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Introduction


An examination of the recent scientific literature might lead
to the conclusion that nanotechnology is only a very recent
discovery. Many scientists disagree, however, arguing instead
that it is simply a new label.[1] The issue is clouded further


by the lack of a specific definition of the field that clearly
distinguishes it from other areas of chemistry, physics and
biology. Nevertheless, it would be unrealistic not to ac-
knowledge some of the important new scientific develop-
ments that have been described under this heading and their
commercial implications, as well as the way in which reports
such as the construction of a molecular abacus[2] and light-
harvesting devices[3] have captured the imagination. The pur-
pose of this article is to evaluate two particular aspects of
nanotechnology: those involving molecular reactors and ma-
chines. The aim is to analyse what these topics involve, to
survey a selection of recent publications in the areas and to
assess the potential for practical applications of the results.
The emphasis is on supramolecular systems and particularly
those based on cyclodextrins, since this is our principal field
of interest, but many of the comments that apply to these
systems are also relevant in a broader context.


Molecular Reactors


Reactors are vats for carrying out chemical reactions. It fol-
lows that molecular reactors are miniature vessels for the as-
sembly of reactants at the molecular level, to change the
nature of chemical transformations. It is implicit that a mo-
lecular reactor must alter a reaction to make it different
from that that would occur in a bulk medium, such as a
common solvent, otherwise there is no need for a special
definition.


Catalysts : The most common types of molecular reactors
are molecular hosts that act as catalysts, to increase the
rates of reactions of included guests or to induce those reac-
tions to occur under less extreme conditions, such as at
lower temperatures or at near neutral pH in aqueous solu-
tion. Systems of this type have been studied extensively for
several decades,[4±6] and build on even earlier studies by
physical organic chemists of anchimeric assistance and
neighbouring-group participation. Many are based on the
principles expounded more than fifty years ago in Pauling×s
molecular recognition and transition-state theory of enzyme
catalysis,[7] and are therefore referred to as enzyme mimics
or artificial enzymes.[4] Of course enzymes are themselves
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sence of the reactors, and thereby afford easy access to
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molecular reactors, but the focus of this article is on chem-
ists× inventions.


Some quite remarkable catalysts have been reported. A
most impressive example is the flavo±thiazolio±cyclophane 1
of Mattei and Diederich[8] (Figure 1), which is a model for


the enzyme pyruvate oxidase. It catalyses the oxidation of
aromatic aldehydes to the corresponding methyl esters in
basic methanol. The catalytic cycle has a turnover number
of approximately 100 and involves the covalent attachment
of a substrate to the cyclophane×s thiazolium group, oxida-
tion of the bound substrate by the flavin moiety, release of
the product through methanolysis and then electrochemical
re-oxidation of the reduced flavin. The conversion of the al-
dehyde 2 to the ester 3 is catalysed very efficiently, with
kcat=0.22 s�1 at 300 K in 50mm methanolic triethylamine.


In a somewhat simpler system, the metallocyclodextrin 5
is a very effective catalyst for the hydrolysis of the phos-
phate triester 4 (Scheme 1).[9] In aqueous solution at pH 7.0
and 298 K, the ternary complex 6 forms very readily (Kd=


4.3î10�3 moldm�3) and, under these conditions, the pseudo-
first-order rate constant for reaction of the included species
(kinc=3.1î10�2 s�1) is 97000 times higher than that for the
hydrolysis in free solution (kun=3.2î10�7 s�1).


Despite the progress that has been made through the de-
velopment of these and numerous other prototype catalysts,
for the most part it is unlikely that they will be exploited in
practical applications to any significant extent in the near
future. The science is important and innovative, but it is still
only at an early stage, and as yet the majority of the cata-
lysts offer little in the way of real advantages over other
more conventional chemical systems. Furthermore, they are
generally rather complicated and difficult to assemble. The
conversion of aldehydes to esters is a standard transforma-
tion that is readily accomplished without the need to resort
to the eighteen-step synthesis that was required to produce
the cyclophane 1. The hydrolysis of phosphate esters can be


achieved either at elevated temperatures or under acidic or
basic conditions in the absence of the metallocyclodextrin 5.
Without much more research, it is doubtful that we will be
able to routinely produce useful catalytic molecular reactors
that act simply by increasing the rates of reaction or by
changing the conditions required for reaction.


Scaffolds and templates : Instead it seems probable that mo-
lecular reactors will find more immediate practical applica-
tions where they act as scaffolds and templates for chemical
transformations,[10] to change product ratios or to give prod-
ucts that would not readily form in the absence of the reac-
tors, and thereby afford easy access to materials that are
otherwise difficult to obtain.


Some of the most straightforward molecular reactors of
this type involve a change in the regioselectivity of reaction
of a substrate as a result of access of a reagent being re-
stricted.[11±14] In a representative example from our own
work,[11] which builds on earlier studies of aromatic chlorina-
tion by Breslow et al.,[12, 13] a- and b-cyclodextrin have been
shown to change the ratios of products of bromination of
anisole 7 and acetanilide 9 with pyridinium dichlorobromate
(Scheme 2). Substitution at the para-position is preferred,
presumably because the ortho-positions are shielded
(Figure 2), and the effect is greatest with a-cyclodextrin.


There are evident benefits to be gained from using such a
system. The cyclodextrins are now affordable and readily
available. They greatly increase the solubility of the sub-
strates 7 and 9 in water, making it practical to use this as a


Figure 1. The pyruvate oxidase mimic of Mattei and Diederich.[8]


Scheme 1. Hydrolysis of the triester 4 catalysed by the metallocyclodex-
trin 5.


Figure 2. Effect of a cyclodextrin restricting access of a brominating
agent to the ortho position of acetanilide 9.
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cheap and environmentally
benign alternative to the organ-
ic solvents normally employed
for such transformations. The
aqueous solution of the cyclo-
dextrin can be recycled through
a batch-type process, simply by
adding the reagent and sub-
strate, allowing the reaction to
proceed and then removing the
product by solvent extraction.
The yields of the bromides 8
and 10 are increased. Lower
quantities of byproducts are
formed, so there is less waste,
and product isolation and puri-
fication is made easier. The
method is neither conceptually
difficult nor technically de-
manding. In fact it is the sim-
plicity that makes it so attrac-
tive, and it is difficult to imag-
ine a more practical method for
preparation of the bromides 8
and 10, particularly on a large
scale.


Of course these effects of the
cyclodextrins are partly fortui-
tous and the demand for the
bromides 8 and 10 is likely to
be limited! A wider range of applications will depend on
our ability to design systems to achieve particular outcomes.
Although this continues to be a challenge, it has already
been accomplished in a number of cases. Breslow et al.[15±17]


have reported reactors for the regio- and stereoselective


functionalisation of substrates at unactivated positions, in-
cluding the cytochrome P450 mimic 11, which oxidises the
diester 13 to 14 and, therefore, provides ready access to the
triol 15 from the diol 12 (Figure 3).[15,16] This group has also
used imidazole-substituted cyclodextrins to control aldol
condensations.[18] In another case involving C�C bond for-
mation, a urea-linked cyclodextrin dimer has been used as a
scaffold for the reaction of indoxyl 16 with the isatinsulfo-
nate 17, changing the ratio of formation of indigo 18 and
the indirubinsulfonate 19 by a factor of at least several thou-
sand (Scheme 3).[19]


Templating pericylic reactions has attracted particular at-
tention,[20±22] probably because they are especially dependent
on the orientation of the reactants. Sanders× group has used
the metalloporphyrin trimers 20 and 21 to change the ratio
of formation of the exo- and endo-Diels±Alder adducts 24
and 25 from the furan 22 and the alkene 23 (Figure 4).[20]


We have used cyclodextrins to control the relative orienta-
tions of nitrile oxides and dipolarophiles in order to reverse
the regioselectivity of their cycloadditions (Scheme 4).[21]


More recently, Chen and Rebek[22] have used a resorcinar-
ene-based tetraimide to control the regioselectivity of the


reaction of phenylazide with phenylacetylene. In addition to
changing the product ratios, these molecular reactors are
substrate selective and increase the rates of the reactions
they template. For example, at millimolar concentrations in
water at 298 K, the reaction of the nitrile oxide 27 with the


Scheme 2. Bromination of anisole 7 and acetanilide 9 with pyridinium di-
chlorobromate in water at 298 K.


Figure 3. Regio- and stereoselective hydroxylation of the steroid 12.
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alkynylcyclodextrin 26 is at least a thousand times faster
than the reactions of either tert-butylnitrile oxide with the
alkyne 26 or the nitrile oxide 27 with propiolamide 28.[23]


Despite these effects, for the reasons outlined above, the
major practical advantage with these systems is still the
clean formation of products that are otherwise difficult to
access.


A limitation of many molecular reactors is that they are
not catalytic, as a consequence of their design. Where they
function by binding the reactants in a geometry that resem-
bles that of the products, almost inevitably the products
bind more strongly, leading to product inhibition. One way
to address this is to include, within a catalytic cycle, the cre-
ation and deconstruction of interactions that are responsible
for reactant and product binding. Accordingly, we are devel-
oping the use of b-cyclodextrin in a catalytic variation of the
cycloaddition shown in Scheme 4.[23] Acylation of b-cyclo-
dextrin through reaction with a nitrophenyl ester installs the
dipolarophile, which then reacts with the nitrile oxide. Sub-
sequent hydrolysis of the cyclodextrin ester releases the cy-
cloadduct and regenerates the cyclodextrin. Consequently,
binding of the reactant and the product to the cyclodextrin
occurs through an ester link, which is only formed transient-
ly.


Seeking improvements of this type continues to be an
active topic of research and much more will be required in
order for the full potential of the templating effects of mo-
lecular reactors to be realised. Meanwhile, the less compli-
cated prototypes, such as that illustrated in Scheme 2, al-
ready offer distinct practical gains and it is reasonable to
assume that we will soon see examples of their exploitation.


Molecular Machines


Already molecular machines
have been extensively applied.
Based on the literal definition
that a machine is an apparatus,
consisting of interrelated parts
with separate functions, and
used in the performance of
some kind of work, and that a
molecular machine is merely a
machine that functions at the
molecular level, there are many
types in everyday use. Phe-
nolphthalein and other pH indi-
cators, which may be protonat-
ed or deprotonated on one part
to consequently change the
spectroscopic properties of an-
other, thereby providing a visi-
ble measure of proton concen-
tration, are simple examples.
Others include sensors that
fluoresce on binding metal ions
to give spectroscopic responses,
and phase-transfer agents,


which combine a binding function with an ability to move
between phases, and can therefore transport chemicals
across solvent interfaces. Each of these relies on distinct
functions of several interacting components to operate, so
they are molecular machines in the strict sense of the words.
However, they are not ones that are typically identified with
the topic. Instead, molecular machines are more commonly


Scheme 3. Effect of a cyclodextrin dimer to template formation of the in-
dirubinsulfonate 19, at 298 K in 10mm borate buffer at pH 10.0.


Figure 4. Effect of metalloporphyrin trimers to template a Diels±Alder reaction.
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associated with the Feynman concept[24,25] of constructing in-
tricate purpose-built mechanical devices from the ™bottom-
up∫, that is, from bringing together complicated combina-
tions of molecules, with interconnected functions, to work as
complex supramolecular assemblies.[26,27] The distinction is


subtle, particularly since most
of the research in this very
active area continues to be di-
rected at building the compo-
nent parts, which actually fit
the more literal definition.


The multicomponent, multi-
function machines that have
been envisaged have yet to
eventuate and, as is discussed in
more detail below, it is not
clear when or even if they will
be. Despite this, during the last
decade or so there have been
many reports of the construc-
tion of elegant molecular gadg-
ets such as switches,[28,29] shut-
tles,[30] gears,[31] ratchets,[32, 33]


brakes,[34] rotors,[35] lifts[36] and
sensors.[37±41] Another fascinat-
ing example is the molecular
muscle reported by Sauvage
et al.[42, 43] and is illustrated in


Scheme 5; it involves the ion-induced expansion and con-
traction of an hermaphrodite rotaxane dimer. The molecular
motors of Kelly et al.[44,45] (Scheme 6), and Feringa and co-
workers[46±48] (Scheme 7) are particularly ingenious. We have
developed the rotaxane 29 as the basis of a molecular ratch-


Scheme 4. Effect of a cyclodextrin to reverse the regioselectivity of a nitrile oxide cycloaddition.


Scheme 5. Reversible ion-induced motion of a molecular muscle.
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et (Figure 5)[49] and explored the effect of cyclodextrins in
rotaxanes to align and separate molecular fibres formed by
the axle components in solid-state self-assemblies
(Figure 6).[50] The result in this case is self-assembled struc-
tures that resemble co-axial cables, and it is interesting to
speculate that such systems might one day find application
in microelectronic devices. Already, Anderson and co-work-
ers[51,52] have demonstrated insulating properties of the cy-
clodextrins of b-cyclodextrin±poly(p-phenylene) polyrotax-
anes in solution. Other intriguing recent examples of molec-
ular devices include a manganese(iii) porphyrin threaded
onto a polybutadiene strand and which moves along the
strand, catalysing epoxidation of double bonds of the poly-
mer.[53] Among the sensors that have been developed,[37±41]


those of Bayley et al.[38±41] are especially innovative. These
use engineered transmembrane protein pores for stochastic
sensing of single-molecule binding and reaction events. The


analyte is detected through its
affect on the ion current
through the pore.


Limitations of single-molecule
devices : Ironically, the ability of
the Bayley systems to sense
single-molecule processes ex-
poses one of the limitations of
any device based on the func-
tion of an individual molecule.
Chemical processes are charac-
terised by kinetic and thermo-
dynamic parameters that are
statistical averages based on the
Boltzmann distribution of the
activity of many molecules. A
single-molecule event may be
quite different from the average


and it is, therefore, not characteristic. Instead, to obtain dis-
tinctive data with the Bayley systems it is necessary to moni-
tor repeat events in order to obtain typical patterns of be-
haviour, thus compromising any advantages arising from the


Scheme 6. A molecular motor developed by Kelly et al.[44,45]


Scheme 7. A molecular motor developed by Feringa et al.[46±48] Figure 5. Towards a molecular ratchet.


Figure 6. Insulated molecular fibres in solid-state self-assemblies of cyclo-
dextrin rotaxanes.
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ability to monitor a single-molecule process. For similar rea-
sons, any device that depends on the activity of a single mol-
ecule is likely to behave in an unreliable and irreproducible
manner, due to variations in the energetics. The problems
will be exacerbated in any machines that rely on the timing
of interdependent sequences of molecular events. Further,
any such molecular apparatus will only function repeatedly
in a predictable way if each of the events is irreversible and
occurs with close to one hundred percent efficiency, and yet
the system must be easily restored to its original condition
for the next cycle. These are extremely daunting obstacles
that must be overcome if we are to build complex single-
molecule devices. We must also devise more clever ways for
the molecular components of these devices to interact and
for the output from these devices to be improved, in order
for them to do useful work. Otherwise practical molecular
analogues of machines such as the conventional petrol-
driven engine, that relies on, inter alia, precision timing of
the firing of cylinders, the almost inevitable response of the
pistons and then their return to their original positions
before the next firing, will never be realised.


Conclusion


Useful molecular machines are most likely to be relatively
uncomplicated and not based on individual functions of
single-molecule devices. Instead they will probably rely on
extensive redundancy of the molecular components and
their interactions and reactions, as well as of the machines
themselves. Then the output of the machines will depend on
the average behaviour of a significant number of molecules
or supramolecular assemblies, and it will not be impaired as
a result of either the failure of a single-molecule chemical
process or statistical variations. This is the case with the ma-
jority of the prototype molecular machines that have already
been reported and the concept has ample precedent in other
areas. Computer data is recorded with a redundancy of ap-
proximately thirty-percent, simply to validate the basic binary
code. Redundancy is also important at all levels in biological
systems, which can therefore continue to survive and flourish
irrespective of the malfunction of either a single molecule, cell
or higher organism (even a human!). Biological systems also
rely on repair mechanisms to excise errors, but it is not evi-
dent that this is a realistic objective with molecular machines.


This leads to the conclusion that most useful new molecu-
lar machines are likely to conform to the literal definition.
The Feynman concept[24,25] of constructing intricate mechani-
cal devices one molecule at a time continues to be a chal-
lenging and elusive goal. Nevertheless simple and practical
molecular machines and reactors are already a reality.
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Separation-Friendly Mitsunobu Reactions: A Microcosm of Recent
Developments in Separation Strategies


Sivaraman Dandapani* and Dennis P. Curran*[a]


Introduction


The Mitsunobu reaction : The Mitsunobu reaction involves
the condensation of an acidic pronucleophile (R1XH) and
an alcohol (R2OH) promoted by triphenylphosphine (TPP)
and diethyl azodicarboxylate (DEAD) or diisopropyl azodi-
carboxylate (DIAD) [Eq. (1)].[1,2] This reaction produces the


coupled product (R1XR2) along with diethoxycarbonylhy-
drazine (DECH) and triphenylphosphine oxide (TPPO).
Despite the lack of atom economy, the Mitsunobu reac-


tion is popular in organic synthesis and medicinal chemistry
because of its scope, stereospecificity, and mild reaction con-
ditions. However, careful chromatography is usually re-
quired to isolate the pure target product from the unreacted
reagents and byproducts. This limits the direct application of
the Mitsunobu reaction in combinatorial library syntheses.
This article provides an overview of the separation-friendly
strategies that have recently been introduced to facilitate
product isolation in Mitsunobu reactions. Complementing
the strategy separation focus of this article, a concurrent
review by Dembinski provides a more comprehensive ac-
count of new Mitsunobu reagents.[2b]


Separation strategy : Separation has recently become a strat-
egy-level concern in synthetic planning at all scales.[3] Speed
and efficiency in chemical separation are at the heart of par-
allel synthesis and combinatorial chemistry, and are increas-
ingly important in traditional synthesis as well. Today,
workup-level separations are often performed to avoid chro-
matography by using various methods of phase tagging.[3±5]


Briefly, one of the reaction components is attached to a
™separation tag∫ (sometimes called a ™phase tag∫, ™phase
label∫ or ™affinity tag∫) which controls the behavior of the
component in a simple binary separation technique that is
used to separate tagged reaction components from untagged
ones. Examples of separation tags and their complementary
separation methods include polymers/filtration, fluorous
tags/fluorous solid-phase extraction (FSPE), and ionizable
tags/acid±base extraction. In a technique called phase
switching, the tag is sometimes added or created after the
reaction, thereby switching the behavior of a reaction com-
ponent from one phase to another. Effectively, synthesis
controls separation in these techniques.
Scheme 1 provides a high-level summary of strategic sepa-


rations that are used in the Mitsunobu reaction.[6] In ™re-
agent tagging∫, the substrates are untagged. One or both of
the Mitsunobu reagents gets a separation tag, and its de-
rived byproducts are removed by the appropriate tag-based
separation. In ™substrate tagging∫, the roles are reversed, as
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Abstract: The Mitsunobu reaction is famous for its
scope and power, but infamous for its separation head-
aches. Typically, the target product is enticed away from
the reagent-derived byproducts by careful chromatogra-
phy. The use of polymer-bound Mitsunobu reagents
solves only half of the problem, because polymer-bound
diethyl azodicarboxylate (DEAD) and phosphine re-
agents cannot be employed simultaneously. This article
classifies, compares, and contrasts various emerging
strategies for product isolation in Mitsunobu reactions.
Because so many different strategies have been used,
the Mitsunobu reaction is a microcosm for the new field
of strategy level separations.


Keywords: azo compounds ¥ combinatorial chemistry ¥
Mitsunobu reaction ¥ perfluorinated compounds ¥
solid-phase synthesis
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shown in Scheme 1 with a tagged pronucleophile. Of course,
the alcohol can also be tagged. In the two analogous phase-
switching modes, reagents or a substrate bear a functional
group that can be attached to or fashioned into the phase
tag after the reaction. Phase switching of reagents and unde-
sired byproducts is often called scavenging, while phase
switching of the target product is often called capture and
release.[7]


Below we classify separation strategies for the Mitsunobu
reaction by whether or not additional reactions are required
after the Mitsunobu reaction itself.


Product Isolation Strategies Requiring No
Additional Reactions–Reagent Tagging


In general, polymer-supported reagents[8] and soluble re-
agents carrying a separation tag are employed in combinato-
rial chemistry under solution-phase conditions.[3±6] The facile
separation of the tagged compounds from the untagged ones
by phase or affinity separation dictates the success of these
approaches. When Mitsunobu reagents carrying suitable
phase or affinity tags are used, the coupled Mitsunobu prod-
uct can be isolated by phase separation or affinity chroma-
tography. This reagent-tagging strategy is inherently attrac-
tive, since it is the only one in which no additional reactions
are required to effect a separation.


Mitsunobu reactions with polymer-supported reagents :
When phosphine bound to an insoluble polymer support is
used in Mitsunobu reactions, the derived phosphine oxide
can be removed by filtration at the end of the reaction.[9]


For example, p-chlorophenol and benzylalcohol have been
coupled by using soluble DEAD and polymer-bound triphe-
nylphosphine 1 [Eq. 2].[9a] At the end of the reaction, the


polymer-bound phosphine oxide was removed by filtration.
The filtrate was evaporated to give a mixture containing p-
chlorophenyl benzyl ether and DECH. This was separated
by silica-gel chromatography to give the desired ether in
88% yield. Alternatively, Vederas and co-workers have
paired soluble TPP with a polymer-supported azodicarboxy-
late (PS-AD) to promote the Mitsunobu reaction.[10] For ex-
ample, after the reaction of benzyl alcohol and benzoic acid
with PS-AD and TPP [Eq. 3], the solution was filtered to


remove the polymer bound DECH, and chromatography
was carried out to separate benzyl benzoate from TPPO.
Insoluble, polymer-supported phosphines and azodicar-


boxylates cannot be employed simultaneously because reac-
tions do not readily occur between isolated polymer beads.
Also, Mitsunobu reactions employing polymer-bound re-


Scheme 1. Strategies for product isolation in Mitsunobu reactions.
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agents are slower than the corresponding solution-phase re-
actions,[11] and large excesses of the polymer-bound reagent
are typically used.
Phosphines attached to soluble polymers offer easy sepa-


ration without sacrificing reaction rate. For example, Janda
and co-workers have used PEG-supported (PEG=polyeth-
yleneglycol) phosphine 2 along with DEAD to promote the
Mitsunobu reaction between n-butanol and phenol in di-
chloromethane (Scheme 2).[11] After 3 h, the reaction mix-


ture was concentrated to half the volume and DECH was
removed by filtration. The filtrate was then poured onto di-
ethyl ether, and the precipitated PEG-bound phosphine
oxide was removed by filtration to give the analytically pure
butyl phenyl ether in 85% yield. The same reaction with
cross-linked polystyrene-bound phosphine 1 in place of solu-
ble 2 took 8 h to complete and gave the product in 87%
yield.
Charette and co-workers have also developed a soluble,


non-cross-linked polystyrene-supported phosphine and ap-
plied it to Mitsunobu reactions.[12] In this protocol, the de-
rived phosphine oxide was removed by filtration after
adding methanol to the crude reaction mixture.


Mitsunobu reactions with basic phosphines : Jenkins and
Camp introduced diphenyl(2-pyridyl)phosphine (3) as an al-
ternative to triphenylphosphine in Mitsunobu reactions
[Eq. 4].[13] The crude mixture from the reaction of choles-
tan-3b-ol and benzoic acid promoted by 3 and DIAD was
washed with 2m HCl to remove the basic phosphine oxide
derived from 3. Column chromatography was conducted to
separate the desired cholestan-3a-yl benzoate from diisopro-
poxycarbonylhydrazine.
In a similar fashion, von Itzstein and Mocerino have used


(p-dimethylamino-phenyl)diphenylphosphine in Mitsunobu
reactions.[14] The derived phosphine oxide was removed by
an acidic wash.


Mitsunobu reactions with a crown ether tagged phosphine :
Routledge and Jackson have used [18]crown-6-tagged triar-
ylphosphine 4 in Mitsunobu reactions and separated the de-
rived phosphine oxide by exploiting the interaction of the


crown ether with ammonium ions [Eq. (5)].[15] For example,
7-hydroxycoumarin was benzylated by using [18]crown-6-
tagged phosphine 4 and DEAD. The crude reaction mixture
was loaded onto an ArgoPoreTM ammonium trifluoroacetate


column (ArgoPore-NH2 is a highly cross-linked macropo-
rous resin) and eluted with dichloromethane. Although the
first-pass eluent was free of any phosphorous-containing im-
purity as assayed by 31P NMR spectroscopy, it must have
been a mixture of the Mitsunobu product and DECH. Fur-
ther separation of this mixture was not reported. Second-
pass elution of the column with dichloromethane containing
2% triethylamine gave the crown ether-tagged phosphine
oxide (not shown) in 80% yield.


Mitsunobu reactions with fluorous reagents : Fluorous com-
pounds with a high fluorine content (60% or more by
weight) can be separated from non-fluorous (organic) com-
pounds by partitioning a mixture between a fluorous and an
organic liquid.[3] For compounds with lower fluorine content,
filtration over fluorous silica gel (silica gel with fluorocar-


Scheme 2. Mitsunobu reactions with soluble polymer-supported phos-
phine. a) 1) 2, DEAD; 2) concentrate, filter; 3) add diethyl ether, filter.
b) 1) 1, DEAD; 2) filter; 3) concentrated, filter.
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bon-bonded phase) is more effective.[16] This technique is re-
ferred to as fluorous solid-phase extraction (FSPE) and it is
carried out in three stages, that is, loading, fluorophobic
wash, and fluorophilic wash. A mixture of fluorous and or-
ganic (non-fluorous) compounds is loaded onto fluorous
silica gel and eluted with a fluorophobic solvent system (typ-
ically 80% MeOH). This elutes organic compounds from
the column, while retaining fluorous-tagged compounds. A
second wash with a fluorophilic solvent (typically ether or
THF) elutes the fluorous compounds. FSPE×s are easy to
conduct in parallel and, hence, are suited for combinatorial
chemistry applications.[17]


Curran[18] and Dobbs[19] have independently reported the
synthesis of the fluorous DEAD reagent 5 and its applica-
tions in Mitsunobu reactions. Dandapani and Curran paired
the fluorous DEAD 5 with the fluorous phosphine 6 for


promoting Mitsunobu reactions. For example, 4-(4-nitrophe-
nylbutyric acid) was coupled with p-fluorobenzyl alcohol
using 5 and 6 [Eq. (6)] and the crude reaction mixture was
purified by FSPE to separate the target organic product
from the fluorous reagent-derived products.[18] On the other
hand, Dobbs and McGregor-Johnson paired the fluorous
DEAD 5 with TPP for promoting Mitsunobu reactions. For
example, the crude reaction mixture from the reaction of
benzoic acid with ethanol promoted by TPP and 5 was parti-
tioned between the fluorous liquid FC-72 (a mixture of per-
fluorinated hexanes) and dichloromethane [Eq. (7)].[19] This
fluorous±organic liquid extraction completely removed the
fluorous DECH (structure not shown). However, silica-gel
chromatography was required to separate the desired ethyl
benzoate from TPPO.[20] The recovered fluorous phosphine
and hydrazine products are readily reconverted to the start-
ing reagents for reuse.[18a]


Very recently it has been discovered that fluorous DEAD
reagent 5 with the ethylene spacer underperforms relative


to the standard DEAD reagent in some reactions with steri-
cally hindered alcohols or weakly acidic nucleophiles (like
phenols). Adding a methylene group provides the propyl-
ene-spaced reagent C6F13(CH2)3CO2N=NCO2(CH2)3C6F13,
which in early experiments seems to be a much better
mimic of DEAD in its reactivity profile.[18c] In addition, SPE
separation media have improved since the original publica-
tion, and the lighter fluorous phosphine p-(C8F17-
CH2CH2)C6H4P(C6H5)2 can now be used in place of 6. A
representative example of this improved second-generation
fluorous Mitsunobu protocol is shown in the lower part of
Equation (7).[18c]


Product Isolation Strategies Requiring Additional
Reactions


Strategies based on substrate tagging and phase switching
require additional reactions after the Mitsunobu reaction.
These reactions add effort and can impose their own set of
limitations, but they can return dividends as well. For exam-
ple, substrate tagging is often used in multistep settings, so
the tags find use in more than one step. In phase switching,
the solubilization of reaction components during the reac-
tion can be an advantage.


Substrate tagging in Mitsunobu reactions : When either the
alcohol or the pronucleophile substrate involved in a Mitsu-
nobu reaction has a phase tag, the coupled Mitsunobu prod-
uct can be easily separated from the untagged byproducts
by a phase or affinity separation. However, an additional re-
action is needed to remove the phase tag and bring the cou-
pled product back to the desired organic/liquid phase.


Mitsunobu reactions on polymer-supported substrates : When
an insoluble polymer-bound alcohol or pronucleophile is
employed in a Mitsunobu reaction, the resulting product is
tagged (attached) to the polymer support and can be readily
purified by filtration. The desired product is then released
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from the polymer by a suitable detagging reaction. For ex-
ample, Gelb and Aronov have used the phthalimide resin 7
for carrying out Mitsunobu amino dehydroxylations
[Eq. (8)].[21] The nucleoside 8 was coupled with phthalimide


resin 7 by using TPP and DEAD. The crude reaction mix-
ture was then purified by filtration to remove TPPO and
DCEH. The polymer-bound product was finally released by
hydrazinolysis.
When a Mitsunobu reaction is carried out as one of the


steps in a sequence of solid-phase organic transformations
on polymer-bound substrates, the polymer-bound Mitsunobu
product can be purified by filtration and taken to the next
step. Mitsunobu reactions have been reported on solid-sup-
ported alcohol,[22] imide,[23] phenol,[24] sulfonamide,[25] sulfa-
mide,[26] carboxylate,[27] and ammonium moieties.[28]


Mitsunobu reactions on fluorous substrates : When a Mitsu-
nobu reaction is used to invert the configuration of secon-
dary alcohols, the ester product is subjected to hydrolysis. In
such cases, it is advantageous to use a tagged acid for the
Mitsunobu reaction, since the ester product can be readily
separated and the tag can be removed at the hydrolysis
stage. Dembinski and Markowicz have employed fluorous
acid 9 for carrying out Mitsunobu reactions (Scheme 3).[29]


For example, the coupling of cholestan-3b-ol and fluorous
acid 9 was promoted by TPP and DIAD. The product was
isolated directly from the crude reaction mixture in 94%
yield by a simple recrystallization from CHCl3/MeOH (1:1).
The generality of this recrystallization procedure was dem-
onstrated by five other examples. Such a ready separation of
a fluorous solid by recrystallization or precipitation forms
the basis of thermomorphic (temperature-dependent proper-
ties like solubility) separations in fluorous media.[30] The flu-
orous cholestan-3a-yl ester was saponified to give the invert-
ed alcohol (cholestan-3-a-ol) in 94% yield.


Byproduct removal by phase-switching : When Mitsunobu
reagents are used with latent functional groups that offer
easy phase switching, the coupled Mitsunobu product can be
isolated after unmasking of the latent functional group. Al-
ternatively, a byproduct can be separated by phase switching
after the reaction if it possesses a suitable functionalized
tag. These approaches require additional reactions for ena-
bling separation.


Mitsunobu reactions with acid-labile di-tert-butyl azodicar-
boxylate : Kiankarimi and co-workers have used diphenyl(2-
pyridyl)phosphine 3 and di-tert-butyl azodicarboxylate
(DBAD) to allow easy product isolation in Mitsunobu reac-
tions [Eq. (9)].[31] For example, when this reagent combina-


Scheme 3. Mitsunobu inversion of a secondary alcohol employing fluo-
rous acid.
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tion was used to couple 3-chloro-5-methoxyphenol and ben-
zylalcohol, the desired product could be isolated free from
reagent byproducts after treating the crude reaction mixture
with 4m HCl. Di-tert-butoxycarbonylhydrazine decomposes
under acidic conditions to give gaseous isobutylene and
carbon dioxide, and water-soluble hydrazine. The basic
phosphine oxide derived from 3 is also extracted into the
acidic aqueous layer, leaving only the desired product in the
organic layer. Concentration and purification of the crude
product by short flash column chromatography gave the
Mitsunobu adduct in 59% yield.
Pelletier and Kincaid paired di-tert-butyl azodicarboxylate


with polymer-supported phosphine for use in Mitsunobu re-
actions.[32] By using this combination of reagents, 4-nitrophe-
nol was coupled with benzyl alcohol [Eq. (10)]. The crude


reaction mixture was treated with trifluoroacetic acid for 1 h
and filtered. The filtrate was washed with aqueous HCl. The
desired product was isolated from the organic layer in 80%
yield and 95% purity.


Mitsunobu reagents with masked acids : Flynn and co-work-
ers have designed modified reagents 10 and 11, carrying a
tert-butyl ester as the masked acid tag [Eq. (11)].[33] A Mit-
sunobu reaction was carried out between benzoic acid and


octanol by using 10 and 11. Trifluoroacetic acid was added
to hydrolyze the tert-butyl esters releasing the masked acids.
The mixture was then passed through a basic ion-exchange
resin to sequester the acid-tagged Mitsunobu byproducts,
and pure octyl benzoate was collected.
Yoakim and co-workers have used phosphine 12 contain-


ing a trimethylsilyl ethyl ester as the masked acid tag


[Eq. (12)].[34] For example, phthalimide was alkylated with
phenethylalcohol by using 12 and DIAD. After completion
of the reaction, a solution of tetrabutylammonium fluoride
in THF was added to release the carboxylic acid functional


group after loss of ethylene. The crude mixture was washed
with aqueous sodium hydroxide to remove the acid-tagged
phosphine oxide (structure not shown). After silica-gel chro-
matography to remove dicarboisopropyloxyhydrazide, N-
phenethylphthalimide was isolated in 79% yield.


Impurity annihilation strategy for Mitsunobu reactions : Bar-
rett and co-workers have introduced a new technique
named ™impurity annihilation∫ for removing the Mitsunobu
byproducts by filtration after polymerization.[35] Modified
azodicarboxylate 13, incorporating two norbornene groups,
was used along with polymer-bound triphenylphosphine for
promoting the Mitsunobu reaction of phthalimide and octa-
nol [Eq. (13)]. The polymer-bound phosphine oxide was sep-


arated by filtration, and the crude reaction mixture was then
treated with Grubbs catalyst [PhCH=Ru(PCy3)2Cl2] to effect
ring-opening metathesis polymerization (ROMP) of the nor-
bornene-tagged hydrazide derived from 13. The new poly-
mer was then separated by filtration to give the pure Mitsu-
nobu adduct in 100% yield.
A homogeneous Mitsunobu reaction could be performed


with 13 and a norbornenyl-tagged phosphine, but under
those conditions the subsequent ROMP failed, presumably
due to inhibition of polymerization by the soluble phos-
phine.


Capture of a Mitsunobu byproduct onto a polymer support :
Recently, Parlow and co-workers have introduced anthra-
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cene-tagged phosphine 14 for use in separation-friendly Mit-
sunobu reactions [Eq. (14)].[36] The Mitsunobu reaction of 4-
nitrophenol and m-methylbenzyl alcohol was promoted by
anthracene-tagged phosphine 14 and polymer-supported


azodicarboxylate (PS-AD). After filtration to remove the
polymer-supported hydrazide byproduct, the filtrate was
treated with polymer-supported maleimide (PS-M) to cap-
ture the anthracene-tagged phosphine oxide by a Diels±
Alder reaction. The polymer-bound Diels±Alder adduct 15


was then removed by filtration to give the desired Mitsuno-
bu ether in 82% yield and 95% purity. A library of 20 Mit-
sunobu products was synthesized and purified by this proto-
col.


Product purification by capture and release : The Mitsunobu
product obtained by using untagged reagents can be purified
by ™capture and release∫ principle when suitable functional
motifs are introduced in one of the substrates (alcohol or
the pronucleophile). Such an approach necessitates at least
two additional reactions–one for capture and one for re-
lease. However, if additional reactions are conducted on the
solid phase subsequent to capture, then the capture and re-
lease reactions do double duty.
Schultz and co-workers conducted a Mitsunobu reaction


between the fluoropurine derivative 16 and benzyl alcohol


in solution by using TPP and DEAD [Eq. (15)].[37] The Mit-
sunobu product (not shown) was captured by an amino-de-
fluorination reaction employing polymer-supported amine
17 and the reaction mixture was then purified by filtration.


The polymer-bound purine derivative was taken through
other steps on solid phase before it was released (not
shown). A library of substituted purines was prepared by a
combination of solution-phase Mitsunobu reactions followed
by solid-phase capture. The extra effort involved in carrying
out additional reactions is partially offset by the introduc-
tion of diversity at the capture stage. Since the captured
Mitsunobu product serves as the starting point for solid-
phase combinatorial synthesis, an extra step for attaching
the substrate to the solid support is not needed.
Hanson and co-workers have used a ROMP-based separa-


tion strategy by tagging the substrate [Eq. (16)].[38] Modified
N-hydroxysuccinimide 18 was reacted with benzyl alcohol
by employing TPP and DIAD. Subjection of the crude reac-


tion mixture to ROMP generated a solid polymer that was
separated by filtration. O-Benzylhydroxylamine was then re-
leased by treating the polymer with hydrazine. The generali-
ty of this approach was tested by preparing seven other O-
alkylhydroxylamines.


Conclusions and Outlook


The various strategies available for product isolation in Mit-
sunobu reactions are presented in this article. The strategies
are classified based on the type of separation tag that is
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used, the species that is tagged, and the protocol for separa-
tion. Reagents with suitable separation tags including poly-
mers and fluorous tags allow Mitsunobu products to be iso-
lated with no additional reactions. However, since two in-
soluble polymeric reagents cannot be used simultaneously,
the use of one polymeric reagent is often coupled with an-
other type of tagged soluble reagent. This approach illus-
trates an ability to ™mix-and-match∫ that is inherent in most
of the methods in this overview. Several modified Mitsuno-
bu reagents render ready separation of the product after a
phase-switching reaction. When substrates are tagged, stan-
dard soluble organic reagents like DIAD and triphenylphos-
phine can be used, and a detagging reaction is required to
release the desired product. Although two additional reac-
tions are required, strategies based on ™capture and release∫
have also found use in specific cases of Mitsunobu reactions.
Efforts to design separation tags for facilitating purifica-


tion of reaction mixtures have gained considerable momen-
tum in the recent years, and the Mitsunobu reaction has
begun to serve as a focal point. Since a large number of tags
have been tested for their applicability in Mitsunobu reac-
tions, it makes sense to test new tags in Mitsunobu reactions
as well to provide a touchstone to prior work. Perhaps more
importantly, the methods, tags, and concepts highlighted in
this article on the Mitsunobu reaction are generalizable and
can be directly applied to many other transformations.
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Correlation between Host±Guest Binding and Host Amplification in
Simulated Dynamic Combinatorial Libraries


Peter T. Corbett, Sijbren Otto,* and Jeremy K. M. Sanders*[a]


Introduction


Dynamic combinatorial chemistry (DCC) combines synthe-
sis and screening in a single-step approach to the discovery
of new functional molecules.[1,2] A set of building blocks is
allowed to combine through reversible bond formation, cre-
ating a library that is under thermodynamic control. Addi-
tion of a template causes stabilization and hence amplifica-
tion of the host compounds[3] that bind effectively to the
template. The key concept, that amplification and host±
guest binding strength are strongly correlated may be intui-
tively reasonable but is experimentally untested.
Using computer simulations, Severin et al.[4] have con-


structed small example DCLs where the correlation between
amplification and binding strength is very poor, posing a
challenge to the usefulness of the DCL technique. We de-
scribe here a versatile computer simulation approach to ex-
plore this phenomenon in large DCLs. Whereas the work by
Severin et al. highlights a set of selected cases where ampli-
fication and binding strength do not correlate, our work sys-
tematically varies ™experimental conditions∫ and maps
under which conditions the correlation between binding
strength and amplification is acceptable.


Severin×s simulation considers a library of trimers made
from equimolar amounts of three building blocks: A, B and
C. If two of the trimers–AAA and ABC–are both stabi-
lized by a factor of 1000,[5] then only the ABC trimer will be
amplified, and the concentration of AAA will actually go
down. In this example, amplification efficiency and stabilisa-
tion are not well correlated. This observation challenges the
generality and practicality of the dynamic combinatorial li-
brary approach, but how serious and how general is this
challenge? How well do the amplifications in an average li-
brary reflect the host±guest binding constants? Can libraries
be set up under conditions where good correlation between
amplification efficiency and binding constants can be guar-
anteed beforehand? These are questions that we will ad-
dress herein.
Gaining statistically significant answers to these questions


requires the comparison of binding constants and amplifica-
tion efficiencies for a large number of libraries. Since ob-
taining the necessary information experimentally is a formi-
dable task for even a single library, the only practical ap-
proach is to use computer simulations.


Methods of Calculation


We simulated[6] dynamic combinatorial libraries made using an arbitrarily
chosen number of seven different building blocks[7]–A to G–which
were allowed to assemble into all possible oligomers up to tetramers,[8]


giving 28 dimers, 84 trimers and 210 tetramers.[9] The exchange processes
in the library were simulated using a set of equilibrium constants such
that the concentrations of library members matched the statistical prefer-
ence for hetero-oligomers over homo-oligomers. A preference for dimers


[a] P. T. Corbett, Dr. S. Otto, Prof. J. K. M. Sanders
Department of Chemistry
University of Cambridge
Lensfield Road, Cambridge CB2 1EW (UK)
Fax: (+44)1223-336017
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Supporting information for this article is available on the WWW
under http://www.chemeurj.org/ or from the author.


Abstract: We present a versatile com-
puter model of diverse dynamic combi-
natorial libraries, and examine how
molecular recognition between library
members and a template can be used
to amplify the best binders. The corre-
lation between host±guest binding and
amplification was examined for a set of
50 libraries with >300 components


each over a wide range of template
and building block concentrations. De-
pending on these concentrations corre-


lations vary from poor (when using a
large excess of template) to good (for
very dilute libraries and/or substoichio-
metric template concentrations), high-
lighting the need to choose the experi-
mental conditions for dynamic combi-
natorial libraries thoughtfully.


Keywords: combinatorial chemisty ¥
computer simulations ¥ host±guest
systems ¥ templated synthesis ¥
thermodynamics
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over trimers and tetramers was also programmed, to reflect the behav-
iour of a library that does not result in polymer formation.[10]


A binding constant (K) was randomly assigned to each host, drawing
from a normal distribution of log10K, with a standard deviation of 1 and a
mean of 2. Lognormal distributions of binding constants have been used
in a previous theoretical study of dynamic combinatorial chemistry,[11]


and appear to be good descriptors of ensembles of biological receptors.[12]


The standard deviation of 1 (or values close to it) is commonly used,
whereas literature values[11,12] of the mean in these examples range from
zero to 3.4. We have chosen a mean of 2 which gives binding constants in
the high end of the distribution that are roughly in accord with those that
we have observed experimentally for the stronger binders in our
DCLs.[2a±g,k]


The concentration of each of the library members was calculated, both in
the presence and absence of template. The ratio of these concentrations
gave the amplification factor for each host.


Results and Discussion


The results from a typical randomly generated library are
shown in Figure 1a, which compares the free energy of bind-
ing[13] of each of the receptors to their amplification factors,
using total concentrations of 10 mm for both the building
blocks and the template. The correlation between the bind-
ing strength and the amplification factor is satisfactory, and
the best receptor is amplified to the greatest extent. Fig-
ure 1b shows the results for another randomly generated
DCL, that only differs from that in Figure 1a in the way the
binding constants are distributed over the various receptors.
Here, the correlation is poor, and the best receptor is hardly
amplified at all. The results in Table 1 explain the cause of
the remarkable difference in the behaviour of these two li-
braries. In the library in Figure 1b, the dimer CG has a fair
affinity for the template, and a high initial concentration.
This combination results in CG accounting for 74% of the
available C and G in the presence of the template. The con-
centration of the best host, CCCE, critically depends upon
the availability of the building block C, and so CCCE is
only amplified to a small extent despite its high affinity for
the template. In the library in Figure 1a, however, there are
no dimers with a stronger free energy of binding than
�18.5 kJmol�1, and so there is no significant ™drag∫ on
building blocks that make up the best host, DDDE. These
examples demonstrate that the disruption of the correlation
between amplification and binding is not limited to small li-
braries as described by Severin,[4] but can also occur in
larger libraries.


In an attempt to assess how the correlation between bind-
ing affinity and amplification depends on experimental con-
ditions, DCLs were simulated for a range of template and
building block concentrations. Seventeen values in the range
of 0.1 mm to 1m were chosen for each concentration, giving
a total of 289 different ™experimental∫ conditions. To get
statistically significant data, a set of fifty DCLs was random-
ly generated, and the library composition was simulated for
each of the 289 sets of conditions, thus generating a total of
14450 DCL simulations. For each simulation, the correlation
between binding energy and the logarithm of the amplifica-
tion factor was quantified by calculating the correlation co-
efficient R 2 using all of the hosts that were significantly am-
plified (at least doubled in concentration).[14] Some typical
examples of libraries exhibiting different R 2 values are
shown in the Supporting Information.


Table 1. Concentration and amplification data for selected hosts in the DCLs shown in Figure 1.


Hosts from Figure 1a Hosts from Figure 1b
Ranking[a] Host DG 0


binding
c [mm][b] Amplification Ranking Host DG 0


binding
c [mm] Amplification


[kJmol�1] factor [kJmol�1] factor


1 DDDE �26.7 6.22 183.9 1 CCCE �30.0 0.04 1.2
2 FGG �25.4 102.68 38.8 2 ACE �28.7 30.30 5.7
3 BBBE �25.2 0.43 12.8 3 BDDF �26.7 9.74 96.0
4 AAAF �24.5 0.27 7.9 4 AA �24.8 562.57 6.1
± ± ± ± ± 5 BE �24.2 962.37 5.2
101 AE �14.6 223.31 1.2 6 BBFF �23.8 0.20 3.8
114 AD �13.5 218.66 1.2 7 CG �23.6 1050.72 5.7


[a] Ranking indicates order of binding affinity. [b] The concentration in the templated libraries.


Figure 1. The relationship between amplification and free energy of bind-
ing for all of the hosts in two randomly-generated DCLs, that differ only
in the way the binding constants are distributed over the various hosts. In
both DCLs, the total concentration of the building blocks and the con-
centration of the template is 10 mm. R 2 values for the correlation be-
tween free energy and the logarithm of the amplification factor (taking
only significantly amplified hosts into account) are 0.72 and 0.24, respec-
tively.
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The results from these simulations are summarized in
Figure 2, which shows how the mean (Figure 2a) and the
standard deviation (Figure 2b) in R 2 in the fifty libraries
vary across the range of conditions. An alternative metric of
the correlation between binding affinity and amplification is
the fraction of libraries from which the best receptor is the
one that is the most strongly amplified.


Figure 3a shows the results. The chance of finding the
best receptor among the three most highly amplified com-
pounds is shown in Figure 3b. At high building block con-
centrations (>10 mm), the correlation is dependent upon
the ratio of template to building blocks. Here, keeping the
concentration of template at a tenth of the total concentra-
tion of building blocks gives an acceptable R 2 of 0.8�0.1, or
a probability of the best host being the one that is most
strongly amplified of about 90%. Using a large excess of
template gives a much poorer correlation, as this allows for
the strong amplification of the dimers with moderate affini-
ty. At lower concentrations (<10 mm), the concentration of
the template alone becomes important, and results of a simi-
lar quality can be obtained for these libraries by keeping the
template concentration at around 0.3 mm–about the affinity
of a �20 kJmol�1 (K=3î104m�1) receptor. However, in this


region, the correlation coefficient varies more from one li-
brary to the next (Figure 2b). It is encouraging that it is rare
for a very poor receptor to be significantly amplified, even
under the worst conditions.


Conclusion


In summary, our simulations have demonstrated that the
correlation between host±guest binding and host amplifica-
tion can vary, depending on how the binding constants
happen to be distributed over the various library members.
In the libraries we have analyzed, the main disruption of the
correlations results from moderately good hosts that are al-
ready present in relatively high concentrations in the ab-
sence of template and increase in concentration even further
upon addition of template to become a ™drag∫ on the build-
ing block reservoir. This hampers the amplification of better
hosts that require some of the same building blocks.
However, our simulations have identified experimental


conditions under which this effect is reduced to an accepta-
ble level. As a rule of thumb, restricting the amount of tem-
plate to a tenth of the total building block concentration
means that the different receptors have to compete for the


Figure 2. The a) mean and b) standard deviation of the correlation be-
tween binding affinity and amplification in DCLs, as a function of tem-
plate and total building block concentration.


Figure 3. The probability of the most strongly binding host in a DCL
being a) the most amplified compound or b) among the three most highly
amplified compounds, as a function of template and total building block
concentration.
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template, and the best binder has a high probability of being
the most strongly amplified compound. However, restricting
the concentration of template tends to reduce amplification
factors across the whole library, increasing the chance that
good hosts remain undetected because their concentrations
are below detection limits. It may therefore be advisable to
screen libraries in two rounds, starting with a relatively high
(equimolar with respect to the total building block concen-
tration) template concentration. For those libraries where
amplification of some hosts is observed, a second round of
screening using a reduced amount of template will then be
likely to reveal the best receptors. In short, the effects noted
by Severin et al. can also be present in large libraries under
some experimental conditions, but we have demonstrated
here that they need not restrict the usefulness of dynamic
combinatorial chemistry in general.
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Organic Spin Clusters: Annelated Macrocyclic Polyarylmethyl Polyradicals
and a Polymer with Very High Spin S=6±18


Andrzej Rajca,*[a] Jirawat Wongsriratanakul,[a] Suchada Rajca,[a] and Ronald L. Cerny[b]


Introduction


Organic molecules and polymers with very high values of
spin quantum number S are important for the design of or-


ganic magnetic materials based upon through-bond magnet-
ic interactions (exchange coupling).[1±12] For such organic
polymer magnets to possess long-range magnetic ordering at
relatively high temperatures, effective dimensionality above
two for pairwise exchange coupling between the electron
spins (™unpaired electrons∫) is required.[13±16] Recent discov-
ery of magnetic ordering in conjugated organic polymer 1,
at temperature of about 10 K, provides an impetus for inves-
tigation of its effective dimensionality of the p-conjugated
network as one of the contributing factors to the magnetic
ordering.[17±19]
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Supporting information for this article is available on the WWW
under http://www.chemeurj.org/ or from the author. Experimental
section [materials and special procedures, NMR spectroscopy and
other analyses, small angle neutron scattering, synthetic details for
model compounds 13-(OCH3)6BrH, 14-(OCH3)6H2, and 11-
(OCH3)27H2];


1H NMR spectra [for 3-(OCH3)14, 4-(OCH3)28, 5-
(OCH3)42, 12-(OCH3)n, and polymer 6-(OCH3)n]; FAB-MS high-reso-
lution scans for selected polyethers; summary plot and summary
table of GPC/MALS data; summary of low-resolution FAB-MS [for
3-(OCH3)14, 4-(OCH3)28, 5-(OCH3)42, 12-(OCH3)n, and polymer 6-
(OCH3)n]; details of magnetic measurements and data fitting.


Abstract: Synthesis and magnetic stud-
ies of annelated macrocyclic polyradi-
cals and a related high-spin polymer
with macrocyclic repeat units are de-
scribed. Polyarylmethyl polyether pre-
cursors to the polyradicals and the re-
lated polymer are prepared by using
Negishi cross-coupling of difunctional-
ized calix[4]arene-based macrocycles.
The three lowest homologues, with
high degree of monodispersity, are tet-
radecaether (14-ether) 3-(OCH3)14, oc-
tacosaether (28-ether) 4-(OCH3)28, and
dotetracontaether (42-ether) 5-
(OCH3)42, in which 2, 4, and 6 calix[4]-
arene-based macrocycles are annelated
to the center macrocycle, respectively.
The evidence for their annelated struc-
tures (ladder connectivities) is based


upon FAB-MS and the 1H NMR based
end-group analysis. The absolute
masses (4±12 kDa) were determined by
FAB-MS and GPC/MALS. Small angle
neutron scattering (SANS) provides
the radii of gyration of 1.7, 2.0, and
3.2 nm for 4-(OCH3)28, 5-(OCH3)42, and
polymer 6-(OCH3)n, respectively. The
corresponding polyarylmethyl polyradi-
cals 3 and 4, and polymer 6 possess
average values of S�6±7, S�10, and
S�18, respectively, as determined by
SQUID magnetometry and numerical
fits to linear combinations of Brillouin


functions. The quantitative values of
magnetization at saturation and of
magnetic susceptibilities indicate that
about 40±60% of unpaired electrons
are present at low temperatures (T=
1.8±5 K). For polyradical 3, the variable
temperature magnetic data are fit to
the Heisenberg Hamiltonian based
model. The variable magnetic field
data at low temperatures are also fit to
a percolation-based model for organic
spin cluster, with random distribution
of chemical defects, and ferromagnetic
versus antiferromagnetic couplings,
providing quantitative agreement be-
tween the experiment and the theory.
For polyradical 3 (with S�6±7), an-
nealing at room temperature for 0.5 h
leads to a polyradical with S�5.


Keywords: high-spin systems ¥
macrocycles ¥ magnetic properties ¥
polymers ¥ radicals
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In the synthesis of polymer 1, the final C�C bond connec-
tivity is controlled in the polymerization step, in which two
macrocyclic tetrafunctionalized monomers are condensed by
means of Negishi cross-coupling.[17,20] One of the two limit-
ing modes of cross-linking during such polymerization, lead-
ing to the annelated macrocyclic structures, is shown in
Figure 1.[21] The larger-sized cross-linking macrocycles would


correspond to higher dimensionality of the formed network.
It would be important to determine whether formation of
such annelated macrocycles is feasible, especially for better
understanding of structure of polymer 1, in relation to the
observed magnetic ordering.


To date, synthesis of annelated macrocyclic polyradicals
has been limited to the S�6 polyradical 2.[22] In polyradical
2, annelation leads to two problems: 1) weakening of the ex-


change coupling and 2) increased reactivity of radicals,
through severe out-of-plane distortion of the p-system.[22]


Herein we report synthesis and magnetic characterization
of novel annelated macrocyclic polyradicals 3 and 4, and re-
lated polymer 6 with a macrocyclic repeat unit. Polyradicals
3 and 4, and polymer 6 may be viewed as fragments of poly-
mer 1. (Polyradicals with the linear and branched connectiv-
ities of macrocycles, which are one-dimensional models for
polymer 1, are reported elsewhere.[19]) The synthesis of an-


nelated macrocyclic polyethers corresponding to 3 and 4,
and their higher macrocyclic homologues indirectly address-
es the critical question of dimensionality of polymer 1. Com-
pared with the previously reported annelated macrocyclic
polyradical 2, it is expected that the use of bis(biphenylene)-
methyl (in 3), instead of bis(phenylene)methyl (in 2), as an-
nelating linkages, should provide greater resonance stabili-
zation of the triarylmethyl radicals, decreasing the density of
chemical defects.[19] Indeed, magnetic studies show that poly-
radical 3 has somewhat higher values of S than polyradical
2. The values of S increase along the homologous series,
from S�6±7 for 3 to S�18 for polymer 6. With the excep-
tion of polymer 1, the value of S�18 for polymer 6 exceeds
by far the best results (S�5) in the previously reported or-
ganic high-spin polymers.[7±11,24]


Figure 1. One of the possible annelation modes in polymer 1.
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Results and Discussion


Synthesis : Annelated macrocyclic polyethers 3-(OCH3)14, 4-
(OCH3)28, 5-(OCH3)42, and polymer 6-(OCH3)n, were ob-
tained by condensation of difunctionalized macrocyclic
monomers 7-(OCH3)6Br2 and 8-(OCH3)8Br2 (Scheme 1).
The intermediate chromatographic fraction (between 5-
(OCH3)42 and 6-(OCH3)n), that is, polyether 12-(OCH3)n,
was isolated as well. In addition, a ™linear∫ reference com-
pound for annelated macrocyclic polyether 4-(OCH3)28, that
is, polyether 11-(OCH3)27H2, was prepared (Scheme 1).


Negishi coupling of the organozinc derivative of monomer
7-(OCH3)6Br2 with linker 9 (3 equiv) gave monomer 8-
(OCH3)8Br2 in 45±56% yield. Small amounts of side product
10-(OCH3)15Br2 (3±4%) were also isolated. The two mono-
mers (each ~0.01m) were polymerized by using Negishi cou-
pling; the organozinc derivative of monomer 7-(OCH3)6Br2
was treated with monomer 8-(OCH3)8Br2 to give a mixture
of the annelated macrocyclic and polymeric polyethers in
~60% overall isolated yields. Notably, the yields for all
three annelated macrocycles are similar, that is, approxi-
mately several percent with decreasing level of purity for
the higher homologues.


For each condensation, numerous chromatographic frac-
tions were obtained and analyzed with FAB-MS (Tables 1s±
3s in the Supporting Information). As found for other ho-
mologous polyarylmethyl polyethers, lower Rf values on


normal-phase silica gel correlate with higher molecular
masses. For the tetradecaether (14-ether) 3-(OCH3)14, the
relative peak height amplitude in FAB-MS is 100% versus
2% for the side products. For the octacosaether (28-ether)
4-(OCH3)28 and its higher homologue dotetracontaether (42-
ether) 5-(OCH3)42, FAB-MS data show increasing relative
peak heights corresponding to side products, including line-
arly connected calix[4]arenes. The isolated yields (after
chromatography) reported in Scheme 1 should be viewed as
approximate.


Polyethers 11-(OCH3)27H2 and 14-(OCH3)6H2 were pre-
pared to provide model compounds for the end-group analy-
sis of the annelated macrocycles. Calix[4]arene 7-
(OCH3)6Br2 was subjected to Li/Br exchange, followed by
MeOH quenching, to give calix[4]arenes 13-(OCH3)6BrH
and 14-(OCH3)6H2. Because the starting calix[4]arene 7-
(OCH3)6Br2 has no elements of symmetry,[20] 13-
(OCH3)6BrH was isolated as mixtures of two isomers. Ne-
gishi coupling of the organozinc derivative of 13-
(OCH3)6BrH (from a fraction containing two isomers, 1:0.8)
with 10-(OCH3)15Br2 (0.4 equiv) gave cross-coupling prod-
ucts 11-(OCH3)27H2 and 15-(OCH3)21BrH in 7% yields
(Scheme 1).[25]


Characterization of polyethers : All polyethers obtained in
this work, including those isolated as a single diastereomers,
have glassy-like, poorly defined melting behavior. The IR


Scheme 1. Synthesis of polyethers: i) tBuLi, THF, �78 8C for 2 h, then �20 8C for 10 min, then ZnCl2, �78 8C to room temperature for 3 h; ii) [Pd(PPh3)4]
(3 mol% per CC bond), 100 8C, 1.5 d; iii) tBuLi, THF, �78 8C for 2.5 h, then �20 8C for 15 min, then ZnCl2, �78 8C to room temperature for 2.5 h;
iv) [Pd(PPh3)4] (3.7 mol% per CC bond), 100 8C, 2 d; v) nBuLi, diethyl ether, �78 8C for 1 h, then �20 8C for 10 min, then MeOH, �78 8C to room tem-
perature; vi) tBuLi, THF, �78 8C for 3 h, then �20 8C for 10 min, then ZnCl2, �78 8C to room temperature for 4 h; vii) [Pd(PPh3)4] (4.2 mol% per CC
bond), 100 8C, 2 d; viii) tBuLi, diethyl ether, �78 8C for 2.5 h, then �20 8C for 10 min, then MeOH, �78 8C to room temperature.
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spectra possess a strong band at about 1080 cm�1, character-
istic of the C�O�C triarylmethyl methyl ether group.


Monomer 7-(OCH3)6Br2 corresponds to the previously re-
ported C1-symmetric cis/trans isomer (with the highest Rf


value on silica).[22] Because monomer 7-(OCH3)6Br2 and
linker 9 are used as racemic mixtures, four and sixteen dia-
stereomers are possible for monomer 8-(OCH3)8Br2 and side
product 10-(OCH3)15Br2, respectively.


FAB-MS for monomer 8-(OCH3)8Br2 and side product 10-
(OCH3)15Br2 give the expected [M�OCH3]


+ ion clusters
centered at m/z�2409 and 4362, respectively. The corre-
sponding high-resolution spectra reveal the [M�OCH3]


+


ion clusters with the isotopic spacing of m/z�1 and the iso-
topic intensities that match those calculated for the respec-
tive formulas C163H179O7Br2 and C303H337O14Br2.


The 1H NMR spectra for 8-(OCH3)8Br2 and 10-
(OCH3)15Br2 in [D6]benzene at 293, 328, and 348 K are
rather complicated. For 8-(OCH3)8Br2, four types of the
1,3,5-trisubstituted benzene rings (rings A, B, C, D) are
fairly well resolved in the aromatic region of the 1H NMR
spectrum at 348 K. Two of these 12 one-proton resonances
either appear as two J=2 triplets (Dd�0.001±0.002 ppm) or
are broadened. These additional splittings are less notice-
able in the more spectrally overlapped 1,4-disubstituted ben-
zene-ring region. In this region, 24 two-proton doublets (J=
8±9 Hz), which are correlated pairwise in the COSY spec-
trum, account for twelve 1,4-disubstituted benzene rings.
However, the thirteenth and fourteenth ring appear as over-
lapped AB systems. Spectral patterns in the 2.9±3.1 ppm
chemical shift region at 293, 328, and 348 K are consistent
with eight methoxy groups; however, one of the three-
proton resonances is further split (Dd�0.002 ppm) into two
singlets and the other three-proton resonance is broadened
at 293 K. In the tert-butyl group region, eight nine-proton
singlets and one 18-proton resonance are found at 293, 328,
and 348 K; at 293 K, the 18-proton resonance splits into two
singlets. The number of resolved resonances in 13C NMR
spectra (obtained at 293 K only) is less than expected for a
single diastereomer; only one resonance (at 121.6 ppm) is
detected for C�Br group. These analyses are consistent with
the structure of 8-(OCH3)8Br2, isolated as mixture of diaster-
eomers, which possess nearly identical, overlapping chemical
shifts.


A relatively large number of possible diastereomers and a
more complex structure for side product 10-(OCH3)15Br2 is
reflected by the more spectrally congested 1H NMR spectra
([D6]benzene, 293, 328, and 348 K), relative to those for 8-
(OCH3)8Br2.


13C NMR spectra possess inadequate signal-to-
noise ratios and resolution for meaningful analysis and,
therefore, are not reported. In the best-resolved 1H NMR
spectrum at 348 K, eight types of the 1,3,5-trisubstituted
benzene rings can be identified. However, for two of those
rings, not all the expected six cross-peaks are observed: in
one of those two rings, only two cross-peaks are found and
in the other ring, two resonances are nearly degenerate
(Dd�0.01 ppm); thus only four cross-peaks are found at the
spectral resolution of the COSY experiment. The resonances
from the expected 25 unique 1,4-disubstituted benzene rings
(for one diastereomer) are too complex for analysis with


simple COSY experiments. In the methoxy group region of
the 1H NMR spectra, 15 distinct three-proton singlets are
expected for each diastereomer. However, 22 resonances,
with noninteger integrations and complex spectral pattern,
are observed. Similarly, the spectral pattern in the tert-butyl
region is more complex than expected for a single diaster-
eomer.


For the target annelated macrocyclic polyethers, both
large number of diastereomers and conformational restric-
tion of annelation are expected to lead to complicated 1H
NMR spectra (Figures 1s and 2s in the Supporting Informa-
tion). Distinct spectral patterns in the methoxy and aromatic
regions are found for the lowest homologue, 3-(OCH3)14. Its
methoxy group and aromatic regions consist of relatively
large number of resonances with the relatively wide chemi-
cal shift range, relative to the spectra for the higher homo-
logues (Figures 1s and 2s in the Supporting Informa-
tion).The 1H NMR spectra for the higher homologues, in-
cluding polymer 6-(OCH3)n, are nearly indistinguishable
from each other. At 293 K, the methoxy group region pos-
sesses three major broad resonances at 3.10, 2.97, 2.91 ppm
(1:2:4); this is consistent with the relative numbers of the
linker, calix[4]arene outer, and calix[4]arene inner triaryl-
methyl positions in the heptaether repeat unit (Scheme 1).
However, these tentative assignments should be viewed with
caution, because the 1H NMR spectra at 331 and 348 K
reveal increasingly complex patterns for the methoxy region
of 4-(OCH3)28 (Figure 3s in the Supporting Information).


1H NMR spectra of aromatic regions for the polyethers 3-
(OCH3)14, 4-(OCH3)28, 5-(OCH3)42, 12-(OCH3)n, and 6-
(OCH3)n provide evidence for the annelated macrocyclic
(with no end groups) versus linear macrocyclic (with end
groups) structures. The linear macrocyclic structures may be
obtained, when one of the reactive ends (ZnCl or Br) in the
polymerization intermediates is quenched with a proton or
hydrogen atom (hydrogen end group). FAB-MS analyses
(Tables 1s±3s in the Supporting Information) show minor
peaks at m/z corresponding to such products. The linear
macrocyclic structures with Br end groups are less signifi-
cant, according to the FAB-MS analyses, though they are
detectable in selected samples of 3-(OCH3)14 and 5-
(OCH3)42. Therefore, verification for the annelated macrocy-
clic structures is based upon the hydrogen end-group analy-
sis.


The hydrogen end groups may be formed at either the
calix[4]arene or the linker ends; in either case, a spin system
of at least three protons with J�8 coupling constants is
formed. In principle, the three-spin systems could be selec-
tively detected by the triple quantum filtered COSY. How-
ever, with the increasing degree of polymerization, end
groups become more difficult to detect. Therefore, 4-
(OCH3)28 was selected for detailed analysis, as shown in
Figure 2. In the aromatic region of 4-(OCH3)28, resonances
near the 13C satellite peak of [D5]benzene are of relatively
small integration, and the highest peak in this region ap-
pears as a doublet. This resonance shows a cross-peak in
double quantum-filtered COSY, but no correlation in triple
quantum-filtered COSY could be detected. However, in 11-
(OCH3)27H2 and 14-(OCH3)6H2, model compounds with hy-
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drogen end groups on the calix[4]arene ends, the end-group
protons are found as J�8 triplets, appearing on either side
of the 13C satellite peak of [D5]benzene.


