Mo�m-O), 740 (m, Mo ACHTUNGTRENNUNG(m-O)2), 728 (m), 478 cm


�1 (w-br). The compound
was not obtained in sufficient yield to permit elemental analysis.


Crystal data : Complex 1 (n=4.94): C72H131.89Mo16N24O48.94, Mr=3652.02,
monoclinic, space group C2/c, a=24.608(4), b=19.517(3), c=


30.086(5) O, b =107.002(3)8, V=13818(4) O3, Z=4, 1calcd=1.751 gcm�3,


m ACHTUNGTRENNUNG(MoKa)=14.74 cm�1, T=293 K, 2qmax.=53.428, 39569 measured reflec-
tions, 14275 independent reflections all of which were used in the refine-
ment, R1 [I>2s(I)]=0.0614, wR2 (all data)=0.1612. Data were collected
by using a Bruker CCD diffractometer. The structure was solved by
direct methods, and refined by a full-matrix least-squares procedure.[33]


The asymmetric unit contains an Mo8 fragment; the Mo16 cluster, 1, is
generated by the crystallographic 2-fold symmetry. The Mo centers and
their donor atoms are well defined and free of disorder. The six 3-isopro-
pylpyrazole ligands of the asymmetric unit were modeled using SAME
restraints in order to provide reasonable thermal parameters for the an-
ACHTUNGTRENNUNGisotropic ring atoms. Two isopropyl groups required isotropic modeling
for rotationally-related forms, owing to the considerable thermal motion.


Solvent molecules (water) were refined as isotropic atoms. A total of
four solvent sites were identified. A water molecule with full occupancy,
O23, is H-bonded to O2 of the cubane. Two water molecules (O24 and
O25) are involved in H-bonding with a pyrazole nitrogen (N6), with O25
and the nearby O50 having complementary site occupancies (�47%) to
O24 (�53%). The crystal lattice may contain additional solvent in chan-
nel/s, as evidenced by the presence of a small solvent accessible void that
could accommodate approximately one water molecule per asymmetric
unit (�1% volume). Hydrogen atoms were not assigned to the solvent
sites.


CCDC 626899 (1) contains the supplementary crystallographic data for
this paper. These data can be obtained free of charge from The Cam-
bridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_
request/cif
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Introduction


One of the main problems in anticancer therapy is the usu-
ally low differentiation between normal and malignant cells
by the known antiproliferating agents, thus causing severe
side effects. An approach to overcome this problem is the
antibody-directed enzyme prodrug therapy (ADEPT).[1,2]


Another promising concept is the use of ligands of low mo-
lecular weight for tumor targeting that are able to transport
diagnostic or antineoplastic agents to the tumor. Among
these ligands, small peptides play an important role, which is
a result of their better tumor penetration and lower immu-
nogenicity relative to antibodies as well as their high specifi-
ties and affinities to receptors that are often overexpressed
on certain cancer cells.[3] Some of these peptides that are al-
ready successfully applied in cancer therapy belong to the
gastrin family. For example, radio labeled gastrin derivatives
have shown a high therapeutic and diagnostic potential in
targeting cholecystokinin (CCK-B)/gastrin receptor express-
ing tumors.[4] In addition, a gastrin analogue was linked to a


triazene alkylating agent.[5] However, the observed receptor-
mediated cytotoxicity was quite low. Better results were ob-
tained with heptagastrin linked to a potently cytotoxic ellip-
ticine derivative.[6] A high receptor-mediated cytotoxicity
could also be achieved with the anthracyclines daunorubicin,
doxorubicin, and 2-pyrrolinodoxorubicin as well as other cy-
totoxic agents such as melphalan, cisplatin, or methotrexate
coupled to analogues of peptides like LHRH,[3,7] bombe-
ACHTUNGTRENNUNGsin,[3,7a, 8] somatostatin,[3,7a,9] and neuropeptide Y.[3,10] This is
in agreement with our observations that only highly potent
anticancer agents are suitable for such an approach.
Here we describe the synthesis of a gastrin derivative


based on the naturally occurring antibiotic (+)-duocarmycin
SA (1), which is a particularly potent cytotoxic compound
with an IC50 value of 10 pm (L1210).[11]


The antiproliferative effect of 1 and its analogues, such as
CBI 2b, derives most probably from a selective alkylation of
the N-3 atom of adenine in DNA by nucleophilic attack at
the spirocyclopropyl–cyclohexadienone moiety as the phar-
macophoric group.[12] To improve the accessibility of a po-
tential prodrug based on this concept, we decided not to use
CBI 2b but the corresponding seco-compound 2a for conju-
gation with the peptide. It has been shown by us and others
in in vitro experiments that seco-compound 2a has nearly
the same cytotoxicity as the corresponding CBI compound
2b as it can easily cyclize under basic conditions in a so-
called Winstein cyclization to give 2b (Scheme 1).[1,12,13] Fur-
thermore, we decided not to use the whole heptadecapep-
tide gastrin but the shorter b-alanine modified pentagastrin
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because its b-Ala-Trp-Met-Asp-Phe-NH2 sequence repre-
senting the C-terminal amide of the natural peptides re-
stores the whole biological activity of gastrin in a compara-
ble order of magnitude.[3e,14] As a consequence, the cytotoxic
agent had to be attached to the N-terminal amino function
of pentagastrin. This resulted in the requirement of a seco-
CBI derivative with a carboxylic acid moiety by which an
amide linkage to the peptide could be achieved. This linkage
should be located in a position that neither the receptor af-
finity nor the drugLs mode of action should be influenced.
Therefore, we decided to pre-
pare molecule 3, the synthetic
strategy of which is outlined in
Scheme 2.
Thus, coupling of the central


seco-CBI unit 5 with TMI-
CO2H 6 as the DNA-binding
subunit and finally with penta-
gastrin (4) should provide 3.
The introduction of the carbox-
ylic acid moiety in 5 could be
performed by means of a palla-
dium-catalyzed carbonylation
of bromide 7.


Results and Discussion


The synthesis of the necessary
substrate 7 was performed ac-
cording to an approach devel-
oped by Boger et al. for a simi-
lar system.[15] Thus, a Horner–
Wadsworth–Emmons reaction
between the commercially
available 4-bromobenzaldehyde
(8) and phosphonate 9[16] with


NaH in THF provided the E-configurated styrene 10 in
74% yield (Scheme 3).
Selective hydrolysis of the tert-butyl ester in 10 with a


TFA/water mixture followed by a Friedel–Crafts acylation
by using Ac2O and NaOAc yielded 12 in 78% via 11 over
two steps. Then, deprotection of the O-acetate moiety in 12
with K2CO3 in EtOH and reprotection under standard con-
ditions by using benzyl bromide, K2CO3, and catalytic
amounts of TBAI in DMF afforded benzyl ether 14 via 13 in
95% yield over two steps. After this, ethyl ester 14 was hy-
drolyzed with LiOH·H2O to give carboxylic acid 7 in 85%
yield. Finally, a Curtius rearrangement of 7 with DPPA and
NEt3 in tBuOH led directly to the protected naphtholamine
15 in 85% yield.
For the introduction of the carboxylic acid moiety in 15,


which is necessary for coupling with pentagastrin, we tried
to perform a palladium-catalyzed carbonylation of 15. How-
ever, this gave only a moderate yield, probably due to the
high electron density of the substrate resulting in a low reac-
tion rate of the oxidative addition as the first step. We,
therefore, used bromide 7 which contains an electron-with-
drawing group (Scheme 4). But when using 7 as the sub-
strate, the new carboxylic ester group had to be introduced
as an easily cleavable ester to enable a differentiation be-
tween the two carboxyl moieties then existing in the mole-
cule. However, a corresponding published carbonylation of
an aryl bromide by using benzyl alcohol gave the corre-
sponding benzyl ester in only 30% yield.[17]


Fortunately, heating 7 under a CO atmosphere (1 bar)
with [PdBr2ACHTUNGTRENNUNG(PPh3)2] as the catalyst and dppf


[18] and N ACHTUNGTRENNUNG(nBu)3


Scheme 1. Structures of (+)-duocarmycin SA (1), seco-CBI 2a, and CBI
2b.


Scheme 2. Retrosynthetic analysis of drug 3.
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in benzylic alcohol as the solvent afforded the benzyl ester
16 in an excellent yield of 82%.[19] After Curtius rearrange-
ment under the aforementioned conditions to give 17 and
iodination, employing NIS[15,20] and by using TsOH·H2O as
the catalyst, the iodide 18 was obtained in 64% yield over
two steps. N-Alkylation of the generated sodium salt of 18
by using 1,3-dichloropropene afforded an E/Z mixture of
alkene 19. This alkene was submitted to a 5-exo-trig radical
cyclization[21] by using the comparatively untoxic tris(trime-
thylsilyl)silane (TTMSS)[22] as the hydride source and AIBN
as the radical starter, providing seco-CBI derivative 5 in
74% yield over two steps.
For the coupling reaction with the DNA-binding indole


subunit, the Boc group in 5 was cleaved under acidic condi-


tions in an aqueous HCl/
EtOAc mixture with Et3SiH as
the cation scavenger[23]


(Scheme 5). The obtained hy-
drochloride 20 was directly
coupled with TMI-CO2H 6,[24]


employing EDC·HCl as the
coupling reagent to give 21 in
63% yield over two steps. To
connect 21 with the peptide,
the benzyl ester was selectively
cleaved with LiOH·H2O to
afford 22 in 79% yield without
any loss of the primary chlo-
ride.
Coupling with pentagastrin


was performed in a stepwise
manner. Earlier attempts to
couple pentagastrin directly to
the aromatic carboxylic acid 22


were not successful. To diminish complications, we decided
to couple the seco-CBI scaffold with b-alanine (24) first.
This amino acid is part of the pentagastrin sequence and
should at the same time serve as a spacer unit. To avoid pro-
tection steps we first synthesized the active ester of 22. As
activator HOSu[5] was used, which gave active ester 23 upon
coupling with acid 22 by using EDC·HCl. This ester was re-
acted without further purification with unprotected b-ala-
nine (24), employing NEtiPr2 as the base to give 25 in 69%
yield over two steps. At this stage, the benzyl ether moiety
in 25 had to be cleaved because any attempts to cleave the
ether group after the introduction of the pentagastrin


Scheme 3. Synthesis of precursors 7 and 15 : a) NaH, THF, 0–20 8C, 22.5 h, 74%; b) TFA/H2O, 20 8C, 4.5 h,
quant.; c) Ac2O, NaOAc, reflux, 1 h, 78%; d) K2CO3, EtOH, reflux, 1.5 h, 95%; e) K2CO3, BnBr, TBAI, DMF,
20 8C, 1 d, quant.; f) LiOH·H2O, THF/MeOH/H2O, 20 8C, 3 d, 85%; g) DPPA, tBuOH, NEt3, MS (4) P),
reflux, 2.5 d, 85%. DPPA=diphenylphosphoryl azide; TBAI= tetrabutylammonium iodide; TFA= trifluoro-
acetic acid.


Scheme 4. Synthesis of seco-CBI compound 5 : a) 1 bar CO, 5 mol%
[PdBr2ACHTUNGTRENNUNG(PPh3)2], 20 mol% dppf, N ACHTUNGTRENNUNG(nBu)3, BnOH, 85–130 8C, 95 min,
82%; b) DPPA, tBuOH, NEt3, MS (4) P, reflux, 3.5 d, 65%; c) NIS,
TsOH·H2O, THF/MeOH, 50 8C, 40 min, 99%; d) NaH, 1,3-dichloropro-
pene, DMF, 20 8C, 20.5 h, 85%; e) HSi ACHTUNGTRENNUNG(SiMe3)3, AIBN, benzene, reflux,
3 h, 87%. AIBN=azo-bis-isobutyronitrile; Boc= tert-butoxycarbonyl;
dppf=bis(diphenylphosphino)ferrocene; NIS=N-iodosuccinimide; Ts=


tosyl.


Scheme 5. Synthesis of 25 : a) HCl/EtOAc, Et3SiH, 20 8C, 3 h; b) 6,
EDC·HCl, DMF, 20 8C, 1 d, 63% (two steps); c) LiOH·H2O, THF/
MeOH/H2O, 0–20 8C, 3.5 h, 79%; d) HOSu, EDC·HCl, THF, 0–20 8C,
13 h; e) NEtiPr2, H2O/MeCN, 20 8C, 7 h, 69% (two steps). EDC·HCl=1-
(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride; HOSu=N-
hydroxysuccinimide.
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moiety were not successful. The debenzylation was achieved
under transfer hydrogenolytic conditions with an aqueous
ammonium formate solution and with palladium on charcoal
as the catalyst[25] to afford the phenol 26, which was used in
the next reaction step without any purification. Thus, 26 was
transferred into the active ester 27 with HOSu under the
aforementioned conditions; then, 27 was directly coupled
with the fully unprotected tetrapeptide 28[26] to give penta-
gastrin seco-CBI drug 3 in 27% yield over three steps
(Scheme 6).


Both reactions, the activation step and the coupling step,
showed only slow conversion with the last transformation
giving the lowest yields, but no significant formation of side
products was observed, although the phenolic hydroxyl
group was unprotected. We assume that this is due to the
low nucleophilicity of the phenol moiety; however, under
basic conditions, a fast cyclization of the seco-CBI to the
CBI-pharmacophore takes place.


Conclusions


We have designed the new cytotoxic compound 3 for a se-
lective treatment of cancer based on the assumption that the
pentagastrin moiety allows a selective incorporation of 3
into cancer cells which overexpress the CCK-B/gastrin re-
ceptor. To guaranty a high reactivity of the drug, we used a
seco-duocarmycin analogue with a carboxylic acid moiety at
one of the aromatic rings of the CBI pharmacophore to
allow the introduction of the pentagastrin by an amide
bond. The biological activity of this new type of anticancer
agent is currently being investigated in our cell-culture lab
by using cancer cell lines expressing the gastrin receptor.


Experimental Section


General : All reactions were performed in flame-dried glassware under
an argon atmosphere. Solvents were dried and purified according to stan-
dard procedures and redistilled prior to use. TLC chromatography was
performed on precoated aluminum silica gel SIL G/UV254 plates (Ma-
cherey–Nagel) and silica gel 60 (0.040–0.063 mm) (Merck) was used for
column chromatography. IR spectroscopy: Bruker Vector 22. UV/VIS:
Perkin–Elmer Lambda 2. 1H NMR spectroscopy: Varian Mercury-200,
Unity-300 (300 MHz), Unity Inova-600 (600 MHz). 13C NMR spectrosco-
py: Varian Mercury-200 (50 MHz), Unity-300 (75 MHz), Unity Inova-600
(150 MHz). For 1H and 13C NMR spectroscopy, CDCl3, [D6]DMSO, and
[D7]DMF were used as solvents. Chemical shifts are reported on a d


scale. Signals are quoted as s (singlet), d (doublet), t (triplet), q (quartet),
m (multiplet), mc (centered multiplet), and br (broad). MS: Finnigan
MAT 95, TSQ 7000, LCQ. HRMS was carried out by using, among
others, a modified peak matching technique, error �2 ppm, with a resolu-
tion of ca. 10,000. Elemental analysis: Mikroanalytisches Labor des Insti-
tutes fAr Organische und Biomolekulare Chemie der UniversitDt Gçttin-
gen.


tert-Butyl-(E)-3-(ethoxycarbonyl)-4-(4-bromophenyl)-3-butenoate (10):
NaH (13.0 g, 60% in oil, 326 mmol) was washed with dry n-pentane,
dried for ca. 15 min under reduced pressure, and then suspended in THF
(500 mL). Phosphonate 9 (296 mmol, 100 g) was added dropwise at 0 8C
and stirring was continued at 20 8C for 4.5 h. The mixture was again
cooled to 0 8C and added by cannula to a solution of 4-bromobenzalde-
hyde (8) (60.3 g, 326 mmol) in THF (250 mL) also maintained at 0 8C.
The reaction mixture was warmed to 20 8C, stirred for a further 18 h, and
the solvent removed under reduced pressure. The ensuing red residue
was dissolved in CH2Cl2 (300 mL), washed with water (3R100 mL), brine
(100 mL), dried (MgSO4), filtered, and concentrated under reduced pres-
sure. The crude product (81.0 g, 74%) was used for the next reaction
without further purification. An analytically pure sample was obtained
after column chromatography by using pentane/Et2O (10:1) as the
eluent. Rf=0.44 (pentane/Et2O 4:1); 1H NMR (200 MHz, CDCl3): d=


1.33 (t, J=7.0 Hz, 3H; OCH2CH3), 1.45 (s, 9H; C ACHTUNGTRENNUNG(CH3)3), 3.40 (s, 2H; 2-
H2), 4.27 (q, J=7.0 Hz, 2H; OCH2CH3), 7.20–7.25 (m, 2H; Ar-H), 7.49–
7.54 (m, 2H; Ar-H), 7.76 ppm (s, 1H; 4-H); 13C NMR (75 MHz, CDCl3):
d=13.85 (OCH2CH3), 27.54 (CACHTUNGTRENNUNG(CH3)3), 34.36 (C-2), 60.64 (OCH2CH3),
80.52 (C ACHTUNGTRENNUNG(CH3)3), 122.54 (C-3), 127.17 (C-4’), 130.16, 131.32 (C-2’, C-3’, C-
5’, C-6’), 133.65 (C-1’), 139.34 (C-4), 166.58 (C(O)OEt), 169.48 ppm (C-
1); MS (DCI, NH3, 200 eV): m/z (%): 754 (4) [2M+NH4]


+ , 386 (100)
[M+NH4]


+ , 369 (12) [M+H]+ .


(E)-3-Ethoxycarbonyl-4-(4-bromophenyl)-but-3-enoic acid (11): Crude 10
(75.0 g, 203 mmol) was dissolved in 9:1 TFA/H2O (145 mL) and stirred
for 4.5 h at 20 8C. The solvent was removed under reduced pressure and
the resulting residue treated with toluene (2R100 mL) and then again
concentrated under reduced pressure. After cooling to 0 8C, the residue
was treated with NaHCO3 (150 mL, saturated solution), adjusted to pH 1
with HCl (2 n) and extracted with EtOAc (4R100 mL). The combined or-
ganic phases were washed with brine (100 mL), dried (MgSO4), and con-
centrated under reduced pressure. The crude product (76.0 g, quant.) was
afforded as a yellow oil and used for the next reaction without further
purification. An analytically pure sample was obtained after column
chromatography by using pentane/EtOAc 2:1 as the eluent. Rf=0.30
(pentane/EtOAc 2:1); 1H NMR (200 MHz, CDCl3): d=1.35 (t, J=


7.3 Hz, 3H; OCH2CH3), 3.54 (s, 2H; 2-H2), 4.31 (q, J=7.3 Hz, 2H;
OCH2CH3), 7.22–7.26 (m, 2H; Ar-H), 7.53–7.57 (m, 2H; Ar-H), 7.84 (s,
1H; 4-H), 10.05 ppm (br s, 1H; CO2H);


13C NMR (75 MHz, CDCl3): d=


14.15 (OCH2CH3), 33.54 (C-2), 61.53 (OCH2CH3), 123.40 (C-3), 126.12
(C-4’), 130.51, 131.95 (C-2’, C-3’, C-5’, C-6’), 133.58 (C-1’), 141.07 (C-4),
167.14 (C(O)OEt), 176.77 ppm (C-1); MS (DCI, NH3, 200 eV): m/z (%):
642 (2) [2M+NH4]


+ , 347 (12) [M+NH3+NH4]
+ , 330 (65) [M+NH4]


+ ,
286 (100) [M�CO2+NH4]


+ .


Ethyl-1-acetoxy-7-bromo-3-naphthalene carboxylate (12): A solution of
the crude acid 11 (63.6 g, 203 mmol) in acetic anhydride (1.20 l) was
treated with sodium acetate (29.9 g, 305 mmol) and stirred for 1 h under
reflux. The hot reaction mixture was poured into water (2.00 l) and


Scheme 6. Synthesis of seco-CBI pentagastrin drug 3 : a) Pd/C,
NH4HCO2, THF/MeOH, 20 8C, 2.5 h; b) HOSu, EDC·HCl, THF/CH2Cl2/
DMF, 0–20 8C, 28.5 h; c) NEtiPr2, DMF, 20 8C, 57 h, 27% (three steps).
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cooled to 20 8C. The precipitated product (54.0 g, 78%) was collected by
filtration and used for the next reaction without further purification. Rf=


0.50 (pentane/EtOAc 4:1); 1H NMR (200 MHz, CDCl3): d =1.44 (t, J=


7.1 Hz, 3H; OCH2CH3), 2.50 (s, 3H; CH3), 4.43 (q, J=7.1 Hz, 2H;
OCH2CH3), 7.65 (dd, J=8.4, 1.9 Hz, 1H; 6-H), 7.85 (d, J=8.4 Hz, 1H; 5-
H), 7.86 (d, J=1.6 Hz, 1H; 2-H), 8.04 (d, J=1.9 Hz, 1H; 8-H), 8.47 ppm
(br s, 1H; 4-H); 13C NMR (75 MHz, CDCl3): d=14.33 (OCH2CH3), 21.00
(C(O)CH3), 61.48 (OCH2CH3), 118.78 (C-2), 123.48, 128.21, 129.97 (C-3,
C-4a, C-8a), 123.83, 128.59, 130.81, 131.02 (C-4, C-5, C-6, C-8), 132.08 (C-
7), 145.62 (C-1), 165.59 (C(O)OEt), 169.08 ppm (C(O)CH3); MS (EI,
70 eV): m/z (%): 336 (12) [M]+ , 294 (100) [M�C(O)CH3+H]


+ .


Ethyl-7-bromo-1-hydroxy-3-naphthalene carboxylate (13): A solution of
crude 12 (53.3 g, 158 mmol) in ethanol (650 mL) was treated with K2CO3


(109 g, 790 mmol) and stirred for 1.5 h under reflux. The reaction mixture
was poured into water (1.00 l) and cooled to 20 8C, adjusted to pH 1 with
HCl (2 n) and extracted with EtOAc (3R150 mL). The combined organic
phases were washed with brine (150 mL), dried (MgSO4) and concentrat-
ed under reduced pressure. The resulting light-brown solid (44.0 g, 95%)
was used for the next reaction without further purification. Rf=0.36
(pentane/EtOAc 4:1); 1H NMR (200 MHz, CDCl3): d=1.35 (t, J=


7.0 Hz, 3H; OCH2CH3), 4.33 (q, J=7.0 Hz, 2H; OCH2CH3), 7.43 (d, J=


1.4 Hz, 1H; 2-H), 7.50 (dd, J=8.8, 2.0 Hz, 1H; 6-H), 7.67 (d, J=8.8 Hz,
1H; 5-H), 7.99 (br s, 1H; 4-H), 8.37 (d, J=2.0 Hz, 1H; 8-H), 9.70 ppm
(br s, 1H; OH); 13C NMR (50 MHz, CDCl3): d=14.20 (OCH2CH3), 60.84
(OCH2CH3), 108.08 (C-2), 120.99, 128.14, 128.35 (C-3, C-4a, C-8a),
121.40, 124.91, 129.94, 130.29 (C-4, C-5, C-6, C-8), 131.93 (C-7), 152.53
(C-1), 166.49 ppm (C(O)OEt); MS (EI, 70 eV): m/z (%): 294 (100) [M]+ ,
266 (22) [M�C2H4]


+ , 249 (40) [M�C2H5O]
+ .


Ethyl-1-benzyloxy-7-bromo-3-naphthalene carboxylate (14): A magneti-
cally stirred solution of crude 13 (44.3 g, 150 mmol) in DMF (950 mL)
was treated with K2CO3 (31.0 g, 225 mmol) and TBAI (2.2 g, 6.0 mmol).
Benzyl bromide (21.5 mL, 30.8 g, 180 mmol) was added dropwise with
stirring and the resulting mixture was stirred for 1 d at 20 8C. The reac-
tion mixture was poured into water (1.20 l) and extracted with CH2Cl2
(3R100 mL). The combined organic phases were washed with water (1R
100 mL) and brine (100 mL), dried (MgSO4), and concentrated under re-
duced pressure. The crude product (62.0 g, quant.) was afforded as a
brown oil and used for the next reaction without further purification. An
analytically pure sample was obtained after column chromatography by
using pentane/EtOAc 15:1 as the eluent. Rf=0.59 (pentane/EtOAc 4:1);
1H NMR (200 MHz, CDCl3): d =1.45 (t, J=7.2 Hz, 3H; OCH2CH3), 4.44
(q, J=7.2 Hz, 2H; OCH2CH3), 5.29 (s, 2H; CH2Ph), 7.35–7.58 (m, 6H;
5RPh-H, 2-H), 7.62 (dd, J=8.6, 1.7 Hz, 1H; 6-H), 7.77 (d, J=8.6 Hz,
1H; 5-H), 8.18 (br s, 1H; 4-H), 8.48 ppm (d, J=1.7 Hz, 1H; 8-H);
13C NMR (50 MHz, CDCl3): d=14.38 (OCH2CH3), 61.28 (OCH2CH3),
70.47 (CH2Ph), 105.10 (C-2), 122.10, 128.33, 128.82 (C-3, C-4a, C-8a),
123.32, 124.88, 128.22, 130.49, 130.61 (C-4, C-5, C-6, C-8, Ph-Cp), 127.69,
128.68 (Ph-Co, Ph-Cm), 131.88 (C-7), 136.30 (Ph-Ci), 153.62 (C-1),
166.50 ppm (C(O)OEt); MS (DCI, NH3, 200 eV): m/z (%): 419 (15)
[M+NH3+NH4]


+ , 402 (39) [M+NH4]
+ .


1-Benzyloxy-7-bromo-3-naphthalene carboxylic acid (7): A solution of
crude 14 (57.8 g, 150 mmol) in 3:1:1 THF/MeOH/H2O (1.25 l) was treat-
ed with LiOH·H2O (31.5 g, 750 mmol) and stirred for 3 d at 20 8C. The re-
sulting mixture was adjusted to pH 1 with HCl (2 n) and the precipitated
crude product was collected by filtration. The filtrate was extracted with
EtOAc (3R100 mL), the combined organic phases dried (MgSO4), and
concentrated under reduced pressure to give an additional amount of
crude product. The combined crude products were recrystallized
(EtOAc) to afford acid 7 (45.7 g, 85%) as a white solid. Rf=0.17 (pen-
tane/EtOAc 2:1); 1H NMR (300 MHz, [D6]DMSO): d =5.34 (s, 2H;
CH2Ph), 7.32–7.45 (m, 3H; 3RPh-H), 7.51–7.56 (m, 3H; 2RPh-H, 2-H),
7.70 (dd, J=8.8, 1.8 Hz, 1H; 6-H), 8.01 (d, J=8.8 Hz, 1H; 5-H), 8.20 (s,
1H; 4-H), 8.28 (d, J=1.8 Hz, 1H; 8-H), 13.00 ppm (br s, 1H; CO2H);
13C NMR (75 MHz, [D6]DMSO): d=69.83 (CH2Ph), 105.62 (C-2), 121.30,
127.90, 129.20 (C-3, C-4a, C-8a), 122.89, 123.62, 127.93, 130.22, 131.31 (C-
4, C-5, C-6, C-8, Ph-Cp), 127.51, 128.49 (Ph-Co, Ph-Cm), 131.63 (C-7),
136.53 (Ph-Ci), 152.85 (C-1), 167.08 ppm (C(O)OH); MS (EI, 70 eV):
m/z (%): 356 (11) [M]+ , 91 (100) [C7H7]


+ .


3-Amino-1-benzyloxy-7-bromo-N-(tert-butoxycarbonyl)naphthalene (15):
A suspension of acid 7 (12.4 g, 34.7 mmol) in dry tert-butanol (850 mL)
was treated with activated molecular sieves 4 P (70 g), triethylamine
(5.80 mL, 4.20 g, 41.6 mmol), and DPPA (9.00 mL, 11.4 g, 41.6 mmol) and
heated for 2.5 d at reflux without stirring. After cooling to 20 8C, the mo-
lecular sieves were filtered off and washed thoroughly with EtOAc. The
filtrate was concentrated under reduced pressure and the resulting resi-
due was dissolved in EtOAc (300 mL). The organic phase was washed
with HCl (2 n, 2R100 mL), NaHCO3 (1R100 mL, saturated solution),
and brine (100 mL), and then dried (MgSO4) and concentrated under re-
duced pressure. Recrystallization of the resulting residue gave the title
compound along with a brown oil which was purified by column chroma-
tography (pentane/EtOAc 7:1) to yield further product. The protected
amine 18 (12.7 g, 85%) was afforded as a white solid. Rf=0.27 (pentane/
EtOAc 10:1); 1H NMR (200 MHz, CDCl3): d=1.55 (s, 9H; C ACHTUNGTRENNUNG(CH3)3),
5.22 (s, 2H; CH2Ph), 6.61 (br s, 1H; NH), 7.06 (d, J=1.8 Hz, 1H; 2-H),
7.30–7.60 (m, 8H; 5RPh-H, 4-H, 5-H, 6-H), 8.34 ppm (d, J=1.8 Hz, 1H;
8-H); 13C NMR (50 MHz, CDCl3): d=28.35 (CACHTUNGTRENNUNG(CH3)3), 70.34 (C ACHTUNGTRENNUNG(CH3)3),
80.87 (CH2Ph), 99.95 (C-2), 106.66 (C-4), 117.56, 123.52 (C-7, C-8a),
124.50, 128.16, 128.51, 130.39 (C-5, C-6, C-8, Ph-Cp), 127.56, 128.67 (Ph-
Co, Ph-Cm), 133.20 (C-4a), 136.39, 136.64 (C-3, Ph-Ci), 152.65, 154.30 ppm
(C-1, C=O); MS (EI, 70 eV): m/z (%): 427 (9) [M]+ , 371 (16)
[M�C4H8]


+ , 91 (100) [C7H7]
+ , 57 (24) [C4H9]


+ .


1-Benzyloxy-7-benzyloxycarbonyl-3-naphthalene carboxylic acid (16): A
magnetically stirred and degassed solution of bromide 7 (100 mg, 280
mmol) and N ACHTUNGTRENNUNG(nBu)3 (200 mL, 156 mg, 840 mmol) in benzylic alcohol
(5.00 mL, 5.20 g, 48.0 mmol) was treated with [PdBr2 ACHTUNGTRENNUNG(PPh3)2] (11 mg,
14 mmol) and 1,1’-bis(diphenylphosphino)ferrocene (31 mg, 56 mmol). The
reaction mixture was degassed again, set under a carbon monoxide at-
mosphere (1 bar) and stirred for 45 min at 85 8C and for a further 50 min
at 130 8C. The benzylic alcohol and tributylamine were distilled off under
reduced pressure and the resulting residue quenched with HCl (2 n) and
water (pH 2). The water phase was extracted with EtOAc (4R50 mL)
and the combined organic phases washed with brine (50 mL), dried
(MgSO4), and then concentrated under reduced pressure. The resulting
brown oil was adsorbed on silica gel and purified by column chromatog-
raphy (pentane/EtOAc 1:1+0.5% HOAc). The acid 16 (94 mg, 82%)
was obtained as a white solid. Rf=0.29 (pentane/EtOAc 4:1+0.5%
HOAc); 1H NMR (300 MHz, [D6]DMSO): d=5.40 (s, 4H; 2RCH2Ph),
7.35–7.60 (m, 11H; 10RPh-H, 2-H), 8.07 (dd, J=8.7, 1.5 Hz, 1H; 6-H),
8.18 (d, J=8.7 Hz, 1H; 5-H), 8.26 (s, 1H; 4-H), 8.90 (br s, 1H; 8-H),
13.00 ppm (br s, CO2H);


13C NMR (75 MHz, [D6]DMSO): d =66.37
(CH2Ph-ester), 69.84 (CH2Ph-ether), 105.43 (C-2), 122.47, 124.09, 125.96,
129.72 (C-4, C-5, C-6, C-8), 126.04, 128.11, 131.17, 135.27, 135.94, 136.51
(C-3, C-4a, C-7, C-8a, 2RPh-Ci), 127.37, 127.80, 127.90, 128.02, 128.43
(10RPh-C), 154.69 (C-1), 165.29, 167.04 ppm (2RC=O); MS (EI, 70 eV):
m/z (%): 412 (13) [M]+ , 91 (100) [C7H7]


+ .


3-Amino-1-benzyloxy-7-benzyloxycarbonyl-N-(tert-butoxycarbonyl)naph-
thalene (17): A suspension of acid 16 (802 mg, 1.94 mmol) in dry tert-bu-
tanol (50 mL) was treated with activated molecular sieves 4 P (4 g), trie-
thylamine (327 mL, 236 mg, 2.33 mmol), and DPPA (505 mL, 641 mg,
2.33 mmol) and heated for 3.5 d at reflux without stirring. After cooling
to 20 8C, the reaction mixture was filtered through a pad of Celite and
then it was thoroughly washed with EtOAc. The filtrate was concentrated
under reduced pressure and the resulting residue dissolved in EtOAc
(100 mL). The organic phase was washed with HCl (2 n, 2R50 mL),
NaHCO3 (1R50 mL, saturated solution), and brine (50 mL), and then
dried (MgSO4) and concentrated under reduced pressure to give a light-
brown oil. This material then underwent column chromatography (pen-
tane/EtOAc 7:1) to give the protected amine 17 (534 mg, 65%) as a
light-yellow solid. Rf=0.22 (pentane/EtOAc 10:1); 1H NMR (300 MHz,
CDCl3): d=1.56 (s, 9H; C ACHTUNGTRENNUNG(CH3)3), 5.24 (s, 2H; CH2Ph-ether), 5.42 (s,
2H; CH2Ph-ester), 6.81 (br s, 1H; NH), 7.10 (d, J=1.8 Hz, 1H; 2-H),
7.30–7.55 (m, 11H; 10RPh-H, 4-H), 7.69 (d, J=8.7 Hz, 1H; 5-H), 8.06
(dd, J=8.7, 2.1 Hz, 1H; 6-H), 9.04 ppm (br s, 1H; 8-H); 13C NMR
(125 MHz, CDCl3): d=28.30 (CACHTUNGTRENNUNG(CH3)3), 66.52 (CH2Ph-ester), 70.22
(CH2Ph-ether), 80.98 (C ACHTUNGTRENNUNG(CH3)3), 99.56 (C-2), 106.32 (C-4), 121.56, 125.00,
136.28, 136.40, 137.27 (C-4a, C-7, C-8a, 2RPh-Ci), 125.70, 126.62, 126.93,
127.26, 127.96, 127.99, 128.05, 128.53, 128.60 (C-5, C-6, C-8, 10RPh-C),
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138.88 (C-3), 152.53, 156.21 (C-1, C=O), 166.76 ppm (C(O)OBn); MS
(EI, 70 eV): m/z (%): 483 (14) [M]+ , 427 (18) [M�C4H8]


+ , 91 (100)
[C7H7]


+ , 57 (15) [C4H9]
+ .


2-Amino-4-benzyloxy-6-benzyloxycarbonyl-N-(tert-butoxycarbonyl)-1-io-
donaphthalene (18): A magnetically stirred solution of 17 (1.56 g,
3.23 mmol) in 1:1 THF/MeOH (44 mL) was treated with a solution of
TsOH·H2O (61 mg, 0.32 mmol) in THF (2 mL) and N-iodosuccinimide
(1.45 g, 6.46 mmol). The resulting mixture was warmed to 50 8C, and
stirred for a further 40 min. The reaction mixture was quenched with
NaHCO3 (20 mL, saturated solution) and water and extracted with
EtOAc (2R40 mL). The combined organic phases were washed with
Na2S2O3 (1R50 mL, saturated solution) and brine (50 mL), dried
(MgSO4) and then concentrated under reduced pressure. The afforded
pale-yellow solid (1.94 g, 99%) was used for the next reaction without
further purification. Rf=0.40 (pentane/EtOAc 10:1); 1H NMR (300 MHz,
CDCl3): d=1.60 (s, 9H; C ACHTUNGTRENNUNG(CH3)3), 5.31 (s, 2H; CH2Ph-ether), 5.42 (s,
2H; CH2Ph-ester), 7.32–7.59 (m, 10H; 10RPh-H), 8.04 (dd, J=8.7,
0.6 Hz, 1H; 8-H), 8.12 (dd, J=8.7, 1.8 Hz, 1H; 7-H), 8.14 (s, 1H; 3-H),
9.01 ppm (d, J=1.8 Hz, 1H; 5-H); 13C NMR (125 MHz, CDCl3): d=


28.29 (C ACHTUNGTRENNUNG(CH3)3), 66.67 (CH2Ph-ester), 70.46 (CH2Ph-ether), 79.14 (C-
ACHTUNGTRENNUNG(CH3)3), 81.57 (C-1), 100.13 (C-3), 122.71, 125.67, 136.13, 136.17, 137.18
(C-4a, C-6, C-8a, 2RPh-Ci), 125.94, 127.67, 127.97, 128.09, 128.10, 128.12,
128.57, 128.59, 131.45, (C-5, C-7, C-8, 10RPh-C), 140.69 (C-2), 152.50,
156.58 (C-4, C=O), 166.28 ppm (C(O)OBn); UV/Vis (CH3CN): lmax (lg
e)=224 (4.099), 268 (4.477), 340 nm (3.557); IR (KBr): ñ=3396 (NH),
1720 (C=O), 1602, 1518, 1385, 1235, 1155, 731 cm�1; MS (EI, 70 eV): m/z
(%): 609 (38) [M]+ , 553 (26) [M�C4H8]


+ , 426 (6) [M�C4H8�I]+ , 91
(100) [C7H7]


+ , 57 (16) [C4H9]
+ .


ACHTUNGTRENNUNG(E/Z)-2-Amino-4-benzyloxy-6-benzyloxycarbonyl-N-(tert-butoxycarbon-
yl)-N-(3-chloro-2-propenyl)-1-iodonaphthalene (19): A magnetically
stirred solution of 18 (1.51 mmol, 921 mg) in DMF (22 mL) was treated
with NaH (151 mg, 60% in oil, 3.78 mmol). Stirring was continued for
1.5 h at 20 8C. (E/Z)-1,3-Dichloropropene (279 mL, 335 mg, 3.02 mmol)
was then added dropwise and the mixture was stirred for a further 19 h
at 20 8C. The ensuing mixture was then quenched with NH4Cl (10 mL, sa-
turated solution) and extracted with EtOAc (4R20 mL). The combined
organic phases were washed with water (3R25 mL) and brine (25 mL),
dried (MgSO4), and concentrated under reduced pressure to give a red
oil. Purification of this material by column chromatography (pentane/
EtOAc 7:1) gave iodide 19 (875 mg, 85%) as a pale-yellow foam. Rf=


0.28, 0.36 (pentane/EtOAc 10:1); 1H NMR (300 MHz, CDCl3): d =1.30/
1.58 (2Rs, 9H; C ACHTUNGTRENNUNG(CH3)3), 3.70–4.00 (m, 1H; 1’-Ha), 4.40–4.65 (m, 1H; 1’-
Hb), 5.31 (br s, 2H; CH2Ph-ether), 5.45 (br s, 2H; CH2Ph-ester), 5.90–6.15
(m, 2H; 2’-H, 3’-H), 6.65–6.85 (m, 1H; 3-H), 7.32–7.54 (m, 10H; 10RPh-
H), 8.19 (d, J=9.0 Hz, 1H; 8-H), 8.25 (dd, J=9.0, 1.8 Hz, 1H; 7-H),
9.04–9.15 ppm (m, 1H; 5-H); 13C NMR (75 MHz, CDCl3): d=28.18/28.44
(C ACHTUNGTRENNUNG(CH3)3), 45.74/48.95 (C-1’), 66.87/66.89 (CH2Ph-ester), 70.47/70.56
(CH2Ph-ether), 80.93 (CACHTUNGTRENNUNG(CH3)3), 94.62 (C-1), 107.98/108.58 (C-3), 120.94/
122.01 (C-3’), 124.72/124.77, 127.67/127.76, 137.63 (C-4a, C-6, C-8a),
125.71, 127.03/127.07, 127.93/127.98, 128.05, 128.15, 128.22, 128.42/128.59,
128.73/128.76, 133.15/133.17 (C-5, C-7, C-8, C-2’, 10RPh-C), 135.89/135.95
(2RPh-Ci), 145.12 (C-2), 153.35/153.57 (C-4), 156.01 (C=O), 166.07/
166.10 ppm (C(O)OBn); MS (EI, 70 eV): m/z (%): 683 (3) [M]+ , 500
(38) [M�2RC7H7�H]+ , 91 (100) [C7H7]


+ , 57 (36) [C4H9]
+ .


ACHTUNGTRENNUNG(1R/S)-5-Benzyloxy-3-(tert-butoxycarbonyl)-1-chloromethyl-2,3-dihydro-
1H-benz[e]indole-7-carboxylic acid benzyl ester (5): Through a magneti-
cally stirred solution of iodide 19 (471 mg, 688 mmol) in benzene (20 mL)
was bubbled argon for 1.5 h. The oxygen-free solution was then treated
with tris(trimethylsilyl)silane (229 mL, 183 mg, 736 mmol) and AIBN
(26.0 mg, 158 mmol) and stirred for 3 h under reflux. The ensuing mixture
was adsorbed on silica gel and purified by column chromatography (pen-
tane/EtOAc 7:1) to afford CBI system 5 (336 mg, 87%) as a colorless
foam. Rf=0.27 (pentane/EtOAc 10:1); 1H NMR (200 MHz, CDCl3): d=


1.61 (s, 9H; CACHTUNGTRENNUNG(CH3)3), 3.45 (dd, J=10.4, 9.6 Hz, 1H; 10-Hb), 3.84–4.05
(m, 2H; 1-H, 10-Ha), 4.15 (dd, J=11.4, 9.6 Hz, 1H; 2-Hb), 4.21–4.35 (m,
1H; 2-Ha), 5.29 (s, 2H; CH2Ph-ether), 5.41 (s, 2H; CH2Ph-ester), 7.32–
7.60 (m, 10H; 10RPh-H), 7.65 (d, J=8.8 Hz, 1H; 9-H), 7.88 (br s, 1H; 4-
H), 8.11 (dd, J=8.8, 1.6 Hz, 1H; 8-H), 9.09 ppm (d, J=1.6 Hz, 1H; 6-H);


13C NMR (50 MHz, CDCl3): d=28.42 (C ACHTUNGTRENNUNG(CH3)3), 41.45 (C-1), 46.36 (C-
10), 53.14 (C-2), 66.57 (CH2Ph-ester), 70.38 (CH2Ph-ether), 81.06 (C-
ACHTUNGTRENNUNG(CH3)3), 97.00 (C-4), 121.48, 124.33, 132.51 (C-3a, C-5a, C-7, C-9a, C-9b),
121.81 (C-9), 127.14 (C-6), 127.27 (C-8), 127.43, 127.94, 128.04, 128.08,
128.56, 128.62 (10RPh-C), 136.24, 136.33 (2RPh-Ci), 152.42 (C-5), 157.27
(C=O), 166.57 ppm (C(O)OBn); UV/Vis (CH3CN): lmax (lg e)=205
(4.496), 272 (4.757), 355 nm (4.184); IR (KBr): ñ =3403 (NH), 2976, 1704
(C=O), 1373, 1327, 1248, 1141, 848, 761 cm�1; MS (EI, 70 eV): m/z (%):
557 (16) [M]+ , 501 (25) [M�C7H7+H]


+ , 91 (60) [C7H7]
+ , 56 (76) [C4H8]


+


, 41 (100) [CH3CN]; elemental analysis calcd (%) for C33H32ClNO5


(558.06): C 71.02, H 5.78; found: C 70.98, H 5.98.


ACHTUNGTRENNUNG(1R/S)-5-Benzyloxy-1-chloromethyl-3-(5,6,7-trimethoxyindole-2-carbon-
yl)-2,3-dihydro-1H-benz[e]indole-7-carboxylic acid benzyl ester (21): A
solution of the protected amine 5 (275 mg, 493 mmol) in CH2Cl2 (2 mL)
was treated with HCl (14 mL of a 4m solution in EtOAc) and Et3SiH
(80.0 mL, 57.0 mg, 493 mmol) and stirred for 3 h at 20 8C. The solvent was
removed under reduced pressure and the ensuing residue was treated
with toluene (2R10 mL) and then concentrated under reduced pressure
again.


The resulting crude hydrochloride 20 was dried under reduced pressure
and then treated with 5,6,7-trimethoxyindole-2-carboxylic acid (6)
(136 mg, 543 mmol), EDC·HCl (284 mg, 1.48 mmol), and DMF (12 mL)
and stirred for 1 d at 20 8C. The reaction mixture was adjusted to pH 2
with HCl (2 n) and extracted with EtOAc (4R15 mL). The combined or-
ganic phases were washed with water (3R20 mL), brine (20 mL), dried
(MgSO4) and concentrated under reduced pressure to give a green solid.
This material was adsorbed on silica gel and purified by column chroma-
tography (pentane/EtOAc 2:1) to yield TMI-derivative 21 (214 mg, 63%
over two steps) as a yellow solid. Rf=0.39 (pentane/EtOAc 2:1);
1H NMR (600 MHz, CDCl3): d =3.44 (dd, J=11.4, 10.2 Hz, 1H; 10-Hb),
3.86–4.06 (m, 11H; 3ROCH3, 1-H, 10-Ha), 4.58 (dd, J=10.2, 9.0 Hz, 1H;
2-Hb), 4.72 (dd, J=10.2, 1.8 Hz, 1H; 2-Ha), 5.25–5.31 (m, 2H; CH2Ph-
ether), 5.37–5.42 (m, 2H; CH2Ph-ester), 6.86 (s, 1H; 4’-H), 6.97 (d, J=


2.4 Hz, 1H, 3’-H), 7.33–7.52 (m, 10H; 10RPh-H), 7.62 (d, J=9.0 Hz, 1H;
9-H), 8.10 (dd, J=9.0, 1.8 Hz, 1H; 8-H), 8.21 (br s, 1H; 4-H), 9.08 (d, J=


1.8 Hz, 1H; 6-H), 9.65 ppm (d, J=2.4 Hz, 1H; indole-NH); 13C NMR
(50 MHz, CDCl3): d=42.80 (C-1), 45.91 (C-10), 55.15 (C-2), 56.19, 61.08,
61.43 (3ROCH3), 66.63 (CH2Ph-ester), 70.36 (CH2Ph-ether), 97.58 (C-4’),
98.95 (C-4), 106.81 (C-3’), 116.03, 123.52, 125.69, 131.94, 144.57 (C-3a, C-
5a, C-7, C-9a, C-9b), 122.14 (C-9), 122.57, 125.14, 129.48, 138.79, 140.65
(C-2’, C-3a’, C-6’, C-7’, C-7a’), 126.94 (C-6), 127.29 (C-8), 127.31, 127.92,
128.00, 128.09, 128.54, 128.59 (10RPh-C), 136.12, 136.26 (2RPh-Ci),
150.20 (C-5’), 156.82 (C-5), 160.58 (C=O), 166.36 ppm (C(O)OBn); UV/
Vis (CH3CN): lmax (lg e)=208 (4.618), 229 (4.450), 272 (4.409), 315
(4.384), 365 nm (4.453); IR (KBr): ñ=3459 (NH), 2932 (CH2), 1714 (C=


O), 1624, 1526, 1458, 1407, 1308, 1107, 834, 746 cm�1; MS (ESI): m/z (%):
713 (100) [M+Na]+ , 1403 (44) [2M+Na]+ , 689 (100) [M�H]� ; elemental
analysis calcd (%) for C40H35ClN2O7 (691.17): C 69.51, H 5.10; found: C
69.68, H 5.19.


ACHTUNGTRENNUNG(1R/S)-5-Benzyloxy-1-chloromethyl-3-(5,6,7-trimethoxyindole-2-carbon-
yl)-2,3-dihydro-1H-benz[e]indole-7-carboxylic acid (22): A magnetically
stirred solution of 21 (176 mg, 255 mmol) in 3:1:1 THF/MeOH/H2O
(4.5 mL) at 0 8C was treated with LiOH·H2O (32.0 mg, 765 mmol). The re-
action mixture was warmed to 20 8C and stirring was continued for 3.5 h.
The ensuing solution was then adjusted to pH 1–2 with HCl (2 n) and ex-
tracted with EtOAc (4R10 mL). The combined organic phases were
washed with brine (10 mL), dried (MgSO4), and concentrated under re-
duced pressure. The resulting brownish solid was adsorbed on silica gel
and purified by column chromatography (CH2Cl2/MeOH 30:1+0.5%
HOAc) to afford acid 22 (121 mg, 79%) as a yellow solid. Rf=0.58
(CH2Cl2/MeOH 10:1+0.5% HOAc); 1H NMR (300 MHz, [D6]DMSO):
d=3.80–3.94 (m, 10H; 3ROCH3, 10-Hb), 4.04 (dd, J=10.8, 2.9 Hz, 1H;
10-Ha), 4.22–4.27 (m, 1H; 1-H), 4.52 (d, J=9.9 Hz, 1H; 2-Hb), 4.75 (dd,
J=10.5, 9.9 Hz, 1H; 2-Ha), 5.27 (br s, 2H; CH2Ph), 6.97 (s, 1H; 4’-H),
7.08 (d, J=1.5 Hz, 1H; 3’-H), 7.35–7.54 (m, 5H; 5RPh-H), 7.94–8.05 (m,
3H; 4-H, 8-H, 9-H), 8.84 (d, J=0.9 Hz, 1H; 6-H), 11.49 ppm (br s, 1H;
indole-NH); 13C NMR (75 MHz, [D6]DMSO): d =40.81 (C-1), 47.40 (C-
10), 55.06 (C-2), 55.94, 60.89, 61.05 (3ROCH3), 69.87 (CH2Ph), 98.07 (C-
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4’), 98.68 (C-4), 106.37 (C-3’), 116.69, 123.13, 125.88, 131.66, 144.37 (C-3a,
C-5a, C-7, C-9a, C-9b), 121.53, 125.52, 130.58, 139.03, 140.01 (C-2’, C-3a’,
C-6’, C-7’, C-7a’), 123.15 (C-9), 125.25 (C-6), 126.95 (C-8), 127.59 (2RPh-
C), 128.07 (Ph-Cp), 128.56 (2RPh-C), 136.41 (Ph-Ci), 149.24 (C-5’), 155.52
(C-5), 160.48 (C=O), 167.38 ppm (C(O)OH); MS (ESI): m/z (%): 623
(100) [M+Na]+ , 645 (68) [M�H+2Na]+ , 599 (100) [M�H]� .
ACHTUNGTRENNUNG(1R/S)-5-Benzyloxy-1-chloromethyl-3-(5,6,7-trimethoxyindole-2-carbon-
yl)-2,3-dihydro-1H-benz[e]indole-7-carboxylic acid (N-hydroxysuccini-
mide) ester (23): A magnetically stirred solution of acid 22 (121 mg,
200 mmol) and N-hydroxysuccinimide (34.5 mg, 300 mmol) in THF
(14 mL) at 0 8C was treated with EDC·HCl (57.5 mg, 300 mmol). The re-
action mixture was warmed to 20 8C and stirring was continued for 13 h.
The ensuing solution was then adjusted to pH 1–2 with HCl (2 n) and ex-
tracted with EtOAc (3R10 mL). The combined organic phases were
washed with brine (10 mL), dried (MgSO4), and concentrated under re-
duced pressure to give active ester 23 as orange solid which was used for
the next reaction without further purification. Rf=0.89 (CH2Cl2/MeOH
10:1+0.5% HOAc); 1H NMR (200 MHz, CDCl3): d =2.92 (br s, 4H; 2R
CH2C(O)), 3.48 (dd, J=11.0, 10.6 Hz, 1H; 10-Hb), 3.90–4.17 (m, 11H;
3ROCH3, 1-H, 10-Ha), 4.69 (dd, J=10.7, 8.6 Hz, 1H; 2-Hb), 4.80 (dd, J=


10.7, 1.8 Hz, 1H; 2-Ha), 5.27–5.40 (m, 2H; CH2Ph), 6.88 (s, 1H; 4’-H),
7.03 (d, J=1.6 Hz, 1H; 3’-H), 7.30–7.56 (m, 5H; 5RPh-H), 7.75 (d, J=


9.0 Hz, 1H; 9-H), 8.12 (dd, J=9.0, 1.7 Hz, 1H; 8-H), 8.26 (br s, 1H; 4-H),
9.18 (d, J=1.7 Hz, 1H; 6-H), 9.45 ppm (br s, 1H; indole-NH); MS (ESI):
m/z (%): 720 (100) [M+Na]+ , 1417 (50) [2M+2Na]+ , 696 (100)
[M�H]� .
ACHTUNGTRENNUNG(1R/S)-5-Benzyloxy-1-chloromethyl-3-(5,6,7-trimethoxyindole-2-carbon-
yl)-2,3-dihydro-1H-benz[e]indole-7-carboxylic acid b-alanyl amide (25):
A magnetically stirred solution of b-alanine (24) (27.0 mg, 300 mmol) in
water (2 mL) was treated with NEtiPr2 (52.0 mL, 39.0 mg, 300 mmol) and
dropwise with a solution of crude 23 (140 mg, 200 mmol) in MeCN
(5 mL). The reaction mixture was stirred for 7 h at 20 8C, then adjusted
to pH 2 with HCl (2 n) and extracted with EtOAc (3R10 mL). The com-
bined organic phases were washed with brine (10 mL), dried (MgSO4)
and concentrated under reduced pressure. The resulting brownish solid
was adsorbed on silica gel and purified by column chromatography
(CH2Cl2/MeOH 30:1+0.5% HOAc) to afford amide 25 (93 mg, 69%
over two steps) as a pale-yellow solid. Rf=0.54 (CH2Cl2/MeOH 10:1+


0.5% HOAc); 1H NMR (300 MHz, [D6]DMSO): d=2.56 (t, J=7.0 Hz,
2H; 2’’-H2), 3.50–3.56 (m, 2H; 1’’-H2), 3.80–3.94 (m, 10H; 3ROCH3, 10-
Hb), 4.05 (mc, 1H; 10-Ha), 4.26 (mc, 1H; 1-H), 4.51 (d, J=9.9 Hz, 1H; 2-
Hb), 4.76 (dd, J=10.3, 9.9 Hz, 1H; 2-Ha), 5.30 (br s, 2H; CH2Ph), 6.98 (s,
1H; 4’-H), 7.08 (br s, 1H, 3’-H), 7.31–7.55 (m, 5H; 5RPh-H), 7.95–8.01
(m, 3H; 4-H, 8-H, 9-H), 8.70 (t, J=5.1 Hz, 1H; NH), 8.74 (br s, 1H; 6-
H), 11.47 ppm (br s, 1H; indole-NH); 13C NMR (75 MHz, [D6]DMSO):
d=33.94 (C-2’’), 35.75 (C-1’’), 40.81 (C-1), 47.42 (C-10), 54.98 (C-2),
55.95, 60.87, 61.01 (3ROCH3), 69.73 (CH2Ph), 98.08 (C-4’), 98.68 (C-4),
106.24 (C-3’), 116.64, 123.11, 125.45, 130.65, 143.59 (C-3a, C-5a, C-7, C-
9a, C-9b), 121.66, 129.49, 130.85, 139.00, 139.96 (C-2’, C-3a’, C-6’, C-7’, C-
7a’), 122.64/122.91 (C-9), 125.21/125.59 (C-6), 127.34 (2RPh-C), 127.91/
128.09 (C-8), 128.50 (2RPh-C), 128.79 (Ph-Cp), 136.50 (Ph-Ci), 149.21 (C-
5’), 155.27 (C-5), 160.39 (C=OTMI), 166.16 (C-7-C=O), 172.92 ppm
(C(O)OH); MS (ESI): m/z (%): 694 (58) [M+Na]+ , 717 (100)
[M�H+2Na]+ , 670 (100) [M�H]� .
ACHTUNGTRENNUNG(1R/S)-1-Chloromethyl-5-hydroxy-3-(5,6,7-trimethoxyindole-2-carbonyl)-
2,3-dihydro-1H-benz[e]indole-7-carboxylic acid b-alanyl amide (26): A
magnetically stirred solution of benzyl ether 25 (101 mg, 150 mmol) in 3:1
THF/MeOH (5.6 mL) was treated with 10% Pd/C (41 mg) and dropwise
with NH4HCO2 (393 mL of a 25% solution in water, 1.56 mmol) and stir-
ring was continued for 2.5 h at 20 8C. The reaction mixture was filtered
through a pad of Celite and was then thoroughly washed with MeOH
and THF. The filtrate was treated with toluene (10 mL) and concentrated
under reduced pressure to give 26 as light-yellow solid which was used
for the next reaction without further purification. Rf=0.39 (CH2Cl2/
MeOH 10:1+0.5% HOAc); 1H NMR (300 MHz, [D6]DMSO): d=2.53
(t, J=7.1 Hz, 2H; 2’’-H2), 3.49–3.56 (m, 2H; 1’’-H2), 3.80–3.91 (m, 7H;
2ROCH3, 10-Hb), 3.94 (s, 3H; OCH3), 4.01 (dd, J=10.8, 2.6 Hz, 1H; 10-
Ha), 4.19 (mc, 1H; 1-H), 4.46 (d, J=9.9 Hz, 1H; 2-Hb), 4.72 (dd, J=10.8,


9.9 Hz, 1H; 2-Ha), 6.93/6.96 (2Rs, 1H; 4’-H), 7.06 (mc, 1H; 3’-H), 7.85–
8.06 (m, 3H; 4-H, 8-H, 9-H), 8.64 (t, J=5.0 Hz, 1H; NH), 8.68 (br s, 1H;
6-H), 11.35/11.40 ppm (2Rbrs, 1H; indole-NH); 13C NMR (150 MHz,
[D6]DMSO): d=34.35 (C-2’’), 35.86 (C-1’’), 40.86 (C-1), 47.42 (C-10),
55.08 (C-2), 55.97, 60.87, 61.03 (3ROCH3), 98.07/98.10 (C-4’), 100.65 (C-
4), 106.16/106.19 (C-3’), 114.93, 123.11, 125.41, 130.86, 143.75 (C-3a, C-5a,
C-7, C-9a, C-9b), 121.16, 128.64, 131.05, 139.02, 139.91 (C-2’, C-3a’, C-6’,
C-7’, C-7a’), 122.64/122.76 (C-9), 123.02 (C-6), 125.46 (C-8), 149.21 (C-5’),
155.31 (C-5), 160.31 (C=OTMI), 166.25 (C-7-C=O), 173.64 ppm
(C(O)OH); MS (ESI): m/z (%): 604 (100) [M+Na]+ , 1185 (26)
[2M+Na]+ , 544 (100) [M�H�HCl]� , 580 (32) [M�H]� .
ACHTUNGTRENNUNG(1R/S)-1-Chloromethyl-5-hydroxy-3-(5,6,7-trimethoxyindole-2-carbonyl)-
2,3-dihydro-1H-benz[e]indole-7-carboxylic acid [2-(N-succinimidyloxycar-
bonyl)ethyl] amide (27): A magnetically stirred solution of crude acid 26
(119 mg, 204 mmol) and N-hydroxysuccinimide (141 mg, 1.22 mmol) in
4:1:1 THF/CH2Cl2/DMF (30 mL) at 0 8C was treated with EDC·HCl
(117 mg, 612 mmol). The reaction mixture was warmed to 20 8C and stir-
ring was continued for 18 h. Another batch of N-hydroxysuccinimide
(47.0 mg, 408 mmol) and EDC·HCl (78.0 mg, 408 mmol) was added and
stirring was continued for a further 10.5 h at 20 8C. The ensuing solution
was then adjusted to pH 1–2 with HCl (2n) and extracted with EtOAc
(4R15 mL). The combined organic phases were washed with water (2R
15 mL) and brine (15 mL), dried (MgSO4), and concentrated under re-
duced pressure to afford 27 as orange solid which was used for the next
reaction without further purification. Rf=0.55 (CH2Cl2/MeOH 10:1+


0.5% HOAc); MS (ESI): m/z (%): 701 (35) [M+Na]+ , 733 (44)
[M+MeOH+Na]+ , 677 (44) [M�H]� , 709 (100) [M�H+MeOH]� .


ACHTUNGTRENNUNG(1R/S)-1-Chloromethyl-5-hydroxy-3-(5,6,7-trimethoxyindole-2-carbonyl)-
2,3-dihydro-1H-benz[e]indole-7-carboxylic acid [b-alanyl-l-tryptophyl-l-
methionyl-l-aspartyl-l-phenylalanineamidyl] amide (3): A magnetically
stirred suspension of tetragastrin (28)[26] (114 mg, 192 mmol) in DMF
(3 mL) was treated with NEtiPr2 (33.5 mL, 24.8 mg, 192 mmol) and drop-
wise with a solution of crude 27 (147 mg, 216 mmol) in DMF (12 mL).
Stirring was continued for 57 h at 20 8C. The ensuing mixture was adjust-
ed to pH 2 with HCl (2n) and extracted with EtOAc (5R10 mL). The
combined organic phases were washed with water (2R10 mL) and brine
(10 mL), treated with toluene (10 mL), and concentrated under reduced
pressure. The resulting brownish solid was adsorbed on silica gel and sub-
jected to column chromatography (CH2Cl2/MeOH 30:1+0.5% HOAc!
5:1+0.5% HOAc) to give 3 (67 mg, 27% over three steps, 33% based
on recovery, 1:1 mixture of both diastereomeres) as a light-yellow solid.
Further purification was achieved by HPLC. Rf=0.13 (CH2Cl2/MeOH
10:1+0.5% HOAc); 1H NMR (600 MHz, [D7]DMF): d =1.90–1.98 (m,
1H; 2c-Hb), 2.01–2.06 (m, 4H; 2c-Ha, SCH3), 2.37–2.42 (m, 1H; 3c-Hb),
2.44–2.50 (m, 1H; 3c-Ha), 2.59–2.70 (m, 2H; 1e-H2), 2.75 (mc, 1H; 2b-
Hb), 2.81 (mc, 1H; 2b-Ha), 3.02 (dd, J=13.7, 9.2 Hz, 1H; 2a-Hb), 3.20–
3.26 (m, 2H; 2d-Hb, 2a-Ha), 3.33 (dd, J=15.0, 4.8 Hz, 1H; 2d-Ha), 3.67
(mc, 2H; 1f-H2), 3.88 (s, 3H; OCH3), 3.90 (s, 3H; OCH3), 3.93 (dd, J=


11.2, 8.1 Hz, 1H; 10-Hb), 4.03 (s, 3H; OCH3), 4.11 (dd, J=11.2, 2.9 Hz,
1H; 10-Ha), 4.29 (mc, 1H; 1-H), 4.39 (mc, 1H; 1c-H), 4.55 (mc, 1H; 1a-
H), 4.64–4.68 (m, 3H; 1b-H, 1d-H, 2-Hb), 4.84 (t, J=9.9 Hz, 1H; 2-Ha),
6.98 (t, J=7.8 Hz, 1H; 5d’-H), 7.04 (s, 1H; 4’-H), 7.07 (t, J=7.8 Hz, 1H;
6d’-H), 7.14–7.17 (m, 1H; 1RPh-H), 7.18 (d, J=1.5 Hz, 1H; 3’-H), 7.26
(mc, 2H; 2RPh-H), 7.32–7.33 (m, 3H, 2d’-H; 2RPh-H), 7.39 (d, J=


7.8 Hz, 1H, 7d’-H), 7.61 (d, J=7.8 Hz, 1H; 4d’-H), 7.83 (mc, 1H; NH),
7.95 (d, J=8.9 Hz, 1H; 9-H), 8.00–8.02 (m, 3H; 8-H, 2RNH), 8.06 (br s,
1H; 4-H), 8.21 (d, J=7.2 Hz, 1H; NH), 8.37 (mc, 2H; 2RNH), 8.66 (mc,
1H; NH), 8.84 (s, 1H; 6-H), 10.84 (mc, 2H; indole-NHTrp, C(O)OH),
11.31 ppm (br s, 1H; indole-NHTMI);


13C NMR (150 MHz, [D7]DMF): d=


14.93 (SCH3), 27.84 (C-2d), 30.52 (C-3c), 31.52 (C-2c), 36.11 (C-2b),
36.53 (C-1e), 37.03 (C-1f), 38.12 (C-2a), 42.26 (C-1), 47.97 (C-10), 51.37
(C-1b), 54.15 (C-1c), 55.45 (C-1a), 55.88/55.93 (C-1d), 55.98 (C-2), 56.48,
61.34, 61.42 (3ROCH3), 98.87 (C-4’), 101.66 (C-4), 107.07 (C-3’), 110.83/
110.84 (C-3d’), 111.98 (C-7d’), 115.94, 124.33, 126.53, 131.85, 144.96 (C-
3a, C-5a, C-7, C-9a, C-9b), 118.95 (C-4d’), 119.04 (C-5d’), 121.60 (C-6d’),
122.27, 129.70, 132.15, 139.94, 141.09 (C-2’, C-3a’, C-6’, C-7’, C-7a’),
123.38 (C-9), 123.91 (C-6), 124.57/124.59 (C-2d’), 126.15/126.17 (C-8),
126.83 (Ph-Cp), 128.35 (C-3ad’), 128.75 (2RPh-C), 129.91 (2RPh-C),
137.33 (C-7ad’), 138.94 (Ph-Ci), 150.51 (C-5’), 156.42 (C-5), 161.26 (C=
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OTMI), 162.33 (C=OAla), 167.59 (C-7-C=O), 171.20, 172.72/172.75, 173.24/
173.27, 173.70, 173.94 ppm (4RC=O, (C(O)OH); MS (ESI): m/z (%):
1182 (29) [M+Na]+ , 1204 (64) [M�H+2Na]+ , 1158 (100) [M�H]� ;
HRMS: calcd for C58H62ClN9O13S: 1182.37685 [M+Na]+ ; found:
1182.37679; HPLC (preparative): column: Kromasil 100 C18; eluent:
75% MeOH, 25% H2O+0.05% TFA; flow: 12 mLmin�1; Rt : 14–20 min.
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Introduction


In recent years photoinduced energy and electron transfer
(ET) have been extensively studied, with the potential de-
velopment of molecular electronics,[1–4] solar cells,[5–9] and ar-
tificial photosynthesis[10–16] as long-term goals. This has led
to the design of many donor-bridge-acceptor (D-B-A) sys-
tems, which enable systematic investigations of how the
transfer processes are mediated by the bridging chromo-
phore. Triplet excitation energy transfer, TEET, and ET


processes are closely related, since they both involve elec-
tron exchange interactions, and much of what governs
TEET also concerns ET processes.[17–20] Thus, investigating
TEET processes is expected to give valuable information
about properties that also govern ET processes. ET is, in
general, much more challenging to study experimentally,
and the distance dependence of the electronic coupling is
often obscured by the distance dependencies of the solvent
reorganization energy and the driving force. TEET can be
more convenient to study, since it often occurs on the nano-
second to millisecond timescale and the distance depend-
ence of the reorganization energy is much weaker. It has
previously been confirmed that various bridging units can
mediate TEET and that varying the energy difference be-
tween the donor and bridge chromophores has a substantial
effect on the mediation in accordance with the McConnell
model ([Eq. (1)]).[21–25] The donor–acceptor separation often
has a large impact on the rates of electron exchange pro-


Abstract: A series of donor-bridge-ac-
ceptor (D-B-A) systems with varying
donor–acceptor distances has been
studied with respect to the temperature
dependence of the triplet excitation
energy transfer (TEET) rates. The
donor and acceptor, zinc(II) and free-
base porphyrin, respectively, were sep-
arated by oligo-p-phenyleneethynylene
(OPE) bridges, where the number of
phenyleneethynylene groups was
varied between two and five, giving
rise to edge-to-edge separations rang-
ing between 12.7 and 33.4 5. The study
was performed in 2-MTHF between
room temperature and 80 K. It was
found that the distance dependence
was exponential, in line with the
McConnell model, and the attenuation
factor, b, was temperature dependent.
The experimentally determined tem-


perature dependence of b was evaluat-
ed by using a previously derived model
for the conformational dependence of
the electronic coupling based on results
from extensive quantum chemical,
DFT and time-dependent DFT (TD-
DFT), calculations. Two regimes in the
temperature interval could be identi-
fied: one high-temperature, low-viscosi-
ty regime, and one low-temperature,
high-viscosity regime. In the first
regime, the temperature dependence of
b was, according to the model, well de-
scribed by a Boltzmann conformational
distribution. In the latter, the molecu-


lar motions that govern the electronic
coupling are slowed down to the same
order of magnitude as the TEET rates.
This, in effect, leads to a distortion of
the conformational distribution. In the
high-temperature regime the model
could reproduce the temperature de-
pendence of b, and the extracted rota-
tional barrier between two neighboring
phenyl units of the bridge structure,
Ei=1.1 kJmol�1, was in line with previ-
ous experimental and theoretical stud-
ies. After inclusion of parameters that
take the viscosity of the medium into
account, successful modeling of the ex-
perimentally observed temperature de-
pendence of the distance dependence
was achieved over the whole tempera-
ture interval.
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cesses and this has motivated several studies of the distance
dependence of TEET.[26–28]


The distance dependence of the rate of bridge-mediated
electron exchange processes are mainly governed by the
electronic coupling, VDA, between the states localized on the
donor and acceptor, respectively. Many studies have there-
fore focused on developing theoretical methods for calculat-
ing the electronic coupling in D-B-A systems.[17,29–37] The
model most frequently used to evaluate the distance de-
pendence of the electronic coupling found in experiments is
the superexchange model developed by McConnell
([Eq. (1)]).[30]


VDA ¼
VDBVBA


D
� P


i


�
ni


D


�
ð1Þ


Here VDB and VBA are the donor–bridge and bridge–accept-
or electronic coupling, respectively, D is the energy differ-
ence between states localized on the donor and bridge units,
and ni is the electronic coupling between neighboring units
within the bridge structure. If the bridge consists of a series
of identical units this model predicts that the electronic cou-
pling will decay exponentially with distance according to
Equation (2).