Because of insufficient sample amount, quantum-filtered
COSY experiments on 11-(OCH3)27H2 were not successful ;
for example, the relatively low intensity for the end group
peaks versus the 13C satellite peak (Figure 2). For 14-
(OCH3)6H2, well-defined cross-peaks to the two J�8 triplets
in both double and triple quantum-filtered COSY experi-
ments are obtained. Inspection of the aromatic regions for
the 1H NMR spectra of polyethers 5-(OCH3)42, 12-(OCH3)n,
and 6-(OCH3)n does not show clear J�8 triplet resonances
near the upfield 13C satellite [D5]benzene peak (Figure 1s in
the Supporting Information). This circumstantial evidence
supports the annelated macrocyclic structure for 4-(OCH3)28
and, probably, for its higher homologue.


FAB-MS provides the best evidence for the annelated
macrocycle 3-(OCH3)14 and its higher homologues. The low-
resolution FAB-MS of 3-(OCH3)14 shows dominant the clus-
ter ion at m/z�3874 and the less intense (ca. 10% relative
amplitude) cluster ion at m/z�1922. The high-resolution
spectra reveal that the spacings between the isotopomers
are m/z�1 and 0.5 for the peaks at m/z�3874 and 1922, re-
spectively, as expected for the singly and doubly charged
ions; simulation of their relative isotopic intensities at the
natural abundance provides good agreement with the for-
mulas C279H313O13 and C278H310O12 for the [M�OCH3]


+ and
[M�2OCH3]


2+ ion clusters, respectively (Figure 3A). The
cluster ion at m/z�5500, which possesses very low intensity
(<2% relative amplitude), corresponds to a singly charged
ion cluster with isotopic spacing of m/z�1. Simulation of


the isotopic intensities is consistent with the formula
C395H449O19, that is, [M�OCH3]


+ ion cluster for 16-
(OCH3)20H2, a structure consisting of three linearly connect-
ed calix[4]arenes with the hydrogen end groups. Compound
16-(OCH3)20H2 may be formed as a cross-coupling product
from two monomers of 7-(OCH3)6Br2 and one monomer of
8-(OCH3)8Br2, followed by protic quench of the two organo-
zinc end groups. For the four best chromatographic samples
of 3-(OCH3)14, the relative amplitudes of the [M�OCH3]


+


ion clusters for 16-(OCH3)20H2 are in the 1±5% range
(Table 1s in the Supporting Information.)


The low-resolution FAB-MS of 4-(OCH3)28 and 5-
(OCH3)42 show two and three prominent peaks, respectively
(Figure 3B and C). For 4-(OCH3)28, peaks at m/z�7780 and
�3874 have similar fragmentation patterns, including spac-
ings between the fragmentation ions and the widths of their
isotopic envelopes. For 5-(OCH3)42, peaks at m/z�11683,
�5828, and �3874 have similar fragmentation patterns; how-
ever, the spacings between the fragmentation ions and the
widths of their isotopic envelopes in the m/z�5828 region
are about half of those at m/z�11683 and �3874. This sug-
gests that the peak at m/z�5828 corresponds to a doubly
charged ion cluster and the remaining four peaks arise from


Figure 2. 1H NMR (500 MHz, [D6]benzene) spectra for 4-(OCH3)28 (top),
11-(OCH3)27H2 (middle), and 14-(OCH3)6H2 (bottom) at 293 K. The 13C
satellite [D5]benzene peak appears at 6.990 ppm.


Figure 3. FAB-MS (ONPOE) for polyethers 3-(OCH3)14 (plot A), 4-
(OCH3)28 (plot B), and 5-(OCH3)42 (plot C). Main plots: low-resolution
spectra. Inset plots: high-resolution spectra (red lines) and simulations of
the isotopic intensities at natural isotopic abundance (green lines) for the
[M�OCH3]


+ ion clusters (and [M�2OCH3]
2+ ion cluster for 3-


(OCH3)14).
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singly charged ion clusters. The peaks at m/z�7780 and
�11683 are assigned to the [M�OCH3]


+ ion clusters for 4-
(OCH3)28 and 5-(OCH3)42, respectively. The peak m/z�5828
may correspond to the [M�2OCH3]


2+ ion cluster for 5-
(OCH3)42. For both 4-(OCH3)28 and 5-(OCH3)42, high-resolu-
tion spectra for the m/z�3874 peaks and simulations of the
relative isotopic intensities at the natural abundance provide
good agreement with the formula C279H313O13, that is, indis-
tinguishable from the [M�OCH3] ion cluster for 3-(OCH3)14
(Figure 4s in the Supporting Information). For 5-(OCH3)42,
the ion cluster at m/z�3859 is relatively intense, exceeding
the maximum relative amplitude of the ion cluster at m/z�
3874. This suggests that the m/z�3874 peaks in the FAB-
MS of 4-(OCH3)28 and 5-(OCH3)42 may correspond to either
fragment ions or admixtures of small amounts of diaster-
eomers of 3-(OCH3)14 with similar Rf values. (In addition for
5-(OCH3)42, the m/z�3859 peak could correspond to a de-
rivative of 3-(OCH3)14, in which one of the methoxy groups
is replaced with the hydroxyl group.[26])


The assignments of the [M�OCH3]
+ ion clusters are veri-


fied by the high-resolution spectra. For 4-(OCH3)28, meas-
urements of [M�OCH3]


+ ion cluster for three different
chromatographic samples give m/z 7779.9, 7780.2, and
7779.7. These values are in good agreement with the calcu-
lated average mass (7780.075) and peak maximum mass
(7779.71) for formula C559H629O27 of the [M�OCH3]


+ ion
cluster (Figures 3 and 4). Corresponding m/z values for 5-
(OCH3)42 are at the extreme edge of the instrumental range
and resolution; m/z 11683.1 and 11683.3 are obtained for
the [M�OCH3]


+ ion cluster, using two different chromato-
graphic samples. These values are lower by 2 amu than ex-
pected for formula C839H945O41 of the [M�OCH3]


+ ion clus-
ter. (Average mass of 11685.765 and peak maximum mass
of 11685.45 are calculated at natural isotopic abundance.)
Notably, if the structure were not an annelated macrocycle,
but a linear chain of calix[4]arenes with hydrogen end
groups, the mass-to-charge ratio would be higher by 2 amu.
Such a lower than expected value in the m/z�10000 range
under similar experimental conditions has another prece-
dent in the polyarylmethyl polyether, for which structure
could be adequately analyzed by NMR spectroscopy.[19]


Analogous, but smaller, shifts to lower m/z values are also
clearly observed for 3-(OCH3)14 (Figure 3A) and other poly-
arylmethyl polyethers in high-resolution spectra of
[M�OCH3]


+ ion clusters with resolved isotopomers.[18, 19]


Overall, the high-resolution scans support the annelated
macrocyclic structure for both 4-(OCH3)28 and 5-(OCH3)42.


Both low- and high-resolution FAB-MS for 4-(OCH3)28
and the model compound 11-(OCH3)27H2 were carried out
under the identical conditions (subsequent experiments)
(Figure 4). In the low-resolution FAB-MS for 11-
(OCH3)27H2, the most prominent peaks at m/z�7452 and
�3710 correspond to the singly charged [M�OCH3]


+ and
the doubly charged [M�2OCH3]


2+ ion clusters, respectively.
Most likely, the other peaks correspond to the side prod-
ucts.[27] In particular, the prominent peak at m/z�3710 ap-
pears as doubly charged [M�2OCH3]


2+ ion cluster, unlike
the singly charged fragment ion for 4-(OCH3)28 in the corre-
sponding m/z region. The high-resolution spectra give good


agreement with the calculated m/z values for the
[M�OCH3]


+ cluster ions at the natural isotopic abundance
for both compounds; also, the doubly charged
[M�2OCH3]


2+ ion cluster for 8-(OCH3)27H2 is confirmed, in
contrast to the singly charged fragment ion for 4-(OCH3)28
in the similar relative m/z region (Figure 4).


Gel-permeation chromatography with multiangle light-
scattering (GPC/MALS) chromatograms of 3-(OCH3)14, 4-
(OCH3)28, 5-(OCH3)42, 12-(OCH3)n, and polymer 6-(OCH3)n
show decreasing retention times, as expected for increasing
hydrodynamic volumes (Figure 5; see also Figure 5s in the
Supporting Information).


The weight-average molecular masses (Mw) for homolo-
gous 3-(OCH3)14, 4-(OCH3)28, 5-(OCH3)42 are ~4.9 kDa,
~10.5 kDa, and ~16 kDa, respectively; the polydispersities
(PD=Mw/Mn) are in the 1.00±1.04 range, as expected for
monodisperse oligomers. For these polyethers, the Mws are
overestimated (Table 4s in the Supporting Information);
however, assuming that only about 75±80% of the injected
mass of the polyether is eluted, good agreement with the
formula masses is obtained. Similar discrepancies between
the Mw and the formula mass were also observed for other
polyarylmethyl polyethers.[18,19] In addition, admixtures of
other polyethers, including those observed in FAB-MS, may
contribute to these discrepancies between the Mws and the
formula masses. Using the assumption of 80% elution, the
Mw�29±33 kDa (PD�1.3) for 6-(OCH3)n may be corrected


Figure 4. FAB-MS (ONPOE) for polyethers 4-(OCH3)28 (plot A) and 11-
(OCH3)27H2 (plot B) carried out under the identical conditions. Main
plots: low-resolution spectra. Inset plots: high-resolution spectra (red
lines) and simulations of the isotopic intensities at natural isotopic abun-
dance (green lines) for the [M�OCH3]


+ and [M�2OCH3]
2+ ion clusters.
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to Mw�26 kDa. Similarly, Mw�14 kDa is obtained for 12-
(OCH3)n after the correction; this Mw lies is between the
formula mass for 5-(OCH3)42 and its higher homologue.[28]


The chromatograms for 3-(OCH3)14, 4-(OCH3)28, and 5-
(OCH3)42 have distinct lineshapes, perhaps, reflecting dis-
tinct distributions of hydrodynamic shapes (and volumes)
for mixtures of diastereomers. For 4-(OCH3)28 and 5-
(OCH3)42, additional small peaks (shoulders) are observed
at the retentions times matching that of 3-(OCH3)14. This is
confirmed by the partially resolved chromatogram for a
mixture of 3-(OCH3)14 and 4-(OCH3)28 (Figure 5).[29] Be-
cause the peak intensities in Figure 5 are proportional to the
concentrations, 4-(OCH3)28 and 5-(OCH3)42 contain rather
small admixtures of 3-(OCH3)14 (or compounds with similar
hydrodynamic shapes/volumes). This suggests that the rela-
tively intense peaks at m/z�3874 in the FAB-MS of 4-
(OCH3)28 and 5-(OCH3)42 arise from a relatively small
amount of 3-(OCH3)14. The ionization efficiency for this
class of compounds decreases dramatically in relation to
mass. This can result in the distortion in the relative intensi-
ties of the ions observed in the mass spectra.


Radii of gyration (Rg) for polyethers 4-(OCH3)28 and 5-
(OCH3)42, and polymer 6-(OCH3)n in [D8]THF are 1.7, 2.0,
and 3.2 nm, respectively.[30]


Generation of polyradicals : Polyethers 3-(OCH3)14, 4-
(OCH3)28, and 6-(OCH3)n (0.8±1.2 mg per sample) were con-
verted to the corresponding polyradicals 3, 4, and polymer
6, respectively. The relevant chemistry and technical proce-
dures are described elsewhere.[18,20] The samples of polyradi-
cals in [D8]THF (0.06±0.08 mL) were used for magnetic
studies.


Magnetic studies : The results of magnetic studies are sum-
marized in Tables 1 and 2 and Figures 6±10 (below).


For a typical sample of polyradical in [D8]THF, magneti-
zation (M) was measured as a function of magnetic field


(H=0±5î104 Oe at T=1.8, 2.5, 3.5, 5, and 10 K) and tem-
perature (T=1.8±150 K at H=5000, 500, 50 Oe). For select-
ed samples, the following sequences of measurements were
carried out: 1) without annealing (with sample chamber de-
gassed at 90 K), 2) with prior annealing at 170 K (slightly
above the melting point of the matrix), and 3) after expo-
sure of the sample to room temperature for a short period
(30±60 min). After completion of these measurements, the
samples are kept at room temperature for about one month
(or longer) to give effectively diamagnetic samples, which
were used for point-by-point background correction for dia-
magnetism.


Numerical fitting of the curvature of low-temperature M
versus H data (T=1.8±5 K) to the Brillouin functions reveal
relatively large values of average S, including S�18 for
polymer 6. These fits provide average values of S (as the
spin-weighed spin, Ss) and magnetization at saturation
(Msat).


[31] As values of S and polydispersity of S increase
along the homologous series of polyradicals, from annelated
macrocycle 3 to polymer 6, numerical fits require more vari-
able parameters in the linear combination of the Brillouin
functions. Greater values of Ss are associated with an in-
crease in the number of unpaired electrons correlated ferro-
magnetically (or ferrimagnetically). The values of Msat are
reported per triarylmethyl site (more precisely, per triaryl-
methyl ether); the value of 1 mB would correspond to one
unpaired electron per site. A fractional value ofMsat, that is,
<1 mB corresponds to a fraction of an unpaired electron per
triarylmethyl site. Because Msat is measured at low tempera-
tures (T=1.8±5 K), both antiferromagnetic interactions and
chemical defects may contribute to its low values. In addi-
tion, the values of Msat, which are based upon the weighed
masses of polyethers, may be underestimated by incomplete
mass transfers of polyethers and other mass losses during
generation of polyradicals.[18]


For 14-radical 3, adequate numerical fits to the M versus
H data were obtained by using a single Brillouin function,
with S and magnetization at saturation (Msat) as two variable
parameters; an approximate mean-field correction of the
data for antiferromagnetic interactions (q<0) significantly
improves quality of the fit. The relatively small values of
jq j , which are in the 0.1±0.2 K range, are required for the
temperature-independent values of S and suggest the onset
of weak antiferromagnetic interactions in the T=1.8±5 K
range.[32] The values of S obtained from such Brillouin plots,
M/Msat vs H/(T�q), are in the 5.7±6.8 range (Table 1,
Figure 6), below the value of S=7 for 14 unpaired electrons
coupled ferromagnetically. The values of Msat�0.6 mB per
triarylmethyl site imply that about 60% of the unpaired
electrons are present at low temperatures, though the values
of average S are relatively high. It should be noted that sam-
ples of 3-(OCH3)14, which were used for preparation of poly-
radicals 3, contain various amounts of side products with
higher molecular mass, as shown by relative amplitudes of
peaks in FAB-MS (Table 1).


For the 28-radical 4, numerical fits to the M versus H data
were obtained by using linear combination of two Brillouin
functions, B(S1) and B(S2), corresponding to the values of
spin S1 and S2 [Eq. (1)]:


Figure 5. GPC chromatograms (refractive index detector) of 3-(OCH3)14,
4-(OCH3)28, 5-(OCH3)42, polymer 6-(OCH3)n and a mixture of 3-
(OCH3)14 and 4-(OCH3)28.
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M ¼ Msat½ðBðS1Þ þ w2BðS2Þ	=ð1þ w2Þ ð1Þ


The coefficient w2 in Equation (1) depends on values of
spin and molar fractions of the two spin systems. Four varia-
ble parameters were employed: Msat, S1, S2, and w2. Only nu-
merical fits at T=1.8, 2.5, and 3.5 K were carried out to
keep parameter dependence below 0.99 for each variable
parameter. The values of spin-weighed average spin, Ss=
(S1+w2S2)/(1+w2)�10, were obtained by using M/Msat


versus H/T functions. The values of Msat are in the 0.5±0.6 mB


range per triarylmethyl site (Figure 7, Table 2).
For polymer 6, numerical fits to the M versus H data


were obtained by using a linear combination of three Bril-
louin functions, B(S1), B(S2), and B(S3), corresponding to
the values of spin S1, S2, and S3 [Eq. (2)]:


M ¼ Msat½BðS1Þ þ w2BðS2Þ þ w3BðS3Þ	=ð1þ w2 þ w3Þ ð2Þ


Table 1. Summary of magnetic data for tetradecaradical 3.


3[a] 3-(OCH3)14 MS[b] Mass Anneal Brillouin Percolation Msat
[c] cTmax


[d] J/k
sample sample [mg] [K] S �q [K] Ss �q [K] q p [mB] [emuKmol�1] [K]


1436 1351.Fpur 2±30 ~1.2 170 6.5 0.2 ± ± ± ± ± ± 11


1532 1431.2TLCsep <2 1.08 170 5.9 0.1 5.9 0.1 0.66±0.67 0.89 0.60 15.7 15
293 5.0 0.15 ± ± ± ± 0.48 12.0 ±


1566 1431.34high 10 0.80 90 6.8 0.07 6.6 0.0 0.59 �0.61 0.97 �1.00 0.60 17.7 10
170 6.8 0.15 6.7 0.15 0.58 �0.61 0.99 �1.02 0.60 17.3 12
293 5.2 0.15 ± ± ± ± 0.49 11.4 ±


1580 1431.2TLCfc <2 0.91 170 5.7 0.1 5.7 0.1 0.67 �0.69 0.85 �0.87 0.59 14.5 13


[a] Yellow-green-brown color. [b] Relative peak amplitude for impurities in FAB-MS. [c]Msat per mol of triarylmethyl ether. [d] cTmax per mol of poly-
ether 3-(OCH3)14.


Figure 6. SQUID magnetometry for 14-radical 3 in [D8]THF (sample
label 1532, Table 1). Main plot: M/Msat versus H/(T�q). Solid lines corre-
spond to the Brillouin functions with S=7 and S=5.9. The value of S=
5.9 is obtained from a numerical fit by using Brillouin function with two
variable parameters: S=5.9 and Msat=0.60 mB (parameter dependence of
0.30). Inset plot: cT versus T. The numerical fit to cT at H=5000 Oe for
the square spin cluster of S=6/2±1/2±6/2±1/2 has two variable parameters
J/k=++14.5 K and N=1.46î10�7 mol; parameter dependence is 0.57.


Figure 7. SQUID magnetometry for 28-radical 4 in [D8]THF (sample
label 1559, Table 2). Main plot: M/Msat versus H/T. Solid line corresponds
to numerical fit of the experimental data at 1.8 K by using the linear
combination of two Brillouin functions [Eq. (1)], giving Ss=10.5; param-
eter dependencies for the four variable parameters are in the 0.57±0.99
range. Inset plot: cT versus T.


Table 2. Summary of magnetic data for polyradical 4 and polymer 6.


Sample Mass[a] Anneal Ss Msat
[b] cTmax


[c]


label [mg] [K] [mB] [emuKmol�1]


polyradical 4
1559 1.08 170 10.5 0.54 45.3
1588 0.98 90 10.4 0.56 46.5


170 10.4 0.56 47.0
293 ~1 0.08 1.3


polymer 6
1639 0.88 170 16.5 0.41 1.9


293 dia dia dia[d]


1643 0.97 
170 18.0 0.42 2.1
293 dia dia dia


1678 1.10 
170 19.1 0.64 3.4
293 ~4 0.17 0.2


1691[e] 0.88 
170 ~8 0.47 1.1
293 ~6 0.32 0.6


1708 1.04 
170 ~11 0.63 1.9


[a] Mass of polyethers 4-(OCH3)28 (sample label 1431.6xf) and 6-(OCH3)n
(sample label 1431.10TLC2x). [b]Msat per mol of triarylmethyl ether.
[c] For 4 and 6, cTmax per mol of polyether 4-(OCH3)28 and triarylmethyl
ether, respectively. [d] Nearly diamagnetic. [e] Dark grey-green color (for
other samples of 4 and 6, handled below 170 K, bright green color).
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In Equation (2), one of the spin values, S3, is set to 0.5 to
account for the presence of S= 1=2 impurities and to mini-
mize the number of variable parameters. The third Brillouin
function with relatively low value of spin is necessary to ad-
equately reproduce the relatively slow approach to satura-
tion for M versus H/T at high magnetic fields. With five vari-
able parameters, Msat, S1, S2, w2, w3, numerical fits at T=1.8
and 2.5 K were carried out. The values of Ss= (S1+w2S2+
w3S3)/(1+w2+w3) are in the 17±19 range for the three best
samples of 6. (For the other two samples, Ss�8 and 11 are
obtained.) The values of Msat are in the 0.4±0.6 mB range per
triarylmethyl site (Figure 8).


The M versus T data at H=5000, 500, and/or 50 Oe are
plotted as the product of magnetic susceptibility per mol of
the starting polyether (c=M/H) and temperature versus
temperature, that is, cT versus T for polyradicals 3, 4, and
polymer 6 (insets in Figures 6±8). For all polyradicals, the
values of cT increase with decreasing temperature from
150 K to about 5 K, indicating the thermal depopulation of
the low-spin excited states. This behavior is consistent with
the presence of a weak ferromagnetic coupling. In the T=
1.8±5 K range, the downward turn in cT at modest magnetic
fields (e.g., H=5000 Oe) is predominantly, if not exclusively,
caused by the paramagnetic saturation. A small downward
turn in cT is even found at low H for 14-radical 3, which is
consistent with weak antiferromagnetic interactions ob-
served in the M/Msat versus H/(T�q) plots. However, the
downward turns diminish at low H for 4, and for 6 at 50 Oe,
the cT rises with decreasing temperature down to 1.8 K.
Most likely, intermolecular antiferromagnetic interactions
are negligible for these larger polyradicals; this is consistent
with their M/Msat versus H/T plots.


The approximate ideal paramagnet behavior for 3 and 4
at low temperatures, found in the cT versus T plots, is com-
patible with the use of the Brillouin functions for the M
versus H data. However, in polymer 6, the cT versus T plots
suggest the presence of very weak net ferromagnetic cou-
plings.[33] Thus, the values of average spin Ss�18 obtained
from the M versus H/T plots (and numerical fits to the Bril-
louin functions) are only approximate, suggesting an effec-
tive ferromagnetic (or ferrimagnetic) correlation of about
36 electron spin.


The maximum values of cT for the plateau at low temper-
ature (cTmax) are below those expected for the perfect poly-
radicals, that is, chemical defect-free and all unpaired elec-
trons ferromagnetically coupled (Figures 6±8). This is not
unexpected, as the values of S and Msat are below those for
the perfect polyradicals, as well. For 3 and 4, cTmax=15±18
and 45±47 emuKmol�1 are obtained, respectively. For mon-
odisperse S=7 and S=14 polyradicals, S(S+1)/2=28 and
105 emuKmol�1 should be obtained, respectively. For poly-
mer 6, cTmax=2±3 emuKmol�1, calculated per mol of triar-
ylmethyl ether (Mw=278.97) is obtained for the best three
samples with S=17±19.


14-Radical 3 may be viewed as an organic spin cluster of
four component spins, S=6/2±1/2±6/2±1/2, arranged on the
vertices of a square, in which all four nearest neighbor pair-
wise exchange couplings (J/k) through the biphenylene cou-
pling units are identical.[19] Energy eigenvalues for Heisen-
berg Hamiltonian for this spin tetramer are determined by
the vector decoupling technique.[34] Equations for magneti-
zation, including saturation effects were derived using stan-
dard formulas.[4] Experimental data for the cT versus T plots
were fit as MT versus T. At H=5000 Oe, two variable pa-
rameters, J/k (identical for all nearest neighbors) and N
(number of moles of polyradical), were used [Eqs. (1s)±(3s)
and Table 5s in the Supporting Information]. For all-ferro-
magnetic and all-antiferromagnetic couplings, J/k=++12�
3 K and J/k=�9�2 K, respectively, were obtained. The fits
with the J/k>0 model provide smaller norms (by factor of
2±5), relative to those for the J/k<0 model. Analogous nu-
merical fits at lower magnetic field (H=500 Oe) require
two additional variable parameters: the mean-field parame-
ter q (q<0), to account for weak antiferromagnetic interac-
tions (probably intermolecular) and numerical correction
for diamagnetism (Mdia).


[35] However, neither the J/k>0
model nor the J/k<0 model is consistent with the Brillouin
fits to the magnetic-field dependence of magnetization. In
the absence of chemical defects, the J/k>0 model should
give S=7.0 and Msat=1.0 mB. Analogously, the J/k<0 model,
should give S=5.0 and Msat=5/7 mB�0.71 mB. Most likely,
chemical defects and mixture of conformations with distri-
bution of J/k would have to be taken into account. Such nu-
merical fits of the cT versus T data would require too many
variable parameters versus the relatively low information
content of the cT versus T curves.


An alternative model involves the numerical fit of the M
versus H data at low temperatures. Assuming that most of
the nearest neighbor exchange couplings are significant, that
is, jJ/k j greater than few Kelvin, the Brillouin functions
(corrected with mean-field parameters, as necessary for 3),


Figure 8. SQUID magnetometry for polymer 6 in [D8]THF (sample
label 1643, Table 2). Main plot: M/Msat versus H/T. Solid line corresponds
to numerical fit of the experimental data at 1.8 K by using the linear
combination of three Brillouin functions [Eq. (2)], giving Ss=18; parame-
ter dependencies for the five variable parameters are in the 0.76±0.98
range. Inset plot: cT versus T; c is showed per mol of triarylmethyl ether.
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provide good approximation for M at low temperatures T

5 K. The previously developed percolation model was adapt-
ed to the organic spin tetramer corresponding to the 14-radi-
cal 3.[19] The variable parameters q and p are defined as fol-
lows: 1) probabilities for ferromagnetic (J>0) and antiferro-
magnetic (J<0) coupling through each biphenylene cou-
pling unit are q and 1�q, respectively; 2) probabilities for
an unpaired electron and a chemical defect at a triarylmeth-
yl site are p and 1�p, respectively. In regard to parameter p,
only spin systems at the two 4-biphenyl-substituted sites are
explicitly enumerated; chemical defects at the other twelve
sites are accounted for, approximately, by scaling their con-
tribution to spin with a factor of p.[36] Overall, 15 configura-
tions, with 0±4 antiferromagnetic (J<0) couplings through
biphenylene coupling units and 0±2 chemical defects at the
4-biphenyl-substituted sites, are considered. Each enumerat-
ed spin system, with r ferromagnetic (J>0) biphenylene
coupling units and s chemical defects, enters into the linear
combination of the Brillouin functions with a factor of br,s=
[qr(1�q)4�r][ps(1�p)2�s].[19]


Numerical fits to the mean-field corrected M versus H/
(T�q) data give p=0.9±1.0 and q=0.6±0.7, that is, low den-
sity of chemical defects and predominantly ferromagnetic
couplings are found (Figure 9).[37] Values of Ss calculated


from parameters p and q are similar to those obtained from
simple Brillouin fits. Most importantly, this two-parameter
fit gives values of Msat that are in quantitative agreement
with the experiment (Table 1).


Alternative numerical fits, which include the mass of the
polyether (m) as variable parameter, were attempted. The
two-parameter (p and m) fits give significantly greater
norms than those in Table 1. However, the three-parameter
(p, q, and m) fits are overparametrized; the optimized
values of m are typically 50% greater than the weighed
mass of polyethers. Also, the optimized values of q�0.4
would suggest that the antiferromagnetic interactions (J<0)
are relatively important; in contrast, the MT versus T fits
have lower norms for the J<0 model, relative to the J>0
model. Therefore, within the approximations of our models,
the weighed masses of 14-ether 3-(OCH3)14 (Table 1) are
probably adequate for calculation of number of moles of 14-
radical 3.


The inset of Figure 9 illustrates the behavior of Ss and
Msat within our percolation model. For p=1.0 (no chemical
defects), Ss as a function of q varies between Ss=5 (q=0,
all-antiferromagnetic couplings) to Ss=7 (q=1.0, all-ferro-
magnetic couplings). For Msat, a minimum value of
Msat(min)�0.34 is found at q(min)�0.28; at this value of q,
Ss�5.47 is obtained. For p=0.9 (and p=0.8, not shown),
the Ss and Msat are shifted to somewhat lower values; how-
ever, for q(min)�0.3, Msat(min) has similar value in the p=
0.8±1.0 range. When antiferromagnetic coupling is dominant
but not exclusive, relatively large values of Ss are still possi-
ble, even with as little as ~1/3 of unpaired electrons remain-
ing at low temperature. Also, the relative values of Ss and
Msat may provide a qualitative measure of the relative con-
tributions of ferromagnetic and antiferromagnetic couplings
for polyradicals with low density of chemical defects.


Thermal stability (persistence) of polyradicals : Annealing at
170 K (just above the melting point of the matrix) for a few
minutes does not affect the results for samples of 3 and 4.
(Only one sample of each polyradical was studied.) Selected
samples of polyradicals were also studied following anneal-
ing at room temperature for about 0.5 h. For polymer 6, two
samples became diamagnetic and the other two samples had
Ss=4±6 after about 0.5 h at room temperature (Table 2). For
28-radical 4, Ss�1 was obtained for one studied sample. 14-
Radical 3 possesses remarkable stability; for two samples
after 0.5 h at room temperature, the values of S were re-
duced from 6.8 to 5.2 and 5.9 to 5.0. Moreover, the Msat


values were reduced to about 80% of their original values
(Figure 10, Table 1). Thus, 14-radical 3 may be viewed as
persistent at room temperature. The variations in apparent
thermal persistence of 3, 4, and 6 may result from not only
their structural differences, but also the different degree of
oxidation (e.g., excess of iodine reacting with radicals at
higher temperature) for each sample. After being kept at
room temperature for one month (or longer), all reported
samples of 3, 4, and 6 had become effectively diamagnetic.


Conclusion


The studied annelated macrocyclic polyradicals 3 and 4
show average values of S of about 5.7±6.8 and 10, respec-


Figure 9. SQUID magnetometry for 14-radical 3 in [D8]THF (sample
label 1532, Table 1). Main plot: M/Msat versus H/(T�q). Solid line corre-
sponds to numerical fit of the experimental data at 1.8 K by using the
percolation model with two variable parameters, p=0.89 and q=0.66
(parameter dependence of 0.99); these values of p and q correspond to
Ss=5.9. Inset plot: plot of Ss (solid lines) and Msat (dotted lines) versus q
(fraction of ferromagnetic couplings through 3,4’-biphenylene) for p=1.0
(red lines) and p=0.9 (green lines), as calculated from the percolation
model for 14-radical 3. The vertical black, dotted line shows q=0.66; its
crossing points with the green lines give approximate values of Ss and
Msat for this sample.
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tively. The polymer 6 has average S of about 18. The values
of S and molar fractions of unpaired electrons at low tem-
peratures (Msat) suggest that ferromagnetic couplings pre-
dominate in polyradicals 3 and 4, though there are substan-
tial antiferromagnetic couplings present.


Based upon the one mode of annelation for calix[4]arene-
based macrocycles studied in this work, polymer 1 is likely
to possess significant content of annelated macrocyclic struc-
tures with fractal dimensionality beyond one. Furthermore,
these annelated macrocyclic structures may contribute to
the predominant ferromagnetic couplings and large net
values of S found in polymer 1. Because the other modes of
annelation for polymer 1 remain unexplored, the present re-
sults provide only partial rational for magnetic ordering in
polymer 1.


Experimental Section


Gel permeation chromatography and multiangle light scattering (GPC/
MALS) studies : A 17-Angle light scattering detector (Wyatt DAWN
EOS) and an interferometric refractive index detector (Wyatt Optilab
DSP) were used for GPC/MALS studies. One or two 4.6î300 mm 5 m


Phenogel GPC columns (500 ä or following in sequence 103 ä), with
THF as a mobile phase, were used. The flow rate of THF was 0.4 or
0.5 mLmin�1 and dn/dc was computed on-line. A solution of oligomer or
polymer in THF (100 mL) was injected into 20 mL loop, typically, three
times.


General procedures for syntheses and polymerizations : All glassware was
connected to vacuum lines with solv-seal joints and flexible connectors
(stainless steel or Teflon). A weighed amount of polyether was placed in
a Schlenk vessel (equipped with Kontes or Chemglass high-vac Teflon
stopcock). The Schlenk vessel with the polyether (and magnetic stir bar)
was evacuated overnight while immersed in a 70 8C oil bath. While the
Schlenk vessel with polyether was allowed to attain room temperature,
the vacuum line was heated with heat gun prior to vacuum transfer of
solvent (THF or diethyl ether). After solvent was transferred and all
polyether dissolved, solution of nBuLi or tBuLi was added at �78 8C
under argon gas flow. After a specified time/temperature sequence, the
formed aryllithium compound was treated with additional reagents. All


isolated products with an estimated mass of less than about 20 mg were
evaporated into small vials for weighing on analytical balance. In the
NMR data EM is exponential multiplication and GB is Gaussian broad-
ening. In the MS data NBA=3-nitrobenzylalcohol, ONPOE= (o-nitro-
phenyl)octylether, and % RA is % relative amplitude.


Compound 8-(OCH3)8Br2 and side product 10-(OCH3)15Br2 : tBuLi
(0.50 mL of a ~1.5m solution in pentane, 0.75 mmol) was added to a sol-
ution of 7-(OCH3)6Br2 (0.300 g, 0.168 mmol) in THF (8.50 mL) in a
heavy-wall Schlenk vessel at �78 8C. After 2 h, the reaction mixture was
warmed up to �20 8C for 10 min, and then re-cooled to �78 8C. Following
addition of ZnCl2 (0.44 mL of 0.80m solution in diethyl ether,
0.354 mmol), the reaction mixture was allowed to attain ambient temper-
ature for 3 h. The resultant clear yellow solution was transferred to a
glovebox. [Pd(PPh3)4] (13.0 mg, 0.0101 mmol) and racemate 9 (0.270 mg,
0.505 mmol) were added to the reaction mixture. Subsequently, the reac-
tion mixture was heated at 100 8C for 1.5 days. After extraction with di-
ethyl ether, the organic layer was dried over MgSO4 and concentrated in
vacuo to give a brown solid. Column chromatography (TLC grade silica
gel, 2.5±5% diethyl ether in hexane), followed by the treatment with di-
ethyl ether/MeOH, gave 232 mg (56%) of white powder of 8-(OCH3)8Br2
and 14.3 mg (4%) of white powder of 10-(OCH3)15Br2.


Another reaction on the same scale gave 186 mg (45%) of white powder
of 8-(OCH3)8Br2 and 14.3 mg (3%) of white powder of 10-(OCH3)15Br2,
respectively.


Compound 8-(OCH3)8Br2 : Softened at 211 8C, m.p. 216±219 8C; FABMS
(3-NBA) cluster: m/z (% RA for m/z=400±5200) for [M�OCH3]


+ :
2406.2 (39), 2407.2 (53), 2408.2 (86), 2409.2 (100), 2410.2 (95), 2411.2
(74), 2412.2 (51), 2413.2 (30), 2414.2 (15); calcd for C163H179O7Br2
[M�OCH3]


+ : 2406.2 (21), 2407.2 (39), 2408.2 (77), 2409.2 (88), 2410.2
(100), 2411.2 (84), 2412.2 (55), 2413.2 (29), 2414.2 (12); IR: ñ=1592
(Ar), 1078 cm�1 (C-O-C).
1H NMR (500 MHz, EM=�1.60, GB=0.90, C6D6, 293 K): d=8.083 (br t,
2H), 8.034, 8.032 (2 t, J=2, 2 Hz, 1H), 7.995 (t, J=2 Hz, 1H), 7.983 (t,
J=2 Hz, 2H), 7.865 (br s, J=2 Hz, 2H), 7.821 (br s, 1H), 7.796 (br s, 1H),
7.774 (t, J=2 Hz, 1H), 7.630 (d, J=9, 2H), 7.13±7.60 (m, 55H), 3.070
(br s, 3H), 2.969, 2.967 (2 s, 3H) diastereomer, 2.918, 2.914 (s, br s, 9H),
2.909 (s, 3H), 2.901, 2.899 (2 s, 6H), 1.228, 1.226 (2s 18H), 1.186 (s, 9H),
1.171 (s, 9H), 1.163 (s, 9H), 1.156 (s, 9H), 1.152 (s, 9H), 1.143 (s, 9H),
1.134 (s, 9H), 1.122 ppm (s, 9H); 1H NMR (500 MHz, EM=�1.60, GB=


0.90, [D6]benzene, 328 K): d=8.038±8.020 (m, 3H), 7.974, 7.971 (2 t, J=2,
2 Hz, 2H), 7.905 (t, J=2 Hz, 1H), 7.788 (t, J=2 Hz, 1H), 7.752±7.768
(m, 3H), 7.718 (t, J=2 Hz, 1H), 7.591 (d, J=8 Hz, 2H), 7.137±7.521 (m,
55H), 3.072 (s, 3H), 2.963 (s, 3H), 2.932, 2.928 (2 s, 9H), 2.918, 2.915 (2 s,
6H), 2.910 (s, 3H), 1.230 (s, 18H), 1.191 (s, 9H), 1.178 (s, 9H), 1.172 (s,
9H), 1.161 (s, 9H), 1.157 (s, 9H), 1.153 (s, 9H), 1.147 (s, 9H), 1.130 ppm
(s, 9H).
1H NMR (500 MHz, EM=�1.40, GB=0.90, [D6]benzene, 348 K, 1H±1H
COSY cross-peaks in aromatic region): 1,3,5-Trisubstituted benzene rings
(rings A - D): Ring A: d=8.116, 8.014 (2 t, J=2, 2 Hz, 1H, 7.966, 7.693),
7.966 (t, J=2 Hz, 1H, [8.116, 8.014], 7.693), 7.693 ppm (t, J=2 Hz, 1H,
[8.116, 8.014], 7.966); Ring B: d=8.003, 8.002 (2 t, J=2, 2 Hz, 1H, 7.956,
7.728), 7.956 (t, J=2 Hz, 1H, [8.003, 8.002], 7.728), 7.728 ppm (t, J=
2 Hz, 1H, [8.003, 8.002], 7.956); Ring C: d=7.987 (t, J=2 Hz, 1H, 7.861,
7.404), 7.861 (t, J=2 Hz, 1H, 7.987, 7.404), 7.404 ppm (t, J=2 Hz, 1H,
7.861, 7.861); Ring D: d=7.745 (t, J=2 Hz, 1H, 7.734, 7.687), 7.734 (t,
J=2 Hz, 1H, 7.745, 7.687), 7.687 ppm (t, J=2 Hz, 1H, 7.745, 7.734); 1,4-
disubstituted benzene rings (rings 1±14): d=7.570 (d, J=9 Hz, 2H,
7.239), 7.239 (d, J=9 Hz, 2H, 7.570), 7.494 (d, J=9 Hz, 2H, 7.190), 7.190
(d, J=9 Hz, 2H, 7.494), 7.489 (d, J=9 Hz, 2H, 7.218), 7.218 (d, J=9 Hz,
2H, 7.489), 7.481 (d, J=9 Hz, 2H, 7.195), 7.195 (d, J=9 Hz, 2H, 7.481),
7.468 (d, J=8 Hz, 2H, 7.336), 7.336 (d, J=8 Hz, 2H, 7.468), 7.438 (d, J=
9 Hz, 2H, 7.185), 7.185 (d, J=9 Hz, 2H, 7.438), 7.432 (d, J=9 Hz, 2H,
7.367), 7.367 (d, J=9 Hz, 2H, 7.432), 7.406 (d, J=9 Hz, 2H, 7.178), 7.178
(d, J=9 Hz, 2H, 7.406), 7.396 (d, J=9 Hz, 2H, 7.175), 7.175 (d, J=9 Hz,
2H, 7.396), 7.374 (d, J=9 Hz, 2H, 7.275), 7.275 (d, J=9 Hz, 2H, 7.374),
7.372 (d, J=9 Hz, 2H, 7.146), 7.146 (d, J=9 Hz, 2H, 7.372), 7.361 (d, J=
9 Hz, 2H, 7.268), 7.268 (d, J=9 Hz, 2H, 7.361), 7.260 (s, 4H, overlapped
AB), 7.249, 7.248 ppm (s, 2H, 2H, overlapped AB); aliphatic region: d=
3.076 (s, 3H), 2.963 (s, 3H), 2.946 (s, 3H), 2.942 (s, 6H), 2.927 (s, 3H),
2.918 (s, 6H), 1.234 (s, 9H), 1.232 (s, 9H), 1.197 (s, 9H), 1.184 (s, 9H),


Figure 10. SQUID magnetometry for 14-radical 3 in [D8]THF after an-
nealing for 0.5 h at room temperature (sample label 1532, Table 1). Main
plot: M/Msat versus H/(T�q). Solid lines correspond to the Brillouin func-
tions with S=7 and S=5. Inset plot: cT versus T.
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1.181 (s, 9H), 1.170 (s, 9H), 1.162 (s, 18H), 1.157 (s, 9H), 1.139 ppm (s,
9H).
13C{1H}DEPT(1358)NMR (125 MHz, EM=�0.90/-0.70, GB=0.90/0.40,
[D6]benzene, 293 K): aromatic quaternary region, expected: 40 resonan-
ces; found: 30 resonances at d=150.38 (q), 150.28 (q), 150.25 (q), 150.20
(q), 150.00 (q), 149.92 (q), 149.87 (q), 149.81 (q), 149.76 (q), 146.8 (q),
146.6 (q), 146.0 (q), 145.1 (q), 144.9 (q), 144.6 (q), 144.0 (q), 143.7 (q),
143.01 (q), 142.95 (q), 142.86 (q), 142.42 (q), 142.39 (q), 141.5 (q), 141.22
(q), 141.17 (q), 141.07 (q), 140.8 (q), 140.4 (q), 140.2 (q), 121.6 ppm (q);
aromatic non-quaternary region, expected: 40 resonances; found: 27 res-
onances at d=131.5, 131.05, 131.02, 130.11, 130.07, 130.02, 129.88, 129.74,
129.70, 129.58, 129.48, 129.3, 129.2, 128.7 ([D5H]benzene), 128.3, 127.30,
127.27, 127.0, 126.6, 126.4, 126.2, 125.5, 125.39, 125.33, 125.26, 125.20,
125.17, 125.13 ppm; aliphatic region, d=88.28 (q), 88.21 (q), 88.1 (q),
87.8 (q), 87.7 (q), 87.1 (q), 52.68, 52.65, 52.59, 52.55, 52.51, 52.48, 52.3,
34.81 (q), 34.75 (q), 34.72 (q), 31.85, 31.82, 31.80, 31.74 ppm.


Compound 10-(OCH3)15Br2 : FABMS (ONPOE) cluster: m/z (% RA for
m/z=1000±6200) for [M�OCH3]


+ : 4358.3 (38), 4359.3 (63), 4360.3 (82),
4361.3 (98), 4362.4 (100), 4363.3 (92), 4364.3 (69), 4365.3 (50), 4366.4
(29), 4367.3 (20); calcd for C303H337O14Br2 [M�OCH3]


+ : 4358.4 (17),
4359.4 (38), 4360.4 (66), 4361.4 (89), 4362.4 (100), 4363.4 (94), 4364.4
(75), 4365.4 (51), 4366.4 (30), 4367.4 (16), 4368.4 (7).
1H NMR (500 MHz, EM=�1.20, GB=0.90, [D6]benzene, 293 K): d=


7.10±8.05 (m, 124H), 2.89±3.10 (45H), 1.11±1.27 ppm (171H); 1H NMR
(500 MHz, EM=�1.20, GB=0.90, [D6]benzene, 328 K): d=7.10±8.05
(m, 148H; expected 124H), 2.89±3.10 (45H), 1.11±1.27 ppm (161H; ex-
pected 171H).
1H NMR (500 MHz, EM=�1.20, GB=0.90, [D6]benzene, 348 K, 1H-1H
COSY cross-peaks in aromatic region) 1,3,5-trisubstituted benzene rings
(rings A,A’±D,D’); ring A: d8.060 (br, 1H, 7.989, 7.633), 7.989 (br s, 1H,
8.060, 7.633), 7.633 ppm (br s, 1H, 8.060, 7.989); ring A’: d=7.997 (br,
1H, 7.857, 7.382), 7.857 (t, 1H, 7.997, 7.382), 7.382 ppm (br, 1H, 7.997,
7.857); ring B: d=8.020 (t, J=2, 1H, missing, 7.674), 7.994 (br, 1H, miss-
ing, 7.674),7.674 ppm (t, J=2, 1H, 8.020, 7.994); ring B’: d=8.017 (t, J=
2, 1H, 7.969, 7.691), 7.969 (t, J=2, 1H, 8.017, 7.691), 7.691 ppm (t, J=2,
1H, 8.017, 7.969); ring C: d=7.997 (br s, 1H, 7.946, 7.754), 7.946 (t, J=2,
1H, 7.997, 7.754), 7.754 ppm (br t, J=2, 1H, 7.997, 7.946); ring C’: d=
7.793, 7.783 (t, t, J=2, J=2, 1H, 7.699, 7.671), 7.699 (br, 1H, [7.793,
7.783], 7.671), 7.671 ppm (t, J=2, 1H, [7.793, 7.783], 7.699); ring D: d=
7.973 (t, J=2, 1H, 7.854, 7.387), 7.854 (t, J=2, 1H, 7.973, 7.387),
7.387 ppm (br, 1H, 7.973, 7.854); ring D’: d=7.757 (br, 1H, 7.737, 7.699),
7.737 (br, 1H, 7.757, 7.699), 7.699 (br, 1H, 7.757, 7.737); 1,4-disubstituted
benzene rings (rings 1±25): d=7.579 (d, J=9, 4H), 7.14±7.51 ppm (m,
96H); aliphatic region: expected 15 resonances for the methoxy groups;
found 22 resonances (45H): d=3.093, 3.087 (br s, s, 4.53H), 3.079 (s,
0.51H), 3.025, 3.022, 3.019 (3s, 1.25H), 3.006, 3.003, 2.999 (3s, 2.07H),
2.993, 2.986, 2.982, 2.978, 2.975 (br s, 4 s, 5.13H), 2.966, 2.964, 2.961, 2.957,
2.949 (4s, br s, 18.48H), 2.932 (br s, 9.89H), 2.921 (s, 1.15H), 2.912 ppm
(s, 1.99H); expected 19 resonances for the tert-butyl groups; found 14 sin-
glets and 1 multiplet (171H): d=1.253±1.262 (m, 8.35H), 1.235, 1.233
(2s, 18.81H), 1.201, 1.198 (br s, s, 19.60H), 1.187, 1.183 (2br s, 37.98H),
1.175, 1.169, 1.167, 1.162, 1.158 (3br s, 2 s, 69.68H), 1.154 (s, 3.33H), 1.150
(s, 3.76H), 1.143 ppm (s, 9.49H).


Annelated macrocyclic polyethers 3-(OCH3)14, 4-(OCH3)28, 5-(OCH3)42,
12-(OCH3)n and polymer 6-(OCH3)n : tBuLi (0.22 mL of a ~1.5m solution
in pentane as 37 drops, 0.329 mmol) was added to a solution of 7-
(OCH3)6Br2 (136 mg, 0.0761 mmol) in THF (5.6 mL) in a heavy-wall
Schlenk vessel at �78 8C. After 2.5 h, the reaction mixture was warmed
up to �20 8C for 15 min, and then re-cooled to �78 8C. Following addi-
tion of ZnCl2 (0.17 mL of 0.96m solution in diethyl ether, 0.165 mmol),
the reaction mixture was allowed to attain ambient temperature for 2.5 h.
The resultant clear yellow solution was transferred to a glovebox.
[Pd(PPh3)4] (6.5 mg, 0.0056 mmol) and 8-(OCH3)8Br2 (186 mg,
0.0761 mmol) were added to the reaction mixture. Subsequently, the reac-
tion mixture was heated at 100 8C for 2 days. After extraction with diethyl
ether, the organic layer was dried over MgSO4 and concentrated in vacuo
to give a clear solid (0.306 g). The greater part of this clear solid (0.302 g)
was filtered through TLC grade silica gel (300 mL) with 20% diethyl
ether in hexane to give 294.8 mg of the crude product. Column chroma-
tography (TLC grade silica gel, 5±20% diethyl ether in hexane) using


0.28 g of the crude product, gave ten fractions according to decreasing Rf


values. FAB-MS (ONPOE) was used extensively to analyze these frac-
tions and to monitor their purification; selected spectra are summarized
in Tables 1s, 2s, and 3s (see the Supporting Information) for this reaction
(and another reaction). Sample numbers are provided for one-to-one cor-
relation between the described samples, their FAB-MS, and the corre-
sponding polyradicals.


Fraction 2 : Two PTLC separations (silica gel, 7% diethyl ether in
hexane, developed twice) gave 17.6 mg (5.9%) of white powder of 3-
(OCH3)14 (sample label 1431.2TLCsep, used for preparation of SQUID
sample); subsequently, part of this sample was filtered and treated with
MeOH (and MeOH/diethyl ether) to give 6.6 mg of white solid (sample
label 1431.2TLCfc, used for preparation of SQUID sample).


Fractions 3 and 4 (combined): PTLC (silica gel, 7% diethyl ether in
hexane, developed twice ) gave two sub-fractions: high Rf, 14.5 mg, which
after additional PTLC gave 6.3 mg of white powder of 3-(OCH3)14
(sample label 1431.34 high, used for preparation of SQUID sample); low-
Rf, 1.6 mg of white powder of 4-(OCH3)28 (sample label 1431.34). Neither
of the samples were included in the overall yields because of significant
amount of impurities detected by FAB-MS (Tables 1s and 2s, in the Sup-
porting Information).


Fraction 5 : Treatment with MeOH gave 5.3 mg of 4-(OCH3)28 (sample
label 1431.5x).


Fraction 6 : Treatment with MeOH gave 20.2 mg of 4-(OCH3)28 (sample
label 1431.6x); subsequently, part of this sample was filtered and treated
with MeOH/diethyl ether to give 15.1 mg of white solid (sample label
1431.6xf, used for preparation of SQUID samples).


Fraction 7: Treatment with MeOH gave 3.6 mg of 5-(OCH3)42 (sample
label 1431.7x).


Fraction 8 : Treatment with MeOH gave 16.5 mg of 5-(OCH3)42 (sample
label 1431.8x)


Fraction 9 : Treatment with MeOH gave 17.6 mg (6.5%) of 12-(OCH3)n
(sample label 1431.9x).


Fraction 10 : PTLC (silica gel, 12% diethyl ether in hexane), followed by
treatment with MeOH gave 93.6 mg (31%) of white powder of 6-
(OCH3)n (sample labels: 1431.10TLCx and 1431.10TLC2x, used for prep-
aration of SQUID samples).


A second polymerization was carried on the 0.02 mmol scale (36.6 mg of
7-(OCH3)6Br2) with a couple minor differences in the reaction condi-
tions: the reaction mixture was warmed up to �20 8C for 2 h following
the addition of tBuLi and the reaction mixture was kept at 100 8C for
3 days before work up. Isolated amounts and FAB-MS for six chromato-
graphic fractions containing 3-(OCH3)14 obtained from this reaction are
summarized in Table 1s (Supporting Information: sample labels starting
with 1351). Overall yield for 3-(OCH3)14 was 9.1 mg (~12%, sample
labels: 1351Dsep, 1351Esep, 1351F), though the purity, as suggested by
FAB-MS, was not as good as for 3-(OCH3)14 from the large-scale reac-
tion. The chromatographic fractions containing higher homologues of 3-
(OCH3)14 were relatively impure and are not reported.


Compound 3-(OCH3)14 : Overall yield: 17.6 mg (5.9%) (sample label
1431.2TLCsep); softening at 256 8C, m.p. 270±272 8C; FABMS (ONPOE)
wide range scan: m/z (% RA for m/z=1600±8500): 1922 (6)
[M�2OCH3]


2+, 3874 (100) [M�OCH3]
+ , 5498 (1.5); narrow range scan:


m/z (% RA for m/z=1917±1927) for [M�2OCH3]
2+ : 1919.6 (30), 1920.1


(53), 1920.6 (72), 1921.1 (100), 1921.6 (85), 1922.1 (69), 1922.6 (42),
1923.1 (27), 1923.6 (17); calcd for C278H310O12 [M�2OCH3]


2+ : 1920.2
(20), 1920.7 (60), 1921.2 (95), 1921.7 (100), 1922.2 (80), 1922.7 (50),
1923.2 (26), 1923.7 (12); narrow range scan: m/z (% RA for m/z=3805±
3895) for [M�OCH3]


+ : 3870.4 (27), 3871.4 (47), 3872.4 (78), 3873.4
(100), 3874.4 (91), 3875.4 (77), 3876.4 (48), 3877.4 (27); calcd for
C279H313O13 [M�OCH3]


+ : 3871.4 (19), 3872.4 (60), 3873.4 (95), 3874.4
(100), 3875.4 (79), 3876.4 (50), 3877.4 (27), 3878.4 (12), 3879.4 (5);
narrow range scan m/z (% RA for m/z=5340±5580) for impurity
C395H449O19 [M�OCH3]


+ : 5497.5 (100); calcd for C395H449O19


[M�OCH3]
+ : 5496.4 (6), 5497.4 (27), 5498.4 (60), 5499.4 (89), 5500.4


(100), 5501.4 (90), 5502.4 (67), 5503.4 (44), 5504.4 (25), 5505.4 (12),
5506.4 (5); IR: ñ=1594 (Ar), 1078 cm�1 (C-O-C); 1H NMR (500 MHz,
[D6]benzene, 293 K): d=6.70±8.60 (m, 112H), 2.20±3.30 (m, 42H), 0.70±
1.50 ppm (m, 162H).
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Compound 4-(OCH3)28 : Overall yield: 25.5 mg (8.6%) (sample labels:
1431.5x and 1431.6x); softening at 216 8C, m.p. 233±235 8C; FABMS
(ONPOE) wide range scan (label 1431.6x): m/z (% RA for m/z=3400±
13600): 3874 (100), 6155 (10), 7779 (67) [M�OCH3]


+ ; narrow range scan
(label 1431.6x): m/z (% RA for m/z=3805±3890) for C279H313O13


[M�C281H319O15]
+ : 3870.3 (32), 3871.3 (52), 3872.3 (100), 3873.3 (96),


3874.3 (96), 3875.3 (70), 3876.3 (51), 3877.3 (32); narrow range scan
(label 1431.6xf): m/z (% RA for m/z=3868±3879) for C279H313O13


[M�C281H319O15]
+ : 3870.3 (31), 3871.3 (50), 3872.4 (75), 3873.3 (100),


3874.3 (92), 3875.3 (74), 3876.3 (48), 3877.3 (31); narrow range scan
(label 1431.5x): m/z (% RA for m/z=3863±3883) for C279H313O13


[M�C281H319O15]
+ : 3870.3 (25), 3871.4 (43), 3872.3 (77), 3873.3 (99),


3874.4 (100), 3875.3 (74), 3876.3 (48), 3877.3 (33); calcd for for
C279H313O13 [M�C281H319O15]


+ : 3871.4 (19), 3872.4 (60), 3873.4 (95),
3874.4 (100), 3875.4 (79), 3876.4 (50), 3877.4 (27), 3878.4 (12), 3879.4 (5);
narrow range scan (label 1431.34): m/z (% RA for m/z=7660±7940) for
C559H629O27 [M�OCH3]


+ : 7779.9 (100), 7763.9 (55), 7748.0 (85), 7733.0
(50), 7716.9 (45); narrow range scan (label 1431.5x): m/z (% RA for
m/z=7660±7940) for C559H629O27 [M�OCH3]


+ : 7780.2 (100), 7764.8 (40),
7748.8 (75), 7733.3 (35), 7716.6 (35); narrow range scan (label 1431.6xf):
m/z (% RA for m/z=7771±7788) for [M�OCH3]


+ : 7779.7 (100); calcd
for C559H629O27 at [M�OCH3]


+ : average mass=7780.075; peak maximum
mass=7779.71; IR: ñ=1595 (Ar), 1082 cm�1 (C-O-C); 1H NMR
(500 MHz, C6D6, 293 K): d=6.90±8.20 (m, 224H), 2.80±3.20 (m, 84H),
0.70±1.50 ppm (m, 324H); 1H NMR (500 MHz, [D6]benzene, 293 K, 1H±
1H DQF COSY, selected cross-peaks in the aromatic region): d=


7.023 ppm (d, J�8 Hz, 7.53).


Compound 5-(OCH3)42 : Overall yield: 20.1 mg (6.8%) (sample labels:
1431.7x and 1431.8x); softening at 236 8C, decomposition at 288±300 8C;
FABMS (ONPOE) wide range scan (label 1431.8x): m/z (% RA for
m/z=3200±13600): 3860 (100), 5828 (53), 6925 (17), 7779 (20), 9406 (15),
10120 (16), 11684 (39) [M�OCH3]


+ . narrow range scan (label 1431.8x):
m/z (% RA for m/z=3869±3880, baseline at about 20 in this range) for
C279H313O13 [M�C561H635O29]


+ : 3870.3 (42), 3871.3 (59), 3872.3 (81),
3873.3 (100), 3874.3 (97), 3875.3 (71), 3876.3 (70), 3877.3 (47), 3878.3
(38), 3879.3 (31); calcd for C279H313O13 [M�C561H635O29]


+ : 3871.4 (19),
3872.4 (60), 3873.4 (95), 3874.4 (100), 3875.4 (79), 3876.4 (50), 3877.4
(27), 3878.4 (12), 3879.4 (5); narrow range scan (label 1431.8x) m/z (%
RA for m/z=11500±11850, baseline from 45 through 65 to 25 in this
range) for [M�OCH3]


+ : 11683.3 (100), 11666.6 (80), 11651.8 (100),
11635.6 (80), 11620.5 (80); narrow range scan (label 1431.7x): m/z (%
RA for m/z=11500±11900, baseline from 45 through 65 to 25 in this
range) for [M�OCH3]


+ : 11683.1 (100), 11666.9 (75), 11651.6 (100),
11635.0 (80), 11620.8 (85); calcd for C839H945O41 [M�OCH3]


+ : average
mass=11685.765, peak maximum mass=11685.45; IR: ñ=1595 (Ar),
1082 cm�1 (C-O-C); 1H NMR (500 MHz, [D6]benzene, 293 K): d=6.90±
8.20 (m, 336H), 2.80±3.20 (m, 126H), 0.70±1.50 ppm (m, 486H).


Compound 12-(OCH3)n : Overall yield: 17.6 mg (6.5%) (label 1431.9x);
softening at 236 8C, m.p. 264±265 8C, melted and turned brown; FABMS
(ONPOE) wide range scan: m/z (% RA for m/z=3200±13600): 3860
(100), 5500±6300 (~20), 7748 (44), 9200±10200 (~10), 11683 (29), 13200±
13400 (~10); FABMS (3-NBA) wide range scan m/z (% RA for m/z=
3200±13600): 3860 (100), 4000±13600 (<5); IR: ñ=1595 (Ar), 1079 cm�1


(C-O-C); 1H NMR (500 MHz, [D6]benzene, 293 K): d=6.80±8.20 (m,
448H), 2.80±3.20 (m, 56H), 1.10±1.30 ppm (m, 648H).


Compound 6-(OCH3)n : Overall yield: 93.6 mg (31%) (label
1431.10TLC2x); brownish but not softening at 244 8C, softening at 263 8C,
became more brownish and melting with decomposition at 290±292 8C;
IR: ñ=1595 (Ar), 1081 cm�1 (C-O-C); 1H NMR (500 MHz, [D6]benzene,
293 K): d=6.80±8.20 (m, 112nH), 2.80±3.20 (m, 42nH), 1.10±1.30 ppm
(m, 162nH).
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Novel Supramolecular Isomerism in Coordination Polymer Synthesis from
Unsymmetrical Bridging Ligands: Solvent Influence on the Ligand Placement
Orientation and Final Network Structure


In Su Lee, Dong Mok Shin, and Young Keun Chung*[a]


Introduction


The rational design of new coordination polymers is of cur-
rent interest in the field of supramolecular chemistry and
crystal engineering, because of their exploitable properties;
these include magnetism,[1] catalysis and separation,[2] non-
linear optics,[3] and molecular sensing.[4] During the last few
decades, a large number of structures have been successfully
designed and synthesized through the rational combination
of organic ligand ×spacers× and metal ×nodes×.[5] In particular,
much research has been concentrated on the exploitation of
rodlike ligands such as 4,4’-dipyridine and 1,2-bis(4-pyridy-
l)ethene in the construction of versatile coordination poly-
mer architectures.[6] However, relatively little use has been
made of unsymmetrical bridging ligands.[7]


In this respect, our research has been focused on the ex-
ploitation of unsymmetrical bridging ligands in the hope of


synthesizing novel coordination polymers.[8] This approach is
attractive, because bridging ligands can potentially be ar-
ranged around metal centers in diverse ways, and therefore,
can result in a variety of coordination polymer structures.
Moreover, if the arrangement of a ligand in the coordination
could be changed by the variation of synthesis conditions
such as the solvent system, different coordination polymer
species could be selectively afforded from the same compo-
nents. In many previous examples, solvent molecules were
found to produce a dramatic effect on the extended struc-
ture of the network by acting as a coordination ligand or a
template for the assembly.[9] However, the influence of the
solvent in the formation of coordination polymers is still rel-
atively poorly understood and systematic studies on this sub-
ject are rare.[10]


In our efforts to exploit 1-methyl-1’-(3-pyridyl)-2-(4-pyri-
dyl)ethene (L1) in coordination polymer synthesis, we found
a very interesting solvent-dependent topological isomerism
caused by the different placement orientation of L1 around
metal centers. To the best of our knowledge, this kind of iso-
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School of Chemistry and Center for Molecular Catalysis
College of Natural Sciences, Seoul National University
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Abstract: The assembly of Co(NCS)2
with 1-methyl-1’-(3-pyridyl)-2-(4-pyri-
dyl)ethene (L1) exhibits a novel supra-
molecular isomerism of
[Co(L1)2(NCS)2]¥ caused by different
placement orientation of L1 around
metal centers. The reaction in MeOH/
H2O and EtOH/H2O resulted in a
double chain structure of 1, and that in
EtOH/CH3NO2 led to an open frame-
work structure of 2. The reaction in
MeOH/CH3NO2 solvent system con-
comitantly afforded 1 and 2. The as-
semblies of 1-(3-pyridyl)-2-(4-pyrimid-
yl)ethene (L2) with Co(NCS)2 created


the water-coordinated complexes of
Co(L2)2(H2O)2(NCS)2 (3 and 4), an
MeOH coordinated complex of
Co(L2)2(H2O)2(NCS)2 (5), and an open
framework coordination polymer of
[Co(L1)2(NCS)2]¥ (6) depending on the
reaction solvent system. From these
observations, it is suggested that in the
formation of 1, the solvent-coordinated
intermediate species would be generat-


ed first and its trans coordination con-
figuration should define the placement
orientation of L1 in the resulting poly-
mer of 1. On the other hand, it is pre-
sumed that the solvent-coordinated in-
termediate would not be produced
during the formation of 2 due to the
weaker coordination ability of EtOH
and CH3NO2 molecules. The open
framework coordination polymers of 2
and 6 are converted in the solid state
into the isomeric coordination polymer
of 1 and hydrogen bonded network
structure of 3, respectively.


Keywords: crystal engineering ¥
hydrogen bonds ¥ isomers ¥ self-
assembly ¥ solvent effects
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merism has not been previously described in this context.[11]


In order to understand the isomerism, we also investigated
the self-assemblies of 1-(3-pyridyl)-2-(4-pyrimidyl)ethene
(L2) with Co(NCS)2, and compared their adducts with those
of L1. Moreover, we discovered that the coordination ability
of solvent molecules is a decisive factor in determining the
isomerism. We herein report on the isomerism, which illus-
trates the influence of the solvent system on their assem-
blies. One of the structures in this contribution has been re-
ported in a preliminary communication.[8a]


Results and Discussion


Assembly of L1 with Co(NCS)2 : 1-Methyl-1’-(3-pyridyl)-2-
(4-pyridyl)ethene, L1 and Co(NCS)2 were assembled by a
slow diffusion of two solutions containing each component.
The assembly in MeOH/H2O and EtOH/H2O afforded
block-shaped crystals of 1. When the reaction was carried
out in MeOH/CH3NO2, plate-shaped crystals of 2 were con-
comitantly raised together with those of 1. Moreover, from


the reaction in EtOH/CH3NO2, the crystals of 2 were exclu-
sively obtained.


Single crystallography analyses revealed the formation of
two isomeric coordination polymer network structures with
the formulation of [Co(L1)2(NCS)2]¥, and the occurrence of
concomitant polymorphism in the MeOH/CH3NO2


system.[11] In the crystal of 1, a metallacyclic motif is formed
by the coordination of two L1 ligands with two cobalt cen-
ters. All the pyridine rings in an L1 ligand are almost verti-
cally rotated with respect to each other, and consequently,
N donor lone pairs make a 1048 bending angle. The metalla-
cycles are enchained by the square planar cobalt nodes into
a double chain structure (Figure 1 top). In the case of 2, two
kinds of cavities, hexagonal- and triangular-shaped, with a
Kagomÿ net structure are created by the assembly of an an-
gular spacer of L1 and a square planar Co(NCS)2 node. The
size of the hexagonal cavity is unusually large, such that the
metal�metal distances through the diagonal ranged from
21.0 ä to 24.7 ä, and the shortest diagonal distance of the
cavity is 10.0 ä. The cavities share their edges with each
other, and in this way, a peculiar grid layer structure is ex-


Figure 1. Top: double chain coordination polymer structure of 1 and bottom: two-dimensional coordination polymer network structure of 2.
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tended (Figure 1 bottom). In spite of the huge cavity size,
the layers are noninterpenetrated and piled up against each
other to create large one-dimensional channel structures
with an effective area of 7.7î7.2 ä (Figure 2).[12] These
channels are occupied by disordered solvent molecules. The
volume fraction occupied by solvent molecules is estimated
to be 32% out of the total space.[13]


The networks in 1 and 2 have an identical chemical com-
position and differ in dimension and topology. The funda-
mental differences between the two isomers are triggered by
the change in the arrangement of L1 ligands around the
cobalt center. In a chain of 1, all of the Co(NCS)2 centers
are identically surrounded by two 4-pyridines and two 3-pyr-
idines in trans configuration (Figure 3 top). On the other


hand, in the network of 2, two distinct Co(NCS)2 centers
exist coordinated by four 3-pyridines, three 4-pyridines, and
one 3-pyridine, respectively (Figure 3 bottom). This supra-


molecular isomerism represents quite a novel example,
which cannot be observed in the symmetrical bridging li-
gands.