VDA / exp
�
� b


2
RDA


�
ð2Þ


Here RDA is the donor–acceptor edge-to-edge distance, and
b is the attenuation factor. The magnitude of b depends on
the electronic structure of the bridge (n), the length of a re-
peating unit of the bridge (R0), and on the energy difference
between the donor and bridge unit localized states (D) ac-
cording to Equation (3).


b ¼ 2
R0


lnjD
n
j ð3Þ


The parameters in Equation (3) are, in general, not acces-
sible, but D is closely related to the donor–bridge energy
gap, DEDB, that has been shown to influence b in analogy
with D, both experimentally[38] and theoretically.[39]


The dividing of the bridge into weakly coupled subunits
in the McConnell model, which gives the exponential dis-
tance dependence, is expected to be less valid for conjugat-
ed bridges. For systems with highly conjugated p bridges,
the coupling element between the bridge units is very large
and as the bridge is extended its energy can rapidly ap-
proach that of the donor. In such cases the distance depend-
ence might become non-exponential and the electronic cou-
pling may even increase with distance.[39–41] However, in this
study we utilize the McConnell model as it has been shown
that the distance dependence for the studied series of OPE
systems is exponential,[38,39] and the b value is a convenient
single-parameter description of the distance dependence.


In D-B-A systems where the donor, acceptor, and individ-
ual sub-units of the bridge can be divided into a series of


well-defined molecular planes it has been shown that the
major conformational parameters that influence the elec-
tronic coupling are the dihedral angles between these neigh-
boring planes.[25,42–46] Since the average conformation of the
system is expected to vary with temperature, the electronic
coupling and, thus, the TEET rate is also expected to be
temperature dependent. This work is a combined experi-
mental and theoretical study of how the temperature influ-
ences the rate and distance dependence of TEET in a series
of D-B-A systems where the donor–acceptor separation,
RDA, is varied, ZnP-xB-H2P (x=2, 3, 4, and 5). Here a
zinc(II) 5,15-diaryl-2,8,12,18-tetraethyl-3,7,13,17-tetrame-
thylporphyrin (ZnP) acts as the donor, and the correspond-
ing free-base porphyrin (H2P) acts as the acceptor of the
triplet excitation energy. The donor and acceptor chromo-
phores are separated by oligo-p-phenyleneethynylene, OPE,
bridge units (B) where the number (x) of phenylene groups
varies between two and five, as shown in Figure 1.


To investigate the impact of temperature on the rates and


the distance dependence of TEET in the ZnP-xB-H2P sys-
tems, transient absorption measurements were performed in
2-methyl tetrahydrofuran (2-MTHF) between 298 and 80 K.
The experimentally determined dependence of b on the
temperature was evaluated using a previously developed
theoretical expression that models the electronic coupling in
relation to the temperature dependent conformation of the
bridge structure.[38]


Calculations : All quantum-chemical calculations were per-
formed with the Gaussian 03 program suite[47] at the
B3LYP/6–31G(d) level and have been thoroughly described
previously.[38] In short, the calculations include the evalua-
tion of the potential energy as a function of rotation around
several dihedral angles between the planes of individual sub-
units, which have been identified as being the major param-


Figure 1. The donor ACHTUNGTRENNUNG(ZnP)-bridge(xB)-acceptor ACHTUNGTRENNUNG(H2P) systems (1), refer-
ence compounds ZnP-xB (2), and H2P-xB (3).
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eters modulating the electronic coupling in this type of
system.[25,42–46] The relevant dihedral angles are the ones be-
tween the porphyrin plane and the plane of the first phenyl
unit of the bridge (w), and a series of dihedral angles be-
tween planes defined by neighboring phenyl units of the
bridge (f). The potential energy as a function of dihedral
angle was calculated by changing the angle in 58 increments,
followed by geometry optimization with respect to all other
parameters at each point. To save calculation time the calcu-
lations were performed on the building blocks (compounds
5 and 6 in Figure 2) instead of the whole systems.


For the calculations of the electronic coupling, each sym-
metrical model system Zn-xB-Zn, x=2, 3, 4 and 5 (com-
pound 4 in Figure 2) was stripped of saturated groups
judged to have a minor impact on the electronic properties,
and geometry optimized with D2h symmetry constraints. This
forced the porphyrin and bridge planes to be orthogonal
(w=908) and the optimizations resulted in structures very
similar to the ones obtained for optimizations of systems
with the full substitution pattern used in the experimental
study (see Figure 1). The resulting optimized geometries
were used as starting points for the series of time-dependent
density functional theory (TD-DFT) calculations of the ver-
tical T1


!S0 excitations. To investigate the conformational
dependence of the electronic coupling, the angles between
the various units were varied (cf. Figure 2) and the electron-
ic couplings were calculated for each conformation. The
electronic coupling was estimated as half the excitation
energy difference between the two lowest excited triplet
states of the porphyrin moieties. Importantly, for this proce-
dure to be valid the system has to be at the avoided crossing
geometry. Avoided crossing geometries were achieved by as-
suring that the system had a mirror plane or a C2-rotation
axis, thus forcing the wave function to be equally distributed
on the two porphyrins. The rotations described above were
always done in such a way that the symmetries were pre-
served.


Results


The photophysics of the ZnP-xB-H2P systems are well
known through extensive studies.[24, 25,38, 48,49] It has been es-
tablished that the ground state absorption spectra of the D-
B-A systems are described well by a sum of the spectra of
the individual components. This shows that ground state or
first excited singlet state interactions between the individual
building blocks are small and that the electronic coupling is
in the very weak region. This is ensured by the porphyrin
substitution pattern, that is, the b-methyl groups, which
keeps the bridge plane out of conjugation with the porphy-
rin planes.


The ZnP-xB and H2P-3B reference compounds were ex-
cited at 544 and 505 nm, respectively, and decay traces were
recorded at 470 nm. It was previously concluded that, at
150 K, there was no difference in lifetimes between the dif-
ferent ZnP-xB reference compounds,[38] and this observation
was confirmed in this study for all temperatures between
300 and 80 K. Transient absorption decays of the ZnP-xB-
H2P systems were recorded at 470 nm following excitation
by a laser pulse with a wavelength of 544 nm. At this excita-
tion wavelength, the ZnP moiety is excited with 90% selec-
tivity. A representative decay trace is shown in Figure 3 and


shows a fast initial decay, ascribed to the quenched ZnP
triplet state, followed by a slower decay of lower amplitude,
matching the lifetime of the H2P-3B reference compound.


The decay traces of the ZnP-xB-H2P systems were evalu-
ated using Equation (4), in which the H2P lifetime(s) (1 or
2) were fixed to the one(s) of the H2P-3B reference at the
same temperature.


DAðTÞ ¼
X1 or 2


i¼1
aZnP
i expð�t=tZnP


i Þ þ
X1 or 2


j¼1
a


H2P


j expð�t=t
H2P


j Þ ð4Þ


Figure 2. The symmetrical D-B-D compounds, Zn-xB-Zn, used for calcu-
lating the electronic coupling (4), the model compound used for calculat-
ing the donor-bridge rotation energy (5), and the structures used to calcu-
late the rotation energy of the dihedral angle between phenyl planes
within the bridge (6).


Figure 3. A representative decay trace showing the decay of the transient
absorption signal recorded at 470 nm for the ZnP-4B-H2P system at
130 K. The initial decay is due to the quenched ZnP moiety and the
decay on a longer timescale matches the one for the H2P-3B reference.
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As previously reported, above 150 K the donor and acceptor
reference compounds show biexponential decay kinetics,
due to the transformation between two distinct conforma-
tions (T1A!T1B) on the triplet surface.[50–52] Below 150 K the
transformation process is too slow to compete with the
T1A!S0 intersystem crossing process. In this study we are
only interested in TEET from T1A of the ZnP donor since
this conformation is present at all temperatures. Above
200 K the T1A!T1B process of ZnP is fast, making TEET
from the T1A state very inefficient; instead TEET from T1B


could be seen.[25] Between 200 and 130 K the main deactiva-
tion of the T1A state in the ZnP-xB-H2P systems is TEET,
except for a few cases (for x=4 and 5 at temperatures
above 175 and 150 K, respectively) where the transforma-
tions occur on the same (or faster) timescale impeding the
determination of the TEET rate. In this temperature interval
the decay traces (see Figure 3) could be well described by a
single exponential contribution from the ZnP decay (a2


ZnP=


0 in [Eq. (4)]) and a subsequent biexponential decay on
longer timescales, corresponding to the decay of the two
H2P triplet states. Below 130 K the decay of the quenched
ZnP state in the D-B-A systems showed complex decay ki-
netics which required two exponentials to describe. Howev-
er, in this temperature regime the intrinsic deactivation of
the reference compounds is described well by single expo-
nentials, indicating that complex TEET dynamics are re-
sponsible for the biphasic quenching (see the Discussion sec-
tion). The subsequent H2P decay is described well by a
single exponential at these temperatures, so that no more
than three exponentials in Equation (4) were required to fit
the data at any temperature. The extracted, quenched, ZnP
lifetimes from the fitting of Equation (4) to the experimen-
tal data are shown in Table 1.


For the temperature interval 200–130 K, the TEET rate
was determined by comparing the reciprocal lifetime of ZnP
in the D-B-A systems to that of the reference chromophore
according to Equation (5).


kTEET ¼ t�1�t�1ref ð5Þ


For temperatures below 130 K, where the decay of the
quenched ZnP triplet was complex and the fit required a
biexponential expression, the average ZnP lifetime in the


D-B-A systems, hti, was instead used to calculate the rate,
as shown in Equation (6).


hti ¼ ða1
ZnPt1


ZnP þ a2
ZnPt2


ZnPÞ=ða1
ZnP þ a2


ZnPÞ ð6Þ


The extracted TEET rates are compiled in Table 2 and
shown in Figure 4. From Figure 4 it can be seen that the
TEET process in these D-B-A systems has quite a complex
temperature dependence, showing negative activation ener-
gies (increasing rate with decreasing temperature) in some


Table 1. The experimentally determined lifetimes of the ZnP moiety (cf. [Eq. (4)]).


ZnP-2B-H2P ZnP-3B-H2P ZnP-4B-H2P ZnP-5B-H2P
T
[K]


t1
[ns]


t2


[ms]
A1/A2


[a] t1


[ms]
t2


[ms]
A1/A2


[a] t1


[ms]
t2


[ms]
A1/A2


[a] t1


[ms]
t2


[ms]
A1/A2


[a]


200 38 – – 0.87 – – – – – – – –
175 48 – – 1.2 – – 36 – – – – –
150 61 – – 1.5 – – 41 – – 0.82 – –
140 75 – – 1.8 – – 43 – – 1.3 – –
130 110 – – 2.1 – – 47 – – 1.4 – –
120 150 0.52 68/32 2.5 6.7 83/17 35 6.7M10�2 40/60 0.20 1.6 5/95
110 550 2.7 72/28 5.1 14 49/51 80 – – 1.0 1.9 12/88
95 1.2M103 14 74/26 26 190 61/39 220 1.3 37/63 1.1 35 8/92
80 2.0M103 19 78/22 46 370 63/37 340 1.9 44/56 1.2 52 12/88


[a] In the bi-exponential fits the normalized pre-exponential factors are given.


Table 2. The calculated TEET rates.


ZnP-2B-H2P ZnP-3B-H2P ZnP-4B-H2P ZnP-5B-H2P
T [K] kTEET [s�1]


200 2.62M107 1.08M106 – –
175 2.08M107 8.40M105 2.01M104 –
150 1.64M107 5.27M105 2.55M104 875
140 1.33M107 5.53M105 2.57M104 566
130 9.86M106 4.71M105 2.28M104 629
120 3.74M106 3.11M105 1.84M104 616
110 8.71M105 1.03M105 1.26M104 520
95 2.18M105 1.13M104 1.06M104 10.8
80 1.74M105 6.02M103 8.13M102 9.50


Figure 4. The logarithmic triplet state decay rate of the ZnP-xB (T1A


state) references (*) and the TEET rates of the ZnP-xB-H2P systems
with x=2 (*), 3 (&), 4 (&), and 5 (~). The lines between the data points
are only guides to the eye.
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cases. This can be explained by two opposing effects when
the temperature is lowered causing low energy conforma-
tions to be more and more populated (see Discussion). Such
complex temperature dependences have previously been ob-
served for ET in similar D-B-A systems.[44]


Figure 5 shows the logarithmic TEET rates plotted versus
RDA at four representative temperatures. At each tempera-
ture a different b value can be extracted. It can be seen that
the b values (the slope of the fitted lines) decrease continu-
ously with decreasing temperature.


The experimentally determined b values are plotted
versus temperature in Figure 6 (solid circles) together with
the best fits of the theoretical model for a Boltzmann distri-
bution (dashed line) and a distribution distorted by viscosity
effects (solid line). The modeling of this temperature de-
pendence will be discussed in the following section.


Discussion


The motivation of this study was to investigate how the tem-
perature dependent average conformations of dihedral
angles between sub-units of D-B-A systems influence the
electronic coupling. This study is a continuation of previous
work in which we determined the distance dependence at
150 K and derived a theoretical model that could describe
the data.[38] The model led to a factorized expression of the
Boltzmann averaged total electronic coupling, given in
Equation (7),


hVDAðw,f1, f2, . . . , fx�1Þix ¼ Vx � hVðwÞi � P
x�1


m¼1
hVðfmÞi


¼ Vx � hVðwÞi � hVðfÞix�1
ð7Þ


where h···i indicates an averaged property (please see
ref. [38] for details). The magnitude of the total electronic
coupling is given by the first term, Vx, whereas the other
two terms, hV(w)i and hV(f)i, give the normalized depend-
ence of the electronic coupling on the conformational pa-
rameters. From the McConnell model it follows that b can
be extracted from the derivative of the logarithmic coupling
(cf. [Eq. (2)]) as shown in Equation (8).


b ¼ �2 dlnVDA


dRDA
ð8Þ


Thus, the temperature dependence of b derived from the
model can more easily be visualized from the logarithmic
averaged electronic coupling, given in Equation (9).


lnhVDAi ¼ lnVx þ lnhVðwÞi þ ðx�1ÞlnhVðfÞi ð9Þ


The first term is a temperature independent constant that is
unique for each bridge length. This series of temperature in-
dependent constants will give b for a planar bridge structure,
which was found from TD-DFT calculations[38] to be bplanar=


0.19 5�1 for this particular OPE series.[53] The second term
is temperature dependent but independent of bridge length,
and will thus not affect b. It will, on the other hand, be a
major contribution to the total electronic coupling and, thus,
to a large extent govern the temperature dependence of the
TEET rates. The last term in Equation (9) is also tempera-
ture dependent and, since x varies, will, according to the
model, be the sole factor governing the temperature de-
pendence of b. The distance dependence inherent in this
factor originates from the (x�1) factor and the temperature
dependence originates from hV(f)i. Thus, b can be split into
a temperature independent constant that will give the
lowest obtainable b value, and a temperature dependent var-
iable that will reflect the average conformation of the
bridge, as described in Equation (10).


btot ¼ b0 þ bðTÞ ð10Þ


The factor that governs the temperature dependence of b is


Figure 5. Representative “beta plots” and the respective linear fits (lines)
at 175 K (&), 150 K (&), 120 K (*), and 110 K (*).


Figure 6. Experimentally determined b versus temperature (*) and fits of
the theoretical model to the experimental data using a pure Boltzmann
averaging (dashed line) and using viscous activation energy (solid line),
see Discussion for details.
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the integrated Boltzmann weighted electronic coupling due
to conformational disorder in the bridge structure. In this
factor the conformational dependence of the electronic cou-
pling is weighted according to the corresponding potential
energy. Approximate analytical expressions for both the
conformational dependence of the electronic coupling and
the potential energy for OPE bridges have been derived
from TD-DFT calculations.[38]


The division of b into a constant and a temperature de-
pendent part should be quite general for any series of D-B-
A systems with repeating bridge units. We derived a very
specific expression for the conformational dependence of
the electronic coupling for OPE bridges.[38] This expression
is nearly the same as the one expected from consideration
of overlap between two mutually rotating p-orbitals, which
has previously been reported for TEET,[43,45] and is given in
Equation (11).


VðfÞ ¼ cos2f ð11Þ


If the more general relation is used instead of the very spe-
cific one, analytical solutions of the Boltzmann integrals are
possible. The normalized conformational dependence for
any repeating bridge structure, with its minimal energy asso-
ciated with a planar conformation, can with this assumption
be approximated by Equation (12),


hVðfÞi ¼
R
e �Efsin


2f


RT � cos2f � dfR
e �Efsin2f


RT � df
¼ 1


2


�
1�


I1


�
�Ef


2RT


�


I0


�
�Ef


2RT


�
�


ð12Þ


where In(z) is the modified Bessel function of the first kind
of order n and Ef is the barrier to rotation of two bridge
units in relation to each other. Evaluation of this expression
reveals that hV(f)i varies from 1 to 0.5 for a planar and
randomized bridge structure, respectively, so that (cf.
[Eq. (8)]) 0�b(T)�2 ln2/R0. Thus, using this relation, one
can easily estimate the maximum effect of rotational disor-
der, or lack thereof, on the attenuation in any D-B-A
system based on repeating bridge units. Different shapes
and heights of the energy barrier to rotation of neighboring
units of the bridge will give different intermediate tempera-
ture behavior, but the limits will be the same. For the OPE
bridges a planar conformation is the most energetically fa-
vorable. Thus, as the temperature is increased, b will also in-
crease in accordance with, on average, a less planar bridge
structure. Oligo ACHTUNGTRENNUNG(phenyl), OP, bridges, on the other hand,
have an angle close to 45 degrees between neighboring units
in the bridge associated with the lowest energy conforma-
tion. Increasing the temperature will, thus, simultaneously
populate conformations associated with higher and lower
electronic coupling. Attenuation in systems based on this
type of bridge is thus expected to be less sensitive to tem-
perature.


To model the experimentally determined temperature de-
pendence of b (Figure 6) the energy barrier to rotation of
the dihedral angle between the planes of two phenyl units in
the bridge, Ei, and the constant part of the attenuation
factor, b0, was varied so that the temperature dependence of
b derived from the model was fitted to the experimental re-
sults. The extracted rotational barrier from this procedure
was, Ei=1.1 kJmol�1, and the limiting b value, b0=0.29 5�1.
This rotational barrier height is in line with experimental
and theoretical studies, which have shown that the rotational
barriers in OPE structures are between 0–3.8 kJmol�1.[54–59]


Moreover, only the experimental data from the interval
200–130 K could be included, as the model did not describe
the data at the lower temperatures. Figure 6 shows the result
from the fitting procedure (dashed line). The model de-
scribes the experimental data down to 130 K, whereas at
temperatures below 130 K the experimental b values de-
crease much faster than predicted by the Boltzmann distri-
bution for this model.


This suggests that the temperature dependence of b can
be divided into two regimes. At high temperatures (room
temperature to 130 K) the Boltzmann distribution is main-
tained due to the fact that the internal rotational dynamics
are much faster than the TEET rates. In contrast, at low
temperatures (120–80 K) the interconversion between con-
formers is slow and occurs on the same timescale as TEET.
Therefore, a distribution of TEET rates is expected in the
low temperature regime, resulting in more complex decay
kinetics of the ZnP quenching. This will cause a distortion
of the Boltzmann distribution over time as the conforma-
tions associated with a high electronic coupling will transfer
their energy quickly, depleting their population. Conforma-
tions with lower electronic coupling will be “left behind”
and govern the decay kinetics at longer times. This will lead
to a time-averaged distribution of conformations that is per-
turbed from the Boltzmann distribution so that conforma-
tions representing a higher electronic coupling will have a
larger contribution.


A way to compensate for viscous friction is to correct the
internal rotation energy with a temperature-dependent
factor, resulting in a temperature dependent apparent acti-
vation energy, Eapp


[60] , as shown in Equation (13), where Ei


is the intrinsic energy barrier to rotation, Eh =


1.3469 kJmol�1 and T0=81 K for 2-MTHF, and typical a


values are around 0.1 (depending on the sharpness of the
barrier).


EappðTÞ ¼ Ei þ aEh


T2


ðT�T0Þ2
ð13Þ


The result of using the fitted apparent activation energy is
shown in Figure 6 (solid line) and the fitted parameters are:
Ei=0.015 kJmol�1, a =0.13, and b0=0.30 5�1. Although
Equation (13) has not previously been used in the context of
acquiring the effects of a perturbed Boltzmann distribution
it has the necessary characteristics to do so for the distance
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dependence of TEET mediated by OPE bridges. This is be-
cause the OPE bridge in a low energy conformation is asso-
ciated with a higher electronic coupling. It will thus distort
the Boltzmann population according to the discussion
above. As an alternative, the Marcus equation[61,62] in combi-
nation with the temperature dependence of the total elec-
tronic coupling could in principle be used to calculate direct-
ly the temperature dependence of the TEET rate. This pro-
cedure would, however, also require knowledge about the
rotational barrier for the phenylporphyrin dihedral angles
(w) as well as the temperature dependence of the driving
force and reorganization energy for the transfer reaction.
Thus, the fitting procedure would involve a large number of
unknown parameters. In contrast, fitting of an analytical ex-
pression for the temperature dependence of the distance de-
pendence (i.e. b) to experimental data reduces the number
of fitting parameters dramatically. Moreover, many of the
unknown parameters are very nearly independent of dis-
tance and thus will not contribute to b. Studying the temper-
ature dependence of b might, therefore, prove to be an al-
ternative way of determining rotational barriers in bridge
structures. However, this would benefit from as large a tem-
perature interval as possible, and unfortunately the available
temperature range is quite small for the systems studied
here. This is due to the increased viscosity at low tempera-
tures and the limited triplet lifetimes, caused by the transi-
tion between the two conformations (T1A!T1B) of the ZnP
donor at high temperatures. A donor chromophore with
longer triplet lifetimes (e.g. a differently substituted zinc(II)
porphyrin) might increase the available temperature range
and improve the value of the determined rotational barrier.


In discussions of the temperature dependence of ET pro-
cesses it has been suggested that a temperature dependent
reorganization energy may serve as a simplification of fuller
dynamic models.[63] This is due to the fact that the slowing
down of solvent relaxation will result in an apparently
higher activation energy for reaching the avoided crossing
geometry. The temperature dependent apparent activation
energy used in this work will serve a similar purpose for
TEET, where the limiting rate is not expected to be the ac-
quiring of avoided crossing geometry, but rather the geome-
try of optimal electronic coupling. Further, we are studying
the distance dependence, which removes the impact on acti-
vation energy for achieving the avoided crossing geometry,
since it is the same for all systems, irrespective of donor-ac-
ceptor separation. In conclusion the derived theoretical
model ([Eq. (7)]) was found to describe accurately the dis-
tance dependence of TEET mediated by OPE bridges at
temperatures where the viscosity is not very high and the re-
sulting rotational barrier is in line with previous studies. In
regions where the viscosity is higher the model could de-
scribe b with the use of a temperature dependent apparent
activation energy ([Eq. (13)]).


Experimental Section


The synthesis of the D-B-A systems used in the experimental study has
been described elsewhere.[64]


The solvent 2-methyl tetrahydrofuran (2-MTHF) (Merck) was distilled,
to remove stabilizers and impurities, prior to use. The low temperature
measurements were performed using a temperature-controlled liquid ni-
trogen cryostat (Oxford LN2). Oxygen was removed in the samples by
four to six freeze-pump-thaw cycles, effectively reducing the oxygen pres-
sure to below 10�4 mbar.


Absorption spectra were recorded at room temperature using normal
1 cm quartz sample cells in a Cary 4B UV/Vis Spectrophotometer. A
baseline of the pure solvent was also recorded for every spectrum.


The nanosecond to microsecond transient absorption measurements were
performed on an experimental setup described previously[65] where the
excitation light is provided by a pulsed Nd:YAG laser (Continuum Sure-
lite II-10, pulse width < 7 ns). The Nd:YAG laser pumps an OPO that
gives a tunable excitation light source in the wavelength region between
400–700 nm. The probe light (a Xenon arc lamp), after passing the
sample, is then passed through a monochromator (symmetrical Czerny-
Turner arrangement) and detected by a five-stage Hamamatsu R928 pho-
tomultiplier tube. For each sample, 64 transient signals were collected
and averaged on a 200 MHz digital Oscilloscope (Tektronix TDS2200
2Gs/s) and stored by a homemade LabView program controlling the
whole system. To reduce the photochemical stress on the sample during
measurements the probe light was filtered using a 460 nm interference
filter and the power of the excitation pulses were kept below 10 mJ.
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Introduction


Trees and shrubs of the genus Goniothalamus growing in
South East Asia have long been known as a source of di-
verse secondary metabolites such as the styryllactones.
Many of these natural products show outstanding ranges of
biological activities and have been used in folk medicine.
(+)-Altholactone (1, Figure 1), a tetrahydrofurano-2-pyrone
of the styryllactone family of natural products, has been iso-
lated from an unnamed Polyalthia (Annonaceae) species[1]


and also from various members of the Goniothalamus
family.[2] This class of natural products shares a common 5,6-
dihydro-2H-pyran-2-one[3] structural unit, other members of
the group including acetoxygoniothalamine, goniodiol (2),
and goniotriol (3).[4] (+)-Altholactone (1) is known to be cy-
totoxic in vitro and shows in vivo antitumor activity.[2,5]


Because of the intriguing structures of the styryllactone
family and their broad range of important biological activi-
ties, many synthetic methods to synthesise this core struc-
ture have been employed.[6] Most syntheses are based on the
chiral pool concept, employing enantiopure starting materi-


als such as carbohydrates,[7] glyceraldehyde,[8] hydroxy
acids,[9] and amino acids.[10] Asymmetric syntheses[11] and
chemoenzymatic approaches[12] are rather rare.


Results and Discussion


In continuation of our efforts to develop efficient asymmet-
ric syntheses of natural products and biologically active
compounds[13] based on 2,2-dimethyl-1,3-dioxan-5-one
(4)[14, 15] by the SAMP/RAMP hydrazone methodology,[16] we
now wish to report a new and efficient asymmetric synthesis
of (+)-altholactone (1). As is depicted in Scheme 1, this tet-
rahydrofurano-2-pyrone structure can retrosynthetically be
traced back to the dioxanone 4, benzaldehyde and a protect-
ed 3-bromopropanol.


The commercially available and easy to prepare dioxa-
none 4 was first converted into the corresponding RAMP-
hydrazone 5 (Scheme 2) in 90 % yield by treatment with the
chiral hydrazine auxiliary (R)-1-amino-2-methoxymethylpyr-
rolidine (RAMP). After metallation with tert-butyllithium


Keywords: aldol reaction ·
altholactone · asymmetric synthesis ·
hydrazones · natural products


Abstract: The asymmetric total synthesis of (+)-altholactone (1), a member of the
styryllactone family of natural products displaying cytotoxic and antitumor activi-
ties, is described. Key steps include a RAMP-hydrazone a-alkylation (RAMP =


(R)-1-amino-2-methoxymethylpyrrolidine) of 2,2-dimethyl-1,3-dioxan-5-one, a
boron-mediated aldol reaction, a six- to five-membered ring acetonide shuffling,
an oxidative 1,5-diol to d-lactone conversion and a stereoselective ring-closure to
generate the annulated tetrahydrofuran moiety with inversion of configuration.
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Figure 1. Typical natural products of the styryllactone family.
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and trapping of the aza-enolate with 3-benzyloxy-1-bromo-
propane at low temperature, the resulting a-alkylated hydra-
zone was hydrolysed[17] with a saturated aqueous solution of
oxalic acid. The alkylated dioxanone 6 was obtained after
purification by flash chromatography in 82 % yield over the
two steps and with an excellent enantiomeric excess (ee) of
>98 % as determined by chiral stationary phase GC.


We had next envisaged the use of our organocatalytic
C3+Cn biomimetic strategy[18] for carbohydrate synthesis in a
proline-catalysed anti-selective aldol reaction to form 7
from the dioxanone 4.[19] Because no satisfying results in
terms of yield and stereoselectivity could be obtained in this
special case of an organocatalytic aldol reaction between 6


and benzaldehyde, we switched to the boron-mediated aldol
variant,[20] which afforded the desired anti-aldol 7 in 68 %
yield and with excellent diastereoselectivity (de > 98 %) as
determined by 1H and 13C NMR spectroscopy. As had been
hoped, the relative configuration between C-6 and C-4 (see
altholactone numbering) also turned out to be anti, as was
easily determined by 13C NMR[21] from the acetonide methyl
group chemical shifts (d=23.5 and 23.6 ppm). Gratifyingly,
our strategy to control the relative and absolute configura-
tions of the remaining stereocentres diastereoselectively
through the first one created with the highly reliable SAMP/
RAMP-hydrazone methodology had worked out.


Because of the sensitivity of the aldol addition product 7
and in order to achieve a high diastereoselectivity in the
subsequent reduction step, it was necessary to protect the
hydroxy group as the corresponding tert-butyldimethylsilyl
(TBS) ether 8 under standard conditions (90 % yield). Selec-
tive reduction of the ketone function with L-selectride af-
forded the alcohol 9 in 88 % yield and with an excellent dia-
stereoselectivity of de >96 %, as determined by 1H NMR
and 13C NMR spectroscopy, in favour of the anti relative
configuration with respect to centre C-7 (Scheme 2).


In our synthetic strategy we had to discriminate between
the several secondary alcohol groups in a specific way in-
cluding an acetonide shuffling. Thus, benzylation of alcohol
9 yielded the corresponding dibenzyl ether 10 in 90 % yield,
and subsequent removal of the TBS protecting group with
tetra-n-butylammonium fluoride (TBAF) gave the alcohol
11 (Scheme 3) in 95 % yield. Treatment of the alcohol aceto-
nide 11 under equilibrating acidic conditions furnished a
readily separable mixture of the five-membered ring acetal
acetonide 12 and starting material. The acetonide 12 was
protected as the corresponding TBS ether 13 in 99 % yield,
whereas acetonide 11 was recycled. Simultaneous double de-
benzylation of 13 under standard hydrogenolysis conditions
over 10 % palladium on carbon provided a 99 % yield of the
diol 14 (Scheme 3), which was used in an oxidation/in situ
cyclisation sequence with 2-iodoxybenzoic acid (IBX)[22] to
afford the corresponding lactol. This was oxidised to the d-
lactone 15 (Scheme 4) with tetra-n-propylammonium per-
ruthenate (TPAP)/N-methylmorpholine N-oxide (NMO)[23]


in 77 % yield over two steps. A exploratory attempt to reach
lactone 15 in one step from diol 14 with use of TPAP/NMO
had initially been envisaged, but the reaction gave the corre-
sponding aldehyde without any observed cyclisation.


Abstract in German: Die asymmetrische Totalsynthese von
(+)-Altholacton (1), einem Mitglied der Styryllacton-Familie
von Naturstoffen mit cytotoxischen und antitumor-Aktivit.t-
en, wird beschrieben. Unter den Schl1sselschritten sind eine
RAMP-Hydrazon-a-Alkylierung (RAMP= (R)-1-Amino-2-
methoxymethylpyrrolidin) von 2,2-Dimethyl-1,3-dioxan-5-on,
eine Bor-unterst1tzte Aldol-Reaktion, eine Sechs- zu F1nfring
Acetonid-Verschiebung, eine oxidative 1,5-Diol zu d-Lacton-
:berf1hrung und ein stereoselektiver Ringschluß zur Gener-
ierung der annulierten Tetrahydrofuran-Gruppierung unter
Inversion der Konfiguration.


Scheme 1. Retrosynthetic analysis of (+)-altholactone (1).


Scheme 2. a) RAMP, benzene, reflux (90 %); b) 1) tBuLi, THF, �78 8C;
2) BrACHTUNGTRENNUNG(CH2)3OBn, �100 8C!RT; c) oxalic acid, Et2O, RT (82 % over two
steps); d) Cy2BCl, Et3N, Et2O, �78 8C, then H2O2, MeOH, pH 7 buffer,
RT (68 %); e) TBSOTf, 2,6-lutidine, CH2Cl2, RT (90 %); f) L-selectride,
THF, �78 8C (88 %); g) BnBr, KH, THF, RT (90 %). Tf = trifluorometha-
nesulfonyl.


Scheme 3. a) TBAF, THF, RT (95 %); b) 1. p-TsOH (cat.), acetone, RT.
2. 0.25 equiv 2,2-DMP, PPTS (cat.) [12 (36 %), 11 (59 %)]; c) TBSOTf,
2,6-lutidine, CH2Cl2, RT (99 %); d) H2, 10% Pd/C, EtOAc, RT (99 %).
TsOH =p-toluenesulfonic acid. 2,2-DMP= 2,2-dimethoxypropane.
PPTS= pyridinium p-toluenesulfonate.
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The introduction of the a,b-double bond into the d-lac-
tone 15 was achieved through an a-selenylation/elimination
sequence[24] with PhSeCl and H2O2, which provided 16 in
86 % yield over two steps (calculated on the recovered start-
ing material).


In order to construct the tetrahydrofuran ring of the
target molecule through a ring-closure, the TBS protecting
group was removed with tetrabutylammonium fluoride in
74 % yield to afford the alcohol 17, which was transformed
into the corresponding tosylate 18 in 95 % yield. Removal of
the acetonide protecting group under acidic conditions with
Amberlyst 15[25] and simultaneous ring-closure with com-
plete inversion of configuration led to the target molecule
(+)-altholactone (1) in 93 % yield (Scheme 4).


Conclusion


In summary, an efficient highly diastereo- and enantioselec-
tive synthesis of (+)-altholactone (1) in eighteen steps and
13.7 % overall yield from the commercially available starting
dioxanone 4 has been achieved. The first key step of the
asymmetric synthesis is a RAMP-hydrazone a-alkylation of
the dihydroxy acetone C3-building block 4, which generates
the first stereocentre with virtually complete asymmetric in-
duction (ee > 98 %), subsequently allowing the remaining
three stereogenic centres to be diastereoselectively con-
trolled. This was accomplished by a boron-mediated anti-se-
lective aldol reaction, a ketone reduction with L-selectride,
and a tetrahydrofuran ring-closure with complete inversion
of configuration under acidic conditions. Our new route to
the styryllactone family is flexible in terms both of stereose-
lectivity and of structural variations for further bioactivity
screening. For instance, the enantiomer (�)-altholactone
should be available simply by replacing the chiral auxiliary
RAMP by its enantiomer SAMP in the first key step of the
synthesis, and the aldehyde component of the aldol reaction
may be varied. In addition, a Mitsunobu inversion of our in-
termediate alcohol 17 and a hydride displacement of the


tosyl group in 18 should give rise to (+)-goniotriol (3) and
(+)-goniodiol (2), respectively. These reactions are currently
under investigation in our laboratories.


Experimental Section


Solvents were purified and dried prior to use. Tetrahydrofuran (THF)
and diethyl ether were freshly distilled over sodium and under argon. Di-
chloromethane, dimethyl sulfoxide (DMSO) and triethylamine were dis-
tilled over calcium hydride and stored under argon. Acetone was distilled
over P4O10 and stored under argon. Methanol was distilled over magnesi-
um. Diethyl ether, pentane and ethyl acetate were distilled over KOH,
CaH2 and K2CO3, respectively, prior to use. Analytical glass-backed TLC
plates (silica gel 60 F254) and silica gel (60, 40–63 mm) were purchased
from Merck, Darmstadt. Reagents of commercial quality were used from
freshly opened containers unless otherwise stated. Optical rotations were
measured on a Perkin–Elmer P241 polarimeter and with solvents of
Merck UVASOL quality. Microanalyses were performed with a Heraeus
CHN-O-RAPID, Vario EL elemental analyser. 1H and 13C NMR spectra
were obtained on Varian VXR 300, Gemini 300 (both 300 and 75 MHz),
Varian Inova 400 (400 MHz and 100 MHz) or Varian Unity 500 (500 and
125 MHz) instruments with TMS as the internal standard. IR spectra
were recorded on a Perkin–Elmer 1760 FT/IR spectrometer. Mass spec-
troscopic analyses were obtained on a Varian MAT 212 (EI, 70 eV,
1 mA) and a Finnigan MAT SSQ 7000 (CI, 100 eV) instrument (relative
intensities are reported in brackets). High-resolution mass spectra were
recorded on a Finnigan MAT 95 machine. Melting points were measured
with a BLchi 510 apparatus and are uncorrected. 13C NMR spectra of all
compounds for which only HRMS data are given below are shown in the
Supporting Information (compounds 7, 12, 14, 16, 17, 18 and 1).


(R)-(�)-1-(2,2-Dimethyl-1,3-dioxan-5-ylidenamino)-2-methoxymethylpyr-
rolidine (5): In a flask fitted with a Dean–Stark trap and a reflux con-
denser, dioxanone 4 (8.45 g, 64.93 mmol, 1.0 equiv) and (R)-1-amino-2-
methoxymethylpyrrolidine (8.48 g, 65.14 mmol, 1.0 equiv) in benzene
(80 mL) were heated at reflux for 20 h. After the system had cooled,
Et2O (200 mL) was added and the mixture was washed with H2O (2 M
10 mL). The organic layer was dried (MgSO4), and the solvent was re-
moved under reduced pressure. The crude hydrazone was purified by dis-
tillation under reduced pressure to give RAMP-hydrazone 5 as a yellow
oil (14.16 g, 90%). B.p. 106–109 8C (1 mbar); [a]23


D =�230.0 (neat) and
�307.74 (c=1, CHCl3); 1H NMR (300 MHz, CDCl3): d=4.21–4.58 (m,
4H; CH2CN), 3.35 (s, 3 H; OCH3), 3.04–3.46 (m, 4 H; NCHH, NCH,
CH2OCH3), 2.50 (q, 3J ACHTUNGTRENNUNG(H,H) =8.5 Hz, 1H; NCHH), 1.93–2.06 (m, 1H;
NCHCHHCH2), 1.80–1.89 (m, 2H; NCH2CHH, NCHCHHCH2), 1.60–
1.71 (m, 1 H; NCH2CHH), 1.43 [s, 3 H; C ACHTUNGTRENNUNG(CH3)], 1.40 ppm (s, 3H; C-
ACHTUNGTRENNUNG(CH3)); 13C NMR (75 MHz, CDCl3): d =160.0 (CN), 99.9 [C ACHTUNGTRENNUNG(CH3)2], 75.4
(CH2OCH3), 66.6 (NCH), 62.6 (CH2CN), 60.3 (CH2CN), 59.2 (OCH3),
55.4 (NCH2), 26.7 (NHCHCH2CH2), 24.5 [C ACHTUNGTRENNUNG(CH3)], 23.2 [C ACHTUNGTRENNUNG(CH3)],
22.7 ppm (NCH2CH2); IR (film): ñ=2982, 2937, 2874, 1451, 1376, 1221,
1150, 1094, 1068, 836 cm�1; MS (100 eV, CI): m/z (%): 243 (100) [M+H]+,
242 (19), 211 (8) [M+H�CH3OH]+ , 197 (19), 185 (52) [M+H�
(CH3)2CO]+ ; elemental analysis (%) calcd for C12H22N2O3 (242.31): C
59.48, H 9.15, N 11.56; found: C 59.47, H 9.36, N 11.34.


(R)-(+)-4-(3-Benzyloxypropyl)-2,2-dimethyl-1,3-dioxan-5-one (6): A dry,
argon-flushed 500 mL Schlenk round-bottomed flask containing a mag-
netic stirring bar was charged with RAMP-hydrazone 5 (4.88 g,
20.14 mmol, 1.0 equiv) and anhydrous THF (80 mL). tBuLi (14.9 mL,
15% in n-pentane, 22.15 mmol, 1.1 equiv) was then added dropwise at
�78 8C. After stirring for 2 h at this temperature, the mixture was cooled
to �100 8C and 1-benzyloxy-3-bromopropane (5.55 g, 22.15 mmol,
1.1 equiv) in anhydrous THF (4 mL) was slowly added. After further stir-
ring for 2 h at �100 8C, the mixture was allowed to warm up to room
temperature over 15 h. The mixture was quenched with buffer solution
(pH 7, 4 mL) and then diluted with Et2O (80 mL). The organic layer was
washed with buffer solution (pH 7, 20 mL) and brine (2 M 20 mL). The
combined organic layers were dried (MgSO4) and concentrated under re-


Scheme 4. a) IBX (2.2 equiv), DMSO, RT; b) TPAP (5 mol %)/NMO
(1.5 equiv), CH2Cl2, RT (77 % over two steps); c) LDA, PhSeCl, THF,
�78 8C; d) 30% H2O2, CH2Cl2, 0 8C [16 (60 %) and 15 (31 %) over two
steps]; e) TBAF, THF, RT (74 %); f) TsCl, DMAP, CH2Cl2, RT (95 %);
g) Amberlyst 15, MeOH, RT (93 %). DMAP =4-(dimethylamino)pyri-
dine.
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duced pressure. A solution of the resulting crude hydrazone in Et2O
(100 mL) was vigorously stirred at room temperature with a saturated
aqueous solution of oxalic acid (80 mL) for 20 h. The aqueous layer was
separated and extracted with Et2O, and the organic extracts were com-
bined, washed with brine (40 mL), dried (MgSO4) and concentrated
under reduced pressure. The crude product was purified by flash chroma-
tography (silica gel, PE/Et2O 80:20) to afford the alkylated product 6
(4.60 g, 82% over two steps) as a colourless liquid. [a]23


D =++150.96 (c=1,
CHCl3); ee=98% (CSP-GC, Lipodex G, 25 m M 0.25 mm); 1H NMR
(300 MHz, CDCl3): d= 7.25–7.34 (m, 5H; Ar-H), 4.50 (s, 2H; CH2Ph),
4.24 (ddd, 3J ACHTUNGTRENNUNG(H,H) =8.4, 4.2, 1.5 Hz, 1 H; CHCH2), 4.24 [dd, 3J ACHTUNGTRENNUNG(H,H) =


17.1, 1.5 Hz, 1 H; C(O)CHHO], 3.97 [d, 3J ACHTUNGTRENNUNG(H,H) =17.1 Hz, 1 H;
C(O)CHHO], 3.49 (td, 3J ACHTUNGTRENNUNG(H,H) = 6.4, 1.2 Hz, 2 H; CH2OCH2), 1.93–2.03
(m, 1 H; CHCHH), 1.68–1.83 (m, 2H; CH2CH2CH2), 1.57–1.65 (m, 1 H;
CHCHH), 1.42 ppm [s, 6H; C ACHTUNGTRENNUNG(CH3)2]; 13C NMR (75 MHz, CDCl3): d=


209.6 [C(O)], 138.5 (Ar-C), 128.4, 127.7, 127.6 (Ar-CH), 100.8 [C ACHTUNGTRENNUNG(CH3)2],
74.4 (CH), 72.9 (OCH2Ph), 69.9 [C(O)CH2O], 66.6 (CH2CH2CH2), 25.4
(CHCH2), 25.3 (CH2CH2CH2), 24.0 [C ACHTUNGTRENNUNG(CH3)], 23.6 ppm [C ACHTUNGTRENNUNG(CH3)]; IR
(film): ñ=3030, 2987, 2936, 2860, 2361, 2335, 1746 (C=O), 1453, 1376,
1225, 1176, 1104, 740, 700 cm�1 (C6H5); MS (100 eV, CI): m/z (%): 279
(2.6) [M+H]+ , 261 (20) [M+H�H2O]+ , 221 (66) [M+H� ACHTUNGTRENNUNG(CH3)2CO]+ ,
203 (71) [M+H�H2O�ACHTUNGTRENNUNG(CH3)2CO]+ , 171 (69), 129 (10), 113 (41), 91 (100)
[C7H7]


+ , 71 (14); elemental analysis (%) calcd for C16H22O4 (278.34): C
69.04, H 7.97; found: C 68.81, H 7.96.


ACHTUNGTRENNUNG(4R,6R)-(+)-4-(3-Benzyloxypropyl)-6-[(R)-hydroxyACHTUNGTRENNUNG(phenyl)methyl]-2,2-
dimethyl-1,3-dioxan-5-one (7): Et3N (1.7 mL, 12.09 mmol, 1.7 equiv) was
added by syringe at �78 8C to a stirred solution of dicyclohexylboryl
chloride (10.7 mL, 10.67 mmol, 1.5 equiv) in Et2O (70 mL), followed
10 min later by slow addition of a solution of ketone 6 (1.98 g,
7.11 mmol, 1.0 equiv) in Et2O (15 mL). Stirring was continued for an ad-
ditional 30 min at �78 8C, after which the mixture was allowed to warm
to 0 8C and stirred for 1 h. The resulting suspension was cooled to
�78 8C, after which a solution of freshly distilled benzaldehyde (1.1 mL,
10.67 mmol, 1.5 equiv) in Et2O (20 mL) was added dropwise. Stirring was
continued for 1 h at �78 8C, after which the flask was sealed and placed
in a freezer (�24 8C) for 20 h. The mixture was quenched with phosphate
buffer (pH 7, 140 mL) and extracted with Et2O (280 mL). The combined
organic extracts were concentrated under reduced pressure, and the resi-
due was dissolved in a mixture of phosphate buffer (pH 7) and MeOH
(1:1, 86 mL) and cooled to 0 8C, after which aqueous hydrogen peroxide
(H2O2, 30% in H2O, 22.0 mL) was added dropwise. The mixture was
stirred at room temperature for 2 h, poured into phosphate buffer (pH 7,
140 mL) and extracted with CH2Cl2 (560 mL). The combined organic ex-
tracts were dried (Na2SO4), filtered and concentrated under reduced
pressure. The crude product was purified by flash chromatography (silica
gel, PE/Et2O 70:30) to afford aldol 7 (1.86 g, 68%) as a pale yellow oil.
[a]23


D =++76.02 (c=1, CHCl3); 1H NMR (400 MHz, CDCl3): d=7.23–7.37
(m, 10 H; Ar-H), 4.86 [d, 3J ACHTUNGTRENNUNG(H,H) =7.1 Hz, 1 H; PhCH(OH)], 4.46 (d, 3J-
ACHTUNGTRENNUNG(H,H) =1.6 Hz, 2 H; CH2Ph), 4.29 [dd, 3J ACHTUNGTRENNUNG(H,H) =7.1, 1.4 Hz, 1 H;
C(O)CHCH(OH)], 4.09 (ddd, 3J ACHTUNGTRENNUNG(H,H) = 8.2, 4.1, 1.4 Hz, 1 H; CHCH2),
3.76 (s, 1H; OH), 3.43 (td, 3J ACHTUNGTRENNUNG(H,H) =6.3, 1.6 Hz, 2H; CH2OCH2), 1.87–
1.97 (m, 1H; CHCHH), 1.66–1.75 (m, 2H; CH2CH2CH2), 1.56–1.65 (m,
1H; CHCHH), 1.30 (s, 3H; CH3), 1.21 ppm (s, 3 H; CH3); 13C NMR
(100 MHz, CDCl3): d=212.1 [C(O)], 139.2, 138.2 (Ar-C), 128.1, 127.7,
127.7, 127.4, 127.3, 127.0 (Ar-CH), 101.2 [C ACHTUNGTRENNUNG(CH3)2], 75.8 [PhCH(OH)],
74.1 (CHCH2), 72.7 (OCH2Ph), 72.6 [C(O)CHCH(OH)], 69.6
(CH2CH2CH2), 25.5 (CHCH2), 25.2 (CH2CH2CH2), 23.6 [C ACHTUNGTRENNUNG(CH3)],
23.5 ppm [C ACHTUNGTRENNUNG(CH3)]; IR (film): ñ =3474 (br, OH), 3031, 2986, 2930, 2861,
2360, 1737 (C=O), 1497, 1453, 1378, 1226, 1171, 1104, 900, 747, 700 cm�1


(C6H5); MS (100 eV, CI): m/z (%): 385 (1.4) [M+H]+ , 367 (25)
[M+H�H2O]+ , 309 (22) [M+H�H2O� ACHTUNGTRENNUNG(CH3)2CO]+ , 305 (13), 261 (26),
221 (25), 171 (13), 107 (100) [C7H7O]+ , 91 (7) [C7H7]


+ , 71 (23), 69 (17),
61 (18); HRMS: m/z : calcd for C20H22O4 [M� ACHTUNGTRENNUNG(CH3)2CO]: 326.1518;
found: 326.1518.


ACHTUNGTRENNUNG(4R,6R)-(+)-4-(3-Benzyloxypropyl)-6-[(R)-(tert-butyldimethylsilyloxy)-
ACHTUNGTRENNUNG(phenyl)methyl]-2,2-dimethyl-1,3-dioxan-5-one (8): 2,6-Lutidine (360 mL,
3.10 mmol, 3.0 equiv) was added at 0 8C to a stirred solution of the hy-
droxy ketone 7 (397 mg, 1.03 mmol, 1.0 equiv) in CH2Cl2 (10 mL), fol-
lowed by dropwise addition of TBSOTf (360 mL, 1.5 mmol, 1.55 equiv).


The stirring was continued for 3–4 h at room temperature (TLC monitor-
ing), after which the reaction was quenched with aqueous NH4Cl solution
(10 mL). The mixture was poured into aqueous NH4Cl solution (20 mL)
and extracted with CH2Cl2 (30 mL). The aqueous phase was diluted with
H2O (20 mL) and extracted with CH2Cl2 (2 M 10 mL). The combined or-
ganic layers were dried (MgSO4), filtered and concentrated under re-
duced pressure to give the crude product as a colourless syrup. Purifica-
tion by flash chromatography on silica gel (PE/Et2O 90:10) gave the
TBS-protected product 8 (463 mg, 90%) as a colourless oil. [a]23


D =


+65.76 (c= 1, CHCl3); 1H NMR (400 MHz, CDCl3): d =7.41–7.52 (m,
10H; Ar-H), 5.28 [d, 3J ACHTUNGTRENNUNG(H,H) =3.3 Hz, 1H; PhCH ACHTUNGTRENNUNG(OSi)], 4.65 (s, 2 H;
CH2Ph), 4.56 [dd, 3J ACHTUNGTRENNUNG(H,H) =3.3, 1.1 Hz, 1 H; C(O)CHCH ACHTUNGTRENNUNG(OSi)], 4.13
(ddd, 3J ACHTUNGTRENNUNG(H,H) =8.2, 4.1, 1.1 Hz, 1 H; CHCH2), 3.62 (t, 3J ACHTUNGTRENNUNG(H,H) =6.3 Hz,
2H; CH2OCH2), 2.00–2.09 (m, 1H; CHCHH), 1.77–1.94 (m, 2H;
CH2CH2CH2), 1.64–1.75 (m, 1 H; CHCHH), 1.54 [s, 3H; C ACHTUNGTRENNUNG(CH3)], 1.52 [s,
3H; C ACHTUNGTRENNUNG(CH3)], 1.06 [s, 9 H; SiCACHTUNGTRENNUNG(CH3)3], 0.26 [s, 3 H; Si ACHTUNGTRENNUNG(CH3)], �0.09 ppm
[s, 3H; Si ACHTUNGTRENNUNG(CH3)]; 13C NMR (100 MHz, CDCl3): d= 207.7 [C(O)], 140.3,
138.5 (Ar-C), 128.3, 127.6, 127.6, 127.5, 127.3 (Ar-CH), 101.0 [C ACHTUNGTRENNUNG(CH3)2],
79.1 [C(O)CHCH ACHTUNGTRENNUNG(OSi)], 74.1 [2C; CHCH2, PhCH ACHTUNGTRENNUNG(OSi)], 72.9
(OCH2Ph), 69.9 (CH2CH2CH2), 25.7 [SiC ACHTUNGTRENNUNG(CH3)3], 25.4 (CH2CH2CH2),
25.0 (CHCH2), 24.2 [C ACHTUNGTRENNUNG(CH3)], 23.9 [C ACHTUNGTRENNUNG(CH3)], 18.2 [SiC ACHTUNGTRENNUNG(CH3)3], �5.0,
�4.8 ppm [Si ACHTUNGTRENNUNG(CH3)2]; IR (film): ñ =3746, 3673, 2985, 2932, 2857, 2362,
2336, 1747 (C=O), 1652, 1559, 1541, 1456, 1376, 1252, 1225, 1171, 1101,
1070, 838, 779, 738, 700 (C6H5), 669 cm�1; MS (100 eV, CI): m/z (%): 499
(3.0) [M+H]+ , 481 (4) [M+H�H2O]+ , 441 (1) [M+H�ACHTUNGTRENNUNG(CH3)2CO]+ , 425
(10), 383 (9), 367 (16), 309 (9), 277 (7), 222 (20), 221 (100), 91 (4) [C7H7


+


]; elemental analysis (%) calcd for C29H42O5Si (498.73): C 69.84, H 8.49;
found: C 69.89, H 8.56.


ACHTUNGTRENNUNG(4R,5R,6R)-(�)-6-(3-Benzyloxypropyl)-4-[(R)-(tert-butyldimethylsilyl-
ACHTUNGTRENNUNGoxy)(phenyl)methyl]-2,2-dimethyl-1,3-dioxan-5-ol (9): L-selectride (1.0 m


in THF, 5.2 mL, 5.20 mmol, 1.5 equiv) was added dropwise at �78 8C to a
stirred solution of the TBS-protected aldol adduct 8 (1.73 g, 3.47 mmol,
1.0 equiv) in absolute THF (35 mL). The stirring was continued for 5 h at
this temperature, after which the reaction was quenched with aqueous
NH4Cl solution (20 mL). The mixture was poured into aqueous NH4Cl
solution (30 mL) and extracted with Et2O (30 mL). The aqueous portion
was diluted with H2O (30 mL) and extracted with Et2O (3 M 20 mL). The
combined organic layers were dried (MgSO4), filtered and concentrated
under reduced pressure to afford the crude product as a yellow liquid.
Purification by flash chromatography on silica gel (PE/Et2O 80:20) gave
alcohol 9 (1.53 g, 88%) as a colourless oil. [a]23


D =�73.20 (c=1, CHCl3);
1H NMR (500 MHz, CDCl3): d =7.56–7.70 (m, 10H; Ar-CH), 5.26 [d,
3J ACHTUNGTRENNUNG(H,H) =6.1 Hz, 1H; PhCH ACHTUNGTRENNUNG(OSi)], 4.80 (s, 2 H; CH2Ph), 4.10 [ddd,
3J ACHTUNGTRENNUNG(H,H) =6.1, 3.0, 1.1 Hz, 1 H; C(O)CHCH ACHTUNGTRENNUNG(OSi)], 3.79 (t, 3J ACHTUNGTRENNUNG(H,H) =


6.9 Hz, 2H; CH2OCH2), 3.99 (d, 3J ACHTUNGTRENNUNG(H,H) =4.6 Hz, 1H; OH), 3.96 [dd,
3J ACHTUNGTRENNUNG(H,H) =5.5, 4.6, 3.0 Hz, 1H; CHCH(OH)], 3.88 (dd, 3J ACHTUNGTRENNUNG(H,H) =5.5,
1.1 Hz, 1 H; CHCH2), 1.94–2.11 (m, 3 H; CH2CH2CH2, CHCHH), 1.81–
1.88 (m, 1H; CHCHH), 1.65 [s, 3 H; C ACHTUNGTRENNUNG(CH3)], 1.43 [s, 3 H; C ACHTUNGTRENNUNG(CH3)], 1.21
[s, 9 H; SiC ACHTUNGTRENNUNG(CH3)3], 0.41 [s, 3 H; Si ACHTUNGTRENNUNG(CH3)], �0.16 ppm [s, 3H; Si ACHTUNGTRENNUNG(CH3)];
13C NMR (100 MHz, CDCl3): d= 140.9, 138.4 (Ar-C), 128.1, 127.9, 127.4,
127.4, 127.3, 126.5 (Ar-CH), 100.7 [C ACHTUNGTRENNUNG(CH3)2], 75.8 [PhCHACHTUNGTRENNUNG(OSi)], 75.0
(CHCH2), 73.4 [C(O)CHCH ACHTUNGTRENNUNG(OSi)], 73.2 [CH(OH)], 72.7 (OCH2Ph), 70.1
(CH2CH2CH2), 30.3 (CHCH2), 25.9 (CH2CH2CH2), 25.7 [SiC ACHTUNGTRENNUNG(CH3)3],
24.8 [C ACHTUNGTRENNUNG(CH3)], 23.8 [CACHTUNGTRENNUNG(CH3)], 18.1 [SiC ACHTUNGTRENNUNG(CH3)3], �5.2, �4.7 ppm [Si-
ACHTUNGTRENNUNG(CH3)2]; IR (film): ñ=3746, 3673, 3471 (br, OH), 2985, 2932, 2857, 2362,
2336, 1992, 1699, 1652, 1559, 1541, 1457, 1377, 1252, 1226, 1171, 1099,
1067, 996, 838, 780, 736, 699 (C6H5), 669 cm�1; MS (100 eV, CI): m/z (%):
501 (4.8) [M+H]+ , 409 (11) [M+H�C7H8]


+ , 367 (11), 351 (28)
[M+H�C7H8�ACHTUNGTRENNUNG(CH3)2CO]+ , 312 (10), 311 (56), 294 (20), 293 (100), 221
(41), 207 (10), 203 (49), 191 (28), 181 (12), 179 (25), 91 (20) [C7H7]


+ , 71
(18); elemental analysis (%) calcd for C29H44O5Si (500.74): C 69.56, H
8.86; found: C 69.31, H 9.17.


ACHTUNGTRENNUNG(4R,5R,6R)-(�)-5-Benzyloxy-6-(3-benzyloxypropyl)-4-[(R)-(tert-butyldi-
ACHTUNGTRENNUNGmethylsilyloxy)ACHTUNGTRENNUNG(phenyl)methyl]-2,2-dimethyl-1,3-dioxan (10): A solution
of the alcohol 9 (695 mg, 1.39 mmol, 1.0 equiv) in absolute THF (10 mL)
was added dropwise at 0 8C to a stirred solution of potassium hydride
(30 % in mineral oil, 557 mg, 4.16 mmol, 3.0 equiv), previously washed
with distilled cyclohexane, in THF (4 mL). Stirring at this temperature
was continued for 30 min, after which freshly distilled benzyl bromide
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(660 mL, 5.55 mmol, 4.0 equiv) was added dropwise. The stirring was con-
tinued overnight at room temperature, after which the reaction was
quenched with H2O (30 mL). The mixture was poured into H2O (20 mL)
and extracted with Et2O (50 mL). The aqueous portion was extracted
with Et2O (3 M 20 mL). The combined organic layers were washed with
brine (20 mL), dried (MgSO4), filtered and concentrated under reduced
pressure to give the crude product as a yellow liquid. Purification by
flash chromatography on silica gel (PE/Et2O 90:10) gave the benzyl-pro-
tected product 10 (738 mg, 90%) as a colourless oil. [a]22


D =�1.65 (c=1,
CHCl3); 1H NMR (400 MHz, CDCl3): d=7.42–7.62 (m, 15 H; Ar-CH),
5.11 [d, 3J ACHTUNGTRENNUNG(H,H) = 9.3 Hz, 1H; PhCHACHTUNGTRENNUNG(OSi)], 4.91 (d, 3J ACHTUNGTRENNUNG(H,H) =11.8 Hz,
1H; CHOCHHPh), 4.83 (d, 3J ACHTUNGTRENNUNG(H,H) =11.8 Hz, 1H; CHOCHHPh), 4.70
(s, 2 H; CH2OCH2Ph), 4.11 [dd, 3J ACHTUNGTRENNUNG(H,H) =9.3, 2.2 Hz, 1 H; CHCHACHTUNGTRENNUNG(OSi)],
3.98 (dd, 3J ACHTUNGTRENNUNG(H,H) = 5.0, 3.3 Hz, 1 H; CHCH2), 3.96 (dd, 3J ACHTUNGTRENNUNG(H,H) =5.0,
2.2 Hz, 1H; CHCHOCH2Ph), 3.64 (t, 3J ACHTUNGTRENNUNG(H,H) =6.3 Hz, 2H; CH2OCH2),
1.95–2.02 (m, 1H; CH2CHHCH2), 1.77–1.87 (m, 3 H; CH2CHHCH2,
CHCH2), 1.45 [s, 3H; C ACHTUNGTRENNUNG(CH3)], 1.08 [s, 3H; C ACHTUNGTRENNUNG(CH3)], 1.05 [s, 9 H; SiC-
ACHTUNGTRENNUNG(CH3)3], 0.18 [s, 3H; Si ACHTUNGTRENNUNG(CH3)], �0.25 ppm [s, 3H; Si ACHTUNGTRENNUNG(CH3)]; 13C NMR
(100 MHz, CDCl3): d=142.8, 139.0, 138.6 (Ar-C), 128.3, 128.2, 128.1,
128.0, 127.9, 127.7, 127.6, 127.5, 127.4, 127.4, 127.4 (Ar-CH), 100.7 [C-
ACHTUNGTRENNUNG(CH3)2], 80.7 (CHCH2), 74.8 [CHCH ACHTUNGTRENNUNG(OSi)], 73.9 (CHOCH2Ph), 72.9
(CH2OCH2Ph), 72.7 (CHOCH2Ph), 72.4 [CH ACHTUNGTRENNUNG(OSi)], 70.0 (CH2OCH2),
31.8 (CHCH2), 26.1 (CH2CH2CH2), 26.1 [SiCACHTUNGTRENNUNG(CH3)3], 25.0 [C ACHTUNGTRENNUNG(CH3)], 23.6
[C ACHTUNGTRENNUNG(CH3)], 18.2 [SiC ACHTUNGTRENNUNG(CH3)3], �4.7, �4.0 ppm [Si ACHTUNGTRENNUNG(CH3)2]; IR (film): ñ =


3031, 2988, 2930, 2857, 1456, 1372, 1249, 1222, 1093, 1030, 839, 758,
699 cm�1 (C6H5); MS (100 eV, CI): m/z (%): 591 (5.0) [M+H]+ , 575 (11),
533 (7) [M+H� ACHTUNGTRENNUNG(CH3)2CO]+ , 516 (14), 515 (36) [M+H�
(CH3)2CO�H2O]+ , 459 (10), 425 (15) [M+H� ACHTUNGTRENNUNG(CH3)2CO�PhCH2OH]+ ,
409 (14), 407 (11), 402 (12), 401 (42), 383 (36), 367 (13), 351 (24), 319
(12), 317 (13), 301 (13), 297 (35), 295 (11), 294 (17), 293 (69), 277 (21),
251 (29), 249 (11), 233 (12), 222 (20), 221 (100), 215 (11), 203 (14), 191
(34), 181 (33), 173 (13), 161 (14), 91 (52) [C7H7]


+ , 71 (13); elemental
analysis (%) calcd for C36H50O5Si (590.86): C 73.18, H 8.53; found: C
73.39, H 8.72.


ACHTUNGTRENNUNG(4S,5R,6R)-(�)-5-Benzyloxy-6-(3-benzyloxypropyl)-4-[(R)-hydroxy-
ACHTUNGTRENNUNG(phenyl)methyl]-2,2-dimethyl-1,3-dioxan (11): Tetra-n-butylammonium
fluoride (TBAF, 1.0 m in THF, 7.1 mL, 7.11 mmol, 2.0 equiv) was added
dropwise at 0 8C to a stirred solution of 10 (2.10 g, 3.55 mmol, 1.0 equiv)
in absolute THF (40 mL). Stirring was continued at room temperature
overnight, after which the reaction was quenched with H2O (30 mL). The
mixture was poured into H2O (20 mL) and diluted with Et2O (20 mL).
The aqueous phase was extracted with Et2O (3 M 20 mL), and the com-
bined organic layers were washed with brine (30 mL), dried (Na2SO4), fil-
tered and concentrated under reduced pressure to give the crude product
as a pale brown syrup. Purification by flash chromatography on silica gel
(PE/Et2O 70:30) gave the alcohol 11 (1.60 g, 95%) as a colourless oil.
[a]23


D =�9.78 (c=1, CHCl3); 1H NMR (400 MHz, CDCl3): d=7.20–7.37
(m, 15 H; Ar-CH), 4.90 [dd, 3J ACHTUNGTRENNUNG(H,H) = 7.9, 5.1 Hz, 1 H; PhCH(OH)], 4.58
(d, 3J ACHTUNGTRENNUNG(H,H) =11.4 Hz, 1H; CHOCHHPh), 4.51 (d, 3J ACHTUNGTRENNUNG(H,H) =11.4 Hz,
1H; CHOCHHPh), 4.44 (s, 2 H; CH2OCH2Ph), 3.91 [dd, 3J ACHTUNGTRENNUNG(H,H) =7.9,
3.5 Hz, 1H; CHCH(OH)], 3.72 (td, 3J ACHTUNGTRENNUNG(H,H) = 6.4, 6.2 Hz, 1H; CHCH2),
3.59 (dd, 3J ACHTUNGTRENNUNG(H,H) =6.2, 3.5 Hz, 1H; CHCHOCH2Ph), 3.40 (td, 3J ACHTUNGTRENNUNG(H,H) =


6.2, 1.7 Hz, 2H; CH2OCH2), 2.94 (d, 3J ACHTUNGTRENNUNG(H,H) = 5.1 Hz, 1H; OH), 1.71–
1.80 (m, 1H; CH2CHHCH2), 1.55–1.69 (m, 2H; CH2CHHCH2,
CHCHH), 1.40–1.53 (m, 1H; CHCHH), 1.29 [s, 3H; CACHTUNGTRENNUNG(CH3)], 1.02 ppm
[s, 3 H; C ACHTUNGTRENNUNG(CH3)]; 13C NMR (100 MHz, CDCl3): d=142.1, 138.4, 138.2
(Ar-C), 128.4, 128.3, 128.0, 127.8, 127.6, 127.5, 127.5, 127.4, 126.5 (Ar-
CH), 100.8 [C ACHTUNGTRENNUNG(CH3)2], 81.1 (CHOCH2Ph), 73.6 [CHCH(OH)], 73.3
(CHOCH2Ph), 72.9 (CHCH2), 72.7 (CH2OCH2Ph), 72.4 [CH(OH)], 69.7
(CH2OCH2), 30.9 (CHCH2), 25.8 (CH2CH2CH2), 24.6 [C ACHTUNGTRENNUNG(CH3)],
23.6 ppm [C ACHTUNGTRENNUNG(CH3)]; IR (film): ñ =3747, 3673, 3649, 3436 (br, OH), 3086,
3063, 3031, 2987, 2931, 2862, 2362, 2336, 1652, 1559, 1541, 1497, 1456,
1375, 1220, 1170, 1093, 910, 736, 700 (C6H5), 616, 513 cm�1; MS (100 eV,
CI): m/z (%): 477 (1.0) [M+H]+ , 459 (2) [M+H�H2O]+ , 420 (29), 419
(100) [M+H� ACHTUNGTRENNUNG(CH3)2CO]+ , 401 (13) [M+H�H2O� ACHTUNGTRENNUNG(CH3)2CO]+ , 383 (5),
311 (11), 294 (9), 293 (41), 205 (18), 203 (15), 191 (26), 181 (14), 149 (11),
91 (19) [C7H7]


+ ; elemental analysis (%) calcd for C30H36O5 (476.60): C
75.60, H 7.61; found: C 75.53, H 8.03.


ACHTUNGTRENNUNG(1R,2R)-(�)-1,5-Dibenzyloxy-1-[(4R,5R)-2,2-dimethyl-5-phenyl-1,3-diox-
olan-4-yl]pentan-2-ol (12): A catalytic amount of p-toluenesulfonic acid
was added at room temperature under argon to a stirred solution of ace-
tonide 11 (272 mg, 0.57 mmol, 1.0 equiv) in absolute acetone (6 mL). The
stirring was continued for 24 h at this temperature, after which 2,2-dime-
thoxypropane (2,2-DMP, 20 mL, 0.14 mmol, 0.25 equiv) and a catalytic
amount of pyridinium p-toluenesulfonate (PPTS) were added. The stir-
ring was continued for 1 h, after which the reaction was quenched with
pH 7 buffer (2 mL) and diluted with Et2O (20 mL). The aqueous layer
was extracted with Et2O (3 M 20 mL), and the combined organic layers
were washed with brine (20 mL), dried (MgSO4) and concentrated under
reduced pressure to give the crude mixture of two acetonides (1.6:1
ratio) as a colourless syrup. Purification by flash chromatography on
silica gel (PE/Et2O 50:50) gave acetonide alcohol 12 (97 mg, 36 %) as a
pale pink oil, together with recovered starting material 11 (160 mg,
59%). [a]22


D =�123.75 (c=1, CHCl3); 1H NMR (400 MHz, CDCl3): d=


7.15–7.28 (m, 15 H; Ar-CH), 5.17 (d, 3J ACHTUNGTRENNUNG(H,H) =6.9 Hz, 1 H; PhCH), 4.58
(dd, 3J ACHTUNGTRENNUNG(H,H) =6.9, 4.1 Hz, 1H; CHCHPh), 4.42 (s, 2 H; CH2OCH2Ph),
4.24 (d, 3J ACHTUNGTRENNUNG(H,H) =11.3 Hz, 1 H; CHOCHHPh), 3.85 (d, 3J ACHTUNGTRENNUNG(H,H) =


11.3 Hz, 1H; CHOCHHPh), 3.44 (dd, 3J ACHTUNGTRENNUNG(H,H) =5.7, 4.1 Hz, 1 H;
CHCH2), 3.39 (td, 3J ACHTUNGTRENNUNG(H,H) =5.4, 1.9 Hz, 2 H; CH2OCH2Ph), 2.96 (t,
ACHTUNGTRENNUNG


3J ACHTUNGTRENNUNG(H,H) =4.1 Hz, 1 H; CHOCH2Ph), 2.77 (d, 3J ACHTUNGTRENNUNG(H,H) =6.4 Hz, 1H; OH),
1.65–1.72 (m, 1H; CH2CHHCH2), 1.59 [s, 3 H; C ACHTUNGTRENNUNG(CH3)], 1.45–1.54 (m,
2H; CHCHH, CH2CHHCH2), 1.40–1.43 (m, 1H; CHCHH), 1.40 ppm [s,
3H; C ACHTUNGTRENNUNG(CH3)]; 13C NMR (100 MHz, CDCl3): d =138.6, 138.3, 137.7 (Ar-
C), 128.4, 128.2, 128.1, 127.7, 127.7, 127.6, 127.5, 127.3, 127.1 (Ar-CH),
109.2 [CACHTUNGTRENNUNG(CH3)2], 79.4 (CHOCH2Ph), 79.3 (PhCHCH), 79.2 (PhCH), 73.0
(CH2OCH2Ph), 72.1 (CHOCH2Ph), 70.9 (CHCH2), 70.3 (CH2OCH2),
30.4 (CH2CH2CH2), 26.7 [C ACHTUNGTRENNUNG(CH3)], 26.5 (CHCH2), 25.4 ppm [C ACHTUNGTRENNUNG(CH3)];
IR (film): ñ=3428 (br, OH), 3061, 3031, 2928, 2863, 1495, 1454, 1374,
1248, 1217, 1094, 880, 741, 701 cm�1 (C6H5); MS (100 eV, CI): m/z (%):
477 (1.0) [M+H]+ , 459 (2) [M+H�H2O]+ , 420 (30), 419 (100) [M+H�
(CH3)2CO]+ , 383 (5), 311 (16), 309 (12), 299 (25), 293 (38) [M+H�
(CH3)2CO�PhCH2OH�H2O]+ , 203 (23), 192 (13), 191 (99), 181 (44), 179
(50) [M+H�2H2O�ACHTUNGTRENNUNG(CH3)2CO�2PhCH2OH]+ , 119 (24), 107 (14), 101
(21), 91 (78) [C7H7]


+ , 71 (43); HRMS: m/z : calcd for C19H22O3


[M�C11H14O2]: 298.1569; found: 298.1570.


ACHTUNGTRENNUNG(1S,2R)-(�)-1,5-Dibenzyloxy-2-(tert-butyldimethylsilyloxy)-1-[(4R,5R)-
2,2-dimethyl-5-phenyl-1,3-dioxolan-4-yl]-pentane (13): 2,6-Lutidine
(120 mL, 1.03 mmol, 3.0 equiv) was added at 0 8C to a stirred solution of
alcohol 12 (163 mg, 0.34 mmol, 1.0 equiv) in CH2Cl2 (5 mL), followed by
slow addition of TBSOTf (120 mL, 0.51 mmol, 1.5 equiv). The stirring was
continued for 2 h at room temperature, after which the reaction was
quenched with aqueous NH4Cl solution (10 mL). The mixture was
poured into aqueous NH4Cl solution (10 mL) and extracted with CH2Cl2


(20 mL). The aqueous portion was extracted with CH2Cl2 (2 M 10 mL),
and the combined organic extracts were dried (MgSO4), filtered and con-
centrated under reduced pressure to give the crude product as a colour-
less syrup. Purification by flash chromatography on silica gel (PE/Et2O
80:20) gave the TBS-protected product 13 (200 mg, 99%) as a colourless
oil. [a]22


D =� 276.26 (c=1, CHCl3); 1H NMR (400 MHz, CDCl3): d=


7.45–7.62 (m, 15 H; Ar-CH), 5.34 (d, 3J ACHTUNGTRENNUNG(H,H) =6.9 Hz, 1 H; PhCH), 4.81
(d, 3J ACHTUNGTRENNUNG(H,H) =11.4 Hz, 1H; CHOCHHPh), 4.75 (dd, 3J ACHTUNGTRENNUNG(H,H) =6.9, 6.0 Hz,
1H; PhCHCH), 4.73 (s, 2 H; CH2OCH2Ph), 4.37 (d, 3J ACHTUNGTRENNUNG(H,H) =11.4 Hz,
1H; CHOCHHPh), 3.77 (dd, 3J ACHTUNGTRENNUNG(H,H) =7.7, 3.6 Hz, 1H; CHCH2), 3.66
(td, 3J ACHTUNGTRENNUNG(H,H) =5.8, 1.1 Hz, 2H; CH2OCH2Ph), 3.54 (dd, 3J ACHTUNGTRENNUNG(H,H) =6.0,
3.6 Hz, 1H; CHOCH2Ph), 1.90 [s, 3H; C ACHTUNGTRENNUNG(CH3)], 1.73–1.96 (m, 4H;
CH2CH2CH2, CHCH2), 1.71 [s, 3H; CACHTUNGTRENNUNG(CH3)], 1.08 [s, 9H; SiC ACHTUNGTRENNUNG(CH3)3],
0.09 [s, 3H; Si ACHTUNGTRENNUNG(CH3)], 0.00 ppm [s, 3 H; Si ACHTUNGTRENNUNG(CH3)]; 13C NMR (100 MHz,
CDCl3): d= 139.3, 138.7, 138.7 (Ar-C), 128.5, 128.4, 128.0, 127.9, 127.7,
127.6, 127.5, 127.5, 127.1 (Ar-CH), 108.8 [C ACHTUNGTRENNUNG(CH3)2], 81.0 (CHOCH2Ph),
80.2 (PhCHCHCH), 79.3 (PhCH), 73.8 (CHOCH2Ph), 73.3 (CHCH2),
72.9 (CH2OCH2Ph), 70.6 (CH2OCH2Ph), 28.8 (CHCH2), 27.0 [C ACHTUNGTRENNUNG(CH3)],
26.1 [SiCACHTUNGTRENNUNG(CH3)3], 25.8 (CH2CH2CH2), 25.5 [C ACHTUNGTRENNUNG(CH3)], 18.2 [SiC ACHTUNGTRENNUNG(CH3)3],
�4.8, �4.2 ppm [Si ACHTUNGTRENNUNG(CH3)2]; IR (film): ñ =3063, 3029, 2933, 2858, 1495,
1458, 1372, 1253, 1215, 1101, 880, 836, 754, 700 cm�1 (C6H5); MS (100 eV,
CI): m/z (%): 591 (1.0) [M+H]+ , 533 (21) [M+H�ACHTUNGTRENNUNG(CH3)2CO]+ , 499 (3),
426 (12), 425 (33) [M+H� ACHTUNGTRENNUNG(CH3)2CO�PhCH2OH]+ , 414 (15), 413 (47),
409 (11), 401 (13), 367 (21), 307 (15), 294 (25), 293 (100), 265 (11), 216
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(13), 215 (74), 187 (15), 181 (12), 91 (26) [C7H7]
+ ; elemental analysis (%)


calcd for C36H50O5Si (590.86): C 73.18, H 8.53; found: C 72.81, H 8.92.


ACHTUNGTRENNUNG(1S,2R)-(�)-2-(tert-Butyldimethylsilyloxy)-1-[(4S,5R)-2,2-dimethyl-5-
phenyl-1,3-dioxolan-4-yl]pentane-1,5-diol (14): A solution of compound
13 (200 mg, 0.34 mmol, 1.0 equiv) and palladium on carbon (10 %, 20 mg)
in EtOAc (5 mL) was stirred overnight at room temperature under hy-
drogen. The reaction mixture was filtered through a short pad of Celite,
with elution with EtOAc, and the filtrate was concentrated under re-
duced pressure to give the crude product as a colourless syrup. Purifica-
tion by flash chromatography on silica gel (PE/EtOAc 50:50) gave the
debenzylated diol 14 (138 mg, 99%) as a colourless oil. [a]22


D =�171.80
(c= 1, CHCl3); 1H NMR (400 MHz, CDCl3): d =7.35–7.47 (m, 5H; Ar-
CH), 5.32 (d, 3J ACHTUNGTRENNUNG(H,H) =7.4 Hz, 1 H; PhCH), 4.62 (dd, 3J ACHTUNGTRENNUNG(H,H) =7.4,
3.5 Hz, 1H; PhCHCH), 3.59 [t, 3J ACHTUNGTRENNUNG(H,H) =6.2 Hz, 2H; CH2(OH)], 3.49
(dd, 3J ACHTUNGTRENNUNG(H,H) =6.4, 3.7 Hz, 1H; CHCH2), 3.27 [dd, 3J ACHTUNGTRENNUNG(H,H) =6.4, 3.5 Hz,
1H; CH(OH)], 2.27 [s, 2H; 2 M OH], 1.75 [s, 3H; C ACHTUNGTRENNUNG(CH3)], 1.66–1.73 (m,
1H; CHCHH), 1.57 [s, 3 H; CACHTUNGTRENNUNG(CH3)], 1.47–1.54 (m, 3 H; CH2CH2CH2,
CHCHH), 0.94 [s, 9 H; SiC ACHTUNGTRENNUNG(CH3)3], 0.02 [s, 3H; Si ACHTUNGTRENNUNG(CH3)], 0.00 ppm [s,
3H; SiACHTUNGTRENNUNG(CH3)]; 13C NMR (100 MHz, CDCl3): d=137.8 (Ar-C), 128.4,
128.1, 127.0 (Ar-CH), 108.5 [C ACHTUNGTRENNUNG(CH3)2], 79.0 (PhCH), 77.5
[PhCHCHCH(OH)], 71.4 (CHCH2), 71.3 [CH(OH)], 62.8 [CH2(OH)],
28.5 (CHCH2), 27.3 (CH2CH2CH2), 26.6 [CACHTUNGTRENNUNG(CH3)], 25.8 [SiCACHTUNGTRENNUNG(CH3)3], 24.4
[C ACHTUNGTRENNUNG(CH3)], 18.0 [SiC ACHTUNGTRENNUNG(CH3)3], �4.9, �4.5 ppm [Si ACHTUNGTRENNUNG(CH3)2]; IR (film): ñ =


3434 (br, OH), 2936, 2861, 1464, 1378, 1256, 1215, 1164, 1100, 1050, 887,
837, 758, 701 cm�1 (C6H5); MS (100 eV, CI): m/z (%): 411 (1.0) [M+H]+ ,
353 (2) [M+H� ACHTUNGTRENNUNG(CH3)2CO]+, 335 (14) [M+H�ACHTUNGTRENNUNG(CH3)2CO�H2O]+ , 319
(13), 317 (24) [M+H� ACHTUNGTRENNUNG(CH3)2CO�2 H2O]+ , 277 (16), 217 (14), 216 (17),
215 (100), 203 (50), 175 (20), 91 (3) [C7H7]


+ , 71 (14); HRMS: m/z : calcd
for C21H35O5Si [M�CH3]: 395.2254; found: 395.2253.


ACHTUNGTRENNUNG(5R,6S)-(�)-5-(tert-Butyldimethylsilyloxy)-6-[(4R,5R)-2,2-dimethyl-5-
phenyl-1,3-dioxolan-4-yl]tetrahydropyran-2-one (15): A solution of diol
14 (825 mg, 2.01 mmol, 1.0 equiv) in DMSO (15 mL) was added dropwise
at room temperature to a stirred solution of o-iodoxybenzoic acid (IBX,
1.24 g, 4.42 mmol, 2.2 equiv) in freshly distilled DMSO (5 mL). The stir-
ring at this temperature was continued for 3 h, after which the reaction
was quenched with H2O (20 mL) at 0 8C. The reaction mixture was fil-
tered through a short pad of Celite, and the solids were washed with
Et2O. The aqueous phase was extracted with Et2O (3 M 20 mL). The com-
bined organic layers were washed with brine (20 mL), dried (Na2SO4), fil-
tered and concentrated under reduced pressure to give the crude product
as a colourless syrup.


Tetrapropylammonium perruthenate (TPAP, 36 mg, 0.10 mmol, 5 mol %)
was then added in one portion at room temperature under argon to a
stirred mixture of the crude lactol (1.08 g), N-methylmorpholine-N-oxide
(NMO, 364 mg, 3.01 mmol, 1.5 equiv) and powdered molecular sieves
(4 N, 1.01 g, 0.5 g per mmol lactol) in CH2Cl2 (4 mL). Upon completion
(20 minutes) the reaction mixture was filtered through a short pad of
silica, which was washed with EtOAc, and the filtrate was concentrated
under reduced pressure to give the crude product as a colourless syrup.
Purification by flash chromatography on silica gel (PE/Et2O 70:30) gave
lactone 15 (625 mg, 77% over two steps) as a colourless solid. M.p. 107–
108 8C; [a]23


D =�111.81 (c=1, CHCl3); 1H NMR (400 MHz, CDCl3): d=


7.27–7.48 (m, 5H; Ar-CH), 5.42 (d, 3J ACHTUNGTRENNUNG(H,H) =7.4 Hz, 1H; PhCH), 4.40
(d, 3J ACHTUNGTRENNUNG(H,H) =7.4 Hz, 1H; PhCHCHCHO), 3.87 (td, 3J ACHTUNGTRENNUNG(H,H) =6.9, 4.4 Hz,
1H; CHCH2), 3.52 [d, 3J ACHTUNGTRENNUNG(H,H) =6.6 Hz, 1H; CHOC(O)], 2.43 [ddt,
3J ACHTUNGTRENNUNG(H,H) =49.4, 17.6, 6.6 Hz, 2H; CH2CH2C(O)], 2.03 (m, 1H; CHCHH),
1.67 (dd, 3J ACHTUNGTRENNUNG(H,H) =6.9, 6.6 Hz, 1H; CHCHH), 1.62 [s, 3H; C ACHTUNGTRENNUNG(CH3)], 1.47
[s, 3H; C ACHTUNGTRENNUNG(CH3)], 0.83 [s, 9 H; SiC ACHTUNGTRENNUNG(CH3)3], 0.02 [s, 3H; Si ACHTUNGTRENNUNG(CH3)], 0.00 ppm
[s, 3 H; Si ACHTUNGTRENNUNG(CH3)]; 13C NMR (100 MHz, CDCl3): d=170.1 [C(O)], 135.6
(Ar-C), 128.1, 127.8, 126.6 (Ar-CH), 109.6 [C ACHTUNGTRENNUNG(CH3)2], 80.1 [CHOC(O)],
79.1 (PhCH), 76.7 (PhCHCHCHO), 65.6 (CHCH2), 26.9 (CHCH2), 26.9
[CH2CH2C(O)], 26.2 [C ACHTUNGTRENNUNG(CH3)], 25.6 [SiC ACHTUNGTRENNUNG(CH3)3], 25.2 [C ACHTUNGTRENNUNG(CH3)], 17.8
[SiC ACHTUNGTRENNUNG(CH3)3], �5.0, �4.5 ppm [Si ACHTUNGTRENNUNG(CH3)2]; IR (KBr): ñ =2945, 2361, 2338,
1726 (C=O), 1462, 1379, 1256, 1213, 1170, 1086, 1015, 919, 840, 780, 699
(C6H5), 538 cm�1; MS (100 eV, CI): m/z (%): 407 (28) [M+H]+ , 391 (11),
350 (24), 349 (100) [M+H� ACHTUNGTRENNUNG(CH3)2CO]+ , 333 (11), 292 (12), 291 (61), 229
(21), 221 (13), 217 (19); elemental analysis (%) calcd for C22H34O5Si
(406.59): C 64.99, H 8.43; found: C 64.92, H 8.71.


ACHTUNGTRENNUNG(5R,6S)-(�)-5-(tert-Butyldimethylsilyloxy)-6-[(4R,5R)-2,2-dimethyl-5-
phenyl-1,3-dioxolan-4-yl]-5,6-dihydropyran-2-one (16): A solution of lac-
tone 15 (62 mg, 0.15 mmol, 1.0 equiv) in THF (3 mL) was added drop-
wise over 15 minutes at �78 8C to a stirred solution of lithium diisopropy-
lamide (LDA, 1.9 mL, 0.60 mmol, 4.0 equiv), prepared from a mother so-
lution of LDA [diisopropylamine (330 mL) and n-BuLi (790 mL) in THF
(5 mL)]. After the system had been stirred at this temperature for 45 mi-
nutes, a solution of PhSeCl (89 mg, 0.45 mmol, 3.0 equiv) in THF (3 mL)
was slowly added. The stirring was continued for 1 h at �78 8C. The reac-
tion mixture was then allowed to warm to room temperature and
quenched with NH4Cl (2 mL). The organic phase was washed with
NH4Cl (20 mL) and brine (10 mL), dried (Na2SO4), filtered and concen-
trated under reduced pressure to give the crude product as a yellow
syrup.


The crude a-selenylated product (189 mg) was dissolved in CH2Cl2


(2 mL), and pyridine (30 mL, 2.2 equiv) was added at 0 8C, followed by a
solution of 30 % H2O2/H2O (1:1, v/v, 400 mL, 1.52 mmol, 10.0 equiv). The
stirring was continued for 30 minutes at this temperature, after which the
reaction mixture was poured into H2O (20 mL) and CH2Cl2 (20 mL). The
reaction mixture was washed with H2O (20 mL) and brine (10 mL), and
the organic phase was dried (Na2SO4), filtered and concentrated under
reduced pressure to give the crude product as a brown syrup. Purification
by flash chromatography on silica gel (PE/Et2O 80:20) gave the unsatu-
rated lactone 16 (37 mg, 60%) as a pale yellow solid, together with re-
maining starting material (19 mg, 31%). M.p. 113 8C; [a]23


D =�98.41 (c=


1, CHCl3); 1H NMR (400 MHz, CDCl3): d =7.25–7.50 (m, 5H; Ar-CH),
6.57 [dd, 3J ACHTUNGTRENNUNG(H,H) =9.9, 1.6 Hz, 1H; C(O)CH=CH], 5.72 [dd, 3J ACHTUNGTRENNUNG(H,H) =


9.9, 2.2 Hz, 1H; C(O)CH], 5.44 (d, 3J ACHTUNGTRENNUNG(H,H) = 7.4 Hz, 1 H; PhCH), 4.56
[td, 3J ACHTUNGTRENNUNG(H,H) =9.9, 1.9 Hz, 1H; CH ACHTUNGTRENNUNG(OSi)], 4.47 (d, 3J ACHTUNGTRENNUNG(H,H) =7.4 Hz, 1 H;
PhCHCHCHO), 3.55 [dd, 3J ACHTUNGTRENNUNG(H,H) =9.9, 0.8 Hz, 1 H; CHOC(O)], 1.67 [s,
3H; C ACHTUNGTRENNUNG(CH3)], 1.49 [s, 3H; C ACHTUNGTRENNUNG(CH3)], 0.90 [s, 9H; SiCACHTUNGTRENNUNG(CH3)3], 0.16 [s, 3 H;
Si ACHTUNGTRENNUNG(CH3)], 0.12 ppm [s, 3H; SiACHTUNGTRENNUNG(CH3)]; 13C NMR (100 MHz, CDCl3): d=


161.9 [C(O)], 149.6 [C(O)CH=CH], 135.3 (Ar-C), 128.0, 127.7, 126.6 (Ar-
CH), 119.2 [C(O)CH], 109.7 [C ACHTUNGTRENNUNG(CH3)2], 79.7 [CHOC(O)], 78.8 (PhCH),
75.3 (PhCHCHCHO), 63.7 (CHCH=CH), 26.3 [CACHTUNGTRENNUNG(CH3)], 25.6 [SiC-
ACHTUNGTRENNUNG(CH3)3], 25.5 [C ACHTUNGTRENNUNG(CH3)], 17.9 [SiC ACHTUNGTRENNUNG(CH3)3], �5.1, �4.6 ppm [Si ACHTUNGTRENNUNG(CH3)2]; IR
(KBr): ñ =3017, 2933, 2859, 1739 (C=O), 1465, 1376, 1254, 1218, 1163,
1106, 1061, 1008, 974, 917, 871, 839, 757, 701 (C6H5), 666 cm�1; MS
(100 eV, CI): m/z (%): 405 (53) [M+H]+ , 348 (26), 347 (100) [M+H�
(CH3)2CO]+ , 331 (5) [M+H� ACHTUNGTRENNUNG(CH3)2CO�H2O]+ , 289 (11), 215 (8), 97
(9), 91 (1) [C7H7]


+ ; HRMS: m/z : calcd for C21H29O5Si [M�CH3]:
389.1784; found: 389.1784.


ACHTUNGTRENNUNG(5R,6R)-(�)-6-[(4R,5R)-2,2-Dimethyl-5-phenyl-1,3-dioxolan-4-yl]-5-hy-
droxy-5,6-dihydropyran-2-one (17): Tetra-n-butylammonium fluoride
(TBAF, 1.0m in THF, 1.4 mL, 1.44 mmol, 2.0 equiv) was added dropwise
at 0 8C to a solution of compound 16 (290 mg, 0.72 mmol, 1.0 equiv) in
absolute THF (7 mL). Stirring at room temperature was continued for
1 h, after which the reaction was quenched with H2O (10 mL). The mix-
ture was poured into H2O (10 mL), and the aqueous layer was extracted
with EtOAc (3 M 10 mL). The combined organic layers were washed with
brine (10 mL), dried (Na2SO4), filtered and concentrated under reduced
pressure to give the crude product as a yellow syrup. Purification by flash
chromatography on silica gel (PE/EtOAc 50:50) gave alcohol 17 (153 mg,
74%) as a colourless solid. M.p. 164 8C; [a]23


D =�106.34 (c=1, CHCl3);
1H NMR (400 MHz, CDCl3): d=7.28–7.52 (m, 5H; Ar-CH), 6.68 [dd,
3J ACHTUNGTRENNUNG(H,H) =9.9, 2.0 Hz, 1 H; C(O)CH=CH], 5.80 [dd, 3J ACHTUNGTRENNUNG(H,H) =9.9, 2.0 Hz,
1H; C(O)CH], 5.47 (d, 3J ACHTUNGTRENNUNG(H,H) =7.3 Hz, 1H; PhCH), 4.61 (dd,
3J ACHTUNGTRENNUNG(H,H) =7.3, 1.1 Hz, 1H; PhCHCHCHO), 4.54 [ddd, 3J ACHTUNGTRENNUNG(H,H) = 9.3, 7.1,
2.0 Hz, 1H; CH(OH)], 3.68 [dd, 3J ACHTUNGTRENNUNG(H,H) = 9.3, 1.1 Hz, 1H; CHOC(O)],
2.05 (d, 3J ACHTUNGTRENNUNG(H,H) = 7.1 Hz, 1H; OH), 1.67 [s, 3H; CACHTUNGTRENNUNG(CH3)], 1.51 ppm [s,
3H; C ACHTUNGTRENNUNG(CH3)]; 13C NMR (100 MHz, CDCl3): d =161.9 [C(O)], 148.2
[C(O)CH =CH], 135.3 (Ar-C), 128.3, 128.1, 126.9 (Ar-CH), 120.3
[C(O)CH], 110.1 [C ACHTUNGTRENNUNG(CH3)2], 79.6 [CHOC(O)], 79.1 (PhCH), 76.0
(PhCHCHCHO), 63.2 (CHCH=CH), 26.3 [C ACHTUNGTRENNUNG(CH3)], 25.5 ppm [C ACHTUNGTRENNUNG(CH3)];
IR (KBr): ñ =3852, 3744, 3678, 3621, 3463 (br, OH), 2361, 1708 (C=O),
1646, 1548, 1460, 1378, 1227, 1084, 970, 904, 808, 743, 673 (C6H5),
559 cm�1; MS (100 eV, CI): m/z (%): 291 (39) [M+H]+ , 275 (24), 234
(13), 233 (100) [M+H� ACHTUNGTRENNUNG(CH3)2CO]+ , 232 (12), 215 (61) [M+H�
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(CH3)2CO�H2O]+ , 149 (10), 148 (14), 97 (10), 91 (6) [C7H7
+]; HRMS:


m/z : calcd for C15H15O5 [M�CH3]: 275.0919; found: 275.0920.


ACHTUNGTRENNUNG(5R,6R)-(�)-6-[(4R,5R)-2,2-Dimethyl-5-phenyl-1,3-dioxolan-4-yl]-5-tol-
uenesulfonyloxy-5,6-dihydropyran-2-one (18): 4-Dimethylaminopyridine
(DMAP, 60 mg, 0.48 mmol, 3.0 equiv) and p-toluenesulfonyl chloride
(46 mg, 0.24 mmol, 1.5 equiv) were added at room temperature to a
stirred solution of alcohol 17 (47 mg, 0.16 mmol, 1.0 equiv) in CH2Cl2


(2 mL). Stirring at this temperature was continued for 3 h. The organic
phase was washed with H2O (10 mL) and brine (10 mL), and the aqueous
layer was extracted with CH2Cl2 (3 M 10 mL). The combined organic
layers were dried (Na2SO4) and concentrated under reduced pressure to
give the crude product as a brown syrup. Purification by flash chromatog-
raphy on silica gel (PE/EtOAc 70:30) gave tosylate 18 (68 mg, 95%) as
colourless crystals. M.p. 50–51 8C; [a]23


D =�88.90 (c=1, CHCl3); 1H NMR
(400 MHz, CDCl3): d=7.79 (m, 2 H; Ar-CH), 7.28–7.44 (m, 7H; Ar-CH),
6.59 [dd, 3J ACHTUNGTRENNUNG(H,H) =9.9, 2.7 Hz, 1H; C(O)CH=CH], 5.89 [dd, 3J ACHTUNGTRENNUNG(H,H) =


9.9, 1.6 Hz, 1H; C(O)CH], 5.32 (d, 3J ACHTUNGTRENNUNG(H,H) = 7.4 Hz, 1 H; PhCH), 5.18
[ddd, 3J ACHTUNGTRENNUNG(H,H) =8.2, 2.7, 1.6 Hz, 1H; CH ACHTUNGTRENNUNG(OTs)], 4.14 (d, 3J ACHTUNGTRENNUNG(H,H) =


7.4 Hz, 1H; PhCHCHCHO), 3.81 [d, 3J ACHTUNGTRENNUNG(H,H) =8.2 Hz, 1 H; CHOC(O)],
2.49 (s, 3 H; CH3), 1.55 [s, 3H; C ACHTUNGTRENNUNG(CH3)], 1.34 ppm [s, 3H; C ACHTUNGTRENNUNG(CH3)];
13C NMR (100 MHz, CDCl3): d=160.6 [C(O)], 145.8 (Ar-C), 141.9
[C(O)CH=CH], 134.9, 132.6 (Ar-C), 130.2, 128.3, 128.2, 128.1, 126.7 (Ar-
CH), 122.8 [C(O)CH], 110.1 [C ACHTUNGTRENNUNG(CH3)2], 78.7 (PhCH), 76.8 [CHOC(O)],
75.9 (PhCHCHCHO), 70.6 (CHCH=CH), 26.0 [CACHTUNGTRENNUNG(CH3)], 25.0 [CACHTUNGTRENNUNG(CH3)],
21.8 ppm (CH3); IR (KBr): ñ =3853, 3744, 3670, 3620, 3417, 2925, 2354,
1708 (C=O), 1548, 1250, 1105, 1022, 820, 758, 679 (C6H5), 564 cm�1; MS
(100 eV, CI): m/z (%): 233 (10), 232 (33) [M+H� ACHTUNGTRENNUNG(CH3)2CO�OTs]+ , 173
(17), 172 (40), 155 (11), 136 (10), 126 (11), 108 (14), 107 (57), 105 (34), 97
(100), 96 (14), 95 (28), 91 (59) [C7H7]


+ , 79 (29), 77 (30), 68 (13), 65 (11).


(1R,6S,8R,9R)-(+)-9-Hydroxy-8-phenyl-2,7-dioxabicyclo ACHTUNGTRENNUNG[4.3.0]non-4-en-
3-one [(+)-altholactone] (1): Amberlyst 15 (128 mg, 200 % in weight)
was added at room temperature to a stirred solution of acetonide 18
(64 mg, 0.14 mmol, 1.0 equiv) in MeOH (2 mL). Stirring was continued
for 2 h, and subsequently the reaction mixture was filtered through a
short pad of Celite, and the solids were washed with MeOH. The filtrate
was concentrated under reduced pressure to give the crude product as a
yellow syrup. Purification by flash chromatography on silica gel (Et2O)
gave (+)-altholactone (1, 31 mg, 93%) as a colourless solid. M.p. 114 8C
(lit. :[2a] 110 8C); [a]25


D =++104.10 (c=1, CHCl3), [a]25
D =++177.46 (c=0.5,


EtOH) (lit. :[1,2a] [a]20
D =++188, [a]25


D =++184.7, c=0.5, EtOH); 1H NMR
(400 MHz, CDCl3): d =7.27–7.36 (m, 5H; Ar-CH), 7.00 [dd, 3J ACHTUNGTRENNUNG(H,H) =


9.9, 4.9 Hz, 1 H; C(O)CH=CH], 6.21 [d, 3J ACHTUNGTRENNUNG(H,H) = 9.9 Hz, 1 H; C(O)CH],
4.92 [dd, 3J ACHTUNGTRENNUNG(H,H) =5.2, 2.2 Hz, 1 H; CHOC(O)], 4.74 (d, 3J ACHTUNGTRENNUNG(H,H) =


5.8 Hz, 1 H; PhCH), 4.63 (t, 3J ACHTUNGTRENNUNG(H,H) =5.2 Hz, 1 H; CHCH=CH), 4.44 [dd,
3J ACHTUNGTRENNUNG(H,H) =5.8, 2.2 Hz, 1 H; CH(OH)], 2.55 ppm (s, 1H; OH); 13C NMR
(100 MHz, CDCl3): d =161.3 [C(O)], 140.3 [C(O)CH=CH], 137.9 (Ar-C),
128.5, 128.2, 125.9 (Ar-CH), 123.4 [C(O)CH], 86.4 [CHOC(O)], 85.9
(PhCH), 83.5 [CH(OH)], 68.1 ppm (CHCH =CH); IR (KBr): ñ=3438
(OH), 2926, 2859, 2279, 1724 (C=O, a,b-unsaturated d-lactone), 1456,
1378, 1259, 1088, 816, 759, 706 cm�1 (C6H5); MS (100 eV, CI): m/z (%):
233 (100) [M+H]+ , 215 (10) [M+H�H2O]+ , 137 (2), 127 (4), 119 (5), 109
(7), 107 (5) [M+H�H2O�PhCH2OH]+ , 97 (16), 91 (8) [C7H7]


+ , 79 (1);
HRMS: m/z : calcd for C13H12O4 [M]: 232.0735; found: 232.0733.
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Introduction


Medium-ring oxacycles constitute important structural fea-
tures present in many biologically active natural products
and have generated tremendous interest in the synthetic or-
ganic chemistry community.[1] A plethora of methods have
been developed to construct these systems which are diffi-
cult to synthesize by “classical” methods due the unfavoura-
ble entropy and enthalpy of activation associated with the
forming medium ring.[2] The development of these new syn-


thetic methods is duly reflected by a number of elegant syn-
theses of marine natural products containing medium-ring
ethers.[1] The C15-halogenated acetogenins isolated from the
Laurencia species of red algae, and those marine organisms
which feed on L. sp., have frequently been used as a testing
ground for new methods developed for the construction of
medium-ring ethers.[3] Our own strategy towards medium-
ring oxacycles has involved exploitation of the Claisen rear-
rangement of a vinyl-substituted ketene–acetal to deliver a
medium-ring lactone,[4] a reaction first reported by Petrzilka
for the synthesis of a 10-membered lactone.[5] The medium-
ring lactone is subsequently converted into the correspond-
ing medium-ring ether by methylenation followed by elabo-
ration of the so-formed exo-cyclic enol ether. This strategy
has successfully been employed in the synthesis of (+)-lau-
rencin[6] and in the preparation of fused bicyclic medium-
ring ethers and lactones.[7] To test the scope of this Claisen
rearrangement/methylenation methodology in the synthesis
of other marine-ether natural products we selected (+)-ob-
tusenyne as our synthetic target.[8]


(+)-Obtusenyne ((+)-1) was independently isolated from
L. obtusa by Imre[9] and Fenical and Clardy[10] and their re-
spective co-workers. The structure and absolute configura-
tion of (+)-1 were assigned by a com-
bination of spectroscopic analysis and
X-ray crystallography. The total syn-
thesis of (+)-obtusenyne (+)-1 was
first accomplished by Murai and co-
workers in 1999.[11] The core nine-
membered oxacycle was constructed by
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using a Keck lactonisation,[12] and the resulting lactone was
converted into the 9-membered ether by means of a se-
quence involving formation of an enol triflate, coupling of
the enol triflate with an ethyl cuprate, epoxidation of the re-
sulting endo-cyclic enol ether and reduction of the so-
formed epoxide. In 2003, the second enantioselective syn-
thesis of (+)-obtusenyne was reported by Crimmins and co-
workers.[13] In their synthesis, the core nine-membered ether
was directly synthesised from an acyclic precursor by means
of a highly efficient ring-closing metathesis. Herein, we
report a full account[8] of our synthetic efforts towards this
marine natural product which has culminated in the total
synthesis of (+)-obtusenyne. Additionally we disclose a
formal synthesis of the enantiomer of the natural product
(�)-obtusenyne and highlight some of the interesting
chemistry exhibited by medium-ring ethers. During the
preparation of this manuscript, Suzuki and co-workers dis-
closed the fourth total synthesis of (+)-obtusenyne which in-
volved the cyclisation of a linear hydroxy epoxide to form
the core nine-membered ether directly.[14]


Results and Discussion


First generation approach to natural (+)-obtusenyne : Our
retrosynthetic analysis of (+)-obtusenyne ((+)-1) is outlined
in Scheme 1. We envisioned that the D5-hexahydrooxonine 2
would serve as a key late-stage intermediate. Subsequent
stereospecific halogenations and introduction of the (Z)-
enyne side chain would complete the synthesis of (+)-1. The
thermodynamically less-favoured “trans” relationship of the
two substituents across the ether linkage in 2[15,16] was to be
established by a diastereoselective intramolecular hydrosila-
tion of the enol ether 3,[17] which would be readily prepared
from the lactone 4. Claisen rearrangement of the seven-
membered vinyl-substituted ketene acetal 5 was considered
to be the method of choice for the preparation of the lac-
tone 4, based upon much precedent.[4] The ketene acetal 5
was to be prepared in an enantioenriched form from the
chiral non-racemic methyl trans-3,4-epoxyhexanoate 6. The
success of this strategy hinges on the late-stage stereospecif-
ic halogenation of the medium-ring ether derived from 2. It
should be noted that such an operation remained relatively
unexplored when we initiated our synthetic program to-
wards 1 and some interesting aspects of the displacement re-


actions using medium-ring ether substrates came to light as
the project progressed.


Full details of the preparation of the racemic lactone
(�)-4 have been reported previously, starting with the race-
mic epoxide (� )-6.[8a] Our synthesis of the enantioenriched
lactone (�)-4 closely followed the route to racemic (� )-4,
and began with a pig liver esterase-catalysed kinetic resolu-
tion of racemic trans-methyl 3,4-epoxyhexanoate (� )-6[18] by
following the method of Tamm and co-workers[19]


(Scheme 2). Thus, the racemic epoxide was suspended in


pH 7.2 phosphate buffer and pig liver esterase was added.
The pH of the reaction mixture was monitored (pH meter)
and maintained at pH 7.2 by the addition of 1m sodium hy-
droxide solution which provided a convenient measure of
conversion. At approximately 60% conversion, the enan-
tioenriched epoxide (+)-6 ([a]21D =++26.6 (c=0.64 in
CH2Cl2), 96% ee ; ee=enantiomeric excess) could be isolat-
ed in 31% yield. The formation of emulsions at times made
isolation of the epoxide problematic, but emulsion forma-
tion could be minimised by repeated filtering of the reaction
mixture through Celite. This procedure allowed the prepara-
tion of multigram quantities of the enantioenriched epoxide
(+)-6. The enantiomeric excess of the epoxide was deter-


mined on a derivative. Thus,
exposure of (+)-6 to DBU
caused isomerization to the al-
lylic alcohol (�)-7 ([a]21D =


�25.8 (c=2.9 in CHCl3)). The
enantiomeric excess of the al-
lylic alcohol (�)-7, and hence
of the epoxide (+)-6, was de-
termined by 1H NMR spectros-
copy by using the chiral-shift
reagent [(+)-Eu ACHTUNGTRENNUNG(hfc)3] (hfc=3-
(heptafluoropropylhydroxymeth-Scheme 1. First-generation retrosynthetic analysis of (+)-obtusenyne ((+)-1).


Scheme 2. Enantioselective synthesis of the lactone (�)-4. a) Crude pig-
liver esterase, pH 7.2 phosphate buffer, 31%; b) DBU, CH2Cl2, 86%;
c) 3% aqueous H2SO4, 85%; d) TBDPSCl, imidazole, DMF, 96%;
e) DIBAL, THF, �78 8C, RT, 90%; f) CH2=CHMgBr, THF, 91%;
g) PhSeCH2CH ACHTUNGTRENNUNG(OEt)2, PPTS, toluene, reflux, 90%; h) NaIO4, CH2Cl2,
MeOH, H2O, 100%; i) DBU, toluene, reflux, 85%. DBU=1,8-
diazabicycloACHTUNGTRENNUNG[5.4.0]undec-7-ene; DIBAL=diisobutylaluminium hydride;
TBDPS= tert-butyldiphenylsilyl ; PPTS=pyridinium p-toluene sulfate.
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ylene)camphorate); the enantiomeric excess was confirmed
by MosherOs ester analysis of a later synthetic intermediate,
the lactone (�)-8 (vide infra). By analogy with TammOs ob-
servations,[19] the epoxide (+)-6 was presumed to have the
(3R,4R)-configuration which was confirmed by comparison
of the optical rotation of the allylic alcohol (�)-7 with the
known antipode[20] (Scheme 2). The chiral non-racemic ep-
oxide (+)-6 was readily converted into the lactone (�)-4
with yields similar to those reported for the racemic se-
ries.[8a] Thus, exposure of the enantioenriched epoxide to
aqueous acid gave the butyro-lactone (�)-8 ([a]22D =�24.1
(c=1.4 in CHCl3)}. The enantioenriched lactone (�)-8 and
the corresponding racemic lactone (� )-8 were derivatised
with (R)-(+)-methoxy-a-(trifluoromethyl)phenylacetic acid.
1H NMR spectroscopic analysis of the derived MosherOs
esters indicated that the lactone was of high enantiomeric
purity (>95%). The enantioenriched lactone (�)-8 was
readily converted into the crystalline silyl ether (�)-9 (m.p.
(hexane) 64–65 8C; [a]22D =�17.3 (c=1.5 in CHCl3)) which
on reduction with diisobutylaluminium hydride yielded the
corresponding lactols 10 as a mixture of anomers (ca. 4:1).
The purified lactols 10 were exposed to an excess of vinyl-
magnesium bromide in THF at �78 8C to give a mixture of
the allylic diols 11 in 85% yield. The diols 11 were convert-
ed into the seven-membered seleno-acetals, which on oxida-
tion gave the corresponding selenoxides. Heating the selen-
oxides in toluene under reflux in the presence of DBU de-
livered the desired enantioenriched nine-membered lactone
(�)-4 in excellent yield ([a]20D =�11.6 (c=1.0 in CHCl3)) as
a clear and colourless oil.


Conversion of the lactone (�)-4 into the diol (�)-2 : Enolate
oxidation of the lactone (�)-4 was achieved by using
KHMDS and the Davis oxaziridine,[21] as in the racemic ser-
ies[8b] (Scheme 3). This delivered the hydroxy lactone (�)-12
as a single diastereomer of unknown configuration ([a]23D =


�36.5 (c=2.7 in CHCl3)) in 79% yield after extensive chro-
matography. The extensive chromatography could be avoid-


ed by rapid chromatography of the crude reaction mixture
followed by silylation to give the a-silyloxy lactone (�)-13
in 55% yield from the lactone (�)-4.


Molecular modelling,[22] of the enol 17-TMS as a model
for the enolate derived from the lactone (�)-4 was conduct-
ed and the global minimum is shown in Figure 1. The global


minimum conformation clearly shows that the Re face of the
enol is exposed (and all conformations within 10 kJmol�1 of
the global minimum had the Re face of the enolate more ac-
cessible than the Si face) which would give rise to the hy-
droxy-lactone (�)-12 with the configuration shown. Proof of
the relative stereochemistry of (�)-12 was provided by X-
ray crystallographic analysis of a rearranged derivative from
the enolate oxidation of (� )-4 in the racemic series; the
configuration of (�)-12 was further confirmed by the syn-
thesis of the natural product (+)-1.


The protected lactone (�)-13 was methylenated by using
the Tebbe reagent,[23] giving the exo-cyclic enol ether (�)-14
in 90% yield (we also prepared the corresponding TBS-pro-
tected enol ether (� )-16 in a similar manner—see
Scheme 3). We initially investigated the elaboraton of the
exo-cyclic enol ethers in the racemic series. It had been ex-
pected that hydroboration of the more nucleophilic enol
ether in racemic (� )-16 would proceed faster than the hy-
droboration of the endo-cyclic olefin. In practice, the devel-
opment of an efficient and selective hydroboration was not
achieved. Under a variety of conditions, hydroboration of
the racemic enol ether (� )-16 caused ring opening, competi-
tive hydroboration of the endo-cyclic double bond,[24] hy-
drolysis of the enol ether and other unwanted reactions.[25]


Our attention, therefore, was turned to the addition of sele-
nenic electrophiles to the exo-cyclic enol ether by using
methodology which we had developed during studies on the
synthesis of (+)-laurencin[6] and used latterly in the synthesis
of eunicellin analogues.[26] The protected racemic enol ether
(� )-16 was exposed to phenylselenyl chloride and N,N-di-
isopropylethylamine in a mixed solvent system (Scheme 4).
Under optimised conditions, a 15:1 mixture of the selenoa-
cetals (� )-19 was obtained in 55% yield. The next step re-
quired the reduction of the acetals (� )-19 to deliver the re-
quired D5-hexahydrooxonine. We had previously used alane
for the reduction of medium-ring methoxy-acetals;[6] howev-


Scheme 3. Enolate oxidation and methylenation. a) KHMDS, THF,
�78 8C then (� )-2-(phenylsulfonyl)-3-phenyloxaziridine, then (� )-cam-
phor-10-sulfonic acid, 79%; b) TMSCl, Et3N, THF, 98%; c) Tebbe re-
agent, DMAP, THF, �40 8C, RT, 90% (�)-14, 94% (� )-16 ; d) TBSCl,
imidazole, DMF, 98%; e) TBAF, THF, 29–38%. DMAP=4-dimethylami-
nopyridine; KHMDS=potassium hexamethyl disilazide; TBAF= tetra-
butylammonium fluoride; TBS= tert-butyldimethylsilyl ; TMS= trimethyl-
silyl.


Figure 1. Global minimum conformation for 17-TMS corresponding to
the enolate derived from 4.
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er, these conditions were deemed incompatible with the
silyl-protecting groups. Independent reports from the groups
of Yamamoto[27] and Kotsuki[28,29] suggested that diisobutyla-
luminium hydride would be a suitable reagent to effect the
reduction of the acetals (� )-19. Exposure of the acetals
(�)-19 to diisobutylaluminium hydride in dichloromethane
resulted in the required reduction (with concomitant loss of
the tert-butyldimethylsilyl protecting group) to deliver the
D5-hexahydrooxonine (� )-20 in poor yield along with the
elimination products (� )-21 and (� )-18 ; the stereochemis-
try at C-2 of the D5-hexahydrooxonine (� )-20 was not as-
signed.


The combination of a titanium Lewis acid and triethylsi-
lane has been used for the reduction of bicyclic ketals.[27, 28]


Exposure of the acetals (� )-19 to titanium tetrachloride and
triethylsilane at low temperature, followed by quenching
with methanol, did not deliver the desired reduced D5-hexa-
hydrooxonine (� )-20 but rather the crystalline [4.3.1]bicy-
clic ether (� )-23 (m.p. (ether/hexane) 131–132 8C) in 59%
yield (Scheme 5).


The bicyclic skeleton of (� )-23 (Figure 2) was initially de-
duced by a 1H NMR COSY experiment and was firmly es-
tablished by X-ray crystallography,[30,31] thus confirming the
relative configuration of the a-hydroxy lactone (� )-12.


Workup of the silane reduction reaction with ammonium
chloride in place of methanol enabled retention of the silyl
protecting group to afford (� )-22. Conversion of (� )-22 to
(� )-23 could be readily effected on exposure of (� )-22 to


tetrabutylammonium fluoride. A possible mechanism for
this novel rearrangement is outlined in Scheme 6. Lewis
acid mediated exo-cyclic cleavage of the acetal (� )-19 gives
the oxocarbenium ion (� )-24, which on loss of phenylselen-
yl chloride delivers the enol ether (� )-16. Addition of phe-
nylselenyl chloride to either double bond of the enol ether
(� )-16 is possible, although attack at the enol ether double
bond would be expected to be favoured. Nevertheless sele-
nirenium-ion formation on the endo-cyclic double bond will
occur to give (� )-25, and (irreversible) formation of the bi-
cyclic oxocarbenium ion (� )-26 can then occur. Irreversible
reduction of the oxonium ion (� )-26 then delivers the
[4.3.1]-bicyclic ether (� )-22. The postulated mechanism in-
volves the enol ether (� )-16 and two pieces of circumstan-
tial evidence support this proposal. Firstly, diisobutylalumi-
nium hydride reduction of the methoxy-acetal (� )-19 pro-
duced the enol ether (� )-18. Secondly, exposure of the enol


Scheme 4. Methoxy selenation and reduction. a) PhSeCl, iPr2EtN,
MeOH, CH2Cl2, 55%; b) DIBAL, CH2Cl2, RT, 20% (� )-20, 24%
(�)-21, 12% (� )-18.


Scheme 5. Formation of the 2-oxabicycloACHTUNGTRENNUNG[4.3.1]decane (� )-23. a) TiCl4,
Et3SiH, �78 8C, then MeOH, 59% (� )-23 ; b) TiCl4, Et3SiH, �78 8C, then
NH4Cl, 79% (� )-22 ; c) TBAF, THF, RT, 68%.


Scheme 6. Proposed mechanism for formation of the 2-oxabicyclo ACHTUNGTRENNUNG[4.3.1]decane (� )-22.


Figure 2. X-ray crystal structure of the 2-oxabicycloACHTUNGTRENNUNG[4.3.1]decane (� )-23.
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ether (� )-16 to phenylselenyl chloride, titanium(IV) chlo-
ride and triethylsilane gave the same oxabicyclic-
ACHTUNGTRENNUNG[4.3.1]decane (� )-22.


Returning to the synthesis of natural (+)-obtusenyne, the
formation of the diol (�)-2 was ultimately achieved by intra-
molecular hydrosilation of the silane (�)-3 derived from the
enol ether (�)-14, a reaction first reported by Tamao[17]


(Scheme 7). The intramolecular hydrosilation of the racemic


enol ether (� )-3 has been discussed at length.[8c] However,
further studies of this powerful reaction were made in light
of the work of Evans[32] and Burgess[33] who have demon-
strated that the age of rhodium catalysts used in catechol-
borane-mediated hydroborations has some bearing on the
diastereoselectivity of these reactions. Upon reinvestigation
of the hydrosilation of the enol ether (�)-3 catalysed by
WilkinsonOs catalyst, we found that the diastereoselectivity
changed depending on the level of oxidation of the catalyst
(Table 1). Exposure of the enol ether (�)-3 to WilkinsonOs
catalyst (ex-Aldrich) in THF at reflux gave the diols (�)-2
and (�)-27 in a 10:1 ratio after Tamao–Fleming oxida-
tion.[34,35] Oxidation of WilkinsonOs catalyst with oxygen, by
using EvansOs conditions,[32] prior to addition of the enol
ether, improved this ratio to 21:1. The diastereoselectivity of
this process is, therefore, markedly influenced by the degree
of oxidation of the catalyst. Remarkably, pre-treatment of
WilkinsonOs catalyst with two molar equivalents of triphenyl-
phosphane (relative to catalyst),[32] followed by addition to
the enol ether (�)-3 gave the
diols (�)-2 and (�)-27 in a
>12:1 ratio after oxidation and
in very good yield. This pre-
treatment of the catalyst with
triphenylphosphane presuma-
bly replaces any ligand that
has been lost from the coordi-
nation sphere of the rhodium
by means of an oxidation
mechanism.[32] Hydrosilation/
oxidation of the enol ether
(�)-3 by using the pre-reduced
catalyst proved to be a robust
procedure which gave the diols


(�)-2 and (�)-27 in the highest isolated yield. On a prepara-
tive scale, the diols (�)-2 and (�)-27 could be separated by
HPLC; however, it generally proved more convenient to
separate the diols after further derivatization. The relative
stereochemistry of the racemic diols (� )-2 and (� )-27 had
been proven by 1H NMR spectroscopic analysis of the de-
rived acetonides as previously discussed.[8c]


In the racemic series, a trace amount of the cis-diol
(�)-27 was isolated from the intramolecular hydrosilation
and we decided to make use of this diol as a model system
for the late-stage stereospecific halogenations. Selective
mono-acylation of the primary hydroxyl group of the cis-
diol (�)-27 furnished the acetate (� )-28 (Scheme 8). We
have reported the bromination and chlorination of the sec-
ondary alcohol (� )-28 with the Ghosez reagents, 1-(halo-2-
methylpropenyl)dimethylamines.[36,37] Interestingly, bromina-
tion of the alcohol (� )-28 with carbon tetrabromide and tri-
octylphosphane[38] delivered a mixture of the bromides
(�)-30 and (� )-31 presumably by means of neighbouring-
group participation of acetate involving the corresponding
six-membered acetoxonium ion. Having demonstrated, in
the racemic series, that it was indeed possible to introduce
halogen atoms stereospecifically onto a medium-ring ether
system that closely resembles the core structure of (+)-obtu-
senyne (1), we turned our attention to the elaboration of
the trans-diol (�)-2.


Returning to the natural series, the trans-diol (�)-2 was
converted into the corresponding p-methoxybenzylidene
acetal and selective reductive cleavage with diisobutylalumi-


Scheme 7. Hydrosilation of the enol ether (�)-3. a) TBAF, THF, 99%;
b) (Me2SiH)2NH, NH4Cl, 100%; c) [RhCl ACHTUNGTRENNUNG(Ph3P)3], THF, reflux then
H2O2, KOH, THF, MeOH, H2O, see Table 1.


Table 1. Hydrosilation of the enol ether (�)-3.
Catalyst Ratio of


diols[a]
Isolated yield of
trans-diol
(�)-2 [%][b]


Isolated yield
of cis-diol
(�)-27 [%][b]


ACHTUNGTRENNUNG[(Ph3P)3RhCl][c] 9.9:1 64 6
ACHTUNGTRENNUNG[(Ph3P)3RhCl]+O2


[d] 21:1 58 8
ACHTUNGTRENNUNG[(Ph3P)3RhCl]+2PPh3


[e] 12.8:1 78 6


[a] Determined by HPLC. [b] After preparative HPLC. [c] As supplied.
[d] Oxygen passed through a dichloromethane solution of the catalyst fol-
lowed by exhaustive evaporation and redisolution in THF. [e] Catalyst
and triphenylphosphane dissolved in dichloromethane, evaporated and
redissolved in THF.


Scheme 8. Model halogenation study. a) Ac2O, DMAP, CH2Cl2, 78%; b) Me2C=CClNMe2, 4 R MS, CH2Cl2,
(�)-propylene oxide, 71% (� )-29 ; c) Me2C=CBrNMe2, 4 R MS, CH2Cl2, (� )-propylene oxide, 42% (� )-30 ;
d) CBr4, P ACHTUNGTRENNUNG(Oct)3, toluene, reflux, 50% (� )-30, 50% (� )-31.
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nium hydride[39,40] released the primary alcohol (�)-32
(Scheme 9). Mesylation of (�)-32 and subsequent cyanide
displacement delivered the corresponding nitrile in excellent
yield. Careful nitrile reduction with diisobutylaluminium hy-
dride furnished the relatively unstable aldehyde (�)-33, in
readiness for the incorporation of the (Z)-enyne side chain.
We first examined the Peterson-type olefination of Corey
for the selective introduction of the enyne.[41] The aldehyde
(�)-33 was treated with lithiated 1,3-bis(triisopropylsilyl)-
propyne at �78 8C to furnish the desired (Z)-enyne (�)-34
in moderate yield (50%), along with the corresponding (E)-
enyne (separable). Alternatively, the Stork–Wittig[42] reac-
tion of the aldehyde (�)-33 delivered the corresponding
(Z)-vinyl iodide (�)-35 exclusively. Subsequent Sonoga-
shira[43] coupling of (�)-35 with trimethylsilylacetylene fur-
nished the (Z)-enyne (�)-36 in good overall yield (71%
over two steps).


On the basis of the chlorination studies on the secondary
alcohol (� )-28, we decided to introduce the chlorine substi-
tutent prior to the bromine substituent. The PMB (PMB=


p-methoxybenzyl) ether in (�)-36 was readily removed with
borontrichloride-dimethyl sulfide complex[44] to provide the
secondary alcohol (+)-37 in readiness for chlorination
(Scheme 9). However, we were disappointed to find that at-
tempted chlorination of the secondary alcohol (+)-37 under
a wide variety of conditions, [1-(chloro-2-methylpropenyl)di-
methylamine,[36,37] carbon tetrachloride and trioctylphos-
phane,[45] triflate followed by benzyltriethylammonium chlo-
ride,[46] failed to yield any products containing a chlorine
substituent.


The difficulty which we experienced with introducing the
chlorine atom onto late-stage intermediates en route to
(+)-obtusenyne led us to believe that it would be necessary
to introduce the chlorine substitutent as early as possible in
the synthetic sequence. This belief was reinforced when the
first synthesis of obtusenyne was published by Murai and
co-workers.[11] In this elegant synthesis, the chlorine atom
was introduced prior to medium-ring ether formation with
the bromine atom being introduced as early as possible after
the formation of the D5-hexahydrooxonine. Subsequently
Crimmins[13] demonstrated the successful introduction of


both halogen atoms at a very late stage in the synthetic
route and hence “early-stage” halogenation is not a prereq-
uisite for synthesis of the natural product. However, our
synthetic endeavours pre-dated the Crimmins publication,
and our own and MuraiOs results indicated that “early-stage”
halogenation may be required. We, therefore, revised our
original approach to 1 and attempted to introduce the chlor-
ine and bromine atoms at an earlier stage in the synthesis.
This strategy was based upon the well-known rate suppres-
sion of nucleophilic substitution at carbon atoms carrying a
b-oxygen.[47]


The second-generation approach: the non-natural series :
Our second-generation approach to obtusenyne involved in-
troducing the chlorine atom as early as possible in the syn-
thetic sequence due to difficulties we had encountered in
the late-stage chlorination of a secondary alcohol attached
to a medium-ring ether. We have previously developed a
highly efficient synthesis of nine-membered lactones from 2-
deoxy-d-ribose and we decided to use this methodology for
our second-generation approach to obtusenyne and for fur-
ther model studies.[48,49] In part, this decision was taken be-
cause of the time-consuming kinetic resolution of the race-
mic epoxide (� )-6 discussed above. The use of 2-deoxy-d-
ribose as a starting material would ultimately give rise to a
synthesis of non-natural (�)-obtusenyne ent-1; however, we
pursued this synthetic route knowing that a number of effi-
cient preparations of 2-deoxy-l-ribose have been reported,
which would subsequently allow the synthesis of the natural
enantiomer of 1.[50] Our second-generation retrosynthetic
analysis of non-natural (�)-obtusenyne ent-1 is outlined in
Scheme 10. We envisioned that the chloro-alcohol 39 would
be smoothly brominated based upon a precedent from
MuraiOs synthesis of obtusenyne[11] to give the bishalogenat-
ed D5-hexahydrooxonine 38. Subsequent (Z)-enyne side-
chain installation would complete the synthesis of (�)-obtu-
senyne ent-1. The ethyl substituent in the chloro alcohol 39
would, in turn, be installed by a cuprate addition upon the
activated primary hydroxyl group of the trans-diol 40, which
could be readily prepared from the chloro lactone 42, by
means of an intramolecular hydrosilation of the enol ether


Scheme 9. Completion of the carbon skeleton of (+)-1. a) p-methoxybenzaldehyde, PPTS, benzene, reflux, 95%; b) DIBAL, CH2Cl2, �78!�15 8C, 1 h,
86%; c) MsCl, Et3N, CH2Cl2, 99%; d) NaCN, DMF, 60 8C, 99%; e) DIBAL, toluene, �78!�15 8C, 100%; f) TIPSC�CCH2TIPS, nBuLi, THF, �78 8C!
RT, 50%; g) Ph3P


+CH2I I
�, NaHMDS, THF, DMPU, �78 8C!RT, 73%; h) TMSC�CH, CuI, [Pd ACHTUNGTRENNUNG(PPh3)4], Et2NH, RT, 97%; i) BCl3·SMe2, CH2Cl2, 92%.


DMPU=N,N’-dimethyl-N,N’-propylene urea.
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41. The differentially protected lactone 43 would be pre-
pared by the Claisen rearrangement of the ketene acetal 44
derived from the corresponding selenoxides which would, in
turn, be available from 2-deoxy-d-ribose (45). We have pre-
viously reported the preparation of the chlorolactone
(�)-42[48] from 45, in which we had introduced the chlorine
atom prior to medium-ring lactone formation. However, this
route was not amenable to the production of gram quanti-
ties of the lactone (�)-42. Hence the decision was made to
develop an efficient route to the nine-membered lactone 43
and subsequently to introduce the chlorine atom as soon as
possible thereafter.


An efficient synthesis of the bis-tert-butyldiphenylsilyl-
protected lactone, corresponding to 43, from 45, has previ-
ously been disclosed[48,49] and the synthesis of the differen-
tially protected lactone (�)-43 closely followed this route
(Scheme 11).


Thus treatment of 45 with acidic methanol followed by si-
lylation provided the methyl glycosides 46 in 78% yield.[48,49]


Benzylation of the separated glycosides 46 (or a mixture of


glycosides) provided the benzylethers 47 in 72% yield. The
benzylethers 47 were hydrolysed to the corresponding lac-
tols on treatment with boron trichloride–dimethyl sulfide
complex. To obtain a high yield of the lactols, it was found
to be imperative that the reaction mixture was rapidly
quenched by the addition of saturated aqueous sodium car-
bonate and THF, followed by vigorous stirring and rapid
chromatography. If this protocol was not followed, then the
yield of the lactols was greatly diminished. Addition of vi-
nylmagnesium bromide to the pre-dried (azeotropic distilla-
tion with toluene) lactols provided the allylic alcohols 48 as
a mixture of diastereomers. Conversion of diols 48 into the
corresponding selenoacetals 49 was readily achieved on
treatment with phenylselanylacetaldehyde diethylacetal and
PPTS in toluene at reflux under Dean–Stark conditions. The
desired selenides 49 (isolated as a mixture of diastereomers)
were oxidised to the corresponding selenoxides and then py-
rolysed in toluene at reflux to provide the nine-membered
lactone (�)-43 in excellent yield. The nine-membered lac-
tone was readily prepared in multigram quantities from 45
in 32% overall yield and in six synthetic steps.


The use of microwaves in organic synthesis has rapidly in-
creased over the past decade and microwave reactors are
now regarded as routine equipment for the synthetic organic
chemist.[51] The selenoxide elimination/Claisen rearrange-
ment for the formation of medium-ring lactones is generally
conducted at high temperature (>100 8C) in a non-polar sol-
vent at reflux for many hours and could be potentially con-
ducted more efficiently under microwave irradiation.[52] We
have conducted a brief survey of conditions of the selenox-
ide elimination/Claisen rearrangement for the formation of
the lactone (�)-43 under microwave irradiation (Table 2).


Initial experiments indicated that the rearrangement could
be readily performed in toluene or xylene at 160 8C with mi-
crowave irradiation for 45 minutes, and gave the lactone
(�)-43 in excellent yield after column chromatography
(Table 2, entries 1–3). Moving to a more polar solvent (1,2-
dichlorobenzene), to increase the rate of dielectric heating,
decreased the reaction time and further raising the tempera-


Scheme 11. Preparation of the lactone (�)-43. a) HCl, Et2O, MeOH;
b) TBDPSCl, imidazole, DMF, 78% from 45 ; c) NaH, BnBr, TBAI, THF,
72%; d) BCl3·SMe2, THF, then Na2CO3, water, 83%; e) CH2=CHMgBr,
THF, 91%; f) PhSeCH2CHACHTUNGTRENNUNG(OEt)2, PPTS, toluene, reflux, 90%; g) NaIO4,
CH2Cl2, MeOH, water, 100%; h) DBU, toluene, reflux, 85%.


Table 2. Formation of the lactone (�)-43 by using microwave irradiation.


Entry Solvent Bmim/BF4


[%][a]
T
[8C]


t
[min][b]


Yield
[%][c]


1 toluene – 160 30 55
2 toluene – 160 45 95
3 p-xylene – 160 45 95
4 1,2-dichloroben-


zene
– 160 40 95


5 1,2-dichloroben-
zene


– 200 9 96


6 p-xylene – 180 12 86
7 p-xylene 1 180 12 95
8 p-xylene – 180 9 55
9 p-xylene 1 180 9 82
10 p-xylene 2 180 9 92


[a] Percentage by volume with respect to the solvent. [b] Time under irra-
diation. [c] Isolated yield after column chromatography.


Scheme 10. Second-generation retrosynthetic analysis of non-natural (�)-
obtusenyne, ent-1.
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ture to 200 8C allowed the reaction to be completed in only
nine minutes with the lactone being isolated in 95% yield
(Table 2, entry 5). We also examined the influence of ionic
liquids on the Claisen rearrangement as they are known to
increase the dielectric heating rates of non-polar solvents,
such as toluene and xylene, but the polarity of the bulk sol-
vent remains effectively unchanged.[53] The use of 1-butyl-3-
methylimidazolium tetrafluoroborate (BminBF4) as an addi-
tive (2% by volume) to the rearrangements conducted in
xylene and with a reaction temperature of 180 8C provided
the desired lactone (�)-43 in 92% yield after only nine mi-
nutes of irradiation (Table 2, entry 10). These reaction con-
ditions provided the lactone (�)-43 in an improved yield
compared with the standard reaction conditions (heating at
reflux in toluene). The microwave conditions were excellent
for the rapid production of small quantities (ca. 100 mg) of
material. Nevertheless the standard reaction conditions
were more convenient for the processing of 20 g batches of
material.


Debenzylation of the lactone (�)-43 was smoothly accom-
plished by the use of boron trichloride–dimethyl sulfide
complex,[44] yielding the secondary alcohol (�)-50
(Scheme 12). The debenzylation of secondary benzylethers


with this Lewis acid is known to be sluggish and the above
reaction took three days to reach completion. The stage was
now set for introduction of the chlorine substituent. Thus,
stirring the hydroxy lactone (�)-50 in dichloromethane, con-
taining 4 R molecular sieves for 20 minutes, followed by the
addition of the freshly distilled Ghosez reagent, 1-(chloro-2-
methylpropenyl)dimethylamine,[36,37] and stirring at room
temperature for four days provided the desired chlorinated
D5-oxonene (�)-42 in excellent yield (91%). If the reaction
is quenched before reaching completion, then the iso-butyric
acid ester derived from the alcohol (�)-50 may be isolated.
We have reported[37] that (� )-propylene oxide can suppress
the formation of such esters; however, it is now clear that
extended reaction times, rather than the addition of epox-


ides, are much more efficient at preventing formation of
such side products at least in the case of the alcohol (�)-50.
The rate of the previous two reactions meant that bringing
through stocks of material proved time consuming. Gratify-
ingly, conversion of the secondary alcohol into the chloro-
lactone (�)-42 could be achieved in 3 h and with quantita-
tive yield by using phosgene iminium chloride.[54] The
chloro-lactone (�)-42 was a-hydroxylated by using the pro-
tocol developed for the a-hydroxylation of the lactone
(�)-4. This procedure provided the a-hydroxy lactone
(�)-51 in 79% yield as a single diastereomer of unknown
configuration. Molecular modelling[22] of the enol 55-TMS,
as a model for the enolate derived from the lactone
(�)-42 was conducted. The global-minimum conformation is
shown in Figure 3 and indicates that the Si face of the enol


is exposed, which would give rise to the hydroxy-lactone
(�)-51 with the 3(S)-configuration; the configuration of the
hydroxy-lactone (�)-51 was confirmed by X-ray crystallo-
graphic analysis of a later intermediate (vide infra).


Having introduced the chlorine atom and an appropriate-
ly oriented hydroxy group for the late-stage bromination,
we turned our attention to the functionalization of the lac-
tone moiety through the methylenation/intramolecular hy-
drosilation sequence. We have used dimethyl titanocene[55,56]


for the methylenation of numerous medium-ring lactones
and chlorine-containing substrates.[6,7,48] However, exposure
of the lactone (�)-52 to dimethyl titanocene in toluene at
reflux provided the desired enol ether (�)-53 in rather low
yield (17%). Fortunately methylenation of the lactone
(�)-52 could be achieved in good yield on treatment with
the Tebbe reagent in THF at �50 8C (Scheme 12).[23] Remov-
al of all the titanium residues from the crude enol ether
(�)-53 required two chromatographic purifications and it
was, therefore, more practical to remove the trimethylsilyl
group from (�)-53 which allowed the hydroxy-enol ether
(�)-54 to be readily purified. The hydroxy-enol ether (�)-54
occasionally crystallized when prepared on a 300 mg scale.
A single crystal X-ray structure of the alcohol (�)-54
(Figure 4)[57] confirmed that the chlorination of the lactone
(�)-50 had proceeded with inversion of configuration at the
reacting centre and that the hydroxy group had been intro-
duced into the lactone (�)-42 with the desired stereochemis-


Scheme 12. Preparation of the silane 41. a) BCl3·SMe2, CH2Cl2, 65%;
b) Cl2C=NMe2


+ Cl�, pyridine, CH2Cl2, 0 8C!RT, 100%; c) KHMDS, tol-
uene, �78 8C then (� )-2-(phenylsulfonyl)-3-phenyloxaziridine, followed
by (� )-camphor-10-sulfonic acid 79%; d) TMSCl, Et3N, THF, 90%;
e) Tebbe reagent, DMAP, THF, �40 8C!RT; f) K2CO3, MeOH, 71%
from (�)-52 ; g) (Me2SiH)2NH, NH4Cl, 100%.


Figure 3. Global minimum structure for 55-TMS.
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try for the synthesis of non-
natural ent-obtusenyne (�)-1.
The alcohol (�)-54 was con-
verted into the silane 41 in
readiness for the intramolecu-
lar hydrosilation reaction.