Owing to its highly porous nature, the crystal of 2 loses
the solvent and immediately turns opaque upon its removal
from the mother liquor. The XRPD (X-ray powder diffrac-
tion) measurement shows that the framework of 2 cannot
retain its structure upon the loss of guest molecules, which
results in an amorphous structure, 2a. Very interestingly,
when solids of 2a were immersed in water for a minute or
exposed to water vapor, the occurrence of the crystalline
phase of 1 was revealed by XRPD measurement (Figure 4).


This phenomenon can be understood by reference to the
transformation process from porous crystal structure into
the energetically most favorable packing structure through
an amorphous phase.[7c,11] This solid-to-solid transformation
between the isomeric network structures has been little ex-
plored in the context of coordination polymers.[14]


Assembly of L2 with Co(NCS)2 : In order to obtain an under-
standing of the solvent influence on this isomerism, the as-
sembly of Co(NCS)2 with 1-metyl-1’-(3-pyridyl)-2-(4-pyrimi-
dyl)ethene (L2) was thoroughly investigated under the same
crystallization conditions as those applied for 1 and 2. The
structure of L2 is identical to that of L1, except for the pres-
ence of 4-pyrimidine instead of 4-pyridine. The complexa-
tion of L2 and Co(NCS)2 in either MeOH/H2O or EtOH/
H2O concomitantly afforded two kinds of crystals, 3 and 4.


X-ray structure determination reveals that each of these
crystals consists of a water-coordinated complex of Co(L2)2-
(H2O)2(NCS)2 with a distinct hydrogen bonding pattern,
which denotes another kind of polymorphism. In both com-
plexes, each cobalt center is octahedrally coordinated by
two pyridines of L2, two water molecules, and two SCN li-
gands in a trans fashion. The uncoordinated pyrimidine of
L2 forms hydrogen bonds with the coordinated water mole-


Figure 2. Packing diagram of the layers of 2 showing the formation of
one-dimensional channel structures along the a axis.


Figure 3. Ligand arrangements around cobalt centers found in 1
(top) and 2 (bottom).


Figure 4. XRPD results; a) simulated for 1; b) measured for 1; c) meas-
ured after immersing 2a in water for a minute; indicating the transforma-
tion to 1; d) measured after exposing 2a to water vapor for a minute; in-
dicating the transformation to 1; e) measured for 2a and f) simulated for
2.
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cules. The polymorphism between 3 and 4 originates from
the difference in the hydrogen bonding pattern between
them. The pyrimidine of 3 creates hydrogen bonds with the
coordinated water through both of its N-4 and N-2 atoms,
which results in a two-dimensional hydrogen-bonding net-
work (Figure 5 top). On the other hand, in the structure of
4, only the N-4 atom of the pyrimidine participates in the
hydrogen bonding, and thus a one-dimensional network is
created (Figure 5 middle). Extended networks assembled by
both coordination and hydrogen bonds are now well estab-
lished.[15] During the reaction under the MeOH/CH3NO2


solvent system, four kinds of crystals, which include water-
coordinated 3, 4, MeOH-coordinated 5, and a two-dimen-
sional coordination polymer of 6, were formed from the
same mother liquor. The growth of 3 and 4 is presumed to
be due to the inclusion of water from the air during crystalli-
zation. The complex structure and hydrogen bonding of 5 is
quite analogous to those found in 4, except for the coordina-
tion of the MeOH instead of the water (Figure 5 bottom). It
is worthwhile noting that the ligand conformations, the coor-
dination configuration of the metal center, the network
structures sustained by the combination of the coordination,
and hydrogen bonds found in 3, 4, and 5 are quite analogous
to the coordination network of 1. The coordination polymer
structure of 6 has quite a strong resemblance to that of 2,
which includes the formation of two-dimensional layers with
two kinds of cavity, and the creation of huge channels by
their stacking. One of the important features of 6 is the
presence of channels functionalized by uncoordinated N-2


atoms (Figure 6). The N-2 atoms located on the channel
wall are anticipated to act as a potential hydrogen acceptor
or coordination site for guest inclusion. Moreover, the chan-
nel structure of 6 can be regarded as relevant for the selec-
tive incorporation and separation of specific guest mole-
cules.[7c] ,[16] The reaction of Co(NCS)2 with L2 in EtOH/
CH3NO2 led to crystals of coordination polymer 6 as the
unique product.


In the same way as 2, the crystal of 6 loses its crystallinity
and turns into an amorphous solid of 6a just upon the re-
moval from the mother liquor. Intriguingly, after the immer-
sion of 6a in water for a minute, or exposure to water
vapor, it was found that solids of 6a were converted into the
crystalline phase of 3, which suggests that the inclusion and
coordination of water molecules converted the coordination
polymer structure into a closely packed hydrogen-bonding
network (Figure 7). This transformation of the covalent
bonded framework into a hydrogen-bonding network is to
our knowledge quite unique, and represents an important
factor in the context of the control of solid materials.


Discussion


These observations suggest that the isomerism found be-
tween 1 and 2 is related to the differing coordination abili-
ties of solvent molecules. In the assembly of L1 and
Co(NCS)2 under water-containing solvent systems, solvent-
coordinated complexes would be formed first in the solu-


Figure 5. Network structures formed by the combination of the coordination and hydrogen bonds in 3 (top), 4 (middle), and 5 (bottom). Hydrogen
bonds are represented as dot lines.
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tion, and then the polymeric structure of 1 would be crystal-
lized by the replacement of the coordinated solvent mole-
cule with 4-pyridine of L1. In the cases of 3 and 4, the re-
placement of the coordinated solvent did not occur, presum-
ably due to the weaker donor ability of pyrimidine, and the
solvent-coordinated complexes are slowly crystallized out.
On the other hand, it is presumed that the solvent-coordi-
nated complexes analogous to 3 and 4 would not be formed
during the formation of 2 and 6 due to the weaker coordina-
tion ability of EtOH and CH3NO2 molecules.[9c] The struc-
ture of solution-based intermediate complexes for the for-
mation of 2 and 6 is hard to picture at this stage. However,
it can be reasoned that the solvent molecules are very
weakly bound around the metal center in that system and,


thus, N donors of ligands, even of less basic pyrimidine,
readily coordinate to the metal center; this results in the co-
ordination polymers of 2 and 6. The polymorphism in the
MeOH/CH3NO2 system can be explained by the moderate
coordination ability of MeOH molecules. During the reac-
tion in the MeOH/CH3NO2 system, L1 molecules would be
assembled around Co(NCS)2 either via MeOH-coordinated
intermediate or in a direct manner, which results in coordi-
nation polymer 1 or 2, respectively. The simultaneous forma-
tion of the MeOH-coordinated complex of 5, coordination
polymer of 6 from the assembly of L2, and Co(NCS)2 in
MeOH/CH3NO2 conditions also supports the above explana-
tion.


Experimental Section


General considerations : The reactions for the synthesis of L1 and L2 were
carried out under nitrogen by using standard Schlenk techniques. Distil-
led, dry, and oxygen-free THF was used throughout. Routine 1H NMR
spectra and 13C NMR were recorded with a Bruker 300 spectrometer. El-
emental analyses were performed at National Center for Inter-University
Research Facilities, Seoul National University. The EA measurements
were carried out after samples were dried in vacuo for a day. High-reso-
lution mass spectra were carried out at the Korea Basic Science Institute
(Daegu). Infrared spectra were recorded on a JASCO FT/IR-660 spec-
trometer.


Preparation of 1-methyl-1’-(3-pyridyl)-2-(4-pyridyl)ethene (L1): 4-Picoline
(1.9 mL, 19 mmol) at �78 8C was added to a solution of LDA (generated
in situ by the reaction of diisopropylamine (3.0 mL, 21 mmol) in 30 mL
of THF with nBuLi (9.0 mL, 23 mmol) at �78 8C). While the solution
was stirred at room temperature for 30 min, the solution turned reddish.
3-Acetylpyridine (1.9 mL, 19 mmol) was addeed to the reddish solution
at room temperature. The resulting reaction mixture was stirred at room
temperature for 4 h before excess water (30 mL) was added. The residue
was extracted with methylene dichloride, evaporated to dryness, and dis-
solved in 15 mL of pyridine. The pyridine solution was cooled to 0 8C.
Excess POCl3 (3 mL) was added to the pyridine solution, and it was then
stirred at room temperature for 12 h. Ice was added to the solution to
quench excess POCl3. After evaporation of pyridine, the residue was dis-
solved in water (50 mL) and basified by aqueous NaOH (4m). Extraction
with methylene dichloride (100 mL) followed by chromatography on a


Figure 6. Top: two-dimensional coordination polymer network structure
of 6 ; bottom: packing diagram of the layers of 6 showing the one-dimen-
sional channel structures along the a axis. Uncoordinated nitrogen atoms
are represented as red balls, which face inside the channels. Hydrogen
atoms and SCN ligands are omitted for clarity.


Figure 7. XRPD results; a) simulated for 3 ; b) simulated for 6. Specific
peaks for 4 are represented as triangles; c) measured for 6a ; d) measured
after immersing 6a in water for a minute indicating the transformation to
3, and e) measured after exposing 6a to water vapor for a minute indicat-
ing the transformation to 3.
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silica gel column eluting with Et2O/MeOH (v/v, 10:1) gave L1 (1.4 g,
38% yield); 1H NMR (300 MHz, CDCl3):d=8.78 (s, 1H), 8.63 (d, 4.8 Hz,
2H), 8.56 (d, 4.8 Hz, 1H), 7.80 (d, 8.0 Hz, 1H), 7.32 (dd, 8.0, 4.8 Hz,
1H), 7.25 (d, 4.8 Hz, 2H), 6.75 (s, 1H), 2.32 ppm (s, 3H); 13C NMR
(75 MHz, CDCl3): d=150.09, 149.23, 147.71, 147.69, 145.47, 133.72,
126.85, 124.09, 123.85, 123.62, 17.83 ppm; HRMS M+ calcd 196.1000;
found: 196.0998.


Preparation of 1-methyl-1’-(3-pyridyl)-2-(4-pyrimidyl)ethene (L2): The
same procedure as the synthesis of L1 was applied, except 4-methylpyri-
midine (1.9 mL, 21 mmol) was used instead of 4-picoline. L2 (1.1 g) was
isolated (30% yield); 1H NMR (300 MHz, CDCl3): d=9.24 (s 1H), 8.82
(s 1H), 8.71 (d, 5.2 Hz, 1H), 8.59 (d, 4.0 Hz, 1H), 7.82 (d, 8.0 Hz, 1H),
7.32 (dd, 7.9, 5.2 Hz, 1H), 7.27 (d, 5.2 Hz, 1H), 6.71 (s, 1H) 2.66 ppm (s,
3H); 13C NMR (75 MHz, CDCl3): d=158.83, 158.80, 157.34, 149.67,
147.84, 144.84, 133.76, 126.29, 126.06, 123.55, 121.82, 18.47 ppm; HRMS
M+ calc 197.0953; found: 197.0957.


Complexation of L1 with Co(NCS)2 in MeOH/H2O or EtOH/H2O : Com-
pound L1 (0.040 g, 0.20 mmol) in MeOH or EtOH (5 mL) was layered
onto a solution of Co(NCS)2 (0.020 g, 0.11 mmol) in H2O (5 mL). The re-
sulting solution was left to stand at room temperature for several days to
give block-shaped crystals of 1 (85% yield in MeOH/H2O and 80% yield
in EtOH/H2O); IR (KBr): ñCN=2059.6 cm�1 (s); elemental analysis calcd
for 1: C 59.25, H 4.26, N 14.81, S 11.30; found: C 58.90, H 4.41, N 14.73,
S 11.45.


Complexation of L1 with Co(NCS)2 in EtOH/CH3NO2 : Co(NCS)2
(0.020 g, 0.11 mmol) in EtOH (5 mL) was layered onto a solution of L1


(0.040 g, 0.20 mmol) in CH3NO2 (5 mL). The resulting solution was stood
for several days to give plate-shaped crystals of 2 (73% yield); IR (KBr):
ñCN=2067.3 cm�1 (s) ; elemental analysis calcd for 2 : C 59.25, H 4.26, N
14.81, S 11.30; found: C 58.87, H 4.32, N 14.60, S 10.85.


Complexation of L1 with Co(NCS)2 in MeOH/CH3NO2 : Co(NCS)2
(0.030 g, 0.16 mmol) in MeOH (5 mL) was layered onto a solution of L1


(0.060 g, 0.30 mmol) in CH3NO2 (5 mL). The resulting solution was left
to stand for several days to give a mixture of 1 and 2.


Complexation of L2 with Co(NCS)2 in MeOH/H2O or EtOH/H2O : Com-
pound L2 (0.040 g, 0.20 mmol) in MeOH or EtOH (5 mL) was layered
onto a solution of Co(NCS)2 (0.020 g, 0.11 mmol) in H2O (5 mL). The re-
sulting solution was left to stand for several days to give crystals of 3 and
4 simultaneously (0.052 g in total, 85% yield); IR (KBr) for 3 : ñCN=


2090.5 cm�1 (s); elemental analysis calcd for 3 : C 51.57, H 4.33, N 18.50,


S 10.59; found: C 51.64, H 4.34, N 18.27, S 10.65; IR (KBr) for 4 : ñCN=
2077.0 cm�1 (s); elemental analysis calcd for 4 : C 51.57, H 4.33, N 18.50,
S 10.59; found: C 51.45, H 4.38, N 18.11, S 10.59.


Complexation of L2 with Co(NCS)2 in EtOH/CH3NO2 : Co(NCS)2
(0.020 g, 0.11 mmol) in EtOH (5 mL) was layered onto a solution of L2


(0.040 g, 0.20 mmol) in CH3NO2 (5 mL). The resulting solution was left
to stand for several days to give 6 (0.031 g, 51% yield); IR (KBr): ñCN=
2068.8 cm�1 (s); elemental analysis calcd for 6 : C 53.07, H 4.77, N 17.68,
S 10.02; found: C 53.43, H 4.52, N 17.60, S 9.85.


Complexation of L2 with Co(NCS)2 in MeOH/CH3NO2 : Co(NCS)2
(0.020 g, 0.11 mmol) in MeOH (5 mL, 95%) was layered onto a solution
L2 (0.040 g, 0.20 mmol) in CH3NO2 (5 mL). The resulting solution was
left to stand for several days to give 5 together with 3, 4, and 6 ; IR (KBr)
for 5 : ñCN=2065.4 cm�1 (s); elemental analysis calcd for 5 : C 53.07, H
4.77, N 17.68, S 10.02; found: C 53.43, H 4.52, N 17.60, S 9.85.


Experience for the transformation of 2 to 1 and 6 to 3 in the solid state :
Freshly prepared crystals of 2 (0.1 g) or 6 (0.1 g) were immersed in H2O
(10 ml) and then filtered immediately. The filtration and XRPD measure-
ment of the powders revealed that the crystalline phase of 2 or 6 were
transformed to that of 1 or 3, respectively. When the resulting powers
were immersed in CH3OH and stirred for 2 days, no change was observed
in the XRPD experiment.


Crystal structure determination : All diffraction data for single crystallog-
raphy were measured by an Enraf-Nonius CCD single-crystal X-ray dif-
fractometer at room temperature by using graphite-monochromated
MoKa radiation (l=0.71073 ä). Preliminary orientation matrices and unit
cell parameters were obtained from the peaks of the first 10 frames and
then refined by using the whole data set. Frames were integrated and cor-
rected for Lorentz and polarization effects by using DENZO.[17] The
structure was solved by direct methods by using SHELXS-97, and refined
by full-matrix least-squares with SHELXL-97.[18] All non-hydrogen atoms
were refined anisotropically, and all hydrogen atoms not involving the
hydrogen bonding were treated as idealized contributions. Crystal data
and refinement results are summarized in Table 1. Selected bond length
and angles are listed in Table 2. Crystallographic data (excluding struc-
ture factors) for 1, 2, 3, 4, 5, and 6 have been deposited with the Cam-
bridge Crystallographic Data Centre as supplementary publication num-
bers from CCDC 219187 to 219192, respectively. These data can be ob-
tained free of charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or
from the Cambridge Crystallographic Data Centre, 12, Union Road,


Table 1. Crystal data and structure refinements for 1, 2, 3, 4, 5, and 6.


1 2¥(CH3OH) 3(CH3NO2) 3 4 5 6¥5(CH3OH)¥(CH3NO2)


formula C28H24CoN6S2 C42H36Co1.50N9S3¥(CH4O)¥3(CH3NO2) C26H26CoN8O2S2 C26H26CoN8O2S2 C28H30CoN8O2S2 C39H33Co1.50N12S3¥5(CH4O)¥(CH3NO2)
Mr 567.58 1066.55 605.60 605.60 633.65 1075.60
crystal
system


triclinic monoclinic orthorhombic triclinic triclinic monoclinic


space group P 1≈ P21/n Pbcn P 1≈ P 1≈ P21/n
a [ä] 7.7313(4) 11.4426(2) 13.0527(4) 7.3340(10) 8.5090(10) 11.4146(2)
b [ä] 8.6962(4) 22.0767(4) 14.4977(5) 8.2690(10) 9.6470(10) 22.1549(3)
c [ä] 11.1696(4) 27.4792(5) 15.1746(4) 12.7310(10) 10.6910(10) 26.9979(5)
a [8] 109.211(3) 90 90 106.096(4) 81.895(3) 90
b [8] 98.562(3) 101.2330(10) 90 93.897(4) 66.579(2) 100.8008(7)
g [8] 106.403(2) 90 90 101.240(4) 70.991(2) 90
V [ä3] 8459.4(7) 6808.7(2) 2871.55(15) 721.45(14) 761.30(14) 6706.53(19)
Z 1 4 4 1 1 4
1calcd


[Mgm�3]
1.438 1.040 1.401 1.394 1.382 1.065


q range [8] 3.85±27.46 1.82±27.47 1.00±27.49 1.68±27.50 2.08±27.46 1.84±27.50
reflections
collected


4149 26690 6135 5080 5485 21999


unique re-
flections


2942 15521 3279 3294 3447 14431


parameters 170 573 187 188 194 561
R1 0.0284 0.0984 0.0418 0.0444 0.0521 0.0834
wR2 0.0700 0.2961 0.1200 0.1218 0.1773 0.2628
goodness of
fit


1.035 1.184 0.962 1.203 1.161 0.983
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Cambridge CB21EZ, UK; fax: (+44)1223-336-033; or deposit@ccdc.
cam.ac.uk).


XRPD measurements : The simulated XRPD patterns were produced by
using CERIUS2 or PowderCell 2.4 with single crystal reflection data. X-
ray powder diffraction data (XRPD) were recorded on a Mac Science
Co. M18XHF22-SRA diffractometer at 20 kV, 400 mA for CuKa (l=
1.5406 ä) with a scan speed of 10 degmin�1. Rietveld refinement plots
for the samples prepared with Co(NCS)2 and L2 in various conditions are
shown in the Supporting Information.


Conclusion


We have demonstrated an unprecedented solvent-selective
supramolecular isomerism in the coordination polymers,


which originates from the diverse placement orientation of
the unsymmetrical ligands around the metal center, and the
solid-to-solid transformation between them. Moreover, we
have illustrated the significant influence of solvents on this
isomerism based on the differences in their coordination
ability. This result suggests that the structure and properties
of coordination polymers could be regulated by the rational
selection of the reaction solvent and the consequent control
of the solvent-based intermediate species. For example, we
anticipate that a homochiral framework could be engineered
by the usage of optically pure solvents. We will continue to
undertake further research directed towards this goal.


Table 2. Selected bond lengths [ä] and angles [8] for 1, 2, 3, 4, 5, and 6.


1


Co(1)±N(1) 2.2457(12) Co(1)±N(2) 2.2585(11) Co(1)-N(3) 2.0555(14)
N(3)-Co(1)-N(1) 88.49(5) N(1)-Co(1)-N(2) 91.05(4)
C(3)-N(1)-Co(1) 174.5 C(9)-N(2)-Co(1) 166.8


2


Co(1)±N(1) 2.199(4) Co(1)±N(3) 2.227(4) Co(1)-N(4) 2.088(4)
Co(2)±N(8) 2.091(5) Co(2)±N(2) 2.170(4) Co(2)±N(9) 2.097(5)
Co(2)±N(6) 2.181(4) Co(2)±N(5) 2.193(4) Co(2)±N(7) 2.200(4)
N(4)-Co(1)-N(1) 91.27(15) N(4)-Co(1)-N(3) 88.83(14)
N(1)-Co(1)-N(3) 91.04(15) N(8)-Co(2)-N(2) 90.77(17)
N(9)-Co(2)-N(2) 91.08(17) N(8)-Co(2)-N(6) 91.46(19)
N(9)-Co(2)-N(6) 87.58(18) N(2)-Co(2)-N(6) 91.24(16)
N(2)-Co(2)-N(5) 89.98(15) N(9)-Co(2)-N(5) 90.63(17)
N(8)-Co(2)-N(7) 88.18(18) N(9)-Co(2)-N(7) 90.00(18)
C(3)-N(1)-Co(1) 178.3 C(9)-N(2)-Co(2) 177.6
C(35)-N(7)-Co(2) 177.8 C(29)-N(3)-Co(1) 177.0
C(16)-N(5)-Co(2) 176.8 C(22)-N(6)-Co(2) 173.1


3


Co(1)±O(1) 2.0748(19) Co(1)±N(2) 2.164(2) Co(1)±N(1) 2.1772(18)
O(1)±N(3) [a] 3.15 O(1)±N(4)[b] 2.82
O(1)-H(01)-N(3)[a] 173.6 O(1)-H(02)-N(4) [b] 174.1
O(1)-Co(1)-N(2) 83.45(8) O(1)-Co(1)-N(1) 84.17(7)
N(2)-Co(1)-N(1) 86.61(7) C(3)-N(1)-Co(1) 178.2


4


Co(1)±O(1) 2.1056(18) Co(1)±N(3) 2.109(2) Co(1)±N(1) 2.1527(19)
O(1)±N(2) [c] 2.78 C(3)-N(1)-Co(1) 178.8
O(1)-H(01)-N(2) 171.0 O(1)-Co(1)-N(3) 90.43(8)
O(1)-Co(1)-N(1) 89.83(7) N(3)-Co(1)-N(1) 89.93(8)


5


Co(1)±N(1) 2.166(3) Co(1)±N(4) 2.099(3) Co(1)±O(1) 2.101(2)
O(1)±N(2) [d] 2.73
O(1)-H(01)-N(2) [d] 174.9 N(4)-Co(1)-O(1) 92.30(12)
N(4)-Co(1)-N(1) 87.93(12) O(1)-Co(1)-N(1) 89.80(11)
C(3)-N(1)-Co(1) 177.6 C(3)-N(1)-Co(1) 177.6


6


Co(1)±N(1) 2.225(4) Co(1)±N(2) 2.206(3) Co(1)±N(3) 2.095(4)
Co(2)±N(4) 2.194(4) Co(2)±N(5) 2.182(4) Co(2)±N(6) 2.198(4)
Co(2)±N(7) 2.052(5) Co(2)±N(8) 2.062(5) Co(2)±N(10) 2.181(4)
N(3)-Co(1)-N(2) 91.05(14) N(3)-Co(1)-N(1) 88.72(14)
N(2)-Co(1)-N(1) 89.37(13) N(7)-Co(2)-N(8) 177.04(16)
N(7)-Co(2)-N(10) 92.26(17) N(7)-Co(2)-N(5) 91.48(16)
N(7)-Co(2)-N(4) 89.15(16) N(5)-Co(2)-N(4) 88.30(15)
N(10)-Co(2)-N(6) 91.48(16) N(4)-Co(2)-N(6) 88.90(16)
C(8)-N(4)-Co(2) 176.4 C(28)-N(5)-Co(2) 175.45
C(15)-N(2)-Co(1) 176.5 C(20)-N(10)-Co(2) 177.1
C(3)-N(1)-Co(1) 175.2 C(33)-N(6)-Co(2) 173.3


[a] 2�x, 1�y, 1�z. [b] 1=2+x, 1=2�y, 1�z. [c] �1+x, �1+y, �1+z. [d] x, 1+y, �1+z.
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Dissection of Human Tropoelastin: Solution Structure, Dynamics and Self-
Assembly of the Exon 5 Peptide�


Brigida Bochicchio,[a] Nicolas Floquet,[b] Antonietta Pepe,[a] Alain J. P. Alix,[b] and
Antonio M. Tamburro*[a]


Introduction


Elasticity in vertebrate tissues and organs is conferred by a
polymeric, cross-linked protein, elastin. The monomeric
form, tropoelastin, is a soluble protein that undergoes cross-
linking and assembly into elastic fibres in the extracellular
matrix. Many effectors have been suggested to play signifi-
cant role in the process of elastic-fibre assembly, mainly en-
zymes (LOX) and other proteins like fibrillins, MAGP, or fi-


bulin-5. Nevertheless, the details of the events that induce
elastic-fibre assembly are still not known at the molecular
level. Recently, some studies have evidenced the importance
of self-assembly of tropoelastin for elastic-fibre formation.[1]


Furthermore, recombinantly expressed polypeptides based
on sequences of human elastin have been shown to contain
sufficient information to self-organise into fibrillar structures
and to promote the formation of lysine-derived cross-links,
thereby producing a polymeric material with properties very
similar to those of native elastin.[2]


Since polypeptides containing repetitive sequences of
elastin were able to self-organise in fibrillar structures, the
intriguing question that remains to be answered is, what is
the smallest sequence/domain of tropoelastin that contains
the information necessary for self-organisation?
Quite recently, we succeeded in the exon-by-exon synthe-


sis of all polypeptide sequences encoded by the so-called hy-
drophobic exons and almost all of the cross-linking exons of
human tropoelastin.[3] The rationale for this reductionist ap-
proach is given by the peculiar cassette-like organisation of
the elastin gene, an organisation that suggested the possibili-
ty of each exon having its own structural (and possibly func-
tional) autonomy. In all species, the elastin gene exhibits
this cassette-like organisation with distinct exons coding for
functionally and structurally distinct domains. The basic
motif structure is a repeating unit of a cross-linking domain


[a] Dr. B. Bochicchio, Dr. A. Pepe, Prof. A. M. Tamburro
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Universit‡ della Basilicata
Via N. Sauro 85, 85100 Potenza (Italy)
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[b] N. Floquet, Prof. A. J. P. Alix
LSSBM EA3305
IFR 53 Biomolÿcules, Facultÿ des Sciences
Universitÿ de Reims Champagne-Ardenne
B.P. 1039, 51687 Reims Cedex 2 (France)


[�] Abbreviations: Boc= tert-butoxycarbonyl, DCC=dicyclohexylcarbo-
diimide, DIPEA=N,N-diisopropylethylamine, DSS=3-(trimethylsil-
yl)-1-propanesulfonic acid, Fmoc=9-fluorenylmethoxycarbonyl,
HOBT=1-hydroxy-1H-benzotriazole, LOX= lysil-oxidase, PPII=
poly-l-proline II left-handed helix, TFA= trifluoroacetic acid, TFE=


2,2,2-trifluoroethanol.


Abstract: The elastic properties of elas-
tin have essentially been discussed in
terms of dominant entropic compo-
nents, with questions still remaining
about whether the basic mechanism is
compatible with the classical theory of
rubber elasticity. A better understand-
ing of the structure±function relation-
ships in terms of the protein×s elastic
properties remains an important goal
in elastin science. Recently, we suc-
ceeded in the exon-by-exon synthesis
of all polypeptide sequences encoded
by the so-called hydrophobic exons


and almost all of the cross-linking
exons of human tropoelastin. Among
these, the peptide encoded by exon 5
(PGGLAGAGLGA) has been exten-
sively studied by classical spectroscopic
methods, such as CD and NMR spec-
troscopy, and by molecular dynamics
simulations. The results obtained clear-


ly evidenced a large flexibility of the
polypeptide chain, which oscillates be-
tween rather extended conformations,
such as PPII, and folded ones, such as
b turns. At the supramolecular level,
we obtained evidence by TEM that
shows that the peptide encoded by
exon 5 is able to self-assemble in fibril-
lar structures, a result indicating that
the ™information∫ for self-assembly is
also contained within a small domain
of tropoelastin.


Keywords: conformation analysis ¥
molecular dynamics ¥ peptides ¥
self-assembly ¥ structure±activity
relationships
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followed by polypeptide sequences putatively responsible
for the elastic properties of the protein.[4]


Studying structural motifs based on individual exons can
be useful for elastin (and most probably for other elastomer-
ic proteins) because each exon encodes an independent and
self-contained structure. This strategy will not apply to other
proteins (for example, globular proteins) where individual
exons do not encode autonomously folded structural mod-
ules. Furthermore, elastin has been demonstrated to be a
fractal protein,[5] which means that the protein is character-
ised by the property of statistical self-similarity. Accordingly,
even very short sequences show molecular and supramolec-
ular features very similar to those of the whole protein.[6]


This finding is most likely related to the abundance of re-
peating sequences of elastin, with the repetition being found
at different scales along the entire sequence of the mole-
cule.[7]


Summing up, the structural features of tropoelastin
appear to be substantially different from those of classical
globular proteins where the conformation of particular se-
quences is largely dictated by long-range interactions and,
therefore, is dependent on almost the entire protein.[8] On
the contrary, in the case of tropoelastin, because of its pecu-
liar gene organisation and the abundance of repetitive se-
quences, one can suggest that some representative confor-
mational building blocks exist, mostly determined by short-
range interactions. This could be the case for the PPII and
b-turn structures already found in elastin. The first results
fully confirmed this working hypothesis, in that the elastin
sequences ALGGGALG, LGAGGAG and LGAGGAGVL
containing the simple dipeptide LG, were found to be struc-
tured according to the PPII conformation in aqueous sol-
vent. On a smaller scale the same structure is adopted by
the dipeptide LG, as ascertained by X-ray diffraction stud-
ies. Furthermore, the protected tripeptide Boc-VGG-OH
was found to adopt a b turn with VG at the corners. It is
known that many much longer sequences of elastin contain
well-established b turns with XG sequences at the corners
(X=V,L,A).[9] Accordingly, we were prompted to carry out
an extensive and complete investigation on all of the poly-
peptide sequences encoded by the single exons.
Here, we report on the free peptide encoded by exon 5


(PGGLAGAGLGA, EX5), which has been extensively
studied by classical spectroscopic methods, such as CD and
NMR spectroscopy, and molecular dynamics simulations.
Previous preliminary results showed the EX5 peptide to
have a high propensity to adopt short stretches of PPII
structure,[3] a conformation rather ubiquitous in the hydro-
phobic, putatively elastomeric sequences of elastin and re-
cently suggested to play an important role in both the elas-
ticity of elastin and the self-assembly of extracellular matrix
proteins such as elastin and lamprin.[10]


In order to study the influence of terminal charges on the
adopted conformation(s), we also studied the N-acetylated
EX5 peptide. Furthermore, a possible interaction with EX6,
the peptide encoded by the following exon, was checked by
studying the synthetic peptide PGGLAGAGLGAGLGA
(EX5±6), which contains an additional GLGA sequence per-
taining to the N-terminal region of cross-linking EX6.


The results obtained clearly evidenced a large flexibility
of the polypeptide chain, which oscillates between rather ex-
tended conformations, such as PPII, and folded ones, such
as b turns. At the supramolecular level, we obtained evi-
dence showing that the EX5 peptide is able to self-assemble
into fibrillar structures, as found by TEM, a result indicating
that the ™information∫ for self-assembly is also contained in
a small domain of tropoelastin, as the domain encoding
EX5 is.


Results


CD spectroscopy: Figure 1 shows the CD spectra of EX5 in
water, TFE and urea solutions. The curve at 0 8C in water
(Figure 1a) shows a positive band at 215 nm and a strong


Figure 1. CD spectra of the EX5 peptide: a) in water, recorded at differ-
ent temperatures: 273 K (*), 298 K (&), 343 K (~); b) in aqueous solution
with different concentrations of urea (all recorded at 273 K): 3m (*), 1m
(&), 0m (~); c) in TFE, recorded at different temperatures: 273 K (*),
298 K (&), 343 K (~).
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negative band below 195 nm, indicative of the PPII confor-
mation.[11±13] Both the positive and negative bands decrease
in magnitude at 25 8C, and at 70 8C the band at 215 nm takes
values close to the zero line. This trend is typical of peptides
structured in the PPII conformation as an increase in tem-
perature increases the amount of unordered coil.[14]


In order to further confirm the presence of the PPII con-
formation, we registered the CD spectra of EX5 at 0 8C in
urea solutions of different concentrations (Figure 1b), be-
cause urea is known to induce stabilisation of the PPII con-
formation.[12] In fact, the band at 215 nm shows a urea-con-
centration dependence, in that it becomes more positive
with increasing urea concentration.
In TFE (Figure 1c), the CD curves are characterised by


two negative bands at 200 and 225 nm. The strong reduction
of intensity and the slight red shifting of the band at the
shorter wavelength, relative to the band that appears in the
spectra measured in water, points to a significant presence
of folded conformations, mainly b turns. Cooling the solu-
tion from 25 to 0 8C leads to a further reduction of the band
intensity, which indicates an increased turn population.
Analogous measurements were carried out on the N-acet-


ylated EX5 peptide (Figure 2). In aqueous solution (Fig-
ure 2a), the spectra are very similar to those obtained for
free EX5 peptide, thereby demonstrating that the PPII


structure does not depend on the presence of an N-terminal
positive charge. In TFE (Figure 2b), a positive band appears
at around 212 nm, a result strongly suggesting an increased
contribution from a (most probably) type II b-turn confor-
mation. Although the spectra are not so dissimilar from
those in water, nevertheless they are not diagnostic of the


PPII structure because of the opposite trend for the band at
200 nm as a function of temperature. As a matter of fact, on
increasing the temperature the intensity slightly increases, a
result indicating that the band is associated with the p±p*
amide transition of the unordered structures and not with
that of the PPII structure. NMR spectroscopy results con-
firmed this suggestion (see below).
Figure 3 shows the CD spectra of the peptide PGGLA-


GAGLGAGLGA (EX5±6) under different conditions. The
bands in the spectra in water and methanol (Figure 3a and
b) are clearly attributable to the presence of the PPII struc-


ture, as in the case of EX5, and spectra comparable to those
of EX5 are also obtained in TFE. These results demonstrate
that 1) no conformational changes are induced by lengthen-
ing the polypeptide chain by four residues and 2) no signifi-
cant interaction occurs with the N-terminal region of the
EX6 sequence.


Figure 2. CD spectra of the N-acetylated EX5 peptide: a) in water, re-
corded at different temperatures: 298 K (&), 343 K (^); b) in TFE, re-
corded at different temperatures: 278 K (*), 298 K (&).


Figure 3. CD spectra of the EX5±6 peptide: a) in water, recorded at dif-
ferent temperatures: 273 K (*), 298 K (&); b) in MeOH, recorded at dif-
ferent temperatures: 273 K (*), 298 K (&); c) in TFE, recorded at differ-
ent temperatures: 273 K (*), 298 K (&).
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Taken together the above results suggest that the EX5
peptide could indeed have an autonomous folding that is es-
sentially independent of long-range stabilising interactions
(see also the Discussion section).


NMR spectroscopy: The EX5 peptide was analysed by 2D
1H NMR spectroscopy under different conditions, in aque-
ous solution (H2O/D2O (90:10)) at 298 K and 278 K, in 3m
[D4]urea aqueous solution at 278 K and in a mixed aqueous/
organic solution ([D3]TFE/H2O (70:30)) at 298 K and 283 K.
The resonance assignments of the peptide in the different
solutions were straightforwardly achieved by standard se-
quential assignment procedures with a combined analysis of
2D-TOCSY and 2D-ROESY spectra.[15] TOCSY spectra
were used to identify spin systems, while ROESY spectra al-
lowed the assignment of resonances to individual amino
acids through sequential NOE connectivities.
While the addition of 3m [D4]urea into the aqueous solu-


tion induced only small changes in the chemical shifts of the
EX5 peptide resonances, the presence of 70% [D3]TFE
gave rise to dramatic changes in all of the resonance param-
eters of the sample. This confirmed that the conformation of
the peptide in water and in TFE is significantly different
(Figure 4).


The PPII conformation in water : The analysis of the
ROESY spectra recorded at 298 K and 278 K in aqueous
solution shows the complete absence of any medium range
NOEs. Only intraresidue and sequential NOEs were ob-
served. This feature is typical for highly flexible peptides
where unordered conformations dominate. Also the chemi-


cal shift index (CSI) analysis points to a random-coil confor-
mation, as the Ha chemical shift values are in the so-called
random-coil range.[16]


However, since CD spectroscopy of the EX5 peptide in
water[3] suggested the presence of a significant population of
the PPII conformation that increases at lower temperatures,
we tried to identify the residues mostly populating the PPII
conformation by careful analysis of the NMR data. In par-
ticular, we determined the volume of some not-overlapping
sequential peaks, aN(i,i+1) and NN(i,i+1), and evaluated
their ratios. As found by Fiebig et al.[17] by statistical analy-
sis, the random-coil conformation should have an NOE ratio
value (aN(i,i+1)/NN(i,i+1) of 1.4 for the sequential back-
bone cross-peaks, while for the extended conformations the
higher distance of sequential amide protons increases the
ratio to a value of 55.[18] Figure 5 shows the fingerprint and


amide regions of the ROESY spectra of the EX5 peptide re-
corded in H2O/D2O (90:10) at 5 8C. The regions are dis-
played with the same threshold, in order to highlight the dif-
ference in the intensity of the cross-peaks. This volume anal-
ysis was performed for the peptide in water at two different
temperatures, as shown in Table 1.


Figure 4. Amide region of 1H NMR spectra: a) The EX5±6 peptide in
H2O/D2O (90:10) at 298 K; the EX5 peptide recorded under different
conditions: b) H2O/D2O (90:10) at 298 K; c) H2O/D2O (90:10) at 278 K;
d) 3m [D4]urea at 278 K; e) [D3]TFE/H2O (70:30) at 283 K.


Figure 5. The fingerprint region and amide region of the ROESY spectra
of the EX5 peptide recorded in H2O/D2O (90:10) at 278 K. The regions
are displayed with the same threshold in order to highlight the difference
in the intensity of the cross-peaks.
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The tabulated values for not-overlapping residues of the
EX5 peptide in water at 298 K show ratio values ranging
from 4.15±6.17; all of these values are higher than the statis-
tically determined ones for the random coil but are definite-
ly below the value attributed to extended conformations.
This finding suggests that the time spent in the PPII confor-
mation is small, even if significant.
On decreasing the temperature to 278 K, a striking rise in


the NOE ratio values was evident for some residues; this
could account for the increased intensity of the band at
215 nm in the CD spectrum that was assigned to the PPII
conformation (Figure 1a). Specifically, the residues with the
highest propensity to PPII conformation, as determined
from the NOE ratio analysis, are G3 and A5. Unfortunately,
because of overlap of the signals it was not possible to deter-
mine the NOE ratio value of the intermediate amino acid
L4.
In order to find a rationale for the stabilising effect of


urea on the EX5 peptide, the NMR spectra of the peptide
in aqueous solution containing 3m urea were recorded and
analysed. The addition of 3m urea to the sample in aqueous
solution causes a broadening of the signals and a different
viscosity of the medium that affects the NOE-based experi-
ments. The NOE ratio analysis, employed for the sample in
water without urea, is possible only for well-resolved, not-
overlapping peaks and thus needs high-quality spectra. The
analysis of the NOESY spectra of the EX5 peptide in aque-
ous solution with 3m urea shows only a few cross-peaks in
the NH�NH region corresponding to A7/G8 overlapping
with G8/G9; thus, the NOE ratio analysis is unfeasible. On
the other hand, it is possible to suppose that the absence of
cross-peaks in the NH�NH region could be due to a dis-
tance of sequential amide protons that is higher than 4.5 ä,
as tabulated for the regular PPII conformation.
Other information has been retrieved from the monodi-


mensional spectra. On adding urea to the solution, as stated
previously, some significant small changes in the chemical
shift values are detected, in particular at 278 K for the resi-
dues A5 and G6 (Figure 4d). Interestingly, these residues are
those mainly involved in the PPII conformation, as shown
previously, a result suggesting that the urea molecules inter-
act with this region.
The analysis of the EX5±6 peptide in water shows the


same chemical shift values for the residues that are common
with EX5 (Figure 4a). The NOE patterns are also similar,
with no evidence of folded conformations.


b Turns in TFE : The analysis of the EX5 peptide in TFE by
NMR spectroscopy provides evidence for the presence of
different b turns, that are probably rapidly interconverting.
According to CD spectroscopy, the population of molecules


in b-turn conformations is increased as the temperature was
lowered. Indeed, although the NMR data at 298 K did not
show clear evidence of stable secondary structures,[3] at
283 K typical features of b turns emerged. Apparently, there
is a contradiction between the NMR spectroscopy results
and the CD results at 298 K. Although the reason for this is
somewhat unclear at present, a possible explanation could
be the different sensitivities of the two techniques towards
small conformer populations.
Temperature coefficients for some residues were low; this


indicates a reduced exposition to the solvent that is usually
ascribed to hydrogen bonding.[19] Furthermore, some intense
sequential dNN(i,i+1) values, together with typical medium
range NOE values, suggested the presence of folded confor-
mations. In detail, A5 and G6 show temperature coefficients
below 4 ppbK�1, which suggest the presence of b turns. In
addition, they show typical medium range NOE values,
daN(i,i+2), between the Ha of L


4/NH of G6 and the Ha of A5/
NH of A7.
This NOE pattern, together with the reduced temperature


coefficients, suggests the presence of rapidly interconverting
(sliding) b turns involving the 3GLAG6 and 4LAGA7 sequen-
ces. In this case it is not possible from the NMR spectrosco-
py data to determine the types of b turn. The main reason
we suggest sliding b turns is that the temperature coeffi-
cients are 3.7±3.4 ppbK�1, a range that is usually considered
to be the limit for hydrogen bonding (in the case of sliding b
turns the time-averaged values must be noticeably higher),
while stable b turns have temperature coefficients very close
to 2 ppbK�1 (Figure 6).[20]


Interestingly, for the N-acetylated EX5 peptide, the deter-
mined values of the temperature coefficients for the residues
G6 and A7 are 3.8 and 3.1, respectively (data not shown).
The reduction of the value for residue A7 in the N-acetylat-
ed EX5 peptide relative to the value in the EX5 peptide
suggests that this residue is involved in a stronger hydrogen
bond. Since the CD data for the N-acetylated peptide point
to an increased presence of type II b turns (Figure 2a), we
suggest that the 4LAGA7 type II b turn is more stable and
therefore more populated in the N-acetylated EX5 peptide.
So, the N-acetylation, apart from shifting the NH reso-


nance of the G2 residue upfield and changing the chemical
shift values of the proline ring protons, does not cause great


Table 1. NOE ratio analysis results for the residues of the EX5 peptide
at 298 K and 278 K.


T [K] G2 G3 L4 A5 G6 A7 G8 L9 G10


aNði; iþ 1Þ
NNði; iþ 1Þ


298 ±[a] 6.07 ± 6.17 ± ± ± 4.15 5.60
278 5.00 19.50 ± 43.70 5.20 ± ± 5.80 5.46


[a] Not determined because of overlapping signal.


Figure 6. Summary of the NMR spectroscopy parameters of the EX5
peptide in [D3]TFE/H2O (70:30) at 283 K. The summary includes the
temperature coefficients (�Dd/DT [ppb K�1]) and the sequential and
medium-range NOEs. The NOE intensities are reflected by the thickness
of the line.
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differences in the peptide conformation. Furthermore, even
if the N-acetylated peptide presents a PG unit able to pro-
mote a type II b turn, no evidence for such a structure is eli-
cited from the NMR spectroscopy data. The subsequent G3


residue probably dramatically reduces the stability of the
turn. A similar behaviour was shown for the peptide encod-
ed by exon 9 of tropoelastin.[3]


Molecular dynamics simulations : Two simulations of EX5 in
explicit water were performed at 300 and 278 K, respectively
(Figure 7). All the initial conditions (velocities) were
changed at the two temperatures, thereby leading to two


fully independent trajectories. The effective time of simula-
tion was 4 ns at 300 K and 4.8 ns at 278 K. In both cases, we
observed a highly flexible peptide chain, as indicated by the
gyration radii reported in Figure 8, leading to a succession


of extended conformations and more folded ones, where ex-
tended means the conformations appearing in the north-
west region of the Ramachandran plot (including the PPII
structure) and folded refers to different types of b turns. Ac-
cordingly, we reduced the whole set of structures explored


during the two trajectories into representative families of
conformations. This clustering analysis is presented in
Figure 9 for the two temperatures.


Depending on the temperature, the behaviour of the pep-
tide is slightly different, with extended and folded conforma-
tions continuously interchanging at 300 K and more stable
folded conformations existing at 278 K. In fact, only 2 clus-
ters are representative of quasiextended structures at 278 K,
versus 4 at 300 K. However, in both trajectories we observe
a return from folded (turn) structures to quasiextended
ones, an observation showing an equilibrium between the
extended/folded conformations in both cases. Thus, we ana-
lysed the two trajectories in terms of PPII, b turns and par-
allel b-sheet formation and interconversion as a function of
time. The presence of PPII was confirmed in both simula-
tions. The PPII content for each residue was extracted from
the coordinates files by using dihedral canonical values (f=


�758 ; y=++1458) with either a �308 or �228 deviation


Figure 7. Ball-and-stick and backbone ribbon representations of the start-
ing conformation used for the molecular dynamics simulation of the EX5
peptide. The PPII structure was assigned by using the f=�758 and y=


+1458 dihedral angles.


Figure 8. Gyration radius with time for the two trajectories of the EX5
peptide at 300 K (black) and 278 K (grey).


Figure 9. Time-course cluster analysis of the representative families of
conformations obtained during two molecular dynamics simulations of
the EX5 peptide a) at 300 K and b) at 278 K. Each family is represented
by its mean structure; the wider the ribbon is, the larger the fluctuations
are at this point of the peptide.
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(Figure 10). The 228 authorised deviation is able to distin-
guish between PPII and parallel b-sheet (f=�1198 ; y=


+1138) structures. The glycine residues are found mainly in
extended conformations, where the term extended refers to
the entire region of the Ramachandran plot containing the
PPII, b-sheet and fully extended structures, independently
of the temperature and of their position in the sequence.


A deeper analysis was carried out in the case of non-gly-
cine residues (L4, A5, A7, L9) for which characteristic free
motions were observed on the Ramachandran plot, often
exploring the PPII region. The Ramachandran plots of resi-
dues 2±10 at both temperatures are shown in Figure 11.
These results seem to indicate a higher propensity to form


the PPII conformation for residues in the middle of the pep-
tide, around the A5 and A7 residues, at 278 K. In contrast, a
higher PPII propensity was observed for L4 and L9 at 300 K.
These results, on the whole, demonstrate that both trajecto-
ries have similar characteristics and that only the distribu-
tion of PPII residues differs with changes in the tempera-
ture: when the thermal agitation is lower (at 278 K), the
PPII conformation is concentrated in the middle of the pep-
tide chain, whereas the PPII conformation is more likely to
occur at the extremities of the peptide when the tempera-
ture is higher.
Identification of b turns was performed by using the clas-


sical definition of Thornton et al. ,[21] with a Ca(i)�Ca(i+3)
distance lower than 7 ä and with turn types defined by the
simultaneous orientation of both the i+1 and i+2 residues.
Once more, a similar behaviour was observed for the pep-
tide at 300 and 278 K (Figure 12a). At 300 K, the most oc-
curring turn span was the 4LAGA7 residues (25% of the
whole trajectory) corresponding to a type IV (undefined)
turn, with a clear tendency for types I and VIII. Turns are
dynamic structures that can continuously interchange, and
types I and VIII in this case only differ by the orientation of
the i+2 residue. The same turn was significantly observed
at 278 K (17%) but was mostly undefined (type IV). At this
temperature, the 5AGAG8 (type IV) turn was the most prob-
able (23%) and showed a trend towards a type II’ turn.
Only two hydrogen-bonded turns were observed: the


5AGAG8 at 278 K and 1PGGL4 at 300 K. Both of them are
type IV b turns (Figure 12b). In any case, no significant hy-


drogen bonds were found as far as the stabilisation of the
turns is concerned. Peptides containing several glycine resi-
dues can easily adopt both PPII and turn conformations; the
high flexibility of such peptides, caused by glycine residues,
also allows a very fast turn±turn exchange (by changing
types and/or positions along the chain) and turn±PPII con-
formation exchange, all in equilibrium. Only the PPII/turns
ratio and the distribution along the chain may change as a
function of temperature; the general behaviour of the pep-
tide in solution remains about the same.


Supramolecular organisation: Figure 13a shows a TEM mi-
crograph of the EX5 peptide where a network of filaments
and of bundles of laterally aligned filaments is evident. The
diameters are in the range 9.5±16.5 nm. This supramolecular
organisation is also found in elastin. More generally, fibrillar
assemblies are common for polypeptide chains structured in
the PPII conformation and/or with b turns.[10,22] Figure 13b
shows a different morphology of kinked ribbons that have
previously been found for elastin-based biopolymers.[23] A
detailed study, by TEM and rotary-shadowing TEM, of EX5
and other human tropoelastin exon peptides in order to get
a complete picture of their self-assembly properties will be
published elsewhere.


Discussion


The experimental results (NMR and CD spectroscopy) co-
herently indicated the PPII structure as a significant con-
former for the EX5 peptide in aqueous solution, while in
the less polar solvent, TFE, b turns were identified. In par-
ticular, in aqueous solution, NOE ratio analysis gave evi-
dence for a stretch of PPII structure for the sequence
3GLAG6. This finding is corroborated by the results of the
molecular dynamics simulation that show a quick intercon-
version between extended (mainly PPII) and folded (b turn)
conformations.
The addition of a chaotropic agent, such as urea, which is


denaturating for globular proteins because it interferes with
the protein intramolecular hydrogen bonds, results in stabili-
sation of the PPII conformation. Also, for the EX5 peptide,
urea led to the PPII conformation being favoured (as deter-
mined by CD and NMR spectroscopy), probably because it
forms hydrogen bonds with the backbone. Indeed, the PPII
conformation is an extremely solvent-exposed conformation
which, according to previous molecular dynamics calcula-
tions,[24] is particularly stabilised by water. The water mole-
cules form a hydrogen-bond network with the backbone.
The role of urea in additionally stabilising the PPII confor-
mation is probably due to an even more efficient hydrogen-
bond interaction formed in place of the water molecules.
The finding of significant amounts of PPII structure for


this peptide is not surprising if we consider the proposal that
the PPII conformation is a significant contributor to the
conformational ensemble in flexible, unordered polypep-
tides.[11,12] In fact, a new picture of unordered conformations
recently emerged from the analysis of unfolded proteins and
unordered peptides that points to more restricted conforma-


Figure 10. The PPII (‰, �308 ; , �228) and parallel b-sheet content
(&, �228) as a percentage of the trajectory at a) 278 K and b) 300 K.
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tional sampling in the unor-
dered state with a limited range
of accessible conformations.
Many spectroscopy studies
(CD, VCD, and ROA spectros-
copy) and molecular dynamics
simulations propose that short
stretches of 2±5 residues in the
PPII structure are the most fav-
oured conformation in solution
for unordered and unfolded
peptides. Furthermore, the un-
ordered form is constituted not
only of PPII helical stretches
with three or more residues but
also by conformers in which in-
dividual residues are in the
PPII form, or b regions of the
Ramachandran map, and rapid-
ly interconverting. There is
some evidence indicating that
the PPII conformation is at the
global energy minimum for
peptides in water.[11]


A general caveat is that the
above considerations are not
valid for all sequences of short
peptides. The common view
that short peptides are flexible
and ™unordered∫ must be taken
with caution. In fact, it has
been shown that ordered con-
formations are present even in
very short peptides such as tri-
peptides.[25] Accordingly, the re-
sults found for the EX5 peptide
are peculiar to that particular
sequence and, per se, could be
suggestive of a similar confor-
mation when that sequence is
part of the entire protein. Of
course, this has to be fully dem-
onstrated in future work by
studying, where possible, two or
three contiguous exon peptide
sequences.
Due to the characteristics of


CHARMM algorithm we used,
only molecular dynamics trajec-
tories in water were accessible.
Accordingly, a direct compari-
son between the molecular dy-
namics and spectroscopy results
is only possible for the aqueous
solvent. Apparently, no evi-
dence of turns was found by
CD or NMR spectroscopy in
the aqueous solvent, whereas
the molecular dynamics simula-


Figure 11. Ramachandran plots for residues 2±10 of the EX5 peptide during the molecular dynamics trajecto-
ries at a) 300 K and b) 278 K.
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tions provided evidence for the presence of several turns,
mainly type IV b turns. According to Wilmot and Thorn-
ton,[26] the type IV b turn is un undefined b turn that is pre-
sumably devoid of intramolecular hydrogen bonds and,
therefore, is a rather labile structure in the aqueous solvent.
Indeed, in TFE, evidence was found for the presence of two
b turns spanning the sequences 3GLAG6 and 4LAGA7 (these


are also found in MD simulations), turns that are evidently
transient in water but stabilised in the organic solvent. As
the polarity of the physiological microenvironment might be
intermediate between water and TFE, we can suggest a con-
formational equilibrium for elastin that comprises the PPII,
b turn and unordered conformations. This is corroborated
by the presence of an isoelliptic point in the CD spectra


Figure 12. a) Extraction of b turns during the trajectories of the EX5 peptide at 300 K and 278 K. For each tetrapeptide the percentage of turn observed
during the trajectory as well as its corresponding type(s) are reported; b) occurrence of hydrogen bonds and their percentages during the trajectories.
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(Figure 1a) that is a clear indication of transconformational
equilibria. Furthermore, this phenomenon has already been
seen for many exon peptides of elastin.[3]


An important point to be emphasised is that, according to
both NMR data and molecular dynamics simulations, the b


turns are characterised by an extensive sliding, that is, they
are interconverting with each other along the chain. This
phenomenon, previously revealed by Tamburro and co-
workers,[9,27] is considered as one of the possible sources of
the entropy in the relaxed state of elastin.[28] Recently, anal-
ogously to the conclusions drawn for elastin and lamprin, an
equilibrium comprising the PPII, b turn and unordered con-
formations has been suggested as a major structural feature
for elastic segments of titin.[29]


Taken together, the results described in the present paper
validate the reductionist approach that we used for under-
standing the complete structure±function relationships of
elastin.[3] A further validation of this approach can be pro-
vided by the observation that even a short polypeptide, like
the EX5 peptide, has been found to adopt fibrillar supra-
molecular structures similar to those typical of elastin.
Furthermore, both experimental results and theoretical


simulations indicated conformational equilibria of the ex-
tended/folded type that are the main source of entropy in
the molecular model of elastin elasticity as described by De-
belle and Tamburro.[28] It is to be noted that ™extended∫
refers here to subequilibria between conformer populations
belonging to the north-west region of the Ramachandran
map. In its turn, ™folded∫ means ™sliding∫ b turn equilibria
and also equilibria between different b turns.
In conclusion, as far as the EX5 peptide can be a repre-


sentative conformational building block of elastin, the re-
sults obtained in this work give an additional detailed in-
sight into the molecular mechanism of elasticity of elastin.


Experimental Section


Peptide synthesis and purification : The unblocked peptides EX5 and
EX5±6 were synthesised by using an automatic Applied Biosystem model
431A synthesiser. Solid-phase peptide synthesis is based on sequential ad-
dition of Fmoc-protected amino acid residues, through the C terminus of
the residue, to an insoluble polymeric support. After removal of the
Fmoc protecting group, the next protected amino acid is added by using


the coupling-reagent combination DCC/HOBT. The coupling steps in-
volving prolyl residues were carried out twice in order to overcome the
problem of low yields that occurs because of the well-known steric hin-
drance of proline. The Fmoc-protected amino acids were purchased from
Novabiochem (Laufelfingen, Switzerland) and from Inbios (Pozzuoli,
Italy). The cleavage of peptides from the resin was achieved by using an
aqueous mixture of 95% TFA. After about two hours the reaction mix-
ture was filtered, concentrated and precipitated with diethyl ether. The
N-acetylated EX5 peptide was synthesised by dissolving the EX5 peptide
(24 mmmol) in acetic anhydride (5 mL) and DIPEA (1 mL). The reaction
mixture was stirred for one hour, then a precipitate was obtained by
adding diethyl ether. The peptides were obtained in pure form after lyo-
philisation and purification by semipreparative and preparative reversed-
phase HPLC. A binary gradient was used and the solvents were H2O
(0.1% TFA) and CH3CN (0.1%TFA). The purity of peptides was as-
sessed by MALDI-TOF spectrometry.


CD spectroscopy : CD spectra of 0.1 mgmL�1 solutions of peptides were
recorded on a Jasco J600 CD spectropolarimeter with a Haake waterbath
as a temperature controller and generally by using a cell with a 1-mm op-
tical pathlength. The usual precautions to avoid optical artifacts and to
verify the absence of light scattering were taken. Usually, 16 scans were
acquired in the range 190±250 nm at a temperature of 273, 289 or 343 K
by taking points every 0.2 nm, with a scan rate of 100 nmmin�1, an inte-
gration time of 2 s and a bandwidth of 1 nm. The same parameters were
adopted for CD spectra of 0.1 mgmL�1 solutions of peptide in 3m and
1m urea aqueous solutions.


NMR spectroscopy: All 1H NMR spectroscopy experiments were per-
formed on a Varian Unity INOVA 500 MHz spectrometer equipped with
a 5-mm triple-resonance probe and z-axial gradients. The purified pepti-
des were dissolved in H2O/D2O (90:10, 700 mL) or [D3]TFE/H2O (70:30,
700 mL), containing 0.1 mm of DSS as the internal reference standard at
d=0 ppm. 3m [D4]urea was added to the sample in water, for experi-
ments with the PPII-inducing agent. Usually 1±3mm peptide solutions
were used. Under these conditions no concentration-dependent varia-
tions were observed. One-dimensional 1H NMR spectra were acquired
with 32 K data points and a spectral width of 6000 Hz. The residual
HDO signal was suppressed by presaturation during the relaxation time.
TOCSY spectra were collected by using 256 t1 increments and a spectral
width of 6000 Hz in both dimensions.[30] Relaxation delays were set to
2.5 s and the spinlock (MLEV-17) mixing time was 80 ms. Shifted sine
bell squared weighting and zero filling to 2 Kî2 K was applied before
Fourier transformation. ROESY[31] data were collected in essentially the
same manner as TOCSY data, with mixing times ranging from
150±250 ms. The residual HDO signal was suppressed by presaturation
during the relaxation time for TOCSY experiments, while for ROESY ex-
periments a Watergate pulse sequence was performed prior to acquisi-
tion.[32] Amide-proton temperature coefficients were measured from 1D
1H NMR spectra recorded in 5 K increments from 278±318 K. Spectra
were processed and analysed by VNMR Version 6.1C software (Varian,
Palo Alto, CA).


Molecular dynamics simulations : Molecular dynamics simulations were
performed by using CHARMM software (Version c27b3), with potential
set 22, on a SUNFIRE 6800 24X supercomputer.[33] For the starting struc-
ture, the EX5 peptide was built into its polyproline II conformation
(Figure 4) by using the canonical dihedral angle values for this conforma-
tion (f=�75; y=++145). EX5 was then embedded in a TIP3P cubic
water box, thereby warranting a density near the unity at around room
temperature.[34] Periodic boundary conditions were applied during all
stages of the simulation by using the IMAGE facility of the CHARMM
software. Briefly, the solvent box was duplicated along all spatial direc-
tions to simulate an environment constituted by an infinite number of
solvent molecules. The entire solute±solvent system was then minimised,
by applying several successive minimisation cycles, firstly with the pep-
tide atoms fixed and secondly with the solvent atoms fixed. In a final
cycle, all constraints were removed. The system was then slowly heated
to 300 K or 278 K, with the temperature increasing by 1 K steps every
50 fs. Equilibration was performed in two stages, either rescaling or as-
signing velocities, for a total time of 40 ps. The Verlet algorithm was
used, and the integration step was 1 fs.[35] For the nonbonded terms, we
used a protocol that has been shown to be efficient and accurate in cut-
off-based simulations, with a force-switching function for electrostatics


Figure 13. TEM micrographs of the EX5 peptide. Bars represent 500 nm.
The two different morphologies refer to the same sample as found on the
same grid.
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and a potential-shifting function for van der Waals interactions, both ap-
plied between 10±12 ä. Analyses of the trajectories were performed by
coupling home-made programs and the CHARMM program facility. For
clustering analysis, we extracted conformations at 10 ps intervals; the cor-
responding snapshots were then fitted on their heavy atoms and an
RMSD value was stored for each pair of conformations. A hierarchical
clustering was then performed on the resulting 2D RMSD plot, by group-
ing iteratively the two most-related conformations and to obtain the de-
sired number of representative families of conformations (clusters). The
choice of ten conformations per cluster was done in order to give the
maximum value of RMSD (for the backbone atoms) between 1.0±1.7 ä.
For each cluster, the corresponding members were visualised, and the
mean structure was calculated and graphed with the MolMol program.


Transmission electron microscopy measurements : The synthetic peptide
was dissolved in water at a concentration of 1 mgmL�1. The sample was
investigated at room temperature. Specimens were prepared by putting
the peptide solution (about 10 mL) on a electron microscopy copper grid
(3 mm) previously covered by formvar and evaporated carbon. The grid
was rinsed with water (20 drops), and then stained with a 12 mm uranyl
acetate solution (10 drops, pH 3.5). The staining solution and the aqueous
solvent were carefully kept at the same temperature as the sample. After
air drying the specimen was observed by electron microscopy under high
vacuum.Specimens were examined on a Zeiss EM 10 electron microscope
at an accelerating voltage of 60 kV.
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Characterization of Persistent Intramolecular C-H¥¥¥X(N,O) Bonds
in Solid State and Solution


Andrea Cappelli,[a] Gianluca Giorgi,[b] Maurizio Anzini,[a] Salvatore Vomero,[a]


Sandra Ristori,[c] Claudio Rossi,[d] and Alessandro Donati*[d]


Introduction


The existence, persistence in solution, and chemical proper-
ties of unusual hydrogen bonds have recently emerged as a
subject of intense debate,[1] reflecting the strong interest of
this topic, both for the theory of chemical bonding and for
its applications in several fields. Despite the fact that the
complex between chloroform and acetone was explained by
a Cl3CH¥¥¥OC(CH3)2 interaction since 1937,


[2] the first exper-
imental observations of C-H¥¥¥X (X=N,O,Cl) bonds in crys-
tals, were proposed in the early 1960.[3] In the same period
Allerhand and co-workers,[4] on the basis of spectroscopic
evidences, stated that multiple withdrawing groups attached


to a sp3-hybridised carbon, should be the necessary condi-
tion to make the carbon atom a proton donor. At that time
they also envisaged that the C-H group could have a wide
range of proton-donor abilities, but despite their intriguing
speculation, research in this field was neglected in the fol-
lowing years. One of the reasons for this fact could be the
limited range of molecules in which such interaction was
recognised.
Recently, a renewed interest in this topic arose, on the


track of new horizons in structural chemistry,[5] supramolec-
ular chemistry,[6] and biochemistry.[7] Moreover, new experi-
mental techniques and refinement of theoretical calculations
allowed a more accurate description of this subtle interac-
tion.[8,9] Several X-ray diffraction studies on different kinds
of molecules have shown a C-H donor group, which has
been recognised to be involved in weak intermolecular
C-H¥¥¥X bonds in solid. Quantum mechanic ab initio meth-
ods were used to calculate bond energy and geometrical pa-
rameters and, recently, a few studies have reported that
CH¥¥¥O bonds can persist in solution, thus driving the struc-
tural properties of molecules with biological and pharma-
ceutical interest.[10,11]


Another interesting feature of the CH¥¥¥X interaction,
which recently has polarised the attention of chemists, is
that the C�H bond itself is strengthened by complexation.
This phenomenon, which has been observed experimentally
in several systems, is known as blue-shifting or improper hy-
drogen bonding and is the subject of widespread debate for
its implication in the general bond theory.[12]


In the present paper we describe the behaviour of a C-H
donor included in the icosahedral cage of a 1,2-dicarba-
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Abstract: The formation of intramolec-
ular CH¥¥¥X(N,O) bonds and their per-
sistence in solution were studied by X-
ray crystallography and NMR tech-
niques in two different rotamers of a
molecule containing the ortho-carbor-
ane cage, an amide group and a quino-
line ring. Experimental data were con-
firmed by theoretical ab initio calcula-


tions. From the resolved structure of
the two forms of this potentially active
drug for boron neutron capture thera-
py, accurate bonding and geometric pa-


rameters were extracted for this non-
classic hydrogen interaction, and their
strength was calculated. These findings
provided new insight in the theory of
CH¥¥¥X bonds, which appear stronger
and less rare than it was previously
thought.


Keywords: ab initio calculations ¥
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closo-dodecaboran-1-yl derivative, which could be consid-
ered as an element of a new generation of carborane com-
pounds, designed to explore an alternative mechanisms of
action for boron neutron capture therapy (BNCT).[13] In this
molecule the CH enclosed in the cage (which presents H-
donor behaviour) can form intramolecular C-H¥¥¥O bond
and C-H¥¥¥N bonds, both of which surprisingly persist in so-
lution. NMR data showed that the conformation with the
C-H¥¥¥O interaction was favoured, even if additional factors,
such as steric hindrance, are co-responsible for this behav-
iour. X-ray crystallography, and ab initio calculations con-
firmed this finding.
In a very recent work by Fox and co-workers[14] the persis-


tence in solution of an intramolecular CH¥¥¥N bond (closing
a five-membered ring) has been proposed on the basis of 1H
NMR chemical shift measurement.
In this paper we were able to establish unambiguously


that the intramolecular CH¥¥¥N bond can persists in solution
in a system where the hydrogen bond is enclosed in a eight-
membered ring. In this case entropic factors are less effec-
tive. Our arguments were based on 1D- and 2D-NMR ex-
periments, and on quantum mechanical calculations. The re-
sults thus obtained allowed to extract accurate geometrical
parameters for the proposed conformations, and to calculate
the energy involved in both the hydrogen bonds.


Experimental Section


Details on the synthesis of the carboranyl compound N-[1,2-dicarba-
closo-dodecaboran(12)-1-ylmethyl]-N,3-dimethyl-4-phenylquinoline-2-car-
boxamide (DDQC, Scheme 1), are reported elsewhere.[13]


NMR methods : The NMR samples were prepared by dissolving DDQC
in CDCl3 (5 mm). NMR experiments were performed with a Bruker
DRX-600 AVANCE spectrometer, equipped with a xyz gradient unit, op-
erating at 600.13, 150.89, and 192.50 MHz for 1H, 13C and 11B, respective-
ly. NOESY[15] and DQF-COSY[16] spectra were acquired with 2048 com-
plex points for 256 experiments with 8 s recycle, and TPPI phase cycle.[17]


A squared-sine window function was obtained in both dimensions for
every set of data and zero filling to 1024 points was applied along F1. 11B
decoupling was applied using a Waltz-16 sequence. For NOESY spectra,


mixing time of 200, 400 and 800 ms were used. NMR data were processed
by using the NMRpipe[18] software (version 3.3), and 2D spectra were an-
alysed with the SPARKY software.[19] Integration of the cross-peak vol-
umes in the NOESY spectrum was carried out with the Gaussian-fitting
algorithm of SPARKY. Calculation of inter-proton distances was done by
using the isolated spin pair approximation under the assumption of a
unique correlation time. For this calculation the intensities of the
NOESY cross-peaks for both major and minor species were normalised
to 100%.


Theoretical calculations : Standard ab initio calculations, were performed
with the Gaussian98 package[20] implemented on a parallel SGI ORIGIN
3000. For the trans starting model we used the coordinates of the crystal
structure. The cis conformation was derived from the trans one by rotat-
ing the C9±N10 amide bond through 1808 with the MacroModel 5.0 pack-
age.[21] To shorten calculation time, both models were simplified by re-
moving the pendent phenyl ring. Geometry optimisation was performed
at RHF/6-31G** level. The optimised structure was used as a starting
model for the torsional driving analysis of the C1’�C12 bond. The N10-C12-
C1’-C2’ dihedral angle was rotated through steps of 308 and single point
energy calculations were performed after each rotation.


A single crystal of DDQC was submitted for X-ray data collection on a
Siemens P4 four-circle diffractometer with graphite monochromated
MoKa radiation (l=0.71069 ä). The w/2V scan technique was used. The
structures were solved by direct methods and refinements were carried
out by full-matrix anisotropic least-squares of F 2 against all reflections.
Hydrogen atoms were located on the Fourier difference maps, or placed
in the calculated positions and included in the structure-factor calcula-
tions with isotropic temperature factor. Atomic scattering factors includ-
ing f ’ and f ’’ were taken from ref. [22]. Structure solution was carried out
by SHELXS-97[23] . Structure refinement and molecular graphics were
performed by SHELXL-97[24] and the WinGX package, respectively.
Crystallographic data of DDQC have been deposited to the Cambridge
Crystallographic Data Centre.


CCDC-221809 contains the supplementary crystallographic data for this
paper. These data can be obtained free of charge via www.ccdc.cam.
ac.uk/conts/retrieving.html (or from the Cambridge Crystallographic
Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax: (+44)
1223-336-033; or e-mail : deposit@ccdc.cam.ac.uk).


Results and Discussion


The structure and numbering for the two rotamers of the
molecule presented in this paper are reported in Scheme 1.
With respect to a similar compound studied in previous
works,[9,10,14] the presence of an amide group in DDQC con-
fers interesting stereochemical properties to this molecule.
It also gives the possibility of studying the behaviour of the
atoms involved in this biologically relevant group as C-H¥¥¥X
bond acceptors.


Crystal structure of DDQC : The ORTEP[25] drawing of the
crystal structure of DDQC is shown in Figure 1. In the crys-
tal only the DDQCtrans rotamer was observed. The pendent
phenyl and amide groups were found to be almost perpen-
dicular to the quinoline ring with dihedral angles of 78.1(1)
and 74.6(1)8, respectively. This rather unusual orientation
was due to the steric hindrance introduced by the ortho-
methyl group. But the most interesting feature was the close
contact between the C2’ and the O9, which demonstrated the
presence of a C-H¥¥¥O bond between them, with consequent
formation of a seven-membered ring. The experimental dis-
tances between the donor C2’ and the acceptor O9 and be-
tween the H2’ and O9 were 3.12 and 2.18 ä, respectively,
with a bond angle (f) of 139.48. Following the notation of


Scheme 1. Structure and numbering for the two rotamers of DDQC. The
carborane and aromatic protons were omitted for clarity, with the excep-
tion of H2’ which was relevant for discussion.
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Taylor and Kennard,[26] the value of d, which is the differ-
ence between the sum of the van der Waals radii of H2’ and
O9 and the experimental distance between them, is 0.52 ä.
For this calculation VdW radii for H and O atoms were con-
sidered 1.2 and 1.5 ä, respectively. The angle q, which meas-
ures the displacement of H involved in the bond from the
carbonyl plane, was found 41.68. These geometrical features
can be useful to define the directionality requirement, that
is important to characterise the forces involved in this type
of bond.
Intramolecular short contacts must be considered more


carefully than intermolecular ones, because of possible inter-
nal constraints. In fact, all previous studies, based on the
analysis of CH¥¥¥X properties in crystals,[21,22,27] mainly con-
sider intermolecular contacts. It is also important to note
that, notwithstanding the different frame in which inter- and
intramolecular C-H¥¥¥O bonds occur, the mechanism of their
formation and the forces involved must be the same.
When dealing with molecules in solution, a more accurate


investigation of intramolecular CH¥¥¥X bond becomes man-
datory. In fact, if for the crystal structures the limiting factor
for a correct analysis is the occurrence of internal con-
straints, the presence of the solvent molecules in solution
usually becomes an overwhelming barrier for the formation
of weak CH¥¥¥X intermolecular bonds. Moreover, solvents
having hydrogen-acceptor capabilities may generate a com-
petition toward the activated CH donor.
Taylor and Kennard and, later, Steiner, have performed


thorough statistical analyses on a large number of crystal
structures present in the Cambridge Crystallographic Data
Centre. They found that inter- and intramolecular short con-
tact C-H¥¥¥O interactions are rather common in the solid
state, most of them presenting d values in the range 0.35±
0.45 ä. Only in three cases, distances shorter than 2.18 ä


are observed. Two of them are intermolecular contacts with
bond angle (f) approaching linearity (170.9 and 176.78)
while the third is an intramolecular contact with f=155.78.
These values support the hypothesis of a predominant elec-
trostatic mechanism, driving the geometry of the hydrogen
bond in such short contacts. In fact, the shorter is the
CH¥¥¥O distance, the higher the tendency to assume a linear
configuration in order to minimize electrostatic repulsions
between the donor and the acceptor atoms of the H-bond
(which are both negatively charged). For longer distances,
the f angle tends to be lower. As proposed by Kollman[28] in
his theory of hydrogen-bond directionality, the deviation
from linearity could be due to the charge-transfer contribu-
tion. In this quantum mechanical attraction both the geome-
try and phase of the interacting molecules molecular orbi-
tals[29] affect the geometry of the hydrogen bond.
Comparing these geometrical parameters with the values


obtained for DDQC, it can be outlined that the intramolec-
ular C-H¥¥¥O contact found in the present study is signifi-
cantly short, especially if considering the large values of f
and q angles. This means that the hydrogen bond is particu-
larly strong (as it was confirmed by experimental evidences
showing its persistence in solution, see next section), and
that electrostatic repulsion was not predominant in deter-
mining the geometry. Both f and q angles, could be affected
by the steric effects due to the formation of a seven-mem-
bered ring but, in principle, the two rotable bonds N10±C12
and C12±C1’ should be sufficiently unrestricted to accommo-
date the destabilizing effect of electrostatic repulsion forces.
In this case the charge-transfer mechanisms seems to be rel-
evant for the geometry of this interaction in which an
amidic oxygen is involved, but additional contribution (i.e. ,
exchange repulsion, polarization or dispersion) can not be
excluded.


Figure 1. ORTEP drawing of the crystal structure and crystal packing diagram of DDQC. Symmetry code: [1555.01]=x, y, z ; [3556.01]= 1=2+x,
1=2�y,


1�z ; [2565.01]= 1=2�x, 1�y, 1=2+z ; [2564.01]= 1=2�x, 1�y, �1=2+z ; [4656.01]=1�x, 1=2+y, 3=2�z ; [4655.01]=1�x, 1=2+y, 1=2�z.
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Structure of DDQC in solution : The analysis of the DDQC
structure in solution was performed by using 1H NMR spec-
troscopy.
The 1H{11B} spectrum of DDQC, reported in Figure 2,


clearly showed the presence of two rotamers in solution, in
slow exchange with each other through rotation around the
amide bond. The relative abundance of the two rotamers, as
measured from the relative intensities of the corresponding
peaks, was found to be 80% (major, M) and 20% (minor,
m). Spectra recorded at different concentrations did not
show meaningful chemical shift variation, thus ruling out
the possibility of intermolecular interaction in solution.
The complete assignment of both the major and minor


species peaks, which clearly showed well separated networks
of correlation, was done by using 2D 1H{11B}-COSY and
1H{11B}-NOESY and is reported in Figure 2 for the most rel-
evant peaks.
The analysis of the relative peak shifts in the one-dimen-


sional 1H{11B} NMR spectrum and the analysis of 2D spectra
provided evidence that the minor species, which is the less
stable in solution, was associated to the cis rotamer. More-
over, from 1D spectrum we could draw important considera-
tions about the conformation of both rotamers in solution.
The most important difference between the spectra of the


two species was recorded for the H2’ (carborane cage). In
this case the shift between the major and the minor peaks
was 1.32 ppm. The position of the H2’(M) peak (4.45 ppm)
was considerably low-field shifted with respect to the
common values found for carbaborane (C)H, included in
molecules which do not contain a hydrogen acceptor, in the
same solvent (about 3.5±3.6 ppm)[30] . The value we meas-
ured was thus consistent with the formation of a stable
CH¥¥¥O interaction in solution. This evidence, coupled with
the unambiguous X-ray structure and ab initio calculations,


was a robust confirmation of the ability of activated CH
groups to form strong H-bonds, driving conformational
properties in solution as well as in the solid state. The persis-
tence of the intramolecular CH¥¥¥O interaction in solution
has been recently demonstrated for another carboranyl de-
rivative.[9] In that case, the acceptor atom was a glycosidic
(ether) oxygen.
In the light of these considerations, the strong low-field


shift of the H2’ observed for the minor species was unexpect-
ed. The only explanation for this was that the H2’(m) atom
should be fixed in the close proximity of the quinoline ring
deshielding cone, with the molecule assuming a rigid confor-
mation along the two rotable bonds N10±C12, and C12±C1’.
We interpreted this important feature of the molecule as a
consequence of a strong C2’H¥¥¥N1(quinoline) bond, the sole
interaction able to constrain the molecule in this geometry.
In principle, the mobility around the two mentioned rota-


ble bonds should not be strongly affected by steric hin-
drance and in particular, the rotation along the C12�C1’
bond should be almost completely insensitive to the relative
position of (C)H, with respect to the four isoplanar (B)H. A
remnant of this mobility, could be found observing the line-
width of the H12 peaks. The broadening of both these peaks,
for the major and minor species, could in fact be due to the
libration of the methylene group, which is gated in the
seven-membered ring, closed by the C2’H¥¥¥O9 bond for the
trans rotamer and in the eight-membered ring, closed by the
C2’H¥¥¥N1 bond, for the cis rotamer.
The broad peak H12 was shifted up-field by 0.3 ppm,


whereas the (N10)CH3 peak was 0.2 ppm shifted to lower
field. This indicated that, in the minor species, the (N10)CH3


was closer to the deshielding anisotropy region of the car-
bonyl group. On the contrary the methylene, pointing far
from the carbonyl, was shifted to higher field.


Figure 2. 1H{11B} NMR spectrum of DDQC in CDCl3 solution. Assignments of the relevant resonances are reported for the major rotamer. Arrows indi-
cates the magnitude and direction of the frequency shift for the minor rotamer peaks.
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The (C3)CH3 group and H8 are both shifted high-field.
These shifts could be due either to electronic or to aniso-
tropic effects. In both cases it is difficult to determine the ef-
fective contribution of each.
The proposed arrangement for both rotamers in solution


and the persistence of the two intramolecular CH¥¥¥X(N,O)
bonds, was confirmed by the presence of diagnostic cross-
peaks in the 1H{11B} 2D-NOESY spectra. In Figure 3a a por-
tion of 1H{11B}-NOESY spectra is reported, showing the
cross-peaks between the H8(M) (F2, 8.22 ppm) and
(N10)CH3(M) (F1, 3.10 ppm). Figure 3b shows the cross-peak
between H8(m) (F2, 7.96 ppm) and H2’(m) (F1, 5.53 ppm).


In the major species, the
presence of a weak cross-peak
between H8 of the quinoline
ring and the (N10)Me is in good
agreement with the trans struc-
ture obtained by X-ray crystal-
lography.
For the minor rotamer, the


high relative intensity of the
NOE contact between H2’ and
H8 was unexpected, considering
that this species is only 20%
populated. It demonstrated that
the distance between these two
protons is considerably short
and that the C2’H¥¥¥N1 bond is
sufficiently strong to persist in
solution. The experimental distance, calculated by using nor-
malised H2’±H8 NOESY cross-peak, was 2.88 ä which is in
good agreement with the theoretical distance of 2.59 ä ob-
tained by ab initio calculations (see next section).


Theoretical calculations : In order to confirm experimental
data, ab initio calculations were performed by using the


Gaussian 98 package[17] on a slightly simplified model of the
two rotamers, in which the pendant phenyl ring was re-
moved to reduce calculation time.
Both species were optimised at the RHF/6-31G** level,


using the X-ray structure as a starting model for the trans
rotamer and an X-ray derived model for the cis one (as out-
lined in the Experimental Section).
The geometry of DDQCtrans optimised model did not pres-


ent significant differences with respect to the X-ray struc-
ture, consequently, we will refer to Figure 1 for discussion.
The optimised structure of DDQCcis is reported in Figure 4.
As for the trans rotamer, it is possible to observe a close
proximity between the C-H donor and the N1 acceptor. The
calculated distance for the atoms involved in the CH¥¥¥N
bond were found to be 3.25 and 2.36 ä for the C2’¥¥¥N1 and
H2’¥¥¥N1 pairs, respectively (d=0.39 ä). Angles f and q were
found to be 140.7 and 10.28 (similarly to the CH¥¥¥O case,
q?is considered as the displacement of H from the sp2 nitro-
gen plane). With respect to the CH¥¥¥O, the H2’ presents a
better alignment with the nitrogen sp2 lone-pair.
To obtain further details on the strength of the


CH¥¥¥X(N,O) interaction in both DDQCtrans and DDQCcis, a
torsional driving analysis around C12�C1’ bond was per-
formed, by calculating single point energy at the RHF/6-
31G** level, with rotation of the N10-C12-C1’-C2’ torsion
angle trough steps of 308. This angle variation induced a
mere rotation of the carbaborane cage, which presented ap-
proximately the same steric hindrance every 728, without af-
fecting the global conformation of the molecule. This con-
sideration suggested that the measured energy difference
should be largely due to bonding and electrostatic interac-
tions.
The result of the torsional driving analysis for DDQCtrans


is reported in Figure 5. The lowest energy was found at 908,


with a very small difference with respect to the value ob-
tained at 608 (DE=0.14 kcalmol�1). The torsion angle in the
optimised model was found at 77.28, with an energy stabili-
zation of 0.64 kcalmol�1 with respect to the 908 value. The
energy maximum was found at 2708, with a relative value of
10.14 kcalmol�1. In this conformation the C2’H pointed
toward the opposite side with respect to O9. The H2’±O9 dis-


Figure 3. Portion of the 1H{11B} NOESY spectrum of DDQC in CDCl3,
acquired at 400 MHz, reporting the diagnostic cross-peaks for this work
(see text). Assignment is also reported. Capital M and lower case m indi-
cate peaks relative to the major and minor rotamers, respectively.


Figure 4. Stereoview of DDQCcis model optimised by ab initio calculations at RHF/6-31G** level. Boron
bonded hydrogens were omitted for clarity.
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tance measured at 90 and 2708 was 2.18 to 5.16 ä, respec-
tively. The correlation between the C2’H¥¥¥O9 H-bond forma-
tion and the torsional energy profile was confirmed by
measuring the H2’±O9 distance for each rotation angle. The
results of this measurement are also reported in Figure 5.
These data confirmed that the energy was essentially modu-
lated by the distance, with two important exceptions at 60
and 2408, where the energy and distance curves were ™de-
phased∫ by 308. In fact, at these torsion angles the lowest
and the highest distances, respectively, were observed, but
not the corresponding minimum and maximum energy
values. This meant that a minor steric contribution to the
energy was also present, which could be estimated as 2.0±
2.5 kcalmol�1 from the difference between the values at 240
and 2708. It follows that the energy of the C2’H¥¥¥O9 interac-
tion was in the range of 7±8 kcalmol�1, that is far beyond
the values reported in the literature for this kind of interac-
tion (�2.5 kcalmol�1)[24] and it is in good agreement with
the experimental evidence of its persistence in solution.


The result of the torsional driving analysis for DDQCcis is
reported in Figure 6. The lowest energy value was found at
608, which is very close to the value found for the optimised
model (61.88). The C2’H is pointing in the N1 direction, con-
firming the presence of a CH¥¥¥N interaction. Two additional
local minima were found at 180 and 3308, which correspond-
ed to the anti and right-gauche conformations of the C2’H
with respect to amide nitrogen (N10). In the 3308 conforma-
tion (Figure 6c), the energy local minimum is considerably
lower than the minimum at 1808 (Figure 6b), probably be-
cause of the electrostatic interactions between H2’ and the
amide nitrogen (N10). From the calculations, the residual
Mulliken charge could be extracted for all the atoms of the
optimised model. The most relevant atoms showed the fol-
lowing values: C2’=�0.76, H2’=0.34, N11=�0.86, N1=


�0.65, O10=�0.60. This is an important issue, because we
must take account of this interaction when calculating the
energy involved in the C2’H¥¥¥N1 bond. In fact, also in the
case of the 608 conformation (left-gauche, Figure 6a), a very
similar H2’±N10 electrostatic interaction took place, and con-


tributed to lower the energy of the whole molecule. Thus,
two main contributes gave rise to the global minimum at
608, the H2’±N10 electrostatic interaction (that is symmetric
to the interaction occurring at the right-gauche conforma-
tion, at 3308), and the C2’H¥¥¥N1 bond.


From both CH¥¥¥O and CH¥¥¥N torsional driving calcula-
tions it was possible to establish that the Bn-H¥¥¥X(O,N) in-
teraction was negligible and did not affect the local molecu-
lar conformation. This was probably due to the almost van-
ishing Mulliken charge on the B-H groups of the cage.
Consequently, even if an accurate determination was not


possible from this analysis, we can speculate that the ob-
served stabilizing effect, which is given by the difference be-
tween the calculated energies at 330 and 608 (7.8 kcalmol�1),
was largely due to the CH¥¥¥N bond formation. In other
words, following this interpretation we can conclude that, in
our case, the energy of this non-classic H-bond was signifi-
cantly higher than the values currently reported in the liter-
ature.[24] The value obtained was very close to the upper
limit of the energy range for the classic NH¥¥¥X and OH¥¥¥X
bonds (3±8 kcalmol�1)[24] which, as mentioned above, could
well explain its persistence in solution.


Conclusion


In the present paper the occurrence and persistence in solu-
tion of CH¥¥¥X(N,O) bonds was demonstrated for the two
rotamers of a carbaboranyl derivative of potential pharma-
ceutical interest. The activated CH group of the carborane
cage can thus be considered an important probe for the
evaluation of the chemical behaviour in this non-classic in-


Figure 5. Torsional energy profile of the C1’�C12 bond for DQCCtrans ro-
tamer (*), together with the internuclear H2’�O9 distance (~). The arrow
indicates the torsion angle for the optimised model (77.28) in which the
calculated energy was 0.64 kcalmol�1 lower than in the 908 conformer.
Distance units are reported on the right vertical axis.


Figure 6. Torsional energy profile of the C1’�C12 bond for DQCCcis rotam-
er. The arrow indicates the torsion angle for the optimised model (61.88)
in which the calculated energy was found 2.58 kcalmol�1 lower than 608
conformer. The Newman structures indicate the approximate arrange-
ment of the cage with respect to the amide nitrogen and N1, along the
C12�C1’, in correspondence with the local energy minima.
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teraction, especially when groups of biological interest such
as the amide are involved. Crystallographic studies demon-
strated that the amide oxygen was involved in the bond as
hydrogen acceptor. This allowed the accurate determination
of geometric parameters, from which it was possible to ex-
tract information on the forces involved in the hydrogen
bond. Moreover, this intramolecular CH¥¥¥O interaction was
demonstrated to persist in solution, showing its importance
in driving conformational properties of bio-macromolecules
and supramolecular complexes.
The occurrence of a CH¥¥¥N bond in solution was also


demonstrated by NMR studies and was confirmed by ab
initio calculations. The strength of both these interactions
and their geometrical parameters were found to be in the
same range of classical hydrogen bonds. In particular, in the
case of the CH¥¥¥N for the cis rotamer, the H atom directly
pointed toward the nitrogen sp2 lone-pair, whereas in the
case of the CH¥¥¥O bond for the trans rotamer a higher devi-
ation from planarity was observed (q=10.2 and q=41.28, re-
spectively). However, for the CH¥¥¥O bond we should con-
sider that a seven-membered ring was formed, in which geo-
metrical constraints were more effective.
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Long-Lived Charge-Separated State Generated in a Ferrocene±meso,meso-
Linked Porphyrin Trimer±Fullerene Pentad with a High Quantum Yield


Hiroshi Imahori,*[a] Yuji Sekiguchi,[b] Yukiyasu Kashiwagi,[b] Tohru Sato,[a]


Yasuyuki Araki,[c] Osamu Ito,*[c] Hiroko Yamada,[b] and Shunichi Fukuzumi*[b]


Introduction


The three-dimensional structures of the antenna complex
and the bacterial reaction center have provided an impor-


tant structural basis for understanding the light-harvesting
and subsequent primary charge separation processes in pho-
tosynthesis:[1,2] visible light is harvested by the antenna com-
plexes, including a wheel-like array of chlorophylls and caro-
tenoid polyenes, and the collected energy is funneled effi-
ciently into the chlorophyll dimer (that is, special pair) in
the reaction center. The subsequent multistep electron-
transfer (ET) event takes place unidirectionally along the
well-arranged chromophores that are embedded in the
transmembrane protein in the sequence special pair, acces-
sory chlorophyll, pheophytin, quinones. The charge-separat-
ed state lasts for seconds in nearly 100% quantum yield,
and leads eventually to the conversion of light into usable
chemical energy. The importance and complexity of energy
transfer (EN) and ET reactions in photosynthesis have in-
spired many chemists to design and prepare donor±acceptor
linked systems that mimic the EN or ET processes.[3±11]


Since chlorophylls are essential components in the photo-
synthetic reaction center, porphyrins and metalloporphyrins
have frequently been employed as their analogues in donor±
acceptor-linked molecules.[3±10] Some of the covalently
linked porphyrin-containing arrays, such as triads, tetrads,
and pentads, have successfully exhibited efficient EN or ET
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Abstract: A meso,meso-linked porphy-
rin trimer, (ZnP)3, as a light-harvesting
chromophore, has been incorporated
for the first time into a photosynthetic
multistep electron-transfer model in-
cluding ferrocene (Fc) as an electron
donor and fullerene (C60) as an elec-
tron acceptor, to construct the ferro-
cene±meso,meso-linked porphyrin
trimer±fullerene system Fc-(ZnP)3-C60.
Photoirradiation of Fc-(ZnP)3-C60 re-
sults in photoinduced electron transfer
from both the singlet and triplet excit-
ed states of the porphyrin trimer,
1(ZnP)*3 and 3(ZnP)*3 , to the C60 moiety
to produce the porphyrin trimer radical
cation±C60 radical anion pair, Fc-


(ZnP)3C+-C60C� . Subsequent formation
of the final charge-separated state Fc+-
(ZnP)3-C60C� was confirmed by the
transient absorption spectra observed
by pico- and nanosecond time-resolved
laser flash photolysis. The final charge-
separated state decays, obeying first-
order kinetics, with a long lifetime
(0.53 s in DMF at 163 K) that is compa-
rable with that of the natural bacterial
photosynthetic reaction center. More
importantly, the quantum yield of for-


mation of the final charge-separated
state (0.83 in benzonitrile) remains
high, despite the large separation dis-
tance between the Fc+ and C60C� moiet-
ies. Such a high quantum yield results
from efficient charge separation
through the porphyrin trimer, whereas
a slow charge recombination is associ-
ated with the localized porphyrin radi-
cal cation in the porphyrin trimer. The
light-harvesting efficiency in the visible
region has also been much improved in
Fc-(ZnP)3-C60 because of exciton cou-
pling in the porphyrin trimer as well as
an increase in the number of porphy-
rins.


Keywords: donor±acceptor sys-
tems ¥ electron transfer ¥ fullerenes ¥
photosynthesis ¥ porphyrinoids
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processes such as photosynthesis. However, the difficulty of
synthesis has precluded integration of the two functions,
light harvesting and charge separation, into one artificial
system. So far there have been few examples of donor±ac-
ceptor-linked systems mimicking both EN and ET processes
in photosynthesis.[12]


Recently we synthesized the longest-lived charge-separat-
ed state in the ferrocene±zinc porphyrin±free-base porphyr-
in±fullerene tetrad Fc-ZnP-H2P-C60 (Scheme 1), which re-
veals a cascade of photoinduced energy transfer and multi-
step electron transfer within a molecule in frozen media as
well as in solution.[13] The lifetime of the resulting charge-
separated state (ferricenium ion±C60 radical anion pair) in
frozen benzonitrile (PhCN) is as long as 0.38 s, which is
comparable with that observed for the bacterial photosyn-
thetic reaction center. However, the quantum yield for for-


mation of the charge-separated state (F = 0.24) is still
much lower than that of the natural system (F = 1). Thus,
the charge separation efficiency could still be much im-
proved. Moreover, the light-harvesting efficiency could also
be increased. In this context, meso,meso-porphyrin arrays
are good candidates to improve both efficiencies, since their
length can be extended easily by facile oligomerization of
the porphyrin monomer.[14±17] In addition, they can absorb
visible light over a wider spectrum than a linear combina-
tion of the corresponding porphyrin monomers, because of
the exciton coupling of the porphyrins, as in molecular as-
semblies of chlorophylls in antenna complexes.[1,2] We have
previously reported incorporation of the meso,meso-linked
porphyrin dimer (ZnP)2, as an improved light-harvesting
chromophore compared with the monomer porphyrin, into a
photosynthetic ET model to construct the ferrocene±meso,-


Scheme 1. Ferrocene±porphyrin trimer±fullerene pentad and the reference compounds.
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meso-linked porphyrin dimer±fullerene tetrad Fc-(ZnP)2-C60
(Scheme 1), in which the C60 and the ferrocene (Fc) are
tethered at both ends of (ZnP)2.


[18] The quantum yield of
formation of the final charge-separated state (0.80 in PhCN)
is indeed improved. However, this final state decays obeying
first-order kinetics with a lifetime of 19 ms in PhCN at
295 K, which is far shorter than the value expected from the
long edge-to-edge distance (Ree = 38.6 ä) as compared with
the Ree value of Fc+-ZnP-C60C� radical ion pair (Ree =


30.3 ä), which has a lifetime of up to 16 ms in PhCN.[19]


We report herein incorporation of an additional porphyrin
moiety to construct the ferrocene±meso,meso-linked por-
phyrin trimer±fullerene pentad Fc-(ZnP)3-C60, in which the
C60 and the ferrocene (Fc) are tethered at both the ends of
(ZnP)3 (Ree = 46.9 ä) (Scheme 1). The lifetime of the final
charge-separated state is expected to be prolonged without
lowering the charge separation (CS) efficiency, provided
that a similar stepwise ET occurs in Fc-(ZnP)3-C60. We have
achieved not only a high quantum yield for the formation of
a final charge-separated state (F = 0.83), but also a longer
lifetime of the charge-separated state than the previously re-
ported longest lifetime of Fc-ZnP-H2P-C60.


[13] The light-har-


vesting efficiency has also been much improved in Fc-
(ZnP)3-C60 as compared with Fc-ZnP-H2P-C60,


[13] Fc-ZnP-
C60


[19] and Fc-(ZnP)2-C60.
[18] The ET dynamics of Fc-(ZnP)3-


C60 has been investigated by ESR spectroscopy as well as by
time-resolved transient absorption spectroscopy and fluores-
cence lifetime measurements.


Results and Discussion


Synthesis : Fc-(ZnP)3-C60, the reference tetrads Fc-(ZnP)3
and (ZnP)3-C60, and the porphyrin reference (ZnP)3-ref
(Scheme 1) were prepared as shown in Scheme 2. For the
meso,meso coupling of 1[18,20, 21] and 2,[14] we used the oxidant
AgPF6 in a mixture of chloroform and acetonitrile. Because
slight demetallation occurred under the present experimen-
tal conditions, the crude mixture was treated with TFA and
H2SO4 in chloroform to afford free-base porphyrin 3. The
resulting coupling reaction mixture contained the other por-
phyrin derivatives, such as homo- and hetero-coupled
mono-, di-, tri-, and tetra-meso,meso-porphyrins. The free-base
porphyrin 3 was purified by silica gel column chromatogra-


Scheme 2. Synthesis of ferrocene±porphyrin trimer±fullerene pentad and the reference compounds.
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phy and gel permeation chromatography. Important synthet-
ic intermediate 4 was obtained by base hydrolysis of 3 in a
mixture of THF and ethanol. The free-base porphyrin car-
boxylic acid 4 was converted to the corresponding bis(acid
chloride) by treatment with SOCl2 (Scheme 2). Cross-con-
densation with 4-aminophenylferrocene[19] and formyl-pro-
tected aniline[22] in benzene in the presence of pyridine, fol-
lowed by acid hydrolysis, afforded ferrocene±meso,meso-
linked porphyrin trimer 5 in 19% yield.
Fc-(ZnP)3-C60 was obtained in 65% yield by 1,3-dipolar


cycloaddition[23] using 5, N-methylglycine, and C60 in toluene
and subsequent treatment with zinc acetate.
(ZnP)3-C60 was synthesized from 4-hexadecylaniline, 4,


and formyl-protected aniline via 6 by the method described
for Fc-(ZnP)3-C60. Fc-(ZnP)3 and (ZnP)3-ref were prepared
from 4-aminophenylferrocene, 4, and 4-hexadecylaniline,
and 4 and 4-hexadecylaniline, respectively. Single-chromo-
phore references Fc-ref[19] and C60-ref


[13] were also prepared
by following the same procedures as described previously.
Their structures were verified by spectroscopic analyses in-
cluding 1H NMR, FAB, and MALDI-TOF mass spectra (see
Experimental Section).


Absorption and fluorescence spectra : The absorption spec-
trum of Fc-(ZnP)3-C60 in PhCN is virtually a linear combina-
tion of the spectra of Fc-ref, (ZnP)3-ref, and C60-ref. This in-
dicates that there is no significant interaction among the
three chromophores in the ground state. The absorption of
the porphyrin trimer in the visible region is much stronger
than that of the ferrocene and the C60 moieties. It should be
noted that the splitting of the Soret bands (�430 nm and �
490 nm) is characteristic of the meso,meso-linked porphyr-
ins,[14] ,[15] as in Figure 1. This enables us to harvest the light
more widely across the visible region than does a linear
combination of zinc porphyrin monomer 1 or 2. Fc-(ZnP)3-
C60 absorbs visible light more widely than Fc-ZnP-C60 or Fc-
(ZnP)2-C60 (Figure 1).
The steady-state fluorescence spectrum of Fc-(ZnP)3-C60


in PhCN exhibits the same band shape and peak positions
as (ZnP)3-ref (l


max
em = 651 nm). No emission from the C60


(lmax
em = 720 nm)[24] could be detected for Fc-(ZnP)3-C60. The


fluorescence spectrum of Fc-(ZnP)3-C60 in PhCN is strongly
quenched compared with that of (ZnP)3-ref (relative intensi-
ty for Fc-(ZnP)3-C60 = 0.13) when adjusting absorbance
(0.32) at the excitation wavelength of 426 nm, where the
porphyrin moiety absorbs light exclusively. In contrast, the
fluorescence spectrum of Fc-(ZnP)3 in PhCN is more
weakly quenched than that of (ZnP)3-ref (relative intensity
for Fc-(ZnP)3 = 0.83). This indicates that an electron trans-
fer occurs mainly from the singlet excited state 1(ZnP)*3 to
C60 rather than from Fc to 1(ZnP)*3 (vide infra).


One-electron redox potentials and ET driving force : The
driving forces (�DGo


ET) for all the intramolecular ET proc-
esses were determined accurately by measuring the redox
potentials of reference chromophores (Fc-ref, (ZnP)3-ref,
and C60-ref) in PhCN, THF, and DMF. The differential pulse
voltammetry was performed in PhCN, THF, and DMF con-
taining nBu4NPF6 (0.1m) as a supporting electrolyte. Table 1


summarizes all the redox potentials of the compounds inves-
tigated, and of Fc-ref and C60-ref as references, which were
reported previously.[13] The first one-electron oxidation po-
tentials (Eo


ox) of (ZnP)3-ref and Fc-ref are 0.32 V and
�0.01 V versus ferrocene/ferricenium (Fc/Fc+) and the first
one-electron reduction potentials (E0


red) of C60-ref and
(ZnP)3-ref are �1.04 V and �1.83 V versus Fc/Fc+ in PhCN,
respectively.
The driving forces (�DG0


ET(CR) [eV]) for the intramolecu-
lar CR processes from the C60 radical anion (C60C�) to the
zinc porphyrin trimer radical cation [(ZnP)3C+] or the ferri-
cenium ion (Fc+) in Fc-(ZnP)3-C60 and (ZnP)3-C60 were de-
termined by applying Equation (1), where e stands for the
elementary charge. The �DG0


ET(CR) values [eV] in PhCN,
THF, and DMF thus obtained are listed in Tables 2 and 3.


�DG0
ETðCRÞ ¼ e½E0


oxðDCþ=DÞ�E0
redðA=AC�Þ� ð1Þ


The driving forces for the intramolecular charge separa-
tion processes (�DG0


ET(CS) [eV]) from the porphyrin trimer
singlet and triplet excited states to the C60 moiety in Fc-


Figure 1. Absorption spectra of Fc-(ZnP)3-C60 (solid line with open
rings), Fc-(ZnP)2-C60 (broken line), and Fc-ZnP-C60 (solid line) in PhCN
(1.0î10�6m).


Table 1. One-electron redox potentials (versus Fc/Fc+)[a] of references in
PhCN, THF, and DMF.


Compound Solvent E0
ox [V] E0


ox [V] E0
red [V] E0


red [V]
(ZnP)3C+/
(ZnP)3


Fc+/Fc C60/C60C� (ZnP)3/
(ZnP)3C�


(ZnP)3-ref PhCN 0.32 �1.83
Fc-ref �0.01[b]
C60-ref �1.04[b]
(ZnP)3-ref THF 0.33 �1.96
Fc-ref �0.02[b]
C60-ref �1.02[b]
(ZnP)3-ref DMF 0.33 �1.94[b]
Fc-ref �0.01[b]
C60-ref �0.92[b]


[a] The redox potentials were measured by differential pulse voltammetry
in PhCN using 0.1m nBu4NPF6 as a supporting electrolyte with a sweep
rate of 10 mVs�1. [b] From ref. [13].
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(ZnP)3-C60 and (ZnP)3-C60 were determined by Equa-
tion (2), where DE0±0 is the energy of the 0±0 transition
energy gap between the lowest singlet or triplet excited
state and the ground state, which is determined by the 0±0*


absorption and 0*±0 fluorescence or phosphorescence
maxima in a solvent (* denotes the excited state). The
�DG0


ET(CS) values are given in Table 2 and 3. The driving
forces for intramolecular charge-shift (CSH) processes
(�DG0


ET(CSH) [eV]) from the Fc to the (ZnP)3C+ moiety in
Fc-(ZnP)3-C60 were determined by subtracting the energy of
the final state from that of the initial state (Table 3). The
Coulombic terms in the present donor±acceptor systems are
largely neglected in the evaluation of the driving forces in
Tables 2 and 3, especially in solvents with moderate or high
polarity, because of the relatively long edge-to-edge distance
(Ree>11 ä) employed.


�DG0
ETðCSÞ ¼ DE0�0 þ DG0


ETðCRÞ ð2Þ


Photodynamics of porphyrin±fullerene-linked systems :
Time-resolved transient absorption spectra, following pico-
and nanosecond laser pulses, were employed to examine the
photodynamics of (ZnP)3-ref, (ZnP)3-C60, Fc-(ZnP)3, and
Fc-(ZnP)3-C60. To monitor the intramolecular ET dynamics,
the absorption of the one-electron reduced form of the elec-
tron acceptor (C60C�) was analyzed in the near-IR region
around 1000 nm.


(ZnP)3-ref : Picosecond excitation (560 nm) of (ZnP)3-ref re-
sulted in characteristic absorption changes in 500±700 nm
range (Figure 2, dotted line). In particular, a net decrease of
the absorption was observed around 580 nm, which is domi-
nated by the strong ground-state absorption. This suggests
that the porphyrin singlet ground state is converted to the
corresponding singlet excited state 1(ZnP)*3 .


[25] 1(ZnP)*3 also
exhibits a strong absorption band at 520 nm. Intersystem
crossing is the predominant fate of the singlet excited state.
The resultant triplet excited state 3(ZnP)*3


[25] reveals a char-
acteristic peak in the nanosecond absorption spectrum
around 820 nm (Figure 3a), whereas no characteristic ab-
sorption around 800±1050 nm appears in the picosecond
spectrum (Figure 2). The lifetimes determined for the por-


phyrin trimer triplet excited state are 1.1 ms in PhCN,
1.7 ms in THF, and 1.1 ms in DMF.
The porphyrin trimer radical cation (ZnP)3C+ produced by


the chemical oxidation of (ZnP)3-ref with Fe(bpy)3
3+ (bpy


= 2,2’-bipyridine)[26] exhibits broad absorption around
500±820 nm (Figure 3b). The absorption coefficient deter-
mined at 650 nm in PhCN was 13000m�1 cm�1. The charac-
teristic features of 1(ZnP)*3 ,


3(ZnP)*3 , and (ZnP)3C+ described
above are easily detectable markers for following intramo-
lecular ET reactions.


Fc-(ZnP)3 : Nanosecond time-resolved absorption spectra of
Fc-(ZnP)3 were measured (Figure 4). Fc-(ZnP)3 was excited
at 532 nm, where the porphyrin moiety absorbs light exclu-
sively. The differential spectrum recorded 250 ns after the
laser pulse is characterized by bleaching of the porphyrin Q-
band absorption around 600±800 nm. As time elapses, only
the triplet±triplet absorption due to 3(ZnP)*3 is observed.
This indicates little occurrence of photoinduced electron
transfer from Fc to 1(ZnP)*3 .


(ZnP)3-C60 : Time-resolved transient absorption spectra of
(ZnP)3-C60 were also measured by pico- and nanosecond
laser photolysis. In its picosecond time-resolved absorption


Table 2. ET rate constants (kET), quantum yields (F), and driving forces (�DG0
ET) in (ZnP)3-C60.


Solvent Initial state[a] Final state[a] �DG0
ET [eV] kET [s


�1][b] F[c]


PhCN (es = 25.2) 1(ZnP)*3 -C60 (1.95 eV) (ZnP)3C+-C60C� (1.36 eV) 0.59 kET(CS1) = 2.8î109 FCS1(
1ZnP*) = 0.82


3(ZnP)*3 -C60 (1.56 eV) (ZnP)3C+-C60C� (1.36 eV) 0.20 kET(CS3) = 2.5î107 FCS3(
3ZnP*) = 1.0


(ZnP)3C+-C60C� (1.36 eV) (ZnP)3-C60 1.36 kET(CR1) = 1.5î106


THF(es = 7.58) 1(ZnP)*3 -C60 (1.99 eV) (ZnP)3C+-C60C� (1.35 eV) 0.64 kET(CS1) = 3.9î109 FCS1(
1ZnP*) = 0.86


3(ZnP)*3 -C60 (1.56 eV) (ZnP)3C+-C60C� (1.35 eV) 0.21 kET(CS3) = 1.3î107 FCS3(
3ZnP*) = 1.0


(ZnP)3C+-C60C� (1.35 eV) (ZnP)3-C60 1.35 kET(CR1) = 1.0î106


DMF(es = 36.7) 1(ZnP)*3 -C60 (1.97 eV) (ZnP)3C+-C60C� (1.25 eV) 0.72 kET(CS1) = 3.1î109 FCS1(
1ZnP*) = 0.84


3(ZnP)*3 -C60 (1.56 eV) (ZnP)3C+-C60C� (1.25 eV) 0.31 kET(CS3) = 7.3î107 FCS3(
3ZnP*) = 1.0


(ZnP)3C+-C60C� (1.25 eV) (ZnP)3-C60 1.25 kET(CR1) = 1.3î106


[a] The energy of each state relative to the ground state is given in parentheses. [b] The kET values for ET from 1(ZnP)*3 to C60 were determined from the
fluorescence lifetimes by using the equation: kET = [1/t((ZnP)3-C60)] �[1/t((ZnP)3-ref)]. The kET values for ET from 3(ZnP)*3 to C60 were determined
from the rise component at 1000 nm. The kET values for CR were determined by analyzing the decay of C60C� at 1000 nm. [c] The efficiency (F) for
charge separation was estimated on the basis of Figure 5.


Figure 2. Picosecond time-resolved absorption spectra of (ZnP)3-ref
(dotted line) and (ZnP)3-C60 (solid line) at a time delay of 1000 ps excited
at 560 nm in argon-saturated PhCN.
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spectrum in PhCN (Figure 2), (ZnP)3-C60 was excited at
560 nm, where the porphyrin moiety absorbs light exclusive-
ly. The differential spectrum taken immediately after the


laser pulse is characterized by bleaching of the porphyrin Q-
band absorption at 580 nm due to the 1(ZnP)*3 . As time
elapses, a new transition around 1000 nm appears, accompa-
nied by another new broad absorption around 600±700 nm
(the solid line in Figure 2), which is quite different from the
spectral features of 3(ZnP)*3 in Figures 3a and 4. By compari-
son with the absorption of C60C� and (ZnP)3C+ (vide supra),
we ascribe the former and the latter bands to the C60C�


moiety[27] and the (ZnP)3C+ moiety, respectively. This indi-
cates the occurrence of a photoinduced ET, evolving from
1(ZnP)*3 to C60 and, in turn, creating the (ZnP)3C+-C60C� state.
The energy levels in PhCN, as extracted from Table 2 into
Figure 5 to illustrate the relaxation pathways of photoexcit-
ed (ZnP)3-C60. Similar transient absorption spectra, specifi-
cally the spectral fingerprints of (ZnP)3C+ and C60C� , were
obtained in THF and DMF.


Table 3. ET rate constants (kET), quantum yields (F) and the driving forces (�DG0
ET) in Fc-(ZnP)3-C60.


Solvent Initial state[a] Final state[a] �DG0
ET [eV


�1] kET [s
�1][b] F[c]


PhCN (es = 25.2 eV) Fc-1(ZnP)*3 -C60 (1.95 eV) Fc-(ZnP)3C+-C60C� (1.36 eV) 0.59 kET(CS1) = 2.7î109 FCS1(
1ZnP*) = 0.81


Fc-1(ZnP)*3 -C60 (1.95 eV) Fc+-(ZnP)3C�-C60 (1.82 eV) 0.13 kET(CS2) = 8.9î107 FCS2(
1ZnP*) = 0.03


Fc-3(ZnP)*3 -C60 (1.56 eV) Fc-(ZnP)3C+-C60C� (1.36 eV) 0.20 kET(CS3) = 2.5î107 FCS3(
3ZnP*) = 1.0


Fc-(ZnP)3C+-C60C� (1.36 eV) Fc+-(ZnP)3-C60C� (1.03 eV) 0.33 kET(CSH1) = 5.2î106 FCSH1 = 0.78
Fc-(ZnP)3C+-C60C� (1.36 eV) Fc-(ZnP)3-C60 1.36 kET(CR1) = 1.5î106


Fc+-(ZnP)3-C60C� (1.03 eV) Fc-(ZnP)3-C60 1.03 kET(CR2) = 2.9[d] FCS(total) = 0.82(0.83)[f]


THF (es = 7.58) Fc-1(ZnP)*3 -C60 (1.99 eV) Fc-(ZnP)3C+-C60C� (1.35 eV) 0.64 kET(CS1) = 2.6î109 FCS1(
1ZnP*) = 0.80


Fc-1(ZnP)*3 -C60 (1.99 eV) Fc+-(ZnP)3C�-C60 (1.94 eV) 0.05 kET(CS2) = 4.2î107 FCS2(
1ZnP*) = 0.01


Fc-3(ZnP)*3 -C60 (1.56 eV) Fc-(ZnP)3C+-C60C� (1.35 eV) 0.21 kET(CS3) = 1.3î107 FCS3(
3ZnP*) = 1.0


Fc-(ZnP)3C+-C60C� (1.35 eV) Fc+-(ZnP)3-C60C� (1.00 eV) 0.35 kET(CSH1) = 3.7î106 FCSH1 = 0.79
Fc-(ZnP)3C+-C60C� (1.35 eV) Fc-(ZnP)3-C60 1.35 kET(CR1) = 1.0î106


Fc+-(ZnP)3-C60C� (1.00 eV) Fc-(ZnP)3-C60 1.00 [e] FCS(total) = 0.83
DMF (es = 36.7) Fc-1(ZnP)*3 -C60 (1.97 eV) Fc-(ZnP)3C+-C60C� (1.25 eV) 0.72 kET(CS1) = 3.0î109 FCS1(


1ZnP*) = 0.84
Fc-1(ZnP)*3 -C60 (1.97 eV) Fc+-(ZnP)3C�-C60 (1.93 eV) 0.04 kET(CS2) = 1.8î108 FCS2(


1ZnP*) = 0.05
Fc-3(ZnP)*3 -C60 (1.56 eV) Fc-(ZnP)3C+-C60C� (1.25 eV) 0.31 k ET(CS3) = 7.3î107 FCS3(


3ZnP*) = 1.0
Fc-(ZnP)3C+-C60C� (1.25 eV) Fc+-(ZnP)3-C60C� (0.91 eV) 0.34 kET(CSH1) = 4.1î106 FCSH1 = 0.76
Fc-(ZnP)3C+-C60C� (1.25 eV) Fc-(ZnP)3-C60 1.25 kET(CR1) = 1.3î106


Fc+-(ZnP)3-C60C� (0.91 eV) Fc-(ZnP)3-C60 0.91 kET(CR2) = 1.9[d] FCS(total) = 0.80


[a] The energy of each state relative to the ground state is given in parentheses. [b] The kET(CS) values for ET from 1(ZnP)*3 to C60 and Fc to 1(ZnP)*3 were
determined from the fluorescence lifetimes by using the equations kET(CS1) = [1/t(Fc-(ZnP)3-C60)]�[1/t(Fc-(ZnP)3)] and kET(CS2) = [1/t-
(Fc-(ZnP)3)]�[1/t((ZnP)3-ref)]. The kET(CS3) values are assumed to be the same as those of (ZnP)3-C60. The kET(CSH1) values were determined from the
decay rate constants of (ZnP)3C+ for Fc-(ZnP)3-C60, referred to those of (ZnP)3-C60. The kET(CR2) values were determined by analyzing the decay of the
ESR signal due to C60C� . [c] The efficiencies (F) for each deactivation pathway were estimated on the basis of Figure 7. [d] At 163 K. [e] Not measured.
[f] Quantum yield obtained from the comparative method.


Figure 3. a) Differential absorption spectra obtained upon nanosecond
laser flash photolysis (532 nm) of 0.1 mm of (ZnP)3-ref solution in argon-
saturated PhCN with a time delay of 500 ns and 5 ms. b) Spectral change
upon addition of [Fe(bpy)3]


3+ (0.11, 0.22, 0.33, 0.44, 0.56, 0.67, 0.78, 0.89,
1.0 equiv) to a PhCN solution containing (ZnP)3-ref (2.0î10


�5
m).


Figure 4. Nanosecond time-resolved absorption spectra of Fc-(ZnP)3
(0.1 mm) in argon-saturated PhCN excited at 532 nm with a time delay of
250 ns (open rings) and 2500 ns (solid rings).
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The fluorescence lifetimes t of (ZnP)3-C60 and (ZnP)3-ref
were also measured with a time-correlated single-photon-
counting apparatus using 400 nm excitation, where the por-
phyrin moiety absorbs light exclusively. The fluorescence
decay was monitored at 630 nm, for the emission from only
the porphyrin moiety. No emission from the C60 moiety was


detected for (ZnP)3-C60, even at 720 nm.[24] In general, the
fluorescence decay curves were fitted well by a single expo-
nential decay component. The fluorescence lifetimes t are
listed in Table 4. On the basis of the fluorescence lifetimes


(lobs = 630 nm) in PhCN, the ET rate constants were deter-
mined: kET(CS1) = 2.8î109 s�1 for ET from 1ZnP* to C60 with
quantum efficiency FCS1(


1ZnP*) = kET(CS1)/(kET(CS1) + kISC


+ k0) = 0.82. Similar kET(CS1) values were also determined:
kET(CS1) = 3.9î109 s�1 in THF and 3.1î109 s�1 in DMF
(Table 2). These results are similar to those for the corre-
sponding references, ZnP-C60 (kET(CS1) = 9.5î109 s�1)[19] and
(ZnP)2-C60 (kET(CS1) = 6.6î109 s�1)[18] in Scheme 1.
Formation of C60C� (1000 nm) and (ZnP)3C+ (broad absorp-


tion around 600±700 nm) was further substantiated
(Figure 6) by a set of complementary nanosecond laser ex-
periments using 532 nm excitation, where the porphyrin
moiety absorbs light exclusively. The transient absorption
spectrum obtained for (ZnP)3-C60 (Figure 6) matches the
spectrum in Figure 2, corroborating the formation of C60C�


and (ZnP)3C+ well. The resulting charge-separated state re-
combines to regenerate the singlet ground state. From the
decay kinetics at 1000 nm and 620 nm the rate constant
kET(CR1) = 1.5î106 s�1 deduced for a PhCN solution was vir-
tually the same as those of the corresponding references:
ZnP-C60 (kET(CR1) = 1.3î106 s�1)[19] and (ZnP)2-C60 (kET(CR1)
= 1.9î106 s�1).[18] This indicates that the charge recombina-
tion from the C60C� moiety to the porphyrin moiety adjacent
to the C60C� is the rate-determining step. The time profiles of
absorbance at 620 nm and 1000 nm display rise components
with identical rate constants of 2.5î107 s�1 before the decay
of the characteristic bands due to (ZnP)3C+-C60C� . The un-
quenched porphyrin trimer singlet excited state undergoes
intersystem crossing to yield the corresponding triplet excit-
ed state, which results in the quantitative formation of
(ZnP)3C+-C60C� by photoinduced ET (FCS3(


3ZnP*) = kET(CS3)/
(kET(CS3) + k1) = 1.0). In other words, excitation of (ZnP)3-
C60 leads to the exclusive formation of the (ZnP)3C+-C60C�


state via 1(ZnP)*3 and
3(ZnP)*3 .


The photodynamic behavior of (ZnP)3-C60 in THF and
DMF is similar to that described in PhCN (Table 2). A pos-
sible explanation for this analogy is based on the corre-
sponding energy levels. In particular, the energies of the ex-
cited states (1(ZnP)*3 1.95±1.99 eV, 3(ZnP)*3 1.56 eV, 1C*60
1.75 eV, 3C*60 1.50 eV) are substantially higher than the
energy of the charge-separated state in PhCN (1.36 eV),
THF (1.35 eV), and DMF (1.25 eV). This, in turn, guaran-


Figure 5. Reaction scheme and energy diagram for (ZnP)3-C60 in PhCN.


Table 4. Fluorescence lifetimes (t) of Fc-(ZnP)3-C60 and the reference
compounds in THF, PhCN, and DMF.[a]


Compound Fluorescence lifetime t [ps]
PhCN (es = 25.2) THF (es = 7.58) DMF (es = 36.7)


(ZnP)3-C60 290 220 270
(ZnP)3-ref 1600 1600 1700
Fc-(ZnP)3-C60 300 310 280
Fc-(ZnP)3 1400 1500 1300


[a] Excitation wavelength = 400 nm, monitoring wavelength = 630 nm.


Figure 6. a) Nanosecond time-resolved absorption spectra of (ZnP)3-C60
(0.1 mm) in argon-saturated PhCN excited at 532 nm with a time delay of
250 ns (open rings) and 1000 ns (solid rings). Time profiles of absorbance
at b) 620 nm and c) 1000 nm.
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tees large driving forces for the associated charge separation
and CR processes.


Fc-(ZnP)3-C60 : The energy levels in PhCN, which are ex-
pected to be of significance for the photoinduced ET reac-
tions in Fc-(ZnP)3-C60, are taken from the data summarized
in Table 3 and displayed in Figure 7. Since a ferrocene unit
is tethered at the end of (ZnP)3-C60, the pentad will display
coupled photoinduced ET: Fc-1(ZnP)*3 -C60 (1.95 eV)!Fc-
(ZnP)3C+-C60C� (1.36 eV)!Fc+-(ZnP)3-C60C� (1.03 eV) in
PhCN (Figure 7).
Its picosecond time-resolved absorption spectra in PhCN


after a laser pulse (560 nm) demonstrate that the spectral
behavior of Fc-(ZnP)3-C60 is similar to that of (ZnP)3-C60
(Figure 2). This clearly shows that initial ET occurs from the
1(ZnP)*3 to the C60 moiety to generate Fc-(ZnP)3C+-C60C� .
The rate constant (kET(CS1) = 2.7î109 s�1) and the efficiency
of the formation of Fc-(ZnP)3C+-C60C� from 1(ZnP)*3
[FCS1(


1ZnP*) = 0.81] were determined as described for
(ZnP)3-C60 (Table 3). The fluorescence lifetime of Fc-(ZnP)3
indicates that photoinduced ET also takes place from the Fc
to the 1(ZnP)*3 to produce Fc+-(ZnP)3C� (Table 4). However,
the ET from the Fc to the 1(ZnP)*3 [kET(CS2) = 8.9î107 s�1] is
much slower (by a factor of 1=29) than that from 1(ZnP)*3 to
C60. Thus, the deactivation pathway to generate Fc+-
(ZnP)3C�-C60 is quite negligible [FCS2(


1ZnP*) = 0.03], al-
though the charge-separated state would undergo charge
shift (CSH) (�DG0


ET(CSH2) = 0.79 eV) to the C60 moiety to
generate Fc+-(ZnP)3-C60C� efficiently.
Nanosecond transient absorption spectra of Fc-(ZnP)3-C60


at a time delay in the nano- and microsecond regions also
exhibit formation of C60C� around 1000 nm, whereas the tran-
sient absorption due to the (ZnP)3C+ around 600±700 nm dis-
appears (Figure 8a), in contrast with the case of (ZnP)3-C60
(Figure 6a). The resultant absorption spectrum is virtually
identical to those of Fc+-ZnP-C60C�[19] and Fc+-(ZnP)2-
C60C� .[18] Taking into account the small molar absorption co-
efficient of the ferricenium ion (e�1000m�1 cm�1 at
800 nm),[28] one can conclude that the resulting charge-sepa-
rated state (Fc-(ZnP)3C+-C60C�) undergoes the CSH from the
Fc moiety to the (ZnP)3C+ moiety to generate Fc+-(ZnP)3-


C60C� . The time profile of ab-
sorption around 650 nm can be
fitted by a fast decay
[t((ZnP)3C+) = 150 ns] and
slow decay identified as the ab-
sorption of C60C� in Fc+-(ZnP)3-
C60C� (Figure 8b). The fast
decay component corresponds
to the sum of the CSH from the
Fc moiety to the (ZnP)3C+ and
the CR from the C60C� to the
(ZnP)3C+ . Given that the
kET(CR1) of Fc-(ZnP)3C+-C60C� is
the same as that of (ZnP)3C+-
C60C� (1.5î106 s�1), the kET(CSH1)


and the quantum yield of CSH


(FCSH1), determined according to Equation (3), are 5.2î
106 s�1 and 0.78.


FCSH1 ¼
kETðCSH1Þ


kETðCSH1Þ þ kETðCR1Þ
ð3Þ


It is interesting that the CSH value is smaller by two
orders of magnitude than that of Fc-ZnP-C60 (2.8î10


9 s�1),
and is also smaller by a factor of 1=2 than that of Fc-(ZnP)2-
C60.


[18] The relatively slow CSH of Fc-(ZnP)3-C60 may be as-
cribed to the slow charge migration in the porphyrin trimer


Figure 7. Reaction scheme and energy diagram for Fc-(ZnP)3-C60 in PhCN.


Figure 8. a) Nanosecond time-resolved absorption spectra of Fc-(ZnP)3-
C60 (0.1 mm) in argon-saturated PhCN excited at 532 nm with a time
delay of 500 ns (open rings), 15 ms (solid rings), and 150 ms (open
squares). b) Time profile of absorbance at 650 nm.
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in comparison with that in Fc-ZnP-C60 and Fc-(ZnP)2-C60
(vide infra).
On the basis of the predominant excitation of the ZnP


moiety (>99%), the total quantum yield (FCS(total)) for CS
is 0.83 when determined by applying the comparative
method from the nanosecond time-resolved transient spec-
tra (monofunctionalized C60C� , e1000 nm = 4700m�1 cm�1).[27b]


That the quantum yield is greater than those for Fc+-ZnP-
H2P-C60C� (0.17±0.24)[13] can be rationalized by the higher ef-
ficiency of the CSH along the meso,meso-linked zinc por-
phyrin arrays than that of the CSH in Fc-ZnP-H2P-C60.
Since the unquenched porphyrin singlet excited state under-
goes intersystem crossing to yield the porphyrin triplet excit-
ed state, photoinduced ET from the porphyrin triplet excit-
ed state to the C60 moiety (kET(CS3)) may occur to produce
the charge-separated state, as in the case of (ZnP)3-C60 (vide
supra). Assuming that 1) the quantum yield of CSH from
Fc+-(ZnP)3C�-C60 to Fc+-(ZnP)3-C60C� is unity (FCSH2 = 1),
2) the decay of Fc-1(ZnP)*3 -C60 to the ground state is negligi-
ble (Fk0�0), and 3) the kET(CS3) value is the same as that of
(ZnP)3-C60, the total quantum yield of the charge separation
[FCS(total) = FCS1îFCSH1 + FCS2îFCSH2 + FISCîFCS3î
FCSH1] is found to be 0.82, which agrees well with the quan-
tum yield obtained from the transient absorption spectra
(Table 3). Similar photodynamic behavior was observed in
THF (FCS(total) = 0.83) and DMF (FCS(total) = 0.80); the
results are summarized in Table 3. The overall quantum
yields of formation of Fc+-(ZnP)3-C60C� are as high as those


of Fc+-(ZnP)2-C60C� (0.82±0.92),[29] despite the larger Ree


value in the former.
In contrast to the previously reported tetrad Fc-(ZnP)2-


C60, the decay dynamics of the charge-separated radical ion
pair [Fc+-(ZnP)3-C60C�] does not obey first-order kinetics
(Figure 9a). Instead, the time profiles at 1000 nm (that is, at
the maximum of the C60C� absorption) obey second-order ki-
netics, as shown in Figure 9b, where [Fc+-(ZnP)3-C60C�]�1 is
plotted against time. From the slope of the linear plot is ob-
tained the second-order rate constant of 2.7î109m�1 s�1,
which is nearly completely diffusion-controlled. The second-
order rate law was further verified by changing the effective
radical ion pair concentration obtained by employing differ-
ent laser power levels over a wide range (with increments
reaching a five-fold increase in laser intensity). The prefer-
ence for such an intermolecular ET (second-order kinetics)
over an intramolecular ET (first-order kinetics) indicates
that the intramolecular charge recombination from the C60C�


to the Fc+ moiety is too slow to compete with the intermo-
lecular ET.


ESR measurements under photoirradiation : To segregate
the intermolecular ET from the intramolecular ET process
in Fc+-(ZnP)3-C60C� , ESR measurements were performed in
frozen PhCN or DMF using a low concentration of Fc-
(ZnP)3-C60 (1.0î10�5m) under photoirradiation. The ESR
spectrum in frozen DMF (Figure 10a) under irradiation at


Figure 9. a) Time profiles of absorbance at 1000 nm for Fc-(ZnP)3-C60
(0.1 mm) in argon-saturated PhCN excited at 532 nm. b) Second-order
plot derived from the absorption change at 1000 nm.


Figure 10. a) ESR spectrum of Fc-(ZnP)3-C60 (1.0î10
�5
m) in frozen dea-


erated DMF observed at 163 K under UV/Vis photoirradiation with a
high-pressure Hg lamp. b) Signal intensity response of Fc-(ZnP)3-C60 in
frozen deaerated DMF at the ESR signal intensity maximum due to the
C60C� . c) First-order plot for the decay of the ESR signal intensity in Fc-
(ZnP)3-C60 (kET(CR2) = 1.87 s�1).
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163 K shows a characteristic broad signal attributable to
C60C� (g = 2.0004).[30] C60C� was also produced by chemical
reduction of C60-ref with tetramethylsemiquinone radical
anion, yielding a virtually identical ESR signal. The lack of
direct ESR evidence for the ferricenium ion (Fc+) in the
Fc+-(ZnP)3-C60C� radical ion pair is rationalized in terms of
the well-known line broadening of the Fc+ ESR signal.[31]


Similar ESR spectra were observed for Fc-(ZnP)3-C60 in
frozen PhCN.
The ESR signal in a fixed magnetic field was monitored


to obtain maximal intensity of the C60C� response and to
enable performance of the following lifetime experiments in
frozen DMF. As shown in Figure 10b, the ESR signal grows
immediately when the photoirradiation of Fc-(ZnP)3-C60 is
™turned on™. When the source was ™turned off∫, the ESR
signal did not diminish instantly. Instead, it exhibited a slow
decay that lasted nearly for seconds, which was best fitted
by first-order kinetics yielding a rate constant of 1.9 s�1 (Fig-
ure 10c) for the intramolecular CR process (kET(CR2)). The
clean mono-exponential dynamics corroborate the origin of
the ESR signal to be indeed the intramolecular radical ion
pair (Fc+-(ZnP)3-C60C�). In contrast, as it may prevail be-
tween radical ion pairs located in close proximity, an inter-
molecular ET should exhibit multi-exponential decay pro-
files, depending on the relative distance between the radical
ion pairs. Under the present experimental conditions this
contribution was found to be negligible. The kET(CR2) value is
also 2.9 s�1 when determined in frozen PhCN at 163 K.
To shed light on the extremely slow charge recombina-


tion, the structure of the meso,meso-linked porphyrin trimer
radical cation is optimized by B3LYP calculation with the
LanL2MB basis set. The three porphyrin rings are found to
be perpendicular each other, minimizing the delocalization
of excess spin over the meso,meso-linked array (Figure 11).


The excess spin is localized mainly on the middle porphyrin
of the three.[32] Thus, the observed high quantum yield of
radical ion pair formation results from efficient charge sepa-
ration through the porphyrin trimer,[14] ,[15] whereas the slow
charge recombination is associated with the localized por-
phyrin radical cation in the porphyrin trimer.


Conclusion


The present study has demonstrated unequivocally occur-
rence of an intramolecular CR process in the Fc-(ZnP)3-C60


pentad, observable by ESR measurements under photoirra-
diation. More importantly, the lifetime (0.53 s in frozen
DMF and 0.34 s in frozen PhCN at 163 K) is one of the lon-
gest ever reported for intramolecular CR in a donor±accept-
or ensemble.[13] ,[33±35] The lifetime is comparable with that
(�1 s) of the bacteriochlorophyll dimer radical cation
[(Bchl)2C+]±secondary quinone radical anion (QBC�) ion pair
in bacterial photosynthetic reaction centers.[1] ,[2] Such an ex-
tremely long lifetime of a charge-separated state could only
be determined in frozen media, since in solution intermolec-
ular dynamics dominate the back ET. It should be empha-
sized that efficient formation of the final charge-separated
state with a high quantum yield (F = 0.83) is also achieved
in the present pentad system. Such excellent performance of
this system can be rationalized by the efficient charge sepa-
ration and retarded charge recombination through the mes-
o,meso-linked porphyrin trimer.


Experimental Section


General : Melting points were recorded on a Yanagimoto micro-melting
point apparatus and not corrected. 1H NMR spectra were measured on a
JEOL EX-270 and JEOL JNM-AL300. Fast atom bombardment mass
spectra (FAB MS) were obtained on a JEOL JMS-DX300. Matrix-assist-
ed laser desorption/ionization (MALDI) time-of-flight mass spectra
(TOF) were measured on a Kratos Compact MALDI I (Shimadzu). IR
spectra were measured on a Shimadzu FT-IR 8200 PC using KBr disks.
Steady-state absorption spectra in the visible and near-IR regions were
measured on a Shimadzu UV-3100PC. The edge-to-edge distances (Ree)
were determined from CPK modeling using CAChe (version 3.7, CAChe
Scientific, 1994).