We screened a wide variety
of catalysts (similar to the hy-
drosilation study for the enol
ether 3) for the hydrosilation
of 41. Surprisingly, hydrosila-
tion by using WilkinsonOs cata-
lyst, followed by Tamao–Flem-
ing oxidation,[34,35] delivered
the diols (�)-40 and (�)-58 in
moderate yield and without
any selectivity (Scheme 13).
The best catalyst proved to be
(bicycloACHTUNGTRENNUNG[2.2.1]hepta-2,5-diene)-
ACHTUNGTRENNUNG[1,4-bis(diphenylphosphino)bu-
tane]rhodium(I) tetrafluorobo-
rate, which delivered the diols
(�)-40 and (�)-58 in 85% yield as a 2:1 mixture favouring
the trans-diol (�)-40 ; the diols could be separated by prepa-
rative thin-layer chromatography but it was generally more
convenient to separate them at a later stage in the synthetic
sequence.


The stereochemistry of the diols (�)-40 and (�)-58 was
assigned on the basis of 1H NMR spectroscopic experiments
conducted on the corresponding p-methoxybenzylidene ace-
tals. The acetals (�)-56 and (+)-59 were formed in good
yield on treatment of the corresponding diols (�)-40 and
(�)-58 with p-methoxybenzaldehyde and PPTS in toluene at
reflux (Scheme 13). 1H NMR COSY and NOESY experi-
ments coupled with molecular modelling analysis[22] indicat-
ed that the structure of the p-methoxybenzylidene acetal
(+)-59 is as shown (Figure 5), thus the configuration of C-4a
and
C-11a of (+)-59 had been established. It is noteworthy that
the 1H NMR NOESY data for (+)-59 and the molecular
modelling data for 59-TMS were in close agreement. Fur-
thermore, analysis of the 1H NMR spectra of (+)-59 indicat-


ed that the coupling between H-4a and H-11a was small and
hence H-4a and H-11 were in a cis relationship.


1H NMR spectroscopic analysis of the p-methoxybenzyl-
idene acetal (�)-56 coupled with molecular modelling of 56-
TMS[22] indicated that the p-methoxybenzylidene acetal
(�)-56 had the stereochemistry shown. More specifically,
1H NMR NOESY data were in excellent agreement with a
low-energy conformation (0.94 kJmol�1 above the global
minimum) of the acetal 56-TMS found by molecular model-
ling (Figure 6). The 1H NMR NOESY data for (�)-56 does
not fit the global minimum conformation for 56-TMS. How-
ever, a weak NOE is observed between H-11a and H-8a in
(�)-56, indicating that the conformation corresponding to
56-TMS is accessible to the bicyclic structure.


The stereochemistry of the trans-diol (�)-40 was con-
firmed by X-ray crystallographic analysis of the primary al-
cohol (�)-57[58–62] formed by removal of the silyl protecting
group from (�)-56 (Scheme 13). Interestingly, the X-ray
crystal structure of (�)-57 (Figure 7) corresponds very well
with the fourth lowest-energy conformation of 56-TMS,
which best fits the 1H NMR NOE data.


Scheme 13. Hydrosilation of the enol ether 41. a) 10 mol% (bicyclo-
ACHTUNGTRENNUNG[2.2.1]hepta-2,5-diene) ACHTUNGTRENNUNG[1,4-bis(diphenylphosphino)butane]rhodium(I) tet-
rafluoroborate, THF, reflux, then H2O2, KOH, THF, MeOH, 57%
(�)-40, 28% (�)-58 ; b) p-methoxybenzaldehyde, PPTS, benzene, reflux,
98% (�)-56, 77% (+)-59 ; c) HF·pyridine, pyridine, THF, 94%.


Figure 5. Global minimum conformation for 59-TMS corresponding to the acetal (+)-59. The distances on the
molecular model are in Rngstroms (R). Selected 1H NMR NOEs are shown on structure (+)-59. Coupling
constants were calculated by using the Altona equation.


Figure 4. X-ray crystal structure of the enol ether (�)-54 showing the
ether of crystallisation.
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With the stereochemistry of the diols (�)-40 and (�)-58
secured, the next step involved the conversion of the C-2 hy-
droxymethyl group into an ethyl group. Following precedent
from our recent synthesis of (+)-laurencin,[6] the ethyl side-
chain of obtusenyne was to be introduced by displacement
of a sulfonate ester by an organocuprate. Monotosylation of
the diol (�)-40 proceeded in moderate yield to provide the
hydroxy-tosylate (�)-60 (Scheme 14). In our synthesis of
(+)-laurencin, cuprate displacement on a 1,3-trans-hydroxy-
tosylate occurred in excellent yield on exposure of the sub-
strate to the cuprate derived from methyllithium and cop-
per(I) cyanide. However, treatment of the tosylate (�)-60
with the cuprate derived from methyllithium and copper(I)
cyanide provided the trans-oxetane (�)-61 as well as the de-
sired ethyl-substituted oxonane (�)-39. The opening of oxe-


tanes with both organolithi-
ums[63] and organocuprates[64]


has been reported. Unfortu-
nately, exposure of (�)-61 to
the cuprate derived from meth-
yllithium and copper(I) cyanide
in the presence of boron tri-
fluoride etherate resulted only
in the recovery of the starting
substrate.


The reaction of alkyl bro-
mides with organocuprates is a
well-documented procedure for
the formation of carbon–carbon
sigma bonds.[65] We, therefore,
reasoned that conversion of the
diol (�)-40 into the dibromide
(�)-62 would simultaneously in-
troduce the secondary bromide
required for obtusenyne and ac-


tivate the primary hydroxyl in readiness for carbon–carbon
bond formation. In the event, exposure of the diol (�)-40 to
freshly purified carbon tetrabromide and freshly distilled tri-
octylphosphane in hot toluene[38] provided the requisite di-
bromide (�)-62 in 90% yield (Scheme 15). Attempted cou-
pling of the dibromide (�)-62 with various methylcuprates
under a variety of conditions resulted either in no reaction,
or in the formation of ring-opened products.


Further methods for the chemoselective differentiation of
the dibromide (�)-62 were attempted. We initially investi-
gated the displacement of the dibromide (�)-62 with cya-
nide with the aim of subsequently converting the introduced
nitrile into the requisite C-2 ethyl group. Unfortunately, ex-
posure of the dibromide (�)-62 to sodium cyanide under a
variety of conditions resulted in recovery of the dibromide
or conversion of the dibromide into the a,b-unsaturated ni-


Figure 6. Conformations of 56-TMS corresponding to the acetal (�)-56. The distances on the molecular model
are in Rngstroms (R). Selected 1H NMR NOEs are shown on structure (�)-56. Coupling constants were calcu-
lated by using the Altona equation.


Figure 7. X-ray crystal structure of the acetal (�)-57. The X-ray crystal
structure of (�)-57 has two different conformers in the unit cell. One of
the conformers shows some disorder in the hydroxymethyl side chain
(see the Supporting Information for details).


Scheme 14. Synthesis of the D5-hexahydrooxonines (�)-39 and (�)-61.
a) TsCl, DMAP, Et3N, CH2Cl2, 51% (�)-60, 24% (�)-40 ;
b) Me2CuLi·LiCN, Et2O, �78 8C!RT, 30% (�)-39, 70% (�)-61.


Scheme 15. Synthesis of the dibromide (�)-62. a) CBr4, P ACHTUNGTRENNUNG(Oct)3, toluene,
70 8C, 90%.
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trile (�)-65 (Scheme 16). The nitrile (�)-65 presumably
arises by an elimination/substitution sequence to give 64,
followed by conjugation of the enol ether double bond with


the installed nitrile functionality giving (�)-65. Similarly,
treatment of the dibromide (�)-62 with cesium trifluoroace-
tate in DMF,[66] resulted in another elimination/substitution
sequence to give the formate (�)-63.


The installation of the ethyl group at C-13 of non-natural
ent-obtusenyne proved problematic. Attempts to convert the
tosyloxymethyl group of (�)-60 and the bromomethyl group
of (�)-62 into ethyl groups were not fruitful and it was,
therefore, decided to adopt the more pedestrian route of
protecting the secondary hydroxyl group in (�)-40 to leave
the primary hydroxyl group available for conversion into a
methyl group. We have achieved monoprotection of 1,3-
diols by cleavage of the corresponding p-methoxybenzyl-
idene acetals with diisobutylaluminium hydride (see earli-
er).[6,7] Unfortunately, attempted regioselective cleavage of
the acetal (�)-56 with diisobutylaluminium hydride only fur-
nished the desired primary alcohol ((�)-69 see Scheme 17)
in low yield (17%); the primary silicon protecting group in
(�)-56 was found to be labile under the reaction conditions,
resulting in a poor yield of the desired primary alcohol. Sub-
sequently, an orthogonal protection–deprotection strategy
was employed to furnish the desired primary alcohol (�)-69
in good overall yield. A mixture of the diols (�)-40 and
(�)-58 was converted into the corresponding, readily separa-


ble, bis-silyl ethers (�)-68 and (�)-66 (Scheme 17).[67] The
separated bis-silyl ethers were further protected[68] and then
the tert-butyldimethylsilyl protecting group was chemoselec-
tively removed on treatment with mild acid,[69] to give the
differentially protected triol derivatives (�)-69 and (�)-67.


The trans-triol-derivative (�)-69 was esterified and the re-
sulting unstable triflate was immediately exposed to an
excess of dimethylcopper lithium in ether to give the ethyl-
substituted D5-hexahydrooxonine (�)-70 (Scheme 17).[6] The
p-methoxybenzyl ether in (�)-70 was removed by using bor-
ontrichloride–dimethyl sulfide complex[44] to reveal the sec-
ondary alcohol in excellent yield. Exposure of the alcohol to
carbon tetrabromide and trioctylphosphane[38] provided the
corresponding bromide (�)-38 in 70% yield. The structure
of the bromide (�)-38 was confirmed by single-crystal X-ray
analysis, indicating that the bromination had occurred with
inversion of configuration at C-3 (Figure 8);[70] Murai has re-


ported that the introduction of bromine in medium-ring
ethers can occur with inversion or retention of configuration
at the reacting centre depending on the conditions em-
ployed.[71]


Although the synthesis of the fully substituted core of
(�)-obtusenyne ent-1 had been completed, we encountered
difficulties in bringing through sufficient quantities of mate-
rial because the cuprate displacement of the triflate derived
from the alcohol (�)-69 proved to be capricious. The use of
dimethylcopper lithium occasionally gave the desired ethyl-
substituted D5-hexahydrooxonine in reasonable yield (65%),
although sometimes none of the desired product was formed
and, more frequently, the D5-hexahydrooxonine (�)-70 was
formed in low yield (ca. 30%) along with significant quanti-
ties of the alcohol (�)-69, which arises from attack of the
cuprate at sulfur;[72] use of the cuprate derived from methyl-
ithium and copper(I) cyanide again gave the ethyl-substitut-
ed D5-hexahydrooxonine (�)-70 in low yield (34%). We
used derivatives of the cis alcohol (�)-58 as model sub-
strates when attempting to optimize this cuprate displace-
ment reaction. Conversion of the primary alcohol (�)-67 de-
rived from the cis-diol (�)-58, into the corresponding tri-
flate, and treatment with dimethylcopper lithium resulted in
the formation of the desired D5-hexahydrooxonine (�)-71 in
low yield in tandem with formation of the bicyclic oxetane


Scheme 16. Reactions of the dibromide (�)-62. a) NaCN, HMPA, 65%;
b) CsACHTUNGTRENNUNG(O2CCF3), DMF, 100 8C, 78%. HMPA=hexamethylphosphoramide.


Scheme 17. Elaboration of the diols (�)-40 and (�)-58. a) TBSOTf, 2,6-
lutidine, CH2Cl2, �78 8C!RT, 77% (�)-68, 16% (�)-66 ; b) p-methoxyl-
benzyl trichloroacetimidate, Sc ACHTUNGTRENNUNG(OTf)3 (5 mol%), toluene, 30 min;
c) PPTS, MeOH, 3 d, 82% (�)-69 from (�)-68, 56% (�)-67 from
(�)-66 ; d) Tf2O, pyridine, CH2Cl2, �20 8C; e) Me2CuLi, Et2O, 0 8C, 62%
from (�)-69 ; f) BCl3·SMe2, CH2Cl2, 97%; g) CBr4, P ACHTUNGTRENNUNG(Oct)3, toluene,
80 8C, 70%.


Figure 8. X-ray crystal structure of the D5-hexahydrooxonine (�)-38.
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(�)-72 (Scheme 18). The loss of the p-methoxybenzyl group
during the formation of the oxetane (�)-72 prompted us to
explore the compatibility of other protecting groups with


the cuprate displacement reactions. A mixture of the cis-
and trans-diols (�)-40 and (�)-58 were readily converted
into the corresponding (separable) primary alcohols (�)-73
and (�)-75 in an analogous manner to the preparation of
(�)-67 and (�)-69 (Scheme 18).[67, 69] Conversion of the cis-
alcohol (�)-73 into the corresponding triflate and subse-
quent treatment with dimethylcopper lithium, gave the
ethyl-substituted D-hexahydrooxonine (�)-74 in 65–73%
yield; no oxetane was formed in this reaction. In contrast,
the triflate derived from the trans-alcohol (�)-75, on expo-
sure to the cuprate derived from methyllithium and cop-
per(I) cyanide gave the ethyl-substituted D-hexahydrooxo-
nine (�)-76 in 36% yield; the use of dimethylcopper lithium
gave only trace amounts of the desired product (�)-76.


Not only are these cuprate reactions sensitive to the
nature of the protecting groups within the molecule but they
are also very sensitive to the stereochemistry of the substitu-
ents adorning the medium ring. The stereochemistry of the
ring substituents is also clearly important for the success of
the displacement reactions necessary for the introduction of
the requisite halogen atoms.


Completion of the synthesis of (+)-obtusenyne and formal
synthesis of (�)-obtusenyne : While we were exploring alter-
native strategies for the installation of the ethyl substituent
in the non-natural series towards (�)-obtusenyne ent-1,
Crimmins and co-workers[13] reported their elegant total syn-
thesis of (+)-obtusenyne (+)-1, featuring two late-stage hal-
ogenations of a fully substituted D5-hexahydrooxonine not


dissimilar to the advanced intermediates we already had in
hand. We, therefore, decided to turn our attention back to
the synthesis of natural (+)-obtusenyne (+)-1 and it was en-
visaged that a late-stage bromination of the secondary alco-
hol (�)-79 would install the required bromine atom onto
the D5-hexahydrooxonine system of natural (+)-obtusenyne
1. In the event, the secondary alcohol (�)-79 was obtained
by global desilylation of the D5-hexahydrooxonine (�)-34
(Scheme 19) which had been prepared by means of the first-


generation route from the racemic epoxide (� )-6. Gratify-
ingly, upon treatment of the secondary alcohol (�)-79 with
freshly purified carbon tetrabromide and freshly distilled tri-
octylphosphane in hot toluene,[38] the desired bromide
(+)-80 was obtained in 67% yield. Subsequent removal of
the remaining hydroxyl protecting group furnished the
bromo-alcohol (+)-81, an intermediate in CrimminsOs syn-
thesis of (+)-obtusenyne ((+)-1).[13] The data for our syn-
thetic bromo-alcohol (+)-81 were in close agreement with
the data kindly provided by M. Crimmins resulting in a
formal synthesis of (+)-1. Chlorination of the secondary al-
cohol
(+)-81 by using Crimmins procedure[13] delivered natural
(+)-obtusenyne (+)-1 as a clear and colourless oil ([a]24D =


+142.5 (c=0.03 in CHCl3)). Our synthetic sample had char-
acteristics (1H and 13C NMR, IR, [a]D and MS data) in ac-
cordance with the data for both the natural product and syn-
thetically prepared material.[9–11,13]


Having completed a total synthesis of natural (+)-1 from
the ethyl-substituted lactone (�)-4, we became interested in
the preparation of the enantiomer of the lactone ent-4 as
this would constitute a formal synthesis of ent-1 and con-
clude our studies towards the synthesis of unnatural ent-ob-
tusenyne. In the event, the required lactone ent-4 was readi-
ly synthesized from the previously reported lactone
(+)-82.[49] Wittig methylenation of the lactone-aldehyde
(+)-82 furnished the vinyl-substituted lactone (�)-83
(Scheme 20). Careful reaction monitoring allowed the selec-
tive hydrogenation of the vinyl group in (�)-83 under stan-


Scheme 18. Cuprate displacement studies. a) Tf2O, pyridine, CH2Cl2,
�20 8C; b) Me2CuLi, Et2O, 0 8C, 34% (�)-71, 34% (�)-72 ; c) Me2CuLi,
Et2O, 0 8C, 65–73% from (�)-73 ; d) Me2CuLi·LiCN, Et2O, 0 8C, 36%
from (�)-75.


Scheme 19. Synthesis of (+)-obtusenyne (+)-1. a) TBAF, THF, 96%;
b) CBr4, P ACHTUNGTRENNUNG(Oct)3, toluene, 80 8C, 67%; c) BCl3·SMe2, CH2Cl2, 70%;
d) CCl4, P ACHTUNGTRENNUNG(Oct)3, toluene, 80 8C, 50%.


Scheme 20. Synthesis of the lactone ent-4—formal synthesis of non-natu-
ral (�)-obtusenyne ent-1. a) MePPh3Br, KHMDS, THF 98%; b) Pd/C,
H2, EtOH, 67%.
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dard conditions (Pd/C, H2 atmosphere),[73] to give the ethyl-
substituted lactone ent-4 in 67% yield along with the fully
saturated ethyl-substituted lactone as a minor side product
(17%). The lactone ent-4 ([a]24D =++14.5 (c=0.35 in CHCl3))
had spectroscopic characteristics (1H and 13C NMR, IR and
MS data) in accordance with its enantiomer (�)-4 ([a]24D =


�11.6 (c=1.00 in CHCl3)).


Conclusion


We have developed an efficient twenty-four step, enantiose-
lective synthesis of the halogenated marine natural product
(+)-obtusenyne ((+)-1) by using the Claisen rearrangement/
intramolecular hydrosilation approach to medium-ring
ethers. Studies towards the synthesis of non-natural ent-ob-
tusenyne (ent-1) were conducted, which eventually led to a
formal synthesis of ent-obtusenyne.


The stereochemistry of the substituents adorning the
medium-ring has a profound effect on the conformation of
the medium-ring and hence on the reactivity of those sub-
stituents. While molecular modelling has proven to be very
useful in rationalizing (and predicting) the selectivity of cer-
tain reactions involving the D5-hexahydrooxonine moiety
(e.g. enolate hydroxylation) we are currently unable to pre-
dict the catalyst dependence and general selectivity of the
hydrosilation reactions (most probably due to the highly
complex nature of the system); furthermore, we are unable
to rationalize the substrate-dependent nature of the success
of both the cuprate displacement reactions and the halogen-
ation reactions.[74] The chemistry of medium-ring ether syn-
thesis is both challenging and exciting and this work high-
lights some of the interesting reactivity displayed by
medium-ring oxygen heterocycles in addition to demonstrat-
ing the limits of current synthetic methodology towards the
synthesis of this class of natural products.


Experimental Section


General information : See the Supporting Information.


ACHTUNGTRENNUNG(3R,4R)-Methyl-3,4-epoxyhexanoate ((+)-6): This synthesis was carried
out according to the method of Tamm and co-workers.[19] Pig-liver ester-
ase powder (5.22 g) was added to a rapidly stirred suspension of the race-
mic epoxy ester (� )-6[18] (10.46 g, 72.6 mmol) in 0.1m phosphate buffer
(360 mL) at pH 7.2. Sodium hydroxide solution (143.5 mL, 60% conver-
sion) was added over a 2 h period to maintain the pH at 7.2 (pH meter).
Ice was added and the reaction mixture was filtered through a Celite pad
washing with ether. The filtrate was separated and the aqueous phase ex-
tracted three times with ether. During the extraction, an emulsion forms
which can be dispersed by filtering twice through Celite. The separated
organic extracts were combined and dried (Na2SO4). The solvent was re-
moved in vacuo and purification by flash chromatography (ether/hexane,
1:2!1:1) gave the resolved epoxide (+)-6 (3.27 g, 22.7 mmol, 31%). Rf=


0.4 (ether/hexane 1:1); [a]21D =++26.6 (c=0.64 in CH2Cl2);
1H NMR


(250 MHz, CDCl3): d=3.71 (s, 3H; CH3O), 3.03 (dt, J ACHTUNGTRENNUNG(H,H)=6, 2 Hz,
1H; 3-H or 4-H), 2.73 (dt, J ACHTUNGTRENNUNG(H,H)=6, 2 Hz, 1H; 3-H or 4-H), 2.59 (dd,
J ACHTUNGTRENNUNG(H,H)=2, 16 Hz, 1H; 2-H), 2.51 (dd, J ACHTUNGTRENNUNG(H,H)=6, 16 Hz, 1H; 2-H’), 1.59
(m, 2H; CH2), 0.99 ppm (t, J ACHTUNGTRENNUNG(H,H)=7.0 Hz, 3H; CH3);


13C NMR
(100 MHz, CDCl3): d=170.9 (1-C), 59.6, 53.6, 51.8, 37.5 (2-C), 24.7 (5-C),


9.7 ppm (6-C); IR (CCl4): n=1745 cm�1; HRMS (EI): m/z : calcd for
C7H12O3: 144.0786; found: 144.0779 (0.1) [M]+ .


(Z,3R,8R,9S)-8-tert-Butyldiphenylsilanyloxy-9-ethyl-3-hydroxy-4,7,8,9-
tetrahydro-3H-oxonin-2-one ((�)-12): A solution of the lactone (�)-4
(183 mg, 0.434 mmol) in THF (4 mL) was added to a solution of
KHMDS (0.91 mL of a 0.5m solution in toluene, 0.455 mmol) in THF
(5 mL) at �78 8C. The mixture was stirred at �78 8C for 30 min and then
a solution of (� )-phenylsulfonyloxaziridine (227 mg, 0.879 mmol) in
THF (4 mL) was added dropwise. After stirring at �78 8C for 30 min,
(�)-camphor-10-sulfonic acid (312 mg, 1.343 mmol) in THF (3 mL) was
added to quench the reaction. The cooling bath was removed to allow
the mixture to warm to room temperature. The mixture was poured into
water (20 mL) and the aqueous layer was extracted with ether (3S
20 mL). The combined organic extracts were dried (MgSO4), filtered and
concentrated in vacuo to give the crude product. Purification by flash
column chromatography (hexane/ether 2:1) yielded the impure hydroxy
lactone (�)-12 (159 mg). For characterisation purposes, further purifica-
tion by flash chromatography (CH2Cl2), gave analytically pure material.
Rf=0.31 (hexane/ether 1:1); [a]21D =�41.6 (c=0.25 in CHCl3);


1H NMR
(500 MHz, CDCl3): d=7.68–7.71 (m, 4H; Ar), 7.40–7.49 (m, 6H; Ar),
5.29–5.35 (m, 1H; CH=CH), 5.09–5.20 (m, 1H; CH=CH), 4.91–4.95 (m,
1H; 8-H or 9-H), 4.35 (ddd, J ACHTUNGTRENNUNG(H,H)=0.3, 6.0, 2.5 Hz, 1H; 3-H), 3.70 (dd,
J ACHTUNGTRENNUNG(H,H)=8.7, 8.7 Hz, 1H; H-8 or H-9), 2.45–2.49 (m, 2H; ring CH2),
2.24–2.31 (m, 1H; ring CHH), 2.12 (d, J ACHTUNGTRENNUNG(H,H)=10.3 Hz, 1H; OH), 1.98–
2.04 (m, 2H; ring CHH, CHHCH3), 1.57–1.68 (m, 1H; CHHCH3), 1.07
(s, 9H; C ACHTUNGTRENNUNG(CH3)3), 0.92 ppm (t, J ACHTUNGTRENNUNG(H,H)=7.4 Hz, 3H; CH2CH3);


13C NMR
(100 MHz, CDCl3): d =173.8 (2-C) 135.9, 135.89, 133.8, 133.1, 133.0,
130.0, 129.9, 127.9, 127.7, 122.0, 82.7, 75.7, 70.9, 35.3 (CH2), 32.1, 27.0
(SiC ACHTUNGTRENNUNG(CH3)3), 25.2 (CH2, SiC ACHTUNGTRENNUNG(CH3)3—accidental equivalence), 19.3,
9.8 ppm (CH2CH3); IR (film): ñ=1732 cm�1; MS (CI, NH3): m/z (%): 439
(20) [M+H]+ , 246 (100); HRMS (CI, NH3): m/z : calcd for C26H35O4Si:
439.2305; found: 439.2305; elemental analysis calcd (%) for C26H34O4Si:
C 71.19, H 7.81; found: C 71.1, H 7.9.


(Z,3R,8R,9S)-8-tert-Butyldiphenylsilanyloxy-9-ethyl-3-trimethylsilany-
loxy-4,7,8,9-tetrahydro-3H-oxonin-2-one ((�)-13): Chlorotrimethylsilane
(0.22 mL, 1.73 mmol) was added to a solution of the impure hydroxy lac-
tone (�)-12 (150 mg) in THF (7 mL) and triethylamine (0.30 mL,
2.15 mmol). The reaction mixture was stirred at room temperature for
2 h, quenched with saturated aqueous NaHCO3 solution (5 mL) and di-
luted with water (10 mL). The aqueous layer was extracted with ether
(3S20 mL). The combined organic extracts were dried (MgSO4), filtered,
and concentrated in vacuo to give the crude product. Purification by
column chromatography (hexane/ether 9:1) furnished the TMS-ether
(�)-13 (122 mg, 53% over two steps) as a pale-yellow oil. Rf=0.39
(hexane/ether 9:1); [a]24D =�36.7 (c=0.33 in CHCl3);


1H NMR (500 MHz,
C6D6); d =7.81–7.85 (m, 4H; Ar), 7.26–7.31 (m, 6H; Ar), 5.72 (m, 1H;
CH=CH), 5.59 (dt, J ACHTUNGTRENNUNG(H,H)=9.3, 8.0 Hz, 1H; 8-H or 9-H), 5.31 (br s, 1H;
CH=CH), 4.48 (dd, J ACHTUNGTRENNUNG(H,H)=7.8, 4.1 Hz, 1H; H-3), 4.03 (dt, J ACHTUNGTRENNUNG(H,H)=


2.0, 8.0 Hz, 1H; 8-H or 9-H), 2.61 (br s, 1H; ring CHH), 2.51 (br s, 1H;
ring CHH), 2.38–2.43 (m, 2H; ring CH2), 2.00 (br s, 1H; CHHCH3), 1.58–
1.65 (m, 1H; CHHCH3), 1.23 (s, 9H; CACHTUNGTRENNUNG(CH3)3), 1.05 (t, J ACHTUNGTRENNUNG(H,H)=7.4 Hz,
3H; CH2CH3), 0.18 ppm (s, 9H; Si ACHTUNGTRENNUNG(CH3)3);


13C NMR (100 MHz, C6D6);
d=173.4 (2-C), 136.25, 136.21, 134.12, 133.65, 130.6, 130.2, 130.1, 128.1,
125.3, 80.9, 76.6, 72.9, 33.9 (br, CH2), 33.5, 27.2 (SiC ACHTUNGTRENNUNG(CH3)3), 26.2, 19.5
(CH2, SiCACHTUNGTRENNUNG(CH3)3), 9.7 (CH2CH3), �0.3 ppm (Si ACHTUNGTRENNUNG(CH3)3); IR (film): n=


1730 cm�1; MS (CI, NH3): m/z (%): 511 (30) [M+H]+ , 90 (100); HRMS
ACHTUNGTRENNUNG(CI, NH3): m/z : calcd for C29H43O4Si2: 511.2700; found: 511.2700; ele-
mental analysis calcd (%) for C29H42O4Si2: C 68.18, H 8.29; found: C
68.4, H 8.4.


(Z,2S,3R,8R)-3-tert-Butyldiphenylsilanyloxy-2-ethyl-9-methylene-8-trime-
thylsilanyloxy-2,3,4,7,8,9-hexahydrooxonine ((�)-14): The bis-silylether
(�)-13 (280 mg, 0.55 mmol) and DMAP (239 mg, 2.20 mmol) were dis-
solved in THF (15 mL). The solution was freeze–thaw degassed (three
cycles) and cooled to �40 8C. Tebbe reagent (4.0 mL of a 0.5m solution in
toluene, 2.00 mmol) was then added to this mixture and the resulting
dark-red solution was stirred at �40 8C for 0.5 h and then warmed to
room temperature and stirred for a further 45 min. The reaction mixture
was re-cooled to �10 8C and a 2.5m aqueous solution of NaOH (1.5 mL)
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was added to quench the reaction. The reaction mixture was then
warmed to room temperature and poured into ether (30 mL) over anhy-
drous sodium sulphate. The supernatant was filtered through a short plug
of Celite and the filtrate was concentrated in vacuo to give the crude
product. Purification by flash chromatography (hexane/ether 20:1) fur-
nished the enol ether (�)-14 (225 mg, 80%) as a clear and colourless oil.
Rf=0.57 (hexane/ether 9:1); [a]24D =�23.7 (c=0.27 in CHCl3);


1H NMR
(500 MHz, C6D6); d=7.83–7.86 (m, 4H; Ar), 7.28–7.34 (m, 6H; Ar), 6.06
(dt, J ACHTUNGTRENNUNG(H,H)=10.7, 5.9 Hz, 1H; CH=CH), 5.65 (dt, J ACHTUNGTRENNUNG(H,H)=10.7, 5.9 Hz,
1H; CH=CH), 4.34 (d, J ACHTUNGTRENNUNG(H,H)=1.4 Hz, 1H; OC=CHH), 4.27 (dd,
J ACHTUNGTRENNUNG(H,H)=9.4, 5.9 Hz, 1H; 8-H), 4.19 (d, J ACHTUNGTRENNUNG(H,H)=1.4 Hz, 1H; OC=


CHH), 4.16–4.17 (m, 1H; 2-H or 3-H), 4.03 (ddd, J ACHTUNGTRENNUNG(H,H)=8.4, 5.2,
3.0 Hz, 1H; 2-H or 3-H), 2.99 (dt, J ACHTUNGTRENNUNG(H,H)=11.5, 10.2 Hz, 1H; ring
CHH), 2.86 (dt,
J ACHTUNGTRENNUNG(H,H)=13.5, 3.5 Hz, 1H; ring CHH), 2.34 (dt, J ACHTUNGTRENNUNG(H,H)=11.5, 5.9 Hz,
1H; ring CHH), 2.24 (dt, J ACHTUNGTRENNUNG(H,H)=13.5, 4.3 Hz, 1H; ring CHH), 1.93
(dqn, J ACHTUNGTRENNUNG(H,H)=14.3, 7.4 Hz, 1H; CHHCH3), 1.78 (dqn, J ACHTUNGTRENNUNG(H,H)=14.3,
7.4 Hz, 1H; CHHCH3), 1.26 (s, 9H; C ACHTUNGTRENNUNG(CH3)3), 0.93 (t, J ACHTUNGTRENNUNG(H,H)=7.4 Hz,
3H; CH2CH3), 0.27 ppm (s, 9H; Si ACHTUNGTRENNUNG(CH3)3);


13C NMR (100 MHz, C6D6):
d=166.9 (9-C), 136.3, 136.3, 134.4, 133.9, 130.4, 130.1, 128.6, 127.9, 89.8
(C=CH2), 85.8, 76.0, 74.6, 33.8 (CH2), 32.4, 27.3 (SiC ACHTUNGTRENNUNG(CH3)3), 26.0, 19.5
(CH2, SiC ACHTUNGTRENNUNG(CH3)3), 8.7 (CH2CH3), 0.5 ppm (SiACHTUNGTRENNUNG(CH3)3); IR (film): ñ=


1631 cm�1; MS (CI, NH3): m/z (%): 509 (30) [M+H]+ , 90 (100); HRMS
(CI, NH3): m/z : calcd for C30H45O3Si2: 509.2907; found: 509.2910; ele-
mental analysis calcd (%) for C30H44O3Si2: C 70.81, H 8.72; found: C
71.0, H 8.7.


(Z,3R,8R,9S)-8-tert-Butyldiphenylsilanyloxy-9-ethyl-3-hydroxy-2-methyl-
ene-2,3,4,7,8,9-hexahydrooxonine ((�)-18): TBAF (0.19 mL of a 1.0m so-
lution in THF, 0.190 mmol) was added to a solution of the enol ether
(�)-14 (92 mg, 0.181 mmol) in THF (3.5 mL) at �10 8C. The reaction
mixture was stirred at this temperature for 15 min and was then
quenched by the addition of a saturated solution of aqueous NaHCO3


(5 mL), followed by the addition of ether (5 mL). The aqueous layer was
separated, extracted with ether (3S15 mL) and the combined organic ex-
tracts were washed with brine (10 mL), dried (MgSO4) and filtered. The
solvent was removed in vacuo and the residue was purified by flash
column chromatography (hexane/ether 3:1) to give the hydroxy enol
ether (�)-18 as a colourless oil (72 mg, 89%). Rf=0.55 (hexane/ether
3:1); [a]24D =31.3 (c=0.60 in CHCl3);


1H NMR (500 MHz, C6D6): d=


7.83–7.89 (m, 4H; Ar), 7.26–7.35 (m, 6H; Ar), 4.73–5.79 (m, 1H; CH=


CH), 5.51 (dt, J ACHTUNGTRENNUNG(H,H)=10.2, 6.8 Hz, 1H; CH=CH), 4.25 (d, J ACHTUNGTRENNUNG(H,H)=


1.9 Hz, 1H; OC=CHH), 4.13 (d, J ACHTUNGTRENNUNG(H,H)=1.9 Hz, 1H; OC=CHH), 4.05–
4.11 (m, 2H; 3-H, 8-H or 9-H), 4.01 (ddd, J ACHTUNGTRENNUNG(H,H)=8.0, 5.5, 2.4 Hz, 1H;
8-H or 9-H), 2.54–2.60 (m, 2H; ring CH2), 2.38 (dt, J ACHTUNGTRENNUNG(H,H)=13.2, 6.5 Hz,
1H; ring CHH), 2.30 (ddd, J ACHTUNGTRENNUNG(H,H)=11.9, 6.2, 5.0 Hz, 1H; ring CH2),
1.97 (dqn, J ACHTUNGTRENNUNG(H,H)=14.7, 7.3 Hz, 1H; CHHCH3), 1.68–1.73 (m, 2H;
CHHCH3, OH), 1.25 (s, 9H; C ACHTUNGTRENNUNG(CH3)3), 0.94 ppm (t, J ACHTUNGTRENNUNG(H,H)=7.3 Hz, 3H;
CH2CH3);


13C NMR (100 MHz, C6D6): d=166.9 (2-C), 136.3, 136.3,
134.4, 133.8, 130.2, 130.1, 129.9, 128.0, 126.6, 87.7 (C=CH2), 86.2, 75.8,
73.0, 33.5 (2SCH2), 27.2 (SiC ACHTUNGTRENNUNG(CH3)3), 26.3, 19.5 (CH2, SiC ACHTUNGTRENNUNG(CH3)3),
9.1 ppm (CH2CH3); IR (film): ñ=3389, 1633 cm�1; MS (CI, NH3): m/z
(%): 437 (23) [M+H]+ , 181 (100); HRMS (CI, NH3): m/z : calcd for
C27H37O3Si: 437.2512; found: 437.2512.


(Z,2S,3R,8R)-3-tert-Butyldiphenylsilanyloxy-8-dimethylsilanyloxy-2-
ethyl-9-methylene-2,3,4,7,8,9-hexahydrooxonine ((�)-3): The hydroxy
enol ether (�)-18 (72.3 mg, 0.166 mmol), 1,1,3,3-tetramethyldisilazane
(0.30 mL, 2.10 mmol) and NH4Cl (ca. 2 mg) were stirred at 60 8C for 18 h.
The mixture was diluted with hexane (10 mL) and the NH4Cl was then
filtered off. The solvent was removed in vacuo to give the silane (�)-3
(79.4 mg, 100%) as a colourless oil. Rf=0.55 (hexane/ether 3:1); [a]25D =


�27.6 (c=0.29 in CHCl3);
1H NMR (500 MHz, C6D6): d =7.82–7.86 (m,


4H; Ar), 7.27–7.33 (m, 6H; Ar), 6.03 (dt, J ACHTUNGTRENNUNG(H,H)=10.9, 5.0 Hz, 1H;
CH=CH), 5.62 (dt, J ACHTUNGTRENNUNG(H,H)=10.9, 5.7 Hz, 1H; CH=CH), 5.05 (sp,
J ACHTUNGTRENNUNG(H,H)=2.8 Hz, 1H; SiMe2H), 4.36 (d, J ACHTUNGTRENNUNG(H,H)=1.6 Hz, 1H; RORC=


CHH), 4.26 (dd, J ACHTUNGTRENNUNG(H,H)=9.5, 5.8 Hz, 1H; 8-H), 4.23 (d, J ACHTUNGTRENNUNG(H,H)=1.6 Hz,
1H; RORC=CHH), 4.17 (ddd, J ACHTUNGTRENNUNG(H,H)=11.0, 8.0, 4.0 Hz, 1H; 3-H), 4.03
(ddd, J ACHTUNGTRENNUNG(H,H)=9.1, 5.3, 4.0 Hz, 1H; 2-H), 2.98 (q, J ACHTUNGTRENNUNG(H,H)=10.7 Hz, 1H;
7-H), 2.85 (ddd, J ACHTUNGTRENNUNG(H,H)=13.5, 11.0, 2.5 Hz, 1H; 4-H), 2.36 (ddd,
J ACHTUNGTRENNUNG(H,H)=12.0, 5.8, 5.8 Hz, 1H; 7-H’), 2.24 (ddd, J ACHTUNGTRENNUNG(H,H)=13.5, 4.4,


4.4 Hz, 1H; 4-H’), 1.90 (dqn, J ACHTUNGTRENNUNG(H,H)=14.3, 7.4 Hz, 1H; CHHCH3), 1.74
(dqn, J ACHTUNGTRENNUNG(H,H)=14.3, 7.4 Hz, 1H; CHHCH3), 1.25 (s, 9H; C ACHTUNGTRENNUNG(CH3)3), 0.92
(t, J ACHTUNGTRENNUNG(H,H)=7.4 Hz, 3H; CH2CH3), 0.28–0.30 ppm (m, 6H; Si ACHTUNGTRENNUNG(CH3)2H);
13C NMR (100 MHz, C6D6); d=166.1 (2-C), 136.3, 136.3, 134.4, 133.9,
130.10, 130.08, 128.7, 128.3, 128.0, 90.2 (C=CH2), 85.9, 76.0, 33.4, 32.4,
27.3 (SiC ACHTUNGTRENNUNG(CH3)3), 26.0 (CH2), 19.5 (SiCACHTUNGTRENNUNG(CH3)3), 8.7 (CH2CH3), �0.6 (Si-
ACHTUNGTRENNUNG(CH3)2), �0.7 ppm (Si ACHTUNGTRENNUNG(CH3)2); IR (film): ñ=2120, 1632 cm�1; MS (CI,
NH3): m/z (%): 495 (12) [M+H]+ , 181 (100); HRMS (EI): m/z : calcd for
C29H42O3Si2: 494.2673 [M]+ ; found: 494.2673.


(Z,2S,3R,8R,9S)-8-tert-Butyldiphenylsilanyloxy-9-ethyl-3-hydroxy-2-hy-
droxymethyl-2,3,4,7,8,9-hexahydro-oxonine ((�)-2) and (Z,2R,3R,8R,9S)-
8-tert-butyldiphenylsilanyloxy-9-ethyl-3-hydroxy-2-hydroxymethyl-
2,3,4,7,8,9-hexahydrooxonine ((�)-27): WilkinsonOs catalyst (10.3 mg) and
triphenylphosphane (5.3 mg) were mixed in CH2Cl2 (1 mL) and the sol-
vent was removed in vacuo. The residue was dissolved in THF (1 mL)
and put to one side under a nitrogen atmosphere. The silane (�)-3
(79 mg, 0.160 mmol) was dissolved in THF (4 mL) and was freeze–thaw
degassed (3 cycles). A portion of the catalyst solution (0.12 mL) was then
added to the solution of the silane (�)-3 and the reaction mixture was
heated under reflux for 16 h. The mixture was allowed to cool, diluted
with ether (10 mL) and passed through a short pad of Florisil washing
with ether. The solvent was removed in vacuo to give a pale-brown oil,
which was subsequently dissolved in THF (1 mL) and MeOH (1 mL). A
15% aqueous solution of KOH (0.10 mL) and 27.5% aqueous solution
of H2O2 (0.16 mL) were then sequentially added. The resultant suspen-
sion was stirred at room temperature for 1.5 h. Powdered anhydrous
sodium sulphate (ca. 20 mg) was added (exothermic). The mixture was
stirred for 20 min, diluted with CH2Cl2 (15 mL), dried (MgSO4), filtered
and concentrated in vacuo to give the crude product. Purification by
flash chromatography (CH2Cl2/MeOH 95:5) furnished the 1,3-trans diol
(�)-2 (60.1 mg, 83%) contaminated with a trace amount of the 1,3-cis
diol (�)-27. For characterisation purposes the diols (�)-2 and (�)-27
could be readily separated by HPLC or could be separated later in the
synthetic route.


Data for (�)-2 : Rf=0.22 (CH2Cl2/MeOH 95:5); m.p. 68–69 8C (from
hexane); [a]25D =�24.0 (c=0.20 in CHCl3);


1H NMR (500 MHz, CDCl3):
d=7.68–7.72 (m, 4H; Ar), 7.40–7.48 (m, 6H; Ar), 5.44 (dt, J ACHTUNGTRENNUNG(H,H)=


10.2, 6.8 Hz, 1H; CH=CH), 5.02 (dt, J ACHTUNGTRENNUNG(H,H)=10.3, 8.0 Hz, 1H; CH=


CH), 3.91 (ddd, J ACHTUNGTRENNUNG(H,H)=9.2, 4.5, 2.5 Hz, 1H; 8-H or 9-H), 3.87 (dd,
J ACHTUNGTRENNUNG(H,H)=11.0, 1.5 Hz, 1H; CHHOH), 3.74 (dd, J ACHTUNGTRENNUNG(H,H)=11.0, 5.3 Hz,
1H; CHHOH), 3.65 (t, J ACHTUNGTRENNUNG(H,H)=8.5 Hz, 1H; 8-H or 9-H), 3.52 (dt,
J ACHTUNGTRENNUNG(H,H)=9.3, 1.5 Hz, 1H; 2-H or 3-H), 3.20 (ddd, J ACHTUNGTRENNUNG(H,H)=8.5, 5.3,
2.5 Hz, 1H; 2-H or 3-H), 2.61–2.71 (m, 2H; ring CH2), 2.13–2.19 (m, 2H;
ring CH2, OH), 2.09 (ddd, J ACHTUNGTRENNUNG(H,H)=13.6, 7.6, 7.6 Hz, 1H; ring CH2),
1.97–2.05 (m, 2H; CHHCH3, OH), 1.50 (dqn, J ACHTUNGTRENNUNG(H,H)=14.4, 7.4 Hz, 1H;
CHHCH3), 1.06 (s, 9H; C ACHTUNGTRENNUNG(CH3)3), 0.97 ppm (t, J ACHTUNGTRENNUNG(H,H)=7.3 Hz, 3H;
CH2CH3);


13C NMR (100 MHz, CDCl3): d=136.01, 135.95, 134.2, 133.4,
129.7, 129.9, 129.4, 127.8, 127.6, 125.0, 84.4, 74.0, 73.8, 70.8, 64.1
(CH2OH), 33.5 (CH2), 30.6, 27.0 (SiC ACHTUNGTRENNUNG(CH3)3), 24.2 (CH2), 19.4 (SiC-
ACHTUNGTRENNUNG(CH3)3), 10.3 ppm (CH2CH3); IR (film): ñ=3617 cm�1; MS (CI, NH3):
m/z (%): 455 (4) [M+H]+, 199 (100); HRMS (CI, NH3): m/z : calcd for
C27H39O4Si: 455.2618; found: 455.2618.


Data for (�)-27: Rf=0.26 (CH2Cl2/MeOH 95:5); m.p. 89–91 8C (from
hexane); [a]22D =�72.2 (c=4.0 in CHCl3);


1H NMR (250 MHz, CDCl3):
d=7.68–7.63 (m, 4H; Ar), 7.47–7.35 (m, 6H; Ar), 5.75–5.68 (m, 1H;
CH=CH), 5.58–5.50 (m, 1H; CH=CH), 4.01–3.85 (m, 2H), 3.90 (dd,
J ACHTUNGTRENNUNG(H,H)=11.5, 5.9 Hz, 1H; CHHOH), 3.76 (dd, J ACHTUNGTRENNUNG(H,H)=11.5, 2.9 Hz,
1H; CHHOH), 3.67 (dt, J ACHTUNGTRENNUNG(H,H)=5.7, 2.7 Hz, 1H), 3.28 (dt, J ACHTUNGTRENNUNG(H,H)=5.4,
5.0 Hz, 1H), 2.70–2.59 (m, 2H; allylic CH2), 2.30–2.03 (m, 4H; allylic
CH2, 2SOH), 1.50–1.28 (m, 2H; CH2CH3), 1.05 (s, 9H; C ACHTUNGTRENNUNG(CH3)3),
0.62 ppm (t, J ACHTUNGTRENNUNG(H,H)=7.3 Hz, 3H; CH2CH3);


13C NMR (100 MHz,
CDCl3): d=136.0, 135.9, 134.0, 133.6, 130.2, 129.8, 129.76, 127.7, 127.6,
126.1, 85.6, 80.4, 74.7, 72.8, 63.3 (CH2OH), 32.5, 30.1, 27.0 (SiC ACHTUNGTRENNUNG(CH3)3),
25.8 (CH2), 19.3, (SiC ACHTUNGTRENNUNG(CH3)3)), 8.7 ppm (CH2CH3); IR (CCl4): ñ=


3517 cm�1; MS (CI, NH3): m/z (%): 455 (8) [M+H]+ , 199 cm�1 (100);
HRMS (CI, NH3): m/z : calcd for C27H39O4Si: 455.2618; found: 455.2618.


(Z,2S,4aS,6S,7R,11aR)-7-tert-Butyldiphenylsilanyloxy-6-ethyl-2-(4-me-
thoxyphenyl)-4a,6,7,8,11,11a-hexahydro-4H-1,3,5-trioxabenzocyclonon-
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ACHTUNGTRENNUNGene and (Z,2S,4aR,6S,7R,11aR)-7-tert-butyldiphenylsilanyloxy-6-ethyl-2-
(4-methoxyphenyl)-4a,6,7,8,11,11a-hexahydro-4H-1,3,5-trioxabenzocyclo-
nonene : Freshly distilled p-anisaldehyde (24 mL, 0.197 mmol), anhydrous
MgSO4 (ca. 10 mg) and PPTS (4 mg, 0.016 mmol) were added to a mix-
ture of the diols (�)-2 and (�)-27 (58 mg, 0.132 mmol) in dry benzene
(3.5 mL). The mixture was heated at reflux for 2 h. The mixture was al-
lowed to cool and was concentrated in vacuo to give the crude product.
Purification by flash chromatography (hexane/ether 4:1) furnished the
trans-PMP acetal (Z,2S,4aS,6S,7R,11aR)-7-tert-butyldiphenylsilanyloxy-6-
ethyl-2-(4-methoxyphenyl)-4a,6,7,8,11,11a-hexahydro-4H-1,3,5-trioxaben-
zocyclononene (59.4 mg, 83%) and the cis-PMP acetal (Z,2S,4aR,6S,7-
R,11aR)-7-tert-butyldiphenylsilanyloxy-6-ethyl-2-(4-methoxyphenyl)-
4a,6,7,8,11,11a-hexahydro-4H-1,3,5-trioxabenzocyclononene (4.4 mg, 6%),
both as clear and colourless oils.


Data for the trans-PMP acetal : Rf=0.34 (hexane/ether 4:1); [a]25D =�39.1
(c=0.34 in CHCl3);


1H NMR (500 MHz, CDCl3): d=7.69–7.72 (m, 4H;
Ar), 7.41–7.50 (m, 6H; Ar), 7.35–7.37 (m, 2H; Ar), 6.86–6.88 (m, 2H;
Ar), 5.36–5.46 (brm, 1H; CH=CH), 5.40 (s, 1H; ArCHO2), 4.86–4.97
(brm, 1H; CH=CH), 4.27 (dd, J ACHTUNGTRENNUNG(H,H)=10.5, 4.4 Hz, 1H; CHHO), 3.80
(s, 3H; OCH3), 3.66–3.74 (m, 3H; 3SOCH), 3.48 (td, J ACHTUNGTRENNUNG(H,H)=10.5,
2.5 Hz, 1H; OCH), 3.30–3.37 (m, 1H; OCH), 2.69–2.88 (m, 2H; ring
CH2), 1.97–2.22 (m, 3H; ring CH2, CHHCH3), 1.32–1.43 (m, 1H;
CHHCH3), 1.06 (s, 9H; C ACHTUNGTRENNUNG(CH3)3), 0.97 ppm (t, J ACHTUNGTRENNUNG(H,H)=7.6 Hz, 3H;
CH2CH3);


13C NMR (125 MHz, CDCl3): d =160.1, 136.0, 135.9, 134.2,
133.4, 130.3, 129.9, 129.7, 129.6, 127.8, 127.6, 127.4, 125.2, 113.6, 101.3,
84.8, 79.7, 74.6, 71.8 (CH2), 66.1, 55.3 (OCH3), 33.4 (CH2), 28.2, 27.0
(SiC ACHTUNGTRENNUNG(CH3)3), 25.4 (CH2), 19.5, (SiC ACHTUNGTRENNUNG(CH3)3), 10.5 ppm (CH2CH3);
13C NMR (100 MHz, CDCl3): d =160.1, 136.0, 135.9, 134.2, 133.4, 130.3,
129.9, 129.7, 129.6, 127.8, 127.6, 127.4, 125.2, 113.6, 101.3, 84.8 (OCH),
79.7 (OCH), 74.6, 71.8 (CH2), 66.1 (OCH), 55.3 (OCH3), 33.4 (CH2),
28.1, 27.0 (SiC ACHTUNGTRENNUNG(CH3)3), 25.4 (CH2), 19.5 (SiC ACHTUNGTRENNUNG(CH3)3), 10.5 ppm; IR
(CCl4): ñ=3072 cm�1; MS (CI, NH3): m/z (%): 573 (10) [M+H]+ , 137
(100); HRMS (CI, NH3): m/z : calcd for C35H45O5Si: 573.3036; found:
573.3040; elemental analysis calcd (%) for C35H44O5Si: C 73.39, H 7.74;
found: C 73.2, H 7.8.


Data for the cis-PMP acetal : Rf=0.26 (hexane/ether 4:1); [a]25D =87.0 (c=
0.22 in CHCl3);


1H NMR (500 MHz, CDCl3): d =7.65–7.69 (m, 4H; Ar),
7.38–7.47 (m, 8H; Ar), 6.86–6.88 (m, 2H; Ar), 5.87 (dt, J ACHTUNGTRENNUNG(H,H)=10.8,
5.8 Hz, 1H; CH=CH), 5.57 (dt, J ACHTUNGTRENNUNG(H,H)=10.8, 5.8 Hz, 1H; CH=CH), 5.46
(s, 1H; ArCHO2), 4.26 (d, J ACHTUNGTRENNUNG(H,H)=12.4 Hz, 1H; CHHO), 3.99–4.20 (m,
2H), 3.95 (dd, J ACHTUNGTRENNUNG(H,H)=12.4, 1.7 Hz, 1H; CHHO), 3.80 (s, 3H; OCH3),
3.43–3.44 (m, 1H; OCHCH2O), 3.21 (dd, J ACHTUNGTRENNUNG(H,H)=10.0, 5.2 Hz, 1H), 2.94
(q, J ACHTUNGTRENNUNG(H,H)=11.3 Hz, 1H; ring CH2), 2.76–2.81 (m, 1H; ring CH2), 2.24
(dt, J ACHTUNGTRENNUNG(H,H)=12.0, 5.8 Hz, 1H; ring CH2), 2.07 (dt, J ACHTUNGTRENNUNG(H,H)=12.0, 5.8 Hz,
1H; ring CH2), 1.45–1.54 (m, 1H; CHHCH3), 1.26–1.33 (m, 1H;
CHHCH3), 1.09 (s, 9H; C ACHTUNGTRENNUNG(CH3)3), 0.72 ppm (t, J ACHTUNGTRENNUNG(H,H)=7.4 Hz, 3H;
CH2CH3);


13C NMR (125 MHz, CDCl3): d =159.8, 135.9, 135.8, 133.9,
133.7, 130.9, 130.7, 129.8, 129.7, 127.7, 127.6, 127.5, 125.1, 113.5, 85.7
(OCH), 77.6 (OCH), 75.0 (OCH), 73.2 (OCH), 70.5 (OCH2Ar), 55.3
(OCH3), 29.3 (CH2), 27.0 (SiC ACHTUNGTRENNUNG(CH3)3), 26.9 (CH2), 25.5 (CH2), 19.3 (SiC-
ACHTUNGTRENNUNG(CH3)3), 8.8 ppm (CH2CH3); IR (film): ñ=2961 cm�1; MS (CI, NH3): m/z
(%): 590 (10) [M+NH4]


+ , 573 [M+H]+ (100); HRMS (ES): m/z : calcd
for C35H45O5Si: 573.3036; found: 573.3033.


(Z,2S,3R,8R,9S)-8-tert-Butyldiphenylsilanyloxy-9-ethyl-2-hydroxymethyl-
3-(4-methoxybenzyloxy)-2,3,4,7,8,9-hexahydro-oxonine ((�)-32): DIBAL-
H (0.28 mL of a 1.5m solution in toluene, 0.420 mmol) was added to a so-
lution of the trans-PMP acetal described above (50 mg, 0.087 mmol) in
CH2Cl2 (1 mL) at �78 8C. The reaction mixture was stirred at this tem-
perature for 10 min and was then warmed to �15 8C and stirred for an-
other 45 min. The reaction was quenched with MeOH (1 mL) at �78 8C.
A saturated solution of aqueous NH4Cl (1 mL) was then added and the
reaction mixture was warmed to room temperature. Water (5 mL) was
added to the resultant suspension and the aqueous layer was extracted
with ether (5S15 mL). The combined organic extracts were dried
(MgSO4), filtered and concentrated in vacuo to give the crude product.
Purification by column chromatography (hexane/ether 1:1) furnished the
alcohol (�)-32 as a colourless oil (44 mg, 88%). Rf=0.31 (hexane/ether
1:1); [a]25D =�55.4 (c=0.34 in CHCl3);


1H NMR (500 MHz, CDCl3): d=


7.68–7.71 (m, 4H; Ar), 7.38–7.47 (m, 6H; Ar), 7.23–7.25 (m, 2H; Ar),
7.23–7.25 (m, 2H; Ar), 5.38–5.43 (m, 1H; CH=CH), 5.00–5.05 (m, 1H;
CH=CH), 4.59 (d, J ACHTUNGTRENNUNG(H,H)=11.0 Hz, 1H; CHHAr), 4.37 (d, J ACHTUNGTRENNUNG(H,H)=


11.0 Hz, 1H; CHHAr), 3.81 (s, 3H; OCH3), 3.71–3.77 (m, 1H), 3.62–3.68
(m, 3H), 3.51 (dt, J ACHTUNGTRENNUNG(H,H)=2.7, 9.0 Hz; 1H), 3.26–3.28 (m, 1H), 2.52–
2.64 (m, ring CHH, 2H; CH2OH), 2.31–2.38 (m, 1H; ring CHH), 2.01–
2.16 (m, 2H; ring CH2), 1.92–2.01 (m, 1H; CHHCH3), 1.46–1.56 (m, 1H;
CHHCH3), 1.06 (s, 9H; C ACHTUNGTRENNUNG(CH3)3), 0.95 ppm (t, J ACHTUNGTRENNUNG(H,H)=7.2 Hz, 3H;
CH2CH3);


13C NMR (100 MHz, CDCl3): d=159.4, 135.99, 135.95, 125.6,
114.0, 83.8 (CH), 76.9 (CH), 74.0 (CH), 73.7 (CH), 71.0 (CH2), 63.5, 55.3
(OCH3), 33.2 (CH2), 27.0 (SiC ACHTUNGTRENNUNG(CH3)3), 26.0 (CH2), 24.1, 19.4 (SiC ACHTUNGTRENNUNG(CH3)3),
10.1 ppm (CH2CH3); IR (film): ñ=3617 cm�1; MS (CI, NH3): m/z (%):
575 (10) [M+H]+ , 319 (100); HRMS (CI, NH3): m/z : calcd for
C35H47O5Si: 575.319; found: 575.319; elemental analysis calcd (%) for
C35H46O5Si: C 73.13, H 8.04; found: C 73.1, H 8.3.


(Z,2S,3R,8R,9S)-8-tert-Butyldiphenylsilanyloxy-9-ethyl-2-methansulfonyl-
ACHTUNGTRENNUNGoxymethyl-3-(4-methoxybenzyloxy)-2,3,4,7,8,9-hexahydrooxonine : Metha-
nesulfonyl chloride (50 mL, 0.646 mmol) was slowly added to a solution
of the alcohol (�)-32 (44 mg, 0.073 mmol), DMAP (40 mg, 0.368 mmol)
and triethylamine (0.25 mL, 1.79 mmol) in CH2Cl2 (1 mL). The reaction
mixture was stirred for 1 h at room temperature and was then quenched
by the addition of a saturated solution of aqueous NaHCO3 (10 mL). The
aqueous layer was extracted with CH2Cl2 (3S20 mL). The combined or-
ganic extracts were dried (MgSO4), filtered and concentrated in vacuo to
give the crude product. Purification by flash chromatography (hexane/
ether 1:1) furnished the title compound as a colourless oil (49 mg,
100%). Rf=0.31 (hexane/ether 1:1); [a]25D =41.1 (c=0.51 in CHCl3);
1H NMR (500 MHz, CDCl3): d=7.67 (m, 4H; Ar), 7.38–7.47 (m, 6H;
Ar), 7.26–7.28 (m, 2H; Ar), 6.87–6.88 (m, 2H; Ar), 5.37–5.45 (m, 1H;
CH=CH), 5.03–5.13 (m, 1H; CH=CH), 4.56 (d, J ACHTUNGTRENNUNG(H,H)=10.5 Hz, 1H;
CHHAr), 4.50 (dd, J ACHTUNGTRENNUNG(H,H)=10.5, 2.8 Hz, 1H; CHHOMs), 4.37 (d,
J ACHTUNGTRENNUNG(H,H)=10.5 Hz, 1H; CHHAr), 4.26 (dd, J ACHTUNGTRENNUNG(H,H)=10.5, 1.3 Hz, 1H;
CHHOMs), 3.81 (s, 3H; OCH3), 3.61–3.66 (m, 2H), 3.57 (dt, J ACHTUNGTRENNUNG(H,H)=


8.6, 3.0 Hz, 1H), 3.46–3.51 (m, 1H), 3.00 (s, 3H; SO2CH3), 2.53–2.58 (m,
2H; ring CH2), 2.39–2.42 (m, 1H; ring CHH), 2.15–2.20 (m, 1H; ring
CHH), 1.95–2.00 (m, 1H; CHHCH3), 1.42–1.47 (m, 1H; CHHCH3), 1.05
(s, 9H; CACHTUNGTRENNUNG(CH3)3), 0.97–0.98 ppm (m, 3H; CH2CH3);


13C NMR (100 MHz,
CDCl3): d =159.3, 135.99, 135.95, 134.1, 133.3, 129.9, 129.8, 129.75,
128.85, 127.78, 127.6, 125.6, 114.0, 84.0 (CH), 75.1 (CH), 73.3, 72.7 (CH),
71.1 (CH2), 68.8, 55.3 (OCH3), 37.5, 33.1, 27.0 (SiC ACHTUNGTRENNUNG(CH3)3), 25.9 (CH2),
23.9 (CH2), 19.4 (SiC ACHTUNGTRENNUNG(CH3)3), 9.6 ppm (CH2CH3); IR (film): ñ=


3095 cm�1; MS (CI, NH3): m/z (%): 670, 80 [M+NH4]
+ , 121 (100);


HRMS (CI, NH3): m/z : calcd for C36H52NO7SSi: 670.3234; found:
670.3230; elemental analysis calcd (%) for C36H48O7SSi: C 66.23, H 7.41;
found: C 66.3, H 7.4.


(Z,2S,3R,8R,9S)-8-tert-Butyldiphenylsilanyloxy-2-cyanomethyl-9-ethyl-3-
(4-methoxybenzyloxy)-2,3,4,7,8,9-hexahydrooxonine : The mesylate, pre-
pared above, (49 mg, 0.075 mmol) was mixed with sodium cyanide
(13 mg, 0.265 mmol) and then dry DMF (0.3 mL) was added. The mix-
ture was heated at 60 8C for 6 h. The solution was then diluted with water
(10 mL) and extracted with CH2Cl2 (5S15 mL) and ether (5S15 mL).
The combined organic extracts were dried (MgSO4), filtered and concen-
trated in vacuo to give the crude product. Purification by flash chroma-
tography (hexane/ether 2:1) furnished the title compound as a colourless
oil (43 mg, 99%). Rf=0.60 (hexane/ether 1:1); [a]25D =�27.1 (c=0.43 in
CHCl3);


1H NMR (500 MHz, CDCl3): d=7.67–7.70 (m, 4H; Ar), 7.39–
7.47 (m, 6H; Ar), 7.22–7.25 (m, 2H; Ar), 6.87–6.90 (m, 2H; Ar), 5.33–
5.39 (m, 1H; CH=CH), 4.96–5.04 (m, 1H; CH=CH), 4.60 (d, J ACHTUNGTRENNUNG(H,H)=


10.7 Hz, 1H; CHHAr), 4.37 (d, J ACHTUNGTRENNUNG(H,H)=10.7 Hz, 1H; CHHAr), 3.81 (s,
3H; OCH3), 3.57–3.62 (m, 3H), 3.36–3.41 (m, 1H), 2.78 (dd, J ACHTUNGTRENNUNG(H,H)=


17.0, 3.2 Hz, 1H; CHHCN), 2.62–2.66 (m, 2H; ring CH2), 2.57 (dd,
J ACHTUNGTRENNUNG(H,H)=17.0, 3.9 Hz, 1H; CHHCN), 2.33–2.36 (m, 1H; ring CHH),
2.04–2.10 (m, 2H; ring CHH, CHHCH3), 1.34–1.43 (m, 1H; CHHCH3),
1.05 ppm (m, 12H; CH2CH3, C ACHTUNGTRENNUNG(CH3)3);


13C NMR (100 MHz, CDCl3): d=


159.5, 135.9, 134.1, 133.2, 129.9, 129.7, 129.2, 127.8, 127.6, 125.1, 117.9,
114.0, 108.8, 84.5 (CH), 78.4 (CH), 73.7 (CH), 71.4 (CH2), 69.7 (CH),
55.3 (OCH3), 33.3 (CH2), 27.0 (SiC ACHTUNGTRENNUNG(CH3)3), 25.4 (CH2), 24.4, 19.4 (SiC-
ACHTUNGTRENNUNG(CH3)3), 10.2 ppm (CH2CH3); IR (film): ñ=2260 cm�1; MS (CI, NH3):
m/z (%): 601 (95) [M+NH4]


+ , 584 (70) [M+H]+ , 121 (100); HRMS (CI,
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NH3): m/z : calcd for C36H49N2O4Si: 601.3462; found: 601.3460 ACHTUNGTRENNUNG[M+NH4]
+ ;


elemental analysis calcd (%) for C36H45NO4Si: C 74.06, H 7.77; found:
C 73.9, H 7.7.


(Z,2S,3R,8R,9S)-8-tert-Butyldiphenylsilanyloxy-9-ethyl-2-formylmethyl-3-
(4-methoxybenzyloxy)-2,3,4,7,8,9-hexahydrooxonine ((�)-33): DIBAL-H
(33 mL of a 1.5m solution in toluene, 0.050 mmol) was added to a solution
of the nitrile, prepared above, (12.3 mg, 0.021 mmol) in toluene (1.1 mL)
at �78 8C. The reaction mixture was stirred at this temperature for
15 min and was then warmed to �15 8C. Stirring was continued for anoth-
er 1.5 h at this temperature. The reaction was quenched by the addition
of MeOH (1 mL) at �78 8C. A saturated solution of aqueous NH4Cl was
then added and the reaction mixture allowed to warm to room tempera-
ture, followed by the addition of water (10 mL). The aqueous layer was
extracted with ether (4S15 mL) and the combined organic extracts were
dried (MgSO4), filtered and concentrated in vacuo to give the crude
product. Purification by column chromatography (hexane/ether 2:1) fur-
nished the aldehyde (�)-33 (12.3 mg, 100%) as a colourless oil. Rf=0.61
(hexane/ether 1:1); [a]25D =�55.9 (c=2.6 in CHCl3);


1H NMR (500 MHz,
CDCl3): d=9.57 (dd, J ACHTUNGTRENNUNG(H,H)=1.6, 3.5 Hz, 1H; CHO), 7.68–7.70 (m, 4H;
Ar), 7.39–7.47 (m, 6H; Ar), 7.20–7.22 (m, 2H; Ar), 6.86–6.89 (m, 2H;
Ar), 5.48–5.53 (m, 1H; CH=CH), 5.24–5.29 (m, 1H; CH=CH), 4.47 (d,
J ACHTUNGTRENNUNG(H,H)=10.8 Hz, 1H; CHHAr), 4.26 (d, J ACHTUNGTRENNUNG(H,H)=10.8 Hz, 1H;
CHHAr), 3.86–3.89 (m, 1H), 3.81 (s, 3H; OCH3), 3.70–3.72 (m; 1H),
3.48 (ddd, J ACHTUNGTRENNUNG(H,H)=9.5, 6.2, 3.5 Hz, 1H), 3.34 (ddd, J ACHTUNGTRENNUNG(H,H)=9.5, 9.5,
3.5 Hz; 1H), 2.71 (ddd, J ACHTUNGTRENNUNG(H,H)=15.5, 4.7, 1.6 Hz, 1H; CHHCHO), 2.62
(ddd, J ACHTUNGTRENNUNG(H,H)=15.5, 7.7, 3.5 Hz, 1H; CHHCHO), 2.29–2.47 (m, 4H; 2S
ring CH2), 1.75–1.85 (brm, 1H; CHHCH3), 1.55–1.63 (m, 1H;
CHHCH3), 1.06 (s, 9H; C ACHTUNGTRENNUNG(CH3)3), 0.74 ppm (t, J ACHTUNGTRENNUNG(H,H)=7.0 Hz, 3H;
CH2CH3);


13C NMR (100 MHz, CDCl3): d=199.5 (CO), 159.4, 136.1,
136.0, 134.1, 133.3, 130.1, 129.8, 129.4, 128.1, 127.8, 127.6, 126.7, 113.9,
80.0, 72.4 (CH), 70.6 (CH2), 55.3 (OCH3), 49.1 (CH2), 31.9 (CH2), 27.5
(CH2), 27.1 (SiC ACHTUNGTRENNUNG(CH3)3), 23.4 (CH2), 19.5 (SiC ACHTUNGTRENNUNG(CH3)3), 8.7 ppm
(CH2CH3); IR (film): ñ=1718 cm�1; MS (CI, NH3): m/z (%): 604 (30)
[M+NH4]


+ , 587 (35) [M+H]+ , 121 (100); HRMS (CI, NH3): m/z : calcd
for C36H47O5Si: 587.3193 [M+H]+ ; found: 587.3190.