Materials : All solvents and chemicals were of reagent grade quality, ob-
tained commercially and used without further purification except as
noted below. The tetrabutylammonium hexafluorophosphate used as a
supporting electrolyte for the electrochemical measurements was ob-
tained from Tokyo Kasei Organic Chemicals. Tris(2,2’-bipyridine)iron(ii)
complex was prepared by adding 2,2’-bipyridine (3 equiv) to an aqueous
solution of ferrous sulfate.[26] Tris(2,2’-bipyridine)iron(iii) hexafluorophos-
phate, [Fe(bpy)3](PF6)3, was prepared by oxidation of the corresponding
iron(ii) complex with lead dioxide in aqueous H2SO4 followed by the ad-
dition of KPF6.


[26] THF, PhCN, and DMF were purchased from Wako
Pure Chemical Industries, Ltd., and purified by successive distillations
over calcium hydride. Thin-layer chromatography (TLC) and flash
column chromatography were performed with Art. 5554 DC-Alufolien
Kieselgel 60 F254 (Merck) and Fujisilicia BW300, respectively.


Fc-(ZnP)3-C60 (3): A solution of AgPF6 (879.8 mg) in acetonitrile
(11 mL) was added all at once to a solution of 1 (1232.2 mg, 1.39 mmol)
and 2 (348.2 mg, 0.464 mmol) in dry CHCl3 (250 mL) and dry N,N-dime-
thylacetamide (DMA) (3.8 mL). The reaction mixture was protected
from light and stirred at 30 8C for 22 h. The reaction mixture was washed
with water, it was dried over anhydrous Na2SO4, and then the solvent
was evaporated. The reaction mixture was dissolved in a mixture of
chloroform (250 mL), trifluoroacetic acid (100 mL) and 5% aqueous sul-
furic acid (75 mL). After being stirred overnight, the mixture was poured
into water (300 mL) and extracted with CHCl3. The organic layer was
washed with a saturated NaHCO3 aqueous solution, dried over anhy-
drous Na2SO4, and evaporated. Flash column chromatography on silica
gel with hexane±toluene (1:2) as an eluent (Rf = 0.50 in benzene) and
subsequent gel permeation chromatography (BioRad Bio-Beads SX-1,
toluene) gave 3 as a dark purple solid (55% yield, 445.6 mg,
0.192 mmol). M.p.>300 8C; 1H NMR (270 MHz, CDCl3) d = 8.96 (d, J
= 5 Hz, 4H), 8.87 (d, J = 5 Hz, 4H), 8.69 (d, J = 5 Hz, 4H), 8.65 (d, J
= 5 Hz, 4H), 8.49 (d, J = 8 Hz, 4H), 8.41 (d, J = 5 Hz, 4H), 8.21 (d, J
= 5 Hz, 4H), 8.15 (d, J = 5 Hz, 4H), 8.09 (d, J = 2 Hz, 8H), 8.05 (d, J
= 2 Hz, 4H), 7.73 (t, J = 2 Hz, 4H), 7.59 (t, J = 2 Hz, 2H), 4.14 (s,


Figure 11. Optimized structure and spin density distribution of meso,me-
so-linked porphyrin trimer radical cation. The optimized structure is ob-
tained by B3LYP calculation with the LanL2MB basis set.
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6H), 1.46 (s, 72H), 1.34 (s, 36H), �1.60 (br s, 2H), �2.12 ppm (br s, 4H);
MALDI-TOF MS (positive mode): m/z : 2325 [M+H+]; FTIR (KBr): ñ=
3451, 3319, 2959, 2332, 1728, 1591, 1473, 1364, 1274, 1110, 962, 918, 796,
716 cm�1.


Free-base porphyrin carboxylic acid 4 : A mixture of 3 (345.5 mg,
0.149 mmol) in THF/ethanol (8:2, 350 mL) and aqueous KOH solution
(2m, 35 mL) was refluxed under nitrogen (1 atm) for 36 h. After cooling,
the reaction mixture was diluted with water (300 mL), and the precipitate
was filtered. Acidification (pH 1) of an aqueous suspension of the residue
with aqueous HCl solution and subsequent filtration gave 4 as a black-
brown solid (327.2 mg, 0.142 mmol, 96%). M.p.>300 8C; 1H NMR
(270 MHz, CDCl3/DMSO = 5:2): d = 8.94 (d, J = 5 Hz, 4H), 8.90 (d, J
= 5 Hz, 4H), 8.63 (d, J = 5 Hz, 4H), 8.48 (d, J = 8 Hz, 4H), 8.37 (d, J
= 8 Hz, 4H), 8.07 (d, J = 5 Hz, 4H), 8.05 (d, J = 2 Hz, 8H), 7.71 (t, J
= 2 Hz, 4H), 1.45 (s, 72H), �2.21 ppm (br s, 4H); MALDI-TOF MS
(positive mode): m/z : 2298; FTIR (KBr): ñ=3318, 2962, 2363, 1739,
1592, 1474, 1361, 1247, 973, 916, 793, 716 cm�1.


Ferrocene±meso,meso-linked porphyrin trimer 5 : A solution of 4
(24.5 mg, 0.0108 mmol), pyridine (0.04 mL), and thionyl chloride
(0.03 mL) in benzene (10 mL) was refluxed for 2.5 h. The excess thionyl
chloride and solvents were removed under reduced pressure and the resi-
due was redissolved in benzene (5 mL). This solution containing 4 was
added to a stirred solution of 4-aminophenylferrocene (2.17 mg,
0.00783 mmol) and 2-(4-aminophenyl)-5,5-dimethyl-1,3-dioxane (2.88 mg,
0.0138 mmol) in benzene (2.5 mL) and pyridine (0.5 mL), and the solu-
tion was stirred for 16 h. TLC showed three products and the second (Rf


= 0.15, chloroform) was separated by flash column chromatography. The
second fraction was concentrated and dissolved in a mixture of chloro-
form (10 mL), trifluoroacetic acid (4 mL), and 5% aqueous sulfuric acid
(3 mL). After being stirred for 17 h, the mixture was poured into 50 mL
of water and extracted with CHCl3. The organic layer was washed with
saturated NaHCO3 aqueous solution, dried over anhydrous Na2SO4, and
evaporated. Flash column chromatography on silica gel with chloroform
as an eluent (Rf = 0.15) and subsequent reprecipitation from chloro-
form/methanol gave 5 as a black-red solid (5.4 mg, 0.0020 mmol, 19%).
M.p.>300 8C; 1H NMR (270 MHz, CDCl3): d = 10.04 (s, 1H), 8.98 (d, J
= 5 Hz, 4H), 8.91 (d, J = 5 Hz, 2H), 8.89 (d, J = 5 Hz, 2H), 8.71 (d, J
= 5 Hz, 4H), 8.66 (d, J = 5 Hz, 4H), 8.50 (d, J = 8 Hz, 2H), 8.48 (d, J
= 8 Hz, 2H), 8.37 (d, J = 8 Hz, 2H), 8.35 (d, J = 8 Hz, 2H), 8.33 (br s.,
1H), 8.22 (d, J = 5 Hz, 2H), 8.17 (br s, 1H), 8.16 (d, J = 5 Hz, 4H), 8.11
(s, 8H), 8.05 (s, 8H), 7.76 (d, J = 8 Hz, 2H), 7.74 (s, 4H), 7.60 (s, 2H),
7.58 (d, J = 8 Hz, 2H), 4.73 (s, 2H), 4.39 (s, 2H), 4.13 (s, 5H), 1.47 (s,
72H), 1.35 (s, 36H), �1.59 (br s, 2H), �2.10 pm (br s, 4H); MALDI-TOF
MS (positive mode): m/z : 2660 [M+H+]; FTIR (KBr): ñ=3440, 3315,
2962, 2360, 1696, 1590, 1527, 1474, 1360, 1315, 1246, 1164, 973, 916, 798,
716 cm�1.


Fc-(H2P)3-C60 : C60 (11.6 mg, 0.0161 mmol), 5 (5.4 mg, 0.0020 mmol), and
N-methylglycine (143 mg, 1.61 mmol) in dry toluene (35 mL) were re-
fluxed overnight under nitrogen (1 atm) in the dark. The reaction mix-
ture was allowed to cool to room temperature and then evaporated to
dryness at reduced pressure. Flash column chromatography on silica gel
with benzene/ethyl acetate (19:1) as eluent (Rf = 0.50) and subsequent
reprecipitation from chloroform/methanol gave Fc-(H2P)3-C60 as a dark
grayish-brown solid (4.5 mg, 0.0013 mmol, 65%). M.p.>300 8C; 1H NMR
(270 MHz, CDCl2CDCl2, 80 8C) d = 9.01 (d, J = 5 Hz, 2H), 8.99 (d, J =


5 Hz, 2H), 8.94 (d, J = 5 Hz, 2H), 8.89 (d, J = 5 Hz, 2H), 8.76 (d, J =


5 Hz, 2H), 8.74 (d, J = 5 Hz, 4H), 8.72 (d, J = 5 Hz, 2H), 8.51 (d, J =


8 Hz, 2H), 8.44 (br s, 1H), 8.41 (br s, 1H), 8.34 (d, J = 8 Hz, 2H), 8.31
(d, J = 5 Hz, 2H), 8.29 (d, J = 5 Hz, 2H), 8.23 (d, J = 5 Hz, 2H), 8.22
(d, J = 5 Hz, 2H), 8.15 (d, J = 2 Hz, 4H), 8.14 (d, J = 2 Hz, 4H), 8.11
(d, J = 2 Hz, 4H), 8.30±8.10 (br s, 4H), 7.96 (d, J = 8 Hz, 2H), 7.91 (d,
J = 8 Hz, 2H), 7.79 (t, J = 2 Hz, 4H), 7.78 (d, J = 8 Hz, 2H), 7.66 (t, J
= 2 Hz, 2H), 7.62 (d, J = 8 Hz, 2H), 5.02 (d, J = 10 Hz, 1H), 5.00 (s,
1H), 4.74 (s, 2H), 4.41 (s, 2H), 4.30 (d, J = 10 Hz, 1H), 4.16 (s, 5H),
2.91 (s, 3H), 1.41 (s, 72H), 1.30 (s, 36H), �1.42 (br s, 2H), �1.97 ppm
(br s, 4H); MALDI-TOF MS: 3407 [M+H+]; FTIR (KBr): ñ=3318,
2959, 2357, 1682, 1592, 1521, 1475, 1362, 1313, 1245, 973, 917, 800, 715,
528 cm�1.


Fc-(ZnP)3-C60 : A saturated methanol solution of Zn(OAc)2 (3 mL) was
added to a solution of Fc-(H2P)3-C60 (4.5 mg, 0.0013 mmol) in CHCl3
(30 mL) and refluxed for 30 min. After cooling, the reaction mixture was


washed twice with water, then dried over anhydrous Na2SO4, and the sol-
vent was evaporated. Flash column chromatography on silica gel with
benzene/ethyl acetate (19:1) as eluent (Rf = 0.50) and subsequent repre-
cipitation from chloroform/methanol gave Fc-(ZnP)3-C60 as a dark gray-
ish-violet solid (100% yield, 4.5 mg, 0.0013 mmol). M.p.>300 8C; 1H
NMR (270 MHz, CDCl2CDCl2, 80 8C): d = 9.10 (d, J = 5 Hz, 4H), 9.00
(d, J = 5 Hz, 4H), 8.83 (d, J = 5 Hz, 4H), 8.82 (d, J = 5 Hz, 4H), 8.50±
8.00 (m, 34H), 7.96 (d, J = 8 Hz, 2H), 7.86 (d, J = 8 Hz, 2H), 7.76 (s,
4H), 7.63 (s, 2H), 5.02 (d, J = 10 Hz, 1H), 5.00 (s, 1H), 4.80±3.00 (br s,
9H), 4.32 (d, J = 10 Hz, 1H), 2.91 (s, 3H), 1.51 (s, 72H), 1.39 ppm (s,
36H); MALDI-TOF MS: 3598 [M+H+]; FTIR (KBr): ñ=3432, 2924,
1686, 1592, 1515, 1411, 1363, 1321, 1247, 997, 928, 822, 798, 716 cm�1.


Fc-(ZnP)3 : This compound was synthesized from 4, 4-aminophenylferro-
cene, and 4-hexadecylaniline by the method described above for 5 and
Fc-(ZnP)3-C60. Dark grayish-violet solid from chloroform/methanol; yield
3%; m.p.>300 8C; 1H NMR (300 MHz, CDCl3): d = 9.07 (d, J = 5 Hz,
2H), 9.06 (d, J = 5 Hz, 2H), 8.99 (d, J = 5 Hz, 2H), 8.98 (d, J = 5 Hz,
2H), 8.72 (d, J = 5 Hz, 4H), 8.46 (d, J = 8 Hz, 2H), 8.45 (d, J = 8 Hz,
2H), 8.31 (d, J = 8 Hz, 2H), 8.29 (d, J = 8 Hz, 2H), 8.16 (br s, 1H), 8.15
(d, J = 5 Hz, 4H), 8.12 (br s, 1H), 8.09 (d, J = 2 Hz, 8H), 7.75 (d, J =


8 Hz, 2H), 7.73 (d, J = 8 Hz, 2H), 7.70 (t, J = 2 Hz, 4H), 7.59 (d, J =


8 Hz, 2H), 7.29 (d, J = 8 Hz, 2H), 4.70 (t, J = 2 Hz, 2H), 4.36 (t, J =


2 Hz, 2H), 4.10 (s, 5H), 2.67 (d, J = 7 Hz, 2H), 1.60±1.20 (m, 28H), 1.44
(s, 72H), 0.89 ppm (t, J = 7 Hz, 3H); MALDI-TOF MS (positive mode):
m/z : 3046 [M+H+]; FTIR (KBr): ñ=3437, 2962, 2359, 1654, 1592, 1523,
1413, 1364, 1323, 1246, 997, 928, 823, 796, 715 cm�1.


Compound 6 : This was synthesized from 4, 4-hexadecylaniline, and 2-(4-
aminophenyl)-5,5-dimethyl-1,3-dioxane by the method described above
for 5. Dark grayish-violet solid from chloroform/methanol; yield 17%;
m.p.>300 8C; 1H NMR (300 MHz, CDCl3): d = 10.03 (s, 1H), 8.96 (d, J
= 5 Hz, 2H), 8.95 (d, J = 5 Hz, 2H), 8.88 (d, J = 5 Hz, 2H), 8.87 (d, J
= 5 Hz, 2H), 8.63 (d, J = 5 Hz, 4H), 8.48 (d, J = 8 Hz, 2H), 8.44 (d, J
= 8 Hz, 2H), 8.36 (d, J = 8 Hz, 2H), 8.32 (br s, 1H), 8.31 (d, J = 8 Hz,
2H), 8.11 (d, J = 5 Hz, 2H), 8.10 (d, J = 5H, 2H), 8.09 (br s, 1H), 8.07
(d, J = 2 Hz, 8H), 8.04 (s, 4H), 7.73 (d, J = 8 Hz, 2H), 7.71 (t, J =


2 Hz, 4H), 7.29 (d, J = 8 Hz, 2H), 2.67 (d, J = 7 Hz, 2H), 1.60±1.20 (m,
28H), 1.44 (s, 72H), 0.89 (t, J = 7 Hz, 3H), �2.15 ppm (br s, 4H);
MALDI-TOF MS (positive mode): m/z : 2699 [M+H+]; FTIR (KBr): ñ=
3443, 3315, 2959, 2359, 1690, 1588, 1515, 1246, 973, 911, 797, 716 cm�1.


(ZnP)3-C60 : This compound was synthesized from 6, N-methylglycine,
and C60 by the method described above for Fc-(ZnP)3-C60. Dark grayish-
violet solid from chloroform/methanol; yield 49%; m.p.>300 8C;
1H NMR (300 MHz, CDCl2CDCl2, 80 8C): d = 9.10 (d, J = 5 Hz, 2H),
9.06 (d, J = 5 Hz, 2H), 9.02 (d, J = 5 Hz, 2H), 8.88 (d, J = 5 Hz, 2H),
8.80 (d, J = 5 Hz, 2H), 8.74 (d, J = 5 Hz, 2H), 8.50 (d, J = 8 Hz, 2H),
8.31 (d, J = 8 Hz, 2H), 8.21 (d, J = 5 Hz, 2H), 8.16 (br s, 1H), 8.15 (d, J
= 5 Hz, 2H), 8.13 (d, J = 2 Hz, 4H), 8.12 (br s, 1H), 8.11 (d, J = 2 Hz,
4H), 8.09 (d, J = 8 Hz, 2H), 7.93 (br s, 2H), 7.84 (d, J = 8 Hz, 2H), 7.78
(d, J = 8 Hz, 2H), 7.75 (t, J = 2 Hz, 4H), 7.73 (d, J = 8 Hz, 2H), 7.33
(d, J = 8 Hz, 2H), 4.92 (d, J = 10 Hz, 1H), 4.85 (s, 1H), 4.19 (d, J =


10 Hz, 1H), 2.85 (s, 3H), 2.71 (d, J = 7 Hz, 2H), 1.60±1.20 (m, 28H),
1.44 (s, 72H), 0.93 ppm (t, J = 7 Hz, 3H); MALDI-TOF MS (positive
mode): m/z : 3639 [M+H+]; FTIR (KBr): ñ=3438, 2959, 2359, 1686,
1592, 1515, 1361, 1321, 1247, 997, 929, 823, 796, 715, 527 cm�1.


(ZnP)3-ref : This compound was synthesized from 4 and 4-hexadecylani-
line by the method described for 5 and Fc-(ZnP)3-C60 above. Dark gray-
ish-violet solid from chloroform/methanol; yield 11%; m.p.>300 8C; 1H
NMR (300 MHz, CDCl3): d = 9.06 (d, J = 5 Hz, 4H), 8.98 (d, J = 5 Hz,
4H), 8.72 (d, J = 5 Hz, 4H), 8.45 (d, J = 8 Hz, 4H), 8.29 (d, J = 8 Hz,
4H), 8.14 (d, J = 5 Hz, 4H), 8.12 (br s, 2H), 8.09 (d, J = 2 Hz, 8H), 7.72
(d, J = 8 Hz, 4H), 7.70 (t, J = 2 Hz, 4H), 7.29 (d, J = 8 Hz, 4H), 2.67
(t, J = 7 Hz, 4H), 1.60±1.20 (m, 56H), 1.44 (s, 72H), 0.89 ppm (t, J =


7 Hz, 6H); MALDI-TOF MS (positive mode): m/z : 3086 [M+H+]; FTIR
(KBr): ñ=3432, 2924, 1686, 1592, 1519, 1409, 1360, 1319, 1246, 997, 929,
823, 796, 715 cm�1.


Spectral measurements : Time-resolved fluorescence spectra were meas-
ured by a single-photon counting method using second harmonic genera-
tion (SHG, 410 nm) of a Ti:sapphire laser (Spectra-Physics, Tsunami
3950-L2S, 1.5 ps fwhm) and a streakscope (Hamamatsu Photonics,
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C4334-01) equipped with a polychromator (Acton Research, Spectra-
Pro 150) as an excitation source and detector, respectively.


Picosecond transient absorption spectra were recorded by the pump and
probe method. The samples were excited with second harmonic genera-
tion (SHG, 388 nm) of output from a femtosecond Ti:sapphire regenera-
tive amplifier seeded by SHG of an Er-doped fiber (Clark-MXRCPA-
2001 plus, 1 kHz, fwhm 150 fs). The excitation light was depolarized. The
monitor white light was generated by focusing the fundamental of the
laser light on a flowing D2O/H2O cell. The transmitted monitor light was
detected with a dual MOS linear image sensor (Hamamatsu Photonics,
C6140) or an InGaAs photodiode array (Hamamatsu Photonics, C5890±
128).


Nanosecond transient absorption measurements were carried out using
SHG (530 nm) of a Nd:YAG laser (Spectra-Physics, Quanta-Ray GCR-
130, fwhm 6 ns) as an excitation source. For transient absorption spectra
in the near-IR region (600±1600 nm), monitoring light from a pulsed Xe
lamp was detected with a Ge avalanche photodiode (Hamamatsu Pho-
tonics, B2834). Photoinduced events in nano- and microsecond time re-
gions were estimated by using a continuous Xe lamp (150 W) and an
InGaAs-PIN photodiode (Hamamatsu Photonics, G5125±10) as a probe
light and detector, respectively. Details of the transient absorption meas-
urements have been described elsewhere.[36] All the samples (10�4±10�5m)
in a quartz cell (1 cmî1 cm) were deaerated by bubbling argon through
the solution for 15 min.


The quantum yields were measured by the comparative method.[27b] The
strong monofunctionalized fullerene triplet±triplet absorption (e700 nm =


16100m�1 cm�1; Ftriplet = 0.98)[27b] served as probe to obtain the quantum
yield for the CS state, especially for the monofunctionalized fullerene p-
radical anion (e1000 nm = 4700m�1 cm�1).[27b]


ESR measurements : The ESR spectra of the porphyrin±fullerene linked
compounds and the reference compounds (1.0î10�5m) in frozen DMF
and PhCN were measured under photoirradiation with the focused light
of a 1000 W high-pressure Hg lamp (Ushio-USH1005D) through an
aqueous filter at 163 K using an attached variable-temperature apparatus
in the cavity of the ESR spectrometer. The formation of C60C�-ref was ex-
amined in the ESR spectrum of C60-ref (1.0î10


�4
m) in the presence of


semiquinone radical anion (1.0î10�4m). Tetramethylammonium hydrox-
ide (TMAOH) was used for generation of the semiquinone radical anion
in the reaction between hydroquinone and p-benzoquinone.[37] All ESR
measurements were performed on a JEOL X-band spectrometer (JES-
ME-1X) with a quartz ESR tube (3.9 mm i.d.). The g values and hyper-
fine splitting constants were calibrated using an Mn2+ marker.


Electrochemical measurements : The differential pulse voltammetry
measurements were performed on a BAS 50 W electrochemical analyzer
in a deaerated PhCN (or THF and DMF) solution containing 0.10m n-
Bu4NPF6 as a supporting electrolyte at 298 K (10 mVs�1). The platinum
working electrode was polished with BAS polishing alumina suspension
and rinsed with acetone before use. The counter-electrode was a plati-
num wire. The measured potentials were recorded with respect to an Ag/
AgNO3 (0.01m) reference electrode. Ferrocene/ferricenium was used as
an external standard.


DFT calculations : The Gaussian 98 package[38] was used on an SGI
Origin 3800 instrument. We employed the B3LYP functional and
LanL2MB basis set. The vibrational frequency analysis was performed
for the optimized structure to confirm it to be a stable minimum.
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Intermetallics as Zintl Phases: Yb2Ga4Ge6 and RE3Ga4Ge6 (RE=Yb, Eu):
Structural Response of a [Ga4Ge6]


4� Framework to Reduction by Two
Electrons


Marina A. Zhuravleva,[a] James Salvador,[a] Daniel Bilc,[b] Subhendra D. Mahanti,[b]


John Ireland,[c] Carl R. Kannewurf,[c] and Mercouri G. Kanatzidis*[a]


Introduction


The Ga-flux synthetic technique has proven successful not
only for the synthesis of novel intermetallics, but also for
the discovery of new rare earth (RE) and Group 13/14 Zintl
phases. We have reported a number of intermetallics grown
from Ga flux; these include RENiSi3,


[1] Sm2NiGa12,
[2] RE4Fe-


Ga12�xGex,
[3] RE0.67M2Ga5+n�xGex


[4] (M=Ni, Co),
RE3Ga9Ge,[5] REMGa3Ge (M=Ni, Co), and RE3Ni3-
Ga8Ge3.


[6,7] However, examples of Zintl compounds ob-


tained from molten Ga are relatively scarce and include the
clathrate compounds M8Ga16Tt30


[8,9] (M=Ba, Sr; Tt=Si,
Ge) and the Zintl phase Eu4Ga8Ge16.


[10] The record of Yb
and Eu Zintl phases with a transition metal and a pnictide
Pn is quite extensive. It includes Yb14MSb11 (M=Mn,[11]


Zn[12]), Eu14MnPn11
[13] and Eu13AMnSb11


[14] (A=Ca, Sr, Ba,
Yb) compounds of the so-called 14-1-11 family,[15]


Eu10Mn6Sb13,
[16] Yb9Zn4Bi9,


[17] and EuFe4Sb12.
[18] Various


binary and ternary Yb and Eu Zintl compounds with
Group 14 and/or Group 15 elements such as Eu16Pn11 and
Yb16Pn11 (Pn=Sb, Bi),[19, 20] Eu2Si,


[21] Eu5Si3 and Yb3Si5,
[22]


Yb36Sn23,
[23] Yb31Pb20,


[24] and EuSn3Sb4,
[25] have also been re-


ported. Numerous examples of equiatomic EuTX[26] and
YbTAl[24] compounds (T= transition metal, X=Group 13,
14, or 15 element) have been described. Zintl phases com-
bining Eu(Yb) and Group 13 and 14 elements are more
rare. They include the above-mentioned Eu4Ga8Ge16,
EuGa2�xGe4�x


[27] and EuInGe.[28]


Recently, we described a new, electrically conductive,
nonoxidic material, namely, YbGaGe, which exhibits zero
thermal expansion between 100 and 300 K by means of an
electronic mechanism.[29] YbGaGe is unique in exhibiting
zero thermal expansion; its isostructural analogue YbGaSn
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Abstract: Two new intermetallic com-
pounds, Yb2Ga4Ge6 and Yb3Ga4Ge6,
were obtained from reactions in
molten Ga. A third compound,
Eu3Ga4Ge6, was produced by direct
combination of the elements. The crys-
tal structures of these compounds were
studied by single-crystal X-ray diffrac-
tion. Yb2Ga4Ge6 crystallizes in an or-
thorhombic cell with a=4.1698(7), b=
23.254(4), c=10.7299(18) ä in the
polar space group Cmc21. The structure
of RE3Ga4Ge6 is monoclinic, space
group C2/m, with cell parameters a=
23.941(6), b=4.1928(11), c=


10.918(3) ä, b=91.426(4)8 for RE=


Yb, and a=24.136(2), b=4.3118(4),
c=11.017(1) ä, b=91.683(2)8 for
RE=Eu. The refinement [I>2s(I)]
converged to the final residuals R1/
wR2=0.0229/0.0589, 0.0411/0.1114, and
0.0342/0.0786 for Yb2Ga4Ge6,
Yb3Ga4Ge6, and Eu3Ga4Ge6, respec-
tively. The structures of these two fami-
lies of compounds can be described by


a Zintl concept of bonding, in which
the three-dimensional [Ga4Ge6]


n�


framework serves as a host and elec-
tron sink for the electropositive RE
atoms. The structural relation of
RE3Ga4Ge6 to of Yb2Ga4Ge6 lies in a
monoclinic distortion of the ortho-
rhombic cell of Yb2Ga4Ge6 and reduc-
tion of the [Ga4Ge6] network by two
electrons per formula unit. The results
of theoretical calculations of the elec-
tronic structure, electrical transport
data, and thermochemical and magnet-
ic measurements are also reported.


Keywords: flux synthesis ¥ gallium ¥
germanium ¥ lanthanides ¥ Zintl
phases


Chem. Eur. J. 2004, 10, 3197 ± 3208 DOI: 10.1002/chem.200305755 ¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 3197


FULL PAPER







displays normal positive thermal-expansion properties. Here
we present additional chemistry of the Yb±Ga±Ge system,
which apparently is chemically rich. We describe two related
Zintl compounds: Yb2Ga4Ge6 and RE3Ga4Ge6 (RE=Yb,
Eu). They contain the [Ga4Ge6]


4�(6�) framework and are an
interesting example of the power of the Zintl concept in de-
scribing how the observed framework structures respond
when two electrons are added or removed.


Results and Discussion


Synthesis : Yb2Ga4Ge6 (1) and Yb3Ga4Ge6 (2) were first ob-
tained from Yb/Ni/Ga/Ge reactions in liquid Ga, from
which the hexagonal phase Yb0.67Ni2Ga6�xGex


[30,4] (x�0.67)
was isolated in high yield, whereas 1 and 2 were present in
only minor quantities. Nevertheless, the formation of 1 and
2 at reaction stoichiometries far from their ideal composi-
tions suggested high stability of their crystal structures. Con-
sequently, we conducted reactions in the absence of Ni and
with the appropriate Yb:Ge ratio, and these led to 2 as a
pure phase in high yield. Thus far three phases are known to
form in the Yb/Ga/Ge system under Ga-flux conditions: the
Zintl phases 1 and 2 reported herein, and the metallic com-
pound Yb3Ga9Ge.[5] The lattice parameters[31] and the stabili-
ty regions of these three compounds were found to be close-
ly interrelated. Despite their close relationship, however,
these phases are typically observed in pure form, rather
than as multiphase mixtures. Scanning electrom micrographs
of typical crystals of 1 and 2 grown under Ga-flux conditions
are shown in Figure 1.


The range of stability of 2 is quite broad; this phase is the
product of the Ga-flux reactions conducted at higher tem-
peratures, in particular those involving a short isothermal


step at 1000 8C and long isothermal step at 850 8C. Under
such conditions, the single phase of 2 was obtained at
Yb:Ge ratios[32] of 1:3 or 1:2. At a Yb:Ge ratio of 1:1, ortho-
rhombic Yb3Ga9Ge was produced in pure form. The Yb an-
alogue of 2 (Yb3Ga4Ge6) could also be produced by direct
combination of the elements. The Eu analogue of 2
(Eu3Ga4Ge6) was thus far obtained only by direct-combina-
tion reactions. Numerous attempts to synthesize Eu3Ga4Ge6
by using Ga flux were largely unsuccessful and led primarily
to the Zintl phase Eu4Ga8Ge16.


[10]


The stability range of 1 is very narrow; the Ga-flux syn-
thesis of 1 requires lower temperatures than that used for
growth of 2. For instance, the formation of 1 was only ob-
served at temperatures no higher than 800 8C. At even lower
temperatures (750 8C and 700 8C) the Yb3Ga9Ge phase
became favorable and formed as a single phase.


Differential thermal analysis (DTA) of 1 show that it is
stable (in vacuo) and does not undergo any melting or de-
composition up to 1000 8C. The DTA of 2 indicates that
Yb3Ga4Ge6 (Eu3Ga4Ge6) melt congruently at 670 8C (660 8C)
and recrystallize at 630 8C (640 8C). Powder X-ray diffraction
patterns taken prior to and after the DTA measurements re-
vealed no changes in phase composition. Neither intercon-
version of phases 1 and 2 nor transformation to the related
phases Yb3Ga9Ge and Eu4Ga8Ge16 was observed.


Structure refinement of 1: The first unit cell reduction in
SMART[47] initially gave a C-centered monoclinic lattice
with parameters a=23.257(4), b=4.1699(7), c=10.744(1) ä
and b very close to 908 (b=90.07(1)8). However, subsequent
cell determinations using a larger number of frames (total of
ca. 1000) yielded an orthorhombic C-centered lattice with
cell parameters a=4.1732(6), b=23.276(3), c=10.738(2) ä.
The systematic absences led to three possible space groups:
Cmc21 (no. 36), Cmcm (no. 63), and Ama2 (no. 40). The
mean jE2��1 j value of 0.666 pointed to the possibility of a
noncentrosymetric space group.[33] The combined figure of
merit (CFOM) also favored the choice of noncentrosymmet-
ric space groups Cmc21 and Ama2; of these Cmc21 had the
lowest CFOM value (1.82%). Thus, the Cmc21 space group
was chosen for the structure solution and found to be cor-
rect during structure refinement. Attempts to solve and
refine the structure in the centrosymmetric space group
Cmcm were also made, but led to an extremely poor conver-
gence (ca. 50%) of the calculated versus observed structure
factors; this confirms the correctness of the structure solu-
tion in Cmc21.


Crystal structure of Yb2Ga4Ge6 (1): The polar, noncentro-
symmetric [Ga4Ge6]


4� network is shown in Figure 2; the Yb
atoms lie in the tunnels of the network. The tunnels in
[Ga4Ge6]


4� have various shapes and sizes that can be charac-
terized by the shape of their cross sections. The smaller tun-
nels are vacant and have cross sections consisting of three-,
five-, and six-membered rings, whereas wider tunnels with
seven- and nine-membered rings are occupied by Yb(2) and
Yb(1) atoms, respectively.


The three-dimensional (3D) [Ga4Ge6] framework is made
up of four-coordinate atoms and conforms to the require-


Figure 1. SEM photograph of typical Ga-flux grown crystals.
A) Yb2Ga4Ge6 (1); B) Yb3Ga4Ge6 (2).
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ments of the Zintl concept. According the octet rule, the
framework is electron-deficient, as each Ga atom has four
neighbors, but only three electrons are available for bonding
(see below for Ga and Ge coordination environments). The


one extra electron per Ga atom (a total of four per formula
unit) is donated by the electropositive Yb atoms, which are
expected to be in a 2+ oxidation state (supported by the
magnetic susceptibility data reported below). The charge
balanced formula of 1 is thus [Yb2]


4+[Ga4Ge6]
4�.


The local coordination polyhedra of Ge and Ga atoms
(within the limiting sphere of 3 ä) and Yb atoms (within
3.5 ä) are shown in Figure 3. All Ga and Ge atoms are
four-coordinate and have almost tetrahedral geometries
(Figure 3A). For the Ge(3) and Ge(6) atoms, the angles
only slightly diverge from those of an ideal tetrahedron
[108.07(5)±114.07(7)8 for Ge(3), and 103.31(5)±114.82(7)8
for Ge(6)]. The Ge(1)- and Ge(4)-centered tetrahedra are
moderately distorted [90.59(6)±118.11(4)8 for Ge(1), and
100.60(5)±125.86(7)8 for Ge(4)]. The remaining two Ge
atoms have grossly distorted environments with angles that
range from 58.82(5) to 124.38(4)8 for Ge(2), and from
60.89(6) to 123.55(4)8 for Ge(5). The average Ge�Ge dis-
tance in 1 is 2.54 ä; in view of the sum of covalent radii[34]


for two Ge atoms (2.44 ä) it can be considered normal. It is
also similar to the Ge�Ge distances found in elemental
Ge[35] (2.45 ä).


The immediate coordination spheres of Ga atoms contain
only Ge atoms (Figure 3B). The Ga(1)-, Ga(2)-, and Ga(4)-
centered tetrahedra are only slightly distorted. The Ge-Ga-
Ge angles vary from 102.34(5) to 119.90(7)8 for Ga(1), from
100.81(5) to 127.40(7)8 for Ga(2), and from 102.85(5) to
115.43(4)8 for Ga(4). However, the tetrahedron formed
around Ga(3) is strongly compressed; one of the angles is as


Figure 2. The noncentrosymmetric structure of Yb2Ga4Ge6 (1) viewed
down the a axis. Two Yb sites are labeled. The dashed lines indicate the
unit cell (two unit cells are shown).


Figure 3. The local coordination environments of A) Ge atoms, B) Ga atoms, and C) Yb atoms in the structure of 1.
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small as 60.30(5)8. The average Ga�Ge distance in 1 is quite
short, about 2.51 ä. Compared to the sum of singly bonded
metallic radius for Ga[34] and covalent radius for Ge[35]


(2.47 ä), the Ga�Ge interactions are certainly strongly
bonding. Thus, from the connectivity data we could con-
clude that the rigidity of the [Ga4Ge6] network is primarily
due to the strong Ga�Ge interactions, although the Ge�Ge
interactions are also quite strong.


The nearest-neighbor coordination environments of Yb
atoms are shown in Figure 3C. The Yb(1) atom is located in
the center of a cage consisting of thirteen Ga and Ge atoms.
The Yb(2) atom has twelve Ga and Ge neighbors in its im-
mediate coordination sphere. The connectivity between the
Yb atoms and the framework is also strongly bonding. Thus,
the Yb�Ga bond lengths in 1 vary from 3.0957(15) to
3.4882(13) ä, and Yb�Ge distances range from 3.0567(14)
to 3.3445(11) ä. The average Yb�Ge and Yb�Ga distances
in 1 are 3.15 and 3.34 ä, respectively. Considering the sum
of single-bonded metallic radii (coordination number 12 for
YbII is considered) for Yb and Ge (3.15 ä) and Yb and Ga
(3.18 ä), these interactions are quite strong and have a con-
siderable covalent contribution to the bonding character.


Interestingly, in the related Zintl compound
Eu4Ga8Ge16,


[10] the Eu atoms are located in much larger
cages with corresponding Eu�Ga and Eu�Ge contacts rang-
ing between 3.37 and 3.58 ä, respectively. The Eu atoms
seem to be ™rattling∫ in the cages, as suggested by the en-
larged displacement parameters of Eu atoms and lower ther-
mal conductivity of this material. However, in 1, no ™rat-
tling∫ or any abnormality in the displacement ellipsoids was
observed (see Table 3). Thus, the Yb atoms can not be re-
garded as being merely ™guests∫ in a host [Ga4Ge6] frame-
work, but evidently participate in covalent bonding with it.


Structure refinement of RE3Ga4Ge6 (2; RE=Yb, Eu): For
Yb3Ga4Ge6, the initial cell suggested by the program was a
monoclinic C-centered cell with a volume eight times larger
than that of the true structure (cell parameters a=47.948(6),
b=8.4025(9), c=21.892(4) ä, b=91.41(1)8). The cell en-
largement was most likely caused by the l/2 radiation prob-
lem. Further cell reductions yielded a correct cell with pa-
rameters a=23.941(6), b=4.1928(11), c=10.918(3) ä, b=


91.426(4)8, which was then used for data integration and
structure solution. The monoclinic space group C2/m was
chosen and was found to be correct during structure refine-
ment. The final convergence factor of R1=0.0426 was ob-
tained on correcting for secondary extinction and refining
all atoms anisotropically. However, additional reduction of
the R value to 0.0411 was possible by introducing a twinning
law (matrix 001, 0�10, 100) that accounted for twofold rota-
tional twinning about the b axis. This particular type of twin-
ning is likely to occur in monoclinic systems with b close to
908. For Eu3Ga4Ge6, initial indexing of the reflections readi-
ly gave the correct monoclinic C-centered lattice with a=
24.136(2), b=4.3118(4), c=11.017(1) ä, b=91.683(2)8,
which was further used for intensity integration. Structural
refinement in C2/m resulted in a final convergence of R1=


3.42% (on applying a secondary extinction coefficient and
refining all atoms anisotropically). No further reduction in


R values was observed after application of the twinning law
that was successfully used in the case of Yb3Ga4Ge6.


Crystal structure of RE3Ga4Ge6 (2; RE=Yb, Eu): The
structure of 2 (RE=Yb) is presented in Figure 4. For consis-
tency, the Yb, Ga, and Ge atoms in the 3D [Ga4Ge6] frame-
work are depicted in the same way as for 1. The Ga±Ge


frameworks in 1 and 2 differ in the number of electrons,
that is, [Ga4Ge6]


4� versus [Ga4Ge6]
6�. The tunnels formed by


the framework in 2 are quite different from those found in
1. The only unfilled tunnels are five-membered. The remain-
ing tunnels are wider and occupied by Yb atoms. A pair of
Yb(1) atoms (Yb(1)�Yb(1) 4.271 ä) resides in a large ten-
membered tunnel. Additionally, there are two types of
seven-membered channels, one of which hosts Yb(2) and
the other Yb(3) atoms.


In contrast to 1, the [Ga4Ge6] 3D framework in 2 consists
of both four- and three-coordinate Ge atoms. Formally, 2 is
a chemically reduced (by two electrons) version of 1. This
can be understood by the addition of two electrons, which
turns the framework into a new arrangement that contains
both four- and three-coordinate atoms. The bonding in 2 can
still be explained within the Zintl concept. First, the Yb
(Eu) atoms are in the +2 oxidation state, as suggested by
magnetic susceptibility data (see below). The position of the
Yb peaks (below the Fermi level) in the calculated density
of states of Yb atoms in 2 also points to Yb2+ as opposed to
Yb3+ (see below). Thus, the possibility of Yb (Eu) existing
in the +3 state in 2 can be ruled out.


The assignment of the charge distribution to the remain-
ing ten Ga and Ge atoms was done according the octet rule
as follows: All of the Ga atoms are located at the four-coor-
dinate sites, and therefore a charge of �1 was assigned to
each of them to complete the octet. Zero charge was as-
signed to the four Ge atoms in the tetrahedral environ-


Figure 4. The structure of Yb3Ga4Ge6 (2) projected onto the ac plane.
Three crystallographically different Yb sites are marked. Three-coordi-
nate Ge atoms (Ge(3) and Ge(6)) are also labeled. The unit cell is shown
in dashed lines.
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ments, and a charge of �1 to the remaining two Ge atoms
with three-coordinate (trigonal-planar and pyramidal) envi-
ronments. The resulting charge-balanced formula is [Yb3]


6+


[Ga4
4�Ge4


0Ge2
2�]. The ambiguous sites containing three-co-


ordinate atoms were especially carefully scrutinized: first, by
means of bonding considerations and then with calculations
of the electronic band structure by way of minimization of
the energy of the system, as described in the Experimental
Section. The occurrence of a Ga2� instead of Ge� on the
three-coordinate sites is less likely from the chemical stand-
point given the higher electronegativity of Ge.


The local coordination environments of Ga, Ge and Yb
atoms in 2 are shown in Figure 5. The environment of all Ga
atoms within 3.0 ä is tetrahedral (Figure 5A). The depar-
ture from ideal tetrahedral angles is not substantial:


102.23(6)±123.24(8)8 for Ga(1), 91.71(7)±113.84(8)8 for
Ga(2), 93.66(6)±117.51(5)8 for Ga(3), and 99.87(6)±
117.38(5)8 for Ga(4). The Ga�Ge bond lengths range from
2.501(2) to 2.617(2) ä with an average Ga�Ge distance of
2.54 ä, comparable to that observed in 1 (2.51 ä). The aver-
age Ge�Ge bond length in 2 is 2.50 ä, and thus this bond is
even stronger than that found in 1 (2.54 ä). Thus, the
[Ga4Ge6] framework in 2 is an extremely robust unit, held
together by strong Ga�Ge and Ge�Ge interactions.


The Ge coordination environments that contain only the
Ga and Ge neighbors (Yb atoms were excluded for clarity)
are shown in Figure 5B. Here, the Ge(1), Ge(2), Ge(4), and


Ge(5) atoms are four-coordinate, whereas Ge(3) and Ge(6)
are three-coordinate. Within the four-coordinate environ-
ment of Ge atoms, the angles are close to those of an ideal
tetrahedron: 99.02(7)±119.49(5)8 for Ge(1), 99.86(8)±
132.92(8)8 for Ge(2), 102.56(6)±126.32(8)8 for Ge(4), and
107.22(7)±112.31(8)8 for Ge(5). The Ge(3) atom is in the
apex position of a distorted trigonal pyramid with a base of
two Ga(2) atoms and one Ge(5) atom. The corresponding
Ge(5)-Ge(3)-Ga(2) and Ga(2)-Ge(3)-Ga(2) angles are
109.66(5)8 and 113.84(8)8, respectively. The Ge(6) atom lies
in a trigonal-planar environment of Ga(3), Ga(4), and
Ge(6). The angles only vary slightly from truly trigonal
(112.31(8), 112.78(9), and 124.88(10)8). The plane of a
Ge(6)-centered triangle is perpendicular to the b axis.


The immediate coordination spheres of Yb atoms within a
radius of 3.6 ä are depicted in
Figure 5C. The Yb(1) and
Yb(2) atoms have twelve Ga
and Ge neighbors, while Yb(3)
has thirteen. Interestingly, some
of the Yb�Ge bonding contacts
are as short as 2.9321(17) ä, as
is the case for Yb(1)�Ge(3).
The average Yb�Ge bond
length in 2 of 3.15 ä (identical
to that found in 1) suggests that
the bonding interactions be-
tween Yb and Ge are very
strong. The average Yb�Ga dis-
tance in 2 is 3.33 ä, which
again is in the bonding realm
and very close to that found in
1 (3.34 ä). The relatively strong
Yb�Ga/Ge network interac-
tions are also responsible for
the stability of these phases to
moisture and air. This is in con-
trast to classical Zintl phases
containing alkaline-earth metals,
for example, which tend to be
air-sensitive.


Information on the data col-
lection and structure refine-
ment of 1 and 2 is given in
Tables 1 and 2, respectively.
The final atomic positions and
equivalent atomic displacement


parameters for 1 are listed in Table 3; selected interatomic
distances (up to 3.5 ä) are presented in Table 4. For 2, the
final atomic positions and equivalent atomic displacement
parameters are given in Table 5, and the selected interatom-
ic distances (up to 3.5 ä) for Yb3Ga4Ge6 are presented in
Table 6. Complete crystallographic information for 1 and 2
can be found in the Supporting Information.


Ga/Ge assignment in 1 and 2 : Because of very similar X-ray
scattering lengths of Ga and Ge atoms, the assignment of
their positions in the structure is very difficult. In our previ-
ous studies, we used the observed connectivity in the struc-


Figure 5. The local coordination environments of A) Ga atoms, B) Ge atoms, and C) Yb atoms in the structure
of 2.
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ture, coupled with thorough elemental analysis, in assigning
Ga/Ge and Al/Si from X-ray data. In some instances, this
approach was further validated by additional neutron[36]


crystallographic studies.[6,37,38] The issue of Ga/Ge distribu-
tion in 1 and the Yb version of 2 was approached as fol-
lows.[39] First, careful elemental analysis on crystalline sam-
ples of 1 and 2 indicated a higher content of Ge than of Ga.
This fixes the composition at Yb2Ga4Ge6 and Yb3Ga4Ge6.
Second, since the covalent radius of Ge is slightly, but dis-
cernibly, smaller than that of Ga, the shorter Yb�M distan-
ces were assigned to Yb�Ge, and the longer ones to Yb�Ga
interactions. This narrowed down the number of possibilities
to two or three. Using the assignments made above, we gen-
erated two models for each compound in which 1) the short-
est homoatomic distances were ascribed to Ge�Ge and the
longer ones to Ga�Ga, and 2) the distribution of Ga and Ge
throughout the structure was even. For compound 1, the
structural refinement immediately yielded a better conver-
gence factor (0.0229 versus 0.0233) for model 2. For 2, the
convergence factor remained invariant for both models.


Models 1 and 2 for the structures of 1 and 2 were tested
by electronic-structure calculations with the notion that the
configuration with the lowest total energy is the correct one.
For 1, model 2 proved to be more stable in energy than
model 1 by a substantial amount of about 3 eV per formula
unit.[40] This result was consistent with the X-ray refinement
data pointing to the validity of the Ga/Ge assignment ac-
cording to model 2. This particular assignment was therefore
chosen for the structure of 1.


In the case of 2, theoretical structure calculations showed
that model 2 is also more stable than model 1, by 0.15 eV
per formula unit.[40] This is in accord with the results ob-
tained for 1. However, by choosing configuration 1 for 2,
the Yb�M bond of 3.0072(17) ä had to be assigned as Yb�
Ga, whereas such connectivity is more typical for Yb�Ge.


Table 1. Crystal data and structure refinement for Yb2Ga4Ge6 (1).


empirical formula Yb2Ga4Ge6
formula weight 1060.50
temperature [K] 298(2)
wavelength [ä] 0.71073
crystal system orthorhombic
space group Cmc21 (no. 36)
a [ä] 4.1698(7)
b [ä] 23.254(4)
c [ä] 10.7299(18)
V [ä3] 1040.4(3)
Z 4
1calcd [g cm


�3] 6.770
absorption coefficient [mm�1] 44.936
F(000) 1824
crystal size [mm] 0.12î0.1î0.08
q range for data collection [8] 2.58±29.16
index ranges �5�h�5, �31�k�30,


�14� l�14
reflections collected 5431
independent reflections 1479 (Rint=0.0395)
completeness to q 96.8%
refinement method full-matrix least-squares on F2


data/restraints/parameters 1479/1/74
goodness of fit on F2 1.109
final R indices [I>2s(I)][a] R1=0.0229, wR2=0.0589
R indices (all data) R1=0.0234, wR2=0.0591
absolute structure parameter
(Flack)


�0.03(3)


extinction coefficient 0.00047(5)
largest diff. peak/hole [eä�3] 1.452/�1.315


[a] R1=� j jFo j� jFc j j /� jFo j ; wR2= [�w{ jFo j� jFc j }2/�w jFo j 2]1/2.


Table 2. Crystal data and structure refinement for RE3Ga4Ge6 (2) (RE=


Yb, Eu).


empirical formula Yb3Ga4Ge6 Eu3Ga4Ge6
formula weight 1233.54 1168.63
T [K] 298(2) 298(2)
wavelength [ä] 0.71073 0.71073
Crystal system monoclinic monoclinic
space group C2/m (no. 12) C2/m (no. 12)
a [ä] 23.941(6) 24.136(2)
b [ä] 4.193(1) 4.3118(4)
b [8] 91.426(4) 91.683(2)
c [ä] 10.918(3) 11.017(1)
V [ä3] 1095.6(5) 1146.0(2)
Z 4 4
1calcd [g cm


�3] 7.478 6.783
absorption coeffi-
cient [mm�1]


51.107 40.795


F(000) 2104 2020
crystal size [mm] 0.06î0.08 î 0.30 0.2î 0.05 î 0.05
q range for data col-
lection [8]


1.70 to 28.37 1.69 to 26.99


index ranges �27�h�30,
�5�k�5, �13� l�13


�30�h�26,
�5�k�5, �14� l�14


reflections collected 4673 4250
independent reflec-
tions


1412 (Rint=0.0447) 1429 (Rint=0.0412)


completeness to q 90.5% 100%
refinement method full-matrix least-


squares on F2
full-matrix least-
squares on F2


data/restraints/param-
eters


1412/0/81 1429/1/80


goodness of fit on F2 1.095 1.042
final R indices
[I>2s(I)][a]


R1=0.0411,
wR2=0.1114


R1=0.0342,
wR2=0.0786


R indices (all data) R1=0.0425,
wR2=0.1129


R1=0.0482,
wR2=0.0824


extinction coefficient 0.00065(8) 0.00113(7)
largest diff. peak/
hole [eä�3]


3.118/�2.778 3.297/�2.245


[a] R1=� j jFo j� jFc j j /� jFo j ; wR2= [�w{ jFo j� jFc j }2/�w jFo j 2]1/2.


Table 3. Atomic coordinates and equivalent isotropic displacement pa-
rameters[a] [ä2î103] for Yb2Ga4Ge6 (1).


Atomic Wyckoff x y z U(eq)
position symbol


Yb(1) 4a 0 0.0187(1) 0.1308(1) 14(1)
Yb(2) 4a 0 0.3006(1) 0.3130(1) 14(1)
Ge(1) 4a 0 0.1411(1) 0.0213(1) 13(1)
Ge(2) 4a 0 0.4285(1) 0.2255(1) 11(1)
Ge(3) 4a 0 0.0709(1) 0.4079(1) 12(1)
Ge(4) 4a 0 0.2226(1) 0.6074(1) 12(1)
Ge(5) 4a 0 0.4124(1) 0.4626(1) 12(1)
Ge(6) 4a 0 0.7049(1) 0.2878(1) 12(1)
Ga(1) 4a 0 0.2501(1) �0.0002(2) 11(1)
Ga(2) 4a 0 0.1497(1) 0.2540(1) 11(1)
Ga(3) 4a 0 0.5143(1) 0.3790(1) 14(1)
Ga(4) 4a 0 0.1144(1) 0.6287(1) 13(1)


[a] U(eq) is defined as one-third of the trace of the orthogonalized Uij


tensor.
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Hence, further tests of modified configuration 2 were car-
ried out. In subsequent electronic-structure calculations, the
Ga atom located 3.0072(17) ä from Yb was switched to a
Ge atom, to conform to the original assignment requiring
shorter Yb�Ge distances. However, in order to keep the
number of electrons constant, one of the Ge sites had to be
switched to Ga. Consequently, the Ge atom at the trigonal
planar site was chosen, as the corresponding Yb�M distan-
ces allowed. Interestingly, the resulting structure was the
least stable in energy and was higher than configuration 2
by 0.86 eV per formula unit.[40] Thus, the original configura-
tion 2 was chosen in the case of 2 as well, and it is reported


below. For both structures 1 and 2, the determined Ga/Ge
distribution was later found to be in accordance with the
magnetic measurements (see below) and with the Zintl con-
cept of bonding, which further validated the atomic assign-
ment.


Electronic properties and band-structure calculations : To
obtain further insight into the bonding and transport proper-
ties of 1 and 2, electronic-structure calculations were carried
out. The total densities of states (DOS) for 1 and 2 are
shown in Figures 6A and 7A. The calculation predicts both
1 and 2 to be poor metals, with DOS at the Fermi energy EF


of 1.25 states/(eV[Yb2Ga4Ge6]) and 6.2 states/(eV[Yb3-


Ga4Ge6]) respectively (see insets to Figures 6A and 7A).
The Yb f levels lie very close to EF and contribute to the
DOS at EF. To find the non-f electron contribution to the
DOS at EF, we also performed calculations on the hypotheti-
cal Sr compounds ™Sr2Ga4Ge6∫ and ™Sr3Ga4Ge6∫, which con-
firmed that these are semimetals with very low DOS at EF


of 0.26 states/(eV[Sr2Ga4Ge6]) and 0.86 states/(eV[Sr3-
Ga4Ge6]), respectively. The semimetallic character arises
from the fact that the expected band gap in these com-
pounds is negative, that is, the bottom of the expected con-
duction band lies in energy below the states at the top of
what would be considered to be the valence band. This is
seen clearly in spaghetti plots of the band structures (not
shown).


The partial DOS analysis for 1 and 2 reveals that the larg-
est contribution to the total DOS in the range from �2 eV
to about 0 eV comes from the Yb f levels (Figures 6A and
7A). The two narrow peaks observed are the result of split-
ting of Yb f states due to spin±orbit interaction. The loca-
tion of these peaks close to, yet below, EF suggests that Yb f
states are fully occupied. This indicates the f14 electron con-
figuration corresponding to Yb2+ , consistent with the results
of magnetic measurements.


Because partial DOS of all Ga and Ge atoms in 1 and 2
show similar features, two representative atoms (Ga(1),


Table 4. Selected bond lengths [ä] for Yb2Ga4Ge6 (1).


Bond Distance Mult. Bond Distance Mult.


Yb(1)�Ge(1) 3.0774(14) î1 Ge(1)�Ga(2) 2.5050(18) î1
Yb(1)�Ga(4) 3.0957(15) î1 Ge(1)�Ge(5) 2.5081(11) î2
Yb(1)�Ge(2) 3.1273(11) î2 Ge(1)�Ga(1) 2.547(2) î1
Yb(1)�Ge(3) 3.1726(15) î1 Ge(2)�Ga(4) 2.5340(12) î2
Yb(1)�Ge(5) 3.1884(11) î2 Ge(2)�Ge(5) 2.5713(19) î1
Yb(1)�Ge(3) 3.2106(15) î1 Ge(2)�Ga(3) 2.5863(19) î1
Yb(1)�Ga(2) 3.3202(15) î1 Ge(3)�Ga(2) 2.4666(18) î1
Yb(1)�Ga(3) 3.3836(13) î2 Ge(3)�Ga(3) 2.4849(10) î2
Yb(1)�Ga(3) 3.4982(13) î2 Ge(3)�Ga(4) 2.577(2) î1
Yb(2)�Ge(5) 3.0567(14) î1 Ge(4)�Ga(1) 2.4658(12) î2
Yb(2)�Ge(6) 3.0616(10) î2 Ge(4)�Ga(4) 2.5271(19) î1
Yb(2)�Ge(4) 3.0833(11) î2 Ge(4)�Ge(6) 2.5672(19) î1
Yb(2)�Ge(2) 3.1200(15) î1 Ge(5)�Ga(3) 2.5326(19) î1
Yb(2)�Ga(1) 3.1231(13) î2 Ge(6)�Ga(2) 2.4745(10) î2
Yb(2)�Ge(1) 3.3445(11) î2 Ge(6)�Ga(1) 2.505(2) î1
Yb(2)�Ga(4) 3.4882(13) î2


Table 5. Atomic coordinates and equivalent isotropic displacement
parameters[a] [ä2î103] for RE3Ga4Ge6 (2 ; RE=Yb, Eu).


Atomic Wyckoff x y z U(eq)
position symbol


Yb(1) 4c 0.1759(1) 0 0.5475(1) 13(1)
Eu(1) 0.1743(1) 0.5447(1) 7(1)
Yb(2) 4c 0.4764(1) 0 0.1682(1) 10(1)
Eu(2) 0.4770(1) 0.1691(1) 6(1)
Yb(3) 4c 0.6447(1) 0 0.1063(1) 10(1)
Eu(3) 0.6447(1) 0.1018(1) 6(1)
Ge(1) 4c 0.0225(1) 0 0.6040(2) 12(1)


0.0235(1) 0.6021(1) 6(1)
Ge(2) 4c 0.2254(1) 0 0.0262(1) 10(1)


0.2661(1) 0.0251(1) 6(1)
Ge(3) 4c 0.2917(1) 0 0.6416(1) 9(1)


0.2991(1) 0.6443(2) 7(1)
Ge(4) 4c 0.3478(1) 0 0.2359(1) 9(1)


0.3480(1) 0.2378(1) 6(1)
Ge(5) 4c 0.6040(1) 0 0.3662(1) 12(1)


0.6049(1) 0.3639(1) 6(1)
Ge(6) 4c 0.0515(1) 0 0.0340(1) 11(1)


0.0515(1) 0.0355(1) 6(1)
Ga(1) 4c 0.4210(1) 0 0.4124(1) 8(1)


0.4230(1) 0.4172(1) 5(1)
Ga(2) 4c 0.2408(1) 0 0.2572(2) 11(1)


0.2408(1) 0.2550(2) 6(1)
Ga(3) 4c 0.0652(1) 0 0.2674(2) 10(1)


0.0658(1) 0.2742(2) 6(1)
Ga(4) 4c 0.8644(1) 0 0.1146(1) 10(1)


0.8623(1) 0.1193(2) 7(1)


[a] U(eq) is defined as one-third of the trace of the orthogonalized Uij


tensor.


Table 6. Selected bond lengths [ä] for Yb3Ga4Ge6 (2).


Bond Distance Mult. Bond Distance Mult.


Yb(1)�Ge(3) 2.9321(17) î1 Yb(3)�Ga(3) 3.3579(14) î2
Yb(1)�Ge(3) 3.0563(13) î2 Yb(3)�Ge(2) 3.4618(18) î1
Yb(1)�Ga(1) 3.1654(13) î2 Yb(3)�Ga(2) 3.4949(15) î1
Yb(1)�Ge(4) 3.2213(13) î2 Ge(1)�Ge(1) 2.490(3) î1
Yb(1)�Ge(5) 3.3323(14) î2 Ge(1)�Ga(1) 2.5036(13) î2
Yb(1)�Ga(2) 3.564(2) î1 Ge(1)�Ga(3) 2.555(2) î1
Yb(1)�Ga(2) 3.5650(15) î2 Ge(2)�Ge(2) 2.4775(16) î2
Yb(2)�Ga(1) 3.0072(17) î1 Ge(2)�Ga(2) 2.540(2) î1
Yb(2)�Ge(6) 3.1046(13) î2 Ge(2)�Ga(4) 2.611(2) î1
Yb(2)�Ge(6) 3.1479(13) î2 Ge(3)�Ge(5) 2.501(2) î1
Yb(2)�Ga(3) 3.1587(14) î2 Ge(3)�Ga(2) 2.5020(13) î2
Yb(2)�Ge(4) 3.1838(18) î1 Ge(4)�Ga(4) 2.5165(13) î2
Yb(2)�Ge(1) 3.2521(15) î2 Ge(4)�Ga(1) 2.573(2) î1
Yb(2)�Ga(4) 3.4427(15) î2 Ge(4)�Ga(2) 2.579(2) î1
Yb(3)�Ge(2) 2.9970(12) î2 Ge(5)�Ga(1) 2.504(2) î1
Yb(3)�Ge(5) 3.0232(18) î1 Ge(5)�Ga(3) 2.5241(13) î2
Yb(3)�Ge(3) 3.1125(17) î1 Ge(6)�Ge(6) 2.558(3) î1
Yb(3)�Ge(6) 3.1475(13) î2 Ge(6)�Ga(3) 2.562(2) î1
Yb(3)�Ga(4) 3.1985(14) î2 Ge(6)�Ga(4) 2.617(2) î1
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Ge(1)) were chosen for Ga/Ge partial DOS analysis. The
Ga s levels in 1 and 2 range from �12 to �5 eV, and the Ga
p levels from �5 to 10 eV, as shown in Figures 6B and 7B.
Similarly, the Ge s levels in 1 and 2 mainly lie in the interval
between �12 and �5 eV, and for the Ge p levels between
�5 and 10 eV (Figures 6C and 7C). As seen from the partial
DOS, the Ga p and Ge p states between �5 and 10 eV are
highly hybridized, and this suggests a strong covalent inter-
action within the [Ga4Ge6] framework. Indications for
strong covalent interaction were already seen in the short
Ga�Ge and Ge�Ge distances, as discussed above. Addition-
ally, the Yb s and f states also hybridize with the Ga p and
Ge p states, that is, the Yb atoms act not only as electron
donors (Yb2+) to the [Ga4Ge6] framework, but also partici-


pate in covalent bonding with it (Figures 6D and 7D). The
observed weak hybridization of Yb and Ga/Ge states further
reinforces the idea of covalent bonding between the Yb
atoms and the [Ga4Ge6] framework.


Considering the above, we expect metallic properties for
1 and 2, as opposed to the semiconducting behavior charac-
teristic for classical Zintl phases. As has been noted by a
number of researchers, the predicted semiconducting behav-
ior has only been seen in relatively few ™closed-shell∫ Zintl
compounds.[41] In many cases the observed properties are in
fact metallic. The question whether this phenomenon is
caused by adventitious doping with impurities or incomplete
charge transfer from the electropositive cation species to the
host framework is still open.[10]


Figure 6. Density of states (DOS) plot for Yb2Ga4Ge6 (1). The Fermi
level EF is drawn as a dotted line. A) Total DOS (inset: expanded area of
DOS near the Fermi level); B) partial DOS arising from Ga(1) s and p
states; C) partial DOS from Ge(1) s and p states; D) contribution of
Yb(1) s states to DOS.


Figure 7. Density of states (DOS) plot for Yb3Ga4Ge6 (2). The Fermi
level EF is drawn as a dotted line. A) Total DOS (inset: expanded area of
DOS near the Fermi level); B) partial DOS arising from Ga(1) s and p
states; C) partial DOS from Ge(1) s and p states; D) contribution of
Yb(1) s states to DOS.
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Physical properties


Magnetism : The plots of the molar susceptibility cm of crys-
talline samples of 1 and 2 (RE=Yb) as a function of tem-
perature are presented in Figure 8. Compounds 1 and 2
have very low susceptibilities, which are nearly independent


of temperature (Figure 8). The small upturn of cm at low
temperatures may be due to the presence of paramagnetic
impurities. The temperature-independent behavior of cm for
1 and 2 (RE=Yb) implies a nonmagnetic state for the Yb
ions and a completely filled f configuration (Yb2+). The pos-
itive sign of cm in 1 is indicative of Pauli paramagnetism.


In contrast to 1, the magnetic response of 2 is diamagnetic
(cm is negative). Therefore, it follows that in 2 the contribu-
tion to the magnetic susceptibility from the core diamagnet-
ism of constituent atoms surpasses the paramagnetic contri-
bution due to the presence of conduction electrons (Pauli
paramagnetism). Interestingly, in our previous studies on in-
termetallic compounds with nonmagnetic RE atoms, we
found that systems which exhibit metallic conductivity[42]


typically behave as Pauli paramagnets. Examples include
Y0.67Ni2Ga5�xGex (+0.13¥10�3 emu(mol Y)�1),[4] Y0.67Co2-
Ga6�xGex (+0.11¥10�3 emu(mol Y)�1),[4] La5�xNi12Sn24 (+
2.83¥10�3 emu(mol La)�1),[43] and YCoGa3Ge (+
0.6¥10�3 emu(mol Y)�1).[6]


The Eu analogue of 2 displays paramagnetic behavior at
higher temperatures with a transition to an antiferromagnet-
ic state at 10 K. Above 10 K, the temperature dependence
of the reciprocal susceptibility obeys the Curie±Weiss law
with an effective magnetic moment of about 7.30 mB and a
Weiss constant of 5.7 K. The calculated effective magnetic
moment for free Eu2+ is predicted to be equal to the value
of a Gd3+ (f7) ion, that is, 7.94 mB.


[44] This value is in fair
agreement with the experimental value found for
Eu3Ga4Ge6 and is thus indicative of the presence of Eu2+


ions in this compound. Recently, the Zintl compound
Eu4Ga8Ge16 was shown by Mˆssbauer spectroscopy to con-
tain Eu2+ ions, and the susceptibility measurements found


that this compound follows the Curie±Weiss law with an ef-
fective magnetic moment of 8.0 mB.


[45]


Transport properties : For 1 and 2, the X-ray structural data
and theoretical electronic calculations seem to suggest poor
metallic behavior, which is supported by the electrical con-
ductivity data. In particular, the observed charge-transport
properties are consistent with the notion of strong covalent
bonding between the Yb atom and the [Ga4Ge6]


n� network.
Nevertheless, the possibility of overdoping (for example
caused by slight deviations from the ideal stoichiometric Ga/
Ge ratio) cannot be ruled out.


Electrical conductivity and thermopower measurements
were performed on single-crystal samples of Yb3Ga4Ge6 (2).
The almost linear decrease in conductivity with increasing
temperature indicates metallic behavior (Figure 9A). The


room-temperature value of about 7000 Scm�1 is typical of
relatively poor metals. The temperature dependence of the
thermoelectric power between 80 and 300 K is shown in Fig-
ure 9B. The thermopower is small, consistent with the met-
allic nature of the material, and the positive values (ca.
10 mVK�1) signify that the charge carriers are holes, .