(Z,2S,3R,8R,9S)-3-tert-Butyldiphenylsilanyloxy-2-ethyl-8-(4-methoxyben-
zyloxy)-9-((Z)-5-triisopropylsilanylpent-2-en-4-ynyl)-2,3,4,7,8,9-hexahy-
drooxonine ((�)-34): nBuLi (50 mL of a 1.6m solution, 0.080 mmol) was
added to a stirred solution of the 1,3-bistriisopropylsilanylpropyne
(32.9 mg, 0.093 mmol) in THF (1 mL) at �20 8C. The resultant yellow so-
lution was stirred at this temperature for 15 min and then a portion of
this solution (0.65 mL) was added to a stirred solution of the aldehyde
(�)-33 (11.9 mg, 0.020 mmol) in THF (1 mL) at �78 8C. The reaction
mixture was stirred at this temperature for 30 min, then warmed to room
temperature and stirred for another 30 min. The reaction was quenched
with a saturated solution of aqueous NH4Cl (3 mL) and water (10 mL).
The aqueous layer was extracted with ether (4S15 mL). The combined
organic extracts were dried (MgSO4), filtered and concentrated in vacuo
to give the crude product. Purification by flash chromatography (hexane/
ether 10:1) furnished the (Z)-enyne (�)-34 (8.0 mg, 50% yield). Rf=0.49
(hexane/ether 4:1); [a]24D =�7.3 (c=0.15 in CHCl3);


1H NMR (500 MHz,
CDCl3): d=7.68–7.70 (m, 4H; Ar), 7.37–7.46 (m, 6H; Ar), 7.22–7.24 (m,
2H; Ar), 6.86 (m, 2H; Ar), 6.07 (dt, J ACHTUNGTRENNUNG(H,H)=11.1, 6.2 Hz, 1H; CH2CH=


CH), 5.57 (d, J ACHTUNGTRENNUNG(H,H)=11.1 Hz, 1H; CH2CH=CH), 5.45–5.53 (m, 1H; 5-
H or 6-H), 5.18–5.29 (m, 1H; 5-H or 6-H), 4.49 (d, J ACHTUNGTRENNUNG(H,H)=11.1 Hz,
1H; CHHAr), 4.38 (d, J ACHTUNGTRENNUNG(H,H)=11.1 Hz, 1H; CHHAr), 3.80 (s, 3H;
OCH3), 3.66–3.72 (m, 1H), 3.43–3.57 (m, 2H), 3.29–3.35 (m, 1H), 2.71–
2.86 (m, 2H; allylic CH2), 2.20–2.47 (m, 4H; 2Sallylic CH2), 1.82–1.93
(m, 1H; CHHMe), 1.54–1.64 (m, 1H; CHHMe), 1.10–1.11 (m, 21H;
TIPS), 1.06 (s, 9H; C ACHTUNGTRENNUNG(CH3)3), 0.70–0.78 ppm (m, 3H; CH2CH3);
13C NMR (125 MHz, CDCl3): d =159.2, 136.0, 135.9, 134.3, 133.4, 130.2,
129.7, 129.6, 127.6, 127.5, 113.7, 110.2, 104.0, 95.6, 71.1 (OCH2Ar), 55.2
(OCH3), 33.7, 29.7 (ring CH2), 26.8 (SiC ACHTUNGTRENNUNG(CH3)3), 23.7 (CH2CH3), 19.4
(SiC ACHTUNGTRENNUNG(CH3)3), 18.6 (CACHTUNGTRENNUNG(CH3)2), 11.3 ppm (CH2CH3); IR (film): ñ=


1613 cm�1; MS (ES): m/z (%): 787 (100) [M+Na]+ ; HRMS (ES):
m/z : calcd for C48H68O4Si2Na: 787.4554; found: 787.4566.


(Z,2S,3R,8R,9S)-3-tert-Butyldiphenylsilanyloxy-2-ethyl-9-((Z)-3-iodo-
prop-3-enyl)-8-(4-methoxybenzyloxy)-)-2,3,4,7,8,9-hexahydrooxonine


((�)-35): Iodomethyltriphenylphosphonium iodide (183 mg, 0.343 mmol)
was suspended in dry THF (5.2 mL) and NaHMDS (0.343 mL of a 1.0m


solution in THF) was added dropwise. The orange solution was stirred
for 1 min and then cooled to �78 8C. DMPU (0.173 mL) was added and
the resultant solution was cooled to �90 8C. The aldehyde (�)-33
(162 mg, 0.276 mmol) was added as a solution in THF (5 mL, 2 mL rinse)
via cannula. The mixture was stirred at �90 8C for 10 min and was then
gradually allowed to warm to room temperature. After stirring for a fur-
ther 30 min, the mixture was poured onto saturated NaHCO3 (15 mL)
and the aqueous phase was extracted with ether (6S20 mL). The organics
were dried (Na2SO4), evaporated and purification by flash chromatogra-
phy (hexane/ether, 3:1) gave the vinyl iodide (�)-35 as a colourless gum
(144 mg, 73%). Note the vinyl iodide should be used immediately in the
next reaction as it is prone to isomerisation. Rf=0.4 (hexane/ether 4:1);
[a]22D =�30.6 (c=2.9 in CHCl3);


1H NMR (200 MHz, C6D6): d=7.95–7.82
(m, 4H; Ar), 7.40–7.22 (m, 8H; Ar), 6.96–6.88 (m, 2H; Ar), 6.41 (dt,
J ACHTUNGTRENNUNG(H,H)=4.6, 7.4 Hz, 1H; CH=CHI), 6.08 (dm, J ACHTUNGTRENNUNG(H,H)=7.4 Hz, 1H;
CH=CHI), 5.74–5.39 (m, 2H; 5-H, 6-H), 4.44 (d, J ACHTUNGTRENNUNG(H,H)=11.0 Hz, 1H;
CHHAr), 4.26 (d, J ACHTUNGTRENNUNG(H,H)=11.0, 1H; CHHAr), 3.97–3.86 (m, 1H;
CHO), 3.73 (td, J ACHTUNGTRENNUNG(H,H)=6.8, 3.0 Hz, 1H; CHO), 3.61 (dd, J ACHTUNGTRENNUNG(H,H)=10.5,
4.2 Hz, 1H; CHO), 3.42 (s, 3H; OCH3), 3.34–3.27 (m, 1H; OCH), 2.85–
2.40 (m, 6H; allylic CH2), 2.10–1.92 (m, 1H; CHHMe), 1.77–1.62 (m,
1H; CHHMe), 1.25 (s, 9H; C ACHTUNGTRENNUNG(CH3)3), 0.97 ppm (t, J ACHTUNGTRENNUNG(H,H)=7.1 Hz, 3H;
CH2CH3); IR (CHCl3): ñ=2959 cm�1; MS (CI, NH3): m/z (%): 711 (45)
[M+H]+ , 121 (100); HRMS (CI, NH3): m/z : calcd for C37H48O4Isi:
711.2366 [M+H]+ ; found: 711.2370.


(Z,2S,3R,8R,9S)-3-tert-Butyldiphenylsilanyloxy-2-ethyl-8-(4-methoxyben-
zyloxy)-9-((Z)-5-trimethylsilanylpent-2-en-4-ynyl)-2,3,4,7,8,9-hexahy-
drooxonine ((�)-36): Copper(i) iodide (cat.) was added to diethylamine
(2 mL). TMS-acetylene (70 mL) was then added and the mixture stirred
at room temperature for 5 min. The vinyl iodide (�)-35 (174 mg,
0.245 mmol) and [Pd ACHTUNGTRENNUNG(Ph3P)4] (cat.) were dissolved in diethylamine
(1 mL) and stirred for 2 min. This mixture was then rapidly added via
cannula to the pre-complexed acetylene mixture (diethylamine rinse,
1 mL). This mixture was stirred overnight in the dark. The resultant
black solution was diluted with ether (10 mL), poured into 10% NH4OH
(10 mL) and saturated NH4Cl (10 mL) was added. The mixture was ex-
tracted with ether (5S15 mL) and the organic extracts were dried
(Na2SO4) and evaporated. The residue was purified by flash chromatog-
raphy (hexane/ether 9:1) to give the enyne (�)-36 as a colourless gum
(161 mg, 97%) as a single isomer. Rf=0.4 (hexane/ether 4:1); [a]21D =�3.7
(c=2.12 in CHCl3);


1H NMR (200 MHz, CDCl3): d=7.73–7.68 (m, 4H;
Ar), 7.44–7.37 (m, 6H; Ar), 7.28–7.24 (m, 2H; Ar), 6.89–6.84 (m, 2H;
Ar), 6.16 (ddd, J ACHTUNGTRENNUNG(H,H)=11.1, 8.1, 5.1 Hz, 1H; CH2CH=CH), 5.58 (d,
J ACHTUNGTRENNUNG(H,H)=11.1 Hz, 1H; CH2CH=CH), 5.54–5.37 (m, 1H; 5-H or 6-H),
5.23–5.04 (m, 1H; 5-H or 6-H), 4.50 (d, J ACHTUNGTRENNUNG(H,H)=10.8 Hz, 1H; CHHAr),
4.38 (d, J ACHTUNGTRENNUNG(H,H)=10.8 Hz, 1H; CHHAr), 3.79 (s, 3H; OCH3), 3.75–3.29
(m, 4H; 4SOCH), 2.98–2.15 (m, 6H), 2.05–1.85 (m 1H; CHHMe), 1.70–
1.51 (m, 1H; CHHMe), 1.07 (s, 9H; CACHTUNGTRENNUNG(CH3)3), 0.85 (t, J ACHTUNGTRENNUNG(H,H)=7.1, 3H;
CH2CH3), 0.20 ppm (s, 9H; (CH3)3Si);


13C NMR (50 MHz, CDCl3):d=


159.2, 141.9, 135.97, 135.92, 134.3, 133.4, 130.3, 129.7, 129.6, 128.1, 127.7,
127.5, 126.5, 113.8, 110.2, 102.4, 99.1, 78.9, 74.1, 73.2, 71.2, 55.2, 33.5, 32.6,
27.0, 23.9, 19.4, 9.7, 0.01 ppm; IR (CHCl3): ñ=1612 cm�1; MS (CI, NH3):
m/z (%): 681 (1) [M+H]+, 121 (100); HRMS (CI, NH3): m/z : calcd for
C42H57O4Si: 681.3795; found: 681.3795.


(Z,2S,3R,8R,9S)-3-tert-Butyldiphenylsilanyloxy-2-ethyl-8-hydroxy-9-[(Z)-
5-trimethylsilanylpent-2-en-4-ynyl]-2,3,4,7,8,9-hexahydrooxonine
((+)-37): BCl3·SMe2 (0.16 mL of a 2.0m solution in CH2Cl2, 0.320 mmol)
was added to the ether (�)-36 (108 mg, 0.159 mmol) in CH2Cl2 (5 mL).
The reaction mixture was stirred for 10 min and then poured onto satu-
rated aqueous NaHCO3 (15 mL). The organic phase was separated and
the aqueous phase was extracted with CH2Cl2 (5S20 mL). The combined
organic extracts were dried (Na2SO4) and purification by flash chroma-
tography (hexane/ether 6:1) gave the title compound (+)-37 as a colour-
less gum (82 mg, 92%). Rf=0.2 (hexane/ether 4:1); [a]21D =++51.3 (c=1.6
in CHCl3);


1H NMR (250 MHz, CDCl3) d =7.71–7.64 (m, 4H; Ar), 7.47–
7.34 (m, 6H; Ar), 6.18 (dt, J ACHTUNGTRENNUNG(H,H)=10.1, 5.5 Hz, 1H; CH2CH=CH), 5.64
(d, J ACHTUNGTRENNUNG(H,H)=11.0 Hz, 1H; CH2CH=CH), 5.41 (td, J ACHTUNGTRENNUNG(H,H)=10.1, 7.0 Hz,
1H; 5-H or 6-H), 4.97 (td, J ACHTUNGTRENNUNG(H,H)=10.1, 7.0 Hz, 1H; 5-H or 6-H), 3.68–
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3.29 (m, 4H; 4SOCH), 2.95–2.48 (m, 8H), 1.62–1.49 (m, 1H; CHHMe),
1.03 (s, 9H; C ACHTUNGTRENNUNG(CH3)3), 0.97 (t, J ACHTUNGTRENNUNG(H,H)=7.3 Hz, 3H; CH2CH3), 0.17 ppm
(s, 9H; (CH3)3Si));


13C NMR (100 MHz, CDCl3): d=141.3, 136.0, 135.96,
134.3, 133.2, 129.8, 129.7, 129.1, 127.8, 127.6, 125.4, 111.5, 102.1, 99.8,
84.4, 73.98, 73.97, 71.2, 33.7, 33.3, 29.9, 27.1, 24.4, 19.4, 10.6, �0.01 ppm;
IR (CHCl3): ñ=3563 cm�1; HRMS (CI, NH3): m/z (%): calcd for
C34H49O3Si2: 561.322; found: 561.322 [M+H]+ ; elemental analysis calcd
(%) for C34H48O3Si2: C 72.86, H 8.73; found: C 72.8, H 8.63.


(Z,2S,3R,8R,9S)-2-Ethyl-3-hydroxy-8-(4-methoxybenzyloxy)-9-((Z)-9-
pent-2-en-4-ynyl)-2,3,4,7,8,9-hexahydrooxonine ((�)-79): TBAF (52 mL of
a 1.0m solution in THF, 52 mmol) was added to a solution of the (Z)-
enyne (�)-34 (5.2 mg, 6.8 mmol) in THF (0.35 mL) at 0 8C. The reaction
mixture was stirred at this temperature for 10 min, then warmed to room
temperature and stirred for another 1.5 h. The reaction mixture was puri-
fied directly by flash chromatography (hexane/ether 1:1), furnishing the
alcohol (�)-79 (2.4 mg, 95%). Rf=0.22 (hexane/ether 1:1); [a]24D =�8.0
(c=0.23 in CHCl3); IR (film): ñ =3287 cm�1; 1H NMR (500 MHz,
CDCl3): d=7.28–7.30 (m, 2H; Ar), 6.88–6.90 (m, 2H; Ar), 6.22 (dt,
J ACHTUNGTRENNUNG(H,H)=11.0, 7.2 Hz, 1H; CH2CH=CH), 5.67–5.76 (m, 2H; 5-H, 6-H),
5.57 (dd, J ACHTUNGTRENNUNG(H,H)=11.0, 4J ACHTUNGTRENNUNG(H,H)=1.8 Hz, 1H; CH2CH=CH), 4.58 (d,
J ACHTUNGTRENNUNG(H, H)=10.9 Hz, 1H; CHHAr), 4.41 (d, J ACHTUNGTRENNUNG(H,H)=10.9 Hz, 1H;
CHHAr), 3.82 (s, 3H; OCH3), 3.62–3.68 (m, 2H), 3.33–3.39 (m, 2H),
3.11 (d, 4J ACHTUNGTRENNUNG(H,H)=1.8 Hz, 1H; C=CH), 2.79–2.85 (m, 1H; allylic CH2),
2.72–2.75 (m, 1H; allylic CH2), 2.45–2.61 (m, 4H; allylic CH2), 1.79 (dqn,
J ACHTUNGTRENNUNG(H,H)=14.8, 7.4 Hz, 1H; CHHCH3), 1.68–1.76 (m, 1H; CHHCH3),
0.98 ppm (t, J ACHTUNGTRENNUNG(H,H)=7.4 Hz, 3H; CH2CH3);


13C NMR (125 MHz,
CDCl3): d=159.2, 142.7 (CH2CH=CH), 135.7, 130.1, 129.7, 125.5, 113.8,
109.3, 81.9 (C=CH), 80.7 (C=CH), 79.0, 69.0, 71.1 (OCH2Ar), 55.3
(OCH3), 34.2, 33.6, 32.0 (allylic CH2), 29.7 (CH2CH3), 9.2 ppm
(CH2CH3), owing to the conformational mobility of (�)-79, two of the
carbon atoms adjacent to oxygen are broadened to the baseline; IR
(film): ñ=3287 cm�1; MS (ES): m/z (%): 393 (10) [M+Na]+ ; HRMS
(ES): m/z : calcd for C23H30O4Na: 393.2042; found: 393.2046.


(Z,2S,3S,8R,9S)-3-Bromo-2-ethyl-8-(4-methoxybenzyloxy)-9-((Z)-pent-2-
en-4-ynyl)-2,3,4,7,8,9-hexahydrooxonine ((+)-80): The alcohol (�)-79
(3.1 mg, 8.4 mmol) was mixed with CBr4 (55.0 mg, 0.165 mmol; previously
purified by sublimation and neutralisation by passage through a short
pad of basic alumina) and toluene (0.5 mL) was added to the mixture. To
this stirred solution at room temperature was added freshly distilled tri-
octylphosphane (74 mL, 0.166 mmol). The reaction mixture was heated at
80 8C for 2 h and the resultant yellow solution was subjected directly to
column chromatography (hexane/ether 3:1), furnishing the bromide
(+)-80 (2.3 mg, 63% yield) as a colourless oil. Rf=0.69 (hexane/ether
1:1); [a]24D =++47.5 (c=0.04 in CHCl3);


1H NMR (500 MHz, CDCl3): d=


7.28–7.30 (m, 2H; Ar), 6.89–6.91 (m, 2H; Ar), 6.23 (dt,
J ACHTUNGTRENNUNG(H,H)=11.0, 6.1 Hz, 1H; CH2CH=CH), 5.76 (dt, J ACHTUNGTRENNUNG(H,H)=10.5, 7.4 Hz,
1H; 5-H or 6-H), 5.54 (dd, J ACHTUNGTRENNUNG(H,H)=11.0, 4J ACHTUNGTRENNUNG(H,H)=1.9 Hz, 1H;
CH2CH=CH), 5.45 (dt, J ACHTUNGTRENNUNG(H,H)=10.5, 6.5 Hz, 1H; 5-H or 6-H), 4.60 (d,
J ACHTUNGTRENNUNG(H,H)=11.0 Hz, 1H; CHHAr), 4.40 (d, J ACHTUNGTRENNUNG(H,H)=11.0 Hz, 1H;
CHHAr), 4.04–4.06 (m, 1H), 3.88 (dt, J ACHTUNGTRENNUNG(H,H)=9.8, 3.8 Hz, 1H; 3-H),
3.83 (s, 3H; OCH3), 3.48–3.35 (m, 3H; 2SOCH, allylic CH2), 3.13 (d,
4J ACHTUNGTRENNUNG(H,H)=1.9 Hz, 1H; C=CH), 2.95–3.03 (m, 2H; allylic CH2), 2.54–2.61
(m, 2H; allylic CH2), 2.21 (dd, J ACHTUNGTRENNUNG(H,H)=14.0, 7.4 Hz, 1H; allylic CH2),
1.78–1.89 (m, 2H; CH2CH3), 0.80 ppm (t, J ACHTUNGTRENNUNG(H,H)=7.5 Hz, 3H;
CH2CH3);


13C NMR (125 MHz, CDCl3): d=143.4 (CH2CH=CH), 130.9,
129.9, 129.7, 127.0, 113.9, 109.0 (CH2CH=CH), 81.9 (C=CH), 79.8 (C=


CH), 71.1 (OCH2Ar), 55.7 (C-3), 55.3 (OCH3), 34.0, 31.6, 30.0 (allylic
CH2), 28.5 (CH2CH3), 9.8 ppm (CH2CH3); IR (film): ñ=3291 cm�1; MS
(ES): m/z (%): 457 (50) [M+Na]+ , 455 (50) [M+Na]+ , 435 (10) [M+H]+


, 433 (10) [M+H]+ ; HRMS (ES): m/z : calcd for C23H29O3Na79Br:
455.1198; found: 455.1200.


(Z,2S,3R,8S,9S)-8-Bromo-9-ethyl-3-hydroxy-2-((Z)-pent-2-en-4-ynyl)-
2,3,4,7,8,9-hexahydrooxonine ((+)-81): BCl3·SMe2 complex solution
(21 mL of a 2.0m solution in CH2Cl2, 42 mmol) was added to a stirred solu-
tion of the bromide (+)-80 (3.0 mg, 6.9 mmol) in CH2Cl2 (0.5 mL) at 0 8C.
The reaction mixture was warmed up to room temperature and stirred
for another 10 min. The reaction was quenched by the addition of a satu-
rated solution of aqueous NaHCO3 (ca. 0.2 mL). The reaction mixture


was dried (MgSO4), filtered and concentrated in vacuo to give the crude
product. Purification by column chromatography (hexane/ether 2:1) fur-
nished the alcohol (+)-81 (1.5 mg, 70%) as a colourless oil. Rf=0.29
(hexane/ether 1:1); [a]24D =++46.7 (c=0.06 in CHCl3) (lit.


[13] [a]24D =++105.8
(c=1.00 in CH2Cl2);


1H NMR (500 MHz, CDCl3): d=6.26 (dt, J ACHTUNGTRENNUNG(H,H)=


10.9, 6.9 Hz, 1H; CH2CH=CH), 5.87 (dt, J ACHTUNGTRENNUNG(H,H)=10.0, 8.2 Hz, 1H; 5-H
or 6-H), 5.60 (dd, J ACHTUNGTRENNUNG(H,H)=10.9, 4J ACHTUNGTRENNUNG(H,H)=1.8 Hz, 1H; CH2CH=CH),
5.50 (dt, J ACHTUNGTRENNUNG(H,H)=10.0, 6.8 Hz, 1H; 5-H or 6-H), 4.12 (brd, J ACHTUNGTRENNUNG(H,H)=


11.2 Hz, 1H; 2-H), 3.80–3.84 (m, 1H; 3-H), 3.64–3.68 (m, 1H), 3.37–3.40
(m, 1H), 3.20–3.28 (m, 1H; allylic CH2), 3.16 (d, 4J ACHTUNGTRENNUNG(H,H)=1.8 Hz, 1H;
C=CH), 2.94–2.98 (m, 2H; allylic CH2), 2.70 (dt, J ACHTUNGTRENNUNG(H,H)=15.8, 7.0 Hz,
1H; allylic CH2), 2.59 (ddd, J ACHTUNGTRENNUNG(H,H)=10.8, 6.3, 4.1 Hz, 1H; allylic CH2),
2.15–2.20 (brm, 1H; allylic CH2), 1.85–1.89 (m, 2H; CH2CH3), 1.69 (d,
J ACHTUNGTRENNUNG(H,H)=6.3 Hz, 1H; OH), 0.84 ppm (t, J ACHTUNGTRENNUNG(H,H)=7.5 Hz, 3H; CH2CH3);
13C NMR (125 MHz, CDCl3): d=142.7 (CH2CH=CH), 129.8 (5-C), 127.5
(6-C), 109.6 (CH2CH=CH), 82.4 (C=CH), 80.4 (C=CH), 81.5, 72.9, 55.7
(3-C), 34.1, 33.5, 33.2 (allylic CH2), 28.5 (CH2CH3), 9.8 ppm (CH2CH3);
IR (film): ñ=3409 cm�1; MS (ES): m/z (%): 337 (50) [M+Na]+ , 335 (50)
[M+Na]+ , 315 (10) [M+H]+, 313 (10) [M+H]+ ; HRMS (ES): m/z : calcd
for C15H21O2Na79Br: 335.0623; found: 335.0622.


(Z,2S,3S,8S,9S)-3-Bromo-8-chloro-2-ethyl-((Z)-pent-2-en-4-ynyl)-
2,3,4,7,8,9-hexahydrooxonine, (+)-obtusenyne (1): Freshly distilled trioc-
tylphosphane (34 mL, 0.076 mmol) was added to a stirred solution of the
alcohol (+)-81 (2.2 mg, 7.05 mmmol) and CCl4 (7 mL, 0.073 mmol) in tolu-
ene (0.5 mL) at room temperature. The reaction mixture was heated at
80 8C for 4 h and the resultant pale-yellow solution was subjected directly
to column chromatography (hexane/ether 3:1), furnishing (+)-1 as a
crude product. Further purification of this crude residue by column chro-
matography (hexane/CH2Cl2 1:1) afforded a pure sample (+)-obtusenyne
1 (1.2 mg, 51%) as a colourless oil. Rf=0.33 (hexane/CH2Cl2 1:1); [a]


24
D =


+142.5 (c=0.03 in CHCl3) (lit.[13] [a]24D =++151 (c=0.13 in CHCl3));
1H NMR (500 MHz, 50 8C, C6D6): d =5.92 (dt, J ACHTUNGTRENNUNG(H,H)=10.8, 7.3 Hz, 1H;
CH2CH=CH), 5.33–5.43 (m, 3H; CH2CH=CH, 5-H, 6-H), 4.13–4.20 (m,
1H; 9-H), 3.90 (dt, J ACHTUNGTRENNUNG(H,H)=10.8, 2.8 Hz, 1H; 3-H), 3.77 (dt, J ACHTUNGTRENNUNG(H,H)=


10.8, 3.0 Hz, 1H; 8-H), 3.68–3.74 (m, 1H; 2-H), 3.02 (ddt, J ACHTUNGTRENNUNG(H,H)=14.2,
7.1, 1.2 Hz, 1H; CHHCH=CH), 2.92 (d, 4J ACHTUNGTRENNUNG(H,H)=2.0 Hz, 1H; C=CH),
2.87 (dt, J ACHTUNGTRENNUNG(H,H)=14.7, 7.0 Hz, 1H; CHHCH=CH), 2.78–2.62 (m, 2H; 7-
H, 4-H), 2.52 (ddd, J ACHTUNGTRENNUNG(H,H)=12.9, 6.5, 3.0 Hz, 1H; 4-H’), 2.40 (ddd,
J ACHTUNGTRENNUNG(H,H)=13.2, 6.6, 2.9 Hz, 1H; 7-H’), 1.91 (dq, J ACHTUNGTRENNUNG(H,H)=14.2, 7.4 Hz, 1H;
CHHCH3), 1.74 (dq, J ACHTUNGTRENNUNG(H,H)=14.2, 7.4 Hz, 1H; CHHCH3), 0.85 ppm (t,
J ACHTUNGTRENNUNG(H,H)=7.4, 1H; CH2CH3);


13C NMR (125 MHz, 34 8C, C6D6): d=140.7
(CH2CH=CH), 110.7 (CH2CH=CH), 82.8 (C=CH), 80.1 (C=CH), 63.3 (8-
C), 56.6 (3-C), 35.3 (CH2CH=CH), 32.0 (7-C), 31.2 (4-C), 28.7 (CH2CH3),
10.1 ppm (CH2CH3); owing to the conformational mobility of the natural
product the signals due to 6-C and C-13 were broadened to the baseline;
signals assignable to C-9 and C-10 were obscured by solvent; IR (film):
ñ=3290 cm�1; MS (ES): m/z (%): 357 (25) [M+Na]+ , 355 (100)
[M+Na]+ , 353 (80) [M+Na]+ ; HRMS (ES): m/z : calcd for
C15H20ONa79Br35Cl: 353.0278; found: 353.0278.
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Insights into Sonogashira Cross-Coupling by High-Throughput Kinetics and
Descriptor Modeling


Markus R. an der Heiden,[a] Herbert Plenio,*[a] Stefan Immel,[b] Enrico Burello,[c]


Gadi Rothenberg,[c] and Huub C. J. Hoefsloot[d]


Introduction


The Sonogashira reaction is used for coupling aryl- and
vinyl halides[1–3] or alkyl halides[4] with terminal acetylenes.
It is a versatile C�C bond formation reaction that tolerates


a variety of functional groups and conditions.[5–22] Sonoga-
shira coupling is applied for producing pharmaceutical inter-
mediates, liquid crystals, polymers, and materials with speci-
alized optical and electronic properties.[23–38] Despite these
numerous applications, our mechanistic understanding of
the Sonogashira reaction is limited.[39,40] This is because the
Sonogashira reaction, like other coupling reactions, has a
complex catalytic cycle that involves several steps.[41–47] One
approach for unravelling the reaction mechanism is to study
the kinetics of the (rate-limiting) elementary steps, such as,
oxidative addition,[48] reductive elimination,[49] or transmeta-
lation[50] in detail, all of which, however, need to be known
(see Figure 1).[45,51] The widespread belief is that the oxida-
tive addition of the aryl halide determines the turnover for
cross-coupling reactions,[52] although Kozuch and Shaik sug-
gested an integrated rate function for the entire catalytic
cycle.[53]


Alternatively, one can study the influence of different
structural and compositional variables on the outcome of
the catalytic reaction, and identify the key factors by statisti-
cal analysis. For this, a large and diverse dataset is required.
In the case of the palladium-catalyzed Sonogashira reaction,
this means a large number of different substituents in the re-
actants, as well as a variety of ligand–Pd complexes. The
problem is that this approach is time-consuming and labor-


Abstract: A method is presented for
the high-throughput monitoring of re-
action kinetics in homogeneous cataly-
sis, running up to 25 coupling reactions
in a single reaction vessel. This method
is demonstrated and validated on the
Sonogashira reaction, analyzing the ki-
netics for almost 500 coupling reac-
tions. First, one-pot reactions of phe-
nylacetylene with a set of 20 different
meta- and para-substituted aryl bro-
mides were analyzed in the presence of
17 different Pd–phosphine complexes.


In addition, the temperature-depen-
dent Sonogashira reactions were exam-
ined for 21 different ArX (X=Cl, Br,
I) substrates, and the corresponding ac-
tivation enthalpies and entropies were
determined by means of Eyring plots:
ArI (DH� =48–62 kJmol�1; DS� =


�71–�39 Jmol�1 K; NO2!OMe),
ArBr (DH� =54–82 kJmol�1, DS� =


�55–11 Jmol�1 K), and ArCl (DH� =


95–144 kJmol�1, DS� =�6–
100 Jmol�1 K). DFT calculations estab-
lished a linear correlation of DH� and
the Kohn–Sham HOMO energies of
ArX (X=Cl, Br, I) and confirmed
their involvement in the rate-limiting
step. However, despite different C�X
bond energies, aryl iodides and elec-
tron-deficient aryl bromides showed
similar activation parameters.
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intensive, and therefore unpopular. However, this problem
can be solved if reactions are performed in parallel. Kagan
and co-workers pioneered a technique termed “one-pot
multisubstrate screening”,[54,55] in which several reactions
with a single catalyst are carried out simultaneously in one
reaction vessel to increase the number of substrates studied
and to obtain yield and ee data much faster. We have modi-
fied and extended this method to now make it a reliable
technique for the collection of a large amount of kinetic
data in homogeneous catalysis. Previously, high-throughput
screening (HTS) techniques have been used primarily for
speeding up the optimization of Sonogashira catalysts.[21,31, 56]


Ideally, our approach leads to the identification of a number
of quantitative steric and electronic parameters which allow
the prediction of the efficiency of a given cross-coupling re-
action. Notably, Fairlamb and co-workers have attempted to
achieve this by evaluating the electronic properties of the
modified dba (dibenzylideneacetone) type of ligands in [Pd2-
ACHTUNGTRENNUNG(dba)3] and their effect on Suzuki and Heck cross-coupling
reactions.[57–59]


Herein, we present a method for high-throughput moni-
toring of reaction kinetics in homogeneous catalysis.[60–64] We
demonstrate and validate this method on the Sonogashira
reaction, analyzing the rate constants for almost 500 cross-
coupling reactions in three sets. Complementing the high-
throughput experimental approach, we then applied DFT
calculations and statistical analysis tools, extracting mecha-
nistic information from the data. Importantly, this approach
gives an unbiased view of the factors that control the cata-
lytic cycle.


Results and Discussion


Concept validation for Sonogashira cross-coupling : The one-
pot multisubstrate screening concept has several key advan-
tages: First and foremost, it is fast. This concerns the actual


reactions, as well as their analysis. The time required for the
quantitative analysis of the products is drastically reduced,
because all products are separated and quantified simultane-
ously. Moreover, as the reactions are performed simultane-
ously in the same flask, the conditions are truly identical.
This method enables a good sampling of the catalyst and re-
action space, and the conclusions are less likely to be biased
by the choice of experiments. However, there are also limi-
tations: First, the reactions studied must be selective, as the
formation of numerous by-products may impede the quanti-
tative analysis. Fortunately, the Sonogashira reaction is com-
pliant in this respect: The only undesired product resulting
from Pd2+ ions observed is the Hay coupling product, 1,4-di-
phenyl-butadiyne, formed with a yield of <0.3%. Second,
the rates of individual product formation in each batch
should all be within two orders of magnitude.[65] In the case
of very fast reactions, approximating the reactant concentra-
tion becomes increasingly difficult, whereas in the very slow
cases the effective catalyst concentration per substrate does
not remain constant once the faster coupling reactions are
completed. This is illustrated in Figure 2, which shows the


reaction profiles for a subset of three substrates selected
from a 25 multisubstrate screen (MS-25). As soon as the fast
substrates are converted, the apparent rate for the formation
of the “slow” tolanes increases, as more and more catalyst is
available for their conversion. Finally, the substituents at the
aryl bromides must not react with one another. Considering
these limitations, one must first validate the one-pot multi-
substrate screening prior to application in the Sonogashira
coupling reaction.


Thus, we first studied whether the relative reaction rates
(by using standard procedures) match those from the multi-
substrate screens. To answer this crucial question, we deter-
mined the initial Sonogashira coupling rates for three differ-
ent substrates (R=�H, �OMe, and �CO2Et, see Table 1) in
three individual reaction vessels. Analogous data were then
obtained from several multisubstrate screens of various sizes


Figure 1. Simplified consensus mechanism for the Sonogashira reaction
by using bulky phosphines.


Figure 2. Conversion versus time curves and determination of the initial
rates of the product-forming reaction. Subset of data taken from MS-25
screen. “R” symbols denote the para-substituent on the aryl bromide,
whereas R2 is the correlation coefficient of the linear fit.
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(MS-2, MS-3, MS-5, MS-9, and MS-25), each carried out in
a single reaction vessel. Table 1 lists the relative rates ob-
tained from these experiments (normalized for H�1).
Indeed, we found that the relative rates for a given substrate
were all within the experimental error. They were independ-
ent of the number of substrates in the multisubstrate screen.
This is apparent when comparing various experiments in-
cluding the aryl bromides with R=p-CO2Et and p-OMe,
which have been studied in the entire test screens. For p-
CO2Et, the deviation from the average of 2.35 is <10%,
whereas the deviation of p-OMe (average 0.58) is <4%.


We also tested whether a change in the total concentra-
tion of the aryl bromide or the phenylacetylene influences
the relative rates. In addition to the concentration
� ACHTUNGTRENNUNG(ArBr)=0.1m for the sum of all aryl bromides used in all
experiments, we also studied � ACHTUNGTRENNUNG(ArBr)=0.2m. For both mul-
tisubstrate experiments (MS-5, RC6H4Br; R=�CF3, �H, �
CH3, �OMe, �COMe) the relative rates were identical
within the experimental error (see the Supporting Informa-
tion for details). These results validate the one-pot multisub-
strate screening for acquiring kinetic data in Sonogashira
cross-coupling reactions, and therefore we proceeded with
the mechanistic studies.


Ligand and aryl bromide substituent effects : In the first set
of reactions (Table 2), we studied the influence of various
meta- and para-substituted aryl bromides and various Pd–
phosphine ligand complexes on the Sonogashira reaction
rate. In a typical experiment, one equivalent of an equimo-
lar stock solution of mixed aryl bromides 1a–1u (the nota-
tion 1 l is omitted to avoid confusion) was stirred in HNiPr2
with 0.001 equivalents (0.1 mol%) of the catalyst complex
for ten minutes. The reaction was then initiated by adding
1.05 equivalents of phenylacetylene. The Sonogashira cou-
pling reactions were performed according to a procedure re-
cently described by us; all of the tolanes synthesized for this
study have been prepared before and their characterization
data reported in detail elsewhere.[12] Reaction progress was
monitored by quantitative GC analysis. In total, we mea-
sured the initial reaction rate constants for 20 substituted
aryl bromides in the presence of 17 different phosphine li-


gands (nBu3P, Cy2PBn, PCy3, iPrPCy2, iPr2PCy, iPr3P,
secBu3P, tBuPiPr2, AdPCy2, tBuPCy2, tBu2PCy, Ad2PEt,
tBu2PiPr, tBu3P, tBu2PBn, Ad2PtBu, Ad2PBn) (Ad=1-ada-
mantyl, Bn=benzyl). All of the phosphines under investiga-
tion were trialkylphosphines, the steric bulks of which were
modified in a systematic manner. For the Ad2PR series of
phosphines Ad2PtBu, Ad2PiPr, Ad2PBn, Ad2PEt, the size of
the R group was modified. With the butyl series nBu3P,
secBu3P, and tBu3P, the degree of branching was modified
and, within the R2PBn series Cy2PBn, tBu2PBn, Ad2PBn,
the nature of R was varied. Within the series PCy3,
tBuPCy2, tBu2PCy, tBu3P, the cyclohexyl groups were re-
placed by tBu groups. The steric bulk was expected to in-
crease in a steady manner. However, the sum reactivities of


Table 1. Verification of the Sonogashira coupling “one-pot multisubstrate screen”.[a]


Screen R: p-NO2 p-CN p-COMe p-CO2Et p-CF3 p-F H p-Me p-OMe


3Psolo – – – 2.07�0.3 – – �1 – 0.6�0.09
MS-2 – – – 2.19�0.16 – – �1 – –
MS-3 – – – 2.44�0.18 – – �1 – 0.57�0.04
MS-5 – – – 2.49�0.18 2.1�0.16 – �1 0.6�0.05 0.59�0.04
MS-9 8.95�0.89 6.35�0.54 3.72�0.26 2.36�0.17 2.13�0.16 0.84�0.05 �1 0.6�0.05 0.56�0.04
MS-25 9.14�0.91 6.29�0.53 3.9�0.27 2.55�0.19 2.04�0.16 0.83�0.05 �1 0.61�0.05 0.57�0.04
average – – – 2.35�0.17 2.12�0.16 – – 0.6�0.05 0.58�0.04


[a] Conditions: HNiPr2, 80 8C, Na2PdCl4, CuI, tBu3P·HBF4=4:3:4. The remaining 16 R groups in MS-25: o-CN, m-SOMe, o-COMe, o-CO2Et, p-SOMe,
m-COMe, m-CF3, m-CO2Et, m-F, o-Me, m-Me, o-OMe, m-OMe, m-NMe2, p-tBu, p-NMe2.


Table 2. Sonogashira cross-coupling reactions of 20 different aryl bro-
mides in the (20P1) screen with the various Pd-phosphine catalysts as de-
fined by the respective 17 phosphines. Phosphine used: Ad2PBn;
AdPCy2; tBu2PBn; Ad2PtBu; Ad2PEt; PtBu3; PsecBu3; nBu3; tBu2PiPr;
Cy2PBn; PiPr3; PCy3; Cy2PtBu; CyPtBu2; Cy2PiPr; iPr2PtBu; iPr2PCy.


Aryl bromide Tolane R1 R2


1a 3a H H
1b 3b CF3 H
1c 3c F H
1d 3d Me H
1e 3e OMe H
1 f 3 f CN H
1g 3g tBu H
1h 3h COMe H
1 i 3 i NO2 H
1j 3 j CO2Et H
1k 3k NMe2 H
1m 3m S(O)Me H
1n 3n H CF3


1o 3o H F
1p 3p H Me
1q 3q H OMe
1r 3r H Ac
1 s 3 s H NMe2


1t 3 t H CO2Et
1u 3u H S(O)Me
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the respective Pd-complexes
(SRi =0.078, 0.48, 0.52, 1.00),
see Table 3) did not show the
expected smooth increase in
activity. PCy3 is poor, but
beyond a critical threshold of
steric bulk, represented by
tBuPCy2, the catalytic activity
did not change drastically.[66]


From this observation, as well
as from the analysis of the re-
maining series of phosphines
we concluded that highly
active catalysts require at least
one tertiary and two secondary
carbon atoms attached to the
phosphorus atom for good ac-
tivity. As soon as two tertiary
carbon atoms are present, the
third substituent on the phos-
phorus atom can be almost
any group without compromis-
ing very high activity catalysts.
This may explain why some
groups showed excellent cata-
lytic activities with Pd-phos-
phine complexes of the latter
type, for example, tBu2PMe,[67]


Ad2PnBu,[68] and tBu2POH.[69]


This yielded a set of 340 reaction profiles with 340 corre-
sponding rate constant (kobs) values. Figure 3 shows the
entire set of rate constants for the various substrate/ligand
combinations.


SRi ¼
1


nsubstrate
�
Xn


i¼1


rRi ArXðPR3Þ
rRi ArXðtBu3PÞ


ð1Þ


Phosphine ligand steric effects : The ligand size influences
the catalytic activity of the Pd catalyst complexes. In gener-
al, the empirical rule that sterically demanding and electron-
rich phosphines yield high activity catalysts is confirmed.[70]


We find, for example, that Pd–PCy3 is a relatively poor cata-
lyst, whereas Pd–tBu3P is 10–50 times more active in the
conversion of aryl bromides at 80 8C. However, describing
the ligand effects by using only the Tolman cone angles[71] is
insufficient. Modeling the entire sum of the reactivitiesF da-
taset by using TolmanFs cone angles gives a poor correlation,
even when excluding the P ACHTUNGTRENNUNG(nBu)3 ligand that is distant from
the line (R2=0.44 for 17 observations). This may reflect fun-
damental problems of the Tolman approach especially con-
cerning PR3 ligands with different R groups.[72–74] However,
it is likely that in this case the activity does not depend only
on steric effects, but rather on a combination of steric, elec-
tronic, and interaction effects (see below). We can isolate
the steric effect for some of the ligands, for example, for the
subset {P ACHTUNGTRENNUNG(iPr)3; PACHTUNGTRENNUNG(secBu)3; P ACHTUNGTRENNUNG(iPr)2tBu; PiPr ACHTUNGTRENNUNG(tBu)2; PACHTUNGTRENNUNG(tBu)3;
PACHTUNGTRENNUNG(1-Ad)2tBu}. The correlation coefficient for this subset is
R2=0.993 for six observations (Figure 4). In this subset, the
iPr residues are substituted either with 1-Ad or with tBu
groups. These are both aliphatic anchor groups with spheri-
cal symmetry (as opposed to Bn or Cy).


Descriptor modeling and Hammett parameters : High-
throughput experiments as described here yield large
amounts of data with high precision and reproducibility. Ex-


Table 3. Sum reactivities SRi, reaction constants 1 and s�p correlation co-
efficient (R2 (s0


para
) for comparison only) for all reactions at 80 8C.[a]


Phosphine SRi 1 ACHTUNGTRENNUNG(para) R2(s�para) R2(s0
para)


Cy2PBn 0.031 0.948 0.931 0.894
PCy3 0.078 1.057 0.969 0.888
iPrPCy2 0.085 1.018 0.951 0.860
iPr2PCy 0.10 1.123 0.905 0.823
iPr3P 0.13 1.038 0.935 0.932
secBu3P 0.18 0.975 0.977 0.863
tBuPiPr2 0.44 0.991 0.918 0.917
AdPCy2 0.45 0.891 0.939 0.859
tBuPCy2 0.48 0.893 0.973 0.791
tBu2PCy 0.52 0.921 0.972 0.762
Ad2PEt 0.56 0.931 0.989 0.822
tBu2PiPr 0.72 0.963 0.923 0.842
tBu3P 1.00 0.790 0.970 0.828
tBu2PBn 1.07 0.813 0.928 0.909
Ad2PtBu 1.26 0.821 0.930 0.728
Ad2PBn 1.33 0.834 0.960 0.866


[a] The sum reactivity SRi is defined by Equation (1).


Figure 3. Rate constant (reactivity 1000h�1) for 340 Sonogashira reactions of 20 aryl bromides with phenylace-
tylene, applying 17 different Pd–phosphine complexes. Solvent: HNiPr2, T=80 8C; catalyst : Na2PdCl4, CuI,
phosphonium salt: 4:3:4. Reactivities are low-conversion tof.
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tracting useful information from this data is a complex prob-
lem in itself. We approached the data analysis from two di-
rections, namely using FblindF statistical models (Fblack
modelsF) that employ no chemical knowledge, as well as de-
scriptor models based on physical organic chemistry. Start-
ing with the raw data, we modeled the rows and columns
separately with average value models, using the s� and the
cone angle parameters. The s� parameter (s for the meta-
substituents) gives a very good model for the substituent
effect, with R2=0.930 for 16 observations (data given in
Table 3). In each case, the substituent values for the differ-
ent ligands are nicely clustered together (data not shown for
clarity) so the average gives a good representation of the
data spread.


Next we ran a Fblind modelF (i.e., a data-driven statistical
model), to see whether there are single effects or interaction
effects between the ligands and the substituents. In this
model, the entire dataset is represented by Equation (2),


kij ¼ C þ ~xi þ ~yj þ b~xi~yj ð2Þ


where C is the overall mean (4.15 h�1), x̃i and ỹj denote the
total-mean-centered values of row i and column j, respec-
tively, and b is an interaction parameter. Using a goal-seek
function,[75] we found that b=0.22 yields a fit of R2=0.978
for all k values (323 observations). This shows that there is a
substituent effect, a ligand effect, and an interaction effect.
The interaction effect between the ligand and the substitu-
ent is important. If we omit the interaction parameter, R2=


0.803. Thus, the interaction parameter explains almost 20%
of the variance in the data. It is unlikely that the substituent
has a steric effect, and even more unlikely that an electronic
substituent effect will interact with a steric ligand effect.
Thus, we observe here an interaction between a ligand elec-
tronic effect and a substituent electronic effect. The Ham-
mett s� parameter[76,77] is an excellent descriptor in this case.
Note, however, that the literature contains diverse reports:
Similar correlations were reported for Suzuki,[78–80]


Heck,[81–85] and carbonylation reactions[86] even though dif-
ferent Hammett parameters were used: Milstein and Herr-
mann reported that s�p parameters yielded the best fits,
whereas other studies applied sp parameters. Even a sþp cor-


relation to establish a stabilization of a positive charge in
the transition state was reported.[81] To further understand
the mechanism, we studied the correlations of the reaction
rates, relative to R=H, by using also the s0


p, sþp , and smeta pa-
rameters.[76] The correlation coefficients of the s0


p were not
as good as those for s�p (Table 3). To distinguish between s0


p


and s�p correlations, one must study a number of different
substituents covering a large range of electronic effects.
NMe2 is especially important in this respect.[76] As expected,
sþp gave poor correlation coefficients. The data for tBu3P
with R2 (s0


para)=0.83 versus R2 (s�para)=0.97 illustrate this
point (Figure 5). In contrast to the excellent correlations in
the para series, the meta Hammett parameters produce
linear fits with lower correlation coefficients (R2=0.7–0.8).
We believe that this reflects the limited value of meta Ham-
mett parameters, as noted by Hansch et al.[76]


We also correlated the sum reactivity (SRi) of a given cat-
alyst with the 1 values obtained from the slope of the linear
fit of relative reactivity versus the respective Hammett con-
stant. The data cluster in three distinct areas. First of all, the
Pd–PR3 complexes of low activity (Cy2PBn, PCy3, iPrPCy2,
iPr2PCy, iPr3P, secBu3P)[87] give SRi 1=0.95–1.12, the second
group of intermediate activity represented by the phos-
phines (AdPCy2, tBu2PCy, tBuPiPr2 Cy2PBn, tBuPCy2,
Ad2PEt) are characterized by 1=0.89–0.99, and finally, the
high activity phosphines (Ad2PBn, tBu3P, Ad2PtBu,
tBu2PBn) by 1=0.79–0.83.


The large 1 values for catalysts of low reactivity explain
that substituents at the aryl bromides strongly influence the
overall reactivity. This effect is less pronounced for catalysts
of intermediate activity and even smaller for those of high
activity. The lower sensitivity of high activity catalysts to-
wards the 4-substituents means that all elementary steps
that depend on this substituent are less important for the
overall rate. This includes the oxidative addition step. Signif-
icant changes in 1 indicate a change in the mechanism. It is
likely that catalytic reactions in each of the three clusters
occur through slightly different mechanisms. Jutand and co-
workers noted that depending on the bulk of the phosphine,


Figure 4. Reactivity versus cone angle for six phosphine ligands, substitut-
ing iPr groups with tBu or 1-Ad groups.


Figure 5. One of the 17 Hammett plots determined for the rates of
tBu3P-based Pd-catalyst for the Sonogashira coupling of various 4-substi-
tuted aryl bromides (R=NMe2, Me, OMe, H, F, CF3, CO2Et, COMe,
S(O)Me, CN, NO2). R’= reaction rate for variable substituent, R0 = reac-
tion rate for reference substituent H.
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the oxidative addition can occur through an associative or a
dissociative mechanism, in agreement with the different 1


values we observe here.[88]


Using a smaller set of data, we also studied the substitu-
ent effects in the Sonogashira coupling of aryl iodides and
aryl chlorides by using tBu3P-based Pd-catalysts. For both
classes of compounds, s�para gives better correlation coeffi-
cients than so


para. However, with aryl chlorides the differen-
ces of R2 between the s�para and the so


para fit are small. We at-
tribute this ambiguity to the smaller number of different
substrates (�NMe2 omitted) studied in the temperature-de-
pendent reaction and not to a change in the correlation pat-
tern. The increasing bond strength C�X results in an in-
crease in the 1 values along the series of aryl chlorides (1=


1.3, 80 8C)>aryl bromides (1=0.51, 80 8C; 0.76, 50 8C)>aryl
iodides (1=0.38, 50 8C, see Table 4). The oxidative addition
rate slows down for stronger C�X bonds, becoming increas-
ingly important for the overall rate equation.


Nonetheless, the large differences in the C�X bond ener-
gies (in C6H5�X; X= Cl 402, Br 337, I 272 kJmol�1)[89] do
not translate into correspondingly large differences of rates
for the Sonogashira coupling reactions. At 50 8C the mean
ratio of kArI/kArBr is about ten, whereas, at 80 8C, kArBr/kArCl


reaches about 10000. This is much less than what could be
expected on the basis of the mean bond energy differences.
Hartwig noted that, with the exception of aryl chlorides, the
rate-limiting step is not the actual insertion of the palladi-
um(0) into the C�X bond, but rather the reorganization of
the ligand sphere preceding this step.[90]


Temperature effects : To determine the activation parame-
ters DH� and DS� for Sonogashira coupling we have per-
formed the multisubstrate coupling reactions of various aryl
halides 4-R-C6H4-X (X= I, Br, Cl, R: NO2, CO2Et, CF3, H,
F, Me, OMe) with phenylacetylene at several different tem-
peratures. The resulting Eyring plots allow the calculation of


the activation parameters for all of the 21 coupling reactions
(Figures 6 and 7). It should be kept in mind that our data
come from the analysis of the whole reaction and not from
individual elementary steps.


The enthalpies of activation DH� are always positive.
There is, however, little change (14 kJmol�1) in the series of
ArI (48!62 kJmol�1), slightly more differentiation
(28 kJmol�1) with ArBr (54!82 kJmol�1) and, by far, the
biggest change (50 kJmol�1) with ArCl (94!144 kJmol�1).
This indicates the increasing importance of the oxidative ad-
dition step for the overall rate.


The entropies of activation provide information on the
degree of order in the transition state. It is interesting to ob-
serve large differences in the series of ArX (X=Cl, Br, I).
The large, negative values for ArI (�71!�37 Jmol�1K) are
indicative of a highly ordered transition state corresponding
to an associative mechanism. Again the spread of the DS�


values is larger for the ArBr reaction (�55!10 Jmol�1K).
Although the highly activated aryl bromides show values
similar to those of aryl iodides, this changes drastically for
the deactivated aryl bromides. With the exception of the
nitro-substituted species, the entropies of activation for the
aryl chlorides are large and positive (�6!100 Jmol�1K).
Again aryl chlorides and the nonactivated aryl bromides
behave distinctly differently from the aryl iodides and the


Table 4. Temperature-variable Hammett plots for the Sonogashira reac-
tion of aryl iodides, bromides, and chlorides with phenylacetylene, by
using the tBu3P-derived catalyst (R= see Figures 6 and 7).


X T [8C] 1(s�para) R2


I 23.4 0.457 0.97
I 30 0.461 0.98
I 35 0.459 0.99
I 40 0.445 0.97
I 45 0.408 0.97
I 50 0.376 0.98
Br 40 0.921 0.95
Br 50 0.762 0.96
Br 60 0.675 0.95
Br 70 0.568 0.93
Br 80 0.508 0.89
Cl 80 1.336 0.98
Cl 95 1.097 0.95
Cl 108 0.98 0.90


Figure 6. Enthalpies of activation DH� for the Sonogashira reactions of
4-R-C6H4-X and phenylacetylene by using a tBu3P-derived Pd catalyst.


Figure 7. Entropies of activation DS� for the Sonogashira reactions of 4-
R-C6H4-X and phenylacetylene by using a tBu3P-derived Pd catalyst.
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activated aryl bromides, the activation parameters of which
(DH� and DS�) are similar. This is true, even though the C�
I and C�Br binding energies differ significantly. We con-
clude that the insertion of Pd into the C�X bond can hardly
be rate limiting in the Sonogashira coupling of aryl iodides
and activated aryl bromides.


The activation parameters for the oxidative addition of
chlorobenzene to Pd ACHTUNGTRENNUNG(dppe) were determined by Milstein
and Portnoy as DH� =118 kJmol�1 and DS� =�9 Jmol�1K
(�33 Jmol�1K).[91] These values agree remarkably well with
the activation parameter determined by us for the Sonoga-
shira cross-coupling of chlorobenzene (Figures 6 and 7). De-
spite this excellent correlation, one should remember that
activation parameters can vary, depending on the ring size
of the chelating phosphines.[92] Nonetheless, this is strong
evidence for the oxidative addition being the rate-limiting
step in the Sonogashira coupling of aryl chlorides.


We are not aware of experimental activation parameters
for the oxidative addition of aryl bromides to palladi-
um(0).[93,94] Fu and co-workers determined activation param-
eters for the corresponding reactions of alkyl bromides
(DH� =10 kJmol�1) that are significantly smaller than our
values for the aryl bromides.[95] Note that our values of DH�


and DS� for the Sonogashira coupling are different from the
DH� =69 kJmol�1 and DS� =�43 Jmol�1K as determined
for the Heck coupling of acrylates.[96–98] This comes as no
surprise as the cleavage of the much weaker C�I bond
during the Heck reaction will be less significant for the over-
all rate of the catalytic cycle than the oxidative addition of
the C�Cl bond. Consequently, the overall activation barrier
can hardly be similar for aryl iodide Heck and the Sonoga-
shira coupling reactions. One step within the series of ele-
mentary steps comprising the oxidative addition is the
actual C�X bond scission,[99] which can only be rate limiting
when the respective bond energies correlate with DH�.


Concept validation of the temperature-variable high-
throughput screening : To firmly establish the method of par-
allel multisubstrate screening for the determination of acti-
vation parameters, we performed extensive control experi-
ments.


First of all we repeated the multisubstrate experiments by
using a set of five 4-substituted aryl bromides (4-R=COMe,
CF3, H, Me, OMe) which were simultaneously reacted with
phenylacetylene in an MS-5 experiment at temperatures of
30, 40, 50, 60, 70, and 80 8C. Each experiment was repeated
four times (MS-A, -B, -C, -D). The DH� values thus ob-
tained (Tables 5 and 6) are virtually identical to the DH�


values determined in the MS-7 experiment described above
(Figures 6 and 7). This emphasizes the excellent reproduci-
bility and reliability of the parallel multisubstrate screening
approach. Next the more important question of whether the
multisubstrate approach is able to provide us with meaning-
ful activation parameters must be answered. We have there-
fore individually determined the activation parameters for
each of the five coupling reactions described above. The five
different aryl bromides were reacted separately with phenyl-


acetylene at six temperatures between 30–80 8C. Each reac-
tion was repeated four times and we thus studied a total of
180 coupling reactions. The activation enthalpies determined
are listed in Table 5. The most important conclusion is that
DH� and DS�, which are values determined in single reac-
tion experiments (solo), are identical (within the error of
the experiment) to those determined in the multisubstrate
(MS-5) experiment. These experiments unequivocally prove
that parallel multisubstrate screening is a viable and effi-
cient method for the study of cross-coupling reactions.


DFT calculations on aryl halide substrates : Scheme 1 out-
lines two different isodesmic reactions, both of which have
been used previously to evaluate the stability of poly(chloro-
benzene)s.[100] We used these for evaluating the stability of
the C�X bond. Although the closed-shell reaction of type I
describes well the electronic situation of the oxidative addi-
tion to palladium(0), the radical type II reaction was includ-
ed for comparison (see Supporting Information). We consid-
er the closed-shell reaction of type I as the more realistic


Table 5. Activation enthalpies DH� obtained from parallel multisubstrate
experiments. Each experiment was repeated four times (columns A, B, C,
and D); the fifth column is the average.


MS-A
[kJmol�1]


MS-B
[kJmol�1]


MS-C
[kJmol�1]


MS-D
[kJmol�1]


Average
[kJmol�1]


COMe 52.7�4.1 53.5�4.1 53.0�4.1 52.3�4 52.8�4.1
CF3 61.6�4.4 62.0�4.5 60.8�4.4 60.6�4.4 61.2�4.4
H 72.9�2.6 72.9�2.6 72.2�2.5 72.7�2.5 72.7�2.5
Me 80.7�5.6 80.0�5.5 80.4�5.5 80.8�5.6 80.5�5.6


OMe 82.2�6.4 84.0�6.6 83.0�6.5 83.1�6.5 83.1�6.5


Table 6. Activation enthalpies DH� obtained from single reaction experi-
ments. Each experiment was repeated four times (columns A, B, C, and
D); the fifth column is the average.


Solo-A
[kJmol�1]


Solo-B
[kJmol�1]


Solo-C
[kJmol�1]


Solo-D
[kJmol�1]


Average
[kJmol�1]


COMe 50.2�4.4 52.2�4.6 53.6�4.7 52.4�4.6 52.1�4.6
CF3 61.4�2.5 61.8�2.5 62.3�2.6 62.3�2.6 62.0�2.5
H 72.6�2.3 72.3�2.3 72.4�2.3 72.3�2.3 72.4�2.3
Me 82.1�6.8 81.8�6.8 81.7�6.8 81.4�6.8 81.8�6.8


OMe 84.9�6.6 84.0�6.6 83.8�6.5 83.3�6.5 84.1�6.6


Scheme 1. Isodesmic reactions type I and II for evaluating substituent ef-
fects on aryl-halogen bond energies of various para-substituted (Y) halo-
gen benzenes (X) relative to their unsubstituted counterparts (Y=H).
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model, as the C�X scission in cross-coupling reactions is
probably not a free-radical process.[101]


In fact, there is no distinct and significant correlation be-
tween the calculated C�X bond strength that is, the DH or
DG values (as determined through B3LYP/6-311++G-
ACHTUNGTRENNUNG(d,p)[102–107] with the halogen atoms Cl, Br, and I represented
by Los Alamos LanL2DZ[108] effective core potentials, ECP)
from the isodesmic reactions of type I and II and the rela-
tive rate constants (log10kRY/RH) obtained for the Sonoga-
shira reaction of the series of substituted aryl halides under
consideration. Based on this we believe that the actual
breaking of the C�X bond, that is, the insertion of palladi-
um(0), is not rate-limiting.[109] With a view to the arbitrary
choice of the reference state for the C�X bond strength, we
looked into other molecular parameters that could shed
some light on the role of the Sonogashira substrates in the
mechanism of the reaction.


The DFT-derived energies of the Kohn–Sham molecular
orbitals (B3LYP/6-311++GACHTUNGTRENNUNG(d,p)) are good descriptors in
this case. Both the HOMO and the LUMO energies are re-
lated to the Hammett s reaction parameters, although only
the HOMO energies (EHOMO) exhibit an almost linear corre-
lation. An ostensive relationship between DH� and EHOMO is
shown in Figure 8. This correlation suggests that the aryl
halides participate in the turnover-determining step of the
Sonogashira reaction. Presumably, this step is preceded by
an end-on ligation of the halogen atom to the Pd atom, and
therefore can be regarded as an electron-donating step.[99]


The higher the EHOMO of the substrate, the more stable this
pre-complex should be, and the higher the rate-determining
activation barrier for subsequent steps. Thus, p-NMe2-substi-
tution makes the aryl halide a better ligand (high EHOMO),
whereas the p-NO2 lowers the EHOMO, facilitating the ensu-
ing oxidative addition reaction. Although these effects are
most pronounced for the aryl chlorides, they decrease in the
order X=Cl>Br> I. Specifically, the correlation of an in-
trinsic property of the aryl halide with DH� means that sig-
nificant steps influencing the overall rate must occur whilst
the aryl halides exist within the catalytic cycle (before the
insertion of palladium(0) into the C�X bond).


Conclusion


Parallel multisubstrate screening is a valid experimental
method for studying Sonogashira cross-coupling reactions
and to establish structure–activity relationships. This ap-
proach will allow understanding of the factors which control
the outcome of Sonogashira reactions and ideally lead to a
set of steric and electronic parameters which govern such
coupling reactions. Ideally, this will allow prediction of the
rate at which coupling reactions occur. The ease and speed
of this approach enable the quantification of hundreds of re-
action profiles in a few weeks. The simultaneous screening
under identical conditions gives additional advantages, such
as the possibility of applying statistical models to the data
and extracting relevant mechanistic information. Moreover,
extensive verification experiments carried out for this study
provide firm concept validation.


Specifically, the Hammett correlations by using s�para for
17 sets of Sonogashira reactions demonstrate the stabiliza-
tion of a negatively charged transition state for the coupling
reactions of all aryl halides (X=Cl, Br, I). For all 17 cata-
lysts a correlation of the sum reactivity SRi and 1 clusters
the data in three distinct areas: Low cone angle/poor activi-
ty catalysts result in large 1 values, intermediate cone angle
and activity give medium 1 values, and high cone angle and
activity gives small 1 values. For unbranched phosphines the
cone angle is correlated with the reactivity of the respective
Pd catalysts. The role of the aryl halide is emphasized by
DFT calculations, which link the Kohn–Sham HOMO
energy of the aryl halide with the activation enthalpy. The
correlation of the HOMO energy of the various substituted
aryl halides (X=Cl, Br, I) with activation enthalpy DH� for
all of the 21 different aryl halides shows that the aryl halide
has to be involved in the rate-limiting step. We have demon-
strated parallel multisubstrate screening to be useful to un-
derstand coupling reactions; the parameterization of sub-
stituent and ligand effects is desirable to gain predictive
character.


Experimental Section


Gas chromatography : Two Perkin–Elmer gas chromatographs were used:
A GC Autosystem for manual injection equipped with a split/splitless in-
jector system and a FID detector. A Clarus 500 GC with an autosampler
and equipped with a split/splitless injector system and a FID detector.
Chromatographic separation on both GC instruments was performed by
using a 15 mP0.25 mm, df 1.0 mm Varian CP-Sil 8 CB column. Nitrogen
was used as carrier gas at flow rates between 0.3 and 0.4 mLmin�1 and
helium with a programmed velocity of 25 cms�1, respectively. For HETP
(height equivalent of a theoretical plate) experiments also H2 and Ar
were used as carrier gas at different flow rates between 0.25 and
1.2 mLmin�1. All the injections were made in the split flow mode with a
split ratio of either 20:1 or 50:1. For all analyses, the injector was main-
tained at 270 8C and the detector at a temperature of 350 8C. Signal ac-
quisition and data handling was performed by using the IntLink Clarus
data acquisition system and TotalChrome V6.3 Workstation (Perkin–
Elmer Inc., Shelton, Connecticut, USA). Quantification of the compo-
nents was accomplished by using two internal standards (dibenzofurane
and naphthalene) for screening experiments with GC separation runtimes


Figure 8. Plot of experimental enthalpies of activation DH� against calcu-
lated Kohn–Sham HOMO energies for the series of substituted R-C6H4-
X. The regression coefficient (R2) values are 0.95, 0.96, and 0.90 for X=


Cl, Br, and I, respectively.
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greater than 45 min and by using one internal standard (dibenzofurane)
with faster runtimes. The concentration of the standards was the same as
for each of the substrates in the reaction (0.1/ncomponents M). Calibration
was performed with substrate/standard- and product/standard-ratio stock
solutions in the range of 1:1000 to 1:1 to obtain the calibration curves for
the respective GC system and detector. The concentrations of the cali-
bration levels were according to screening conditions 0.1 molL�1 for the
sum of all components. A sample was taken at full conversion in all
screening experiments to approve calibration precision and trueness
under screening conditions. The validation process of the GC-FID and
GC-MS methods was performed according standard procedures[110] and
EURACHEM guidelines. The methods were validated in terms of limit
of detection (LOD), limit of quantification (LOQ), linearity, precision,
and trueness


Ready-made Sonogashira catalyst :[12] All of the catalyst components
(CuI, Na2PdCl4, and (tBu)3P·HBF4) were mixed together and finely
ground with the inert salt HNiPr2·HBr. This mixture was used for all
screening experiments in which the reactivity of the substrates was the
key point of interest. The intention behind this procedure was the better
comparability combined with a small error in the Pd/Cu/P ratio. A mix-
ture of CuI (14.3 mg, 75 mmol) Na2PdCl4 (29.4 mg, 100 mmol) and phos-
phonium salt (tBu)3P·HBF4 (58.3 mg, 201 mmol) was finely ground with
the inert salt HNiPr2·HBr (1898 mg). The molar ratio of Pd/Cu/P was
4:3:8 and the use of 20.0 mg of this mixture for a coupling reaction with
1 mmol of aryl halide equals a TON of 1000 at full conversion.


Separate-component catalyst : Each of the components (Na2PdCl4; CuI;
phosphine) were dispersed separately in HNiPr2·HBr and were weighed
together before starting the coupling reactions. Part A (palladium com-
position): Na2PdCl4 (26.4 mg, 89.8 mmol) was finely ground with the inert
salt HNiPr2·HBr (420.0 mg). Part B (copper composition): CuI (14.8 mg,
77.7 mmol) was finely ground with the inert salt HNiPr2·HBr (504.6 mg).
Part C (phosphine composition): The respective phosphine (89.8 mmol)
was finely ground with the inert salt HNiPr2·HBr.


Stock solutions : For better comparability of the screening experiments
different stock solutions were prepared. Different aryl halides or acety-
lenes were weighed with the appropriate amount of the internal GC stan-
dard and then filled up with HNiPr2 to reach the required concentration.
The solution was then siphoned into a Schlenk tube and was carefully de-
gassed by freeze and thaw cycles. The final concentration for the aryl
halide stock solutions was 1m for the sum of all components and (n(com-
ponents) m)


�1 for each of the internal GC standards (dibenzofurane and
naphthalene). The final concentration for the phenylacetylene stock solu-
tions was 0.5m for the sum of all components and also 0.5/n components
m for the internal GC standards.


Procedures for the Sonogashira coupling of aryl bromides and acety-
lenes: preparation of the GC standards : A mixture of the ready-made
Sonogashira catalyst (CMIX-1, 5.0 mg) and the respective aryl bromide
(5 mmol) in HNiPr2 (10 mL) was carefully degassed (freeze and thaw)
and was then heated to 80 8C with vigorous stirring for 5 min. After the
addition of the respective acetylene (5.25 mmol), the precipitation of
HNiPr2·HBr indicated the start of the reaction and stirring was continued
until full conversion was achieved (GC control). After cooling to room
temperature, the reaction mixture was filtered and the precipitate
washed with diethyl ether (25 mL). The volatiles were removed under
vacuum and the residue was purified by flash column chromatography on
silica (heptane or cyclohexane/ethyl acetate).
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Introduction


Photosynthetic organisms have developed characteristic
light-harvesting antenna (LH) systems to capture weak
energy from sunlight and efficiently transfer it to the reac-


tion center (RC).[1] LH systems in purple bacteria, in partic-
ular, have been extensively studied and fully characterized.
Purple bacteria have two types of cyclic antenna, LH1[2] and
LH2.[3] They operate in biological membranes to transport
the energy captured by LH2 to the RC located in LH1 with


Abstract: Trisporphyrinatozinc(II) (1–
Zn) with imidazolyl groups at both
ends of the porphyrin self-assembles
exclusively into a light-harvesting cyclic
trimer (N-(1–Zn)3) through comple-
mentary coordination of imidazolyl to
zinc(II). Because only the two terminal
porphyrins in 1–Zn are employed in
ring formation, macrocycle N-(1–Zn)3
leaves three uncoordinated porphyrina-
tozinc(II) groups as a scaffold that can
accommodate ligands into the central
pore. A pyridyl tripodal ligand with an
appended fullerene connected through
an amide linkage (C60–Tripod) was syn-
thesized by coupling tripodal ligand 3
with pyrrolidine-modified fullerene,
and this ligand was incorporated into
N-(1–Zn)3. The binding constant for
C60–Tripod in benzonitrile reached the


order of 108m
�1. This value is ten times


larger than those of pyridyl tetrapodal
ligand 2 and tripodal ligand 3. This be-
havior suggests that the fullerene
moiety contributes to enhance the
binding of C60–Tripod in N-(1–Zn)3.
The fluorescence of N-(1–Zn)3 was
almost completely quenched (�97%)
by complexation with C60–Tripod, with-
out any indication of the formation of
charge-separated species or a triplet
excited state of either porphyrin or
fullerene in the transient absorption
spectra. These observations are ex-
plained by the idea that the fullerene


moiety of C60–Tripod is in direct con-
tact with the porphyrin planes of N-(1–
Zn)3 through fullerene–porphyrin p–p


interactions. Thus, C60–Tripod is accom-
modated in N-(1–Zn)3 with a p–p inter-
action and two pyridyl coordinations.
The cooperative interaction achieves a
sufficiently high affinity for quantita-
tive and specific introduction of one
equivalent of tripodal guest into the
antenna ring, even under dilute condi-
tions (�10�7m) in polar solvents such
as benzonitrile. Additionally, complete
fluorescence quenching of N-(1–Zn)3
when accommodating C60–Tripod dem-
onstrates that all of the excitation
energy collected by the nine porphyrins
migrates rapidly over the macrocycle
and then converges efficiently on the
fullerene moiety by electron transfer.
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high efficiency.[4] Excitation of the special pair initiates
charge separation followed by multistep electron-transfer re-
actions in the RC to give a transmembrane proton gradient
that is coupled with adenosine triphosphate (ATP) produc-
tion through an ATP-synthase enzyme.[1] This is the primary
energy source of all of the living organisms on earth, and ap-
plication of the photosynthetic-energy-conversion system
has great potential to resolve energy and environmental
problems in the world.