Conclusion


The new compounds Yb2Ga4Ge6 and Yb3Ga4Ge6 were
grown from solutions in molten Ga; the latter also has a eu-


Figure 8. Temperature dependence of the magnetic susceptibility of crys-
talline samples of A) Yb2Ga4Ge6 (1) and B) Yb3Ga4Ge6 (2) calculated
per mole of Yb.


Figure 9. Transport properties of Yb3Ga4Ge6 (2) as a function of tempera-
ture. A) Electrical conductivity (four-probe) and B) thermopower. Data
from two different single-crystal samples are shown.
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ropium analogue. The structure and bonding of these com-
pounds was described within the Zintl bonding concept.
Bonding considerations based on this concept in conjunction
with electronic-structure calculations allowed the assessment
of the Ga/Ge distribution in their structures. The pair of
compounds described here provides an excellent illustration
of the validity and power of the Zintl concept, because it
can rationalize very nicely how a difference of two electrons
can influence the framework bonding. In contrast to more
classical Zintl compounds with alkali and alkaline-earth
metals, in which the metal atoms act strictily as electron
donors, the electropositive divalent RE atoms in the present
compounds bind strongly to the polyanionic [Ga4Ge6]


n�


framework, which is a three-dimensional rigid unit held to-
gether by strong Ga�Ge and Ge�Ge interactions. Calcula-
tions of the theoretical band structure predict these materi-
als to have metallic properties, a fact verified experimentally
for Yb3Ga4Ge6.


In the traditional understanding, Zintl phases are semi-
conductors; however, the present and previous investiga-
tions show that they can also be metals. In the case of metal-
lic Zintl compounds, all valence electrons can still be for-
mally assigned to the polyanionic part, the bonding of which
should follow valence rules for localized bonding. Neverthe-
less, the metallic as opposed to semiconducting behavior of
Yb2Ga4Ge6 and RE3Ga4Ge6 can be understood as the result
of strong covalent interactions of the electrons of the Yb
atom with the framework, which results in a dramatic nar-
rowing of the band gap to zero and even to negative values.


Experimental Section


Flux synthesis : To prepare Yb2Ga4Ge6 (1) and Yb3Ga4Ge6 (2), elemental
Yb, Ga, and Ge of typical purity 99.9% or higher (Cerac Inc.) were com-
bined in the molar ratios 1:15:3 (Yb 0.695 mmol, Ga 10.5 mmol, Ge
2.09 mmol) and 1:10:2 (Yb 0.985 mmol, Ga 9.85 mmol, Ge 1.97 mmol),
respectively, and placed in alumina crucibles. The metals were handled in
a glove box under nitrogen atmosphere. The crucibles were then sealed
in silica ampoules under vacuum (ca. 10�4 Torr). For 1, the reaction mix-
ture was heated to 800 8C over 10 h, held at 800 8C for 36 h, and then
cooled to 200 8C over 18 h. For 2 (Yb3Ga4Ge6), the reaction mixture was
heated to 1000 8C over 15 h, kept at 1000 8C for 5 h, then cooled to
850 8C, kept at this temperature for three days, and finally cooled to
200 8C at a rate of 18 8Ch�1. On completion of the reactions, most of the
unused flux was removed by filtration at about 200 8C through a specially
designed silica filter with a coarse frit. Further isolation was done in a 3±
5m solution of iodine in DMF over 24 h at room temperature. The prod-
uct was rinsed with DMF and water, and dried with acetone and diethyl
ether. From these reactions, crystals of monoclinic Yb3Ga4Ge6 and ortho-
rhombic Yb2Ga4Ge6 phases were recovered in about 100% yield. The
crystals of 1 and 2 have characteristic dark gray color and metallic luster.
The size of the flux-grown crystals reaches a few millimeters in one di-
mension.


Direct combination : RE3Ga4Ge6 (2 ; RE=Yb, Eu) was originally isolated
from a reaction of equimolar ratios of these elements. For the rational
synthesis of 2, 1 mmol of RE (99.9%, 5±10 mm ribbons, Cerac),
1.25 mmol Ga (99.99%, 2±5 mm shot, Cerac), and 2.0 mmol Ge
(99.999%, �50 mesh, Plasmaterials) were combined in a graphite cruci-
ble, which was then flame-sealed under a reduced atmosphere of
10�4 Torr in a fused-silica tube. The reactants were heated to 900 8C over
10 h. This temperature was maintained for 24 h followed by slow cooling
to room temperature over 48 h. The resulting product was composed of


70% large silver pieces (target phase) and 30% of loose black powder
(side product).


Elemental analysis and X-ray powder diffraction : The elemental compo-
sition of grown crystals was determined by energy dispersive spectrosco-
py (EDS) on a SEM JEOL JSM-35C scanning electron microscope
equipped with a NORAN Inc. EDS detector. Data were acquired at an
acceleration voltage of 20 kV and a collection time of 30 s. Extensive
averaging of results obtained on different crystals was carried out. Addi-
tionally, the freshly exposed surfaces of cross-sectioned crystals were ana-
lyzed to check for errors due to possible contamination with surface-ad-
hering impurities. The EDS results obtained from the surface and cross-
sectioned areas were then compared. The average compositions (normal-
ized to the amount of Yb(Eu)) were determined to be Yb2Ga4.3Ge5.1 and
Yb3Ga4.2Ge4.7 (Eu3Ga3.3Ge5.6) for 1 and 2, respectively. This is in agree-
ment with the single-crystal X-ray refinement, which led to the formulas
Yb2Ga4Ge6 and Yb3Ga4Ge6 (Eu3Ga4Ge6).


The X-ray powder diffraction (XRD) patterns of products were recorded
at room temperature on a CPS 120 INEL X-ray diffractometer (CuKa ra-
diation) equipped with a position-sensitive detector. Experimental XRD
patterns were compared to those calculated from single-crystal data using
the CERIUS2 software package.[46]


Single-crystal X-ray diffraction : The intensity data were collected on
single crystals of 1 (Yb2Ga4Ge6) and 2 (Yb3Ga4Ge6, Eu3Ga4Ge6) at room
temperature with a Siemens Platform SMART[47] CCD X-ray diffractom-
eter. For 1, a crystal of suitable size (0.12î0.10î0.08 mm) was cut from a
larger crystal and mounted on a glass fiber. Needlelike single crystals of
Yb3Ga4Ge6 and Eu3Ga4Ge6 with dimensions of 0.06î0.08î0.30 mm and
1.1î0.05î0.05 mm, respectively, were selected for data collection of 2. A
full sphere of reflections (MoKa radiation, l=0.71073 ä) was acquired up
to 608 in 2q. The individual frames were measured with w steps of 0.308
and an exposure time of 20±30 s per frame. The data acquisition and cell
reduction was done with SMART,[47] and data reduction was performed
with the SAINTPLUS[48] software package. The face-indexing routine
was next applied for analytical absorption corrections. An empirical cor-
rection for absorption based on symmetry-equivalent reflections was ap-
plied with the SADABS program. The structures were solved and refined
by direct methods with the SHELXTL software package. All atomic po-
sitions were refined anisotropically. The setting of the cell was standar-
dized with the STRUCTURE TIDY program.[49]


Physical properties : A conventional four-probe method and a slow ac
technique were used for electrical conductivity and thermopower meas-
urements[50] in the temperature range of 4±300 K.


Single-crystal and polycrystalline samples of 1 (Yb2Ga4Ge6) and 2
(RE3Ga4Ge6, RE=Yb, Eu) were used for the magnetic measurements,
which were performed on a MPMS SQUID magnetometer (Quantum
Design, Inc.) in the temperature range 2±400 K with an external applied
magnetic field of 10000 G for 1 and 500 G for 2. The magnetization data
were corrected for sample-holder contribution and for core diamagnetism
in the case of Eu3Ga4Ge6.


Differential thermal analysis (DTA) was carried out on polycrystalline
samples of 1 and 2 to determine melting points of these two phases, as
well as to test for phase changes such as a possible interconversion of 1
and 2. The analysis was performed with a Shimatzu DTA-50 differential
thermal analyzer with a-Al2O3 as the standard reference.


Methods of calculation : Electronic-structure calculations were performed
on Yb2Ga4Ge6 and Yb3Ga4Ge6, as well as hypothetical compounds
™Sr2Ga4Ge6∫ and ™Sr3Ga4Ge6∫ by using the self-consistent full-potential
linearized augmented plane wave method[51] (LAPW) within density
functional theory[52] (DFT). The generalized gradient approximation
(GGA) of Perdew, Burke, and Ernzerhof[53] was used for the exchange
and correlation potential. The values of the atomic radii were taken to be
2.3 a.u. for Ga and Ge atoms, and 2.5 a.u. for Yb and Sr atoms, where
a.u. is the atomic unit (0.529 ä). Convergence of the self-consistent itera-
tions was performed for 21 k points inside the reduced Brillouin zone to
within 0.0001 Ry with a cutoff of �6.0 Ry between the valence and the
core states. Scalar relativistic corrections were included, and spin±orbit
interaction was incorporated by using a second variational procedure.[54]


A further relativistic correction of the p states, the p1/2 correction[51,55]


was included by addition to the second variational basis (scalar-relativis-
tic by construction) of the full-relativistic local orbitals corresponding to
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l=1 and j=1/2 (p1/2 local orbitals). The calculations were performed with
the WIEN2K program.[56]


Further details of the crystal structure investigations may be obtained
from the Fachinformationszentrum Karlsruhe, 76344 Eggenstein-Leo-
poldshafen, Germany (fax: (+49) 7247-808-666; e-mail : crysdata@fiz-
karlsruhe.de) on quoting CSD-413534 (Eu3Ga4Ge6), CSD-413535
(Yb2Ga4Ge6), and CSD-413536 (Yb3Ga4Ge6).
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Does a Reinforced Kinetic Macrocyclic Effect Exist? The Demetallation in
Strong Acid of Copper(ii) Complexes with Open and Cyclic Tetramines
Containing a Piperazine Fragment
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Introduction


The 14-membered tetramine macrocycle cyclam (1) presents
distinctive coordinating properties towards transition-metal
ions that are not observed with noncyclic ligands and which
may be exhibited to a much lesser degree by macrocycles of
different atomicity and/or denticity. One of the most re-
markable properties of cyclam is the inertness with respect
to substitution of its metal complexes, in particular, resist-
ance to demetallation in acidic solution, a feature that has
been defined as the kinetic macrocyclic effect.[1]


As an example, a half-life (t1=2) of 30 years has been esti-
mated for the [NiII(cyclam)]2+ complex in 1m HClO4 at


25 8C (to be compared with the corresponding complexes of
noncyclic tetramines that decompose in a twinkling of an
eye in an acidic solution).[2] The kinetic stability has to be
ascribed to the rigidity of the macrocyclic framework and to
the hindered access of hydrogen ions to the amine groups
because of the closed nature of the ligand. In particular,
whereas terminal amine groups of the open-chain polyamine
can easily detach from the metal centre to be protonated by
the hydrogen ions present in solution, this possibility is pre-
cluded for the cyclic polyamine metal complex, whose
donor atoms are mechanically prevented from detaching.
More recently, the so-called reinforced macrocycles have


been introduced, namely, systems in which two amine
groups are linked by a further aliphatic chain.[3] As an exam-
ple, compound 2 is a laterally reinforced cyclam, in which
two nitrogen atoms are linked by two ethylenic chains, thus
giving rise to a piperazine ring. Such a ring typically displays
a rich conformational activity, similar to that of cyclohex-
ane.[4] The energy (enthalpy) diagram of the various con-
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Abstract: The demetallation in acidic
solution of the CuII complexes with
open-chain and cyclic tetramines con-
taining a piperazine unit (2 and 3) has
been investigated in terms of its kinetic
aspects and compared with the behav-
iour of unsubstituted counterparts (tet-
ramines 1 and 4). The presence of the
piperazine fragment slows demetalla-


tion of the open-chain-ligand complex
owing to the activation barrier associat-
ed with the conformational change
from boat-to-half-boat; however, it


does not affect the demetallation of the
macrocyclic complex, which involves
the spontaneous boat-to-twist confor-
mational change. Thus, lateral rein-
forcement of a cyclam-like ligand does
not add any further contribution to the
typical inertness in demetallation of
macrocyclic complexes.
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copper ¥ kinetics ¥ macrocycles ¥
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formers, calculated through a semiempirical method (see the
Experimental Section), is reported in Figure 1.
In this work, we wished to investigate whether and to


what extent possible conformational changes of the pipera-
zine residue may affect the kinetic stability of metal com-


plexes with reinforced macrocycles such as 2. However, it
might have been difficult to separate the reinforcement con-
tribution to the inertness from that arising as a consequence
of the intrinsic cyclic nature of the ligand. Therefore, in
order to exclude the effects arising from the cyclic nature of
the ligand, our initial investigations focused on the kinetic
behaviour of the complexes of a noncyclic reinforced tetra-
mine, 3-[4-(3-aminopropyl)piperazin-1-yl]propylamine (3),
which contains a piperazine fragment in its framework. For
comparative purposes, we also considered the parent non-
reinforced open-chain tetramine N1-[2-(3-aminopropylami-
no)ethyl]propane-1,3-diamine (4).


We report herein a kinetic investigation on the demetalla-
tion of the copper(ii) complexes of 1±4 in acidic solution.
The kinetic behaviour has been interpreted on the basis of
the structural details available for CuII complexes of both 2
and 3 and for the uncomplexed protonated ligands, with a
special reference to the conformation of the piperazine unit,
whether chair, boat or twist.


Results and Discussion


Structural studies : The crystal and molecular structures of
the complexes [CuII(2)]2+ and [CuII(3)]2+ , as perchlorate
salts, were determined by means of X-ray single-crystal dif-
fraction. Selected bond lengths and bond angles are given in
Table 1. Moreover, the structure of the triprotonated form
of the reinforced macrocycle 2 (= L), as the tri-hydrochlo-
ride salt, [LH3]Cl3, is also reported.


[CuII(3)](ClO4)2 : The ORTEP diagram of the complex is
shown in Figure 2. The CuII ion has an almost square-planar
coordination, with a deviation from the N(1)-N(2)-N(3)-
N(4) mean plane of 0.11(1) ä. It is probably a weak Cu�O
interaction with the perchlorate ion (Cu(1)�O(3)
2.544(13) ä) that induces the small pyramidal distortion for
the metal centre. The mean Cu�N bond lengths are 2.019(8)
and 1.997(7) for the tertiary and primary amines, respective-
ly.


Figure 1. Energy diagram of the conformers of piperazine, calculated
with a semiempirical method (PM3).


Table 1. Selected bond lengths [ä] and angles [8] for the [CuII(3)](ClO4)2
and [CuII(2)](ClO4)2 complexes.


[CuII(3)](ClO4)2 [CuII(2)](ClO4)2


Cu(1)�N(1) 2.021(7) 1.961(12)
Cu(1)�N(2) 2.018(6) 2.005(9)
Cu(1)�N(3) 1.996(7) 2.009(9)
Cu(1)�N(4) 1.999(6) 1.980(9)
N(1)-Cu(1)-N(2) 74.00(25) 77.71(48)
N(1)-Cu(1)-N(3) 171.12(23) 161.81(35)
N(1)-Cu(1)-N(4) 96.45(22) 102.20(46)
N(2)-Cu(1)-N(3) 97.90(29) 97.78(37)
N(2)-Cu(1)-N(4) 167.47(23) 169.80(35)
N(3)-Cu(1)-N(4) 91.02(26) 86.23(38)


Figure 2. An ORTEP view of the [CuII(3)](ClO4)2 complex salt (thermal
ellipsoids are drawn at the 30% probability level, hydrogen atoms are
omitted for clarity). The piperazine subunit exhibits the boat conforma-
tion, while the CuII centre shows an almost square-planar coordination.
Weak interaction with one perchlorate ion (Cu(1)�O(3) 2.544(13) ä) is
associated with a slight pyramidal distortion of the metal centre. The
C(4) thermal ellipsoid suggests positional disorder; however, refinement
of two alternative C(4) positions does not improve the model (see text).
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Coordination to the metal forces the piperazine unit of 3
into the less favourable boat conformation: the puckering
parameters are:[5] q2=0.865(8) ä, q3=0.001(9) ä, f=
�2.1(7)8, QT=0.865(8) ä, q=89.9(6)8. The N(1) and N(2)
atoms are placed 0.75(1) ä above the C(1)-C(2)-C(6)-C(7)
best plane, while the mean deviation for the four carbon
atoms is 0.02(1) ä. The N(1)�N(2) apex±apex distance is
2.431(8) ä.
The N(4)-Cu(1)-N(1)-C(8)-C(9)-C(10) chelate ring adopts


a half-chair conformation. The deviations for the atoms
forming the N(4)-Cu(1)-N(1)-C(8) best plane are in the
range 0.03(1)±0.07(1) ä, while C(9) and C(10) are placed at
0.60(1) and 0.17(1) ä, respectively, above and below the
best plane. The other hexaatomic chelate ring is character-
ised by positional disorder at the refined C(4) position,
which shows a thermal ellipsoid that is very elongated along
a direction normal to the N(3)-Cu(1)-N(2)-C(3) best plane.
It is probable that the C(4) carbon atom is statistically dis-
tributed above and below its mean position, thus suggesting
that the crystal is formed by molecules that have two differ-
ent conformations for this hexaatomic chelate ring. Several
attempts to refine two alternative positions for C(4) did not
improve the agreement index, and feasible results were only
obtained assuming strong geometrical constraints. On ac-
count of our failure to obtain the geometrical features of
the chelate ring containing C(4), we chose to present a non-
constrained model with a single mean C(4) site that is
almost coplanar with the N(3)-Cu(1)-N(2)-C(3) mean plane.
This model allows a better identification of the positional
disorder and clearly indicates the chemically unacceptable
values of the bond lengths and angles involving the C(4) po-
sition.


[CuII(2)](ClO4)2 : The ORTEP diagram of this macrocyclic
complex is reported in Figure 3. The CuII ion exhibits
square-planar coordination, with a moderate tetrahedral dis-


tortion. A weak Cu�O interaction with one of the perchlo-
rate ions is probably present (Cu(1)�O(1) 2.548(10) ä), but
it is not strong enough to induce a pyramidal distortion of
the complex. The CuII ion is displaced by 0.06(1) ä from the
N(1)-N(2)-N(3)-N(4) mean plane; the mean metal±nitrogen
distance is 1.983(10) and 1.995(9) for tertiary and secondary
amine groups, respectively. However, the four nitrogen
atoms are not perfectly coplanar, their deviations from the
best plane are in the range 0.22(1)±0.24(1) ä. In particular,
they are alternatively placed above and below the mean
plane, thus giving rise to a slight tetrahedral distortion of
the square-planar CuII coordination. Such a distortion is not
present in the previously discussed [CuII(3)](ClO4)2 complex
(in which the four N atoms deviate, on average, by
0.03(1) ä from the best plane displaced by 0.11(1) ä from
the metal centre). Moreover, no distortion is observed in
the corresponding complex of plain cyclam, [CuII(1)]2+ ,[6] in
which the metal centre is perfectly coplanar with the four
secondary nitrogen atoms and the two perchlorate ions are
symmetrically located along the z axis, at a distance of
2.57 ä.
The crystal structures of copper(ii) complexes with lateral-


ly reinforced cyclam derivatives have been recently reported
by Kaden et al.[7] In the two complexes of N,N’,N’’,N’’’-tet-
raalkyl-substituted macrocycles bearing either methyl or
ethyl substituents on N(3) and N(4) atoms, the geometry of
the metal centre is definitely square-pyramidal, with a water
molecule occupying the apical position. In both complexes,
the Cu�O(water) distance is relatively short (Cu�O 2.23±
2.24 ä).
On the other hand, in the laterally reinforced macrocycle


with an alkyl substituent only on one of the two remaining
nitrogen atoms (donor set: 3 tertiary nitrogen atoms, 1 sec-
ondary),[7] a tetrahedrally distorted square-planar geometry
is observed. This situation is very similar to that found for
the [CuII(2)](ClO4)2 complex (i.e. , in presence of two terti-
ary amines and two secondary amines). Thus, it appears that
moving from two or three to four tertiary amine nitrogen
atoms in a 14-membered laterally reinforced macrocycle in-
duces the change from a square-planar, even if tetrahedrally
distorted, to a square-pyramidal geometry.
In the [CuII(2)](ClO4)2 complex, the piperazine ring exhib-


its a boat conformation: the puckering parameters are:[5]


q2=0.882(7) ä, q3=0.026(8) ä, f=9.32(6)8, QT=


0.882(7) ä, q=88.3(5)8. The f value indicates a slight twist-
ing of the regular boat conformation (in which f=08). The
N(1) and N(2) atoms deviate from the C(1)-C(2)-C(11)-
C(12) best plane by 0.78(1) and 0.73(1) ä, respectively. The
four carbon atoms are displaced, on average, by 0.07(1) ä
from the mean plane. The N(1)�N(2) apex±apex distance is
2.461(9).
It has to be noted that in the previously mentioned com-


plexes of N-alkyl-substituted derivatives of 2,[7] the pipera-
zine ring shows a regular boat conformation when the metal
coordination is square pyramidal (i.e., in presence of only
tertiary amines), while the piperazine unit is slightly distort-
ed towards the more stable twist±boat conformation, when
the complex presents a tetrahedrally distorted square-planar


Figure 3. An ORTEP view of the [CuII(2)](ClO4)2 complex salt (thermal
ellipsoids are drawn at the 30% probability level, only hydrogen atoms
bonded to the secondary amines are shown). The piperazine ring is in the
boat conformation; however, a slight twisting of the regular boat confor-
mation is observed. The CuII centre exhibits tetrahedrally distorted
square-planar coordination. A slightly short CuII�O distance is also ob-
served (Cu(1)�O(1) 2.548(10) ä).
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geometry (i.e. , when one or more secondary amine groups
are present).
Noticeably, for such different geometrical details, signifi-


cant differences in the spectral features are observed: the
[CuII(1)]2+ complex has a d±d absorption band with lmax=


500 nm, whereas that of [CuII(2)]2+ is at 525 nm. The energy
of the band is a measure of the intensity of the metal±ligand
interactions and they are stronger in the [CuII(1)]2+ com-
plex, in which the metal is chelated by the four nitrogen
atoms in a coplanar conformation. On the other hand, the
less symmetric [CuII(2)]2+ complex exhibits a higher molar
absorbance (e=255m�1 cm�1) compared to the perfectly
square-planar [CuII(1)]2+ complex (e=77m�1 cm�1).
In the [CuII(2)]2+ complex, the two hexaatomic chelate


rings adopt two opposite half-chair conformations in which
the C(4) and C(9) vertices point in opposite directions. As
far as the N(1)-Cu(1)-N(4)-C(8)-C(9)-C(10) hexaatomic ring
is concerned, the deviations for the atoms forming the N(4)-
Cu(1)-N(1)-C(10) best plane are in the range 0.02(1)±
0.05(1) ä; C(8) and C(9) are respectively placed 0.18(1) and
0.44(1) ä above and below the best plane. The other six-
membered chelate ring shows deviations for the atoms form-
ing the N(3)-Cu(1)-N(2)-C(3) best plane in the range
0.06(1)±0.15(1) ä; C(4) is placed 0.44(1) ä above the mean
plane, while C(5) is 0.32(1) ä below the mean plane. The
five-membered chelate ring adopts a twisted conformation:
C(6) and C(7) are located above and below the Cu(1)-N(3)-
N(4) plane with deviations of 0.32(1) and 0.38(1) ä, respec-
tively.


[LH3]Cl3 : The ORTEP diagram of the triprotonated form of
the reinforced macrocycle 2 is shown in Figure 4. The piper-
azine subunit is not in the more stable chair conformation,
but in the less energetically favourable twist±boat conforma-
tion. The puckering parameters are:[5] q2=0.806(6) ä, q3=
0.012(5) ä, f=26.7(3)8, QT=0.807(6) ä, q=89.1(4)8. All


the four carbon atoms deviate from the C(1)-C(2)-C(11)-
C(12) best plane by 0.18(1) ä. The N(1) and N(2) atoms are
displaced from the best plane by 0.64(1) ä and 0.61(1) ä,
respectively. The N(1)�N(2) apex±apex distance is
2.645(5) ä. Interestingly, also in the previously investigated
diprotonated form of a laterally reinforced macrocycle bear-
ing two ethyl substituents on the two remaining nitrogen
atoms, the piperazine fragment is present in the twist±boat
conformation.[7]


The protonated amine nitrogen atoms show the longest
C�N bond length: the mean bond values are 1.490(9) ä for
the secondary amines and 1.494(8) ä for the tertiary amine.
The mean C�N bond length for the nonprotonated N(1) ni-
trogen is 1.459(8) ä.
All protonated amines are involved in N�H¥¥¥Cl interac-


tions [N(2)¥¥¥Cl(1) 3.084(5) ä, H(13)¥¥¥Cl(1) 2.197(51) ä,
N(2)�H(13)¥¥¥Cl(1) 173.3(45)8, N(3)¥¥¥Cl(2) 3.128(6) ä,
H(14B)¥¥¥Cl(2) 2.267(60) ä, N(3)�H(14B)¥¥¥Cl(2) 162.7(50)8,
N(3)¥¥¥Cl(1)i 3.139(5) ä, H(14A) ¥¥¥Cl(1)i 2.255(40), N(3)�
H(14A)¥¥¥Cl(1)i 170.9(29)8, symmetry code: i=�x + 1=2, �y,
z + 1=2, N(4)¥¥¥Cl(2) 3.048(5) ä, H(15A)¥¥¥Cl(2) 2.276(71) ä,
N(4)�H(15A)¥¥¥Cl(2) 144.6(55)8, N(4)¥¥¥Cl(3) 3.058(5),
H(15B)¥¥¥Cl(3) 2.198(57), N(4)�H(15B)¥¥¥Cl(3) 162.1(51)8].
In particular, while the Cl(2) anion allows the occurrence


of an intramolecular N-H¥¥¥Cl interaction, the Cl(1) anion
connects two adjacent molecules: it forms hydrogen bonds
to the N(2) and N(3) atoms from different molecules. These
intermolecular hydrogen bridges, with van der Waals forces,
are responsible for the stability of the crystal.


Kinetic aspects of demetallation in acidic solution : Demetal-
lation processes of CuII complexes with open-chain tetra-
mines 3 and 4 were studied by stopped-flow spectrophoto-
metric investigations. In a typical experiment, one of the sy-
ringes contained a solution of the copper complex, adjusted
to the minimum pH which ensured its highest concentration.
This value was calculated from the equilibrium constants
available for CuII complexes of 3[9] and 4.[10] The other sy-
ringe contained perchloric acid in different concentrations.
In all cases, the solution was adjusted to the desired ionic
strength (0.5m) with NaClO4. The temperature was main-
tained at 25 8C.
Demetallation of [CuII(3)]2+ was investigated first. The


concentration of the metal complex varied between 6î10�5


and 1.3î10�3m, and the pH was adjusted to 7.0. This solu-
tion was mixed in the stopped-flow chamber with solutions
containing a variable quantity of HClO4 (from 5î10�4m to
0.1m). In each experiment, the absorbance of a band at l=
300 nm (LMCT in nature) was monitored and the linear de-
pendence of the logarithm of the corrected absorbance
versus time was found in all cases. The slope of the least-
squares straight line gave the value of kobs. It was found that
the values of kobs remained constant over the investigated in-
terval of [H+], kobs=0.16�0.02 s�1. This behaviour can be
tentatively explained according to the decomplexation
scheme illustrated in Scheme 1.
In the first step, a terminal primary amine group is pro-


tonated, and this process is regulated by an equilibrium con-
stant KH. Then, the adjacent tertiary nitrogen atom detaches


Figure 4. An ORTEP view of the [LH3]Cl3 salt: thermal ellipsoids are
drawn at the 30% probability level, only hydrogen atoms bonded to the
protonated amines are shown. Dashed lines show the N�H¥¥¥Cl interac-
tions. Symmetry code: i=�x + 1=2, �y, z + 1=2. The piperazine ring is in
the twist±boat conformation.
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according to a process controlled by the rate constant k.
Under these circumstances, kobs should be expressed by
Equation (1):


kobs ¼
kKH½Hþ�


1þKH½Hþ� ð1Þ


The fact that kobs was found to be independent of [H+] in-
dicates that KH[H


+]@1. As a consequence, kobs=k=
0.16 s�1, corresponding to a lifetime t of 6.2�0.7 s. Indeed,
on addition of strong acid to a test tube containing a solu-
tion of [CuII(3)]2+ , the persistence of the blue colour of the
copper(ii) polyamine complex can be visually perceived for
several seconds.


Analogous studies were carried out on a 0.5m NaClO4 so-
lution of the [CuII(4)]2+ complex. In the present case, the
value of kobs was found to increase over the explored inter-
val of [H+], according to the profile shown in Figure 5.
We can tentatively assume that the decomplexation mech-


anism illustrated in Scheme 1 also holds for the [CuII(4)]2+


complex. Indeed, nonlinear least-squares treatment of kobs


values fitted Equation (1) quite well (see the solid line in
Figure 5), and gave the following parameters: KH=72�5
and k=13.4�1.7 s�1. Dependence of kobs upon [H+] has to
be ascribed to the relatively low value of KH: this reflects
the rather strong interaction between CuII and the terminal
primary amine group. Such an interaction is distinctly
weaker for the [CuII(3)]2+ complex. However, the most im-
portant difference concerns the rate constant k, whose value
is almost two orders of magnitude higher than that observed
for the piperazine-containing complex. In particular, the
lifetime t of [CuII(4)]2+ in a strongly acidic solution is
75�9 ms; this means that the blue colour of the complex,
on addition of acid, disappears in the twinkling of an eye, as
usually observed with copper(ii) complexes with open-chain
tetramines. The different kinetic behaviour of the two com-
plexes has to be ascribed to the conformational changes of
the piperazine fragment that occur during the demetallation
process of the [CuII(3)]2+ complex. In fact, structural studies
have shown that the piperazine fragment adopts a regular
boat conformation in the [CuII(3)]2+ complex. On the other
hand, there is plenty of structural evidence showing that the
piperazine unit assumes the energetically more favourable
chair conformation in the protonated forms of uncomplexed
3.[11]


In this context, it has to be noted that as the piperazine
fragment changes from the boat to the more stable chair
conformation, it has to pass through the more energetic
half-boat conformation, which corresponds to the transition
state (see Figure 1 for the energy profile). Thus, the relative-
ly low value of k reflects the energy barrier to be overcome
during the decomplexation process of 3. Evidently, ligand 4,
in which the two secondary amine groups are joined only by
an ethylenic chain, does not have to overcome such an
energy barrier.
Therefore, the presence of a piperazine fragment in the


ligand framework imparts extra kinetic stability to its transi-
tion-metal complexes, namely, with CuII. At this stage, it
seemed interesting to verify whether such a conformational
effect also operates with cyclic ligands, such as 2, which con-
tains a piperazine unit, thus conveying additional stability to
demetallation in addition to the usual macrocyclic effect.
On this basis, we carried out a kinetic investigation of the


demetallation of macrocyclic [CuII(1)]2+ and [CuII(2)]2+


complexes in acidic solution. Evidently, in view of the typi-
cal macrocyclic inertness, such a study would not be carried
out with a stopped-flow apparatus. Moreover, the process is
indeed so slow that, in order to complete the experiments
within a reasonable time, these were carried out at a dis-
tinctly higher temperature. In particular, two screw-capped
bottles containing 50 mL of an aqueous 1m HClO4 solution,
one with 1.350î10�3m of [CuII(2)]2+ and the other with
1.089î10�3 of [CuII(1)]2+ , were kept in a thermostat at 60 8C
and the absorbance of the corresponding d±d bands was
measured at regular intervals over a period of one month
and longer.
Figure 6a shows the decay of the absorption band of the


[CuII(1)]2+ complex, while in Figure 6b the logarithm of the
absorbance (Abs) is plotted versus time. Satisfactory linear
fitting indicates pseudo-first-order behaviour and the slope


Scheme 1. Hypothesised mechanism for the decomposition of the
[CuII(3)]2+ complex in acid. The rate-determining step (regulated by k) is
attributed to the decomplexation of one of the tertiary amine groups of
the piperazine fragment, a process which corresponds to the boat-to-
chair conversion.


Figure 5. The dependence of kobs upon [H+] for the decomposition of
[CuII(4)]2+ in acid. c is the least-squares curve fitted on Equation (1).
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of the least-squares straight line gives a kobs of 1.31�0.12î
10�3 h�1, to which a t1=2 of 22.0�2.0 days corresponds. On the
other hand, the decay of the d±d band of the [CuII(2)]2+


complex is shown in Figure 7a, while Figure 7b displays the
plot of linear log (Abs) versus time, which gives kobs=1.23�
0.11î10�3 h�1 and t1=2 =23.5�2.1 days.
Thus, it appears that the two complexes have a compara-


ble kinetic stability with respect to demetallation in acidic
solution and that, in particular, the presence of a piperazine
ring has no effect on the inertness of the [CuII(2)]2+ com-
plex. This apparently surprising behaviour can be accounted
for on the basis of the structure of the uncomplexed macro-
cycle 2, in its triprotonated form (Figure 4). It can be seen
that the piperazine ring adopts a twist conformation. The
available data do not allow us to propose a detailed mecha-
nism for the protonation±demetallation process. Clearly, the
[LH3]


3+ species (L=2) is present in the sequence of prod-
ucts which form after the metal has been removed from the
macrocycle. Most importantly, the demetallation process in-
volves the boat (in the complex) to twist (in the protonated
macrocycle) conversion. The energy profile shown in
Figure 1 indicates that this conformational change is sponta-
neous and is not affected by any energy barrier. Thus, the
conformational change of the piperazine ring that occurs
during demetallation of the [CuII(2)]2+ complex does not in-
troduce any additional energy barrier and the kinetic behav-
iour is the same as for the reference macrocyclic complex
[CuII(1)]2+ . Accordingly, the kinetic stability of [CuII(2)]2+


in acid is solely related to the cyclic nature of the ligand


and, therefore, cannot be different from that of the complex
of plain cyclam, [CuII(1)]2+ .


Conclusion


This work has demonstrated that the presence of a pipera-
zine fragment within a tetramine ligand may have relevant
effects on the kinetic stability of the corresponding transi-
tion metal complexes. Such effects derive from the rich con-
formational behaviour of the cyclohexane-like heterocycle.
In particular, the demetallation of the complex with a piper-
azine-containing tetramine (e.g. 3) involves the conforma-
tional change from boat to chair, which implies the endo-
thermic transition through the half-boat intermediate. As a
consequence, the presence of the piperazine fragment im-
parts a perceivable inertness with respect to the demetalla-
tion. On the other hand, in the case of cyclic ligands, such as
2, demetallation involves the conformational change from
boat to twist, which is not affected by any activation barrier.
Thus, the presence of a piperazine fragment does not impart
any additional kinetic stability to the typically inert macro-
cyclic complexes. In conclusion, as far as laterally reinforced
macrocycles, such as 2, are concerned, a reinforced kinetic
macrocyclic effect does not exist.


Figure 6. a) Spectra of a solution of [CuII(1)]2+ in 1m HClO4, at 60 8C
taken at regular intervals over a period of 	1 month. b) Linear plot of
the natural logarithm of the molar absorbance at 500 nm versus time,
whose slope gives kobs=1.31�0.12î10�3 h�1.


Figure 7. a) Spectra of a solution of [CuII(2)]2+ in 1m HClO4, at 60 8C
taken at regular intervals over a period of 	1 month. b) Linear plot of
the natural logarithm of the molar absorbance at 525 nm versus time,
whose slope gives kobs=1.23�0.11î10�3 h�1.
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Experimental Section


Synthesis of ligands and complexes : Cyclam 1 was obtained by means of
Barefield×s procedure.[12] Open-chain tetramines 3 and 4 were purchased
(Sigma-Aldrich) and were used without further purification for the syn-
thesis of copper(ii) complexes. The laterally reinforced macrocycle 2 was
obtained through a modification of a reported procedure,[13] as illustrated
in Scheme 2.


Decahydro-3a,5a,8a,10a-tetraazapyrene (5): Aqueous 40% glyoxal
(1.16 g, 8 mmol) in methanol (8 mL) was added dropwise to a solution of
1 (1.6 g, 2 mmol) in methanol (60 mL) at 0 8C. The reaction was over im-
mediately. The mixture was stirred at 0 8C for 30 min. The solvent was
evaporated, and the residue was purified by chromatography (Al2O3,
CH2CI2:MeOH:NH3, 95/5/0.5) to give 5 (1.77 g, 97% yield) as light
yellow crystals. MS: m/z : 223.2 [M+H]+.


1,5,8,12-Tetraazabicyclo[10.2.2]hexadecane (2): Diisobutyl aluminium hy-
dride (DIBAH, 75 mmol) in toluene (50 mL) was added dropwise to tet-
ramine 5 (0.555 g, 2.5 mmol) at 0 8C, and the resulting solution was al-
lowed to warm to 25 8C. This solution was refluxed for 4 d. The reaction
was worked up in the usual manner: the reaction mixture was cooled at
0 8C, and benzene (150 mL), sodium fluoride (12.5 g) and water (4 mL)
were added. This caused the precipitation of aluminates, which were dis-
carded by filtration and washed with ethanol. The obtained solution was
concentrated in a rotary evaporator, and the obtained oil was purified by
column chromatography (Al2O3, CH2CI2:MeOH:NH3, 100/10/1) to give 2
(522.8 mg, 93% yield), as a colourless oil. MS: m/z : 227.2 [M+H]+ .


Copper(ii) complexes : These were obtained from the reaction of the per-
chlorate salt with the tetramine, either cyclic or open-chain, in methanol.
The mixture was refluxed for 2 h, and a violet or red precipitate formed.
The solid was filtered, washed with cold methanol and dried (yields were
in the 90±95% range). The microcrystalline products were characterised
by means of satisfactory elemental analysis. Crystals suitable for X-ray
diffraction analysis were obtained by diffusion of diethyl ether into a so-
lution of the complexes in methanol.


X-ray crystallographic studies : Crystal data for complexes [CuII(3)]-
(ClO4)2 and [CuII(2)](ClO4)2 and for the triprotonated [LH3]Cl3 salt
(L=2) are reported in Table 2.


Intensity data were collected with conventional diffractometers: a Philips
PW1100 was used for the CuII complexes and an Enraf-Nonius CAD4
for the [LH3]Cl3 salt. For both instruments, the incident radiation was
graphite-monochromatized MoKa (l=0.71073 ä). Data was collected at
ambient temperature with w�2q scan type. Data reduction (including in-
tensity integration, background, Lorentz and polarization corrections)
was performed with local programs (for the data collected with the Phi-
lips PW1100) and with the WinGX package (for the data collected with
the CAD4).[14] Absorption corrections were calculated with the psi-scan
procedure.[15] Crystal structures were solved by direct methods (SIR97)[16]


and refined by a full-matrix least-square procedure on F2


(SHELXL97).[17] Anisotropic displacement parameters were used for all
non-hydrogen atoms. Hydrogen atoms in the complexes were added at
calculated positions and refined with a riding model; for [LH3]Cl3 salt,
hydrogen atoms bonded to the protonated amines were located in the
difference Fourier maps and refined with restraints on the N�H distance.


CCDC-223834, CCDC-223835, CCDC-223836 contain the supplementary
crystallographic data for this paper. These data can be obtained free of
charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cam-


bridge Crystallographic Data Centre, 12 Union Road, Cambridge
CB21EZ, UK; fax: (+44)1223-336033; or deposit@ccdc.cam.uk).


Kinetic studies : Kinetic studies of the demetallation of [CuIIL]2+ (L=3,
4) in acidic solution were performed with a high-speed diode-array spec-
trophotometer coupled to a stopped-flow system. The spectrophotometer
was a TIDAS (Transputer Integrated Diode Array System) apparatus,
manufactured by J&M GmbH, Aalen (Germany). The 512-diode array
can acquire a 512 point spectrum (l=200±620 nm) in a time as short as
1.3 ms, with a wavelength resolution of 0.8 nm. Up to 1000 spectra can be
acquired and stored in the memory of the transputer board. The stopped-
flow module (SMF-3, Bio-Logic, Claix, France) used with the spectropho-
tometer consisted of a three-syringe system with two mixers. The three
syringes were driven by independent stepping motors, operating at
6400 steps per motor turn. The observation chamber was a quartz cuvette
with an optical path of 5 mm (SMF-3TC-50/10). The movement of the sy-
ringes, the flow rate, the flow stop and fast spectral acquisition were con-
trolled by a personal computer by means of dedicated software. The
SMF-3 module was thermostatted at 25.0 8C by circulating water. In a
typical experiment, syringe 1 contained a [CuIIL](ClO4)2 solution, adjust-
ed to the desired pH and to constant ionic strength with NaClO4, and sy-
ringe 2 contained an HClO4 solution, adjusted to a constant ionic
strength with NaClO4. The flow rate of each syringe was 4.00 mLs�1,
thus, the total flow rate after mixing was 8.00 mLs�1. At this flow rate,
the time the solution took to travel from the mixer to the observation
chamber (dead time) was 	3 ms.


For L=1, 2, spectra of the solutions of the CuII complexes in 1m HClO4


were measured at regular time intervals with a VARIAN Cary100 Scan
spectrophotometer. A 2 mL aliquot of the solution was taken from a
50 mL screw-capped bottle kept in the thermostat. The aliquot was
placed in the cuvette for measurement, and then returned to the bottle.


Semiempirical calculations : All the calculations reported were carried
out with the semiempirical PM3 method.[18] The chair±boat transition
state geometry was determined by a quadratic synchronous transit
method,[19] with the PM3-optimised chair and boat structures as end-
points. The positions of the NH hydrogens in the considered conformers
were derived from the crystal structures obtained for ligands and com-
plexes: in short, the eq,eq-chair conformer was derived from structures of


Scheme 2. Synthetic route to the laterally reinforced macrocycle 2.


Table 2. Crystal data for the investigated crystals.


[CuII(3)](ClO4)2 [CuII(2)](ClO4)2 [LH3]Cl3, L=2


formula C10H24Cl2CuN4O8 C12H26Cl2CuN4O8 C12H29Cl3N4


Mr 462.77 488.81 335.74
colour blue-violet red colourless
crystal system monoclinic orthorhombic orthorhombic
space group P21/c (no. 14) P212121 (no. 19) P212121 (no. 19)
a [ä] 8.900(25) 13.045(7) 9.178(2)
b [ä] 14.981(15) 14.774(4) 10.841(4)
c [ä] 14.960(35) 10.083(4) 16.808(5)
b [8] 113.31(10) ± ±
V [ä3] 1831.8(84) 1943.3(15) 1672.4(8)
Z 4 4 4
1calcd [gcm


�3] 1.68 1.67 1.33
mMoKa [mm�1] 1.53 1.45 0.54
measured reflns 6527 3771 3764
unique reflns 3340 1967 2947
q range [8] 2±25 2±25 2±25
Rint


[a] 0.039 0.023 0.122
observed data
[Io>2s(Io)]


2273 1635 2711


R1, wR2
(obsd data)[b]


0.065, 0.182 0.065, 0.173 0.089, 0.222


R1, wR2
(all data)[b]


0.097, 0.207 0.076, 0.186 0.095, 0.233


GOF[c] 1.06 1.05 1.11
parameters 226 245 180


[a] Rint=� jF2o�F2
o(mean) j /�F2


o; [b] R1=� j jFo j� jFc j j /� jFo j , wR2=
[�[w(F2


o�F2c)2]/[w(F2o)2]]
1=2 , where w=1/[s2F2o + (aP)2 + bP] and P=


[(max(F2o,0) + 2F2c]/3; [c] GOF= [s[w(F2o�F2c)2] j (n�p)]
1=2 , where n is the


number of reflections and p the total number of refined parameters.


Chem. Eur. J. 2004, 10, 3209 ± 3216 www.chemeurj.org ¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 3215


Demetallation of Copper(ii) Complexes 3209 ± 3216



www.chemeurj.org





the fully protonated open-chain tetramine 3,[11] the eq,eq-boat from the
structure of the CuII complexes of 2 and 3, and the ax,eq-twist from the
structure of the uncomplexed triply protonated ligand 2.
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Synthesis of Furano-Epothilone D


Dieter Schinzer,*[a] Erika Bourguet,[b] and Sylvie Ducki[c]


Introduction


The bacterial macrolides epothilone A and epothilone B[1]


have been found to act as biological analogues of paclitaxel.
This discovery has induced intense research activity,[2] result-
ing in several total syntheses of epothilone A[3] and epothilo-
ne B,[4] partial synthesis,[5] and numerous derivatives.[6] In
various biochemical assays, paclitaxel and the epothilones
were found to be almost identical in their effect on microtu-
bule stabilization and cytotoxic properties. However, against
multiple-drug resistant (MDR) human carcinoma cell lines,
the epothilones were significantly more potent than paclitax-
el. They may even prove to be more promising anticancer
drugs than paclitaxel with less undesired side effects.[7]


Recent studies with MDR cell lines indicate that epothilo-
ne B is the most potent of the naturally occurring epothi-
lones in vitro, whereas deoxyepothilone B (epothilone D)
exhibited the best therapeutic results in vivo and is thus re-


garded as a lead compound for potential clinical develop-
ment.[8]


In view of the need to synthesize sufficient quantities of
epothilone B and its analogues for drug development, we
have elaborated an alternative, selective procedure to
obtain a series of compounds. This route is based on highly
efficient aldol and transition-metal-mediated coupling reac-
tions that yield a seco-acid precursor utilized in the macro-
lactonization route developed by Nicolaou et al.[3g,4d] to epo-
thilone B.[9]


Herein, we have extended this method to obtain furano-
epothilone D as an analogue of epothilone D. Careful analy-
sis of the bond angles in the X-ray crystal structure of epo-
thilone B[1] suggested the design of conformationally more
stabilized/restricted epothilone analogues with a five-mem-
bered ring placed in the region of C8±C10.


Results and Discussion


Scheme 1 depicts the retrosynthetic analysis of furano-epo-
thilone B (1) that led to the macrolactonization-based strat-
egy. To obtain the required seco acid which would give
desoxy-1 upon macrolactonization[3g,4d] , an aldol reaction of
the ethyl ketone 2[10] and aldehyde 3 was designed as the
key step. Further disconnection of 3 led to the thiazole frag-
ment 5[5a,10] and a C7±C12 building block 4. An efficient pal-
ladium-mediated Negishi-type coupling reaction[11] was envi-
sioned for the assembly of 4 and 5 as precursors of aldehyde
3.


The thiazole building block 5 was synthesized according
to an improved sequence that was amenable to a multigram
scale-up.[5a,10]


The approach to the C7±C12 fragment 4 started with sap-
onification of 5-acetoxymethyl-2-furfuraldehyde (6) with po-
tassium carbonate in MeOH to give 7 in 98% yield, fol-
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Keywords: aldol reactions ¥ antitu-
mor agents ¥ epothilone analogues ¥
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Abstract: The total synthesis of furano-epothilone D by a convergent route is re-
ported. The key fragments are available on a large scale to provide sufficient ma-
terial for biological evaluation. The approach involves a palladium-catalyzed cou-
pling that generates a highly functionalized aldehyde which is connected in a ster-
eoselective aldol reaction to yield the framework of furano-epothilone D. Finally, a
macrolactonization provides furano-epothilone D.
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lowed by protection by using tert-butyldimethylsilyl chloride,
which afforded silyl ether 8 in 89% yield, as described by
McNelis et al.[12] (Scheme 2). Reduction with triacetoxyboro-
hydride in benzene led to compound 9 in 93% yield. Frag-
ment 4 was obtained by bromination of 9 in CH2Cl2 in the
presence of imidazole and triphenylphosphine. Compound 4
is quite unstable and can only be stored in solution under ni-
trogen in the fridge for a short time. An efficient palladium-
mediated coupling[11] of vinyl iodide 5 and the organozinc
species derived from 4[13] using a Zn/Cu couple[14] led to the
bis(silyl) ether 10 in 32% yield. Rieke Zn[15] however
proved superior, giving compound 10 in 85% yield. The


best yields were obtained when both the Ph3P=O formed
during the bromination reaction and the excess naphthalene
used in the preparation of the Rieke Zn were removed;
these otherwise inhibited coupling.


Selective deprotection to yield alcohol 11 was achieved by
the action of NH4F in MeOH (93%). Oxidation of 11 with
TPAP/NMO in CH2Cl2 as the reagent of choice provided al-
dehyde 3 in 87% yield, which was needed for the aldol reac-
tion with ketone 2 (Scheme 3).


To ensure complete conversion of aldehyde 3 to the de-
sired aldol product 12, two equivalents of the lithium eno-
late generated from ketone 2 had to be employed in the re-
action. The aldol product 12 was isolated in 91% yield from
the reaction mixture. The ratio of anti-Cram (6R,7S) to
Cram (6S,7R) products was found to be 3:1 by 1H NMR
spectroscopy. The selectivity in the aldol reaction of the
furano series was lower than in the case of epothilone A
and epothilone B because no a-chiral aldehyde was used in
the coupling.[9] Therefore, no match of chirality can be em-
ployed to increase selectivity and the 3:1 ratio observed is a
result of the inherent chirality of the chiral enolate used in
the aldol reaction.


The first step in the transformation of the intermediate
12a into the seco-acid precursor 16 was cleavage of the
ketal protecting group using PPTS in MeOH, leading to the
triol 13 in 84% yield. When the reaction was performed in
refluxing MeOH, isomerization was observed at the C6 and
C7 centers. It can be almost completely suppressed when
the reaction mixture is stirred at room temperature. Silyla-
tion of compound 13 with TBSOTf and 2,6-lutidine led to
the tetrakis(silyl) ether 14 in 71% yield. Selective deprotec-
tion of 14 to the primary alcohol 15 was achieved by the
action of NH4F in MeOH in 73% yield. PDC oxidation of
15 in DMF provided seco-acid 16 in 80% yield (Scheme 4).


The selective deprotection of the allylic alcohol 16 was
not possible under neutral, acidic, or basic conditions. Total
deprotection of the hydroxy groups of 16 with aqueous HF
(40%) in CH3CN/Et2O afforded a mixture of two diaster-
eoisomers 17 (17a :17b epimerization of C7; ratio 1:2) in
25:47% yield (Scheme 5). Diastereomers 17a and 17b were
cyclized to macrolactones 18a and 18b, respectively, in 51%
yield by the Yamaguchi method.[16]


Scheme 1. Retrosynthetic analysis of furano-epothilone B–the macrolac-
tonization approach.


Scheme 2. Synthesis of the C7±C12 fragment 4 and Pd-mediated coupling of building blocks 4 and 5. a) K2CO3 (0.16 equiv), CH3OH, RT, 18 h, 98%;
b) TBSCl (1.2 equiv), imidazole (1.8 equiv), DMF, RT, 18 h, 89%; c) NaBH(OAc)3, benzene, reflux, 3 h, 93%; d) PPh3 (1.1 equiv), imidazole (1.2 equiv),
Br2 (1.1 equiv), CH2Cl2, 0 8C, 10 min, complete by TLC; e) Zn* (6.0 equiv) in THF, �30 8C; then 4 in THF added by syringe pump over 4.5 h, [Pd(PPh3)4]
(12.5 mol%); then 5 in THF, 60 8C, 1 h, 85%.
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The induction of tubulin polymerization was determined
by using the procedure described in the Experimental Sec-
tion. The results are presented as ED50 and ED90 values
which correspond to the dose of compound required to
induce 50% and 90% microtubule assembly, respectively.
Paclitaxel was used as a reference assay. Furano-epothil-
one D (18a) showed an ED50=2.2mm and an ED90=5.5mm


(paclitaxel : ED50=0.4mm ; ED90=2.0) and is therefore less
potent than paclitaxel. The isomer 18b showed the same
effect on tubulin assembly. However, it was demonstrated
for the first time that an epothilone analogue without a
chiral center at C8 showed biological activity. This supports
our hypothesis that incorporation of a five-membered ring
enforces the conformational stability of the region C8±C10.


Scheme 3. Aldol reaction. a) NH4F (40 equiv), MeOH, reflux, 1 h, 93%; b) NMO (1.5 equiv), molecular sieves 4 ä, CH2Cl2, 0 8C, 15 min, TPAP
(0.05 equiv), RT, 15 min, 87%; NMO=4-methylmorpholine N-oxide, TPAP= tetrapropylammonium perruthenate; c) ketone 2 (2.0 equiv), LDA
(1.96 equiv), THF, �78 8C, 1 h; then aldehyde 3, �78 8C, 15 min, 91%.


Scheme 4. Synthesis of a seco acid precursor 16. a) PPTS (1.0 equiv), MeOH, RT, 48 h, 84%; b) TBSOTf (4.8 equiv), 2,6-lutidine (9.6 equiv), CH2Cl2,
�50 8C, 1 h, 71%; c) NH4F (49 equiv), MeOH, reflux, 2.5 h, 73%; d) PDC (45 equiv), DMF, RT, 19 h, 80%.
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Work is in progress to synthesize more potent analogues, in-
vestigate their interaction with tubulin, and establish their
cytotoxicity.


Conclusion


In summary, we have presented a convergent synthesis of
furano-epothilone D. Our method using stereoselective aldol
C�C bond formations, palladium-mediated couplings, and
macrolactonization can be extended to synthesize numerous
analogues of epothilone D.


In addition, this strategy offers the possibility to synthe-
size epothilone analogues in sufficient quantities for in vitro
and in vivo biological studies. However, the biological data
derived from the tubulin assay showed only moderate activi-
ty for furano-epothilone D and its isomer. This clearly dem-
onstrated that the correct configuration at C8 is more im-
portant than a stabilized conformation in that part of the
molecule by incorporation of a five-membered ring.


Experimental Section


General techniques : Solvents were dried by standard procedures and re-
distilled under N2 prior to use. All organometallic reactions were per-
formed under N2 or argon, and pure products were obtained after flash
chromatography by using Merck silica gel 60 (40±63 mm). Mass spectra


and high-resolution mass spectra were
recorded on Finnigan MAT 95 and
SSQ 7000 spectrometers (HRMS: ref-
erence PKF, peak matching method,
accuracy + 2 ppm). IR spectra were
recorded on Perkin-Elmer 2000 and
Nicolet 320 FT-IR spectrometers. UV
spectra were recorded on Hewlett-
Packard 8452 A and Perkin-Elmer
Lambda 19 spectrometers. NMR spec-
tra were recorded on a Bruker DPX
400 spectrometer. Optical rotations
were recorded with a Perkin-Elmer
241 polarimeter.


5-Hydroxymethyl-2-furfuraldehyde
(7): A solution of 5-acetoxymethyl-2-
furfuraldehyde (6 ; 5 g, 29 mmol) in
methanol (45 mL) was treated with
potassium carbonate (644 mg,
4.6 mmol) and the progress of the re-
action was monitored by TLC (SiO2,
1:1 pentane/EtOAc). After 18 h, the
solvent was evaporated and the resi-
due dissolved in EtOAc. The organic
layer was washed with water and dried
over anhydrous MgSO4. Filtration and
evaporation afforded 5-hydroxymeth-
yl-2-furfuraldehyde (7; 3.573 g, 98%)
as a yellow oil.
1H NMR (360 MHz, CDCl3): d=9.55
(s, 1H; CHO), 7.23 (d, 3J=3.5 Hz,
1H; H-3 furyl), 6.52 (d, 3J=3.6 Hz,
1H; H-4 furyl), 4.70 (s, 2H; -CH2OH),
3.64 ppm (bs, 1H; -OH); 13C NMR
(90 MHz, CDCl3): d=177.7, 160.9,
152.1, 109.9, 57.3 ppm.


5-tert-Butyldimethylsiloxymethyl-2-
furfuraldehyde (8): Imidazole (51 mg, 0.74 mmol, 1.8 equiv) and 5-hy-
droxymethyl-2-furfuraldehyde (7; 52 mg, 0.41 mmol) was added to a solu-
tion of tert-butyldimethylsilyl chloride (75 mg, 0.49 mmol, 1.2 equiv) in
DMF (200 mL) and the mixture was stirred for 19 h. The reaction mixture
was then diluted with pentane and washed with water. The organic layer
was dried (MgSO4) and filtered through a small plug of silica gel. Evapo-
ration of the solvent afforded 5-tert-butyldimethylsiloxymethyl-2-furfural-
dehyde (8 ; 87.6 mg, 89%) as a yellow oil.
1H NMR (360 MHz, CDCl3): d=9.59 (s, 1H; CHO), 7.22 (d, 3J=3.5 Hz,
1H; 3 furyl), 6.48 (d, 3J=3.5 Hz, 1H; H-4 furyl), 4.74 (s, 2H; -CH2OH),
0.92 (s, 9H, OSiC(CH3)3), 0.09 ppm (s, 6H, OSi(CH3)2);


13C NMR
(90 MHz, CDCl3): d=177.4, 161.3, 152.1, 109.3, 58.5, 25.6, 18.2,
�5.4 ppm.


5-tert-Butyldimethylsiloxymethyl-2-furanmethanol (9): A solution of 5-
tert-butyldimethylsiloxymethyl-2-furfuraldehyde (8 ; 5.588 g, 23 mmol) in
benzene (50 mL) was added dropwise to a solution of sodium triacetoxy-
borohydride (18.61 g, 87 mmol) in benzene (250 mL). After 3 h of heat-
ing under reflux, water (50 mL) was added to the solution, which was
subsequently extracted with diethyl ether (3î50 mL). The organic phases
were washed with brine, dried over MgSO4, evaporated under vacuum,
and purified by column chromatography using silica gel (pentane/
EtOAc=3:1) to yield product 9 (5.249 g, 93%) as a colorless oil.
1H NMR (360 MHz, CDCl3): d=6.21 (d, 3J=2.6 Hz, 1H; H-3 furyl), 6.17
(d, 3J=3 Hz, 1H; H-4 furyl), 4.61 (s, 2H; -CH2OH), 4.55 (s, 2H;
-CH2OH), 0.90 (s, 9H, OSiC(CH3)3), 0.08 ppm (s, 6H, OSi(CH3)2);


13C
NMR (90 MHz, CDCl3): d=154.2, 153.5, 108.3, 107.9, 58.1, 57.4, 25.8,
18.3, �5.2 ppm; IR (film): ñmax=3351, 2930, 2858, 2362, 1561, 1472, 1255,
1075, 1014, 837, 778 cm�1; MS (CI, NH3/CH4): m/z (%): 241 (13.6), 225
(98.4) [M�OH] + , 209 (16), 191 (25), 185 (39.2) [M�tBu] + , 167 (18.4),
161 (7.2), 110 (28) [M�OTBS]+ , 80 (6); elemental analysis calcd (%) for
C12H22O3Si (242.13): C 59.46, H 9.15; found: C 59.31, H 9.48.


5-tert-Butyldimethylsiloxymethyl-2-bromomethyl-furan (4): Br2 (20 mL,
0.38 mmol, 1.1 equiv) was added slowly to a solution of 5-tert-butyldi-


Scheme 5. Final steps of the macrolactonization approach to furano-epothilone D. a) aqueous HF (40%),
CH3CN/Et2O, glass splinters, two days, ratio 1:2, 25:47%; b) 2,4,6-trichlorobenzoylchloride (5.0 equiv), Et3N
(6.0 equiv), THF, 0 8C, 15 min, then add by using a syringe pump to a solution of 4-DMAP (10 equiv) in tolu-
ene, 25 8C, 1 h, 51%.
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methylsiloxymethyl-2-furanomethanol (9 ; 83.6 mg, 0.34 mmol), imidazole
(28 mg, 0.41 mmol, 1.2 equiv), and PPh3 (99 mg, 0.38 mmol, 1.1 equiv) in
CH2Cl2 (2 mL) at 0 8C. After 10 min, the solution was washed with water,
10% Na2SO3 (2î4 mL), and dried over MgSO4. The solvent was re-
moved under a flux of nitrogen and replaced by pentane, the solution
was cooled to �78 8C, and the white solid was filtered. The solvent was
removed under a flux of nitrogen and replaced with THF. The bromide
compound 4 is unstable, but can be stored in solution under nitrogen in
the fridge for a short time.


4-[(1E,3S,5Z)-3,12-Di(tert-butyldimethylsilyloxy)-2,6-dimethyl-1,5-unde-
cadienyl-7-furan]-2-methyl-1,3-thiazole (10): Alkyl bromide 4 in THF
was added to a suspension of powdered Zn*[15] (6.0 equiv) in THF
(10 mL) at �25 8C by using a syringe pump over 4.5 h. The mixture was
stirred at �30 8C for 30 min. [Pd(PPh3)]4 (12.5 mg, 12.5 mol%) was added
and the mixture was stirred for another 5 min. A solution of vinyl iodide
5 (40 mg, 0.08 mmol) in THF (1 mL) was added and the mixture was stir-
red for 1 h at 60 8C, cooled to room temperature and quenched with satu-
rated aqueous NH4Cl solution (0.5 mL). The aqueous layer was extracted
with MeOtBu (3î3 mL), the combined organic extracts were dried over
MgSO4 and concentrated in vacuo. Purification of the residue by flash
chromatography (pentane/Et2O=30:1) afforded the coupled product 10
(40 mg, 83%) as a yellow oil.


[a]20D = ++21.7 (c=1.15, CHCl3);
1H NMR (360 MHz, CDCl3): d=6.92 (s,


1H; H-5’), 6.46 (s, 1H; H-1), 6.09 (d, 3J=3 Hz, 1H; CH furyl, H-10), 5.88
(d, 3J=3 Hz, 1H; CH furyl, H-9), 5.3 (t, 3J=6.8 Hz, 1H; H-5), 4.57 (s,
2H; H-12), 4.12 (t, 3J=5.8 Hz, 1H; H-3), 3.4 (d, 2J=15.5 Hz, 1H; H-12),
3.25 (d, 2J=15.5 Hz, 1H; H-12), 2.70 (s, 3H; C2’-CH3), 2.48±2.27 (m, 2H;
H-4), 1.99 (d, 4J=1.2 Hz, 3H; C2-CH3), 1,70 (d, 4J=1 Hz, 3H; C6-CH3),
0.88 (s, 18H, OSiC(CH3)3), 0.08 (s, 3H), 0.06 (s, 6H), 0.04 ppm (s, 3H,
OSi(CH3)2);


13C NMR (90 MHz, CDCl3): d=164.2, 153.5, 153.2, 152.7,
142.3, 132.7, 123.6, 118.7, 114.9, 107.9, 106.1, 78.7, 58.2, 35.5, 30.9, 25.9,
23.6, 19.1, 18.3, 18.2, 13.9, �4.6, �4.9, �5.1, �5.2 ppm; IR (film): ñmax=


2929, 2857, 2364, 1472, 1376, 1255, 1075, 939, 837, 777 cm�1; UV/Vis
(MeOH): lmax=220,18 nm (e=9785.7); MS (CI, NH3/CH4): m/z (%): 562
(74.4) [M+H] + , 546 (52) [M�CH3]


+ , 504 (36) [M�tBu]+ , 451 (8), 430
(100) [M�OTBS]+ , 409 (12), 356 (5.6), 335 (26.4), 298 (21.6) [M-
2xOTBS] + , 282 (100) [C14H24NOSSi]+ , 225 (10.8); HRMS (EI) calcd
C30H51NO3SSi2 561.31282 ; found 561.3137 (mmu : �0.9); elemental anal-
ysis calcd (%) for C30H51NO3SSi2 (561.97): C 64.12, H 9.15, N 2.49, S
5.71; found: C 57.20, H 8.89, N 2.74, S 4.56.


(7Z,10S,11E)-10-(tert-Butyldimethylsilyloxy)-7,11-dimethyl-12-(2-
methyl-1,3-thiazol-4-yl)-undeca-7,12-dien-furan-1-ol (11): Ammonium
fluoride (1.69 g, 45 mmol, 40 equiv) was added to a solution of the cou-
pled product 10 (641 mg, 1.14 mmol) in MeOH (30 mL). The mixture
was heated for 1 h under reflux. The solvent was evaporated and the
solid was extracted with diethyl ether. The organic phase was dried over
MgSO4 and concentrated in vacuo. Flash chromatography (pentane/
Et2O=2:1) gave alcohol 11 (472 mg, 93%) as a yellow oil.


[a]20D = ++59.4 (c=0.5, CHCl3);
1H NMR (360 MHz, CDCl3): d=6.93 (s,


1H; H-5’), 6.49 (s, 1H; H-12), 6.17 (d, 3J=3 Hz, 1H; CH furyl, H-3), 5.93
(d, 3J=3 Hz, 1H; CH furyl, H-4), 5.33 (t, 3J=7 Hz, 1H; H-8), 4.57 (d,
2J=13 Hz, 1H; H-1), 4.52 (d, 2J=13 Hz, 1H; H-1), 4.18 (t, 3J=6 Hz, 1H;
H-10), 3.40 (d, 2J=15 Hz, 1H; H-6), 3.26 (d, 2J=15 Hz, 1H; H-6), 2.78
(bs, 1H, -OH), 2.70 (s, 3H; C2’-CH3), 2.41±2.27 (m, 2H; H-9), 1.98 (d,
4J=1.1 Hz, 3H; C11-CH3), 1,70 (d, 4J=1 Hz, 3H; C7-CH3), 0.89 (s, 9H,
OSiC(CH3)3), 0.04 (s, 3H), 0.00 ppm (s, 3H; OSi(CH3)2);


13C NMR
(90 MHz, CDCl3): d=164.5, 154.0, 153.0, 152.9, 142.4, 132.7, 123.7, 118.9,
114.7, 108.5, 106.4, 79.0, 57.2, 35.5, 31.0, 25.8, 23.7, 19.0, 18.2, 13.7, �4.6,
�4.9 ppm; IR (film): ñmax=3310, 2928, 2856,1508, 1471, 1360, 1251, 1185,
1071, 1012, 939, 837, 777 cm�1; UV/Vis (MeOH): lmax=212.26 nm (e=
23087); MS (CI, NH3/CH4): m/z (%): 448 (59.2) [M+H]+ , 430 (100)
[M�H2O]+ , 390 (5.6), 316 (49.6), 298 (63.2), 282 (85.6) [C14H24NOSSi]+ ,
242 (6.4); HRMS (EI): calcd for C24H37NO3SSi 447.2263, found 447.2259
(0.4 mmu); elemental analysis calcd (%) for C24H37NO3SSi (447.22): C
64.39, H 8.33, N 3.13, S 7.16; found: C 60.35, H 8.66, N 3.50, S 6.00.