A number of researchers have attempted to construct arti-
ficial light-harvesting systems by covalent[5,6] or noncova-
lent[5,7] approaches. Both approaches provide important con-
tributions not only to understanding the natural system, but
also in creating efficient energy-harvesting systems. The
noncovalent self-assembly approach has the merit of using
simple construction units with minimum synthetic effort. It
also allows us to mimic the sophisticated construction princi-
ples of nature.


Mimicking the RC is also im-
portant for further conversion
of the captured energy into
electrochemical potential. Full-
erene has been widely used for
various synthetic porphyrin
models as an electron acceptor
because of its small reorganiza-
tion energy (l) in photoinduced
electron-transfer reactions.[8,9]


In these studies, the porphyrin
and the fullerene units were
also connected through either
covalent[9] or noncovalent link-
ers.[10] Polar solvents, such as
benzonitrile, are often used in
the study of photoinduced elec-
tron transfer of covalently
linked systems because they
stabilize the charge-separated
species and can maintain a
long-lived charge-separated
state. However, the use of polar
solvents produces difficulties
for noncovalent linker systems
because coordination and hy-
drogen-bonding interactions are
weakened, which leads to cleav-
age of the conjugates in polar
solvents. To overcome this diffi-
culty, multipoint binding be-
tween the porphyrin and the
fullerene units was used,[10f] but
addition of excess amounts of
ligand was necessary to obtain
significant amounts of the por-
phyrin–fullerene conjugate in
benzonitrile.


We previously reported that bis(imidazolylporphyrinato-
zinc) linked through an m-phenylene or m-bis(ethynylene)-
phenylene moiety afforded a macrocyclic hexamer and pen-
tamer by complementary coordination of imidazolyl to
zinc(II) (Figure 1).[11,12,13] These macrocycles mimicked the
structure of LH2 and achieved rapid energy transfer in por-
phyrinic pigments without losing their fluorescence proper-
ties.[12,14] In a previous communication,[15] this supramolec-
ular methodology was applied to 1–Zn, which had imidazol-
yl groups at both porphyrin ends and exclusively gave mac-
rocyclic trimer N-(1–Zn)3 (Figure 1). In this macrocycle, the
two terminal porphyrins in 1–Zn participated in ring-form-
ing complementary coordinations, and the uncoordinated
central porphyrinatozinc(II) provided the scaffold to specifi-
cally accommodate a ligand, such as tetrakis{4-[(4-pyridyl)-
ethynyl]phenyl}methane (2), in the pore of N-(1–Zn)3 by
three-point coordination from pyridyl to the zinc moieties.
In composite 2/N-(1–Zn)3, ligand 2 possesses a fourth arm


Figure 1. Structures of the porphyrin macrocycles. Arrows indicate the uncoordinated porphyrinatozinc sites.
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that does not participate in conjugate formation and can be
modified with energy or an electron-acceptor unit. Although
various types of light-harvesting and RC models that use
porphyrins and electron-acceptor molecules have been re-
ported independently, their combined architectures have
been constructed in only a limited number of cases to
date.[16] Herein, we report the synthesis of a fullerene–tripo-
dal ligand (C60–Tripod) by modifying one arm of the tetra-
podal ligand with a fullerene moiety (Figure 2) and incorpo-
rated it into N-(1–Zn)3 with three-point binding of the pyr-
idyl to the zinc moieties. The multipoint binding enabled us
to investigate the photochemical properties of the antenna/
electron acceptor composite, even in benzonitrile. Herein
we also describe detailed structural studies of the free-base
trisporphyrin (1), ring formation behavior of 1–Zn, and the
incorporation of trispyridine derivatives into N-(1–Zn)3.


Results


Synthesis of 1: Free base 1 was synthesized by two porphy-
rin condensation reactions based on LindseyOs method
(Scheme 1).[17] The first condensation of 1-methylimidazole-
2-carboxaldehyde, 3-(4,4-dimethyl-2,6-dioxane-1-yl)benzal-
dehyde, and meso-(3-allyloxypropyl)dipyrromethane afford-
ed monomeric porphyrin 5 in a yield of 13%[11c] accompa-
nied by two porphyrin by-products, bis(3-(4,4-dimethyl-2,6-
dioxan-1-yl)phenyl)porphyrin 6 and bis(1-methylimidazol-2-
yl)porphyrin. Porphyrin by-product 6 was also isolated for
use as the reference material. The second condensation of 4,
which was obtained by deprotecting 5, and meso-methoxy-
carbonylethyldipyrromethane[18] gave 1 in a yield of 24%


(based on 4). Because the second condensation did not
afford porphyrin by-products except for tarry materials, the
purification of 1 was easily achieved by means of silica gel
column chromatography.


The 1H NMR spectrum of 1 in CDCl3 showed signals of a
slightly complex nature (Figure 3). The Im-4, Im-5, and N-
Me protons had four nonequivalent signals (at d=7.681,
7.677, 7.65, and 7.64 ppm for Im-4; 7.47, 7.45, 7.44, and
7.41 ppm for Im-5; 3.40, 3.37, 3.36, and 3.30 ppm for N-Me,
respectively) with the same integration values. On the other
hand, the Ph-2 protons had six nonequivalent signals be-
tween d=8.97 and 9.13 ppm, in which the two signals indi-
cated by * had an integration value twice as large as the
four signals indicated by *. Because each porphyrin is ori-
ented perpendicularly to the m-phenylene and N-methylimi-
dazolyl moieties to reduce steric hindrance, there is a possi-
bility that 1 has several atropisomers unless free rotation is
allowed. These nonequivalent signals for the imidazolyl and
phenyl moieties suggest the existence of their isomers.


Synthesis of C60–Tripod : The tripodal ligand C60–Tripod,
which is connected to a fullerene moiety through amide
bonding, was synthesized according to Scheme 2. 4-(Triphe-
nylmethyl)benzoic acid was synthesized according to a pub-
lished procedure.[19] The iodination of 4-(triphenylmethyl)-
benzoic acid was carried out by using bis(trifluoroacet-
ACHTUNGTRENNUNGoxy)iodobenzene (5 equiv) and I2 (5 equiv) at 60 8C in CCl4
to give a mixture of 7 and tetraiodo-substituted 7 in a molar
ratio of 1:1. When smaller equivalents of bis(trifluoroacetox-
y)iodobenzene (2.5 equiv) and I2 (2.5 equiv) were used, a
mixture of 7 and the meta-iodo compound (see Scheme S1
in the Supporting Information) was formed in a molar ratio


Figure 2. Structures of tripodal ligands 2, 3, and C60–Tripod.
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of 1:1. Further iodination of this mixture with bis(trifluoroa-
cetoxy)iodobenzene (3 equiv) and I2 (3 equiv) gave a mix-


ture of 7 and tetraiodo-substitut-
ed 7 in a molar ratio of 1:1,
which indicated that the iodina-
tion of meta-iodo-substituted
phenyl occurred selectively. In
this step, the use of an excess
amount of bis(trifluoroacetoxy)-
iodobenzene and I2 is necessary
because the meta-iodo-substi-
tuted compound cannot be re-
moved even after the next cou-
pling reaction. The coupling re-
action of the mixture of 7 and
tetraiodo-substituted 7 with 4-
ethynylpyridine was carried out
in the presence of [Pd ACHTUNGTRENNUNG(PPh3)2Cl2]
and CuI.[20] Tetraiodo-substituted
7 was also coupled with 4-ethy-
nylpyridine to afford the corre-
sponding tetrapyridyl com-
pound, which could be easily re-
moved by means of silica gel
column chromatography. The
desired tripyridyl derivative 3
was isolated in a yield of 57%
based on 7 as the starting mix-
ture. The C60–Tripod ligand was


obtained in a yield of 21% by condensation of 3 with pyrro-
lidine–C60


[21] by using BOP as the coupling agent.


Scheme 1. Synthetic routes for trisporphyrin 1–Zn, reference dimer N-(5–Zn)2, and monomer 6–Zn.


Figure 3. a) 1H NMR spectrum of 1 in CDCl3 at room temperature. Magnifications of the signals for Ph-2 (b),
Im-4 and Im-5 (c), and Im N-Me (d) are also shown.
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Reorganization of 1–Zn into a macrocycle : Treatment of 1
with Zn ACHTUNGTRENNUNG(OAc)2 in CHCl3 quantitatively afforded the corre-
sponding zinc complex 1–Zn (Scheme 3). During zinc inser-
tion, insoluble material that resulted from a polymeric spe-
cies of 1–Zn was partially generated. This insoluble material
was dissolved in CHCl3, in which it was solubilized by the
addition of a mixture of pyridine and toluene (1:2), and
evaporated. This procedure converted the insoluble polymer
into oligomeric assemblies of smaller molecular weights
(Figure 4a). To convert the linear oligomers and any large
ring compounds into macrocyclic species, the as-prepared
mixture of 1–Zn was subjected to a reorganization proce-
dure in which a solution of the as-prepared mixture was di-
luted to 0.02 mm in CHCl3/MeOH (9:1, v/v) and allowed to
stand at 27 8C for one day in the dark. The solvent was care-
fully evaporated at 30 8C under reduced pressure.[22] The
equilibrium of the complementary coordination of imidazol-
yl to zinc(II) under dilute conditions drives linear oligomers


and larger ring compounds to
converge into a single product
that shows a sharp signal at
12.8 min in the gel permeation
chromatogram (Figure 4b).[15]


When the reorganization was
performed under a higher
methanol composition (CHCl3/
MeOH 7:3)[11c] or at lower tem-
perature (�17 8C), another as-
sembly appeared at 12.3 min as
a small signal in the gel perme-
ation chromatogram (Figure 4b,
inset). To obtain the single
product appearing at 12.8 min,
careful control of the solvent
composition (methanol and
chloroform) and temperature is
required.


To determine the number of
1–Zn units in the assembly, the
MALDI-TOF mass spectrum of
the assembly was measured.
Even though the assembly was
very stable in noncoordinating
solvents, the assembled struc-
ture did not appear under the
mass spectrometer conditions
and predominantly showed a
signal for monomeric 1–Zn. To
prevent the dissociation of the
assembly under the mass spec-
trometer conditions, multisite
ring-closing metathesis reac-
tions[11c,18] of the meso-olefinic
groups were carried out by
using first-generation Grubbs
catalyst.[23] The MALDI-TOF
mass spectrum of the covalently


linked assembly showed a signal corresponding to C-(1–Zn)3
(calcd for [M+H]: m/z : 5816.5; found: 5816.4), which is the
covalently linked trimer of 1–Zn (Figure S1 in the Support-
ing Information). The coincidence between the theoretical
and the observed molecular weights further supports the hy-
pothesis that this assembly has no terminal olefinic groups,
that is, it is the ring structure. The gel permeation chroma-
tography (GPC) trace of C-(1–Zn)3 also gave a sharp signal
at a slightly longer retention time (12.9 min) than that of N-
(1–Zn)3, which reflects the loss of three ethylenic parts by
the metathesis reaction (Figure S2 in the Supporting Infor-
mation).


GPC analysis of the macrocycles and noncyclic oligomers :
The GPC retention time gives information about the hydro-
dynamic volume, which reflects the molecular shape. To
obtain further evidence for the ring structure of N-(1–Zn)3,
a series of noncyclic porphyrin arrays was prepared and


Scheme 2. Synthetic route of C60–Tripod. BOP: 1H-benzotriazol-1-yloxytris-(dimethylamino)phosphonium hex-
afluorophosphate.
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compared with the cyclic porphyrins by using GPC. Two
types of noncyclic porphyrin arrays were prepared, array 9,
which has dimeric porphyrin units at both ends, and array
10, which has monomeric units at the ends. They were pre-
pared by mixing N-(1–Zn)3 with N-(5–Zn)2 or monoimida-
zolyl gable porphyrin 8[14] in pyridine, followed by solvent
evaporation. Dissolution of the residue in chloroform af-
forded a series of noncyclic porphyrin arrays (Scheme 4).
The GPC charts of 9 and 10 are shown in Figure 5. Each


signal in Figure 5a corresponds to noncyclic arrays 9 (n=0,
1, 2, 3, and 4). Similarly, arrays 10 (n=0, 1, and 2) were ob-
served separately in Figure 5b. Figure 6 shows logarithmic
plots of the molecular weights of the cyclic (*) and noncy-
clic (~ and ~) porphyrin arrays as a function of their reten-
tion times. The authentic cyclic gable pentamer and hexa-
mer[11a,b] were also plotted (*). A dotted straight line was
drawn connecting the open and filled triangles. Two series
of the noncyclic arrays are on the straight line, which indi-
cates that the hydrodynamic volume behaves similarly for
different porphyrin ends. Cyclic arrays (N-(1–Zn)3, its cova-
lently linked derivative C-(1–Zn)3, and the authentic gable
pentamer and hexamer) are located above the line in an
almost linear fashion. This result indicates that the cyclic
arrays have smaller hydrodynamic volumes than the noncy-
clic arrays. The longer retention times observed for N-(1–
Zn)3 and C-(1–Zn)3 compared with the noncyclic arrays (9
and 10) are fully consistent with the general tendency of the
cyclic structures.[6g,24, 25]


Structural analysis of the macrocycle by NMR spectroscopy :
The unambiguous proof of the cyclic structure of N-(1–Zn)3
was obtained by NMR spectroscopy analysis. Although the
proton NMR spectrum of noncovalently linked cyclic trimer
N-(1–Zn)3 was complicated, most of the signals were assign-
able with support of 2D NMR measurements (COSY,
TOCSY, and HMQC). COSY NMR spectroscopy showed
that one set of four signals was correlated with another set
of four signals (i.e. , between d=4.55–4.82 and 1.69–


Scheme 3. Formation of the self-assembled macrocycle.


Figure 4. Gel permeation chromatograms of a) the as-prepared mixture
and b) the reorganized sample of trisporphyrinatozinc(II) 1–Zn treated
with CHCl3/MeOH=9:1 and [1–Zn]=0.02 mm at 27 8C. The inset shows
the reorganized sample of 1–Zn treated with CHCl3/MeOH=9:1 and [1–
Zn]=0.02 mm at 17 8C.
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1.89 ppm, Figure 7) and HMQC (Figure S3 in the Support-
ing Information) showed that these signals were correlated
with the signals of imidazolyl carbons (d= �120 ppm). For
all of the Im-4 and Im-5 protons, one set of four signals con-
sisted of one big (*) and three small (*) signals with an in-
tegration ratio of 2:1, irrespective of “in” and “out” configu-
rations (Figure 7). This signal integral ratio can be explained
by assuming that there is a mixture of two topological iso-
mers (C3h symmetric[26] and asymmetric) in a ratio of 2:3.
For each in and out proton, the signals of the C3h-symmetric
macrocycle exhibit only a single set of trisporphyrin signals
because the three trisporphyrins are in the same environ-
ment. On the other hand, the signals of the asymmetric mac-


rocycle show three sets of trisporphyrins because the three
trisporphyrins are all in different environments. Thus, the
one big (*) and three small (*) signals in Figure 7 can be
assigned to the C3h-symmetric and asymmetric macrocycles,
respectively. The ratio (*/3*) corresponds to the formation
ratio of the asymmetric and symmetric macrocycles.


The key signals that prove the cyclic structure are the imi-
dazolyl protons inside and outside the ring. In the reference
dimer, N-(5–Zn)2, the Im-4 protons were observed at
around 2.1 ppm because of the shielding effect of the coor-
dinating porphyrin. For N-(1–Zn)3, the Im-4 protons ap-
peared in two different positions for the symmetric and
asymmetric ring isomers. One of the groups of Im-4 protons


Scheme 4. Formation of the noncyclic porphyrin array.


Figure 5. Gel permeation chromatograms of a series of noncyclic porphyrin arrays 9 (a) and 10 (b).
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appeared at d=2.26 ppm in the C3h-symmetric ring and at
d=2.30, 2.23, and 2.20 ppm in the asymmetric ring, and the
other Im-4 protons appeared at d=1.72 ppm in the C3h-sym-
metric and d=1.89, 1.86, and 1.69 ppm in the asymmetric
rings. Whereas the former set of Im-4 protons was shifted to
a similar position to that of N-(5–Zn)2, the latter protons
were further shifted to higher fields. Therefore, the former
and latter signals can be assigned to the Im-4 protons out-
side and inside the ring, respectively. The inner protons
should receive further upfield shifts of d=0.4–0.5 ppm by
anisotropic effects from other porphyrins of the ring compo-
nents. A similar behavior was observed for the Im-5, N-Me,
and b-pyrrole protons adjacent to the imidazolyl group.


Four signals for the inner Im-4 protons ranged over ap-
proximately 0.2 ppm (d=1.7–1.9 ppm) in contrast to the
outside protons, in which the range is approximately


0.1 ppm (d=2.2–2.3 ppm; Figure 7). The larger shift range
for the inner protons reflects the fact that the inner protons
are influenced more strongly by the macrocycle topology. In
addition, all of the outside N-Me protons of C3h-symmetric
and asymmetric macrocycles appeared at the same position
(d=1.69 ppm), which reflects the weak influences from the
macrocycle topology. The difference in magnitude of the
topological influence between inside and outside is also ob-
served in the b-pyrrole proton adjacent to the imidazolyl
group and the Im-5 protons.[15] The clear differentiation of
these protons into a single signal or three different signals
allows the assignment of the ring structures as C3h-symmet-
ric and asymmetric topological isomers, respectively.


Absorption and fluorescence properties of the macrocycle
and complexation with a tetrapodal ligand : The absorption
spectrum of macrocycle N-(1–Zn)3 in toluene is shown in
Figure 8 (solid line), and the peak positions of the Soret and


Q bands are listed in Table 1.
The Soret band exhibited a
large split (at 411 and 443 nm;
DE=1760 cm�1) by dipole–
dipole exciton coupling[27] from
slipped-cofacial and m-phenyl-
ene-bridged interactions. The
shape of the Q band was close
to the sum of N-(5–Zn)2 and 6–
Zn in a ratio of 1:1, and a negli-
gibly small excitonic coupling
was observed (Figure S4 in the
Supporting Information) be-
cause the Q bands of porphyrin
have much smaller oscillator
strengths than the Soret
band.[28] The peaks at 565 and
619.5 nm correspond to the co-
ordination dimer parts, whereas
the peak at 556 nm is contribut-
ed from the uncoordinated


Figure 6. Plots of the retention time versus log Mw for cyclic and noncy-
clic porphyrin arrays. The dashed line is configured by a least-mean-
squares approximation of the plots of noncyclic porphyrin arrays 9 (~)
and 10 (~). The hexameric and pentameric macrocycles of gable porphyr-
ins[11a,b] are plotted as authentic samples of the cyclic structure.


Figure 7. Correlation of the proton signals for Im-4 and Im-5 in N-(1–Zn)3 on the COSY spectrum recorded at
600 MHz in CDCl3.


Figure 8. UV/Vis absorption spectra of N-(1–Zn)3 (c) and N-(1Zn)3
with of 2 (1.5 equiv; gray line) in toluene (5.6R10�7m). The inset shows a
magnification of the Q band region.
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monomeric porphyrin units. The shift of the peak at 556 nm
to a longer wavelength can be useful in monitoring coordi-
nation on the free porphyrinatozinc.


The steady-state fluorescence spectrum of N-(1–Zn)3 was
similar to that of dimer N-(5–Zn)2 (Table 1). The fluores-
cence quantum yields (Ff) of monomer 6–Zn, dimer N-(5–
Zn)2, and macrocycle N-(1–Zn)3 were 3.4, 4.9, and 5.1%, re-
spectively. The quantum yield of N-(5–Zn)2 is higher than
that of 6–Zn, and its Stokes shift is smaller (91 cm�1 for N-
(5–Zn)2 and 253 cm�1 for 6–Zn), which indicates that the co-
ordination dimer provides a more rigid structure and higher
fluorescence intensity compared with 6–Zn. The fluores-
cence quantum yield of N-(1–
Zn)3 was still maintained even
though three monomeric por-
phyrins and three dimeric por-
phyrins were accumulated in
close proximity. The high fluo-
rescence quantum yield is fa-
vorable for the long-range exci-
tation-energy transfer among
the macrocycles by a singlet–
singlet energy-transfer process.


We previously synthesized
tetrapodal ligand 2 and studied
its complexation with N-(1–
Zn)3. Judging from the CPK model[31] of the composite N-
(1–Zn)3/2, three pyridyl arms of 2 can adjust to fit the cavity
of N-(1–Zn)3 in both C3h-symmetric and asymmetric isomers
because of the flexibility of the carbon core that connects
the four pyridyl arms. During a UV/Vis titration of 2 with
N-(1–Zn)3 in toluene, the Soret and Q bands were shifted
towards longer wavelengths and the peak at 556 nm derived
from the uncoordinated porphyrin disappeared.[15] This be-
havior indicates that 2 was accommodated in the ring of N-
(1–Zn)3 by three coordination bonds between pyridyl and
zinc (Figure 8, gray line). The clear bending behavior ob-
served at the point of [2]/[N- ACHTUNGTRENNUNG(1–Zn)3]=1 in the titration
study and the Job plot[32] of the UV/Vis analysis also indicat-
ed the formation of a stable 1:1 complex between 2 and N-
(1–Zn)3 (Figure 1 and Figure S6 in ref. [15]). No heterogene-
ity of topological isomers was observed in these titrations.
The binding constant was estimated to be 8R108m


�1 in tolu-
ene by curve-fitting analysis of the UV/Vis titration.[33] This
large binding constant enables us to obtain the complex


quantitatively under dilute con-
ditions.[34] A 1H NMR spectros-
copy titration of 2 with N-(1–
Zn)3 was also performed in
CDCl3 ([N-(1–Zn)3]=2.6R
10�4m) to find the structure of
the composite of 2 and N-(1–
Zn)3. However, the NMR spec-
tra became very complex and
broad upon the addition of 2
and it became difficult to assign
the signals.


Complexation of the macrocy-
cle with C60–Tripod in benzonitrile : Photoinduced-electron-
transfer experiments are usually conducted in polar solvents,
such as benzonitrile, to stabilize the charge-separated state.
Macrocycle N-(1–Zn)3 is extremely, stable even in benzoni-
trile, as determined by the fact that the UV/Vis spectral
shapes were unchanged in the concentration range of 10�6


to 10�8m at 25 8C even after standing for several days. There-
fore, it was not necessary to covalently connect the trispor-
phyrin units by a metathesis reaction for the following pho-
tochemical measurements.


The UV/Vis spectrum of N-(1–Zn)3 in benzonitrile
showed slight redshifts of the Soret and Q bands (Table 2)
compared with those in toluene and disappearance of the
peak at 556 nm, which indicated that benzonitrile is coordi-
nated to the uncoordinated porphyrinatozinc(II) sites.[35] Ti-
tration of 2 with N-(1–Zn)3 in benzonitrile showed that the
Soret and Q bands were slightly redshifted with a decrease
in the intensities. The binding constant was estimated to be
1.2R107m


�1 by curve fitting of the plot of change in absorb-
ance at 444 nm as a function of the ratio of [2]/[N- ACHTUNGTRENNUNG(1–Zn)3]
(Figure S5 in the Supporting Information). Tripodal ligand
3, which is the precursor for C60–Tripod, was also titrated
with N-(1–Zn)3 in benzonitrile. The binding constant was es-
timated from the UV/Vis spectra to be 2.1R107m


�1. This
value is of the same order of magnitude as that of 2. The ex-
tremely high affinity of both 2 and 3, even in the polar ben-
zonitrile environment, must be achieved by three-point
binding between pyridyl and zinc(II). Furthermore, the com-
plexation of 3 did not affect the fluorescence of N-(1–Zn)3


Table 1. Absorption and fluorescence spectral data in toluene.


Absorption [nm] Fluorescence[a] [nm] Storks shift ff
[b]


Soret Q ACHTUNGTRENNUNG(1,0) Q ACHTUNGTRENNUNG(0,0) Q ACHTUNGTRENNUNG(0,0) Q ACHTUNGTRENNUNG(0,1) ACHTUNGTRENNUNG[cm�1] [%]


6–Zn 423 553 592 601 651 253 3.4
6–Zn/Im[c] 431 569 611 620 673 238 3.7
N-(5–Zn)2 413.5, 437 566.5 618.5 622 681 91 4.9
N-(1–Zn)3 411, 443 556, 565 619.5 623 680 91 5.1
N-(1–Zn)3/2 412.5, 446 567 620 624 679 103 5.0


[a] Excited at 550 nm. [b] ff values were determined by using ZnTPP ff=3.3% as the standard value.[29,30]


[c] In the presence of an excess amount of N-methylimidazole.


Table 2. Absorption and fluorescence spectral data in benzonitrile.


Absorption [nm] Fluorescence [nm] ff
[a] Binding constant[b]


Soret Q ACHTUNGTRENNUNG(1,0) Q ACHTUNGTRENNUNG(0,0) Q ACHTUNGTRENNUNG(0,0) Q ACHTUNGTRENNUNG(0,1) [%] ACHTUNGTRENNUNG[m�1]


N-(1–Zn)3 412.5, 445 565 619.5 624[c] 675[c] 3.9 –
N-(1–Zn)3/2 413, 445 567 619.5 – – – 1.2R107


N-(1–Zn)3/3 413, 445.5 567 619.5 624[d] 677[d] 3.9[e] 2.1R107


N-(1–Zn)3/C60–Tripod 414, 446 567 620 625[c] 676[c] 0.11[e] 3.1R108


[a] Fluorescence quantum yields were determined by using ZnTPP ff=3.3% as the standard value.[29,30] [b] Es-
timated from UV/Vis titration. [c] Excited at 427 nm. [d] Excited at 566 nm. [e] These values were calculated
by assuming complexation of 100%.
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(Table 2), which indicated that the tripyridyl ligand moiety
did not work as an acceptor for the excited energy of N-(1–
Zn)3.


Incorporation of C60–Tripod into the ring of N-(1–Zn)3
was examined by UV/Vis absorption and fluorescence titra-
tions. The UV/Vis absorption spectral changes by complexa-
tion of C60–Tripod with N-(1–Zn)3 are shown in Figure 9.
The Soret and Q bands were slightly redshifted with a de-
crease in intensities by the addition of C60–Tripod. The fluo-
rescence of N-(1–Zn)3 was efficiently quenched by 85%
with the addition of an equimolar amount of C60–Tripod,
and by 95% with four equivalents of C60–Tripod
(Figure 9).[36] The binding constant of C60–Tripod to N-(1–
Zn)3 was estimated to be 3.1R108m


�1 from UV/Vis absorp-
tion and 3.4R108m


�1 from fluorescence titrations, respective-
ly.[37] The value of 3R108m


�1 is approximately ten times
larger than the values for tetrapodal ligand 2 and tripodal
ligand 3 without the fullerene moiety, which suggests that
the fullerene moiety significantly contributes to enhancing
the binding of C60–Tripod in N-(1–Zn)3.


Time-resolved photophysical properties of the macrocycle
and C60–Tripod : To investigate the photophysical dynamics
of the macrocycle/C60–Tripod composite, time-resolved fluo-
rescence decay and transient absorption were measured.
Time-resolved fluorescence decay profiles of N-(1–Zn)3 ([N-
(1–Zn)3]=1.4R10�6m) in the absence and presence of C60–
Tripod (4 equiv) are shown in Figure S6 in the Supporting
Information. Under these conditions, it is estimated that
99.92% of the macrocycle exists as the complex with C60–
Tripod. The fluorescence–time profile of N-(1–Zn)3 decayed
monoexponentially with a lifetime of 2100 ps, whereas that
of the macrocycle/C60–Tripod composite decayed biexponen-
tially with time constants of 164 ps (62%) and 2100 ps
(38%). A significant contribution of the longer lived compo-
nent from free N-(1–Zn)3 was observed. The quenching rate
(kq) and quantum yield (Fq) were evaluated to be 5.6R


109 s�1 and 0.92% from the shorter tf component of the C60–
Tripod /N-(1–Zn)3 composite according to Equations (1) and
(2):


kq ¼ ð1=tfÞcomposite�ð1=tfÞmacrocycle ð1Þ


Fq ¼
ð1=tfÞcomposite�ð1=tfÞmacrocycle


ð1=tfÞcomposite
ð2Þ


The quantum yield of the steady-state fluorescence
quenching was estimated to be 0.97, which is compatible
with the value of 0.92 calculated from the fluorescence
decay when considering the errors associated with the re-
spective measurements. The slow fluorescence decay was
observed under the conditions in which complexation must
be almost complete, which suggests that empty N-(1–Zn)3
was regenerated under the high-laser-power conditions used
for the lifetime measurements.


The nanosecond transient absorption spectra of N-(1–
Zn)3 in the absence and presence of C60–Tripod in benzoni-
trile are shown in Figures S7 and S8 in the Supporting Infor-
mation, respectively. The spectrum of N-(1–Zn)3 after 50 ms
(Figure S7) exhibited an absorption peak at 700 to 900 nm,
which corresponded to the triplet excited state of zinc por-
phyrin. The nanosecond transient absorption spectra (Fig-
ure S8) of the complex between N-(1–Zn)3 and C60–Tripod
did not show any clear peaks in the region from 700 to
1200 nm, which indicated that species from charge-separated
and excited states were not detected on this timescale. To
detect the short charge-separated state, picosecond transient
absorption measurements of the complex were also exam-
ined in benzonitrile (Figure S9). However, the transient ab-
sorption spectra did not show apparent charge-separated
species of either a porphyrin cation radical or a fullerene
anion radical, but a broad and featureless absorption band
was observed in the 600 to 800 nm region that extended
over 1000 nm. The decay–time profile of the absorbance at


600 to 750 nm showed a life-
time of 77 ps (k=1.3R1010 s�1,
Figure S10), which may corre-
spond to the charge-recombina-
tion rate. Although the steady-
state fluorescence and the time-
resolved fluorescence decay in-
dicated an efficient quenching
of the singlet excited state of
N-(1–Zn)3, neither the nanosec-
ond nor picosecond transient
absorption spectra showed any
detectable peaks of the radical
ions, which suggested that the
charge-recombination rate is as
fast as the charge-separation
rate.


Figure 9. a) UV/Vis spectroscopy titration for the binding of N-(1–Zn)3 with C60–Tripod in benzonitrile. [N-(1–
Zn)3]=7.2R10�8m, [C60–Tripod]=0–1.8, 4 equiv, 25 8C. The inset shows the titration plot at 412.5 nm (*) and
the theoretical curve for K=3.1R108m


�1 (c). b) Steady-state fluorescence quenching of N-(1–Zn)3 by C60–
Tripod in benzonitrile. Excited at 427 nm. [N-(1–Zn)3]=7.2R10�8m, [C60–Tripod]=0–1.8, 4 equiv, 25 8C. The
inset shows a plot of the change in the fluorescence intensity with the signal integration (580–750 nm; *) and
the theoretical curve for K=3.4R108m


�1 (c).
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Discussion


Atropisomers of 1: The 1H NMR spectrum of 1 exhibited
nonequivalent signals for imidazolyl and phenyl moieties
(Figure 3). The number of the signals for the imidazolyl part
(four) and the Ph-2 part (six) and their integration ratios are
reasonably explained by considering the atropisomers
(Figure 10): Two imidazolyl groups of 1 are separated at the


terminal ends and the conformational differences at the op-
posite terminal imidazolyl group are negligible. Thus, the
imidazolyl environments are affected by the relative confor-
mation of N-Me to the central porphyrin (Z and E) and of
the two terminal porphyrin planes (chair and boat), which
results in four different environments (Z and E for the boat
and chair conformers) for the imidazolyl group (Im-4, Im-5
and N-Me). In the case of the Ph-2 protons, their environ-
ments are affected by the two N-Me directions at both ends
to afford six combinations of ZZ, ZE (=EZ), EE (1:2:1) of
chair and boat conformers. Although 1 has several atro-
pisomers as a result of their slow exchange rate on the
NMR timescale, isomerizations among atropisomers took
place under reorganization conditions in the ring-forming
procedure.[11b]


Selective formation of the macrocycle : The coordination of
imidazolyl to zinc(II) in imidazolyl-substituted porphyrins


affords an ideal complementarity to form a dimer with a
binding constant that reaches 1011m


�1 in toluene. Even
though the dimer is stabilized by complementary coordina-
tion coupled with p–p interactions in nonpolar solvents, the
structure can be easily dissociated into the monomer by
adding coordinating solvents, such as MeOH or pyridine.
The combination of formation and dissociation enables us to
construct macrocyclic structures by a reorganization process.


Because zinc insertion into 1
was performed at a relatively
high concentration ([1]=


1.44 mm),[15] self-assembled
polymers of 1–Zn were formed
along with cyclic species. To
eliminate the polymers, we ap-
plied the reorganization process
by using a mixed solvent of
CHCl3/MeOH (9:1, v/v) and a
low concentration ([1–Zn]=


0.02 mm). Formation of poly-
mers is entropically unfavora-
ble, and the polymers turn into
smaller molecular species under
dilute conditions. In addition,
the cyclic structures satisfy all
of the complementary coordi-
nations of imidazolyl to zinc
and are enthalpically favorable.
Combined factors drive small
oligomers into cyclic structures.
When the reorganization pro-
cess was performed at a re-
latively low temperature
(�17 8C), GPC analysis showed
a small signal at 12.3 min along
with a major signal for N-(1–
Zn)3 (Figure 4b, inset). The
signal at 12.3 min is assigned as
the cyclic tetramer of 1–Zn (N-


(1–Zn)4).
[38] When a higher temperature (27 8C) was used in


the reorganization process, formation of N-(1–Zn)4 was sup-
pressed and cyclic trimer N-(1–Zn)3 was formed exclusively.
Negative enthalpy and entropy changes (DH and DS) are
expected on formation of macrocycles from 1–Zn. Because
the larger cyclic oligomers presumably have a more negative
DS than the smaller macrocycles, the smaller rings are pref-
erentially obtained, which was demonstrated in the case of
ferrocene-bridged trisporphyrin.[25] It is the same reason that
a higher temperature makes the formation of N-(1–Zn)4 un-
favorable by the more negative entropy term (�TDS) than
that of N-(1–Zn)3. In this case, the formation of a cyclic
dimer was not observed because of unfavorable strain ener-
gies.


Cyclic trimer N-(1–Zn)3 possesses two topological iso-
mers, C3h symmetric and asymmetric, in a ratio of 2:3. The
statistical distribution should give a ratio of 1:3 for the C3h-
symmetric and asymmetric isomers, which means that the


Figure 10. Schematic structure of atropisomers in 1. The isomers ZZ, ZE (EZ), and EE were named according
to the conformation of the imidazolyl moiety (Z and E).
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C3h-symmetric isomer is favored by a factor of two. Of
course, the C3h-symmetric isomer is free from angle strain
for the formation of the cyclic trimer. Because these isomers
behave similarly when accommodating tetrapodal and tripo-
dal ligands, the structural heterogeneity of the isomers does
not seem to produce any problems.


Complexation of the tripodal ligand with the macrocycle :
We previously reported that a slipped-cofacial dimer at-
tached to a fullerene afforded a stable charge-separated
state by photoexcitation of the porphyrins.[39] Because the
first one-electron oxidation potential of pyridine-coordinat-
ed porphyrinatozinc is similar to that of the complementary
coordination dimer[40] and the energy gap between the
ground and the lowest excited states is also almost the
same,[41] both of the excited porphyrin units in the composite
of N-(1–Zn)3 and C60–Tripod are considered to have a simi-
lar ability for electron donation. Thus, the fullerene unit in
C60–Tripod can accept an electron from all of the porphyrin
components in the ring. The center-to-center distance from
each porphyrin in N-(1–Zn)3 to the fullerene moiety of C60–
Tripod in the complex is estimated to be 15 to 20 S by as-
suming three-point coordination from the tripodal pyridyl li-
gands to the uncoordinated porphyrinatozinc(II) sites (Fig-
ure 11a). Judging from this distance (15–20 S), we reasona-
bly expected that the complex of N-(1–Zn)3 and C60–Tripod
would have a long lifetime for the charge-separated state by
photoexcitation of the porphyrins in N-(1–Zn)3. Efficient
fluorescence quenching of N-(1–Zn)3 observed in the
steady-state fluorescence titration studies clearly showed
that fast electron transfer from the excited porphyrin to the
fullerene occurred in the complex in which all of the por-
phyrin pairs act as one fluorescence chromophore. However,
the transient absorption spectra of nano- and picosecond
timescales were featureless, which showed that there was no
definitive charge-separated species nor any triplet excited
state of either porphyrin or fullerene. This strongly indicates
that fast charge recombination to the ground state occurs
after the initial charge separation, which suggests that the
fullerene and the porphyrin are closely positioned in the
macrocycle.


The binding constant of C60–Tripod to N-(1–Zn)3 in ben-
zonitrile was determined to be 3R108m


�1, which was approx-
imately ten times larger than the values for tetrapodal
ligand 2 and tripodal ligand 3 without the fullerene moiety
(Table 2). This larger binding constant indicates that the
binding mode of C60–Tripod to N-(1–Zn)3 is different from
that expected for three-point coordination from pyridyls to
uncoordinated porphyrinatozinc sites. These results suggest
that the fullerene moiety in C60–Tripod has fallen down into
the inner surface of N-(1–Zn)3 to make direct contact be-
tween the fullerene and the porphyrin through p–p interac-
tions,[42] which is a structure that is acceptable according to
the CPK model (Figure 11b). In this conformation the fuller-
ene moiety of C60–Tripod is in direct contact with and
strongly interacts with one or two porphyrins of N-(1–Zn)3.
Actually, Hirsch et al. reported porphyrinatozinc(II)–fuller-
ene p-stacked dyads, which formed the charge-transfer state
by strong p–p interactions.[43,44] Their transient absorption
spectra showed broad and featureless absorption bands in
the wide range of 600 to 1000 nm with a decay time of 38 ps
in benzonitrile, which is attributed to the exciplex[43a] and is
comparable to the lifetime (77 ps) of the charge-separated
state or exciplex of N-(1–Zn)3 and C60–Tripod. Furthermore,
the fluorescence quenching rate of N-(1–Zn)3 by C60–Tripod
does not appreciably change in toluene and benzonitrile.
This would be compatible with the explanation that charge
separation occurs without bridging solvent molecules, that
is, through a direct pathway between the porphyrin and the
fullerene.[43a]


We have reported that the excitation energy hopping
times through m-phenylene linkages were 8.0 and 5.3 ps in
pentameric and hexameric macrocycles of gable porphyrin,
respectively.[14] In the complex of N-(1–Zn)3 and C60–Tripod,
comparable energy hopping times are expected because the
coordinated monomeric porphyrin has a similar excited
energy level to that of the dimeric porphyrin. Actually, on
complexation of C60–Tripod, the fluorescence of N-(1–Zn)3
from both monomeric and dimeric porphyrin units was com-
pletely quenched, which demonstrated that the excitation
energy migrates rapidly among the porphyrins and then con-
verges on the fullerene moiety by electron transfer.


Figure 11. The CPK model of C60–Tripod /N-(1–Zn)3, which was created by using Cerius2 software,[31] based on a) three pyridyl coordinations and b) two
pyridyl coordination and fullerene–porphyrin p–p interactions.
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Conclusion


Cyclic trimer N-(1–Zn)3 could be obtained exclusively from
trisporphyrinatozinc(II) 1–Zn appended with imidazolyl
groups at the terminal porphyrins when the appropriate con-
ditions were applied in the reorganization process. Macrocy-
cle N-(1–Zn)3 accommodated tripodal ligands with two
kinds of binding modes. Model ligand 2 and the tripodal
ligand without fullerene (3) were bound by using three-
point coordinations from the pyridyl ligands to uncoordinat-
ed porphyrinatozinc(II) sites of N-(1–Zn)3, the binding con-
stants of which are estimated to be 1–2R107m


�1 in benzoni-
trile. The fullerene–tripodal ligand (C60–Tripod) was bound
by using two-point coordinations from the pyridyl ligands to
uncoordinated porphyrinatozinc(II) sites of N-(1–Zn)3 and
fullerene–porphyrin p–p interactions, the binding constant
of which was estimated to be 3R108m


�1 in benzonitrile.
Direct contact of the fullerene moiety to porphyrin pro-
duced a binding constant ten times larger than the values
for three-point coordinations, and complete quenching of
the fluorescence of N-(1–Zn)3. The large binding constant
enabled us to quantitatively obtain the complex of C60–
Tripod with N-(1–Zn)3 by the addition of equivalent tripodal
ligands under dilute conditions (�10�6m) even in benzoni-
trile, and to utilize C60–Tripod as a fluorescence quencher
for investigations into the energy-transfer process among
the macrocycles. Because displacement of the fourth arm of
the tripodal ligand is easily achieved, the present method is
applicable for introducing various types of functional
groups, and to construct their composites with porphyrin
macrocycles.


Experimental Section


General procedure : The syntheses of porphyrins 1, N-(1–Zn)3, C-(1Zn)3,
2, 4, 5, N-(5–Zn)2, 6, and 6–Zn have been previously reported.[15] All
chemicals and solvents were of commercial reagent quality, and used
without further purification unless otherwise stated. Dry THF was pre-
pared by distillation over benzophenone-Na. Dry DMF, Et2NH, and
Et3N were prepared by distillation over CaH2. First generation Grubbs
catalyst (benzylidene-bis(tricyclohexylphosphine)dichlororuthenium) was
purchased from Aldrich. 1H NMR spectra were recorded by using a
JEOL ECP-600 (600 MHz) spectrometer and chemical shifts were re-
corded in parts per million (ppm) relative to tetramethylsilane. UV/Vis
absorption spectra were recorded by using a Shimadzu UV-3100PC spec-
trometer. Steady-state fluorescence emission spectra were recorded by
using a Hitachi F-4500 spectrometer and corrected for the response of
the detector system. The fluorescence intensities were normalized at the
absorption of their excitation wavelength. UV/Vis lmax values are report-
ed in nm. Fluorescence quantum yields were determined by corrected in-
tegrated ratios of steady-state fluorescence spectra relative to that of tet-
raphenylporphyrinatozinc (ZnTPP; Ff=3.3%).[29] UV/Vis and fluores-
cence titrations were performed by adding a solution of pyridyl ligand to
a solution of N-(1–Zn)3 in a quartz cuvette (1 cm path length) by using
microliter syringes. MALDI-TOF mass spectra were obtained by using a
PerSeptive Biosystems Voyager DE-STR instrument with dithranol (Al-
drich) as the matrix. Analytical gel permeation chromatograms were ob-
tained by using a Hewlett Packard HP1100 series instrument equipped
with an analytical JAIGEL 3HA column (Japan Analytical Industry,
8 mmR500 mm, exclusion limit=70,000 Da). Reactions were monitored


on silica gel 60 F254 TLC plates (Merck). The silica gel utilized for
column chromatography was purchased from Kanto Chemical (Silica Gel
60N (Spherical, Neutral) 60–210 mm).


4-Tris(4-iodophenyl)methylbenzoic acid 7: 4-(Tripenylmethyl)benzoic
acid[19] (123 mg, 3.18R10�4 mol), bis(trifluoroacetoxy)iodobenzene
(684 mg, 1.59R10�3 mol) and iodine (404 mg, 1.59R10�3 mol) were dis-
solved in CCl4 (3 mL). The mixture was stirred for 3 h at 60 8C. After the
mixture was cooled to room temperature, the reaction mixture was dilut-
ed with CHCl3 (�50 mL), and then washed successively with aqueous
sodium bisulfite and water. The organic layer was evaporated to dryness
and the residue was purified by means of a short column (SiO2: CHCl3 to
CHCl3/MeOH 9:1). The invisible second fraction, which eluted with 10%
MeOH/CHCl3, was collected and evaporated to afford a pale yellow
solid (234 mg). The integral values of 1H NMR signals indicated that the
solid was a mixture of 7 (108 mg, 46%) and tetraiodo-substituted 7
(126 mg) in a molar ratio of 1:1. 7: 1H NMR (600 MHz, CDCl3): d =7.98
(d, J=8.5 Hz, 2H; Ph’), 7.61 (d, J=8.8 Hz, 6H; Ph), 7.28 (d, J=8.5 Hz,
2H; Ph’), 6.89 (d, J=8.8 Hz, 6H; Ph). Tetraiodo-substituted 7: 1H NMR
(600 MHz, CDCl3): d=8.00 (d, J=8.2 Hz, 2H; Ph’), 7.74 (d, J=8.5 Hz,
1H; Ph-5), 7.67, (d, J=2.2 Hz, 1H; Ph-2), 7.60 (d, J=8.8 Hz, 4H; Ph),
7.26–7.27 (d, 2H; Ph’), 6.90 (d, J=8.8 Hz, 4H; Ph), 6.81 ppm (dd, J=8.5,
2.2 Hz, 1H; Ph-6).


4-Tris[4-{2-(4-pyridyl)ethynyl}phenyl]methylbenzoic acid 3 : 4-Tris(4-iodo-
phenyl)methylbenzoic acid (32 mg, 4.3R10�5 mol, the amount of tetraio-
do-substituted 7 (38 mg) was subtracted from 70 mg of the impure
sample), 4-ethynylpyridine[45] (40 mg, 3.9R10�4 mol), Pd ACHTUNGTRENNUNG(PPh3)2Cl2
(13 mg, 1.9R10�5 mol), CuI (4 mg, 1.9R10�5 mol), dry Et2NH (0.5 mL),
and dry THF (0.5 mL) were placed in a Schlenk flask under an argon at-
mosphere. The mixture was degassed by freeze–thaw cycles and stirred
for 12 h at room temperature under argon. The reaction mixture was di-
luted with CHCl3 and washed with saturated aqueous NaCl and water.
The solvent was evaporated and the residue was purified by means of
column chromatography (SiO2; CHCl3/MeOH 99:1 to 93:7). The third
fraction was collected and evaporated to afford 3 (16.5 mg, 57%).
1H NMR (600 MHz, CDCl3): d=8.62 (d, J=5.9 Hz, 6H; Py), 8.03 (d, J=


8.2 Hz, 2H; Ph’), 7.49 (d, J=8.2 Hz, 6H; Ph), 7.39 (d, J=5.9 Hz, 6H;
Py), 7.33 (d, J=8.2 Hz, 2H; Ph’), 7.25 (d. J=8.2 Hz, 6H; Ph), 1.94 ppm
(br s; COOH); MALDI-TOF: m/z : 668.0 [M+H].


C60–Tripod : 4-Tris[4-{2-(4-pyridyl)ethynyl}phenyl]methylbenzoic acid
(11 mg, 1.7R10�5 mol) and BOP (7 mg, 1.7R10�5 mol) were placed in a
20 mL flask and purged with argon gas. CHCl3 (2.5 mL) and pyridine
(0.5 mL) were added to the mixture, and the mixture was stirred for
10 min at room temperature. Pyrrolidine–C60 TFA salt[21] (13 mg, 1.5R
10�5 mol) was then added and the reaction mixture was stirred at room
temperature. The reaction progress was monitored by MALDI-TOF
mass spectrometry. After stirring for 24 h, further BOP (14 mg, 3.2R10�5


mol) was added to the reaction mixture to promote the reaction, and stir-
ring was continued for another 24 h. The solvent was evaporated to give
a crude residue. The residue was purified with by column chromatogra-
phy (SiO2; CHCl3/MeOH 95:5) and the brown band was collected. This
fraction was evaporated and further reprecipitated with hexane to give
C60–Tripod as a brown solid (4.8 mg, 21%): Rf =0.6 (SiO2; CHCl3/MeOH
9:1); 1H NMR (600 MHz, CDCl3): d=8.61 (br s, 6H; Py), 7.85 (d, J=


8.5 Hz, 2H; Ph’), 7.51 (d, J=8.5 Hz, 6H; Ph), 7.46 (d, J=8.5 Hz, 2H;
Ph’), 7.37 (brd, J=4.9 Hz, 6H; Py), 7.30 (d, J=8.5 Hz, 6H; Ph),
5.56 ppm (brs, CH2);


13C NMR (150 MHz, CDCl3): d=169.8, 149.8,
148.6, 147.4, 146.43, 146.40, 146.2, 145.6, 145.53, 145.45, 145.40, 144.5,
143.2, 143.1, 142.8, 142.2, 142.1, 142.0, 140.2, 133.2, 131.6, 131.3, 131.2,
131.0, 128.1, 125.5, 120.6, 93.3, 87.3 ppm; UV/Vis (CHCl3): lmax (e): 432
(2900), 698.5 nm (290 mol�1dm3cm�1); MALDI-TOF: m/z : 1414.0
[M+H].


Noncyclic porphyrin array 9 (10): Pyridine (0.5 mL) was added to a mix-
ture of N-(1–Zn)3 (1.2 mg, 2.0R10�7 mol) and N-(5–Zn)2 (1.0 mg, 6.0R
10�7 mol) in CHCl3 (10 mL), and then the solvents were evaporated to
dryness under reduced pressure. The residue was dissolved in CHCl3 and
subjected to GPC analysis. The preparation of series 10 were performed
with the same procedure as that used for 9 except 8 was used instead of
N-(5–Zn)2.
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Time-resolved emission and transient absorption measurements : The
fluorescence lifetimes were measured by using an argon-ion pumped Ti/
sapphire laser (Tsunami) and a streak scope (Hamamatsu Photonics).
The nanosecond transient absorption spectra in the NIR region were
measured by means of laser-flash photolysis ; 565 nm light from Nd/YAG
laser was used as the exciting source, and a Ge-avalanche-photodiode
module was used for detecting the monitoring light from a pulsed Xe
lamp. The picosecond transient absorption spectra were measured by the
pump and probe method by using a Ti/sapphire regenerative amplifier
seeded by the SHG of an Er-doped fiber laser (Clark-MXR CPA-2001
plus). The details of the experimental setup are described elsewhere.[46]
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Structural Paradigms in Macropoly ACHTUNGTRENNUNGhedral Boranes


Farooq Ahmad Kiani and Matthias Hofmann*[a]


Introduction


For a long time chemists have used generalized rules that
relate the number of electrons[1] to the structures and prop-
erties of molecules. The octet rule,[2] the 18-electron rule,[3]


H!ckel#s 4n+2 p-electron rule for planar cyclic aromatic
systems[4] and the 2 ACHTUNGTRENNUNG(N+1)2 rule for three-dimensional aro-
matic systems[5] all make use of numbers of electrons to pre-
dict the structure or properties of molecules. Skeletal-elec-
tron-counting rules set by Wade[6] and Mingos[7] for simple
polyhedral boron hydride clusters also relate the number of


skeletal electrons to definite cluster shapes. Studies by Wil-
liams,[8] Jemmis and Schleyer,[9] Ott and Gimarc,[10] and
Kiani and Hofmann,[11] provide further insight into the struc-
tural patterns of various simple polyhedral boranes. Clusters
composed of fused polyhedra representing a concave curva-
ture have been called macropolyhedra.[12] Macropolyhedra
are realizable only for larger numbers of cluster atoms. A
variety of homonuclear as well as heteronuclear boranes
with more than one joint cluster unit are experimentally
known and exhibit varying architectural patterns, for exam-
ple, those with cluster units joined by a two-center–two-elec-
tron,[13] or by a three-center–two-electron bond,[13d,14] as well
as those in which cluster units share one vertex, for example,
B14H22,


[15] two vertexes, for example, B18H22,
[16,17] three ver-


texes, for example, B20H18
2� dianion[18] or B20H16L2 com-


pounds,[19] or even four vertexes, for example, B20H16.
[20] The


underlying principles that govern the stabilities of macropo-
lyhedral boranes are mostly unknown.[21–23] Except for
Jemmis# skeletal-electron-counting rule (“mno rule”),[12d,24]


no general theoretical consideration has been given to mac-
ropolyhedral boranes. According to the mno rule, the sum
of the number of single-cluster fragments (m), the number
of vertexes in the macropolyhedron (n), the number of
single-vertex-sharing junctions (o), and the number of miss-


Abstract: Macropolyhedral borane
clusters are concave polyhedra consti-
tuting fused convex simple polyhedra.
They are formally obtained by conden-
sation of simple polyhedral boranes
under elimination of between one and
four BH3 or isoelectronic units. The
number of eliminated vertexes from
simple polyhedra equals the number of
shared vertexes in macropolyhedral
boranes. For each of the eight classes
with general formulae ranging from
BnHn�4 to BnHn+10, more than one
structure type is possible, differing in
the number of shared vertexes and in
the types of the two combined cluster


fragments. However, only one type of
“potential structures” is represented by
experimentally known examples and is
found to be favored by theoretical cal-
culations. A sophisticated system exists
among the favored macropolyhedral
borane structures. For each class of
macropolyhedral boranes, the number
of skeletal electron pairs is directly re-
lated to the general formula, the
number of shared vertexes and the


type of fused cluster fragments. In
order to predict the distribution of ver-
texes among the fused fragments, we
propose the concept of preferred frag-
ments. Preferred fragments are those
usually present in the thermodynami-
cally most stable structure of a given
class of macropolyhedral boranes and
are also frequently observed in the ex-
perimentally known structures. This
allows us to completely predict the
cluster framework of the thermody-
namically most stable macropolyhedral
borane isomers.
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ing vertexes (p) equals the number of skeletal electron pairs
(SEP) of a macropolyhedral borane, that is, m+n+o+p=


nACHTUNGTRENNUNG(SEP). In order to perform this calculation, the molecular
structure of the cluster has to be known. This procedure
works as a test for a viable structure. Thus, unlike Wade#s
skeletal-electron-counting principle[6] for single clusters, the
mno rule[24] does not specify architectures or cluster shapes
based on the given number of skeletal electrons. Therefore,
it is not necessarily possible to determine which structure
out of a large number of possibilities is the thermodynami-
cally most stable one corresponding to the expected cluster
shape.[25] To give an example, the mno rule is in accordance
with the three B18H22


[16,17] isomers shown in Figure 1. These
differ in the number of shared vertexes (i.e. , one, two, or
three), the types (i.e. , closo-, nido-, and arachno-), and the
size (i.e., nine, ten, or eleven vertexes) of the fused cluster
fragments. In each case, isomers with the same number of
shared vertexes but a different distribution of vertexes to
the cluster fragments (e.g., nido-9-[2]-nido-11 rather than
nido-10-[2]-nido-10 etc.; for nomenclature see below) would
also follow the mno rule. However, the mno rule does not
indicate which isomer is the thermodynamically most stable
one! According to computations,[26] one-vertex-sharing
closo(10)-[1]-nido(9)-B18H22 (B) and the three-vertex-shar-
ing arachno(10)-[3]-nido(11)-B18H22 (C) are 65.0 and
61.7 kcalmol�1, respectively, less stable than the two-vertex-
sharing nido(10)-[2]-nido(10)-B18H22 isomer (A). The ques-
tion arises of how to predict the “best” structure among var-
ious possibilities for B18H22 and for other macropolyhedral
boranes without performing computations. Is there any rela-
tionship between the number of skeletal electrons and struc-
tures of macropolyhedral boranes akin to simple polyhedral
clusters? Moreover, how are different classes of macropoly-
hedral boranes related to each other structurally as well as
in terms of the number of skeletal electrons? Here, on the
basis of our systematic survey of various experimentally
known macropolyhedral boranes, assisted by suitable com-
putations and our previously published results,[25] we present
a generalized scheme that relates the number of skeletal
electrons to the general formula, types of fused clusters or


cluster fragments, the fusion modes between two or more in-
dividual clusters or cluster fragments, and the distribution of
vertexes to the fused cluster fragments and hence, the struc-
ture of the thermodynamically most stable isomers for vari-
ous classes of macropolyhedral boranes.


Results and Discussion


Nomenclature used for macropolyhedral boranes : In this
paper, a nomenclature scheme is used for macropolyhedral
boranes, according to the type and size of two cluster frag-
ments and the number of shared vertexes. Names of types
of each cluster fragment are italicized, with the number of
vertexes of each cluster fragment in parenthesis. For two dif-
ferent cluster fragments, the names along with the cluster
size are written in alphabetic order, regardless of the cluster
size. For a macropolyhedral borane with two cluster frag-
ments of the same type, the smaller cluster is given first.
The number of shared vertexes between two cluster frag-
ments is given in brackets between the cluster fragment
specification, thus “-[1]-”,“-[2]-”, “-[3]-”, and “-[4]-” indicate
one, two, three, and four shared vertexes, respectively. The
formula for the macropolyhedral boranes is written at the
end, separated by a hyphen. As an example, closo(12)-[4]-
closo(12)-B20H16 denotes the B20H16 structure that consists of
two 12-vertex closo-cluster fragments, sharing four vertexes
with each other, whereas arachno(8)-[1]-nido(7)-B14H22 has
an architecture composed of an arachno-8- and a nido-7-
vertex cluster fragment, sharing one vertex.


Various possible combinations of macropolyhedral boranes
with different numbers of shared vertexes : All experimen-
tally known macropolyhedral boranes sharing x vertexes can
be formally constructed by the intimate fusion of simple
polyhedral boranes eliminating a (BH3)x (or isoelectronic)
unit (Scheme 1). The topology of simple convex polyhedral
borane clusters allows sharing of one to four vertexes (x=


1–4), when two clusters are fused to become a macropolyhe-
dron. For example, in nido(6)-[2]-nido(8)-B12H16


[27] two ver-
texes are shared between a
nido-6-vertex and a nido-8-
vertex fragment and, therefore,
it is formally obtained by con-
densation of nido-B6H10 and
nido-B8H12 under elimination
of a B2H6 unit. Similarly, each
of the experimentally known
two-vertex-sharing arachno(9)-
[2]-nido(6)-B13H19,


[28] nido(6)-
[2]-nido(10)-B14H18,


[29] nido(8)-
[2]-nido(10)-B16H20,


[30]


nido(10)-[2]-nido(10)-B18H22,
[16]


nido(10)-[2]-nido(11)-
B19H22


�,[31] and closo(12)-[2]-
nido(12)-[B22H22]


2� dianion[32]


may be derived from two cor-


Figure 1. Optimized geometries and relative stabilities of various isomeric B18H22 structures differing with re-
spect to the degree of vertex sharing. The number of required skeletal electron pairs according to the mno
rule (left) equals the number of available skeletal electron pairs (right) for each structure. Notations m, n, and
p stand for the number of cluster fragments, the total number of vertexes, and the number of missing vertexes,
respectively (for nomenclature, see text).
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responding clusters releasing a B2H6 unit. Single-vertex-shar-
ing arachno(8)-[1]-nido(7)-B14H22 and arachno(9)-[1]-
nido(7)-B15H23


[15] are formally obtained by the removal of a
single BH3 unit from the corresponding clusters. Similarly,
the three-vertex-sharing closo(12)-[3]-nido(11)-B20H18


2� dia-
nion[18] can be considered as obtained by the removal of a
[B3H8]


� unit from a 12-vertex closo-[B12H12]
2� and an 11-


vertex nido-B11H14
�. The unique four-vertex-sharing


closo(12)-[4]-closo(12)-B20H16
[20] is a formal condensation


product of two [B12H12]
2� units releasing a [B4H8]


4� unit iso-
electronic to B4H12.


All possible macropolyhedral borane types that result
from condensation under elimination of one to four BH3 or
isoelectronic units (and share one to four vertexes between
two clusters) are listed in Scheme 2. It is clear that among
experimentally known structures (highlighted by gray
boxes), more effective sharing (larger number of shared ver-
texes) is found for macropolyhedra with two closo-clusters
(four-vertex-sharing BnHn�4 macropolyhedra), whereas less
pronounced sharing (least number of shared vertexes) is ob-
served for more open nido- and arachno-clusters (one-
vertex-sharing BnHn+8 and BnHn+10 macropolyhedra). In
other words, the number of shared vertexes gradually de-
creases from four when two closo-clusters are fused to one
in more open arachno-[1]-nido-clusters. The systematic rela-
tionships derived here for macropolyhedral boranes of
course also hold true for corresponding main-group hetero-
boranes.


Number of skeletal electrons and the structure of macropo-
lyhedral boranes : Let us consider the number of skeletal
electron pairs, nACHTUNGTRENNUNG(SEP), for various classes of macropolyhe-
dral boranes listed in Scheme 2. In horizontal rows, the gen-
eral formula for macropolyhedral boranes remains the same,
while the number of shared vertexes increases. In the case
of macropolyhedral boranes, the increase in the number of


shared vertexes for a given formula means the transforma-
tion of an exo-substituted BH unit (that contributes one
SEP) into a bare boron atom (that contributes 1.5 SEP) and
an endo-hydrogen atom (that contributes 0.5 SEP). In sum-
mary, per shared vertex the number of skeletal electron
pairs increases by one.
As an example, a BnHn simple polyhedron has n skeletal


electron pairs when each vertex is occupied by a BH unit
contributing one SEP each. A closo compound, however,
needs one SEP more (n+1). A hypothetical one-vertex-
sharing BnHn macropolyhedral borane has (n+1) SEP, but
for two cluster fragments at least (n+2) SEP are needed
(i.e., in the case of two closo cluster fragments). At least
two vertexes need to be shared (between two closo cluster
fragments) to generate sufficient skeletal electrons, that is, a
closo-[2]-closo macropolyhedron is the first viable structure
for BnHn. More intimate fusion (e.g., three-vertex-sharing)
increases nACHTUNGTRENNUNG(SEP) further, which is accommodated by the
opening of cluster fragments (e.g., closo-[3]-nido-BnHn with
nACHTUNGTRENNUNG(SEP)=n+3). Thus, along the horizontal rows, each addi-
tional shared vertex results in an increase in nACHTUNGTRENNUNG(SEP) by one
that results in the opening of one cluster fragment and the
accommodation one more hydrogen atom on the open face.
For geometrical reasons, four-vertex sharing is the most


intimate fusion possible for a stable macropolyhedral
borane. When two closo-clusters are combined in such a


Scheme 1. Experimentally known homonuclear macropolyhedral boranes
and borates can be formally obtained as condensation products of two
simple polyhedral fragments eliminating as many BH3 or isoelectronic
units as there are vertexes shared (for nomenclature, see text).


Scheme 2. Classes of macropolyhedra according to general formulae, and
possible types of structures according to incorporated cluster fragment
types and fusion mode (i.e., sharing of one to four vertexes). Entries in
grey boxes represent the cases for which experimentally known macropo-
lyhedral boranes or borates exist. For nomenclature, see text. SEP= skel-
etal electron pairs. For two-vertex-sharing BnHn+4, only nido-[2]-nido-
macropolyhedra are experimentally known.
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way, the required nACHTUNGTRENNUNG(SEP) is n+2, which is realized for a for-
mula of BnHn�4.


[33]


Along the columns in Scheme 2, the number of shared
vertexes remains the same, however, each pair of additional
hydrogen atoms increases the nACHTUNGTRENNUNG(SEP) by one. This addition-
al electron pair makes one cluster fragment more open (i.e. ,
closo to nido or nido to arachno). Alternatively, the n ACHTUNGTRENNUNG(SEP),
and as a consequence also the type of fused fragments, re-
mains unchanged when the number of shared vertexes is re-
duced by one (diagonal step “down to the left” in
Scheme 2). The fact that macropolyhedra may structurally
react to an increase in skeletal electron pairs by either open-
ing a subcluster or by reducing the intimacy of cluster fusion
has already been recognized.[12b,c,34]


The polyhedral skeletal-electron-pair approach[7b] may be
applied to calculate the number of skeletal electron pairs,
a+b�x, for a given macropolyhedron. Here, a and b repre-
sent the number of skeletal electron pairs the two fragments
would require individually, and x equals the number of
shared vertexes. In the formal condensation reaction of two
simple polyhedral boranes, as many BH3 units are eliminat-
ed as shared vertexes are formed. Each BH3 takes away two
SEPs (“:BH,·H,·H”) and each shared vertex generates one
additional SEP (:BH!·B:,·H). Taken together, a macropo-
lyhedral structure has the nACHTUNGTRENNUNG(SEP) of its fragments dimin-
ished by the number of shared vertexes (also see Figure 2).
Hence, the entries in Scheme 2 represent structures that re-
alize a viable number of skeletal electrons for a given for-
mula.


Number of skeletal electrons for higher condensed macro-
polyhedral borane systems : Scheme 2 relates the number of
skeletal electrons to the structure for a given general formu-
la of a macropolyhedral borane with two fused clusters. The
number of skeletal electrons for various viable macropoly-
hedral boranes with more than two fused clusters can also
be easily conceived on the basis of the abx rule (see above).
All structures that can be obtained by the formal condensa-
tion of simple clusters under elimination of x BH3 moieties,
in which x is the number of shared vertexes in the macropo-
lyhedral cluster, are viable macropolyhedral boranes obey-
ing the abx rule. Thus, a macropolyhedral borane consisting
of three fused fragments will have a skeletal electron count
of a+b+c�x, or in general �si�x in which �si equals the
number of skeletal electrons of individual clusters and x is
the total number of shared vertexes.[35]


Potential structures for various classes of macropolyhedral
boranes : With the exception of BnHn+10, the general formu-
lae listed in Scheme 2 have at least one experimentally
known homonuclear macropolyhedral borane or borate rep-
resentative (highlighted with gray boxes, compare also
Scheme 1). Various p-block heteroatom-containing macro-
polyhedral boranes are also known.[36] For a given general
formula, all experimentally known structures belong to only
one structure type. We suppose that the structure types for
which experimentally known examples exist should be con-
siderably more stable thermodynamically than the classes
for which no structures are known experimentally, as in the
case of BnHn+4 (Figure 1).


[37] In the case of BnHn�2, two
closo-clusters sharing three vertexes should be a better
choice than one closo- sharing four vertexes with a nido-
cluster. The only experimental example, [B21H18]


� , synthe-
sized recently[18] but predicted as a possible synthetic target
for more than 40 years,[38] consists of two 12-vertex closo-
clusters with three shared vertexes (Figure 2E). The alterna-
tive is a 12-vertex closo-cluster sharing four vertexes with a
13-vertex nido-cluster, which is thermodynamically 94.7 kcal
mol�1 less stable than the former. A systematic study of all
classes of experimentally known macropolyhedral boranes
from BnHn�4 to BnHn+8 results in the selection of seven mac-
ropolyhedral borane categories listed in Table 1. We find
that the structures, the type of fused clusters or cluster frag-
ments (i.e., closo-, nido-, or arachno-), and the number of
shared vertexes (i.e., one, two, three, or four) for various
macropolyhedral boranes are directly related to the required
number of skeletal electron pairs. This systematic relation-
ship has not been suggested until now.
For example, all experimentally known BnHn+4 macropo-


lyhedral boranes[24] possess two shared vertexes and thus
have n ACHTUNGTRENNUNG(SEP)=n+4: n skeletal electron pairs would result
from n BH groups, supplemented by four skeletal electrons
due to four extra hydrogen atoms, but two shared boron
atoms increase the number of SEP further by two. This im-
plies that these structures have two nido-clusters.[39] At-
tempts to construct a BnHn+4 macropolyhedral borane, for
example, B18H22 (Figure 1), with one or three shared vertex-


Figure 2. Comparison of abx and mno approaches to obtain the number
of skeletal electrons for various homonuclear macropolyhedral boranes.
Notations m, n, and p stand for the number of cluster fragments, the
total number of vertexes, and the number of missing vertexes, respective-
ly, whereas a and b represent the number of skeletal electrons of the indi-
vidual cluster fragments, and c is the number of shared vertexes (for no-
menclature, see text).


Chem. Eur. J. 2008, 14, 2886 – 2893 J 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 2889


FULL PAPERMacropolyhedral Boranes



www.chemeurj.org





es do not result in isomers with n+4 skeletal electron pairs.
The closo(10)-[1]-nido(9)-B18H22 (Figure 1B) and arach-
no(10)-[3]-nido(11)-B18H22 (Figure 1C) have a total of n+3
(21) and n+5 (23) skeletal electron pairs, respectively, in-
stead of n+4 (22).
Two less hydrogen atoms as in BnHn+2 macropolyhedral


boranes result in one skeletal electron pair less and one
nido-fragment is oxidized to a closo-fragment to give BnHn+2


macropolyhedral boranes with a closo-cluster sharing two
vertexes with a nido-cluster. Like for BnHn+4 macropolyhe-
dral boranes, BnHn+2 macropolyhedral boranes with a differ-
ent number of shared vertexes will result in an undesired
structure that has a different total number of skeletal elec-
trons. Experimentally known[32] [B22H22]


2� and its deriva-
tives[40] correspond to this class of macropolyhedral boranes.
Macropolyhedral boranes of general formula BnHn con-


tain n+3 skeletal electron pairs and the structures consist of
a closo and a nido cluster sharing three vertexes. The
B20H18


2� dianion[18] and a series of B20H18L2 compounds
[19] in


which a 12-vertex closo- and an 11-vertex nido-cluster share
three vertexes are experimentally known.
Similarly, the correct macropolyhedral structure can also


be predicted for other formulae. Each of the BnHn�2 and
BnHn�4 macropolyhedral boranes has n+2 skeletal electron
pairs. The BnHn�2 macropolyhedral boranes (or the monoa-
nionic [BnHn�3]


� , for example, [B21H18]
� anion[18]) involve


two closo-clusters sharing three vertexes with each other.
The BnHn�4 macropolyhedral boranes (e.g., B20H16


[20]) share
four vertexes between two closo-clusters. Any attempt to
consider a BnHn�4 or BnHn�2 structure with a different
number of shared vertexes or different type of fused clusters
will result in discredited structures that do not fulfil the re-
quirement of n+2 skeletal electron pairs.
BnHn+6 macropolyhedral boranes have two shared vertex-


es and one additional skeletal electron pair (n+5 SEP),
compared to the BnHn+4 macropolyhedra. Opening of one
cluster fragment from nido to arachno is the consequence.
The predicted structures are arachno-[2]-nido-BnHn+6. Three
more possible BnHn+6 structure types (see Scheme 2) have
different numbers of skeletal electron pairs and hence, dif-
ferent structures.
Two additional hydrogen atoms in BnHn+8 structures


result in decrease in the number of shared vertexes leaving
the number of skeletal electrons unchanged, that is, n-


ACHTUNGTRENNUNG(SEP)=n+5. Such structures share one vertex between two
highly open nido- and arachno-clusters. Experimentally
known structures correspond to B14H22 and B15H23.


[15]


Preferred fragments for macropolyhedral boranes : Compu-
tations of a large number of nido-[2]-nido-BnHn+4 macropo-
lyhedral borane isomers revealed that the thermodynamical-
ly most stable 13- to 19-vertex-containing macropolyhedra
contain at least one 10-vertex nido-cluster fragment.[25] The
size of the second nido-cluster fragment increases from five
vertexes to eleven vertexes. Moreover, the structures of the
experimentally known nido-[2]-nido-macropolyhedra usually
represent the thermodynamically most stable framework,
that is, contain a 10-vertex nido-fragment. Similarly, arach-
no-[2]-arachno-BnHn+8 structures contain at least one nine-
vertex arachno-cluster fragment, whereas arachno-[2]-nido-
BnHn+6 clusters usually contain a ten-vertex nido-cluster
fragment (or a nine-vertex arachno-cluster fragment in the
case of arachno(9)-[2]-nido(11)-B18H24). We note:


1) The thermodynamically most stable isomers of a given
class of macropolyhedral boranes contain a unique pre-
ferred fragment.


2) These fragments are usually present in the experimental-
ly known structures.


These two observations can be used to propose the struc-
tures of the thermodynamically most stable isomers of a
given class of macropolyhedra. For example, all experimen-
tally known macropolyhedral structures involving at least
one closo-cluster have a 12-vertex closo-cluster. The 12-
vertex closo-cluster alone is a highly symmetric and very
stable structure with five-coordinate vertexes only. Its extra-
ordinary stability[41] is also evident from its highest aromatic-
ity and lowest energy-per-vertex values among closo-clus-
ters.[42] Its presence in the experimentally known macropoly-
hedral structures recommends the 12-vertex closo-cluster as
the preferred fragment for the thermodynamically most
stable macropolyhedral boranes incorporating a closo-frag-
ment. To confirm the high stability of macropolyhedral bor-
anes containing at least one 12-vertex closo-cluster relative
to other possible structures, we computed isomers of various
classes of macropolyhedral boranes ranging from BnHn�4 to
[BnHn]


2� (see Tables S1 to S4 in Supporting Information).


Table 1. For each general formula, (i.e., class) of macropolyhedral boranes, a typical number of shared vertexes can be given and the corresponding
number of skeletal electrons, the type of cluster fragments, as well as cluster-fragment sizes can be derived (for nomenclature, see text).


Formula x[a] n ACHTUNGTRENNUNG(SEP)[b] Structure F[c] Proposed general formula Experimental examples


BnHn�4 4 n+2 closo-[4]-closo closo-12[d] closo ACHTUNGTRENNUNG(n�8)-[4]-closo(12) closo(12)-[4]-closo(12)-B20H16
BnHn�2 3 n+2 closo-[3]-closo closo-12[d] closo ACHTUNGTRENNUNG(n�9)-[3]-closo(12) closo(12)-[3]-closo(12)-B21H18


�[e]


BnHn 3 n+3 closo-[3]-nido closo-12[d] nido ACHTUNGTRENNUNG(n�9)-[3]-closo(12) nido(11)-[3]-closo(12)-B20H16L2
BnHn+2 2 n+3 closo-[2]-nido closo-12[d] nido ACHTUNGTRENNUNG(n�10)-[2]-closo(12) nido(12)-[2]-closo(12)-[B22H22]


2�


BnHn+4 2 n+4 nido-[2]-nido nido-10[d, f] nido ACHTUNGTRENNUNG(n�8)-[2]-nido(10) nido(10)-[2]-nido(10)-B18H22
BnHn+6 2 n+5 arachno-[2]-nido nido-10[f] arachnoACHTUNGTRENNUNG(n�8)-[2]-nido(10) arachno(10)-[2]-nido(10)-[SB17H20]


�[g]


BnHn+8 1 n+5 arachno-[1]-nido nido-7 arachnoACHTUNGTRENNUNG(n�6)-[1]-nido(7) arachno(8)-[1]-nido(7)-B14H22


[a] Number of shared vertexes. [b] nACHTUNGTRENNUNG(SEP)=number of skeletal electron pairs. [c] F=preferred fragment. [d] Preferred fragment as concluded from the
occurrence in experimentally known structures. [e] See ref. [18]. [f] Preferred fragment based on known representatives and on a systematic computation-
al study, see ref. [25]. [g] See ref. [36d].
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All macropolyhedral boranes that involve one 12-vertex
closo-cluster are far more stable than corresponding isomers
with other closo-clusters. This fact can be used to easily pre-
dict the general structures of the thermodynamically most
stable macropolyhedral boranes involving at least one closo-
cluster, that is, macropolyhedral boranes ranging from
BnHn�4 to BnHn+2.
The extent of preference for a specific size decreases as


the fragment opens. There is a greater preference for the
nido-10 (compared to other nido-cluster fragments) than for
the arachno-9 (compared to other arachno-clusters).[25] The
nido(10)-[2]-nido(10)-B18H22 is 42.5 kcalmol


�1 more stable
than the second most stable nido-[2]-nido-B18H22 isomer, but
the arachno(9)-[2]-arachno(9)-B16H24 is only 7.5 kcalmol


�1


more stable than the second most stable isomer.[25] Similarly,
the closo-12 (compared to other closo-clusters) is preferred
more than the nido-10 fragment (relative to other nido-frag-
ments). The closo(12)-[4]-closo(12)-B20H16 is 110.5 kcalmol


�1


more stable than the closo(11)-[4]-closo(13)-B20H16! As a
consequence, in mixed closo-[3]-nido- or closo-[2]-nido-mac-
ropolyhedral boranes, always the closo-fragment determines
the vertex distribution. Similarly, in the case of nido-[2]-
nido- or arachno-[2]-nido-macropolyhedral boranes, almost
always the nido-fragment determines the vertex distribution.
Two experimentally known one-vertex-sharing arachno-


[1]-nido-BnHn+8 structures, that is, arachno-[1]-nido-B14H22
and B15H23, each with one seven-vertex nido-fragment, are
experimentally known.[15] Therefore, we suppose that the
seven-vertex nido-cluster fragment might be the preferred
fragment for the arachno-[1]-nido-BnHn+8 macropolyhedra,
although this preference is probably weak.


Preferred frameworks for different classes of macropolyhe-
dral boranes : The idea of a given preferred fragment for
each class of macropolyhedral boranes conveniently allows
us to propose the complete framework for the thermody-
namically most stable isomers of various macropolyhedral
boranes. For example, for nido-[2]-nido-macropolyhedral
boranes, the nido-10-vertex cluster is the preferred fragment
and the thermodynamically most stable nido-[2]-nido-mac-
ropolyhedral isomers have the general formula nido ACHTUNGTRENNUNG(n�8)-
[2]-nido(10)-BnHn+4. A similar general formula for the ther-
modynamically most stable arachno-[2]-nido-BnHn+6 isomers
was proposed to be arachnoACHTUNGTRENNUNG(n�8)-[2]-nido(10)-BnHn+6.


[25b,c]


As the 12-vertex closo-cluster is the preferred fragment for
the thermodynamically most stable isomers of macropolyhe-
dral boranes containing at least one closo-cluster, the cluster
composition of various classes of macropolyhedral boranes
ranging from BnHn�4 to BnHn+2 can be proposed (see
Table S1). Similarly, the fragment sizes for the most stable
one-vertex-sharing arachno-[1]-nido-BnHn+8 structures are
proposed to be arachnoACHTUNGTRENNUNG(n�6) and nido(7).
Structures of all experimentally known homonuclear mac-


ropolyhedral boranes or borates can be derived on the basis
of a general scheme provided in this paper. We note, howev-
er, that macropolyhedral metallaheteroboranes frequently


possess structures that do not correspond to the structures
preferred by boranes (see Scheme 2).[35]


Conclusion


All macropolyhedral borane clusters are formally obtained
by intimate fusion of simple polyhedra resulting in the elimi-
nation of one to four BH3 (or isoelectronic) units. The
number of eliminated vertexes from simple polyhedra
equals the number of shared vertexes in macropolyhedral
boranes. The number of skeletal electrons of macropolyhe-
dral boranes is simply a+b�x, in which a and b correspond
to the number of skeletal electrons of individual cluster
fragments, and x is the number of shared vertexes. All ex-
perimentally known (and some experimentally unknown)
macropolyhedral boranes or borates can be divided into
seven classes. For each class, the general formula is directly
associated with the preferred number of shared vertexes.
This allows the number of skeletal electron pairs and the
types of fused clusters to be derived. The existence of a pre-
ferred fragment size for each cluster-fragment type allows us
to predict the complete framework of the thermodynamical-
ly most stable macropolyhedral borane isomers.


Acknowledgement


Financial support by DFG is gratefully acknowledged.


[1] R. W. Rudolph, Acc. Chem. Res. 1976, 9, 446–452.
[2] G. N. Lewis, J. Am. Chem. Soc. 1916, 38, 762–785.
[3] N. V. Sidgwick, Trans. Faraday Soc. 1923, 19, 469.
[4] a) E. H!ckel, Z. Phys. 1932, 76, 628–648; b) E. H!ckel, Z. Phys.


1933, 83, 632–668.
[5] A. Hirsch, Z. Chen, H. Jiao, Angew. Chem. 2001, 113, 2916–2920;


Angew. Chem. Int. Ed. 2001, 40, 2834–2838.
[6] a) K. Wade, Adv. Inorg. Chem. Radiochem. 1976, 18, 1–66; b) K.


Wade in Metal Interactions with Boron Clusters (Ed.: R. N. Grimes),
Plenum Press, New York, 1982, Chapter 1, pp. 1–41.


[7] a) D. M. P. Mingos, Nature Phys. Sci. 1972, 236, 99–102; b) D. M. P.
Mingos, Acc. Chem. Res. 1984, 17, 311–319.


[8] a) R. E. Williams, J. Am. Chem. Soc. 1965, 87, 3513–3515; b) R. E.
Williams in Progress in Boron Chemistry, Vol. 2 (Eds.: R. J. Brother-
ton, H. Steinberg), Pergamon Press, England, 1970, Chapter 2, p. 57;
c) R. E. Williams, Chem. Rev. 1992, 92, 177–207 and references
therein.


[9] a) E. D. Jemmis, J. Am. Chem. Soc. 1982, 104, 7017–7020; b) E. D.
Jemmis, P. v. R. Schleyer, J. Am. Chem. Soc. 1982, 104, 4781–4788.


[10] J. J. Ott, B. M. Gimarc, J. Am. Chem. Soc. 1986, 108, 4303–4308.
[11] a) F. A. Kiani, M. Hofmann, Inorg. Chem. 2004, 43, 8561–8571;


b) F. A. Kiani, M. Hofmann, Inorg. Chem. 2005, 44, 3746–3754;
c) F. A. Kiani, M. Hofmann, Eur. J. Inorg. Chem. 2005, 12, 2545–
2553; d) F. A. Kiani, M. Hofmann, J. Mol. Model. 2006, 12, 597–
609; e) F. A. Kiani, M. Hofmann, Organometallics 2006, 25, 485–
490; f) F. A. Kiani, M. Hofmann, Dalton Trans. 2006, 686–692.


[12] a) N. N. Greenwood, Chem. Soc. Rev. 1984, 13, 353–374; b) J. D.
Kennedy in Advances in Boron Chemistry (Ed.: W. Siebert), Royal
Society of Chemistry, Cambridge, 1997, pp. 451–462; c) J. Bould,
D. L. Ormsby, H.-J. Yao, C.-H. Hu, J. Sun, R.-S. Jin, S. L. Shea, W.
Clegg, T. Jelinek, N. P. Rath, M. Thornton-Pett, R. Greatrex, P.-J.
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A Heteroditopic Fluoroionophoric Platform for Constructing Fluorescent
Probes with Large Dynamic Ranges for Zinc Ions


Lu Zhang, Ronald J. Clark, and Lei Zhu*[a]


Introduction


Sensitive and specific fluorescent probes have provided
powerful means for helping unravel the biochemical roles of
many vital substances.[1,2] The chemical determinant of sensi-
tivity is the affinity of the binding moiety within a probe to
the target substance. A high-affinity binding site, however,
may be completely occupied at a relatively low target con-
centration, leading to fluorescence signal saturation. Conse-
quently, a highly sensitive probe has a relatively narrow dy-
namic range centered on its dissociation constant (Kd) for
the target substance,[3] rendering it ineffective in imaging
substances with a large spatiotemporal flux in live cells.
Real-time imaging of the zinc ion (Zn2+) in live cells[4]


represents a typical challenge. Zn2+ is involved in numerous
biochemical processes, many of which are of clinical impor-
tance.[5–8] However, the exact roles, either structural or func-
tional, of Zn2+ are not entirely understood, partly because
of the lack of means to determine spatiotemporal distribu-
tions of Zn2+ accurately in various physiological events.[9]


The intracellular free (or chelatable) Zn2+ concentration[10]


may vary from under 1nm in the resting states of most cell
types[11,12] to �300mm in the synaptic vesicles in the presy-
naptic bouton of a neuron.[13,14] The low basal concentration
and large dynamic range of physiological Zn2+ pose particu-
lar challenges to the development of physiological Zn2+


imaging technologies.
Throughout the past decade, many fluorescent Zn2+


probes with nanomolar or higher sensitivity have been de-
veloped for determining Zn2+ concentration in a physiologi-
cal context.[15–20] However, the fluorescent signals of highly
sensitive probes such as those in the zinquin[21–23] and
zinpyr[24–32] families become saturated when Zn2+ concentra-
tions are below 1mm. Single fluorescent probes that are ca-
pable of covering the nanomolar to millimolar dynamic
range of physiological Zn2+ are not available. Instead, com-
binations of probes with different affinities have been ap-
plied, with limited success, to cover large dynamic
ranges.[33–36] The probe combination methods may be labori-
ous and time-consuming, and lack accuracy, because a) par-
allel experiments using different probes are required, and
b) different probes may have different cellular uptake rates,
which impede quantitative analysis. Individual probes that
are effective over the entire dynamic range of interest will
be superior.
In this paper, we demonstrate a conceptually straightfor-


ward design for extending the dynamic range of fluorescent
probes for Zn2+ . Key to the design is the incorporation of
two binding sites with different affinities for Zn2+ into a


Abstract: A heteroditopic fluoroiono-
phoric platform has been designed for
constructing fluorescent probes for zinc
ions over large concentration ranges.
The responses of the prototype probes
3a and 3b to zinc ions were shown to
be consistent with our hypothesis, ac-
cording to which the modulation of
photoinduced electron transfer fol-
lowed by conformation rigidification or


enhanced internal charge transfer of a
ditopic ligand upon successive zinc co-
ordination affords a sensitive fluores-
cence enhancement in one wavelength


channel followed by an emission band
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probe molecule: the high-affinity site determines the sensi-
tivity of the probe; the low-affinity site extends the dynamic
range of the analysis. Non-, mono- and dicoordinated forms
of the designed heteroditopic fluoroionophoric platform[37]


offer three distinctive photophysical responses, which will
enable the effective analysis of Zn2+ over relatively broad
concentration ranges.
We took inspiration from reports of the application of di-


topic fluorescent molecules in a sensing context. One early
example, 1, that was synthesized by the group of de Silva,[38]


responds to pH changes over a wide range. At high pH
(>9) 1 is not fluorescent, because of the nonradiative photo-
induced electron transfer (PET) from the tertiary amino
group to the anthryl excited state. The fluorescence of 1 is
enhanced if the pH is low enough (�8) to protonate the ter-
tiary amino group, thereby terminating the PET process. If
the proton concentration is high (pH<5), the pyridyl group
is protonated, hence enabling PET from the anthryl excited
state to the pyridinium moiety.[39] Consequently the fluores-
cence is quenched. Compound 1 is able to respond to
proton gradients (for example, high, medium, and low) with
three different photophysical states. However, the optical
readouts of two states (pH high and low) are identical (fluo-
rescence “off”).
In another elegant example, BunzKs cruciform 2 shows


beautiful fluorescence modulation when interacting with
Zn2+ at different concentrations in dichloromethane.[40] In
the presence of Zn2+ , the coordination sites on the HOMO-
residing distyryl-N,N-dibutylaniline branch are occupied
first, resulting in a large hypsochromic shift of the fluores-
cence emission. With increasing concentration of Zn2+ , the
LUMO-residing pyridylene-ethynylene branch is also coor-
dinated, this results in a shift of the spectrum back to a
longer wavelength.[41,42] Although it is a photophysically
novel system, it was not designed for effective Zn2+ sensing,
because of the lack of Zn2+-binding ligand motifs.
We aim to engineer heteroditopic fluoroionophores ra-


tionally for Zn2+ imaging that have the following photo-
physical features (Figure 1): a) the probe molecule is not flu-
orescent (“off”) in the absence of Zn2+ ; b) in the presence
of Zn2+ at low concentrations, Zn2+ will bind to the high-af-
finity site to result in a sensitive concentration-dependent


fluorescence enhancement at a relatively short wavelength
defined as the “blue” channel; c) if the Zn2+ concentration
([Zn]t) is sufficiently high to bind to the low-affinity site, the
emission band will shift to a different wavelength defined as
the “red” channel. The intensity in the red channel is used
to quantify [Zn]t at the high end. The changes in the blue
and red channels determine the sensitivity and the dynamic
range of the analysis, respectively. The two-wavelength
channel (blue and red in Figure 1) strategy takes advantage
of a wide span of the visible spectrum to cover a broad con-
centration range with high sensitivity and resolution. To the
best of our knowledge, a fluorescence enhancement fol-
lowed by an emission band shift of a probe molecule in re-
sponse to an increase in the concentration of the target sub-
stance over a large concentration window has not been re-
ported in the literature.


Results and Discussion


Structural platform 3 (Figure 2) was designed to achieve the
coordination and photophysical objectives stipulated in
Figure 1. Incorporated into platform 3 are N,N-di(2-pyridyl-
methyl)amino (dipicolyl) and 2,2’-bipyridyl (bipy) as the pu-
tative high- and low-affinity sites, respectively. Two mono-
topic model ligands 4 and 5 were used for the determination
of affinities of Zn2+ for the respective binding motifs in 3 in
aqueous solution [10mm Hepes (4-(2-hydroxyethyl)pipera-
zine-ethylsulfonic acid), pH 7.0, 30% dimethyl sulfoxide
(DMSO)]. The association constant (Ka) of Zn


2+ with 4 is


Figure 1. A fluorescent probe with two zinc binding sites (rectangle:
high-affinity site; ellipse: low-affinity site). Three coordination states,
non-, mono-, and dicoordinated probes are translated into three fluores-
cence states: off, blue, and red, respectively. The first-step coordination
determines the sensitivity of Zn2+ detection; the second-step binding ex-
tends the dynamic range of the analysis. The color version of this figure
is available in the Supporting Information.
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4N105m
�1, twice that of Zn2+ with 5 (see the Figures S1 and


S2 in the Supporting Information).
In the absence of Zn2+ , 3 is designed to exhibit weak fluo-


rescence (Figure 2A) because PET from the tertiary amino
group is expected to quench the excited arylvinyl-bipy fluo-
rophore.[43] In the presence of Zn2+ at low concentration
(for example, less than 1 equiv), preferential coordination of
dipicolyl rather than bipy to Zn2+ occurs to stop PET, there-
by increasing the fluorescence quantum yield (FF) of 3 (Fig-
ure 2B).[43] Coordination with bipy to form [Zn2(3)]


4+ (Fig-
ure 2C) occurs at sufficiently high [Zn]t, where the bipy
moiety is planarized, and the internal-charge-transferred
(ICT)[44] character of the excited arylvinyl-bipy fluorophore
is enhanced to result in a bathochromic shift of the emission
band.[45]


The preferential binding of Zn2+ to the dipicolyl site is
supported by the crystal structure of the monozinc(II) com-
plex of the model ditopic compound 6 (Figure 3A). Selective
binding of Zn2+ to the dipicolyl moiety yields a distorted
trigonal-bipyramidal structure. In the unbound transoid bi-
pyridyl moiety the two pyridyl nitrogen atoms are anti to
each other.[46] The pyridyl rings are almost planar with a di-
hedral angle of 8.68, similar to that observed in the free
ligand 6 (8.28 ; Figure 3B).
Compounds 3a, 3b, 7, and 8 were prepared for this study:


3a and 3b conform to the structure 3 with Aro= thiophene
and benzene, respectively. In 7, however, the aryl and dipi-
colyl groups are on the opposite sides of bipy. Compound 8
represents the fluorophore of 3a, removed from the dipicol-
yl group. All of the compounds undergo trans–cis photoiso-
merization under ambient irradiation. Therefore, freshly


prepared solutions of trans compounds protected from am-
bient light were used for the spectroscopic studies. The iso-
merization occurring during a single scan is negligible.


Figure 2. Designed photophysical responses of a dipicolyl-arylvinyl-bipy
platform (3) upon coordinating one and two Zn2+ ions. Arrows on the
left of the structures represent excitation; Arrows on the right represent
emission at short B) and long C) wavelengths, respectively. Aro: aryl
group. A) The fluorescence quantum yield (FF) of 3 is low in the absence
of Zn2+ ; B) FF increases upon coordinating the first Zn


2+ ; C) the spec-
trum undergoes a bathochromic shift upon binding the second Zn2+ . The
color version of this figure is available in the Supporting Information.


Figure 3. ORTEP diagrams (50% probability ellipsoids) of
A) [Zn(6)Cl2]. Selected bond lengths [O] and bond angles [8]: Zn1�N4=


2.116(3), Zn1�N5=2.118(3), Zn1�Cl1=2.2739(8), Zn1�Cl2=2.2885(8),
Zn1�N3=2.309(2); N4-Zn1-N5=145.12(10), N4-Zn1-Cl1=98.16(7), N5-
Zn1-Cl1=99.46(7), N4-Zn1-Cl2=103.31(8), N5-Zn1-Cl2=97.01(7), Cl1-
Zn1-Cl2=113.21(3), N4-Zn1-N3=74.73(9), N5-Zn1-N3=74.45(9), Cl1-
Zn1-N3=148.31(7), Cl2-Zn1-N3=98.45(6). Dihedral angle [8] N1-C5-C7-
C8=8.65. B) Free ligand 6, dihedral angle [8]: N1-C5-C6-C7=8.23.
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For the rapid syntheses of 3a and 3b (Scheme 1), mono-
protection of 2,5-thiophenedicarboxyaldehyde (a) and ter-
ephthalaldehyde (b) afforded 10a and 10b, respectively. The
subsequent reductive amination and deprotection gave rise
to 12a and 12b, which underwent Horner–Wadworth–
Emmons reactions with phosphonate 9 to give 3a and 3b,
respectively.
The fluorimetric titration of 3a with Zn2+ in acetonitrile


(MeCN) reveals two distinct coordination processes, in con-
trast to that of 8 (see Figure S7, in the Supporting Informa-
tion), which lacks the dipicolyl group. FF increases from
0.03 for 3a alone to 0.07 in the presence of 1 equiv of Zn2+


(Figure 4A). A hypsochromic shift of 14 nm accompanies
the enhancement. As [Zn]t exceeds 1 equiv, the emission
band undergoes a bathochromic shift from l=418 to
496 nm (Figure 4B). This result is consistent with the hy-
pothesis (Figure 2) that a) increasing [Zn]t to 1 equiv enhan-
ces the fluorescence of 3a because PET ceases upon binding
of Zn2+ to dipicolyl; b) when [Zn]t exceeds 1 equiv, the
emission band undergoes a bathochromic shift, owing to pla-
narization and/or coordination-enhanced ICT of the fluoro-
phore upon Zn2+ binding at bipy.[45]


The hypsochromic emission shift of 3a upon coordinating
Zn2+ up to 1 equiv can be explained by analyzing the inter-
actions between the excited-state dipole and Zn2+ .[40, 42] The
positive fluorescence solvatochromism of 8 (Figure 5) sug-
gests that the thiophenevinyl-bipy fluorophore of 3a has a
charge-transferred excited state (Figure 6A). The electron
donor, dipicolyl, is adjacent to the positive end of the excit-
ed-state dipole of 3a (Figure 6B). The coordination of Zn2+


with dipicolyl creates a repulsive electrostatic interaction be-
tween the coordinated dipicolyl and the excited-state dipole
(Figure 6C), which destabilizes the excited state to result in
a hypsochromic shift of emission.
This explanation is supported by the photophysical behav-


iors of 7, for which the electron donor dipicolyl is bonded to


the negative end of the excited-
state dipole instead (Fig-
ure 6D). The coordination of
up to 1 equiv of Zn2+ to the di-
picolyl in 7 provides attractive
electrostatic interaction with
the excited-state dipole (Fig-
ure 6E), hence giving rise to a
bathochromic shift of the emis-
sion spectrum (Figure 7A). The
FF enhancement of 7 (Table 1)
upon coordinating up to 1 equiv
of Zn2+is smaller than that of
3a, suggesting that PET has low
efficiency in the free ligand of
7. The kinetic barrier for PET
arising from the repulsive elec-
trostatic interaction between
the electron donor and the ad-


jacent negative end of the excited-state dipole (Figure 6D)
may contribute to this low PET efficiency of 7.[47–49] The
comparative study of 3a and 7 provided guidance for posi-
tioning an electron donor in a probe molecule to achieve ef-
ficient PET.
The viability and generality of the design in Figure 2 are


demonstrated further by a photophysically improved system


Scheme 1. Syntheses of compounds 3a and 3b : a) ethylene glycol, TsOH (catalyst), benzene, Dean–Stark,
reflux, 4 h; b) di(2-picolyl)amine, NaBH ACHTUNGTRENNUNG(OAc)3, RT, 6 h; c) HCl/THF/H2O, RT, 14 h; d) NaH, dimethoxy-
ethane, 9, RT, 14 h.


Figure 4. Fluorescence spectra (lex=375 nm) of 3a (6mm) in MeCN
(TBAP: 5mm ; DIPEA: 6mm) with incremental addition of [ZnACHTUNGTRENNUNG(OTf)2] at,
A) less than 6mm and B) more than 6mm at 25 8C. Arrows indicate the di-
rection of spectral change with increasing [Zn]t.
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3b, where the extent of fluorescence enhancement upon ad-
dition of up to 1 equiv Zn2+ is much higher than that of 3a.
The design of 3b was based on a thermodynamic analysis of
PET. If the HOMO of the electron acceptor, which is the
excited fluorophore in this study, is close to the HOMO
level of the electron donor, the thermodynamic driving
force of PET (DG1) is small, hence reducing the PET effi-
ciency (Figure 8A). An electron-rich fluorophore, such as
that in 3a, which contains a thiophene ring, may give rise to
a high HOMO level, and therefore contribute to low PET
efficiency.
Based on the above thermodynamic analysis of PET in


our dipicolyl-arylvinyl-bipy system, the thiophene moiety
was replaced with the less electron-rich benzene ring to
afford 3b in order to increase the thermodynamic driving
force of PET (jDG2 j> jDG1 j ) by reducing the HOMO of
the fluorophore (Figure 8B).[50–52] As expected, the FF en-


hancement in the presence of 1 equiv of Zn2+ increased
from 2.3- to 18-fold (from 0.03 to 0.53; Table 1, Figure 9A).
A further increase in [Zn]t results in a bathochromic shift of
the emission band of 3b (from l=395 to 455 nm; Fig-
ure 9A). By combining the intensity data collected from the
two channels at l=395 and 455 nm, respectively (Fig-
ures 9B,C), a relatively large concentration range can be
covered by a single probe.
Probe 3b also undergoes stepwise coordination with Zn2+


in a neutral aqueous solution (10mm Hepes, pH 7.0, 20%
DMSO). Increasing [Zn]t results in a fluorescence enhance-
ment followed by a bathochromic shift of the emission band
(from l=410 to 440 nm; Figure 10A). Although 3b is a pro-
totype probe for demonstrating the coordination and photo-


Figure 5. Normalized emission spectra of 8 in solvents of different polari-
ty. From left to right: hexanes (dielectric constant e=2); EtOAc (e =6);
CH2Cl2 (e=9); MeCN (e=36); DMSO (e=47); MeOH (e =33).


Figure 6. A) Ground- and excited-state structures of the thiophene-vinyl-
bipy fluorophore; B) excited state of 3a (D=electron-donor moiety, dipi-
colyl); C) coordination at the donor site destabilizes the excited state of
3a, giving rise to a hypsochromic shift ; D) excited state of 7; E) coordina-
tion at the donor site stabilizes the excited state of 7, affording a batho-
chromic shift.


Figure 7. Fluorescence spectra of 7 (6.2mm, lex=375 nm) in MeCN
(TBAP: 5mm ; DIPEA: 6.2mm) upon addition of [Zn ACHTUNGTRENNUNG(OTf)2] (0–24mm) at
A) less than 1 equiv Zn2+ and B) more than 1 equiv Zn2+ at 25 8C.
Arrows indicate the direction of spectral change with increasing [Zn]t.


Table 1. Quantum yields (FF) of 3a–b, 7, and 8 and their respective Zn
II


complexes.[a]


3a
ACHTUNGTRENNUNG(2.8mm)


3b
ACHTUNGTRENNUNG(2.0mm)


7
ACHTUNGTRENNUNG(2.8mm)


8
ACHTUNGTRENNUNG(2.8mm)


+0 equiv Zn2+ 0.03 0.03 0.04 0.04
+1 equiv Zn2+ 0.07 0.53 0.06 0.11
+2 equiv Zn2+ 0.27 0.63 0.17 0.32


[a] Fluorescence quantum yields (FF) were determined in MeCN (with
1 equiv of DIPEA and 5mm TBAP) at 25 8C by using solutions of anthra-
cene (FF=0.27, ethanol), quinine sulfate (FF=0.546, 0.5m H2SO4), and
rhodamine 6G (FF=0.95, ethanol) as references (ref. [64]).
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physical principles established in this study, the response
range of 3b to Zn2+ total concentration in the aqueous solu-
tion was from <1mm to >1mm (Figure 10B and Fig-
ure 10C). However, the separation observed between the
two wavelength channels (30 nm) is smaller than in MeCN
(l=60 nm), creating overlap and hence reducing the resolu-
tion between the two channels. For instance, the increase in
fluorescence intensity in the blue channel (Figure 10B) at
the high-concentration end resulted from the overlap be-
tween the two emission bands. Systematic structural modifi-
cation of 3b is underway for the preparation of probes with
complete channel resolution (no overlap between the two
emission bands) under physiological conditions.
Although metal-ion selectivity was not a particular con-


sideration in the design of 3, the affinities of both coordina-
tion sites in 3, dipicolyl and bipy, to metal ions were deter-
mined separately in MeCN (Table 2) by using monotopic
model compounds 4 and 5. The association constant (Ka) of
4 with paramagnetic Cu2+ was determined by spectrophoto-
metric titration. The Ka values of 4 with metal ions were de-
termined by fluorimetric titrations, and those of 5 with
metal ions by spectrophotometric titrations at low concen-
tration of 5 (<2mm).
Both ligands show affinities to Zn2+ , Cd2+ , Pb2+ , and


Cu2+ as expected. The titration isotherms between 4 and
metal ions were fitted reasonably with a 1:1 binding equa-
tion (see the Supporting Information), consistently with re-
ports in the literature.[53] The 2,2’-bipyridyl motif is known
to form 2:1 or 3:1 complexes with transition metal ions.[54–57]


However, when the concentration of 5 was kept under 2mm,
1:1 binding[45,58] was observed for Zn2+ , Cu2+ , and Cd2+ , as
evidenced by Job plot analysis[59] and/or fitting with a 1:1
binding equation (see the Supporting Information). On the
other hand, Pb2+ may form polynuclear aggregates[60] with 5


as suggested by the Job plot analysis (see the Supporting In-
formation).
If the metal ion concentration is high during the titration


experiments in low-dielectric, organic solvents such as
MeCN, there is a propensity for the formation of polynuc-
lear complexes. For this reason we consider that the Ka


values determined in MeCN are semiquantitative. There-
fore, the conclusions we drew from the metal-ion titration
studies using 4 and 5 are that a) the 1:1 binding affinities
(Ka values) of 4 and 5 to Zn


2+ , Cd2+ , Cu2+ , and Pb2+ range
from 105 to 106m


�1, if ligand concentrations are kept at the


Figure 8. Modulating the thermodynamic driving forces of PET by using
fluorophores with different electron densities. A) The PET driving force
DG1 is small in 3a, which has an electron-rich fluorophore containing a
thiophene moiety; B) jDG2 j> jDG1 j when thiophene is replaced by the
less electron-rich benzene ring in 3b.


Figure 9. A) Fluorescence spectra (lex=357 nm) of 3b (2mm) in MeCN
(TBAP: 5mm ; DIPEA: 2mm) with incremental addition of [ZnACHTUNGTRENNUNG(ClO4)2] at
25 8C. The dotted arrow indicates the direction of fluorescence enhance-
ment as [Zn]t increases from 0 to 1.3 equiv. The solid arrows indicate the
direction of the bathochromic shift as [Zn]t increases beyond 1.3 equiv.
B) ,C) Fluorescence intensity observed at B) l =395 nm, the “blue” chan-
nel, and C) l =455 nm, the “red” channel.
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single-figure micromolar level; b) for a given metal ion, the
affinity of 4 is always greater than the affinity of 5 in MeCN,
consistent with our hypothesis.


The selectivities of 3b toward different metal ions were
also studied in aqueous solutions (10mm Hepes, pH 7.0,
20% DMSO). The fluorescence of 3b responds to Cd2+ and
Zn2+ similarly. Pb2+ promotes fluorescence enhancement at
low [Pb]t; however, the fluorescence is quenched as [Pb]t in-
creases further, when the bipy is probably coordinated. The
fluorescence of 3b does not change on addition of Mg2+ or
Ca2+ . The paramagnetic Cu2+ quenches the fluorescence of
3b, probably a result of electron transfer from the metal to
the excited fluorophore.[61,62]


Conclusion


1) A heteroditopic fluoroionophoric platform has been de-
signed rationally for constructing fluorescent probes for
Zn2+ over large dynamic ranges. The combined power of
modulation of PET and enhanced ICT upon coordination
was exploited to afford a convenient analytical strategy
where the probes responded to the presence of Zn2+


with fluorescence turn-on followed by emission band
shift as [Zn]t increased over a relatively broad range.


2) We have successfully prepared and demonstrated proto-
type Zn2+-targeting probes 3a and 3b. The stepwise co-
ordination of 3a and 3b with Zn2+ was supported by X-
ray crystallography using a model ditopic ligand 6.


3) Compounds 3a and 3b responded to the presence of
Zn2+ by fluorescence turn-on followed by emission band
shift as designed.


4) Detailed analysis of the kinetic and thermodynamic fac-
tors pertinent to the efficiency of the PET of the probes
in the absence of Zn2+ led to the successful rational
design of 3b.


Efforts are ongoing to construct new molecular systems
for addressing sensitivity, selectivity, aqueous compatibility,
and cellular uptake based on the coordination and photo-
physical principles established in this study.


Experimental Section


Materials and methods : Reagents and solvents were purchased from vari-
ous commercial sources and used without further purification unless oth-
erwise stated. Water used in titration experiments was deionized using
the Barnstead NANOpure Diamond water system. MeCN (OmniSolv,
EMD) and DMSO (ACS Reagent, >99.9%, Sigma–Aldrich) were used
directly in titration experiments without purification. All reactions were
carried out in oven- or flame-dried glassware in an inert Ar atmosphere.
Analytical thin-layer chromatography (TLC) was performed by using
pre-coated TLC plates with silica gel 60 F254 (EMD) or with aluminum
oxide 60 F254 neutral (EMD). Flash column chromatography was per-
formed by using 40–63 mm (230–400 mesh ASTM) silica gel (EMD) or
alumina (80–200 mesh, pH 9–10, EMD) as the stationary phases. THF
was dried by distilling from sodium/benzophenone in a continuous still
under Ar protection. 1H and 13C NMR spectra were recorded at 300 and
75 MHz, respectively, by means of a Varian Mercury spectrometer. All
chemical shifts were reported in d units relative to tetramethylsilane.
CDCl3 was treated with alumina gel before use. High-resolution mass
spectra were obtained at the Mass Spectrometry Laboratory at FSU: ESI


Figure 10. Fluorescence spectra of 3b (2.0mm, lex=352 nm) with [Zn-
ACHTUNGTRENNUNG(ClO4)2] (0–1035mm) in aqueous solution (20% DMSO, 10mm Hepes at
pH 7.0) at 25 8C. A) Titration spectra. Arrows indicate the direction of
spectral change with increasing [Zn]t ; B) fluorescence intensity at 396 nm
(blue channel) vs. [Zn]t (mm); C) fluorescence intensity at l =440 nm (red
channel) vs. [Zn]t (mm).


Table 2. 1:1 association constants Ka [m
�1] between 4 or 5 and metal ions


in MeCN.[a]


Zn2+ Cd2+ Pb2+ Cu2+


4 (2.0mm) 3.3N106[b] 2.4N106[b] 2.9N106[b] 1.0N106[c]


5 (1.4mm) 7.6N105[c] 1.7N106[c] n.d.[d] 5.5N105[c]


[a] Standard deviations of the measurements are shown in Table S1, Sup-
porting Information. [b] Ka determined by fluorimetric titration. [c] Ka


determined by spectrophotometric titration. [d] n.d.: not determined.
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spectra were obtained by means of a JEOL AccuTof spectrometer, and
EI spectra by using a JEOL JMS600H spectrometer. Spectrophotometric
and fluorimetric titrations were conducted by using a Varian Cary 100
Bio UV–visible spectrophotometer and a Varian Cary Eclipse fluores-
cence spectrophotometer, respectively.


Compound 9 : 5-Bromomethyl-5’-methyl-2,2’-bipyridyl[63] (0.28 mmol,
75 mg) was dissolved in triethyl phosphite (2 mL). The mixture was
heated at 125 8C for 4 h. Excess of triethyl phosphite was removed under
high vacuum in a fume hood. The crude product was analyzed by TLC
(silica, MeOH/CH2Cl2 0.2 mL/4 mL, Rf=0.35). Compound 9 was isolated
by silica chromatography using 0–4% MeOH in CH2Cl2 (93%).


1H NMR
(300 MHz, CDCl3): d=8.55 (s, 1H), 8.49 (s, 1H), 8.30 (d, J=8.4 Hz, 1H),
8.25 (d, J=7.8 Hz, 1H), 7.77 (dd, J=2.4, 8.4 Hz, 1H), 7.61 (dd, J=1.8,
8.4 Hz, 1H), 4.06 (m, 4H), 3.18 (d, J=21.6 Hz, 2H), 2.38 (s, 3H),
1.26 ppm (t, J=7.2 Hz, 6H).


Compound 10a : A round-bottomed flask charged with 2,5-thiophenedi-
carboxaldehyde (5.0 mmol, 701 mg) and ethylene glycol (5.0 mmol,
279 mL) in benzene (25 mL) was equipped with a Dean–Stark distilling
receiver (5.0 mL). A catalytic amount of toluenesulfonic acid (TsOH)
was added and the reaction mixture was stirred for 5 h under reflux. The
reaction mixture was cooled to room temperature, then the solvent was
removed and the residue was partitioned between CH2Cl2 and NaHCO3


(0.1m). The organic portion was separated and dried over Na2SO4 before
the solvent was removed under vacuum. The crude product was chroma-
tographed (silica, hexanes/CH2Cl2 1:1–1:9 v/v) to afford 10a (87%).
1H NMR (300 MHz, CDCl3): d =9.91 (s, 1H), 7.68 (d, J=3.6 Hz, 1H),
7.25 (d, J=3.6 Hz, 1H), 6.15 (s, 1H), 4.12 (m, 2H), 4.08 ppm (m, 2H);
13C NMR (75 MHz, CDCl3): d=183.35, 152.48, 143.94, 136.24, 126.82,
99.74, 65.54 ppm; HRMS (EI): m/z : calcd [M+]: 184.0194; found:
184.0192.


Compound 10b : This was prepared by mono-protection of terephthalal-
dehyde with ethylene glycol, by the procedure described above for the
preparation of 10a. Yield 67%; 1H NMR (300 MHz, CDCl3): d=10.04 (s,
1H), 7.90 (d, J=8.4 Hz, 2H), 7.65 (d, J=8.4 Hz, 2H), 5.88 (s, 1H), 4.16–
4.04 ppm (m, 4H).


Compound 11a : Di(2-picolyl)amine (128 mg, 1.07 mmol) was added
dropwise to an anhydrous 1,2-dichloroethane (4 mL) solution of 10a
(198 mg, 1.07 mmol). The mixture was stirred overnight before NaBH-
ACHTUNGTRENNUNG(OAc)3 (642 mg, 3.22 mmol) was added. The mixture was stirred for an-
other 2 h, then the solvent was removed under vacuum. The residue was
washed with basic brine (pH 11) and extracted with CH2Cl2 (3N25 mL).
The organic portions were dried over K2CO3, and then concentrated
under vacuum. Compound 11a (163 mg, yield 41%) was isolated by alu-
mina chromatography (CH2Cl2/EtOAc, 10:1–2:1 v/v); 1H NMR
(300 MHz, CDCl3): d =8.52 (d, J=4.8 Hz, 2H), 7.72–7.65 (m, 4H), 7.18–
7.14 (m, 2H), 7.01 (d, J=3.0 Hz, 1H), 6.86 (d, J=3.6 Hz, 1H), 6.05 (s,
1H), 4.19–4.00 (m, 4H), 3.85 ppm (s, 6H); 13C NMR (75 MHz, CDCl3):
d=159.67, 149.18, 144.55, 140.89, 136.78, 126.21, 125.62, 122.94, 122.26,
100.70, 65.42, 59.95, 53.48 ppm; HRMS (ESI): m/z : calcd [M+Na+]:
390.1252; found: 390.1250.


Compound 11b : Compound 11b was prepared by reductive amination
between 10b and di(2-picolyl)amine, by the procedure described above
for the preparation of 11a. Yield 82%; 1H NMR (300 MHz, CDCl3): d=


8.51 (d, J=4.2 Hz, 2H), 7.66 (t, J=7.8 Hz, 2H), 7.57 (d, J=7.8 Hz, 2H),
7.44 (s, 4H), 7.16–7.12 (m, 2H), 5.79 (s, 1H), 4.13–4.02 (m, 4H), 3.79 (s,
4H), 3.69 ppm (s, 2H); 13C NMR (75 MHz, CDCl3): d=159.27, 148.61,
139.77, 136.49, 136.02, 128.44, 126.19, 122.40, 121.61, 103.21, 64.88, 59.55,
57.83 ppm; HRMS (ESI): m/z : calcd [M+Na+]: 384.1688; found:
384.1695.


Compound 12a : Compound 11a (173 mg, 0.47 mmol) was dissolved in a
mixed solvent (14 mL) of 37% HCl/H2O/THF (1:6:7 by vol.). The solu-
tion was stirred overnight before being partitioned between basic brine
(pH 11) and CH2Cl2 (3N25 mL). The organic portions were dried over
K2CO3, then concentrated under vacuum. The residue was chromato-
graphed (alumina; CH2Cl2/EtOAc 10:1 to 2:1 v/v) to afford 12a (130 mg,
86%); 1H NMR (300 MHz, CDCl3): d =9.85 (s, 1H), 8.52 (d, J=4.2 Hz,
2H), 7.73–7.62 (m, 5H), 7.19–7.17 (m, 2H), 7.06 (d, J=3.6 Hz, 1H), 3.94
(s, 2H), 3.86 ppm (s, 4H); 13C NMR (75 MHz, CDCl3): d=183.22, 159.00,


155.79, 149.18, 143.06, 137.00, 126.71, 123.02, 122.53, 119.78, 60.01,
53.70 ppm; MS (ESI): m/z : calcd [M+Na+]: 346.1; found: 346.1.


Compound 12b : This was prepared by deprotecting 11b by the proce-
dure described above for the preparation of 12a. 1H NMR (300 MHz,
CDCl3): d=9.98 (s, 1H), 8.53 (d, J=4.2 Hz, 2H), 7.82 (d, J=6.6 Hz,
2H), 7.67 (t, J=7.8 Hz, 2H), 7.60–7.54 (m, 4H), 7.18–7.14 (m, 2H), 3.82
(s, 4H), 3.78 ppm (s, 2H); 13C NMR (75 MHz, CDCl3): d=191.97, 159.22,
149.11, 146.59, 136.56, 135.50, 129.86, 129.32, 122.92, 122.18, 60.17,
58.25 ppm; HRMS (ESI): m/z : calcd [M+Na+]: 340.1426; found:
340.1421.


Compound 3a : Note: The reaction flask was protected from ambient
light by aluminum foil; work-up and purification were carried out under
illumination of red light bulbs. NaH (60% in mineral oil, 26 mg,
0.66 mmol) was added to a solution of 12a (70 mg, 0.2 mmol) in anhy-
drous dimethoxyethane (0.5 mL) in the reaction flask. The suspension
was stirred for 8 min while the reaction mixture changed color to brown.
The flask was cooled in an ice bath (0 8C) and the solution of 9 (69 mg,
0.22 mmol) in anhydrous dimethoxyethane (0.5 mL) was added dropwise.
After the mixture had been stirred overnight, icy brine was added to
quench the reaction. The reaction mixture was partitioned between
CH2Cl2 and basic brine (pH 11). The organic layer was dried over
Na2SO4, then the solvent was removed under vacuum. The residue was
chromatographed on alumina gel with 10% EtOAc in CH2Cl2. The isolat-
ed product (66 mg, 60%) was precipitated from a CH2Cl2 solution by ad-
dition of hexanes to afford pure trans-3a (22 mg, 20%). 1H NMR
(300 MHz, CDCl3): d=8.71 (s, 1H), 8.54 (d, J=4.2 Hz, 2H), 8.51 (s, 1H),
8.34 (d, J=8.4 Hz, 2H), 8.29 (d, J=8.4 Hz, 1H), 7.91 (d, J=8.4 Hz, 1H),
7.73–7.62 (m, 5H,), 7.30 (d, J=16.2 Hz, 1H), 7.20–7.18 (m, 2H), 6.97–
6.88 (m, 3H), 3.89 (s, 6H), 2.41 ppm (s, 3H); 13C NMR (75 MHz, CDCl3):
d=159.7, 155.2, 153.6, 150.0, 149.3, 148.0, 143.5, 142.1, 137.7, 136.8, 133.4,
133.2, 127.9, 127.1, 126.9, 124.3, 124.0, 123.0, 122.3, 120.9, 120.7, 60.0,
53.6, 18.6 ppm; HRMS (ESI): m/z : calcd [M+Na+]: 512.1885; found:
512.1887.


Compound 3b : Compound 3b was prepared by Horner–Wadworth–
Emmons reaction between 12b and 9 by the same procedure as for 3a
above. The isolated product (49.6 mg, 73%) was precipitated from a
CH2Cl2 solution by addition of hexanes to afford pure trans-3b (31.8 mg,
49%). 1H NMR (300 MHz, CDCl3): d=8.74 (d, J=1.8 Hz, 1H), 8.55–
8.51 (m, 3H), 8.36 (d, J=8.4 Hz, 1H), 8.30 (d, J=8.4 Hz, 1H), 7.96 (dd,
J=2.4, 8.4 Hz, 1H), 7.72–7.59 (m, 5H), 7.52 (d, J=8.4 Hz, 2H), 7.44 (d,
J=8.4 Hz, 2H), 7.24–7.08 (m, 4H), 3.83 (s, 4H), 3.72 (s, 2H), 2.40 ppm
(s, 3H); 13C NMR (75 MHz, CDCl3): d=159.91, 155.27, 153.61, 149.85,
149.21, 148.19, 139.47, 137.59, 136.58, 135.87, 133.48, 132.94, 130.68,
129.51, 126.85, 124.70, 123.02, 122.15, 120.82, 120.73, 60.23, 58.46,
18.54 ppm; HRMS (ESI): m/z : calcd [M+Na+]: 506.2321; found:
506.2312.


Example of fluorescence titration procedure : An MeCN solution of 3a
(6.0mm), zinc trifuloromethanesulfonate [ZnACHTUNGTRENNUNG(OTf)2] (48.1mm), diisopropyl-
ethylamine (DIPEA) (6.0mm), and tetrabutylammonium perchlorate
(TBAP) (5.0mm) was titrated into a semi-micro quartz fluorimeter cuv-
ette (Starna


S


) containing an MeCN solution of 3a (840 mL, 6.0mm),
DIPEA (6.0mm), and TBAP (5.0mm) at 25 8C. The samples were excited
at l =375 nm and emission spectra were collected (Figure 4).


Crystal structure determination


Complex [Zn(6)Cl2]: Complex [Zn(6)Cl2] was prepared by mixing an
MeCN solution of ZnCl2 (0.1m, 0.2 mL) with a CH2Cl2 solution of 6
(0.02m, 1.0 mL). Solvent was removed on a rotary evaporator and the
crude product was washed with diethyl ether before being dried under
vacuum, then redissolved in MeCN to �0.02m. The solution was filtered
through a Pasteur pipette plugged with glass fiber. Crystals were grown
as large, colorless prisms by diffusing diethyl ether into the filtered
MeCN solution of [Zn(6)Cl2]. A crystal of [Zn(6)Cl2] was mounted on a
nylon loop and centered in the beam of 0.71073 D X-rays. They were in-
dexed and found to be monoclinic. Data set were taken out to about 288
2q. Frame data were obtained on a Bruker SMART APEX diffractome-
ter at T=153 K by using a detector distance of 5 cm. The number of
frames taken was 2400 with 20 second collection time followed by a final
50 frames to check on decomposition. The data sets had high redundancy
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and a data/parameter ratio of more than 10:1. The integration was per-
formed by using the SAINT program, which is part of the Bruker suite
of programs. An absorption correction was done by the SADABS pro-
gram and the space groups were determined by XPREP. The structure
was solved by direct methods and refined by SHELXTL. The non-hydro-
gen atoms were refined anisotropically and then the hydrogen atoms
were found by least-squares refinement with reasonable distances but
were assigned as a riding model. Crystal data for [Zn(6)Cl2]:
C24H23Cl2N5Zn, Mr=517.74; crystal size 0.28N0.12N0.11 mm


3; monoclin-
ic, P21n ; a=8.6815(7), b=12.4502(11), c=21.0071(18) O; b=92.608(2)8 ;
V=2268.2 O3; Z=4; 1calcd=1.516 gcm�3; m ACHTUNGTRENNUNG(MoKa)=1.341 mm


�1; l=


0.71073 nm; T=153(2) K; 2qmax=56.568 ; 30820 reflections collected;
5638 independent measured reflections; R1=0.0576, wR2=0.1323; residu-
al electron density 1.153 eO�3. CCDC 657192 contains the supplementary
crystallographic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.


Compound 6 : Crystals were grown as large, colorless needles by diffusing
diethyl ether into a MeCN solution of 6. The crystal was found to be tri-
clinic and was solved using the method described for [Zn(6)Cl2]. Crystal
data for 6 : C24H23N5, Mr=381.47; crystal size 0.60N0.25N0.12 mm


3; tri-
clinic, P1̄; a=6.2393(4), b=12.4910(8), c=13.5777(9) O; a=


103.9950(10), b =10.2550(10), g=95.5080(10)8 ; V=999.60(11) O3; Z=2;
1calcd=1.267 gcm�3 ; mACHTUNGTRENNUNG(MoKa)=0.078 mm


�1; l=0.71073 nm, T=153(2) K;
2qmax=56.588, 14109 reflections collected; 4956 independent measured
reflections; R1=0.0808, wR2=0.1628; residual electron density
0.306 eO�3. CCDC-657193 contains the supplementary crystallographic
data for this complex. These data can be obtained free of charge from
the Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.
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Theoretical Studies of Damage to 3’-Uridine Monophosphate Induced by
Electron Attachment
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Introduction


The attachment of low-energy electrons (LEEs) to DNA
has been addressed as a major cause of cellular damage.[1,2]


The lesion reactions involve sugar phosphate C3’�O(P) and
N1-glycosidic bond ruptures as well as loss of H atoms, the
mechanisms of which have been proposed through recent
experiments[3–17] and theoretical calculations.[18–33]


The mechanism of C3’�O(P) bond rupture (Scheme 1) in
neutral 5’-dTMP (dTMP =deoxythymidine monophosphate)
and 5’-dCMP (dCMP=deoxypcytidine monophosphate)
models of DNA was suggested by Simons and co-work-
ers[18–23] to proceed through the formation of a shape-reso-


nance state—the LEE is captured in a p* orbital of a DNA
base from which the rupture proceeds on the adiabatic sur-
face. This is consistent with recent experimental results by
Sanche and co-workers.[8] The sugar–phosphate–sugar


Abstract: Low-energy electrons (LEE)
are well known to induce nucleic acid
damage. However, the damage mecha-
nisms related to charge state and struc-
tural features remain to be explored in
detail. In the present work, we have in-
vestigated the N1-glycosidic and C3’�
O(P) bond ruptures of 3’-UMP
(UMP = uridine monophosphate) and
the protonated form 3’-UMPH with �1
and zero charge, respectively, based on
hybrid density functional theory (DFT)
B3 LYP together with the 6-31+G ACHTUNGTRENNUNG(d,p)
basis set. The glycosidic bond breakage
reactions of the 3’UMP and 3’UMPH
electron adducts are exothermic in
both cases, with barrier heights of 19–


20 kcal mol�1 upon inclusion of bulk
solvation. The effects of the charge
state on the phosphate group are mar-
ginal, but the C2’�OH group destabiliz-
es the transition structure of glycosidic
bond rupture of 3’-UMPH in the gas
phase by approximately 5.0 kcal mol�1.
This is in contrast with the C3’�O(P)
bond ruptures induced by LEE in
which the charge state on the phos-
phate influences the barrier heights
and reaction energies considerably. The


barrier towards C3’�O(P) bond dissoci-
ation in the 3’UMP electron adduct is
higher in the gas phase than the one
corresponding to glycosidic bond rup-
ture and is dramatically influenced by
the C2’�OH group and bulk salvation,
which decreases the barrier to 14.7 kcal
mol�1. For the C3’�O(P) bond rupture
of the 3’UMPH electron adduct, the re-
action is exothermic and the barrier is
even lower, 8.2 kcal mol�1, which is in
agreement with recent results for 3’-
dTMPH and 5’-dTMPH (dTMPH =de-
oxythymidine monophosphate). Both
the Mulliken atomic charges and un-
paired-spin distribution play significant
roles in the reactions.


Keywords: DNA damage · electron
attachment · nucleobases · strand
breakage · uridine


[a] Ass. Prof. R. b. Zhang, K. Zhang
School of Science and the Institute for Chemical Physics
Beijing Institute of Technology, Beijing 100081 (China)


[b] Ass. Prof. R. b. Zhang, Prof. L. A. Eriksson
Department of Natural Sciences and Crebro Life Science Center
Crebro University, 701 82 Crebro (Sweden)
E-mail : leif.eriksson@nat.oru.se


Supporting information for this article is available on the WWW
under http://www.chemeurj.org/ or from the author.


Scheme 1. The mechanism of C3’�O(P) bond rupture in neutral 5’-dTMP
and 5’-dCMP models of DNA.
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system was also studied by Sevilla and co-workers[24] in
which a dipole-bound LEE was attached to the model fol-
lowed by a change to a valence-bound state in the transition
structure. The barriers obtained for the sugar–phosphate
bond cleavage processes were approximately 10 kcal mol�1.
Gu and co-workers[25–29] also calculated the barrier height of
C3’�O(P) bond rupture by using a calibrated B3 LYP/
DZP ++ theory. In their calculations, the LEE was initially
attached to a p* orbital of a pyrimidine base and transferred
to the C3’�O(P) s bond at the transition state. Recent ex-
perimental findings by Konig et al.,[15] however, could not
reproduce the results from Gu and co-workersK calculations
and Sanche and co-workersK experiments, but showed that
the mechanism of C3’�O (P) bond rupture is caused by the
electrons that become attached directly to the phosphate
group. Even more recently, Kumar and Sevilla[33] predicted
the interaction of a LEE with 5’-dTMP at the B3 LYP/6–
31++ G** level. The adiabatic and vertical anionic surfaces
for C5’�O(P) bond rupture were calculated to have approxi-
mately the same barrier. Furthermore, the calculations sup-
ported the hypothesis of a transiently bound electron to a
virtual orbital, which is likely to be crucial for C5’�O(P)
bond rupture without significant molecular relaxation.


N1-glycosidic bond rupture (Scheme 1) of thymidine has
been the focus in recent research by Sanche and co-work-
ers[6] who showed that the LEE efficiently breaks the N-gly-
cosidic bond of thymidine. The barriers in pyrimidine nu-
cleosides (dT and dC) were estimated to be 17.6 and
20.4 kcal mol�1,[25] respectively, which are dramatically
higher than that of C3’�O(P) rupture. As a result, the C3’�
O(P) bond rupture was regarded as the main damage site,
leading to DNA strand break.


As discussed above, only LEE-induced DNA strand
breakage in neutral pyrimidines have been calculated as the
neutral species possess positive electron affinities and pyri-
midine bases can capture an excess electron to form a stable
anionic state. When a partially negative phosphate group
and the reduced nucleotide are present simultaneously in
DNA, electron transfer can occur and may also be influ-
enced by the local degree of hydration. As RNA has almost
the same chemical functional groups and structure as single-
stranded DNA, a rational deduction can be made that LEE
should also lead to RNA strand breakage. RNA carries a
C2’�OH group close to the 3’-phosphate, whose importance
has been recognized in RNA catalytic mechanisms.[34] How-
ever, the details of the LEE-damaged RNA are still not
clear, especially the effects of the C2’�OH group and the
charge state of the phosphate group on lesion formation,
which are still to be elucidated. Herein, we attempt to ad-
dress some of these issues. Two models, 3’-UMP (U) and the
protonated form 3’-UMPH (UH ; UMP= uridine monophos-
phate) and their electron adducts (CU and CUH) are studied
by theoretically assuming an adiabatic approximation (see
Scheme 1). We can further assume that the models should
have similar structures and properties as 3’-dTMP and its
neutral (protonated) species. Atomic labeling of the models
used in this work is given in Scheme 1.


Methodology


The geometries of 3’UMP, 3’UMPH, and their electron ad-
ducts were optimized at the hybrid density functional theory
level B3 LYP[35,36] in conjunction with the 6-31 +GACHTUNGTRENNUNG(d,p) basis
set. Frequency calculations were also performed to confirm
the correct nature of the stationary points and to extract the
zero-point vibrational effects (ZPE) and estimates of the
free energy at 298 K. For the glycosidic bond rupture pro-
cesses, the potential-energy surfaces (PES) were scanned
from the initial electron adducts by varying the N1�C1’ dis-
tance by using a step length of 0.1 N and optimizing the re-
maining coordinates. The same procedure was used to deter-
mine the PES of C3’�O(P) bond dissociation of the electron
adducts by scanning C3’�O(P) distance. The Mulliken
charges and unpaired spin densities were determined
throughout the dissociation processes. The structures at the
highest energy points along the scanned PESs were used as
the input for full transition-state optimizations, from which
intrinsic reaction coordinate calculations were performed to
verify that the TSs were connected to the correct reactants
and products. Bulk solvation effects were considered by
using the integral electron formalism of the polarized con-
tinuum model (IEF-PCM)[37] with a dielectric constant of
78.4. All calculations were carried out by using the Gaussi-
an 03 package.[38] To verify the trends, single-point calcula-
tions were also performed at the B3 LYP/DZP ++ level.


Results and Discussion


Structures of neutral and reduced 3’UMP and 3’UMPH : Ge-
ometries of the 3’UMP (U) and 3’UMPH (UH) electron ad-
ducts (labeled CU and CUH, respectively) were optimized at
the B3 LYP/6-31+ GACHTUNGTRENNUNG(d,p) level. The geometries of the corre-
sponding parent molecules U and UH were also optimized
at the same level of theory. Figure 1 illustrates the distances
between the atoms of interest in the initial complexes, the
transition structures, and the final structures in the bond-
breaking processes studied.


In U, the C5�C6, N1�C1’, and C3’�O(P) bond lengths are
1.355, 1.466, and 1.417 N, respectively. When an excess elec-
tron is added, the C5�C6 bond length is extended to
1.424 N, which is intermediate between C�C single- and
double-bond lengths. The C3’�O(P) distance is slightly elon-
gated, around 0.02 N, and the N1�C1’ distance is essentially
unchanged by the electron addition. O2’�H2’···O(P) hydro-
gen bonding is present with a distance of 1.934 N in U,
which is slightly extended compared with the distance of
2.106 N in CU. In addition, owing to the interaction of the
excess electron with uracil, the C6 site becomes pyramidal,
as seen through the angles C5-C6-N1 + C5-C6-H6 + H6-
C6-N1 =349.08. The O5’�H5’···C6 distance becomes 2.189 N,
which is characteristic of a s-type hydrogen bonding.


For UH, in which the phosphate group is neutralized by
two hydrogen atoms, the C5�C6, N1�C1’ bond lengths are
almost identical to those of U. The C3’�O(P) bond length,
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however, is increased by approximately 0.04 N. The O2’�
H2’···O(P) distance is elongated to 2.263 N, showing that the
basicity of O(P) is lowered. In CUH, the C5�C6 bond length
increases to 1.426 N, which is almost equal to the one in CU.
The bond lengths of N1�C1’ and C3’�O(P) in UH are larger
than those in CU by 0.01 N and 0.03 N, respectively. Interest-
ingly, O2’�H2’···O2 hydrogen bonding is observed in UH (as
opposed to CU), which implies that the basicity of O(P) is
lowered further and that of O2 is raised owing to electron
addition in UH. The pyramidal C6 site is also observed in
CUH.


The singly occupied molecular orbitals (SOMO) and
lowest unoccupied molecular orbitals (LUMO) of the radi-
cal systems are displayed in Figure 2. For CU and CUH, the


SOMOs are exclusively populated on the uracil base, which
results in the higher electronegativity on the base. Thus, the
strength and connectivity of the hydrogen bond involving
O2’�H2’ varies with the protonation state of the phosphate
group and the electron addition. In contrast, the shape of
the LUMOs of CU and CUH is significantly different as it is
not localized on the uracil base of CU, but on the phosphate
group of CUH.


During the glycosidic bond-breaking process, the C3’�
O(P) bond length remains unchanged compared with the in-
itial electron adduct. At the transition state (UTS-CN), the
pyramidality at the C6 site is reduced and the C5�C6 dis-
tance becomes 1.410 N. An OH···p interaction is formed
with the O5’�H5’ distances to C5 and C6 being 2.438 and


Figure 1. Selected geometrical parameters (B3 LYP/6-31 +G ACHTUNGTRENNUNG(d,p) level) of the stationary structures along the N1-glycosidic and C3’�O(P) bond rupture
reactions of a) CU and b) CUH.


www.chemeurj.org H 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 2850 – 28562852


L. A. Eriksson et al.



www.chemeurj.org





2.283 N, respectively. This is quite different from the results
by Gu and co-workers,[25] which show a close distance be-
tween O5’–H5’ and N1 in deoxythymine (dT) and deoxycy-
tosine (dC). At the same time, the O2’�H2’···O(P) hydrogen
bond is contracted to 1.958 N. The N1···C1’ distance is
1.949 N and the related imaginary frequency is 512i cm�1,
which describes the N1�C1’ bond breakage. For UHTS-CN
(see Figure 1 b), similar changes are also observed. The
N1···C1’ distance is 1.891 N and its corresponding imaginary
frequency is 521i cm�1. In addition, the O2’�H2’···O(P) hy-
drogen bonding is reformed with a distance of 2.203 N. For
the final products, the relative orientation of the two sepa-
rate fragments—uracil base and ribose + phosphate
group—change dramatically compared with the initial elec-
tron adducts and are connected through N1···H5’ hydrogen
bonds with distances of 1.831 N in UP-CN and 1.680 N in
UHP-CN. The O2’�H2’···O(P) distance is 1.944 N in UP-CN
and hence weakened, whereas in UHP-CN, a O2’···HO(P)
hydrogen bond is formed with a distance of 1.720 N.


The alternative competing process—C3’�O(P) bond rup-
ture—has been explored at the same level of theory. For the
UTS-CO state, the C5�C6 and N1�C1’ distances approach
the corresponding values found in U and the interaction be-
tween O5’H5’ and the uracil base disappears. The C3’···O(P)
distance is 2.156 N, which is considerably longer than the
value in UHTS-CO (1.692 N). The imaginary frequencies
345i cm�1 in UTS-CO and 818i cm�1 in UHTS-CO both cor-
respond to C3’�O(P) bond ruptures. The neighboring O2’�
H2’ starts forming hydrogen bonds with the leaving phos-
phate group in the transition states, with distances 1.664 N


in UTS-CO and 2.052 N in UHTS-CO. In the corresponding
products, H2’ displays a completely different behavior. In
UP-CO, H2’ is transferred without any barrier to O from
the phosphate group (see the Supporting Information), and
the H2’···O2’ distance is 1.745 N. In UHP-CO, on the other
hand, H2’ remains bound to O2’ and hydrogen bonds to
O(P) with a distance of 1.670 N are formed.


Energetic profiles of glycosidic and C3’�O(P) bond rup-
tures: Electron affinities : The electron affinities of 3’UMP
and 3’UMPH are presented in Table 1. In the gas phase, U


becomes unstable when it captures an excess electron, show-
ing that it is an endothermic process. The vertical and adia-
batic electron affinities (VEA and AEA) of U are �2.26
and �1.77 eV with ZPE correction, respectively. The verti-
cal detachment energy (VDE) is calculated to �0.69 eV,
showing that the adiabatic dianion is unstable in the gas
phase. They do, however, become positive under the influ-
ence of bulk solvation, indicating that the electron adduct is
stabilized in polar solution. UH, on the other hand, can cap-
ture an excess electron exothermically with the correspond-
ing gas phase VEA and AEA being positive (+0.14 eV and
+0.62 eV, respectively). The VDE is, as expected, also posi-
tive (+ 1.72 eV), indicating that the anion radical can be
stable in the gas phase. The values are comparable with
those for 3’-dTMPH (0.26 eV (VEA), 0.56 eV (AEA), and
1.53 eV (VDE)), which were obtained at the B3 LYP/DZP +


+ level,[25] and 5’-dTMPH (0.40 eV (AEA) and 0.97 eV
(VDE)), which were predicted at the B3 LYP/6–31++G-
ACHTUNGTRENNUNG(d,p) level.[33] Bulk solvation increases the above values of
CUH such that the VDE is 3.12 eV in aqueous solution,
which is comparable with the value of 3.04 eV found for of
CU under the same conditions. Thus the negative charge on
the phosphate group appears not to be a barrier to attach-
ment of an excess electron within the bulk solvation approx-
imation. The added electron is entirely localized on the
uracil base in CU (see Figure 2), which helps to stabilize the
negatively charged centers by the solvation.