(7Z,10S,11E)-10-(tert-Butyldimethylsilyloxy)-7,11-dimethyl-12-(2-
methyl-1,3-thiazol-4-yl)-undeca-7,12-dien-furan-1-al (3): 4-Methylmor-
pholine-N-oxide (621 mg, 5.3 mmol, 1.5 equiv) and 4 ä molecular sieves
were added to a solution of alcohol 11 (1.58 g, 3.5 mmol) in CH2Cl2
(44 mL). The mixture was cooled to 0 8C and stirred for 15 min. Tetrapro-


pylammonium perruthenate (62 mg, 0.17 mmol, 0.05 equiv) was added,
and the mixture was stirred 15 min at room temperature. Purification of
the residue by flash chromatography (pentane/Et2O=2:1) gave aldehyde
3 (1.348 mg, 87%) as a yellow oil.


[a]20D = ++28.4 (c=1, CHCl3);
1H NMR (360 MHz, CDCl3): d=9.5 (s, 1H;


H-1), 7.13 (d, 3J=3.5 Hz, 1H; CH furyl, H-3), 6.92 (s, 1H; H-5’), 6.47 (s,
1H; H-12), 6.20 (d, 3J=3.5 Hz, 1H; CH furyl, H-4), 5.40 (td, 2J=6.4 Hz,
3J=0.7 Hz, 1H; H-8), 4.14 (t, 3J=5.7 Hz, 1H; H-10), 3.53 (d, 2J=15 Hz,
1H; H-6), 3.37 (d, 2J=16 Hz, 1H; H-6), 2.70 (s, 3H; C2’-CH3), 2.40±2.25
(m, 2H; H-9), 1.98 (d, 4J=1.1 Hz, 3H; C11-CH3), 1,72 (d, 4J=1.1 Hz,
3H; C7-CH3), 0.88 (s, 9H; OSiC(CH3)3), 0.03 (s, 3H), 0.00 ppm (s, 3H;
OSi(CH3)2);


13C NMR (90 MHz, CDCl3): d=177.0, 164.3, 161.5, 153.0,
152.1, 142.0, 130.9, 125.2, 118.9, 115.1, 109.1, 78.4, 35.6, 31.3, 25.8, 23.7,
19.1, 18.2, 13.9, �4.6, �5.0 ppm; IR (film): ñmax=2928, 2856, 1681, 1513,
1471, 1255, 1184, 1073, 1022, 837, 776 cm�1; UV/Vis (MeOH): lmax=


283.8 nm (e=5600); MS (CI, NH3/CH4): m/z (%): 446 (100) [M+H] + ,
430 (17.6), 388 (8), 314 (27.6), 282 (9.6) [C14H24NOSSi]+ ; HRMS (EI):
calcd for C24H35NO3SSi 445.21069, found 445.2107 (0.0 mmu); elemental
analysis calcd (%) for C24H35NO3SSi (445.69): C 64.68, H 7.92, N 3.14, S
7.19; found: C 60.79, H 8.21, N 3.10, S 6.42.


(4×S,4S,5S,11Z,14S,15E)-14-[(tert-Butyldimethylsilyl)oxy]-2-[(4R)-2,2-
dimethyl-1,3-dioxan-4-yl]-5-hydroxy-2,4,11,15-pentamethyl-16-(2-methyl-
1,3-thiazol-4-yl)-11,15-pentadecadien-furan-3-one (12): A solution of
LDA was freshly prepared by addition of nBuLi (457 mL, 1.14 mmol,
1.96 equiv of a 2.5m solution in hexanes) to a solution of diisopropyla-
mine (160 mL, 1.14 mmol) in THF (1.95 mL) at 0 8C and stirring for
30 min. A solution of ethyl ketone 2 (250 mg, 1.16 mmol, 2.0 equiv) in
THF (1.95 mL) was then added dropwise at �78 8C to the mixture. This
was stirred for 1 h at �78 8C. A solution of aldehyde 3 (260 mg,
0.58 mmol, 1 equiv) in THF (2.4 mL) was added dropwise and stirring
was continued for 20 min at �78 8C. The mixture was quenched by the
dropwise addition of saturated NH4Cl solution (7 mL). The organic layer
was separated and the aqueous layer was extracted with Et2O (3î
20 mL). The combined organic extracts were dried (MgSO4) and concen-
trated in vacuo. Purification of the residue by flash chromatography
(pentane/Et2O=3:1) afforded anti-Cram aldol product 12a and its corre-
sponding Cram diastereoisomer 12b (350 mg, 91%, ratio 3:1 by NMR
spectroscopy) as colorless oils.


Major isomer 12a : [a]20D =� 2.9 (c=1, CHCl3);
1H NMR (360 MHz,


CDCl3): d=6.91 (s, 1H; H-5’’), 6.43 (s, 1H; H-16), 6.10 (d, 3J=3 Hz, 1H;
CH furyl, H-8), 5.86 (d, 3J=3 Hz, 1H; CH furyl, H-7), 5.33±5.29 (m, 1H;
H-12), 4.82 (d, 3J=3.8 Hz, 1H; H-5), 4.13±4.1 (m, 1H; H-14), 4.0 (dd,
3J=11.6 Hz, 3J=2.4 Hz, 1H; H-4’), 3.94 (td, 3J=2.8 Hz, 3J=11.8 Hz, 1H;
H-6’), 3.85 (ddd, 2J=11.8 Hz, 3J=5.4 Hz, 3J=1.7 Hz, 1H; H-6’), 3.43 (qd,
3J=6.9 Hz, 3J=2.8 Hz; 1H; H-4), 3.38 (d, 2J=15.6 Hz, 1H; H-10), 3.24
(d, 2J=15.6 Hz, 1H; H-10), 2.70 (s, 3H; C2’’-CH3), 2.34±2.25 (m, 2H; H-
13), 1.98 (d, 4J=1.1 Hz, 3H; C15-CH3), 1,70 (d, 4J=1.1 Hz, 3H; C11-
CH3), 1.67±1.59 (m, 1H; H-5’), 1.56 (bs, 1H, OH), 1.40 (s, 3H, C2’-CH3),
1.33 (s, 3H; C2’-CH3), 1.32±1.25 (m, 1H; H-5’), 1.12 (d, 3J=6.8 Hz, 3H;
C4-CH3), 1.12 (s, 3H; H-1), 0.99 (s, 3H; C2-CH3), 0.88 (s, 9H;
OSiC(CH3)3), 0.04 (s, 3H), 0.00 ppm (s, 3H; OSi(CH3)2);


13C NMR
(90 MHz, CDCl3): d=221.2, 164.4, 153.2, 153.1, 152.6, 142.3, 132.6, 123.8,
118.7, 114.9, 107.4, 106.0, 98.4, 78.7, 74.4, 68.7, 59.8, 51.5, 45.2, 35.5, 30.9,
29.6, 25.8, 25.1, 23.8, 20.6, 19.1, 19.0, 18.5, 18.2, 13.9, 12.0, �4.6,
�4.9 ppm; IR (film): ñmax=3475, 2929, 2856, 2363, 1697, 1558, 1472, 1373,
1252, 1195, 1159, 1104, 987, 836, 777 cm�1; MS (70 eV, EI): m/z (%): 659
(1) [M]+ , 446 (2), 388 (2), 282 (100) [C14H24NOSSi]+ , 225 (4), 156 (6),
115 (8), 73 (30); HRMS (EI): calcd for C36H57NO6SSi 659.36759, found
659.3672 (0.4 mmu); elemental analysis calcd (%) for C36H57NO6SSi
(659.99): C 65.51, H 8.71, N 2.12, S 4.86; found: C 63.30, H 9.30, N 2.90,
S 4.33.


Minor isomer 12b : 1H NMR (360 MHz, CDCl3): d=6.92 (s, 1H; H-5’’),
6.45 (s, 1H; H-16), 6.14 (d, 3J=3 Hz, 1H; CH furyl, H-7), 5.88 (d, 3J=
3 Hz, 1H; CH furyl, H-8), 5.33±5.29 (m, 1H; H-12), 4.86 (d, 3J=3.6 Hz,
1H; H-5), 4.12±4.0 (m, 2H; H-14; H-4’), 3.94 (td, 3J=2.8 Hz, 3J=
11.8 Hz, 1H; H-6’), 3.85 (ddd, 2J=11.8 Hz, 3J=5.4 Hz, 3J=1.7 Hz, 1H;
H-6’), 3.41±3.43 (m, 1H; H-4), 3.37 (d, 2J=15.8 Hz, 1H; H-10), 3.23 (d,
2J=15.5 Hz, 1H; H-10), 2.70 (s, 3H; C2’’-CH3), 2.34±2.29 (m, 2H; H-13),
1.98 (d, 4J=1.2 Hz, 3H; C15-CH3), 1,70 (d, 4J=1.1 Hz, 3H; C11-CH3),
1.63±1.59 (m, 1H; H-5’), 1.42 (s, 3H, C2’-CH3), 1.32 (s, 3H; C2’-CH3),
1.31±1.23 (m, 1H, H-5’), 1.11 (d, 3J=6.9 Hz, 3H; C4-CH3), 1.11 (s, 3H;


Chem. Eur. J. 2004, 10, 3217 ± 3224 www.chemeurj.org ¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 3221


Synthesis of Furano-Epothilone D 3217 ± 3224



www.chemeurj.org





H-1), 0.99 (s, 3H; C2-CH3), 0.89 (s, 9H, OSiC(CH3)3), 0.04 (s, 3H),
0.00 ppm (s, 3H; OSi(CH3)2);


13C NMR (90 MHz, CDCl3): d=192.8,
164.5, 153.1, 152.8, 142.3, 132.6, 123.8, 118.8, 115.0, 107.4, 106.1, 98.5,
78.7, 74.1, 68.7, 59.9, 51.6, 44.4, 35.5, 30.9, 29.6, 25.8, 25.2, 23.7, 21.1, 19.1,
18.9, 18.3, 18.2, 13.9, 12.2, �4.6, �4.9 ppm; IR (film): ñmax=3446, 2928,
2855, 2358, 1739, 1698, 1558, 1471, 1372, 1251, 1196, 1161, 1104, 986, 836,
777 cm�1; MS (70 eV, EI): m/z (%): 659 (1) [M]+ , 644 (2), 446 (2), 388
(3), 282 (100) [C14H24NOSSi]+ , 226 (4), 156 (9), 115 (11), 73 (36); HRMS
(EI): calcd for C36H57NO6SSi 659.36759, found 659.3696 (-2 mmu).


(3S,6S,7S,13Z,16S,17E)-1,3,7-Trihydroxy-16-[(tert-butyldimethylsilyl)-
oxy]-4,4,6,13,17-pentamethyl-18-(2-methyl-1,3-thiazol-4-yl)-13,17-hepta-
decadien-furan-5-one (13): PPTS (6.0 mg, 23 mmol, 0.6 equiv) was added
to a solution of aldol product 12a (25 mg, 38 mmol) in MeOH (1 mL).
The mixture was stirred for 22 h at room temperature. Another portion
of PPTS (4.0 mg, 16 mmol, 0.4 equiv) was added and stirring was contin-
ued for 24 h. The solvent was removed in vacuo, and the residue was pu-
rified by flash chromatography (Et2O) to give triol 13 (19.7 mg, 84%) as
a colorless oil.


[a]20D =� 1.1 (c=1, CHCl3);
1H NMR (360 MHz, CDCl3): d=6.92 (s, 1H;


H-5’), 6.40 (s, 1H; H-18), 6.07 (d, 3J=3 Hz, 1H; CH furyl, H-9), 5.86 (d,
3J=3.1 Hz, 1H; CH furyl, H-10), 5.34±5.31 (m, 1H; H-14), 4.78 (d, 3J=
6.3 Hz, 1H; H-7), 4.13±4.1 (m, 1H; H-16), 3.96 (dd, 3J=6.7 Hz, 3J=
2.9 Hz, 1H; H-3), 3.85±3.79 (m; 2H; H-1), 3.46 (qd, 3J=6.9 Hz, 3J=
2.8 Hz; 1H; H-6), 3.37 (d, 2J=15.5 Hz, 1H; H-12), 3.23 (d, 2J=15.1 Hz,
1H; H-12), 2.70 (s, 3H; C2’-CH3), 2.39±2.25 (m, 2H; H-15), 1.96 (d, 4J=
1.1 Hz, 3H; C17-CH3), 1,70 (d, 4J=1.1 Hz, 3H; C13-CH3), 1.63±1.51 (m;
6H; H-2, -OH), 1.21 (d, 3J=6.8 Hz, 3H; C6-CH3), 1.06 (s, 3H; C4-CH3),
0.97 (s, 3H; C4-CH3), 0.88 (s, 9H, OSiC(CH3)3), 0.04 (s, 3H), 0.00 ppm
(s, 3H, OSi(CH3)2);


13C NMR (90 MHz, CDCl3): d=221.3, 165.6, 153.4,
152.5, 152.5, 141.7, 132.6, 123.9, 118.5, 114.8, 107.8, 106.2, 78.7, 76.3, 69.0,
62.0, 52.5, 45.6, 35.6, 32.5, 30.9, 25.8, 23.8, 21.1, 18.9, 18.2, 18.1, 14.0, 13.9,
�4.6, �4.9 ppm; IR (film): ñmax=3388, 2930, 2857, 1693, 1508, 1471, 1387,
1252, 1188, 1072, 1010, 990, 837, 777 cm�1; MS (70 eV, EI): m/z (%): 619
(0.03) [M]+ , 586 (0.02), 545 (0.07) [M�tBu]+ , 501 (0.03), 486 (0.01), 470
(0.12), 446 (0.8), 430 (0.32), 388 (1), 328 (0.32), 314 (0.88), 282 (100)
[C14H24NOSSi]+ , 226 (1), 182 (4), 151 (4), 100 (5), 73 (20); HRMS (EI):
calcd for C33H53NO6SSi 619.3363, found 619.3373 (-1.3 mmu); elemental
analysis calcd (%) for C33H53NO6SSi (619.34): C 63.94, H 8.62, N 2.26, S
5.17; found: C 61.86, H 8.69, N 2.92, S 4.77.


(3S,6S,7S,13Z,16S,17E)-1,3,7,16-Tetra[(tert-butyldimethylsilyl)oxy]-
4,4,6,13,17-pentamethyl-18-(2-methyl-1,3-thiazol-4-yl)-13,17-heptadeca-
dien-furan-5-one (14): 2,6-Lutidine (36 mL, 0.31 mmol, 9.6 equiv) was
added to a solution of triol 13 (20.0 mg, 32 mmol) in CH2Cl2 (1 mL). The
mixture was cooled to �50 8C and TBSOTf (34 mL, 0.15 mmol, 4.8 equiv)
was added. The mixture was stirred for an additional hour. The solvent
was poured directly on the column and the residue was purified by flash
chromatography (pentane/Et2O=20:1). The tetrakis silyl ether 14
(22 mg, 71%) was obtained as a colorless oil.


[a]20D =� 7.9 (c=1, CHCl3);
1H NMR (360 MHz, CDCl3): d=6.91 (s, 1H;


H-5’), 6.46 (s, 1H; H-18), 5.89 (d, 3J=3 Hz, 1H; CH furyl, H-9), 5.76 (d,
3J=3.1 Hz, 1H; CH furyl, H-10), 5.29±5.25 (m, 1H; H-14), 4.6 (d, 3J=
9.6 Hz, 1H; H-7), 4.13±4.10 (m, 1H; H-16), 3.71 (dd, 3J=7.4 Hz, 3J=
2.7 Hz, 1H; H-3), 3.66±3.46 (m; 3H; H-1, H-6), 3.33 (d, 2J=15.5 Hz, 1H;
H-12), 3.20 (d, 2J=15.5 Hz, 1H; H-12), 2.70 (s, 3H; C2’-CH3), 2.35±2.28
(m, 2H; H-15), 1.96 (d, 4J=1.1 Hz, 3H; C17-CH3), 1,65 (d, 4J=1.1 Hz,
3H; C13-CH3), 1.51±1.43 (m; 2H; H-2), 1.17 (d, 3J=6.8 Hz, 3H; C6-
CH3), 1.00 (s, 3H; C4-CH3), 0.88, 0.86, 0.86, 0.82 (4 s, 4î 9H,
OSiC(CH3)3), 0.52 (s, 3H; C4-CH3), 0.04, 0.03, 0.01, 0.01, �0.00, �0.02
(6 s, 6î 3H; OSi(CH3)2), 0.00 ppm (s, 6H; OSi(CH3)2);


13C NMR
(90 MHz, CDCl3): d=217.5, 164.3, 153.1, 153.0, 152.9, 142.9, 132.5, 123.6,
117.5, 114.9, 108.3, 105.8, 78.6, 73.7, 70.4, 61.1, 53.6, 48.1, 38.2, 35.4, 30.9,
26.0, 25.9, 25.8, 25.7, 23.5, 23.0, 19.1, 18.2, 18.2, 18.1, 18.1, 15.6, 14.0, 13.9,
�3.7, �3.9, �4.6, �4.9, �5.1, �5.1, �5.2, �5.2 ppm; IR (film): ñmax=


2930, 2857, 1695, 1472, 1388, 1361, 1256, 1091, 1007, 990, 836, 776 cm�1;
MS (70 eV, EI): m/z (%): 961 (0.03) [M]+, 946 (0.01), 904 (0.02), 829
(0.06), 814 (0.01), 772 (0.01), 723 (0.02), 698 (0.02), 662 (0.03), 647 (0.04),
602 (0.04), 560 (10), 453 (2), 428 (8), 338 (7), 282 (100) [C14H24NOSSi]+ ,
239 (12), 177 (2), 115 (4), 91 (8), 73 (18); HRMS (EI): calcd for
C51H95NO6SSi4 961.5957, found 961.5965 (-0.8 mmu); elemental analysis
calcd (%) for C51H95NO6SSi4 (962.71): C 63.63, H 9.95, N 1.45, S 3.33;
found: C 60.34, H 9.67, N 1.94, S 3.10.


(3S,6S,7S,13Z,16S,17E)-1(Hydroxy)-3,7,16-Tri[(tert-butyl-dimethylsilyl)-
oxy]-4,4,6,13,17-pentamethyl-18-(2-methyl-1,3-thiazol-4-yl)-13,17-hepta-
decadien-furan-5-one (15): Ammonium fluoride (262 mg, 7 mmol,
40 equiv) was added to a solution of the tetrakis silyl ether 14 (170 mg,
0.17 mmol) in MeOH (4.5 mL). The mixture was heated for 1.5 h under
reflux. A second portion of ammonium fluoride (58 mg, 1.6 mmol,
9 equiv) was added, and the solution was heated under reflux for an addi-
tional hour. The solution was filtered, and the residue was washed with
MeOH, CH2Cl2, and diethyl ether. The organic phase was dried over
celite and concentrated in vacuo. Flash chromatography (pentane/Et2O=


5:1) of the residue gave alcohol 15 (108 mg, 73%) as a yellow oil.


[a]20D =� 0.7 (c=1, CHCl3);
1H NMR (360 MHz, CDCl3): d=6.91 (s, 1H;


H-5’), 6.47 (s, 1H; H-18), 5.91 (d, 3J=3 Hz, 1H; CH furyl, H-9), 5.78 (d,
3J=3.1 Hz, 1H; CH furyl, H-10), 5.30±5.27 (m, 1H; H-14), 4.66 (d, 3J=
9.6 Hz, 1H; H-7), 4.14±4.11 (m, 1H; H-16), 3.91 (dd, 3J=6.3 Hz, 3J=
3.8 Hz, 1H; H-3), 3.62±3.59 (m; 2H; H-1), 3.49±3.42 (m; 1H; H-6), 3.34
(d, 2J=15.5 Hz, 1H; H-12), 3.22 (d, 2J=15.5 Hz, 1H; H-12), 2.71 (s, 3H;
C2’-CH3), 2.40±2.28 (m, 2H; H-15), 1.98 (d, 4J=1 Hz, 3H; C17-CH3),
1,66 (d, 4J=0.9 Hz, 3H; C13-CH3), 1.60±1.50 (m; 2H; H-2), 1.20 (d, 3J=
6.8 Hz, 3H; C6-CH3), 1.08 (s, 3H; C4-CH3) , 0.89, 0.86, 0.83 (3 s, 3î 9H,
OSiC(CH3)3), 0.53 (s, 3H; C4-CH3), 0.06, 0.05, 0.00, �0.01 (4 s, 4î 3H;
OSi(CH3)2), 0.01 ppm (s, 6H; OSi(CH3)2);


13C NMR (90 MHz, CDCl3):
d=218.4, 164.3, 153.1, 153.0, 152.9, 142.9, 132.5, 123.7, 118.8, 114.9, 108.5,
105.9, 78.6, 72.7, 70.2, 60.2, 53.6, 48.1, 38.4, 35.4, 30.9, 26.0, 25.8, 25.7,
23.5, 23.0, 19.1, 18.2, 18.1, 16.8, 15.9, 13.9, �3.9, �4.0, �4.6, �4.9, �5.1,
�5.1 ppm; IR (film): ñmax=3412, 2929, 2857, 1694, 1556,1472, 1387, 1361,
1255, 1090, 1010, 990, 836, 776 cm�1; MS (70 eV, EI): m/z (%): 847 (1)
[M]+ , 790 (0.5), 715 (0.5), 658 (1), 560 (1), 526 (0.5), 428 (4), 325 (1), 282
(100) [C14H24NOSSi]+ , 213 (4), 147 (6), 131 (9), 75 (30); HRMS (EI):
calcd for C45H81NO6SSi3 847.5092, found 847.5081 (+1.1 mmu); elemen-
tal analysis calcd (%) for C45H81NO6SSi3 (847.51): C 63.70, H 9.62, N
1.65, S 3.78; found: C 61.49, H 9.74, N 1.84, S 3.38.


(3S,6S,7S,13Z,16S,17E)-3,7,16-Tri[(tert-butyldimethylsilyl)oxy]-
4,4,6,13,17-pentamethyl-18-(2-methyl-1,3-thiazol-4-yl)-13,17-heptadeca-
dien-furan-5-oxoheptanoic acid (16): PDC (3.39 g, 8 mmol, 45 equiv) in
DMF (10 mL) was added to a solution of alcohol 15 (170 mg, 0.2 mmol)
in DMF (3 mL). The reaction mixture was stirred at room temperature
for 19 h. The solution was filtered twice over silica gel (pentane/ether=
4:1). Flash chromatography (pentane/Et2O=4:1) of the residue afforded
acid 16 (138 mg, 80%) as a yellow oil.


[a]20D =� 1.6 (c=1, CHCl3);
1H NMR (360 MHz, CDCl3): d=6.92 (s, 1H;


H-5’), 6.52 (s, 1H; H-18), 5.91 (d, 3J=3 Hz, 1H; CH furyl, H-9), 5.80 (d,
3J=3 Hz, 1H; CH furyl, H-10), 5.29±5.28 (m, 1H; H-14), 4.65 (d, 3J=
9.6 Hz, 1H; H-7), 4.25 (dd, 3J=5.6 Hz, 3J=4.1 Hz, 1H; H-3), 4.16±4.13
(m, 1H; H-16), 3.50±3.42 (m; 1H; H-6), 3.31 (d, 2J=15.5 Hz, 1H; H-12),
3.22 (d, 2J=15.3 Hz, 1H; H-12), 2.73 (s, 3H; C2’-CH3), 2.45±2.25 (m, 4H;
H-2, H-15), 1.96 (d, 4J=1 Hz, 3H; C17-CH3), 1,66 (d, 4J=0.9 Hz, 3H;
C13-CH3), 1.20 (d, 3J=6.7 Hz, 3H; C6-CH3), 1.00 (s, 3H; C4-CH3) , 0.89,
0.85, 0.83 (3 s, 3î 9H, OSiC(CH3)3), 0.63 (s, 3H; C4-CH3), 0.06, 0.03,
0.02, 0.00, �0.00, �0.1 ppm (6 s, 6î 3H; OSi(CH3)2);


13C NMR (90 MHz,
CDCl3): d=216.8, 174.9, 165.2, 153.1, 153.0, 153.0, 143.1, 132.6, 123.7,
118.4, 114.7, 108.3, 106.0, 78.6, 73.3, 70.5, 53.6, 48.2, 39.9, 35.5, 30.9, 25.9,
25.8, 25.7, 23.5, 21.5, 18.8, 18.4, 18.2, 16.1, 14.0, �4.0, �4.6, �4.9, �5.0,
�5.1 ppm; IR (film): ñmax=3285, 2930, 2857, 1717, 1694, 1505,1472, 1388,
1361, 1255, 1090, 992, 837, 777 cm�1; MS (70 eV, EI): m/z (%): 861 (1)
[M]+ , 804 (1), 729 (1), 672 (2), 560 (2) , 428 (4), 282 (100)
[C14H24NOSSi]+ , 232 (4), 177 (4), 147 (12), 115 (7), 73 (17); HRMS (EI):
calcd for C45H79NO7SSi3 861.4885, found 861.4875 (+1 mmu); elemental
analysis calcd (%) for C45H79NO7SSi3 (861.48): C 62.67, H 9.23, N 1.62,
S3.72; found: C 60.00, H 9.02, N 3.92, S 3.07.


(3S,6S,7S,13Z,16S,17E)-3,7,16-Trihydroxy-4,4,6,13,17-pentamethyl-18-
(2-methyl-1,3-thiazol-4-yl)-13,17-heptadecadien-furan-5-oxoheptanoic
acid (17): A solution of trisilylether 16 (16 mg, 0.018 mmol) in MeCN/
Et2O (1:1, 2 mL) at 0 8C was treated with aqueous hydrofluoric acid
(280 mL, 40%), ground glass splinters, and the mixture was stirred for
48 h at room temperature. The mixture was then filtered through celite
and the residue washed with MeCN. The reaction mixture was concen-
trated in vacuo to a small volume, and the crude product was purified by
preparative thin-layer chromatography (reverse phase silica gel RP 18,
2% MeOH in CH2Cl2) to afford pure trihydroxy acid 17 (4.4 mg, 47%;
2.4 mg, 25%, ratio 2:1) as a yellow oil.


¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2004, 10, 3217 ± 32243222


FULL PAPER D. Schinzer et al.



www.chemeurj.org





Major isomer 17a : [a]20D =�38 (c=0.1, CHCl3);
1H NMR (360 MHz,


CDCl3): d=6.99 (s, 1H; H-5’), 6.86 (s, 1H; H-18), 6.25 (d, 3J=3.1 Hz,
1H; CH furyl, H-9), 6.08 (d, 3J=3.1 Hz, 1H; CH furyl, H-10), 5.29±5.28
(m, 1H; H-14), 4.36 (d, 3J=11.3 Hz, 1H; H-7), 4.28±4.19 (m, 1H; H-16),
4.07 (dd, 3J=10.0 Hz, 3J=2.1 Hz, 1H; H-3), 3.45 (d, 2J=15.0 Hz, 1H; H-
12), 3.27 (d, 2J=15 Hz, 1H; H-12), 3.03±2.99 (m; 1H; H-6), 2.74 (s, 3H;
C2’-CH3), 2.62±2.36 (m, 4H; H-2, H-15), 1.97 (s, 3H; C17-CH3), 1,70 (s,
3H; C13-CH3), 1.20 (s, 3H; C4-CH3), 1.08 (s, 3H; C4-CH3), 0.96 ppm (d,
3J=6.6 Hz, 3H; C6-CH3);


13C NMR (90 MHz, CDCl3): d=216.8, 173.1,
166.2, 152.9, 152.0, 142.8, 135.2, 122.4, 117.0, 114.0, 108.3, 107.4, 80.5,
77.9, 75.7, 48.6, 43.7, 35.8, 34.5, 30.9, 23.6, 19.6, 19.4, 18.1, 16.0, 10.5 ppm;
IR (film): ñmax=3121, 2967, 1715, 1556, 1465, 1376, 1247, 1191, 1063,
1014, 909, 793, 732 cm�1; MS (70 eV, EI): m/z (%): 501 (4) [M�H2O]+ ,
483 (5), 413 (1), 375 (1), 342 (2) , 334 (5), 256 (8), 204 (8), 175 (86), 168
(100), 140 (10), 113 (12), 97 (10); HRMS (EI): calcd for C27H37NO7S
519.2290, found 501.2185 (�H2O) (+ 0.1 mmu).


Minor isomer 17b : [a]20D =�18 (c=0.1, CHCl3);
1H NMR (360 MHz,


CDCl3): d=6.98 (s, 1H; H-5’), 6.69 (s, 1H; H-18), 6.04 (d, 3J=3.1 Hz,
1H; CH furyl, H-9), 5.97 (d, 3J=3.1 Hz, 1H; CH furyl, H-10), 5.41±5.35
(m, 1H; H-14), 5.23 (d, 3J=7.2 Hz, 1H; H-7), 4.28±4.25 (m, 1H; H-16),
4.00 (dd, 3J=10.1 Hz, 3J=2.1 Hz, 1H; H-3), 3.35 (s, 2H; H-12), 3.33±3.31
(m; 1H; H-6), 2.71 (s, 3H; C2’-CH3), 2.60±2.54 (m, 1H; H-2), 2.40±2.36
(m, 3H, H-2, H-15), 1.98 (s, 3H; C17-CH3), 1,76 (s, 3H; C13-CH3), 1.20
(s, 3H; C4-CH3), 1.04 (s, 3H; C4-CH3), 0.99 ppm (d, 3J=6.8 Hz, 3H; C6-
CH3);


13C NMR (90 MHz, CDCl3): d=212.2, 173.0, 166.0, 154.0, 148.0,
143.0, 134.6, 122.9, 118.1, 115.0, 112.0, 106.2, 77.9, 74.9, 74.5, 49.9, 42.9,
35.9, 34.1, 31.0, 24.2, 20.7, 19.4, 18.1, 14.7, 10.3; IR (film): ñmax=3405,
2926, 1715, 1549, 1510, 1459, 1378, 1143, 913, 840, 796, 733 cm�1; MS
(70 eV, EI): m/z (%): 501 (3) [M�H2O]+ , 483 (13), 448 (4), 412 (2), 375
(2), 342 (4) , 334 (7), 324 (10), 282 (5), 256 (9), 233 (13), 204 (16), 185
(18), 175 (76), 168 (100), 147 (42), 97 (22); HRMS (EI): calcd for
C27H37NO7S 519.2290, found 501.2188 (�H2O) (�0.3 mmu).


(3S,6S,7S,13Z,16S,17E)-3,7-Dihydroxy-4,4,6,13-tetramethyl-17-[methyl-
(2-methyl-1,3-thiazol-4-yl)-vinyl]-11,16-dioxa-bicyclo[13.2.1]octadeca-
8,10,13-trien-1,5-dione (18): A solution of trihydroxy acid 17a (4.1 mg,
7.8 mmol) in THF (0.5 mL) at 0 8C was treated with Et3N (7 mL, 47 mmol,
6.0 equiv) and 2,4,6-trichlorobenzoyl chloride (6 mL, 39 mmol, 5.0 equiv).
The reaction mixture was stirred at 0 8C for 15 min and then added by sy-
ringe pump over a period of 1 h to a solution of 4-DMAP (9.6 mg, 78
mmol, 10 equiv) in toluene (8 mL) at 25 8C. The reaction mixture was stir-
red for 1 h, concentrated in vacuo to a small volume and filtered through
silica gel. The residue was washed with ether and the resulting solution
was concentrated to a small volume. The crude product was purified by
preparative thin-layer chromatography (reverse phase silica gel RP 18,
2% MeOH in CH2Cl2) to afford pure furano-epothilone 18a (2 mg,
51%).


Major isomer 18a : [a]20D =�24 (c=0.15, CHCl3);
1H NMR (360 MHz,


C6D6): d=7.02 (s, 1H; H-18), 6.60 (s, 1H; H-5×), 6.04 (m, 1H; H-16),
5.87 (d, 3J=3.1 Hz, 1H; CH furyl, H-9), 5.76 (d, 3J=3.0 Hz, 1H; CH
furyl, H-10), 5.44 (m, 1H; H-14), 4.06 (d, 3J=11.2 Hz, 1H; H-7), 3.89
(dd, 3J=11.2 Hz, 3J=2.3 Hz, 1H; H-3), 3.43 (d, 2J=14.5 Hz, 1H; H-12),
3.20 (m, 1H, H-15), 2.60 (d, 2J=14.9 Hz, 1H; H-12), 2.63±2.56 (m; 2H;
H-6, H-15), 2.38±2.33 (m, 1H; H-2), 2.27 (s, 3H; C2’-CH3), 2.19 (s, 3H;
C17-CH3), 1.93 (dd, 3J=12.2 Hz, 3J=2.47 Hz, 1H, H-2), 1,37 (s, 3H;
C13-CH3), 1.05 (d, 3J=6.6 Hz, 3H; C6-CH3), 0.87 (s, 3H; C4-CH3),
0.66 ppm (s, 3H; C4-CH3);


13C NMR (90 MHz, CDCl3): d=209.3, 171.2,
164.3, 153.8, 153.5, 152.4, 136.6, 133.4, 120.9, 119.6, 116.2, 106.2, 105.7,
81.6, 78.0, 76.7, 48.7, 43.0, 36.1, 32.0, 29.8, 24.1, 19.2, 19.1, 18.9, 16.0,
10.7 ppm; IR (film): ñmax=3416, 2864, 1731, 1452, 1373, 1257, 1184, 1131,
1094, 1010, 796 cm�1; MS (70 eV, EI): m/z (%): 483 (100) [M�H2O]+ ,
439 (9), 396 (4), 354 (2), 324 (60); HRMS (EI): calcd for C27H35NO6S
501,2185, found 483.2079 (�H2O) (�0.3 mmu).


Minor isomer 18b : [a]20D =�33 (c=0.06, CHCl3);
1H NMR (360 MHz,


C6D6): d=6.92 (s, 1H; H-18), 6.59 (s, 1H; H-5×), 6.09 (d, 3J=3.3 Hz, 1H;
CH furyl, H-9), 5.66 (d, 3J=3.0 Hz, 1H; CH furyl, H-10), 5.42±5.38 (m,
1H; H-16), 5.11±5.07 (m, 1H; H-14), 4.96 (d, 3J=6.5 Hz, 1H; H-7), 3.74
(dd, 3J=9.8 Hz, 3J=2.7 Hz, 1H; H-3), 3.45 (d, 2J=14.5 Hz, 1H; H-12),
3.19±3.09 (m, 1H, H-15), 2.86±2.81 (m; 1H; H-6), 2.50 (d, 2J=15.1 Hz,
1H; H-12), 2.56±2.48 (m, 1H; H-2), 2.41 (s, 3H; C17-CH3), 2.28 (s, 3H;
C2×-CH3), 2.21±2.15 (m, 1H, H-2), 2.13±2.10 (m, 1H, H-15), 1,60 (s, 3H;
C13-CH3), 0.99 (d, 3J=6.9 Hz, 3H; C6-CH3), 0.71 (s, 3H; C4-CH3),


0.69 ppm (s, 3H; C4-CH3);
13C NMR (90 MHz, CDCl3): d=211.2, 163.7,


139.5, 131.4, 127.9, 124.1, 120.1, 80.6, 75.8, 74.1, 48.3, 43.5, 24.4, 20.9, 19.6,
19.3, 16.6, 12.7 ppm; MS (70 eV, EI): m/z (%): 483 (100) [M�H2O]+ , 468
(5), 396 (5), 342 (7), 324 (41), 277 (6), 256 (11), 219 (12), 204 (29);
HRMS (EI): calcd for C27H35NO6S 501,2185, found 483.2079 (�H2O) (0.0
mmu).


Tubulin polymerization assay : The samples were prepared directly in
1.5 mL optical glass cuvettes at 0 8C which contained aqueous ™Mes
buffer∫ [0.900 mL (0.1m 2-(morpholino)ethanesulfonic acid (MES), 1mm


ethyleneglycol-bis-(b-aminoethylether)-N,N,N’,N’-tetraacetic acid
(EGTA) 0.5 mm MgCl2, pH 6.6)], guanosine 5’-triphosphate (GTP;
10 mL, 100mm in double distilled water), and tubulin (100 mL, 8±
10 mgmL�1 in aqueous ™Mes buffer∫). The cuvettes were thoroughly agi-
tated and immediately placed in a Cary 300 Bio spectrophotometer
(Varian), preheated at 37 8C, alongside a blank sample containing aque-
ous ™Mes buffer∫ (0.990 mL) and GTP (10 mL, 100mm in double distilled
water) and the absorbance at l 350 nm was recorded. When the absorb-
ance reached a plateau (after 15 min), CaCl2 (10 mL, 400mm in double
distilled water) was added to each cuvette. After another 15 min, a mini-
mum absorbance was reached and the candidate drug in DMSO (2.5mm)
was added to the cuvettes in portions every 15 min and thoroughly
shaken to give final concentrations of 0.5, 1.0, 2.0, 5.0, 10, and 20mm, re-
spectively (final concentrations of the candidate drug in the assay). The
results were compared to the untreated control (using the same quanti-
ties of DMSO without the candidate drug) to assess the relative change
in absorbance due to microtubule assembly. The results are presented as
ED50 and ED90 which correspond to the dosage of candidate drug re-
quired to induce 50% and 90% microtubule assembly.
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Odd±Even Chain Length-Dependent Order in pH-Switchable Self-
Assembled Layers


Frank Auer,[c] Gabriele Nelles,[d] and Bˆrje Sellergren*[a, b]


Introduction


By the use of molecular design and modeling it is possible
to program the assembly of molecules into ordered supra-
molecular structures with novel shapes, properties, and
useful functions.[1±5] This spontaneous assembly is often
driven by a limited number of individually weak, noncova-
lent interactions that, when accumulated, can provide signif-
icant stability to the final aggregate. Owing to the reversibil-
ity of the intermolecular association, these systems are often
self-correcting,[6] thus leading to the formation of large
defect-free structures that can be destabilized by changing
the external conditions, a property of interest, for instance,
in the design of devices with switchable or stimuli-respon-
sive functions.[7,8] Ordered multimolecular assemblies that
can be repeatedly formed and destabilized on a practical
timescale have been reported only rarely in the literature.[8,9]


Recently, we showed that bola-amphiphiles of the type a,w-
bis(4-amidinophenoxy)alkanes assemble spontaneously and
rapidly on SAMs of mercaptoalkanoic acids on gold or on
pure gold substrates (Scheme 1).[9] Conditions could be
found that allow repeated assembly±test±disassembly cycles
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Abstract: The reversible self-assembly
of a series of bipolar amphiphiles, a,w-
bis(3- or 4-amidinophenoxy)alkanes
(chain length n = 5±12), on mercap-
toalkanoic acid-functionalized gold sur-
faces (chain length n = 10, 11, 14, 15)
has been studied by in-situ ellipsome-
try, IR reflection absorption spectro-
scopy (IRAS), and atomic force micro-
scopy (AFM). The layer order, amphi-
phile orientation, and tendency to form
bilayers depends on the position of the
amidine substituent, the alkyl chain
length of both the amidine amphiphile
and the underlying acid self-assembled
monolayer (SAM), and whether the
amidine alkyl chain contained an even
or odd number of methylene groups.
Thus, para-substituted bisbenzamidines


containing more than six methylene
groups (n>6) and with an odd number
(n = 7, 9, 11) tended to form bilayered
structures, whereas those containing an
even number formed monolayers when
adsorbed on SAMs of the long-chain
acids (n = 14, 15). This behavior also
correlated with the average tilt angle
of the benzene moieties of the amphi-
philes, as estimated by IRAS. The odd-
numbered chains gave lower tilt angles
than the even-numbered ones, and a
possible model that accounts for these
results is proposed. IRAS also revealed


a higher order of the odd-numbered
chains and an increasing hydrogen-
bonding contribution with increasing
chain length. Additional evidence for
the proposed bilayered assemblies and
their reversibility was obtained by
AFM. Images obtained from the as-
sembly of decamidine on a SAM of
mercaptohexadecanoic acid in a pH 9
borate buffer revealed domains of simi-
lar size to that of the underlying acid
SAM (20±30 nm), but less densely
packed. By acidifying the solution, the
second layer was destabilized and a
very smooth layer with few defects ap-
peared. Further acidification to pH 3
also destabilized the first layer.


Keywords: benzamidines ¥ bola-
amphiphiles ¥ layered compounds ¥
odd±even effect ¥ self-assembly
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of the layer structure. This restorable substrate concept was
demonstrated for the detection of single mismatches in
DNA hybridization experiments[10] for selective detection of
phosphate-containing biomolecules,[11] for the charge-selec-
tive adsorption of plasma proteins,[9] and for the rapid for-
mation of dense layers of gold nanoparticles.[12] After the
™sensing∫ or adsorption event, the layers could be destabi-
lized and the substrate restored. This allows the use of one
single substrate for numerous measurements[13] or the rapid
optimization of surface chemical properties for a given ap-
plication.
In our previous work, we determined a critical chain


length for the bola-amphiphiles of seven methylene groups
for the formation of a layer that is stable to rinsing and dis-
placement reactions (e.g. stable in the presence of plasma
proteins). Above this critical chain length, the layers exhibit-
ed high order and, in some cases, crystallinity. It was also
found that the longer bisbenzamidines tended to form bilay-
ered structures.
To obtain a better understanding of the structure-directing


factors of the system, we have synthesized a large range of
homologous para- or meta-substituted bisbenzamidine am-
phiphiles, and have probed their interactions with self-as-
sembled monolayers of homologous mercaptoalkanoic acids.
We show that the structure, order, and stability of these as-
semblies are very sensitive towards the amidine substitution
pattern and whether an even or odd number of carbons
have been used in either layer of the assembly
(Scheme 1).[14,15] Variation of just these parameters provides


an effective control over the tilt angles of the bisbenzami-
dine layers and whether mono- or bilayered structures are
formed on the modified gold surface.


Results and Discussion


The order and headgroup orientation of SAMs of mercap-
toalkanoic acids on gold are strongly dependent on the alkyl
group chain length[15] and the preparation technique.[16] In
this study, we have compared SAMs of odd- and even-num-
bered acids (Scheme 1) that are expected to exhibit a lower
liquid-like order (m = 10, 11) or a high crystalline-like
order (m = 14, 15).[16,17] The successful formation of these
monolayers was supported by results obtained from ellips-
ometry, neutron reflectivity, AFM, and IRAS (Table 1 and
Figure 1). Thus, three independent techniques to measure
film thickness gave similar results that supported a monolay-
er structure containing all-trans alkyl chains with a tilt angle
of �308 relative to the surface normal (see Table 1). The


Scheme 1. Assembly of bola-amphiphiles of the type a,w-bis(4-amidino-
phenoxy)alkanes on SAMs of mercaptoalkanoic acids on gold.


Table 1. Layer thicknesses estimated by ellipsometry,[a] neutron reflectiv-
ity, and AFM of the SAMs of mercaptoalkanoic acids on gold that were
used in the experiments.


Mercapto- -(CH2)n-, Layer thickness Layer thick- Molecular
alkanoic acid n = from ellipso- ness from length [ä]


metry [ä] neutron re-
flectivity [ä]


MUA 10 13�1 16 17
MDA 11 14�2 [b] 18
MPA 14 17�2 [b] 21
MHA[c] 15 21�3 26 22


[a] Ellipsometry was performed on dry surfaces in air and the thickness
was calculated assuming a layer refractive index of 1.45. The neutron re-
flectivity was measured in D2O as previously described[9] with a specially
designed cuvette. The molecular length was estimated assuming an ex-
tended conformation of all-trans alkyl chains. [b] Not recorded. [c] AFM
revealed an interdomain peak-to-valley height of maximum 19 ä.


Figure 1. High-frequency region of the baseline-corrected IR reflection±
absorption spectra (IRAS) of SAMs of the mercaptoalkanoic acids MUA
(m = 10), MDA (m = 11), MPA (m = 14), and MHA (m = 15) on
gold. The band positions are indicated for the C±H stretch (asym)
(2919 cm�1) and C±H stretch (sym) (2850 cm�1) corresponding to highly
ordered alkyl chains.
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position of the C±H asymmetric stretch vibration (Figure 1)
above 2920 cm�1 for MUA and MDA confirmed the poorer
order of these monolayers in contrast to the more ordered
SAMs of MPA and MHA that exhibited a C±H stretch
below 2920 cm�1.


Characterization by in situ ellipsometry : The adsorption of
the bola-amphiphiles on these substrates was then studied.
Figure 2 shows the average film thickness during adsorption


of bisbenzamidines on a SAM of mercaptohexadecanoic
acid (MHA, m = 15) on gold, monitored by in-situ ellips-
ometry. Figure 3 shows the film thicknesses obtained after
rinsing with a buffer solution.
The adsorption kinetics (Figure 2) and the thickness of


the resulting layers (Figure 3) depended on the size and
structure of the amidines, as well as on the structure and
order of the underlying acid monolayer.
Thus, the longer chain para-substituted amidines tended


to adsorb in two distinct steps (Figure 2A), a rapid initial
step to reach thicknesses between 20 ä and 30 ä followed
by one slower step with the final thickness leveling off at
�50 ä. The meta-substituted counterparts, however, adsorbed


in one single step with the final thickness leveling off be-
tween 30 ä and 40 ä (Figure 2B). Furthermore, the para-
substituted bisbenzamidines with alkyl chains containing
�7 methylene groups form layers with thicknesses exceeding
the molecular length of the amphiphiles on all acid SAMs
(Figure 3A), the meta-substituted ones do so only on the
most ordered acid monolayers and for longer chain amidines
(Figure 3B). This difference in the behavior may be caused
by the conformational ambiguity introduced by the meta-
substitution with structures featuring the amidine groups in
a syn or anti arrangement. For instance, bisbenzamidines
with a syn conformation may prefer a flat orientation allow-
ing two headgroup interactions with the surface carboxyl
groups. The corresponding layers should be thin and their
thickness should strongly depend on the orientation of the
carboxylic acid headgroup (note the different thicknesses of
the layers formed on the SAMs of MHA and MPA in Fig-
ure 3B). The IR band positions of the C±H asymmetric vi-


Figure 2. Film thickness, estimated by in situ ellipsometry, versus time
during adsorption of A) para- or B) meta-substituted bisbenzamidines of
various chains lengths (n) on a SAM of MHA on gold. The experiment
was carried out by adding 40 mL of the bisbenzamidine stock solution
(2.5 mm) to the substrate immersed in a stirred solution of borate buffer
(2 mL, 0.01m) at pH 9 and at 25 8C, as described in the Experimental Sec-
tion. A film refractive index of 1.45 was assumed in all calculations of the
film thickness.


Figure 3. Plot of the film thickness, estimated by in situ ellipsometry,
versus number of methylene groups (n) for A) the para-substituted, and
B) meta-substituted bisbenzamidines adsorbed on SAMs of mercaptoun-
decanoic acid (MUA) (&), mercaptopentadecanoic acid (MPA) (~) or
mercaptohexadecanoic acid (MHA) (*) on gold. The experiments were
performed as described in the Experimental Section. After the adsorp-
tion was complete, the surface was rinsed with pH 9 buffer to give stable
values of D and Y from which the film thickness was calculated. The sur-
face was regenerated by acidifying the solution to pH 2±3 with 0.1m HCl,
and it was then reused. The coefficient of variation of the ellipsometric
thicknesses based on more than two replicate experiments with the same
substrate is indicated. The dotted line represents the theoretical thickness
expected for a densely packed layer of molecules oriented perpendicular-
ly to the surface.
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bration and the band widths in
the low frequency region con-
firmed that most of the layers
formed from the meta-substitut-
ed amidines were less ordered
compared to their para-substi-
tuted counterparts (see the Sup-
porting Information).
More subtle effects are seen


when comparing the ellipsomet-
ric thicknesses for the para-sub-
stituted bisbenzamidines adsor-
bed on the different acid mono-
layers (Figure 3A). On the least
ordered SAM (MUA), the
thickness increases continuously
with increasing amphiphile
chain length. Thus, for n = 7,
the thickness corresponds to a
monolayer of molecules orient-
ed with their alkyl chains nearly
perpendicular to the surface,
whereas an increasing tendency
for bilayer formation is seen
with increasing chain length.[9]


This contrasts with the behavior on the more ordered SAMs
of MPA and MHA. Here, the thickness after rinsing varies
periodically with the number of methylene groups of the
alkyl chain. For the amphiphiles with chains containing an
odd number of methylene groups, thicknesses corresponding
roughly to double layers are observed, whereas the even-
numbered amphiphiles give layer thicknesses that more
closely resemble monolayers. It is probable that the ordered
SAMs provide the preorganization necessary to amplify the
different tendency of odd- and even-numbered amphiphiles
to form ordered layers. In view of the similar curves ob-
tained on the MPA and MHA SAMs, the influence of odd-
or even-numbered mercaptoalkanoic acids on the order and
stability of the amidine layers seems to be weak; however,
the IRAS results (vide infra) lead to a somewhat different
conclusion.


Characterization by IRAS : To obtain further insight into the
origin of the thickness effects, IRAS was used to charac-
terize the complete set of para-substituted amidines ad-
sorbed on the SAMs of MUA (the least ordered SAM)
and MHA (the most ordered SAM). In the absence of ob-
vious odd±even effects resulting from the acid SAMs, only
a few of the amidines were characterized after adsorp-
tion onto the SAMs of MDA and MPA. All spectra were
compared with the transmission-mode spectra of the cor-
responding bulk samples in order to draw conclusions
concerning order and orientation of the amphiphile mole-
cules.
As an example, Figure 4 shows the spectrum of a dodeca-


midine (DODAM)-modified SAM of MPA on gold together
with the transmission spectrum of the crystalline dodecami-
dine hydrochloride salt. Inspection of the spectrum of the
modified SAM leads to identification of all significant peaks


present in the transmission spectrum, which is evidence for
the presence of the amidine on the acid monolayer.[18] Com-
pared to the transmission spectrum, however, the layer spec-
trum exhibits different relative band intensities and band
widths that provide information on the order and orienta-
tion of the bisbenzamidine molecules. The strong increase in
the N±H stretch band intensity at 3089 cm�1 indicates strong
hydrogen bonding between the bisbenzamidine headgroups
and the carboxylic acid groups of the SAM and possibly be-
tween two layers of the bisbenzamidine held together by
amidine±amidine cyclic hydrogen bonds.[19] This is further
supported by the low frequency of the amidine N-C-N asym-
metric stretch (1650 cm�1).
The bands at 2918 cm�1 and 2850 cm�1, corresponding to


the CH2 stretch vibration as well as the general appearance
of very sharp bands in the low-frequency region of the spec-
trum support the presence of a highly ordered assembly.[20]


Important structural information is also obtained from the
intensities of the (C=C)1,4 stretch at 1607 cm�1 and the C-O-
C asymmetric stretch at 1261 cm�1 that have transition
dipole vectors oriented along the 1,4-axis of the benzene
ring and the longitudinal axis of the alkyl chain, respectively,
relative to the intensities of the aromatic C±H out-of-plane
bending mode at 841 cm�1 and the amidine N-C-N asymmet-
ric stretch at 1650 cm�1, that have transition dipole vectors
perpendicular to the 1,4-axis. The pronounced increase of
the former and the concomitant decrease of the latter quali-
tatively indicate a near upright position of the layer amphi-
philes. The above evaluation criteria will be used below for
the homologous series of amidines adsorbed onto the four
different SAMs.
The spectra of the complete set of para-substituted bis-


benzamidines adsorbed on SAMs of MUA are shown in
Figure 5.


Figure 4. Upper spectrum: baseline-corrected IR reflection±absorption (IRAS) spectrum of para-dodecami-
dine adsorbed on a SAM of MPA followed by rinsing with pH 9 buffer, as described in Figure 2. Lower spec-
trum: transmission IR spectrum (KBr) of dodecamidine hydrochloride. The following peak assignments were
made for the upper spectrum: 3312 cm�1 NH2, N±H stretch (asym); 3089 cm�1 NH2, N±H stretch (sym) and =


NH, N±H stretch; 2939 cm�1 a,w-CH2, C±H stretch (asym); 2918 cm�1 CH2, C±H stretch (asym); 2861 cm�1


a,w-CH2, C±H stretch (sym); 2850 cm�1 CH2, C±H stretch (sym); 1650 cm�1 amidinium ion, N-C=N stretch
(asym); 1607 cm�1 and 1517 cm�1 Ph C=C stretch (k1,4 axis); 1261 cm�1 C-O-C stretch (asym); 841 cm�1 Ph
C±H stretch (out of plane).
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In the high-frequency region, the CH2 stretch vibrations
move to lower frequencies with increasing chain length, in-
dicating an increase in the layer order. For the longer chain
amidines (n>7), a weak odd±even dependent position of
the bands is seen. Thus bisbenzamidines with odd-numbered
chains exhibit bands at slightly lower frequencies than those
with even-numbered chains. This is in agreement with their
tendency to form bilayered structures (Figure 3), confirming
our previous observations of a direct correlation between
layer order and the tendency for multilayer buildup. On
SAMs of MHA, the layers appear to be more ordered (posi-
tions below 2920 cm�1) and a more pronounced difference
between the CH2 asymmetric stretch positions of the odd-
and even-numbered chains is seen (Figure 6A). Here, there
is a shift to higher freqencies for the longer chain amidines,
possibly originating from a less-ordered second layer.
In the low-frequency region of the MUA system, the in-


tensity of the benzene 1,4-vibrations at 1614 and 1494 cm�1


and the C-O-C asymmetric stretch at 1267 cm�1 increased
with n and leveled off at n = 9 (see also Figure 6B). This
curve correlates approximately with the thicknesses ob-
tained by ellipsometry (Figure 3), indicating incomplete
monolayer formation for n<7. The presence of a band
above 1700 cm�1 in the spectra of the shorter chain amphi-
phile layers supports this observation (Table 2). This is as-
signed to the C=O stretch vibration of neutral carboxylic


acid headgroups and is absent in the most dense and or-
dered layers.
A closer inspection of the spectral data provides more de-


tailed structural information (Figures 6 and 7). Figure 6B
shows the absorbance of the benzene (C=C)1,4 stretch vibra-
tion versus n for the four different mercaptoalkanoic acid
SAMs. With reservation for large differences in the tilt
angle of the benzene group between the different layers, it
can be assumed that the intensity approximately correlates
with the density of adsorbed amphiphiles. Based on this as-
sumption, the SAM of the even-numbered acid MDA,
which shows the weakest absorbances, is the poorest sub-
strate for layer formation. This contrasts with the SAM of
the nearest odd-numbered homologue MUA, which exhibits


Figure 5. Baseline-corrected IRAS spectra in the A) high-frequency
region and B) low-frequency region of SAMs of MUA, modified with
para-substituted bisbenzamidines, followed by rinsing with pH 9 buffer,
as described in the Experimental Section. The approximate band posi-
tions for alkanes exhibiting highly ordered crystalline structures are indi-
cated in (A) and the bands used in the characterization with arrows in
(B). See Figure 4 for assignments.


Figure 6. Position (A) and absorbance (B, C) of the bands corresponding
to A) the CH2, C±H stretch (asym), B) the benzene C=C stretch (k1,4
axis), and C) the amidinium ion, N-C=N stretch (asym) of para-substitut-
ed bisbenzamidines adsorbed on SAMs of MUA (^), MDA (*), MPA
(~) and MHA (&).
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a curve overlapping with the curve obtained for the SAM of
the longer chain acid MHA. The most dense layers, which
probably indicate bilayer formation, are observed for the
SAM of the odd-numbered acid MPA. Despite the similar
thicknesses measured on the MPA and MHA SAMs (Fig-
ure 3A), the layers on the odd-numbered acids appear to be
more stable than those on the even-numbered acids, when
comparing close homologues. This is in agreement with the
extent of nondissociated carboxylic acid groups indicated in
the band above 1700 cm�1 (vide supra). As can be seen in
Table 2, this band appears in all spectra containing the SAM
of MDA, but in only one (n = 5) containing the SAM of
MPA.
Focusing on the SAMs of MUA and MHA, in those cases


in which layers of the complete set of amidines were investi-
gated, additional bisbenzamidine odd±even effects are seen
in the low frequency region (Figure 6C, Figure 7).
Figure 6C shows the absorbance of the amidine I band


corresponding in position mainly to the amidine N-C-N
asymmetric stretch (�1640 cm�1),[19] thus with a transition


dipole that is oriented perpen-
dicular to the 1,4-axis of the
benzene ring. Above n = 7, the
MUA systems exhibit a smooth
increase in absorbance here,
whereas a pronounced odd±
even periodic change in absorb-
ance is seen for the MPA and
MHA systems. This agrees with
the odd±even-dependent thick-
nesses observed for the latter
systems and the absence of the
same for the MUA system. In
contrast to the similarities be-
tween the MUA and MHA sys-


tems observed in Figure 6B, these results again indicate that
the longer chain acids promote the formation of bisbenzami-
dine layers with higher structural order than the shorter
chain acids. The structural implications of the periodic
changes are more difficult to extract. Assuming the amidine
plane to be nearly coplanar with the benzene ring,[21] it can
be used as a probe for the rotational angle of the benzene
group (Figure 8C). For a given tilt angle of the benzene 1,4-
axis relative to the surface, maximum intensity of this band
would be seen for benzamidines with a rotational angle Y of
908, whereas no band would be seen for Y = 08. The C±H
out-of-plane vibration should be weak in the former case,
and strong in the latter. This is reflected by the average tilt
angle (q) of the benzene group relative to the surface per-
pendicular (Figure 7). As previously shown, this can be esti-
mated from the intensity of the in-plane (C=C)1,4 stretch at
�1613 cm�1 relative to the intensity of the C±H out-of-
plane bending mode at �843 cm�1, normalized to the bulk
transmission spectra. Also, this property features an odd±
even dependence on the number of methylene groups in the
alkyl chain (Figure 7). As expected, the least densely packed
layers (n<7) exhibit the highest tilt angles and, for n<11,
the odd-numbered amphiphiles exhibit lower tilts than the
even-numbered ones with the most pronounced differences
seen for the MUA system. At least for the MPA and MHA
systems, this agrees with the intensity variation of the N-C-
N vibration (Figure 6C). Thus, the odd amidines exhibiting
the lowest tilt angles also exhibit more intense amidine
bands. On the basis of these spectral details, the structure of
a layer of octamidine (OAM) and nonamidine (NON) as-
sembled on this SAM has been modeled (Figure 8). We an-
ticipated that these models would provide a better under-
standing of the origin of the observed odd±even preference
for bilayer formation. It is possible that the more tilted ar-
rangement of the headgroups in NON leads to a more
stable p-stacking arrangement, which may allow further lat-
eral hydrogen-bond stabilization between the amidine
groups. The enhanced order of the first layer headgroups
would imply the facilitated formation of a second layer
(vide supra).


Characterization by AFM : The thickness information ob-
tained from laterally averaging methods, such as ellipsome-
try, precludes discrimination between loosely packed or de-


Table 2. IR band positions and absorbance (î104) corresponding to the C=O stretch of the SAM substrate
after adsorption of para-substituted bisbenzamidines to SAMs of MUA, MDA, MPA, or MHA on gold. The
number of methylene groups in the mesogenic part of the amphiphile is indicated.


-(CH2)n-, n = MUA MDA MPA MHA
cm�1 Abs. cm�1 Abs. cm�1 Abs. cm�1 Abs.


5 1743 3.2 1740 6.1 1740 1.7 1735 4.5
6 1766 6.3 [a] ± [a] ± 1754 3.6
7 ± ± [a] ± [a] ± 1759 2.9
8 1719 8.0 1739 7.3 ± ± 1738 1.5
9 ± ± [a] ± ± ± ± ±
10 ± ± 1739 7.0 ± ± 1738 2.1
11 ± ± [a] ± [a] ± ± ±
12 ± ± 1738 1.8 ± ± ± ±


[a] Not recorded.


Figure 7. Average tilt angle (q) of the phenyl group relative to the surface
perpendicular for para-substituted bisbenzamidines adsorbed on a SAM
of MUA (^), MPA (~) and MHA (&). The bars represent the error esti-
mated from at least two measurements. The calculation assumes a rota-
tional angle (Y) of 08 and a tilt angle (F) of 908, as defined in Figure 8C.
This places the 1,4-axis of the phenyl group in a plane orthogonal to the
surface and to the phenyl ring plane. The angles were calculated from
the intensity ratios of the band corresponding to the C±H out-of-plane
bending mode at �843 cm�1, with a transition dipole moment orthogonal
to the phenyl ring plane, to the band of the C=C stretch with the dipole
moment in the 1,4-axis at �1614 cm�1 (see Figure 5) in the reflectance
mode (R) relative to that in the transition mode (T) [Eq. (1)].


tan2q =
I R842
I R1613


�
I T842
I T1613


(1)
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fective layers of perpendicularly oriented molecules and
densely packed layers of tilted molecules. For a more com-
plete picture, AFM provides the necessary lateral structural


resolution. Therefore, AFM was used to characterize the
pH-dependent adsorption±desorption cycle of DAM on a
SAM of MHA (Figure 9). The AFM images of the SAM of
MHA reveal islands extending over 20±30 nm separated by
flatter regions. No crystalline structures could be observed
under the conditions of the experiment (the necessary con-
trast may be obtained in the presence of divalent cations),
although, based on other studies, they are known to be pres-
ent.[17] The image obtained after the assembly of DAM on
this surface in a pH 9 borate buffer revealed domains of
similar size to that of the underlying acid SAM (20±30 nm),
but less densely packed. The peak-to-valley height for both
the acid SAM and the amidine agrees approximately with
the thickness estimated by ellipsometry and neutron reflec-
tivity (vide supra). The second layer was destabilized by
acidifying the solution, and a very smooth layer with few de-
fects appeared. Interestingly, this layer appears smoother
than that of the MHA SAM. This indicates that the first
layer is densely packed, and that the noncovalent assembly
leads to very few defects. The second layer, however, is less
densely packed, which is also in agreement with the previ-
ous characterization. Further acidification to pH 3 also de-
stabilized the first layer and resulted in patches of remaining
bisbenzamidine not removed by the single rinsing step.


Conclusion


Bisbenzamidines assemble reversibly to form ordered
mono- or bilayered structures on modified gold surfaces.
The layer order, tilt angle, and the tendency to form mono-
or bilayers are controlled by the choice of an odd- or even-
numbered carbon chain in the mesogenic part of the amphi-
phile, and are further influenced by the quality of the under-
lying monolayer. AFM images showed the first bisbenzami-
dine layer to be densely packed in larger islands than that of
the underlying mercaptohexadecanoic acid SAM.
These reversibly assembled layers exhibit order and tuna-


bility comparable to their chemisorbed thiol counterparts.
This is promising with regard to optical or molecular elec-
tronic applications that demand structural control at the mo-
lecular level. Given that the layers can be rapidly and re-
peatedly assembled with a single substrate, the system may
also be of interest as a restorable biosensor platform. Stud-
ies in this direction are in progress.


Experimental Section


Chemicals : The bisbenzamidines (Scheme 1) were prepared in two steps
by the Pinner synthesis as described by Tidwell et al.[22] Mercaptoundeca-
noic acid (MUA), mercaptododecanoic acid (MDA), mercaptopentadeca-
noic acid (MPA), and mercaptohexadecanoic acid (MHA) were prepared
as described by Bain and Whitesides.[23] Absolute ethanol and boric acid
were purchased from Merck (Darmstadt, Germany). Water was purified
by double distillation and the pH adjusted with 0.1m HCl and 0.1m
NaOH.


Substrates : The preparation of the gold substrates and the thiol SAMs
followed, with a few exceptions, previously described procedures.[9] The
substrates for ellipsometry and IRAS were prepared by vapor deposition


Figure 8. Front view (A) and top view (B) of a proposed unit cell for p-
octamidine (OAM) and p-nonamidine (NON) assembled on a SAM of
MHA on gold. The cell is based on the centered rectangular crystal struc-
ture observed for a SAM of MHA assuming a lattice with the COOH
groups separated by a distance of 5.1 ä. The amidines were modeled by
assuming similar structural data as that of the crystal structure of pen-
tamidine,[21] but with the amidine groups being coplanar with the phenyl
rings and coplanar with an all-trans alkyl chain. The amidines were
placed with the longitudinal axis of the alkyl chains tilted with q = 258
for OAM and q = 208 for NON relative to the surface perpendicular, an
angle F of 638 and a rotational angle Y of 08 (see C). The benzamidine
groups were placed allowing the formation of cyclic hydrogen bonds to
the COOH headgroups and a stacking arrangement of the phenyl groups.
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of gold (2000 ä thickness) onto glass slides or silicon wafers containing
adhesive layers (300 ä) of chromium or titanium. Prior to the thiol ad-
sorption, these surfaces were cleaned by brief immersion (15 s) in freshly
prepared ™piranha∫ solution (Caution : ™Piranha∫ solution: 1:3 H2O2


(30%)/concentrated H2SO4 1:3 reacts violently with organic materials
and should not be stored) followed by rinsing in water and ethanol and
drying under nitrogen. The thiol SAMs were prepared by immersing the
cleaned or freshly prepared gold substrate in a 1 mm solution of the thiol
in ethanol for 12 h followed by rinsing with ethanol and drying under a
nitrogen stream.


The substrates for the AFM measurements were prepared by vapor de-
position of a gold layer on MICA, annealing, and subsequent formation
of the acid-containing SAM by immersing the substrate in a 1 mm MHA
solution in ethanol for 12 h.