N1-glycosidic bond rupture : The stabilities of N1-glycosidic
bonds in the electron adducts of 3’-UMP and 3’-UMPH are


Figure 2. SOMO and LUMO populations of CU (top row) and CUH
(bottom row).


Table 1. Vertical (VEA), adiabatic (AA) electron affinities, and vertical
(VDE)[a] detachment energies (eV) of 3’UMP and 3’UMPH in the gas
phase and bulk solvation (e =78.4).


VEA[b] AEA[c] VDE[b]


CU �1.77
�2.26 �1.88 �0.69


1.68[d] 2.06 3.04
CUH 0.71


0.14 0.62 (0.18)[e] 1.72
1.65[d] 2.09 3.12


[a] The definitions of VEA, AEA, and VDE are as in reference [39].
[b] No ZPE value included. [c] ZPE values are included. [d] In bulk sol-
vation. [e] The AEA value in reference [40].
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presented in Table 2 and Figure 3. The barrier heights of gly-
cosidic bond breakage in CU are 23.0 and 21.0 kcal mol�1


with ZPE correction. The current results are similar to the
values 18.9 kcal mol�1 for dT and 21.6 kcal mol�1 for dC,


which were reported by Gu et al.[25] in which the effects of a
negative charge on the phosphate was not considered. To
explore the role of the C2’-OH group, the mutant in which
C2’-OH is replaced by H in CU was also optimized. The bar-
rier height found is slightly reduced, yet it is still comparable
with the parent system. Including bulk solvation effects in
the parent system leads to a barrier of 19.1 kcal mol�1 in-
cluding ZPE correction. The corresponding activation free-
energy change at 298 K is 20.1 kcal mol�1. The reaction
energy is �17.5 and �21.9 kcal mol�1 with thermal correc-
tions at 298 K in the gas phase, which shows that the process
of glycosidic bond rupture in CU is exothermic.


The barrier heights to glycosidic bond breakage in CUH
are 25.9 and 23.6 kcal mol�1 when including ZPE correction,
which are higher than the corresponding ones in CU. Thermal
corrections at 298 K and bulk solvation can reduce the barri-
er by up to 3 kcal mol�1. When C2’�OH is replaced with H,
the barrier is estimated to be 20.6 kcal mol�1 (18.6 kcal mol�1


including ZPE correction). This is consistent with the value
of 18.9 kcal mol�1, which was reported for dT.[25] The reac-
tion energies are negative and similar to those of CU.


According to the above results, glycosidic bond rupture in
CU and CUH is exothermic with high associated transition
barriers in the gas phase and moderate ones in aqueous so-
lution. Protonation of the phosphate group increases the sta-
bility of the transition-state structures. The C2’�OH group is
found to destabilize the transition structures, especially that
of UHTS-CN. Bulk solvation can lower the barriers by as
much as 3 kcal mol�1.


C3’�O(P) rupture : An alternative form of damage to CU and
CUH is that of C3’�O(P) breakage, which leads to strand
break. For the process to occur in CU, a barrier height of
32.0 kcal mol�1 (29.6 kcal mol�1 with ZPE correction) must
be overcome in the gas phase. This is considerably higher
than what was found for glycosidic bond rupture. The reac-
tion energy is strongly positive. Strikingly, bulk solvation re-
duces the barrier height by up to 14.7 kcal mol�1 and leads
to an essentially thermoneutral reaction (reaction energy
1.0 kcal mol�1). With the replacement of C2’�OH by H, the
barrier is drastically increased up to 42.5 kcal mol�1 with
ZPE correction, which shows that C2’�OH contributes sig-
nificantly to the stabilization of the transition state. For this
system, we can conclude that glycosidic bond rupture is the
major pathway in the gas phase. Bulk solvation, however, in-
fluences the rate of C3’�O(P) bond breakage to become
faster than that of glycosidic bond rupture.


C3’�O(P) bond breakage in CUH has a barrier in the gas
phase of 10.7 kcal mol�1; 8.2 kcal mol�1 when including ZPE
correction. Thermal corrections at 298 K leads to a lowering
of the barrier to 6.8 kcal mol�1. Bulk solvation, however, is
unfavorable to the bond dissociation and results in a barrier
that is 2.1 kcal mol�1 higher than that in the gas phase. Nota-
bly, the reaction energy and corresponding free energy is
�28.7 kcal mol�1 and �31.4 kcal mol�1, respectively. Remov-
ing the possibility of O2’�H2’···O(P) hydrogen bonding con-
tributes to a reduction in the barrier by only 1 kcal mol�1.


Table 2. B3 LYP/6-31 +G ACHTUNGTRENNUNG(d,p) reaction energies and activation barriers
(in kcal mol�1) for the N1-glycosidic and C3’�O(P) bond-breakage reac-
tions.


Scission of N1�C1’ bond Scission of C3’�O(P) bond
DE� DE DE� DE


CU 23.0 (22.4)[d] �15.6 32.0 (44.9) 17.8
ACHTUNGTRENNUNG(23.8)[e]


ACHTUNGTRENNUNG(32.7)
ACHTUNGTRENNUNG(21.9)[f]


ACHTUNGTRENNUNG(17.9)
[a] 21.0 (20.4)[d] �17.5 29.6 (42.5) 15.3
[b] 19.1 �11.4 14.7 1.0
[c] 20.1 �21.9 28.7 13.4


CUH 25.9 (20.6)[d] �16.7 10.7 (9.5) �27.6
ACHTUNGTRENNUNG(26.5)[e]


ACHTUNGTRENNUNG(11.1)
ACHTUNGTRENNUNG(23.0)[f]


ACHTUNGTRENNUNG(13.1)
[a] 23.6 (18.6)[d] �17.8 8.2 (7.1) �28.7
[b] 20.0 �13.7 10.3 �24.2
[c] 23.0 �20.3 6.8 �31.4


[a] ZPE values included. [b] ZPE corrections and bulk solvation effects
included. [c] Free-energy barrier at T =298 K. [d] Values in parenthesis
corresponding to the systems with C2’-OH replaced by H atom. [e] The
values are obtained by B3 LYP/DZP ++ with no ZPE included. [f] In
bulk solvation, the values are obtained by B3 LYP/DZP ++ with no ZPE
included.


Figure 3. ZPE-corrected energy profiles (in kcal mol�1) corresponding to
the N1-glycosidic and C3’�O(P) bond breakage reactions in a) CU and b)
CUH, computed at the B3 LYP/6-31+G ACHTUNGTRENNUNG(d,p) level.
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Compared with the corresponding data for CU, it seems clear
that the protonation state of the phosphate group influences
the dynamic process and thermodynamic properties of the
C3’�O(P) breakage reaction.


The differences between CU and CUH can be attributed to
their respective transition structures (see Figure 2). C3’�
O(P) bond breakage of CUH is the most facile of all reac-
tions studied herein. The computed barrier height is in
agreement with the 7.06 (3’dTMPH) and 11.6 kcal mol�1


(5’dTMPH) reported by Gu et al.[25] and 11.6 kcal mol�1


(5’dTMPH) by Kumar and Sevilla.[33]


Changes in Mulliken charges and unpaired spin density
along the dissociation processes : To determine the electronic
properties along the bond-dissociation processes, the
changes of total Mulliken charges and unpaired spin density
in each separate fragment are estimated in the gas phase
through the relaxed PES scans. The resulting data for the
separate fragments are displayed in Figure 4.


For the initial reactants, the charges are mainly found on
the phosphate group of CU and on the uracil base of CUH. In
the process of glycosidic bond rupture in CU and CUH, the
charges on the uracil base increase drastically with increas-
ing C1’···N1 distance and are then transferred to the ribose
+ phosphate fragment after the transition states. In the
transition states, the smallest charges are found on the uracil
bases. The charges are completely localized on the ribose in
the final products. The changes in unpaired spin density on
the uracil base are very similar. Before the transition states,


the spin densities on the uracil bases are relatively constant,
which is then followed by a steep decrease close to the tran-
sition state. This change is in agreement with that of the
total negative charges on the base. Hence, both charge sepa-
ration and spin transfer within the two fragments are factors
contributing to the glycosidic bond rupture.


In the dissociation process of the C3’�O(P) bond of CU
and CUH, the negative charge on the phosphate group in-
creases steadily with increased C3’···O(P) distance. At the
transition states, the partial negative charges are transferred
to ribose from the phosphate in CU and from the uracil base
to ribose in CUH. In the final dissociation products, the total
charges are averaged out between the phosphate and the
uracil + ribose fragments of UP-CO, whereas it resides
mainly on the phosphate in UHP-CO. The unpaired spin
changes very little before the transition states. Near the
transition structures, they sharply increase, and then de-
crease with increased C3’···O(P) distance. Thus, charge and
spin transfer are also considered as important factors for
C3’�O(P) bond rupture.


Conclusions


In the present work, hybrid DFT methodology has been em-
ployed to investigate the N1-glycosidic and C3’�O(P) bond-
breakage processes induced by electron addition to 3’UMP
and the protonated 3’UMPH. Geometries, ZPE and thermal
corrections at T=298 K, Mulliken charges, unpaired spin


Figure 4. Mulliken charge populations (top row) and spin density surfaces (bottom row) along the N1-glycosidic (left side) and C3’�O(P) (right side)
bond-breakage reactions of CU (a) and CUH (b).
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densities, and reaction energies were obtained at the
B3 LYP/6-31 +GACHTUNGTRENNUNG(d,p) level in the gas phase. This was fol-
lowed by single-point calculations performed at the same
level in aqueous solution (e=78.4) by using the IEF-PCM
model.


The values of VEA, AEA of U, and VDE of CU are nega-
tive in the gas phase but become positive upon inclusion of
bulk solvation. CUH has positive VDE values already in the
gas phase, which shows that the electron adducts can be
stable in both media. Both glycosidic and C3’�O(P) bond-
dissociation processes are found to be feasible, but the pro-
tonation state of phosphate, the C2’�OH group, and bulk
solvation play significant, and different, roles in the two sys-
tems: First, the processes of glycosidic bond dissociation in
CU and CUH are exothermic with high barrier heights in the
gas phase. Bulk solvation reduces the barriers to around
20 kcal mol�1. The charge state on the phosphate does not
influence the barrier heights and reaction energies signifi-
cantly, whereas the presence of the C2’�OH group in ribose
raises the barriers compared with deoxyribose. This is espe-
cially striking in the case of the glycosidic bond dissociation
of CUH. Second, for C3’�O(P) bond dissociation in CU and
CUH, a high barrier is found for CU in the gas phase along
with a strongly endothermic overall process. Bulk solvation
reduces the barrier to 14.7 kcal mol�1 and the reaction
energy to 1.0 kcal mol�1. The C2’�OH group stabilizes the
transition structure of CU significantly, which slightly disfa-
vors the transition structure of CUH in gas phase. The proto-
nation state on phosphate is crucial to the C3’�O(P)-bond
dissociation and the reaction energy. The C3’�O(P) bond
rupture of CUH is the most facile of all the investigated reac-
tions, which is similar to the findings of Gu et al. on related
systems.[25,27]


Third, the changes in Mulliken charges and unpaired spin
distribution play major roles in the dissociation of the glyco-
sidic bond in both CU and CUH. In addition, unpaired spin
transfer favors C3’�O(P) bond dissociation in CU and CUH,
in particular in CUH.


Acknowledgements


The Swedish science research council (VR) and the National Science
Foundation of China (grant number 20643007) are gratefully acknowl-
edged for financial support. We also acknowledge generous grants of
computing time at the National supercomputing facilities in Linkçping
(NSC).


[1] Z. Cai, M. D. Sevilla, Top. Curr. Chem. 2004, 237, 103.
[2] C. von Sonntag, Free-Radical-Induced DNA Damage and Its


Repair, Springer, Berlin, 2006, p. 82, p. 213.
[3] J. A. LaVerne, S. M. Pimblott, Radiat. Res. 1995, 141, 208.
[4] B. Boudaiffa, P. Cloutier, D. Hunting, M. A. Huels, L. Sanche, Sci-


ence 2000, 287, 1658.
[5] M. A. Huels, B. Boudaiffa, P. Cloutier, D. Hunting, L. Sanche, J.


Am. Chem. Soc. 2003, 125, 4467.
[6] Y. Zheng, P. Cloutier, D. J. Hunting, J. R. Wagner, L. Sanche, J. Am.


Chem. Soc. 2004, 126, 1002.


[7] Y. Zheng, P. Cloutier, D. J. Hunting, L. Sanche, J. R. Wagner, J. Am.
Chem. Soc. 2005, 127, 16592.


[8] F. Martin, P. D. Burrow, Z. Cai, P. Cloutier, D. Hunting, L. Sanche,
Phys. Rev. Lett. 2004, 93, 068101.


[9] G. Hanel, S. Denifl, P. Scheier, M. Probst, B. Farizon, M. Farizon, E.
Illenberger, T. D. Mark, Phys. Rev. Lett. 2003, 90, 188104.


[10] H. Abdoul-Carime, S. Gohlke, E. Illenberger, Phys. Rev. Lett. 2004,
92, 168103.


[11] S. Denifl, S. PtasiÇska, M. Cingel, S. Matejcik, P. Scheier, T. D.
Mark, Chem. Phys. Lett. 2003, 377, 74.


[12] R. Abouaf, J. Pommier, H. Dunet, Int. J. Mass Spectrom. 2003, 226,
397.


[13] S. PtasiÇska, S. Denifl, P. Scheier, E. Illenberger, T. D. Mark, Angew.
Chem. 2005, 117, 7101; Angew. Chem. Int. Ed. 2005, 44, 6941.


[14] I. Bald, J. Kopyra, E. Illenberger, Angew. Chem. 2006, 118, 4969;
Angew. Chem. Int. Ed. 2006, 45, 4851.


[15] C. Konig, J. Kopyra, I. Bald, E. Illenberger, Phys. Rev. Lett. 2006,
97, 018 105.


[16] S. Denifl, S. PtasiÇska, M. Probst, J. Hrusak, P. Scheier, T. D. Mark,
J. Phys. Chem. A 2004, 108, 6562.


[17] S. PtasiÇska, S. Denifl, B. Mroz, M. Probst, V. Grill, E. Illenberger,
P. Scheier, T. D. Mark, J. Chem. Phys. 2005, 123, 124 302.


[18] R. Barrios, P. Skurski, J. Simons, J. Phys. Chem. B 2002, 106, 7991.
[19] J. Berdys, I. Anusiewicz, P. Skurski, J. Simons, J. Phys. Chem. A


2004, 108, 2999.
[20] J. Berdys, P. Skurski, J. Simons, J. Phys. Chem. B 2004, 108, 5800.
[21] I. Anusiewicz, J. Berdys, M. Sobczyk, P. Skurski, J. Simons, J. Phys.


Chem. A 2004, 108, 11381.
[22] J. Berdys, I. Anusiewicz, P. Skurski, J. Simons, J. Am. Chem. Soc.


2004, 126, 6441.
[23] J. Simons, Acc. Chem. Res. 2006, 39, 772.
[24] X. Li, M. D. Sevilla, L. Sanche, J. Am. Chem. Soc. 2003, 125, 13668.
[25] J. Gu, Y. Xie, H. F. Schaefer, J. Am. Chem. Soc. 2005, 127, 1053.
[26] X. Bao, J. Wang, J. Gu, J. Leszczynski, Proc. Natl. Acad. Sci. USA


2006, 103, 5658.
[27] J. Gu, J. Wang, J. Leszczynski, J. Am. Chem. Soc. 2006, 128, 9322.
[28] J. Gu, Y. Xie, H. F. Schaefer, J. Am. Chem. Soc. 2006, 128, 1250.
[29] J. Gu, Y. Xie, H. F. Schaefer, J. Phys. Chem. B 2006, 110, 19696.
[30] X. Li, M. D. Sevilla, L. Sanche, J. Phys. Chem. B 2004, 108, 19013.
[31] X. Li, M. D. Sevilla, Adv. Quantum Chem. 2007, 52, 59.
[32] X. Li, L. Sanche, M. D. Sevilla, Radiat. Res. 2006, 165, 721.
[33] A. Kumar, M. D. Sevilla, J. Phys. Chem. B 2007, 111, 5464.
[34] E. Westhof, Science 1999, 286, 61.
[35] A. D. Becke, J. Chem. Phys. 1993, 98, 5648.
[36] C. Lee, W. Yang, R. G. Parr, Phys. Rev. B 1988, 37, 785.
[37] J. Tomasi, M. Persico, Chem. Rev. 1994, 94, 2027.
[38] M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M.A.


Robb, J. R. Cheeseman, J.A. Montgomery Jr., T. Vreven, K. N.
Kudin, J. C. Burant, J. M. Millam, S. S. Iyengar, J. Tomasi, V.
Barone, B. Mennucci, M. Cossi, G. Scalmani, N. Rega, G. A. Peters-
son, H. Nakatsuji, M. Hada, M. Ehara, K. Toyota, R. Fukuda, J. Ha-
segawa, M. Ishida, T. Nakajima, Y. Honda, O. Kitao, H. Nakai, M.
Klene, X. Li, J. E. Knox, H. P. Hratchian, J. B. Cross, C. Adamo, J.
Jaramillo, R. Gomperts, R. E. Stratmann, O. Yazyev, A. J. Austin, R.
Cammi, C. Pomelli, J. W. Ochterski, P. Y. Ayala, K. Morokuma,
G. A. Voth, P. Salvador, J. J. Dannenberg, V. G. Zakrzewski, S. Dap-
prich, A. D. Daniels, M. C. Strain, O. Farkas, D. K. Malick, A. D.
Rabuck, K. Raghavachari, J. B. Foresman, J. V. Ortiz, Q. Cui, A. G.
Baboul, S. Clifford, J. Cioslowski, B. B. Stefanov, G. Liu, A. Liashen-
ko, P. Piskorz, I. Komaromi, R. L. Martin, D. J. Fox, T. Keith, M. A.
Al-Laham, C. Y. Peng, A. Nanayakkara, M. Challacombe, P. M. W.
Gill, B. Johnson, W. Chen, M. W. Wong, C. Gonzalez, J. A. Pople,
Gaussian 03, Revision B.04, Gaussian, Inc.: Pittsburgh, PA, 2003.


[39] J. C. Rienstra-Kiracofe, G. S. Tschumper, H. F. Schaefer, S. Nandi,
G. B. Ellison, Chem. Rev. 2002, 102, 231.


[40] S. D. Wetmore, R. J. Boyd, L. A. Eriksson, Chem. Phys. Lett. 2000,
322, 129.


Received: August 25, 2007
Published online: January 21, 2008


www.chemeurj.org H 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 2850 – 28562856


L. A. Eriksson et al.



http://dx.doi.org/10.2307/3579049

http://dx.doi.org/10.1021/ja029527x

http://dx.doi.org/10.1021/ja029527x

http://dx.doi.org/10.1021/ja0388562

http://dx.doi.org/10.1021/ja0388562

http://dx.doi.org/10.1021/ja054129q

http://dx.doi.org/10.1021/ja054129q

http://dx.doi.org/10.1103/PhysRevLett.93.068101

http://dx.doi.org/10.1103/PhysRevLett.90.188104

http://dx.doi.org/10.1103/PhysRevLett.92.168103

http://dx.doi.org/10.1103/PhysRevLett.92.168103

http://dx.doi.org/10.1016/S0009-2614(03)01096-0

http://dx.doi.org/10.1016/S1387-3806(03)00085-X

http://dx.doi.org/10.1016/S1387-3806(03)00085-X

http://dx.doi.org/10.1002/ange.200600303

http://dx.doi.org/10.1002/anie.200600303

http://dx.doi.org/10.1021/jp049394x

http://dx.doi.org/10.1021/jp013861i

http://dx.doi.org/10.1021/jp035957d

http://dx.doi.org/10.1021/jp035957d

http://dx.doi.org/10.1021/jp049728i

http://dx.doi.org/10.1021/jp047389n

http://dx.doi.org/10.1021/jp047389n

http://dx.doi.org/10.1021/ja049876m

http://dx.doi.org/10.1021/ja049876m

http://dx.doi.org/10.1021/ar0680769

http://dx.doi.org/10.1021/ja036509m

http://dx.doi.org/10.1021/ja0400990

http://dx.doi.org/10.1073/pnas.0510406103

http://dx.doi.org/10.1073/pnas.0510406103

http://dx.doi.org/10.1021/ja063309c

http://dx.doi.org/10.1021/ja055615g

http://dx.doi.org/10.1021/jp064852i

http://dx.doi.org/10.1021/jp046343r

http://dx.doi.org/10.1016/S0065-3276(06)52004-0

http://dx.doi.org/10.1667/RR3568.1

http://dx.doi.org/10.1021/jp070800x

http://dx.doi.org/10.1063/1.464913

http://dx.doi.org/10.1103/PhysRevB.37.785

http://dx.doi.org/10.1021/cr00031a013

http://dx.doi.org/10.1021/cr990044u

http://dx.doi.org/10.1016/S0009-2614(00)00391-2

http://dx.doi.org/10.1016/S0009-2614(00)00391-2

www.chemeurj.org






DOI: 10.1002/chem.200701854


Parking and Restarting a Molecular Shuttle In Situ


Nai-Chia Chen,[a] Chien-Chen Lai,[b] Yi-Hung Liu,[a] Shie-Ming Peng,[a] and
Sheng-Hsien Chiu*[a]


Introduction


Mechanically interlocked molecules attract a great deal of
attention because of their potential for application in meso-
scale devices and nanoscale molecular machinery.[1] Degen-
erate molecular shuttles,[2] in which macrocyclic units oscil-
late between symmetrical recognition sites, are commonly
used as substrates for probing the dynamic behavior of
these molecular machines in solution because rate data for
these systems can be obtained readily through the use of dy-
namic 1H NMR spectroscopy.[3] For molecular shuttles to ex-
hibit behavior more suitable for use in molecular machines,
it is necessary to prepare systems in which it is possible to
precisely control the molecular motion (e.g., the ability to
start and stop the shuttling process) and the location of the
macrocyclic components in relation to the dumbbell-shaped
component. Two methods have been reported previously for


controlling the migration of interlocked macrocycles be-
tween degenerate binding sites:[4] 1) by covalently attaching
a bulky group at the center of the thread component[5] and
2) by noncovalently dimerizing two molecular shuttles
through the addition of CuI ions.[6] However, neither of
these methods is suited to readily or reversibly controlling
the shuttling motion in situ because covalently attaching a
bulky group requires the formation and cleavage of a cova-
lent bond and noncovalently dimerizing two molecular shut-
tles necessitates the use of an ion-exchange column to
remove the complexed CuI ions and restart the shuttling
process.[7] Thus, to the best of our knowledge, rotaxane-
based systems that exhibit truly selective in situ parking and
restarting of the motion of interlocked macrocycles at de-
fined locations along dumbbell-shaped components have yet
to be achieved. Herein, we report an easy-to-synthesize mo-
lecular shuttle, which incorporates two ionic monopyridi-
nium stations and one 2,2’-bipyridine station on the shaft
of the dumbbell-shaped component and a bis-p-xylyl[26]-
crown-6 (BPX26C6)[8] unit as the macrocyclic component.
With this system, the BPX26C6 unit can be docked selec-
tively on either the central 2,2’-bipyridine or one of the two
terminal pyridinium stations, and subsequently, returned to
its shuttling molecular motion through the in situ addition
of simple reagents (acid/base or metal ion/metal-ion-com-
plexing ligand pairs).


Keywords: host–guest systems ·
molecular machines · molecular
shuttles · molecular switches ·
rotaxanes
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Results and Discussion


Previously, we reported that BPX26C6 is capable of forming
pseudorotaxane complexes with monopyridinium ions in so-
lution, which allows the one-pot synthesis of molecular ro-
taxanes.[8b] Thus, we proposed that a one-pot reaction of
BPX26C6, bulky pyridine derivative 1,[9] and dibromide 2[10]


would yield a [2]rotaxane in which the BPX26C6 unit could
shuttle between the two terminal monopyridinium stations
and pass over the 2,2’-bipyridine moiety with each transi-
tion. Indeed, we isolated [2]rotaxane 3·2PF6 (27% yield
after ion exchange and column chromatography) from the
reaction of 1 (120 mm), 2 (60 mm), and BPX26C6 (90 mm) in
CH3CN (Scheme 1).
The sharp and simple signals observed in the 1H NMR


spectrum (Figure 1a) recorded in CD3NO2 at 298 K for
3·2PF6, in addition to the significant broadening of the pyri-
dinium (Hc and Hd) and adjacent methylene (He) signals,
suggested that the BPX26C6 unit shuttles rapidly between
the two monopyridinium stations under these conditions.
After cooling the solution to 223 K, the corresponding par-
tial 1H NMR spectrum (Figure 1f) displays signals for all of
the protons and indicates asymmetry in the dumbbell-
shaped component (e.g., two signals appear at d=1.32 and
1.43 ppm for the two pairs of tert-butyl groups), which sug-
gests that under these conditions the BPX26C6 unit shuttles
between the two monopyridinium stations sufficiently slowly
on the 1H NMR spectroscopy timescale, such that one of the
monopyridinium stations is encircled by the macrocycle and


the other is not. At 260 K, the signal at d=7.72 ppm in Fig-
ure 1a began to split into two signals (Figure 1c) with a lim-
iting frequency difference (Dn) of 47.2 Hz (Figure 1f).
Therefore, the rate of shuttling (kc) of the macrocycle be-
tween the two monopyridinium stations, was 105 s�1, which
corresponds to a free energy of activation for the shuttling
process (DG�


c ) of 12.8 kcalmol
�1 at a coalescence tempera-


ture (Tc) of 260 K, as derived by using the Eyring equa-
tion.[11]


We obtained single crystals that were suitable for X-ray
crystallographic analysis by vapor diffusion of isopropyl
ether into a solution of 3·2PF6 in CH3CN. The solid-state
structure of 32+ (Figure 2) shows the interlocked nature of
the ion, with the BPX26C6 macrocycle encircling one of the
pyridinium stations.[12]


As BPX26C6 has a much stronger binding affinity to-
wards doubly protonated 2,2’-bipyridinium ions than to-
wards monopyridinium ions in CD3NO2,


[13] we believed that
the addition of a suitable amount of acid would enable us to
park the macrocyclic unit on the 2,2’-bipyridinium station in
the center of the dumbbell-shaped component (Figure 3).
Thus, when we added trifluoroacetic acid (TFA; 2 equiv) to
a solution of 3·2PF6 in CD3NO2, analysis of the


1H NMR
spectrum revealed sharp signals for the pyridinium moieties
and their adjacent methylene groups (Figure 4b). In compar-
ison with the spectrum of the protonated free dumbbell-
shaped component (4H2


4+ ; Figure 4d), the signals of the
2,2’-bipyridinium aromatic protons (Hf and Hg) of the
doubly protonated molecular shuttle (3H2


4+) were signifi-
cantly shifted upfield, but the
signals of the monopyridinium
protons were relatively un-
changed, which suggested that
the macrocyclic unit BPX26C6
did indeed preferentially encir-
cle the protonated 2,2’-bipyridi-
nium station in the center of
the [2]rotaxane. Subsequent ad-
dition of Et3N (2 equiv) to this
mixture gave a 1H NMR spec-
trum (Figure 4c) that was simi-
lar to that of the original solu-
tion of 3·2PF6 (Figure 4a),
which implied that dynamic
movement of the BPX26C6
unit between the two terminal
monopyridinium stations had
been restored. Thus, [2]ro-
taxane 3·2PF6 behaves as an
acid/base-controlled molecular
shuttle in solution;[14] the inter-
locked BPX26C6 macrocycle
can be parked selectively at the
central 2,2’-bipyridinium station
on the dumbbell-shaped com-
ponent (in 3H2


4+ obtained by
the addition of TFA) or it canScheme 1. The synthesis of 3·2PF6.
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move freely and reversibly between the two terminal mo-
nopyridinium stations (in the deprotonated form (32+) ob-
tained by the addition of Et3N).
As a result of the small size of BPX26C6, we believed


that the coordination of a suitable metal ion (and, more im-
portantly, its associated ligands) to the central 2,2’-bipyri-
dine station would stop the shuttling of the macrocycle by
forcing it to reside at one of the terminal monopyridinium
stations (Figure 3). The addition of ZnACHTUNGTRENNUNG(OAc)2 to a solution
of 3·2PF6 in CD3NO2 caused dramatic changes to the
1H NMR spectrum, which now displays sets of signals for


each of the two monopyridinium moieties and their adjacent
methylene protons (Figure 5b).[15] The signals at d=5.15 and
6.08 ppm for the respective pairs of He protons suggest that
the dumbbell-shaped component exhibits the asymmetry as-
sociated with the BPX26C6 unit selectively encircling just
one of the monopyridinium stations, that is, the shuttling
process slows considerably after the addition of ZnACHTUNGTRENNUNG(OAc)2.
To remove the coordinated metal ion from the 2,2’-bipyri-
dine unit, we added tetrapyridineethylenediamine
(TPEN),[16] which strongly binds Zn2+ ions, to the solution.
The resulting 1H NMR spectrum (Figure 5c) is similar to
that of 3·2PF6 (Figure 5a), which suggests that the Zn


2+ ion
is no longer chelated to the dumbbell-shaped component


Figure 1. Partial 1H NMR spectra (400 MHz, CD3NO2) of 3·2PF6 record-
ed at a) 298, b) 273, c) 260, d) 258, e) 243, and f) 223 K.


Figure 2. Ball-and-stick representation of the solid-state structure of
[3]2+ .


Figure 3. Cartoon representation of the selective docking of the macrocy-
clic component at different stations along the dumbbell-shaped compo-
nent of 3·2PF6.


Figure 4. Partial 1H NMR spectra (400 MHz, CD3NO2, 298 K) of
a) 3·2PF6, b) 3·2PF6+TFA (2 equiv), c) solution b) after addition of Et3N
(2 equiv), and d) free dumbbell-shaped component 4·2PF6+TFA (1:2).
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and that the initial molecular shuttling motion is restored.
Thus, the sequential addition of ZnACHTUNGTRENNUNG(OAc)2 and TPEN to a
solution of 3·2PF6 in CD3NO2 leads to a reversible process
of initial selective docking of the macrocyclic unit onto one
of the terminal monopyridinium stations of the dumbbell-
shaped component and subsequent regeneration of the orig-
inal shuttling motion between the two monopyridinium sta-
tions.[17]


Conclusion


We have demonstrated that the macrocyclic component of
3·2PF6 can be parked selectively at either the central 2,2’-bi-
pyridinium station or one of the two terminal monopyridini-
um stations by the addition of TFA or ZnACHTUNGTRENNUNG(OAc)2, respec-
tively. The original shuttling state was then recovered by the
addition of a complementary reagent (Et3N or TPEN, re-
spectively), thus 3·2PF6 mimics the behavior of a molecular
machine in which the reversible molecular motion can be
stopped and restarted at will. These three discrete and iden-
tifiable states of 3·2PF6 suggest that it has the potential for
applications as a molecular switch, a molecular logic gate, or
a molecular sensor, each of which is currently under investi-
gation in our laboratory.


Experimental Section


General : All glassware, stirrer bars, syringes, and needles were either
oven- or flame-dried prior to use. All reagents, unless otherwise indicat-
ed, were obtained from commercial sources. Anhydrous CH2Cl2 and
MeCN were prepared by distillation over CaH2 under N2. Reactions
were conducted under either N2 or Ar. Thin-layer chromatography
(TLC) was performed by using Merck 0.25 mm silica gel (Merck Art.
5715). Column chromatography was performed by using Kieselgel 60
(Merck, 70–230 mesh). Melting points were determined by using a Fargo
MP-2D melting point apparatus. For the 1H NMR spectroscopic analyses,
the deuterated solvent was used as the lock and an internal standard was
provided by either the solventLs residual protons or TMS. Chemical shifts
are reported in parts per million (ppm). Multiplicities are given as s (sin-
glet), d (doublet), t (triplet), q (quartet), and m (multiple).


X-Ray crystallographic analysis : CCDC 665821 (3·2PF6) contains the
supplementary crystallographic data for this paper. These data can be ob-
tained free of charge from The Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data_request/cif.


[2]Rotaxane 3·2PF6 : A mixture of 3,5-di-tert-butylbenzyl bromide
(169 mg, 0.6 mmol), 5,5’-bis(bromomethyl)-2,2’-bipyridine (101 mg,
0.3 mmol), and BPX26C6 (186 mg, 0.45 mmol) in CH3CN (0.5 mL) was
stirred for 3 d at ambient temperature. After the solvent had been re-
moved under reduced pressure, the residue was washed with diethyl
ether ACHTUNGTRENNUNG(5 mL), suspended in MeCN (2 mL), and then filtered. The solid
was collected for further isolation of dumbbell 4·2PF6 (see below). Satu-
rated aqueous NH4PF6 (10 mL) was added to the filtrate and the organic
solvent was evaporated under reduced pressure. The precipitate was col-
lected, washed with H2O (20 mL), and purified by column chromatogra-
phy (SiO2; CH2Cl2/MeOH, 98:2) to afford 3·2PF6 as a white solid
(113 mg, 27%). As a result of shuttling of the macrocycle, the signals of
the pyridinium and adjacent methylene protons were broadened severly.
M.p. >235 8C decomp; 1H NMR (400 MHz, CD3CN, 298 K): d=1.43 (s,
36H), 3.66–3.80 (m, 16H), 4.10 (s, 8H), 6.52 (s, 8H), 7.65 (s, 4H), 7.75 (t,
J=1.2 Hz, 2H), 8.00 (d, J=8 Hz, 2H), 8.58 (d, J=8 Hz, 2H), 8.80 ppm
(s, 2H); 13C NMR (100 MHz, CD3CN, 298 K): d=31.4, 35.7, 60.8, 70.5,
71.3, 73.3, 121.6, 122.7, 125.9, 126.7, 127.7, 128.2, 130.1, 133.4, 136.9,
138.8, 143.9, 150.0, 152.3, 155.3 ppm; HRMS (ESI): m/z : calcd for
[3·PF6]


+ : 1277.6653; found: 1277.6767; m/z : calcd for [3]2+ : 566.3503;
found: 566.3518.


4·2PF6 : The precipitate that was collected from the filtration process de-
scribed above was dissolved in MeOH (2 mL) and then saturated aque-
ous NH4PF6 (10 mL) was added. After the organic solvent had been re-
moved under reduced pressure, the precipitate was collected and washed
with H2O (20 mL) to yield 4·2PF6 as a pink solid (56 mg, 19%). M.p.
>175 8C decomp; 1H NMR (400 MHz, CD3CN): d =1.38 (s, 36H), 5.78 (s,
4H), 7.70 (d, J=2 Hz, 4H), 7.76 (t, J=2 Hz, 2H), 7.96 (dd, J=8, 2 Hz,
2H), 8.32 (d, J=7 Hz, 4H), 8.50 (d, J=8 Hz, 2H), 8.75 (d, J=8 Hz, 4H),
8.77 ppm (d, J=2 Hz, 2H); 13C NMR (100 MHz, CD3CN): d=31.3, 35.7,
61.4, 121.5, 122.8, 125.9, 127.1, 130.0, 133.5, 138.0, 144.2, 149.7, 152.7,
156.0, 157.9 ppm; HRMS (ESI): m/z : calcd for [4·PF6]


+ : 861.4454; found:
861.4384; m/z : calcd for [4]2+ : 358.2404; found: 358.2335.
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responds to a DG�


c value of 13.0 kcalmol
�1 and is quite close to the


value we obtained by using proton Hb as the probe.
[12] Crystal data for 3·H2O·2PF6: [C74H94O7N4] ACHTUNGTRENNUNG[PF6]2; Mr=1441.47; tri-


clinic; space group P1̄; a=12.1307(2), b=12.8642(1), c=


27.3374(4) R; V=3867.49(9) R3; 1calcd=1.238 gcm�3 ; m ACHTUNGTRENNUNG(MoKa)=
0.137 mm�1; T=295(2) K; colorless prisms; 13556 independent mea-
sured reflections; F2 refinement; R1=0.0988, wR2=0.2862.


[13] The association constant, Ka, for the complexation of BPX26C6 to
4-methylpyridinium hexafluorophosphate in CD3NO2 was deter-
mined to be (17�5)m�1 from the results of an NMR spectroscopy
dilution experiment. Previously, we reported a Ka value of (130�
15)m�1 for the complexation between BPX26C6 and 2,2’-bipyridini-
um bis(hexafluorophosphate) in the same solvent; see: N.-C. Chen,
P.-Y. Huang, C.-C. Lai, Y.-H. Liu, S.-M. Peng, S.-H. Chiu, Chem.
Commun. 2007, 4122–4124.


[14] Several nondegenerate [2]rotaxanes that behave as acid/base-con-
trolled molecular switches are known; see: a) J. W. Lee, K. Kim, K.
Kim, Chem. Commun. 2001, 1042–1043; b) A. M. Elizarov, S.-H.
Chiu, J. F. Stoddart, J. Org. Chem. 2002, 67, 9175–9181; c) J. D.
Badjic, C. M. Ronconi, J. F. Stoddart, V. Balzani, S. Silvi, A. Credi,
J. Am. Chem. Soc. 2006, 128, 1489–1499.


[15] The addition of Zn ACHTUNGTRENNUNG(OAc)2 (0.5 equiv) to a solution of 3·2PF6 in
CD3NO2 gave a 1:1 mixture of free and [Zn]


2+-complexed 3·2PF6,
based on analysis of the 1H NMR spectrum, which suggests that
3·2PF6 does not dimerize under these conditions.


[16] For details of the binding of Zn2+ ions by TPEN, see: a) E. Kawaba-
ta, K. Kikuchi, Y. Urano, H. Kojima, A. Odani, T. Nagano, J. Am.
Chem. Soc. 2005, 127, 818–819; b) C. A. Blindauer, M. T. Razi, S.
Parsons, P. J. Sadler, Polyhedron 2006, 25, 513–520.


[17] The use of metal coordination to block the passage of the macrocy-
cle in a rotaxane has been reported previously; see: D. A. Leigh,
P. J. Lusby, A. M. Z. Slawin, D. B. Walker, Angew. Chem. 2005, 117,
4633–4640; Angew. Chem. Int. Ed. 2005, 44, 4557–4564.
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Introduction


Since MCM-41 type periodic mesoporous silica was first in-
troduced in 1992 using a lyotropic surfactant templating
route,[1] a considerable amount of work has been conducted
in exploring functional hybrid materials based on this new
type of silica, which host organic or biological guests in hex-
agonal-patterned void frameworks.[2] In recent years, period-
ic mesoporous organosilica (PMO) was discovered and has
attracted increasing attention.[3] In general, this innovative
class of hybrid materials are synthesized from hydrolysis
and co-condensation of bridged silsesquioxanes (RO)3Si-R’-
Si(OR)3 and tetraethyl orthosilicate (TEOS) by using a sur-
factant-mediated self-assembly method.


[4] A huge diversity
of cationic, anionic, and nonionic surfactants has been em-
ployed to afford different two-dimensional and three-dimen-
sional structures including hexagonal and cagelike cubic
structures[5] with uniformly distributed functionality in the
silica framework, while retaining structural rigidity and well-
ordered mesopores.[6] PMOs exhibit distinct properties over
conventional mesoporous silica and other hybrid materials,
such as enhanced flexibility, “crystalline” pore walls,[7] tuna-


Abstract: The synthesis and characteri-
zation of novel electroactive periodic
mesoporous organosilica (PMO) are
reported. The silsesquioxane precursor,
N,N’-bis ACHTUNGTRENNUNG(4’-(3-triethoxysilylpropylurei-
do)phenyl)-1,4-quinonene-diimine
(TSUPQD), was prepared from the
emeraldine base of amino-capped ani-
line trimer (EBAT) using a one-step
coupling reaction and was used as an
organic silicon source in the co-conden-
sation with tetraethyl orthosilicate
(TEOS) in proper ratios. By means of
a hydrothermal sol–gel approach with
the cationic surfactant cetyltrimethyl-
ammonium bromide (CTAB) as the


structure-directing template and ace-
tone as the co-solvent for the dissolu-
tion of TSUPQD, a series of novel
MCM-41 type siliceous materials
(TSU-PMOs) were successfully pre-
pared under mild alkaline conditions.
The resultant mesoporous organosilica
were characterized by Fourier trans-
form infrared (FT-IR) spectroscopy,
thermogravimetry, X-ray diffraction,


nitrogen sorption, and transmission
electron microscopy (TEM) and
showed that this series of TSU-PMOs
exhibited hexagonally patterned meso-
structures with pore diameters of 2.1–
2.8 nm. Although the structural regu-
larity and pore parameters gradually
deteriorated with increasing loading of
organic bridges, the electrochemical
behavior of TSU-PMOs monitored by
cyclic voltammetry demonstrated
greater electroactivities for samples
with higher concentration of the incor-
porated TSU units.
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ble hydrophilicity/hydropho-
bicity,[8] magnetic,[9] and opti-
cal[10] properties.
The integrated organic


bridges in PMOs are mainly
limited to short aliphatic, aro-
matic, or organometallic build-
ing units,[3,12a–d] which are more
favorable in balancing the ki-
netics and interfacial thermo-
dynamics than larger organic
groups during the process of
organosilica formation.[11] This
limitation strictly hinders
PMOs from a broader range of
applications.[12] To expand the
diversity of PMOs for different
applications, new bridging
groups need to be introduced
into the silica framework while
retaining the desired physical
properties of siliceous materi-
als. For example, in electroca-
talytic applications, multi-func-
tionality, as well as deliberate
disorders, are essential to pro-
vide facile and rapid heteroge-
neous catalysis for small mole-
cules.[13] For the purpose of
making sensor devices, a combination of high surface area
and electronic conductivity is required for enhanced electric
response.[14] However, only a few successful studies on syn-
thesizing novel PMOs with large bridging groups and multi-
functionality have been reported.[15] Kuroki et al. synthe-
sized a 1,3,5-benzene PMO showing unique thermal trans-
formations.[16] Liu et al. incorporated thioether groups into
the MCM-41 silica framework and obtained increased hy-
drothermal stability and large adsorption ability towards
Hg2+ and phenol.[17] Grudzien et al. synthesized the bifunc-
tional PMOs with a combination of “flexible” ethane and
“bulky” isocyanurate bridging groups.[18]


In preparing electroactive hybrid materials, electrochemi-
cally active guests such as polyoxometalate,[19] ferrocenyl[20]


groups, and enzyme glucose oxidase[21] have been grafted
into the mesoporous silica matrix. Comparatively, electroac-
tive PMOs made by co-condensation have advantages over
these post-synthetically functionalized materials in that the
electroactive organic moieties are homogeneously distribut-
ed in the inorganic matrix without severely occupying the
inner void space.[6] Herein, we report the successful synthe-
sis of a series of novel electroactive periodic mesoporous or-
ganosilica with amino-capped aniline trimer units as bridges.
Aniline trimer was chosen because it exhibits similar intrin-
sic physical properties and electroactive behavior to polyani-
line[22] due to the same oxidation and protonic doping mech-
anisms (Scheme 1). The silsesquioxane compound N,N’-bis-
ACHTUNGTRENNUNG(4’-(3-triethoxysilylpropylureido)phenyl)-1,4-quinonene-di-


imine (TSUPQD) was synthesized from the emeraldine base
of an aniline trimer[23] and was used as the precursor which
underwent hydrolysis and co-condensation with TEOS in a
cetyltrimethylammonium bromide (CTAB) templating hy-
drothermal sol-gel method using acetone as the co-solvent.
Removal of CATB surfactants from the hexagonally or-
dered oligoaniline-containing silica afforded the novel elec-
troactive periodic mesoporous organosilica (TSU-PMOs)
which had high surface areas and contained uniformly dis-
tributed electroactive units inside the pores. Possessing both
incorporated tunable electroactivity and surface charges,
TSU-PMOs can be potential candidates as switchable host-
guest systems for delivering bioactive molecules, such as
drug molecules, proteins, and DNA. They are also promising
as future electrocatalysts and biosensor electrodes with en-
hanced performance.


Results and Discussion


As illustrated in Scheme 1, an emeraldine-base aniline
trimer was allowed to react with triethoxysilylpropyl isocya-
nate (TESPIC) to give the electroactive silsesquioxane pre-
cursor TSUPQD, which was then incorporated into the
silica matrix using hydrolysis and co-condensation with
TEOS with CTAB as the structure template. To successfully
assemble organosilica into a periodic mesophase, appropri-
ate template-precursor interfacial energy must be employed.


Scheme 1. Synthesis of electroactive TSU-PMO.
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Favorable interfacial energy such as hydrophilic–hydropho-
bic interactions and electrostatic forces can help the PMO
formation, even with sterically hindered organic bridges. Hy-
drophilic–hydrophobic interactions are crucial in controlling
the formation of micelles while charge matching (S+ I�) be-
tween the surfactant head group and the silanolate (Si–O�)
effects the molecular structure. Factors in tuning the tem-
plate-precursor interfacial energy include temperature, con-
centration, pH value, co-surfactant, co-solvent, and incorpo-
ration of organic additives.[25] In our synthesis of TSU-
PMOs, the precursor TSUPQD was condensed at room tem-
perature under mild basic condition (pH �8–9) with cation-
ic CTAB as the template. The basic environment kept
TSUPQD in the emeraldine-base form which eliminated the
electrostatic interference from the positively charged aniline
trimer unit and was much easier to process in organic sol-
vents[26] than the doped-salt. Acetone was used as a co-sol-
vent to help dissolve TSUPQD without any significant influ-
ence on the assembling of precursors and surfactant micelles
into ordered mesophase structures, as proved by XRD and
nitrogen sorption measurements.
The presence of oligoaniline units in the TSU-PMOs was


proven by IR spectroscopy (Figure 1). The strong bands at


1500 cm�1–1700 cm�1 are characteristic of oligoaniline
groups. Two sharp bands at 1500 and 1600 cm�1 are attribut-
ed to stretching vibrations of the benzenoid and quinoid
groups, respectively.[27] The much stronger benzenoid ab-
sorption compared to the quinoid band confirmed that, after
acid-extraction, the surfactant-free samples are an emeral-
dine salt. The weak band at 1650 cm�1 is associated with C=


O stretching in the ureido unit. Two small peaks at 2860 and
2920 cm�1 (see Figure S1 in the Supporting Information),
corresponding to saturated C�H bond stretching absorption,
are assigned to the �ACHTUNGTRENNUNG(CH2)3� unit in the TSUPQD precur-
sor. All of the synthesized TSU-PMOs show very similar IR
spectra with differences only in the relative band intensities.
Increasing amounts of TSUPQD used during the synthesis


leads to increased absorption intensity. As shown in
Figure 1, the discernible peaks (1500, 1600, 1650 cm�1) for
66 wt% TSU-PMO (Figure 1d) gradually attenuate with de-
creased organic contents in TSU-PMOs (Figure 1c–a).
To investigate the thermal stability of the oligoaniline


moieties in the silica mesostructure, thermogravimetric anal-
yses (TGA) were conducted (from room temperature to
800 8C in air) for both the TSU-PMOs and the hybrids
before removal of surfactant. As shown in Figure 2 A and B,


TSU-PMOs with different loading of oligoaniline bridging
groups exhibit different TGA profiles and corresponding de-
rivative weight loss curves (DTG). Increasing the concentra-
tion of organic groups leads to higher peak intensities in the
DTG curves, but does not affect the pattern of the thermal
decomposition. The TGA curves of the hybrid materials
before surfactant extraction (see Figure S2 in the Supporting
Information) show remarkable weight losses (10–26 wt%) at
about 255 8C due to the thermal degradation of the surfac-
tant CTAB. It is worth noting that 5 wt% TSU-PMO
showed the highest weight loss in this temperature region,
implying the highest amount of surfactant encapsulated in
the matrix, which indicates the largest pore volume and sur-


Figure 1. FT-IR spectra of surfactant-free TSU-PMOs. a) 0 wt% TSU-
PMO; b) 10 wt%; c) 33 wt%; d) 66 wt%.


Figure 2. Thermogravimetric plots (A) and derivative weight loss curves
(B) after surfactant extraction. a) 0 wt% TSU-PMO, b) 20 wt%, c)
33 wt%, d) 66 wt%.
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face area in this composite. In profiles of the template-free
organosilica (Figure 2), the 1–2 wt% weight losses below
100 8C resulted from residual ethanol and physisorbed mois-
ture. The major decomposition peaks at about 550 8C on the
DTG curves correspond to the oligoaniline units which
agreed with our previous study,[23] in that the aniline trimer
appears to be stable up to 400 8C. The minor decomposition
peaks between 250 8C and 400 8C are assigned to ureido-
propyl groups. Moreover, the weights of the residues which
survived after 800 8C are in good agreement with the theo-
retical values calculated stoichiometrically. (Table 1) For ex-


ample, in 20 wt% TSU-PMO, the sample yielded 68.9%
SiO2 at 800 8C which is consistent with the theoretical value
of 69.1% SiO2. This agreement further confirms the com-
plete extraction of surfactants by the hydrochloric acid–eth-
anol mixture.
Small angle XRD diagrams of TSU-PMOs (Figure 3)


show that the materials with appropriate loading of oligoani-
line bridges retain the two dimensional hexagonal crystallo-
graphic structure resembling typical MCM-41 pattern,[1] with
three low-angle Bragg diffraction peaks indexed as the


(100), (110), and (200) reflection planes of the hexagonal
space group P6mm.[7] While the oligoaniline concentration
increases, the 2q angle increases, indicating a decrease of in-
terlayer spacing. Meanwhile, peak intensities gradually at-
tenuate, reflecting deteriorating structural ordering of the
silica framework. For example, for 66 wt% TSU-PMO, d-
spacing reduces from 4.0 nm (5 wt% TSU-PMO) to 3.8 nm,
the (100) peak is notably broadened and the higher order
(110) and (200) reflections disappear, which suggest a lower
structural regularity of the silica matrix. Broadening and
darkening of the Debye–Scherrer diffraction pattern
(Figure 3 inserts) further confirms the decreased structural
order associated with increased oligoaniline content. These
changes in X-ray diffraction profiles parallel other function-
alized PMOs previously reported.[28] The d100 spacings and
calculated inter-pore distances a0 for several representative
TSU-PMOs materials are listed in Table 2. Wide-angle


XRD measurements (see Figure S3A-B in the Supporting
Information) were used to examine the effect of co-conden-
sation of TSUPQD and TEOS, which show a broad amor-
phous band of TSU-PMOs centered at 2q �218. By con-
trast, wide-angle XRD measurements were also conducted
on physical mixtures of two type silica materials at a series
of weight ratios, one from self-condensation of TSUPQD
and the other from self-condensation of TEOS. Their XRD
profiles show different patterns to those of TSU-PMOs.
They feature a broad amorphous domain with a group of
inner rings superimposed on top from 2q �68 to 2q �258.
These crystalline peaks resemble those of the emeraldine
base (EB) polyaniline and arise from the ordered patterning
of oligoaniline moieties.[23] These results strengthened the
notion that the combination of TEOS and the bis-silylated
TSUPQD afforded homogeneous sols in the course of co-
condensation and eventually led to homogeneous hybrid
materials TSU-PMOs.
Because the incorporated TSU bridges are not as mechan-


ically strong as the continuous �Si�O� units, TSU-PMOs
show deteriorated structural regularity and mesostructral
features compared to pure silica matrix. To examine the in-
fluence of the TSU groups on interior pore parameters, ni-
trogen sorption characterization was conducted. Figure 4


Table 1. Concentration of bridging groups in the TSU-PMOs.


TSUPQD:TEOS Mass used as Bridging Bridging
ratio precursor group/ group in the
[wt%/wt%] TSUPQD TEOS SiO2 TSU-PMO


[mg] [mg] ACHTUNGTRENNUNG[wt%] product
ACHTUNGTRENNUNG[wt%]


0:100 0 200 0 0
5:95 10 190 10.4 9.42
10:90 20 180 21.2 17.49
20:80 40 160 44.7 30.89
33:67 80 160 79.0 44.13
66:34 160 80 193.5 65.93
100:0 200 0 381.0 79.21


Figure 3. XRD patterns of electroactive PMOs with various compositions
of TSUPQD and TEOS. a) 0 wt%; b) 5 wt%; c) 33 wt%; d) 66 wt%.
Insets: Debye–Scherrer diffraction pattern rings of 5 wt% and 66 wt%
TSU-PMOs, b and d, respectively.


Table 2. Structure and pore parameters of the PMOs after removal of
templates.[a]


Sample
ACHTUNGTRENNUNG[wt%]


d100
[nm]


ao
[nm]


SBET
ACHTUNGTRENNUNG[m2g�1]


PBET


[nm]
PBJH


[nm]
W
[nm]


VTOTAL


ACHTUNGTRENNUNG[cm3g�1]


0 4.0 4.6 940 3.3 2.8 1.8 0.8
5 4.0 4.6 1054 3.5 2.8 1.8 0.9
20 3.9 4.5 844 2.5 2.5 2.0 0.5
33 3.9 4.5 423 2.3 2.2 2.3 0.2
66 3.8 4.4 190 2.8 2.1 2.4 0.1
66 nonporous N/A N/A 10 N/A N/A N/A 0.03


[a] ao, the unit cell ; SBET, the BET specific surface area; PBET, average
mesopore diameter; PBJH, dominate pore diameter (defined as peak
value in the BJH pore size distribution curves for the pores diameters be-
tween 17 and 3000 P in Figure S4 in the Supporting Information); W,
wall thickness; VTOTAL, total pore volume obtained from P/P0=0.99.
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shows the nitrogen adsorption-desorption isotherms at
�196 8C for TSU-PMOs with different TSU contents. In
Figure 4, all of the nitrogen adsorption-desorption isotherms
exhibit reversible capillary condensation/evaporation (type
IV) behavior, characteristic of mesoporous materials.[31]


Figure 4 and Figure S4 (see Supporting Information)togeth-
er illustrate that the lower the TSU content, the steeper the
capillary condensation branch (at P/P0 �0.2–0.3), and the
more uniform the pore size in the material matrix. Also, the
position of the capillary condensation branch shifts towards
lower relative pressure with increasing concentration of
TSU units, indicating smaller pore sizes in TSU-PMOs. All
of the sorption isotherms show pronounced H4 type hystere-
sis loops[32] at relative pressures between about 0.99 and
0.45. This arises from the delayed capillary evaporation
from secondary mesopores in mesoporous structures formed
from filling the interparticle spaces.[33]


Table 2 lists the Brunauer–Emmett–Teller (BET) specific
surface areas,[29] single-point adsorption total pore vol-
umes,[30] and mesopore diameters for different TSU-PMO
samples. Whereas the TSU content increases from 5 wt% to
66 wt%, the average mean pore diameters given from BJH
distribution curves gradually shift from 2.8 nm to 2.1 nm,
still within the range of mesopores. Meanwhile, the wall
thickness increases from 1.8 nm to 2.4 nm. The trend of mes-
opore shrinkage with increasing TSU loading is also demon-
strated by changes in the BET surface area and total pore


volume, which indicate deteriorated mesostructural features
with higher loading of TSU groups. These data from nitro-
gen sorption characterization are in agreement with the ob-
servation form XRD studies that 66 wt% TSU-PMO shows
a structure with lower mesopore ordering.
Transmission electron microscopic (TEM) images of TSU-


PMOs show ordered mesoporous structures with uniformly
distributed hexagonal two-dimensional symmetry (Figure 5).


But different amounts of TSU content give the images dif-
ferent features. For example, in the TEM images of 20 wt%
TSU-PMO (Figure 5 A), evenly separated parallel fringes
are clearly seen with mesopores aligned along the fringe ex-
tending axis, while in the images of 66 wt% TSU-PMO (Fig-
ure 5B), a deteriorated hexagonally patterned mesostructure
is observed, demonstrating a less-ordered phase. However,
both images are significantly different from that of the
100 wt% TSU-containing organosilica, which exhibits a dis-
ordered worm-like structure (see Figure S8 in the Support-
ing Information). The TEM images confirm that the meso-
porous hexagonal pattern is maintained with up to 66 wt%
of TSU moiety, while increasing the amount of incorporated
TSU groups leads to reducing pore size (from 2.5 nm for
20 wt% TSU-PMO to 2 nm for 66 wt% TSU-PMO), which
is consistent with the BJH calculation and XRD studies.
As reported before,[23] the precursor TSUPQD showed es-


sentially similar electrochemical behavior as polyaniline but
with slightly higher redox peak potentials which are attribut-


Figure 4. Nitrogen adsorption–desorption isotherms. a) 5 wt% TSU-
PMO; b) 10 wt%; c) 20 wt%; d) 33 wt%; e) 66 wt%.


Figure 5. TEM images of oligoaniline-containing hybrid mesoporous or-
ganosilia: A) 20 wt% and B) 66 wt%. (scale bar: 20 nm).
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ed to the electron withdrawing ureido groups attached to
the main chain of the amino-capped aniline trimer (see
Figure S5 in the Supporting Information). Based on this
phenomenon, we studied the electrochemical behavior of
TSU-PMOs in both aqueous and non-aqueous solutions.
Cyclic voltammograms (CVs) obtained in strongly acidic
aqueous solutions of HCl (1m) for TSU-PMOs with differ-
ent TSU content are shown in Figure 6. Because the ana-


lytes are insoluble in aqueous conditions, the samples were
wrapped in platinum foil electrodes for measurements. In
the scanned potential range shown (0–1.0 V), one well de-
fined redox pair of peaks was found at around 0.55 V against
the reference electrode (Ag/AgCl) which corresponds to the
transition from the “leucoemeraldine” to the “emeraldine”
form of the aniline oligomer and represents the removal/ad-
dition of two electrons.[34] The second redox pair of peaks
which corresponds to the oxidation of the “emeraldine”
form to the “pernigraniline” form cannot be detected in
aqueous solution due to the background range limit from
water. To observe this redox pair of peaks, measurements
were conducted in non-aqueous solutions. Figure 7 shows


the CV obtained in acetonitrile for the electroactive hybrid
made from 100 wt% of TSUPQD, which clearly shows two
pairs of redox peaks. However, CVs of TSU-PMOs in nona-
queous solutions do not give as obvious redox peaks as in
water due to the inadequate interactions between TSU-
PMOs and organic dopants or electrolytes. So, electrochemi-
cal studies of TSU-PMOs in aqueous conditions were
chosen and the redox pair of peaks corresponding to the
transition from the “leucoemeraldine” to the “emeraldine”
form was used to compare the electroactivities for different
TSU-PMO materials.
The cyclic voltammograms indicate that the electroactivity


from the electroactive aniline trimer moiety is maintained in
TSU-PMOs. However, substantially lower intensities of the
redox peaks for TSU-PMOs were observed compared to the
electroactive precursor (TSUPQD) under the same condi-
tions, which are caused by co-condensation with electro-
chemically inert TEOS and the formation of a rigid inorgan-
ic silica framework. It is not surprising that the introduced
electroactive function can be well controlled by adjusting
the content of oligoaniline bridges in the organosilica. As
seen in Figure 6A, 66 wt% TSU-PMO shows more than one
order of magnitude higher currents than lower content
(33 wt%) TSU-PMOs, which is consistent with the fact that
66 wt% TSU-PMO has more redox sites than lower content
TSU-PMOs.
The electrochemical activity of these redox sites was es-


tablished by direct electron transfer from the working elec-
trode surface to the electroactive sites[35] and/or through
long range electron transfer through electron exchange be-
tween the adjacent electroactive moieties (electron hop-
ping).[19,36] It is worth noting that the electrochemical behav-
ior of the mesoporous 66 wt% TSU-PMO is significantly
different from that of the nonporous 66 wt% TSU-con-
tained organosilica as depicted in Figure 6B. This may be at-
tributed to the fact that the uniform mesopores provide
more rapid electrolyte diffusions, and enhanced ordering of
adjacent electroactive groups facilitates the electron ex-
change between the active redox centers and the working


Figure 6. A) Cyclic voltammograms of a) 0 wt%, b) 33 wt%, and c)
66 wt% TSU-PMO in aqueous solution of HCl. B) Cyclic voltammo-
grams of a) 66 wt% nonporous TSU-organosilica and b) 66 wt% TSU-
PMO.


Figure 7. Cyclic voltammogram of the electroactive hybrid made from
100 wt% TSUPQD.
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electrode. From this electrochemical study, it can be stated
that the MCM-41 mesoporous structure not only retains the
anticipated electroactivity for this series of hybrid materials
but even enhances the electrochemical performance com-
pared to conventional bulk materials. The conductivity mea-
surement result (�10�5Scm�1) for HCl-doped 66 wt%
TSU-PMO using a four-probe method is also in good ac-
cordance with this statement. Compared to the aniline
trimer though, this measurement shows a two orders of
magnitude decrease in conductivity, which arises from the
presence of the non-conducting inorganic silica matrix.
The chemical accessibility of TSU-PMOs was evaluated


by examining their uptake of an organic dopant, 10-cam-
phorsulfonic acid (HCSA), and the results were compared
to their nonporous counterparts, nonporous TSU-silica
(Figure 8). When treated with HCSA, the electroactive oli-


goaniline groups in both hybrid materials were converted
from an emeraldine base to an emeraldine salt, with H+


doped aniline trimer as the cation and CSA� as the anion.
The uptake of HCSA caused a weight increase for both ma-
terials. In the case of pure silica matrix, the periodic meso-
porous silica (0 wt% TSU-PMO) showed nearly no mass
uptake compared to nonporous silica, which indicates that
simple mesopores are not good reservoirs for HCSA. In
fact, the electrostatic attraction between cationic oligoani-
line units and anionic CSA� groups is the driving force for
HCSA uptake. As shown in Figure 8, a higher content of oli-
goaniline units in TSU-PMOs leads to a larger weight in-
crease, which confirms that the electrostatic interaction is
the dominating factor (more so than the surface adsorption)
to control the mass uptake of HCSA. For example, 33 wt%
TSU-PMO which showed a smaller surface area than the
5 wt% TSU-PMO gave a mass increase of a (25.18�
0.42) wt%, whereas 5 wt% TSU-PMO only gave a mass in-
crease of (7.47�0.19) wt%. However, pore parameters are
still important factors effecting chemical accessibility. TSU-
PMOs always showed considerably higher weight increase
over the nonporous TSU-silica. For example, 10 wt% TSU-


PMO gained (13.28�0.13) wt% after HCSA doping, where-
as nonporous 10 wt% TSU-silica gained only (5.30�
0.10) wt% and both weight increases are below the theoreti-
cal value of 17.82 wt% calculated from the amount of
TSUPQD precursor used in the material fabrication process.
These results clearly illustrate that not all of the oligoaniline
trimer units in the hybrid materials are accessible to bulky
camphorsulfonate groups, larger surface areas, and more in-
terior channels make the organic moiety in TSU-PMOs
more accessible for further functionalizations.


Conclusion


We have developed a novel group of electroactive PMOs as
the analogue of the electrically conductive polymer-polyani-
line using a surfactant CTAB-templated approach. The re-
sultant PMOs maintain hexagonally patterned mesostruc-
tures with TSUPQD loading of up to 66 wt% and mesopore
diameters in the range of 2–3 nm. The integrated oligoani-
line components show direct effects on interior surface area,
uniformity of pore diameters, and channel twisting. With
slightly deteriorated mesoporous structural properties, the
TSU-PMOs with higher contents of oligoaniline moiety ex-
hibit enhanced electroactivity over TSU-PMOs with lower
oligoaniline loadings. The introduction of unique electroac-
tivity with retention of the mesoporous reservoirs makes
this series of hybrid materials promising in manufacturing
electrochemically switchable devices. Further work on ap-
plying them as tunable host-guest systems for protein deliv-
ery is in progress. The synthetic strategy employed in this
study may also be applied to other “synthetic metals”[37] to
introduce a variety of physiochemical properties into an in-
organic silica matrix.


Experimental Section


Materials and synthesis : The emeraldine base aniline trimer N,N’-bis(4’-
aminophenyl)-1,4-quinonene-diimine (EBAT) was prepared following
the established procedure developed in our group[24] and was purified by
Soxhlet extraction with acetone. Triethoxysilylpropyl isocyanate
(TESPIC), tetraethyl orthosilicate (TEOS), cetyltrimethylammonium
bromide (CTAB), L-10-camphorsulfonic acid (HCSA), ammonium hy-
droxide (29.82 wt% NH3·H2O), and acetone (reagent grade) were pur-
chased from Sigma-Aldrich and used as received.


The silsesquioxane precursor N,N’-bis ACHTUNGTRENNUNG(4’-(3-triethoxysilylpropylureido)-
phenyl)-1,4-quinonenediimine (TSUPQD) was prepared from the one-
step reaction between N,N’-bis(4’-aminophenyl)-1,4-quinonene-diimine
(EBAT) and triethoxysilylpropyl isocyanate (TESPIC) at a molar ratio of
1:2 in THF followed by addition of an excessive amount of n-hexane to
precipitate the product as a wine-red solid.[23]


A typical procedure for synthesizing electroactive PMOs (66 wt%
TSUPQD) is as follows. Cetyltrimethylammonium bromide (CTAB,
129.7 mg, 0.36 mmol) was dissolved in 16 wt% NH3·H2O (5.82 g,
54.8 mmol), and the solution was stirred at 40 8C in a sealed polyethylene
bottle for 1 hour. After cooling to room temperature, TEOS (80 mg,
0.38 mmol) were added to the solution and the mixture was stirred until
a homogenous solution was obtained, indicating the complete hydrolysis
of TEOS. To this solution, TSUPQD (160 mg, 0.21 mmol) in acetone


Figure 8. Mass uptake of l-camphorsulfonate for a) nonporous organosili-
ca and b) mesoporous TSU-PMOs.
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(2 mL) was added, and the resulted mixture was stirred at 50 8C for 12 h,
followed by aging at 100 8C for 1 day. The mixture was then cooled to
room temperature, the resultant black solid was filtered off and air dried
overnight.


To obtain TSU-PMOs with varying amount of aniline trimer contents,
different weight ratios of TSUPQD and TEOS were used in the proce-
dure as summarized in Table 1. To ensure that the pore parameters of
TSU-PMOs are affected only by the amount of TSUPQD instead of
changes in the surfactant or the solvent, all of the PMO samples studied
were prepared with the same amounts of CTAB, ammonia, and acetone.
As a control, non-porous TSU organosilica was also prepared under the
same conditions, except for the absence of the surfactant CTAB.


Postsynthesis treatment : The surfactant molecules were removed by ex-
tracting the solid for 12 h using a mixture of ethanol (25 mL), 2m HCl
(2 mL), and n-hexane (1 mL) for all of the materials prepared as de-
scribed above. Weight losses of about 10–50% were found after thorough
extraction. For convenience throughout this article, TSU-PMOs are la-
beled with their loading percentage of TSUPQD. For instance, 20 wt%
TSU-PMO defines the organosilica prepared from co-condensation of
20 wt% TSUPQD and 80 wt% TEOS. To evaluate the chemical accessi-
bility of aniline trimer moieties, each emeraldine base of a PMO sample
(50 mg) was added to 5 wt% organic dopant L-10-camphorsulfonic acid
(HCSA, 10 mL) in aqueous solution and ultra-sonicated for 1 hour. The
solid was filtered, washed with deionized water and dried under vacuum
at 50 8C for 24 h. The weight gained after the treatment was attributed to
the CSA� attached to the doped TSU-PMOs by electrostatic interaction.


Characterization : Infrared (IR) spectra were recorded as KBr pellets
with a Perkin Elmer 1600 Fourier transform infrared spectrometer (FT-
IR). Studies of thermal properties were taken on a TA Instruments Ther-
mogravimetric analyzer Q50 at a heating rate of 20K/min under static air
conditions. The structure of the mesoporous organosilica materials was
characterized by small-angle X-ray diffraction (XRD), recorded on a
Gerrman Bruker multi-angle X-ray diffractometer with CuKa radiation
(40 KV, 85 mA). Transmission electron microscopic (TEM) images were
obtained with a Hitachi 7600 Transmission Electron Microscope. Nitro-
gen adsorption/desorption isotherms, pore size distributions, and textural
properties of the materials were measured using a Micromeritics ASAP
2000 system. Before N2 adsorption/desorption analysis, the samples were
evacuated and dried at 100 8C for 12 h. The BET surface area was calcu-
lated from adsorption data in the relative pressure range from 0.01 to
0.3. Electrochemical measurements were performed using an Epsilon Po-
tensiostat (Bioanalytical Systems, Inc.) interfaced with a PC computer. A
three-electrode system was employed, consisting of a platinum foil elec-
trode with a surface area of 0.25 cm2, a platinum-wire auxiliary electrode
and a reference electrode. The reference electrodes used were Ag/AgCl
for aqueous solutions and Ag/Ag+ (silver ions as 0.01m AgNO3 in a solu-
tion of MeCN containing 0.1m Et4NPF6) for nonaqueous solutions. Elec-
tric conductivity measurements were performed with a 4-probe device
(PAR Model 173 Potentiostat/Galvanostat).
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