In situ ellipsometry : The thiol SAMs were prepared as described above
and stored dry prior to use. All surfaces were washed consecutively in
ethanol, water, 0.1m HCl, 0.1m NaOH, and water. They were then im-
mersed in a Teflon-coated fluid cell containing sodium borate buffer
(2 mL, 0.01m, pH 9, prepared from boric acid) thermostated to 25 8C.
The cell was equipped with a small magnetic stirrer and a pH electrode.
Prior to the addition of the amphiphile, the D and Y angles were calculat-
ed as the average of 30 data points. The adsorption of compounds was
then monitored by in-situ ellipsometry (ELX-1 Precisionellipsometer
(DRE-Ellipsometerbau, Ratzeburg, DE) angle of incidence: 708, HeNe
laser: l = 632.8 nm) until stable D and Y values were obtained. The bis-
benzamidine (HCl or isethionate salt) was added (2.5 mm stock solutions)
to make up a final concentration of 50 mm, if not otherwise indicated.
After addition of the bisbenzamidine, the adsorption process was allowed
to proceed for up to 5 h. After adsorption, the surfaces were rinsed with
pH 9 buffer by allowing �10 cell volumes of fresh buffer to pass the cell
by simultaneous filling and emptying of the cell. This was followed by
continued measurements in pH 9 buffer, unless otherwise stated. After
rinsing, the D and Y angles were then calculated as averages of 30 data
points and the film thickness (d) was calculated from D and Y assuming


a film refractive index (nf) of 1.45.
After the experiments, the surfaces
were restored by adjusting the pH to
2±3 with 0.1m HCl, and were then
reused. Reproducibility in terms of ad-
sorption kinetics and final thickness
was checked by repeating the experi-
ments and by addition of decamidine
or octamidine. The latter was carried
out prior to the use of each newly pre-
pared substrate as well as at regular
time intervals for each substrate.


IR reflection absorption spectroscopy
(IRAS): The spectra were recorded on
a Nicolet 5DXC-FTIR spectrometer
equipped with a SpectraTech FT-80
grazing-angle setup at 808 angle of in-
cidence in p polarization, a MCT-A
detector cooled with liquid nitrogen,
and a sample compartment purged
with CO2 and moisture-free air. The
monolayer spectra were recorded at
4 cm�1 resolution in the external re-
flection mode accumulating
2000 scans.


Atomic force microscopy (AFM): The
images were obtained in the contact
mode with a Nanoscope III instrument
(Digital Instruments (USA)) equipped
with a fluid cell. The substrate was
prepared by vapor deposition of a
gold layer on MICA, annealing, and
subsequent formation of the acid-con-
taining SAM by immersing the sub-
strate in a 1 mm MHA solution in eth-
anol.


Neutron reflection : The reflectivity
curves were obtained with a TOREMAII instrument at the GKSS Re-
search Center in Geesthacht (Germany). The wavelength of the instru-
ment was fixed at 0.43 nm, and the angle of incidence of the neutrons
was varied between 0.28 and 1.78. The beam was collimated by two slits
of width 0.45 and 0.70 mm at a distance of 174 cm. The reflected beam
was detected with a position-sensitive BF3 detector. Reflectivities as low
as approximately 10�4 were attained with typical run times of 12 h.
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Robust Core-Shell Supramolecular Assemblies Based on Cationic Vesicles
and Ring-Shaped {Mo154} Polyoxomolybdate Nanoclusters: Template-
Directed Synthesis and Characterizations


Yongdong Jin, Lihua Bi, Yong Shao, and Shaojun Dong*[a]


Introduction


Substantial progress has been made recently in extending
the supramolecular assembly of biomimetic structures to
vesicle-based sophisticated nanocomposites and mesostruc-
tures.[1±5] The interest in such vesicle-based systems lies in
the synergy that arises through association of vesicles and
the assembled moieties. However, with the exception of
polymer-crosslinked vesicles[6] and robust polymer vesi-
cles,[7±8] owing to efficient packing and partly entangled and
interdigitated chain structure, all other bare or thinly
coated, short-chain, surfactant vesicular superstructures lack
structural stability and tend to entirely or partly disintegrate
upon dehydration. These structures can be protected and
only integrally visualized by cryoelectron microscope[2±5]


and/or negative staining.[9±10] To our knowledge, room-tem-
perature robust, surfactant vesicle-based supramolecular as-
semblies with a monolayer coating of fine nanoclusters have


hardly been reported to date. The challenge has been to de-
velop chemical or physical strategies to stabilize and visual-
ize these fragile systems. We report here a counterintuitive
synthesis route to room-temperature robust ™core-shell∫
supramolecular assemblies based on didodecyldimethylam-
monium bromide (DDAB) cationic surfactant vesicles and
ring-shaped {Mo154} polyoxometalate (POM) nanoclusters.
Intermediate between the colloidal and molecular ranges,


the polyoxometalates (POMs) has recently received increas-
ing attention.[11] Their involvement in hybrid organic±inor-
ganic materials is of great interest, and attention was recent-
ly paid to the rational design of POM multicomponent ma-
terials with well-defined supramolecular architectures. An
impressive approach towards this goal is exploited by Kurth
et al.[12] based on modifying the POM surface with surfac-
tants, yielding discrete surfactant-encapsulated clusters
(SECs). Recently, Polarz et al.[13] reported that under one-
pot conditions, the complexation of aqueous solution of
POMs with surfactants results in the organization of POM
nanoclusters into a liquid-crystalline-like alignment with
long-range order through their shape and amphiphilicity.
However, to the best of our knowledge, no work is present-
ed in the literature in which unilamellar surfactant vesicles
are used as templates for the electrostatic deposition of
POM nanoclusters from solution to produce novel core-shell
supramolecular assemblies.


[a] Y. Jin, L. Bi, Y. Shao, Prof. S. Dong
State Key Laboratory of Electroanalytical Chemistry
Changchun Institute of Applied Chemistry
Chinese Academy of Sciences Changchun 130022, Jilin (P. R. China)
Fax: (+86)0431-5689711
E-mail : dongsj@ns.ciac.jl.cn


Abstract: Substantial progress has been
made recently in extending the supra-
molecular assembly of biomimetic
structures to vesicle-based sophisticat-
ed nanocomposites and mesostructures.
We report herein the successful prepa-
ration of unilamellar surfactant vesicles
coated with a monolayer of ring-
shaped {Mo154} polyoxometalate
(POM) nanoclusters, (NH4)28[Mo154-
(NO)14O448H14(H2O)70]¥�350H2O, by
coulomb attractions using preformed
didodecyldimethylammonium bromide
(DDAB) surfactant vesicles as tem-


plates. The resultant vesicle-templated
supramolecular assemblies are robust
(they do not disintegrate upon dehy-
dration) both at room-temperature am-
bient and vacuum conditions, as char-
acterized by conventional transmission
electron microscopy (TEM) and
atomic force microscopy (AFM). The


flexibility of the complex soft assem-
blies was also revealed by AFM mea-
surements. The effect of POM-vesicle
coulomb attractions on the dimensions
of the templating vesicles was also in-
vestigated by using dynamic light scat-
tering (DLS). Although origins of the
structure stability of the as-prepared
supramolecular assemblies are not
clear yet, the nanometer scale cavities
and the related properties of macroions
of the POM clusters may play an im-
portant role in it.


Keywords: molybdenum ¥
nanostructures ¥ polyoxometalate ¥
supramolecular chemistry ¥
template synthesis ¥ vesicles
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In this article, we report the successful preparation of uni-
lamellar surfactant vesicles coated by a monolayer of ring-
shaped {Mo154} POM clusters by coulomb attractions using
preformed DDAB vesicles as templates. Generally, the for-
mation of the core-shell supramolecular assemblies occurs
in two steps: formation of unilamellar vesicles from surfac-
tant with subsequent generation of the POM shell upon
mixing the aqueous solution of POM with preformed vesicle
solution. The resultant vesicle-templated supramolecular as-
semblies are robust (i.e., they do not disintegrate upon de-
hydration) both at room-temperature ambient and vacuum
conditions, as characterized by conventional transmission
electron microscopy (TEM) and atomic force microscopy
(AFM). The flexibility of the complex soft assemblies was
also revealed by AFM measurements. The effect of POM-
vesicle coulomb attractions on the dimensions of the tem-
plating vesicles was also investigated by using dynamic light
scattering (DLS). Although the origins of the structure sta-
bility of the as-prepared supramolecular assemblies are not
clear yet, both the nanometer scale cavities and the related
properties of macroions of the {Mo154} POM clusters may
play an important role in it.


Results and Discussion


DDAB vesicle-templated electrostatic assembly of the ring-
shaped {MO154} POM nanocluters : A water-soluble big
wheel, (NH4)28[Mo154(NO)14O448H14(H2O)70]¥�350H2O, was
prepared completely according to the preparation method
of M¸ller et al.[14] Figure 1A shows a typical transmission
electron micrography (TEM) image of the as-prepared
{Mo154} POM nanoclusters.
The {Mo154} POM nanoclusters with uniform size in the


range of 3.5±4.0 nm are well dispersed due to strong cou-
lomb repulsion between the huge anions. It should be point-
ed out that the presence of crystallographically discrete or
linked ring-shaped POM anions are dependent on synthetic
methods, and the ring-shaped feature of the huge anions
would be more clearly discriminated by TEM in a uniform
material than in an amorphous material.[14c,d] An optical en-
larged TEM image (Figure 1B) reveals most of the nano-
clusters as a blurred ring-shaped feature with inner diameter
(nanocavity) about 2 nm. In this case, the center portion
(nanocavity) of most individual clusters was lighter than its
edge (ring), indicating the formation of a ring-type nano-
structures. The thickness of the ring, on the order of about
1.0 nm, was revealed by additional atomic force microscopy
(AFM) characterization of the nanoclusters on mica surface


Figure 1. A) TEM image of ring-shaped {Mo154} POM nanoclusters and B) an optical enlarged TEM image showing blurred ring-shaped nature of the
POM nanoclusters: bar=10 nm. C) Contact mode AFM image of pure {Mo154} POM nanocluster submonolayer on mica surface. The line scan shows
that the thickness of the POM nanoclusters is ~1 nm.
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(Figure 1C). The blurred TEM image is a reflection of poor
electron contrast due to the thinness in nature (~1.0 nm) of
the fine POM clusters. The exact shape and size of the nano-
clusters are available from single-crystal X-ray analysis of
the POM clusters.[14a] Although the synthesis procedure
given in reference1 [14] is known to yield crystalline materi-
al that contains impurities of smaller polyoxomolybdate
clusters (<5% in our case, as revealed by TEM in Fig-
ure 1A), the dominant species is the ring-shaped {Mo154}
nanocluster.
Unilamellar surfactant vesicles were prepared by first dis-


solution of didodecyldimethylammonium bromide (DDAB),
a cationic, double-chained amphiphile, in chloroform. After
evaporation of the volatile solvent in a stream of pure N2


and overnight dessication, the amphiphile was hydrated in
1mm aqueous NaCl solution and sonicated at 40 8C to
obtain a homogeneous suspension. Above the critical mi-
celle concentrations (cmc), DDAB alone self-assembles into
bilayer vesicles.[15] It should be pointed out that the size of
DDAB vesicles varies in the range of tens to hundreds of
nanometers and is highly dependent on DDAB concentra-
tion and preparation approaches.[16] The as-prepared unila-
mellar DDAB vesicles (1 mgmL�1) here, with a mean diam-
eter of ~77 nm, were detected by dynamic light scattering
(DLS) experiments (see Figure 5 later). The as-prepared
DDAB cationic vesicles were then used as supramolecular
templates for further surface self-assembly of the negatively
charged {Mo154} POM nanoclusters. Coulomb attractions
cause the adsorption of the POM nanoclusters onto the vesi-
cle surfaces. Although the electrostatic adsorption tactics
has been used to synthesize discrete surfactant-encapsulated
POM clusters (SECs)[12] and even three-dimensional organ-
ized structures,[13] the vesicle-templated surfactant/POM
core-shell supramolecular system has not been reported to
date.
In a typical preparation, 10 mL of freshly prepared DDAB


vesicle suspension (1 mgmL�1) was injected into an aqueous
{Mo154} POM nanocluster suspension (1 mL, 5mm) under
sonication at 40 8C. After sonicating for about 20 min, the
solution was then kept at 4 8C overnight. In the synthesis,
the ratio of molar concentration of the POM nanoclusters to
that of DDAB is about 1:4. This ratio was chosen to ensure
that the surface area of the DDAB vesicles is fully covered
by the POM nanoclusters. Samples for TEM characteriza-
tion were prepared by placing a droplet of solution on a
carbon-coated copper grid and letting it air-dry, without ad-
ditional staining. Figure 2A and 2B shows representative
conventional TEM images of the resultant vesicle/POM
core-shell supramolecular assemblies, with sizes in the range
of 80±100 nm. The size of the POM-covered DDAB vesicles
is very similar to and slightly larger than the size of the orig-
inal DDAB vesicles. It is reasonable, since there is only one
layer of the POM nanoclusters and the fact that POM±
DDAB interactions exist. The thin darker edges (circular
rings) indicate the vesicular nature and thin POM coating of
the assemblies. Contrast in the TEM image is generated by
the variation of the projection of the electron beam, which
is normal to the image in these figures, through the vesicular
assembly. The projection through the edges of the vesicular


assembly is greater than through the central part. As the
width of the dark rim (~2±3 nm) of the vesicular assembly is
wider than the actual thickness of the POM coating, because
of the curvature of the vesicular assembly,[17] the thickness
of the POM coating is essentially on monolayer level. An
image taken with higher magnification (Figure 2C) shows
more clearly the monolayer nature (dictated by interfacial
electrostatic interactions) of the POM coating and the well-
arranged domain sub-structure, and reveals the size and
even blurred ring-shaped feature of most of the {Mo154}
POM nanocluster building blocks. Tilting the specimens in
the electron microscope further confirmed that the supra-
molecular assemblies are spherical in shape. Taking into ac-
count the dense monolayer coverage of the POM nanoclus-
ters on the DDAB vesicle (80±100 nm in diameter) surface,
each assembly contains about 1000±2000 {Mo154} POM nano-
clusters and possesses few vacancy defects.
To obtain more information about the shape of the as-


prepared supramolecular assemblies we examined them
with atomic force microscopy (AFM). The three-dimension-
al morphology nature of the supramolecular assemblies was
further confirmed by AFM experiments. Figure 3 shows a
typical AFM image of an as-prepared supramolecular as-
sembly. The horizontal size of the assemblies is about 50 nm
larger than that observed by TEM, due to the tip-sample in-
teractions and tip convolution effect. Interestingly, the verti-
cal dimension of the assemblies is typically 18 nm, much
smaller than the horizontal size and larger than the thick-
ness of otherwise burst and flattened multilayer structures,
indicating that the supramolecular assemblies are flexible


Figure 2. Representative conventional TEM images of as-prepared
{Mo154} POM nanocluster monolayer-covered DDAB vesicles supra-
molecular assemblies: A) bar=20 nm; B) bar=10 nm. C) An enlarged
TEM image showing the monolayer nature, uniform size and even the
ring-shaped feature of the POM nanoclusters: bar=10 nm. At the
bottom is a schematic representation of electrostatic self-assembly of
ring-shaped POM nanoclusters on the cationic DDAB vesicle surface.
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(deformed) and still intact (robust!) under the tip-sample
interactions. The AFM image shows that the profile is flat
with an extended plateau in the middle, as expected for ve-
sicular structure in AFM. It is very interesting and astonish-
ing that under the contact of the AFM tip, the POM mono-
layer-coated DDAB vesicles are still robust (not disinte-
grate) and flexible so that they severely deform, that is, the
horizontal size is enlarged and the vertical height reduced as
revealed by AFM. The conventional TEM and AFM charac-
terizations revealed that the as-prepared vesicle/POM core-
shell supramolecular assemblies are robust both under
vacuum and ambient conditions, even under contact interac-
tion of the AFM tip.
It should be pointed out that most of the known POM


giant anions themselves tend to form vesicle structures in
different polar solvents, including water.[18,19] For example,
M¸ller et al.[18] recently reported that another similar
{Mo154} POM giant anion, with only slightly different li-
gands, tends to aggregate into vesicle structures in non-
aqueous media such as methanol and acetone. Liu[19] also re-
vealed that the self-association of POM-based giant mole-
cules in solution has unusual behavior with respect to
common inorganic ions. These POM giant molecules need
days or months to reach an equilibrium state. Moreover, it
is known that the {Mo154} POM anions also form 80±90 nm
size vesicles in solution.[18] However, all these vesicle struc-
tures were observed only in solution state, and no robust
vesicle structure of these POM giant anions has been ob-
served in solid form, especially in a high-vacuum environ-
ment. It is known that those POM vesicle structures burst
upon switching the scanning electronic microscope (SEM)


from the environmental to the high vacuum mode.[18] How-
ever, the strong coincidence in vesicular size of both cases
made us wonder whether the vesicle-templated assemblies
here were actually just pure POM vesicles. To address this
issue, we repeated conventional TEM and AFM studies on
a pure POM aqueous solution (template-free) that was pre-
pared ~2 months ahead. However, no three-dimensional ve-
sicular structures were observed, both by conventional TEM
and AFM. The results are similar to those of a pure POM
aqueous solution prepared ~2±3 days ahead, as shown in
Figure 1. It is therefore confirmed that the vesicular struc-
tures in the solid state, observed here by conventional TEM
and AFM, were not formed from pure {Mo154} POM giant
anions, even if it is possible that they would form in solution
state, and that the DDAB surfactant vesicles do play a tem-
plate role in vesicle formation of the POM nanoclusters.
The results were reproducible and the assemblies showed


durable structure stability, indicating that the as-prepared
supramolecular assemblies were robust relative to the native
DDAB vesicles. These ™petrified∫ DDAB vesicles cover in a
{Mo154} POM nanocluster monolayer are stable to dehydra-
tion and can be visualized by using AFM and conventional
TEM without additional staining. In a control experiment,
the DDAB vesicles (1 mgmL�1) alone disintegrated com-
pletely upon dehydration and as a consequence become ™in-
visible∫ in TEM, as shown in Figure 4A, in which individual
vesicles collapsed and the amphiphile organized to form


Figure 3. Contact mode AFM image and line scan analysis of an as-pre-
pared vesicle/POM supramolecular assembly on mica surface.


Figure 4. A) A representative conventional TEM image of disintegrated,
and then reorganized mesostructures of the DDAB vesicles alone: bar=
1 mm. B) A conventional TEM image of three-dimensional aggregated
vesicles/POMs core-shell supramolecular assemblies: bar=100 nm. C)
and D): Typical conventional TEM images of as-prepared vesicles/POM
nanoclusters supramolecular assemblies without sonication: C) bar=
100 nm; D) bar=20 nm.
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multilayered and flattened pattern with opal-like vacancy.
Although templated shells of electrostaticly multilayered
polyelectrolytes[20] show robustness that has lead to hol-
lowed structures, to the best of our knowledge, robust sur-
factant vesicle-based core-shell structures with only electro-
staticly monolayered shells have never been reported. Al-
though the origins of the structure stability of the supra-
molecular assemblies and the exact chemical composition of
the POM nanoclusters (due to the low stability of the mo-
lybdenum blue-ring clusters) are still unknown, we presume
that both the ring-shaped feature, that is, the nano-cavities,
and the related properties of the macroions of the POM
giant anions, might play a key role in the system. The water
nanostructures outside the wheels (i.e., between the adja-
cent {Mo154}, formed due to the small inter-POM distance)
may also play an important role. In control experiments, the
preparation of similar core-shell supramolecular assemblies
failed when we used other commercially available polyoxo-
metalate anions or citrate-stabilized fine gold nanoparticles
(2±4 nm in diameter) instead of the ring-shaped {Mo154}
POM nanoclusters, which further confirms our assumption.
The free individual supramolecular assemblies are gov-


erned by the concentrations of the vesicles and the POM
nanoclusters. For example, adding more vesicles (25 mL) to
an aliquot of a suspension of POM nanoclusters (1 mL,
5 mm) caused the vesicles to aggregate, as revealed by con-
ventional TEM (Figure 4B). Most of the vesicles were pres-
ent in the large three-dimensional aggregates and few free
vesicles were seen in this case. The aggregates in which the
adjacent vesicles tethered together by sharing part of the
POM nanoclusters, due to their proximity, are still robust
and did not break up. As more vesicles and less POM nano-
particles were used, the vesicle surface is not covered well
by the POM nanoclusters, and the shape and size of the
vesicles are severely affected by the electrostatic interac-
tions with POM nanoparticles and possible reorganization
of the vesicles.
It was also found that sonication is very important to


obtain structurally well-defined unilamellar vesicles/POM
supramolecular assemblies. Long-time incubation of vesicle
suspension and without sonication during preparation lead
to the formation of uni- and multilamellar vesicles that
ranged from 80 to 400 nm in diameter, and with an ill-de-
fined POM nanocluster coating. Compared with those pre-
pared under sonication, the complex vesicles are not stable
enough and tend to partly disintegrate, as revealed by con-
ventional TEM images (Figure 4C and 4D). These facts pro-
vide more evidence of our ™templating∫ model, because the
size of the pure POM vesicles in solutions usually does not
have evident size variation.[18,19]


Dynamic light scattering : Dynamic light scattering (DLS)
investigations were employed to determine the hydrody-
namic diameter of the DDAB surfactant vesicles. In this ar-
ticle, we also used DLS to examine the effect of POM±ve-
sicle coulomb attractions on the dimensions of the templat-
ing vesicles. In a typical preparation, a DDAB vesicle sus-
pension (1 mgmL�1, 10 mL) was injected into an aqueous
suspension of {Mo154} POM (5 mm, 1 mL) under sonication at


40 8C for approximately 20 min. To our surprise, the vesicles
remain in the dispersion when the POM giant ions were
added, as revealed by DLS data (Figure 5). Thus the process
here is an ion-exchange process. As expected, the coulomb
attractions between the cationic head groups of the DDAB


surfactant and the anionic {Mo154} POM clusters do have
effect on the curvature of the resultant supramolecular
structures and therefore the size of the vesicles. As shown in
Figure 5, the mean diameter of the unilamellar DDAB ve-
sicles (1 mgmL�1) were expanded from ~77 nm to ~94 nm.
The size of the as-prepared supramolecular assemblies is in
good agreement with that observed by conventional TEM.


POM-protected intermediate fusion structure of DDAB
vesicles : The development of the cellular membrane was a
defining advance in the evolution of life,[21] and nobody will
dispute the important of the process of vesicle formation.[22]


Scientists have long struggled to understand how bilayers,
which seem to be thermodynamically designed to maintain
their integrity, can be coerced to fuse and merge with one
another. The primary experimental difficulty in studying this
process has been the unstable and highly transient nature of
intermediate fusion structures.[21] Very recently, Yang and
Huang[23] show how membrane fusion intermediates can be
stabilized, and present an important new experimental tool
for studying the fusion process, namely, a stable lattice of
lipid fusion structures. Herein, we found, surprisingly, that
the simple procedure developed here can also stabilize (or
™freeze∫) intermediate fusion structures of this system well
and presents an important experimental approach for study-
ing the fusion process. Figure 6A shows a conventional
TEM image of an interesting intermediate fusion structure
of several vesicles with a channel form. The enlarged TEM
images (Figure 6B and 6C) show more clear the presence of
fusion pore and kidney-like conduit characters of the fused
vesicles, as well as the well-arranged POM monolayer lattice
with different domain orientations and the blurred ring-
shaped nature of the POM nanocluster building blocks.


Figure 5. DLS study on a DDAB vesicle aqueous solution before and
after addition of the {Mo154} POM nanoclusters.
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Conclusion


We report here that the ring-shaped {Mo154} POM nanoclus-
ters can electrostaticly self-assemble onto the preformed cat-
ionic DDAB vesicle surfaces and form room-temperature
robust, three-dimensional core-shell supramolecular assem-
blies both at ambient and vacuum conditions, as character-
ized by conventional transmission electron microscopy
(TEM) and atomic force microscopy (AFM). The flexibility
of the complex soft assemblies was also revealed by AFM
measurements. The effect of POM±vesicle coulomb attrac-
tions on the dimensions of the templating vesicles was also
investigated by using dynamic light scattering (DLS). The
template effect of the DDAB vesicles was confirmed by
control TEM experiments of the pure POM nanoclusters
and by DLS experiments.
Although origins of the structure stability of the as-pre-


pared supramolecular assemblies and the exact chemical
composition of the POM nanoclusters are not clear yet and
need further investigations, the nanometer scale cavities of
the POM clusters may confine water[24] in them (nonvolatile
at room temperature)[25,26] and the water nanostructures
inside and outside the wheels might play an important role.


Experimental Section


Materials : All chemicals were obtained from Aldrich and used without
further purification. The ring-shaped {Mo154} POM compound,
(NH4)28[Mo154(NO)14O448H14(H2O)70]¥�350H2O, was synthesized accord-
ing to the preparation method of M¸ller et al.[14] The crystal structure of
the POM compound was reported in the literature.[14] The water used
was distilled twice and purified with the Millipore Milli-Q system.


Sample preparation : Unilamellar surfactant vesicles were prepared first
by dissolution of didodecyldimethylammonium bromide (DDAB) in
chloroform. After evaporation of the volatile solvent in a stream of pure
N2 and overnight desiccation, the amphiphile was hydrated in 1mm aque-
ous NaCl and sonicated at 40 8C to obtain an homogeneous suspension.


The as-prepared DDAB (1 mgmL�1) cationic vesicles were then used as
supramolecular templates for further surface self-assembly of the nega-
tively-charged {Mo154} POM nanoclusters. In a typical preparation, a
freshly prepared DDAB vesicle suspension (1 mgmL�1, 10 mL) was in-


jected into an aqueous suspension of {Mo154} POM nanoclusters (1 mL
5 mm) under sonication at 40 8C. After sonicating for about 20 min, the
solution was then kept at 4 8C overnight.


Characterization : Samples for transmission electron micrographs (TEM)
were prepared by placing a drop of solution onto a carbon-coated copper
grid. Samples were examined with a JEOL 2010 TEM operated at
200 KV. Surface images were also acquired in contact-mode atomic force
microscopy (AFM) under ambient condition (Nanoscope IIIa; Digital In-
struments Inc.). Samples for AFM characterizations were prepared by
placing a drop of solution onto a fresh mica surface and letting it air-dry.
Dynamic light scattering (DLS) investigations were routinely employed
to determine the hydrodynamic radius of the samples. The DLS experi-
ments were performed on a commercial ZETASIZER 1000 HAS
(MALVERN Instruments, UK) with laser wavelength l=633.0 nm. The
refraction index of water was 1.33, and the refraction index of the
DDAB and POM used were both set to be 1.42.
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Total Synthesis of (+)-Blasticidin S


Yoshiyasu Ichikawa,* Keiko Hirata, Masayoshi Ohbayashi, and Minoru Isobe[a]


Dedicated with respect and appreciation to Professor O≈ take on the occasion of his 77th birthday


Introduction


Blasticidin S (1) is a representative peptidyl-nucleoside anti-
biotic,[1] which was first isolated from Streptomyces griseo-
chromogenes in 1958 by Yonehara and co-workers.[2] This
antibiotic was once commercialized as a fungicide against
the virulent fungus, Piricularia oryzae, which was the cause
of the serious rice blast disease in Asia. Its biological activi-
ty results from specific inhibition of the protein biosynthesis
by interfering with the peptide bond formation in the ribo-
somal machinery.[3] Biosynthetic studies by Gould have ad-
vanced to the molecular level, whereby biosynthetic gene
clusters have been cloned and expressed.[4] Yamaguchi
found two blasticidin S resistance genes which code blastici-
din S deaminase: bsr from Bacillus cereus[5] and BSD from
Aspergillus terreus[6] . Both genes are now widely used for
genetic engineering experiments to select both prokaryotic
and eukaryotic cells that express the blasticidin S resistance
gene. The renaissance of blasticidin S is now flourishing in
the research area of molecular biology.[7]


The structure and absolute configuration of 1 have been
elucidated by chemical degradation and spectroscopic stud-


ies by O≈ take and co-workers,[8] and has also been confirmed
by X-ray analysis (Scheme 1).[9] Controlled acid hydrolysis
of 1 allowed the isolation of two components, blastidic acid
(2) and cytosinine (3) as their hydrochloride salts
(Scheme 1). Blastidic acid (2) is an unusual b-amino acid
counterpart of arginine containing a modified N-methyl
guanidine group.[10] Such a b-amino acid motif is also mani-


fested in cytosinine (3). The highly functionalized structure
in 3 is characterized by a unique hexopyranosyl nucleoside
that contains a 2,3-unsaturated-4-amino pyranose attached
to cytosine.[11] The functional group richness found in blasti-
cidin S poses synthetic challenges.


Although the pioneering work of Kondo and Goto[12] de-
tailed the first synthesis of cytosinine in 1972, and two re-
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Laboratory of Organic Chemistry
School of Bioagricultural Sciences
Nagoya University, Chikusa, Nagoya 464-8601 (Japan)
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Scheme 1. Structures of blasticidin S, blastidic acid, and cytosinine.


Abstract: The first total synthesis of
the peptidyl nucleoside antibiotic, blas-
ticidin S (1), has been achieved by the
coupling reaction of cytosinine (3) and
blastidic acid (2). A key step in the
synthesis of cytosinine (3) is the sigma-
tropic rearrangement of allyl cyanate
24 ; this reaction provided efficient and
stereoselective access to 2,3-dideoxy-4-
amino-d-hex-2-enopyranose (26a). Fur-
ther elaboration of 26a gave methyl
hex-2-enopyranouronate 29, and cyto-


sine N-glycosylation of 31 using the
Vorbr¸ggen conditions for the silyl Hil-
bert±Johnson reaction furnished the
differentially protected cytosinine (32)
in 11 steps from 2-acetoxy-d-glucal
(14) (4.0% overall yield). Synthesis of
the Boc-protected blastidic acid 47 in


nine steps starting from chiral carbox-
ylic acid 35 (23% overall yield) utilized
Weinreb×s protocol for the preparation
of benzyl amide 38 and Fukuyama×s
protocol for the synthesis of the secon-
dary amine 40. Assembly of the pro-
tected cytosinine (32) and blastidic acid
(47) by the BOP method in the pres-
ence of HOBt, and finally elaboration
to 1 by deprotection of the fully pro-
tected 54 established the total synthesis
of blasticidin S (1).


Keywords: amino acids ¥
blasticidin S ¥ natural products ¥
rearrangement ¥ total synthesis
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ports for the syntheses of blastidic acid appeared in 2001,[13]


the total synthesis of 1 has not yet been reported. In this
manuscript, we discuss the evolution of our strategy for the
synthesis of cytosinine in full detail, and elaborate the first
total synthesis of blasticidin S.


Synthetic analysis of cytosinine (3): We envisioned that the
suitably protected cytosinine and blastidic acid intermedi-
ates could be coupled at a late stage in the synthesis. Ac-
cordingly, our initial efforts were devoted to the synthesis of
these two components. Several years ago, we reported a syn-
thetic method for the preparation of the unsaturated amino
sugar, 2,3-dideoxy-4-amino-d-hex-2-enopyranose (7),[14] by
an allyl cyanate-to-isocyanate rearrangement[15] (Scheme 2).


Dehydration of allyl carbamate 4 with triphenylphosphine
(PPh3), carbon tetrabromide (CBr4), and diisopropylethyl-
amine (iPr2NEt) under modified Appel×s condition[16] pro-
vided allyl cyanate 5, which underwent [3,3]-sigmatropic re-
arrangement to afford allyl isocyanate 6. Subsequent treat-
ment of 6 with trimethylaluminum afforded unsaturated
aminopyranose 7 in 59% yield.


In this study we reasoned that our method would provide
a convenient approach to the central core of cytosinine, and
this consideration led to the retrosynthetic strategy outlined


in Scheme 3. Synthesis of the fully protected cytosinine 8
was envisioned to arise from anomeric activation of 10 fol-
lowed by introduction of the cytosine moiety. Since the acyl
protecting group on the cytosine N 4-nitrogen (PG2 in 8) is
not sufficiently robust to carry out a sequence of manipula-
tions,[17] the ester functionality was to be installed prior to
the cytosine N-glycosylation. We further reasoned that unsa-
turated aminopyranoside 11 could be elaborated by [3,3]-
sigmatropic rearrangement of allyl cyanate 12, which itself
would be derived from 2-acetoxy-d-glucal (14). Based on
this synthetic analysis, we launched a synthetic venture
toward cytosinine (3).


Synthesis of the fully protected cytosinine 32 : In our pre-
liminary investigations, we found that acid-catalyzed hydrol-
ysis of a 2,3-unsaturated 4-aminopynanoside such as 15 was
problematic (Scheme 4). Numerous attempts to obtain lactol


17 by acid-catalyzed hydrolysis of 15 were unsuccessful, and
only 2-substituted pyrrole 16 was isolated.


To circumvent this problem, we selected p-methoxyphenyl
glycoside 18 as a starting material (Scheme 5), because such


a glycoside could be oxidatively hydrolyzed under mild con-
ditions.[18] As a result, synthesis of cytosinine began with a
Ferrier-type glycosylation of 2-acetoxy-tri-O-acetyl-d-glucal
(14) using p-methoxyphenol and BF3¥OEt2 as the catalyst.
The resulting p-methoxyphenyl glycoside 18 was obtained as
a crystalline solid in 49% yield.[19] Treatment of 18 with
LiAlH4 initiated a cascade reaction, which involves enol ace-
tate cleavage, b-elimination of the resulting enolate 19, and
nucleophilic hydride addition to 20 from the sterically less-
hindered b-face[20] to furnish diol 21 exclusively in 84%
yield. The primary alcohol of 21 was then selectively pro-


Scheme 2. Synthesis of 2,3-dideoxy-4-amino-d-hex-2-enopyranose by allyl
cyanate-to-isocyanate rearrangement.


Scheme 3. Strategy for the synthesis of cytosinine.


Scheme 4. Acid-catalyzed hydrolysis of 2,3-unsaturated-4-aminopynano-
side.


Scheme 5. Synthesis of hex-3-enopyranoside from 2-acetoxy glucal.
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tected with tert-butyldimethylsilyl (TBS) chloride in the
presence of a catalytic amount of 4-dimethylaminopyridine
(DMAP) and Et3N to afford TBS ether 22 in 75% yield.[21]


With the hex-3-enopyranoside 22 in hand, the next goal
was to synthesize the 4-amino-hex-2-enopyranose using an
allyl cyanate-to-isocyanate rearrangement (Scheme 6).


Treatment of 22 with trichloroacetyl isocyanate followed by
hydrolysis with potassium carbonate (K2CO3) in aqueous
methanol provided allyl carbamate 23. Dehydration of 23
(PPh3, CBr4, Et3N) gave allyl cyanate 24, which then under-
went [3,3]-bond reorganization at 0 8C (60 min) to afford
allyl isocyanate 25. Since isolation of 25 using aqueous
workup would result in lower yields, isocyanate 25 was treat-
ed in situ with 2,2,2-trichloroethanol[22] to give trichloro-
ethoxy (Troc) carbamate 26a in 75% overall yield from 22
after chromatographic purification. Carbamates 26b (Cbz)
and 26c (Alloc) were also prepared in a similar manner in
64 and 80% yields, respectively, when either benzyl alcohol
or allyl alcohol was employed in the reaction with 25. After
considerable experimentation, we elected to use Troc carba-
mate 26a rather than 26b or 26c in subsequent reactions,


because we experienced better results for the cytosine N-
glycosylation step with 26a, and deprotection of the carba-
mate could be carried out under milder conditions.[23]


With a viable route to the unsaturated amino carbohy-
drate 26a having been established, we next focused on the
transformation of 26a into the corresponding methyl hex-2-
enopyranouronate and its subsequent cytosine N-glycosyla-
tion (Scheme 7). The TBS group in 26a was removed with
tetrabutylammonium fluoride (nBu4NF) buffered with acetic
acid (AcOH) in THF to provide 27 in 79% yield.[24] Swern
oxidation (oxalyl chloride, DMSO, Et3N, CH2Cl2) of 27 gave
the rather labile aldehyde 28, which was immediately sub-
jected to sodium chlorite oxidation (NaClO2, NaH2PO4, 2-
methyl-2-butene). Subsequent treatment of the resultant car-
boxylic acid with diazomethane in methanol furnished
methyl ester 29 as a white powdery solid in 70% overall
yield for the three steps. Hydrolysis of p-methoxyphenyl gly-
coside 29 was carried out with silver(ii) bis(hydrogen dipico-
linate) in aqueous acetonitrile.[25] Unfortunately, we found
that concentration of the CH2Cl2 extracts containing the
fragile lactol 30 often resulted in a tarry oil from which pyr-
role-like products could be identified by 1H NMR spectro-
scopy. To circumvent this problem, the CH2Cl2 extracts were
immediately treated with acetic anhydride, DMAP, and pyri-
dine; this protocol successfully provided acetyl glycoside 31
as an anomeric mixture (a :b 3:1) in 71% yield.[26] Since we
had succeeded in anomeric activation, we subsequently at-
tempted the cytosine N-glycosylation of 31. After screening
several silylated cytosine derivatives and Lewis acids, the
following points were observed: 1) we selected the 4-tert-bu-
tylbenzoyl group to protect the cytosine N 4-nitrogen,[27] be-
cause products that contain this liphophilic protecting group
behave better chromatographically during efforts to sepa-
rate such anomeric mixtures than the corresponding acetyl
and benzoyl counterparts; 2) we found that Lewis acids such
as SnCl4 and BF3¥OEt2 could not be used because only pyr-
role-like compounds were detected by 1H NMR analysis of
the crude products.[28] Fortunately, the Vorbr¸ggen method
using trimethylsilyl triflate (TMSOTf) was found to be suc-
cessful;[29] and 3) it was found that selectivity and yield de-
pended on the solvent and amount of cytosine used.[30] b-Se-
lectivity was optimal when the reaction was carried out in


Scheme 6. Allyl cyanate-to-isocyanate rearrangement for the construction
of the 4-amino-hex-2-enopyranose component in cytosinine.


Scheme 7. Final elaboration for the synthesis of the fully protected cytosinine.
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THF and excess use of N 4-(4-tert-butylbenzoyl)cytosine (ca.
6±8 equiv) resulted in reproducible and better yields.


Reaction of N 4-(4-tert-butylbenzoyl)cytosine with N,O-
bis(trimethylsilyl)acetamide (THF, room temperature,
30 min) gave silylated cytosine, which was subsequently
treated with 31 in the presence of TMSOTf at 0 8C for 2 h.
After workup, a 7:3 mixture of 32 and 33 was obtained in
55±63% yield in which the desired b-isomer predominat-
ed.[31] Careful separation of the mixture by silica-gel chro-
matography and repeated recrystallization afforded the fully
protected cytosinine 32 as a glassy wax. The stereochemistry
of 32 was determined on the basis of 1H NMR coupling con-
stants. The diagnostic coupling constant between H-4 and
H-5 for the b-isomer 32 is 9.0 Hz, whereas the a-isomer 33,
in which the cytosine moiety adopts in the pseudo-equatori-
al position, has a coupling constant of J4,5=5.5 Hz.


Synthesis of blastidic acid : Retrosynthetic analysis of blasti-
dic acid (2) revealed that this b-amino acid possesses a
hidden symmetry. Therefore, the synthesis began with the
preparation of chiral carboxylic acid 35 by enantioselective
hydrolysis of meso-diester 34[32] using pig liver esterase[33]


(Scheme 8).


Although diborane reduction of carboxylic acid 35 yielded
alcohol 36, sometimes small amounts of lactone 37 were
formed during workup. Moreover, preliminary experiments
revealed that methyl ester 42 rapidly cyclized to form
lactam 43 upon removal of the sulfonyl group (Scheme 9).


To avoid these problems, methyl ester 36 was transformed
into benzyl amide 38.[34] In practice, the crude product 36
was treated with benzylamine in refluxing benzene. This
gave 38 in 74% yield on a 200 mg scale, while on larger
scales the yield decreased to less than 50%. As a result of
this problem another method was briefly investigated and a


reliable procedure on a gram-scale was realized by applying
the Weinreb protocol.[35] Treatment of 36 with dimethylalu-
minum benzylamide (PhCH2NHAlMe2) in benzene at room
temperature consistently provided 38 in yields of 72±83%.
The requisite N-methyl amino substituent was then intro-
duced by Fukuyama×s procedure.[36] Thus, substitution of al-
cohol 38 with N-methyl 2-nitrobenzenesulfonamide under
Mitsunobu conditions furnished o-nitrobenzenesulfonamide
39 in 83% yield. Deprotection of the o-nitrobenzenesulfonyl
group in 39 with thiophenol and cesium carbonate in aceto-
nitrile, followed by treatment of the resultant N-methyl-
amine 40 with N,N-di-(tert-butoxycarbonyl)-S-methyliso-
thiourea and mercuric chloride[37] afforded bis(Boc)-protect-
ed N-methyl guanidine 41 in 89% overall yield for the two
steps.


With the requisite functional groups for blastidic acid now
in place, we turned to the hydrolysis of the benzyl amide in
41. This involved a two-step procedure; amide activation
followed by hydrolysis[38] (Scheme 10). Initial attempts to se-


lectively introduce the tert-butoxycarbonyl (Boc) group onto
the nitrogen of the benzylamide in 41 [(Boc)2O, DMAP,
THF] failed, and only a mixture of N-Boc imides was isolat-
ed. Moreover, NMR analysis of the products was complicat-
ed by the existence of rotamers and broadening of the spec-
tra. The following observations for the N-Boc carboxylation
of model compounds 48 and 49 suggested a solution for this
step (Figure 1).


Firstly, selective N-Boc carboxylation of the benzyl amide
in 48 failed, and a mixture of products was isolated. Second-
ly, the nitrogen in the bis(Boc)-protected N-methyl guani-
dine 49 also underwent Boc-carboxylation to furnish tris-
(Boc)-protected N-methyl guanidine 50. Thirdly, the com-


Scheme 8. Synthesis of blastidic acid statrting from meso-diester.


Scheme 9. Deprotection of nosyl group leading to a spontaneous cycliza-
tion to lactam.


Scheme 10. Synthesis of the Boc-protected blastidic acid.
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petitive carboxylation of 48 and 49 revealed that bis(Boc)-
protected N-methyl guanidine 49 is acylated more rapidly
than 48. Finally, 1H NMR analysis of 50 showed the pres-
ence of two rotamers in a 3:1 ratio. Therefore, benzylamide
41 was subjected to exhaustive acylation with di-tert-butyl
dicarbonate (6.0 equiv) and DMAP (1.5 equiv) in THF to
furnish the penta-N-Boc imide 44 in 67% yield. Unfortu-
nately, saponification of 44 (LiOH, THF, H2O) gave only
complex mixtures; these were presumed to arise from base-
catalyzed b-elimination of the imide group at C-3. This un-
desired elimination could be suppressed by lowering the
leaving group ability. Therefore, the Cbz group in 44 was re-
moved by catalytic hydrogenolysis to give the Boc-carba-
mate 45 in 77% yield, and methanolysis of 45 with tetrame-
thylguanidine in methanol then cleanly afforded methyl
ester 46 in 87% yield.[39] Finally, hydrolysis of methyl ester
46 with lithium hydroxide in aqueous THF furnished the
Boc-protected blastidic acid 47 in 97% yield.


Since NMR analysis of 47 was complicated with extensive
broadening, we attempted to prepare blastidic acid dihydro-
chloride 51 in order to compare it with an authentic sample
prepared from natural blasticidin S (Scheme 11). Boc-Pro-
tected blastidic acid 47 was thereby treated with trifluoro-
acetic acid (TFA) in CH2Cl2 at room temperature for 2 h.
The reaction mixture was then concentrated and dried


under vacuum for several hours, and the resultant trifluoro-
acetate salt was treated with 3n HCl. To our surprise,
1H NMR analysis indicated that the resultant product was a
mixture of blastidic acid and a by-product, which was subse-
quently identified as pseudoblastidone (52).[40] To circum-
vent the formation of 52, the crude trifluoroacetate salt of
blastidic acid was immediately treated with 3n HCl and
then purified by ion-exchange chromatography. The 1H and
13C NMR spectra for our synthetic 51 were found to be iden-
tical to those obtained for a sample that had been prepared
from natural blasticidin S.[41]


Total synthesis of blasticidin S : With the fully protected cy-
tosinine 32 and blastidic acid 47 in hand, our efforts turned
toward coupling these two components (Scheme 12). Initial-
ly, we focused on removing the Troc group in 32 ; this
proved to be more difficult than expected. Attempts to de-
protect 32 with zinc (washed with aqueous HCl)[42] and
acetic acid in THF afforded non-reproducible results, be-
cause deprotection was also accompanied by hydrolysis of
the N 4-cytosine tert-butylbenzoyl group. We then tried to
use zinc that had been activated with TMSCl.[43] Unfortu-
nately, hydrolysis of the sensitive tert-butylbenzoyl group as
well as mono-dechlorination of the Troc group occurred.
After considerable frustration, we were very gratified to
find that a cadmium/lead (Cd/Pb) couple reported by Ciufo-
lini[44] was a mild and efficient method for this deprotection.
Treatment of 32 with a large excess (40 equiv) of the Cd/Pb
couple at room temperature for 30 min afforded the desired
amine 53 (93% based on consumed 32) together with recov-
ered starting material 32 (13% recovered) to set the stage
for the coupling reaction. After a number of coupling meth-
ods for amide bond construction were surveyed, an in situ
activation method using the BOP reagent[45] proved to be
most effective. In particular, attempts to condense 53 with
protected blastidic acid 47 using BOP and diisopropylethyl-
amine (iPr2NEt) gave rise to the desired coupled product
54, albeit in only 32% yield. However, addition of 1-hy-
droxy-benzotriazole (HOBt)[46] improved the yields up to
73%.


All that remained to complete the total synthesis was to
remove the six protecting groups present in 54. However,
we were particularly concerned about the possibility of the
blastidic acid moiety undergoing base-catalyzed cyclization


Figure 1. Model compounds for N-Boc carboxylation.


Scheme 11. Preparation of blastidic acid dihydrochloride.


Scheme 12. Total synthesis of blasticidin S.
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during the deprotection sequence. Indeed, O≈ take reported
that treatment of blasticidin S (1) with base afforded cyto-
mycin (55)[8] (Scheme 13).


Therefore, deprotection of 54 began with the base-cata-
lyzed hydrolysis of the tert-butylbenzoyl protecting group
and methyl ester substituent. Treatment of 54 with Et3N in
MeOH promoted cleavage of the labile tert-butylbenzoyl
group, while addition of water to the reaction mixture re-
sulted in the hydrolysis of the methyl ester group. After the
reaction mixture was concentrated, the four Boc protecting
groups in the resultant carboxylate were removed by se-
quential treatment with TFA in CH2Cl2 and then 3n HCl.
The resulting blasticidin S hydrochloride was purified on
Amberlite IRA-410 (OH� form) to afford blasticidin S (1)
as the free base in 85% yield.[47] Our synthetic material was
found to be identical (1H NMR, 13C NMR, IR, [a]D, TLC)
with an authentic sample of natural blasticidin S.[48]


Conclusion


An allyl cyanate-to-isocyanate rearrangement has been suc-
cessfully employed for the construction of an unsaturated
amino sugar moiety in cytosinine. Furthermore, synthesis of
the protected cytosinine 32 was achieved in 11 steps starting
from 2-acetoxy-tri-O-acetyl-d-glucal (14) in 4.0% overall
yield.[49] The Boc-protected blastidic acid (47) was synthe-
sized in nine steps from chiral carboxylic acid 35 (overall
yield 23%). The two components 53 and 47 were coupled
using the BOP method in the presence of HOBt, and subse-
quent global deprotection of 54 completed the first total
synthesis of blasticidin S (1).


Experimental Section


General : Melting points were recorded on a micro melting-point appara-
tus and are not corrected. Optical rotations are given in units of
10�1 degcm2g�1. Infrared spectra are reported in wave number (cm�1).
1H NMR chemical shifts (d) are reported in parts per million (ppm) rela-
tive to tetramethylsilane (TMS) (d 0.00 in CDCl3), CHD2OD (d 3.31 in
CD3OD), tBuOH (d 1.24 in D2O), or [D4]3-(trimethylsilyl)propionic-
2,2,3,3 acid sodium salt (TSP) (d 0.00 in 1n DCl) as internal standards.
Data are reported as follows: chemical shift, integration, multiplicity (s=
singlet, d=doublet, t= triplet, q=quartet, qn=quintet, sext= sextet,
br=broadened, m=multiplet), coupling constants (J, given in Hz).
13C NMR chemical shifts (d) are recorded in parts per million (ppm) rela-
tive to CDCl3 (d 77.0), CD3OD (d 49.0), or 1,4-dioxane (d 67.4 in D2O or
1n DCl) as internal standards. The tri-Boc-N-methyl guanidine deriva-
tives exit as a mixture of rotamers on the NMR time scale. In instances
where two rotamers were observed, the carbon signals for the minor ro-


tamers are listed in parentheses. High-resolution mass spectra (HRMS)
are reported in m/z. Elemental analyses were performed by the Analyti-
cal Laboratory at the Graduate School of Bioagricultural Sciences,
Nagoya University. Reactions were run under an atmosphere of nitrogen
if the reactions were sensitive to moisture or oxygen. Dichloromethane
was dried over molecular sieves (3 ä), while acetonitrile was stored over
molecular sieves (4 ä). Pyridine and triethylamine were stored over an-
hydrous KOH. All other commercially available reagents were used as
received.


Mol scale preparation of 2-acetoxy-d-glucal (14): A 5 L three-necked,
round-bottomed flask equipped with a mechanical stirrer and a dropping
funnel was charged with acetic anhydride (2.0 L) and perchloric acid
(HClO4, 30%, 7.0 mL). d-Glucose (500 g, 2.78 mol) was added to this sol-
ution portionwise over 2 h. After stirring at room temperature overnight,
the reaction mixture was cooled to �10 8C and PBr3 (1.30 kg, 13.7 mol)
was added through a dropping funnel. Mechanically efficient stirring was
necessary during the addition because, otherwise, pentaacetyl glucopyra-
noside began to crystallize upon cooling. Water (133 mL, 5.54 mol) was
added dropwise to this solution as the temperature was maintained be-
tween �5 to �10 8C. The cooling bath was removed, the mixture was al-
lowed to stand for 4 d at room temperature, and was then poured into ice
water (ca. 7.0 L). The resultant brown mixture was stirred vigorously
with a mechanical stirrer as the product gradually solidified. The crude
product was filtered and then washed with water. The resultant brown
solid was dissolved in CH2Cl2 (ca. 800 mL) and the solution was washed
with saturated aqueous NaHCO3, dried (Na2SO4), and concentrated to
give a viscous oil. This material was dissolved in diethyl ether and then
concentrated, and this procedure was repeated until crystallization began
to furnish white crystals (974.8 g, 85%). The product was then used in
the next reaction without further purification.


DBU (305 mL, 2.04 mol) was added through a dropping funnel to a solu-
tion of a-bromo tetra-O-acetyl-glucopyranoside (778 g, 1.89 mol) dis-
solved in DMF (1.70 L) at �10 8C. After stirring at �10 8C for 60 min,
the resultant brown reaction mixture was poured into ice water (ca.
10 L). Crystallization began with the aid of seeding and vigorous scratch-
ing. The crude product was filtered and then dried in air to afford the
crude solid (533 g). Recrystallization from a mixture of methanol
(500 mL) and water (400 mL) afforded 14 (359 g, 57%) as white crystals.


p-Methoxyphenyl 2,4,6-triacetyl-3-deoxy-a-d-erythro-hex-2-enopyrano-
side (18): BF3¥OEt2 (1.20 mL, 9.5 mmol) was added to a solution of 2-ace-
toxy-d-glucal (14 ; 100.0 g, 303 mmol) and 4-methoxyphenol (40.0 g,
322 mmol) in benzene (1.20 L) under an atmosphere of nitrogen. After
stirring at room temperature overnight, the reaction mixture was poured
into saturated aqueous NaHCO3. The separated organic layer was
washed with brine, dried (Na2SO4), and concentrated under reduced pres-
sure. The resultant orange viscous oil (113.7 g) was recrystallized from
methanol to afford 18 (56.9 g, 49%) as white crystals. M.p. 65 8C; [a]21D =


+150.8 (c=1.02 in CHCl3);
1H NMR (300 MHz, CDCl3): d=2.03 (s,


3H), 2.10 (s, 3H), 2.19 (s, 3H), 3.77 (s, 3H), 4.18±4.38 (m, 3H), 5.52
(ddd, J=10.0, 2.0, 1.0 Hz, 1H), 5.56 (br s, 1H), 5.86 (d, J=2.0 Hz, 1H),
6.83 (m, 2H), 7.03 ppm (m, 2H); 13C NMR (75 MHz, CDCl3): d=20.5,
20.76, 20.80, 55.5, 62.3, 65.1, 67.8, 93.7, 114.5, 116.0, 118.7, 145.7, 151.0,
155.5, 168.2, 170.1, 170.7 ppm; IR (KBr): ñmax=2955, 2839, 1748, 1508,
1373, 1214, 1034 cm�1; elemental analysis calcd (%) for C19H22O9: C
57.86, H 5.62; found: C 57.78, H 5.62.


p-Methoxyphenyl 3,4-dideoxy-a-d-erythro-hex-3-enopyranoside (21): A
solution of lithium aluminum hydride (150 mg, 3.94 mmol) in THF
(8.8 mL) was cooled to 0 8C under an atmosphere of nitrogen. Glycoside
18 (500 mg, 1.32 mmol) in THF (1.0 mL) was then added dropwise to this
solution over 1 h. After stirring at 0 8C for 1 h, EtOAc (0.10 mL), water
(0.15 mL), hexane (6.0 mL), 15% aqueous NaOH (0.15 mL), and water
(0.45 mL) were sequentially added, and the reaction was stirred at room
temperature overnight. The reaction mixture was then filtered though a
pad of Super Cell, and the filter cake was washed with EtOAc and a 5:1
mixture of CH2Cl2 and methanol. Concentration of the filtrate under re-
duced pressure gave a crude solid (447 mg). This was purified by silica-
gel chromatography (2:1 diethyl ether/hexane followed by diethyl ether
as eluent) to afford 21 (277 mg, 84%) as white crystals. M.p. 140 8C;
[a]21D =++93.8 (c=0.96 in MeOH); 1H NMR (300 MHz, CDCl3): d=1.86
(br s, 1H), 2.34 (d, J=12.0 Hz, 1H), 3.58±3.78 (m, 2H), 3.80 (s, 3H),
4.31±4.45 (m, 2H), 5.61 (d, J=4.0 Hz, 1H), 5.78 (dt, J=11.0, 1.5 Hz,


Scheme 13. Base-catalyzed cyclization of blasticidin S to afford cytomy-
cin.
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1H), 5.92 (ddd, J=11.0, 4.0, 1.5 Hz, 1H), 6.85 (m, 2H), 7.06 ppm (m,
2H); 13C NMR (75 MHz, CDCl3): d=55.6, 64.2, 64.7, 69.7, 96.9, 114.7,
118.1, 126.7, 128.7, 151.0, 155.4 ppm; IR (KBr): ñmax=3336, 3228, 2950,
1509, 1457, 1228, 1038, 933, 828 cm�1; elemental analysis calcd (%) for
C13H16O5: C 61.90, H 6.39; found: C 61.88, H 6.33.


p-Methoxyphenyl 6-O-(tert-butyldimethylsilyl)-3,4-dideoxy-a-d-erythro-
hex-3-enopyranoside (22): tert-Butyldimethylsilyl chloride (10.0 g,
66.3 mmol) was added to a solution of diol 21 (25.0 g, 99 mmol), triethyl-
amine (23.0 mL, 165 mmol), and 4-dimethylaminopyridine (0.80 g,
6.6 mmol) in CH2Cl2 (2.00 L). After stirring at room temperature over-
night, additional triethylamine (8.0 mL, 57 mmol), 4-dimethylaminopyri-
dine (0.25 g, 2.0 mmol), and tert-butyldimethylsilyl chloride (5.0 g,
33.3 mmol) were added, and stirring was continued overnight. The reac-
tion mixture was concentrated to one-third of its volume and was then di-
luted with hexane. The resultant solution was washed with water, 1m
aqueous KHSO4, saturated aqueous NaHCO3, brine, and dried (Na2SO4).
Concentration under reduced pressure gave a viscous oil. This was dis-
solved in hexane, and upon cooling to �20 8C, 22 (23.88 g) crystallized as
a low-melting, white solid, which was filtered. The mother liquors were
concentrated and then purified by recrystallization to provide additional
product (3.18 g, total yield of 75%). M.p. 52 8C; [a]24D =++58.0 (c=1.03 in
CHCl3);


1H NMR (300 MHz, CDCl3): d=0.05 (s, 6H), 0.88 (s, 9H), 2.36
(brd, J=12.0 Hz, 1H), 3.62 (dd, J=10.5, 6.0 Hz, 1H), 3.70 (dd, J=10.5,
5.5 Hz, 1H), 3.77 (s, 3H), 4.24 (m, 1H), 4.35 (m, 1H), 5.56 (d, J=4.5 Hz,
1H), 5.80±5.92 (m, 2H), 6.82 (m, 2H), 7.07 ppm (m, 2H); 13C NMR
(75 MHz, CDCl3): d=�5.50, �5.46, 18.1, 25.7, 55.6, 64.3, 65.2, 69.7, 96.9,
114.6, 118.0, 127.3, 127.9, 151.2, 155.2 ppm; IR (KBr): ñmax=2929, 2858,
1509, 1473, 1219, 1096 cm�1; elemental analysis calcd (%) for C19H30O5Si:
C 62.26, H 8.25; found: C 62.23, H 8.40.


p-Methoxyphenyl 6-O-(tert-butyldimethylsilyl)-2,3,4-trideoxy-4-(2,2,2-tri-
chloroethoxycarbonylamino)-a-d-erythro-hex-2-enopyranoside (26a): Tri-
chloroacetyl isocyanate (10.5 mL, 92.4 mmol) was added to a solution of
22 (28.2 g, 77.0 mmol) in CH2Cl2 (300 mL) at 0 8C. After stirring at 0 8C
for 1 h, the reaction mixture was concentrated and the resultant residue
was dissolved in methanol (100 mL). Water (100 mL) and potassium car-
bonate (16.1 g, 231 mmol) were added at 0 8C, and the cooling bath was
removed. After stirring at room temperature for 2.5 h, the reaction mix-
ture was concentrated under reduced pressure to remove methanol. The
resultant aqueous phase was extracted with CH2Cl2 and the combined or-
ganic layers were dried (Na2SO4) and concentrated to afford carbamate
23 (25.6 g), which was used for the next reaction without further purifica-
tion.


Carbon tetrabromide (18.8 g, 56.6 mmol) in CH2Cl2 (30 mL) was added
to a solution of carbamate 23 (8.27 g, 20.2 mol), triphenylphosphine
(13.3 g, 50.5 mmol), and triethylamine (7.04 mL, 50.5 mmol) in CH2Cl2
(170 mL) at �40 8C under an atmosphere of nitrogen. The reaction mix-
ture was gradually warmed to 0 8C over 30 min and was then stirred at
0 8C for 1 h. 2,2,2-Trichloroethanol (11.6 mL, 0.12 mol) was introduced,
and stirring was continued at 0 8C for 2 h and then at room temperature
overnight. The reaction mixture was washed with 1n HCl and aqueous
saturated NaHCO3, dried (Na2SO4), then concentrated under reduced
pressure. The residue was purified by silica-gel chromatography (stepwise
gradient of 15±30% diethyl ether/hexane as eluent) to furnish 26a
(10.1 g, 75% for the two steps). M.p. 77 8C; [a]26D =++108.5 (c=1.01 in
CHCl3);


1H NMR (300 MHz, CDCl3): d=0.025 (s, 3H), 0.035 (s, 3H),
0.86 (s, 9H), 3.70±3.84 (m, 2H), 3.77 (s, 3H), 3.93 (m, 1H), 4.32 (t, J=
9.0 Hz, 1H), 4.71 (d, J=12.0 Hz, 1H), 4.79 (d, J=12.0 Hz, 1H), 5.28
(br s, 1H), 5.52 (br s, 1H), 5.92±6.04 (m, 2H), 6.82 (m, 2H), 7.06 ppm (m,
2H); 13C NMR (75 MHz, CDCl3): d=�5.64, �5.56, 18.2, 25.8, 46.6, 55.6,
63.5, 71.5, 74.5, 76.2, 94.0, 95.4, 114.5, 119.0, 126.6, 131.6, 151.3, 154.4,
155.2 ppm; IR (KBr): ñmax=3804, 3746, 1718, 1735, 1719, 1541, 1508,
1216 cm�1; elemental analysis calcd (%) for C22H32Cl3NO6Si: C 48.85, H
5.96, N 2.59; found: C 48.84, H 5.99, N 2.60.


p-Methoxyphenyl 2,3,4-trideoxy-4-(2,2,2-trichloroethoxycarbonylamino)-
a-d-erythro-hex-2-enopyranoside (27): A solution of 26a (318 mg,
0.59 mmol) and acetic acid (0.20 mL, 3.53 mmol) in THF (6.0 mL) cooled
to 0 8C was treated with tetrabutylammonium fluoride (1.0m solution in
THF, 0.70 mL, 0.70 mmol). After stirring at 0 8C for 1 h, the reaction mix-
ture was poured into water and the aqueous layer was extracted with di-
ethyl ether. The combined organic layers were washed with saturated
aqueous NH4Cl, saturated aqueous NaHCO3, and brine, dried (Na2SO4),


and concentrated under reduced pressure. The crude residue was purified
by silica-gel chromatography (1:1 diethyl ether/hexane followed by dieth-
yl ether as eluent) to furnish 27 (197 mg, 79%) as a low-melting solid.
M.p. 38 8C; [a]26D =++71.9 (c=0.99 in CHCl3);


1H NMR (300 MHz,
CDCl3): d=2.60 (t, J=7.0 Hz, 1H), 3.73±3.88 (m, 3H), 3.78 (s, 3H), 4.53
(br t, J=10.0 Hz, 1H), 4.69 (d, J=12.0 Hz, 1H), 4.84 (d, J=12.0 Hz, 1H),
5.08 (d, J=9.5 Hz, 1H), 5.63 (br s, 1H), 5.97±6.08 (m, 2H), 6.83 (m, 2H),
7.03 ppm (m, 2H); 13C NMR (75 MHz, CDCl3): d=45.2, 55.5, 61.6, 71.5,
74.6, 93.8, 95.3, 114.6, 118.4, 127.1, 131.1, 151.0, 155.1, 155.2 ppm; IR
(KBr): ñmax=3738, 2944, 1735, 1560, 1508, 1216, 1102 cm�1; elemental an-
alyis calcd (%) for C16H18Cl3NO6: C 45.04, H 4.25, N 3.28; found: C
45.04, H 4.26, N 3.30.


Methyl 1-O-p-methoxyphenyl-2,3,4-trideoxy-4-(2,2,2-trichloroethoxycar-
bonylamino)-a-d-erythro-hex-2-enopyranosyluronate (29): DMSO
(0.62 mL, 8.7 mmol) in CH2Cl2 (6.0 mL) was added to a solution of
oxalyl chloride (0.56 mL, 6.42 mmol) in CH2Cl2 (18 mL) at �78 8C under
an atmosphere of nitrogen. After stirring at �78 8C for 10 min, alcohol 27
(1.37 g, 3.21 mmol) in CH2Cl2 (6.0 mL) was added and stirring was con-
tinued for 1 h. Triethylamine (2.24 mL, 16.1 mmol) was introduced and
the reaction mixture was stirred for 10 min at �78 8C, and was then al-
lowed to warm to 0 8C. The resultant reaction mixture was poured into
cold saturated aqueous NH4Cl and the aqueous layer was extracted with
diethyl ether. The combined organic layers were washed with brine, dried
(Na2SO4), and then concentrated under reduced pressure to give the
crude aldehyde 28 as a labile dark-brown liquid. This material was em-
ployed immediately without further purification in subsequent reactions.


Sodium chlorite (85%, 0.64 g, 7.1 mmol) was added portionwise to a sol-
ution of aldehyde 28, 2-methyl-2-butene (2 drops), NaH2PO4 monobasic
dihydrate (8.0 g) in a mixture of tert-butyl alcohol (32 mL) and water
(8.0 mL). After stirring at room temperature for 1 h, the reaction mixture
was poured into saturated aqueous NH4Cl and the aqueous layer was ex-
tracted with diethyl ether. The combined organic layers were dried
(Na2SO4) and then concentrated under reduced pressure. Since the resul-
tant crude carboxylic acid was not stable upon storage, the residue was
immediately dissolved in methanol (32 mL) and was then treated at 0 8C
with a diethyl ether solution of diazomethane until the yellow color per-
sisted. The excess diazomethane was quenched by dropwise addition of
acetic acid until the color dissipated, and the resultant reaction mixture
was concentrated under reduced pressure to give a yellow oil. Purifica-
tion of the crude product by silica-gel chromatography (1:2 diethyl ether/
hexane) provided 29 (1.02 g, 70% for three steps) as white crystals. M.p.
43 8C; [a]26D =++57.1 (c=1.43 in CHCl3);


1H NMR (300 MHz, CDCl3): d=
3.76 (s, 3H), 3.77 (s, 3H), 4.49 (d, J=9.0 Hz, 1H), 4.62 (br t, J=9.0 Hz,
1H), 4.73 (br s, 2H), 5.25 (brd, J=9.0 Hz, 1H), 5.72 (br s, 1H), 6.02 (m,
2H), 6.83 (m, 2H), 7.03 ppm (m, 2H); 13C NMR (75 MHz, CDCl3): d=
47.1, 52.6, 55.4. 70.3, 74.5, 93.4, 95.2, 114.5, 118.3, 126.8, 130.4, 150.8,
154.2, 155.2, 169.3 ppm; IR (KBr): ñmax=3343, 2955, 2837, 1745, 1508,
1440, 1216, 1036, 994, 828, 725 cm�1; elemental analysis calcd (%) for
C17H18Cl3NO7: C 44.91, H 3.99, N 3.08; found: C 45.08, H 4.07, N 3.14.


Methyl 1-O-acetyl-2,3,4-trideoxy-4-(2,2,2-trichloroethoxycarbonylamino)-
d-erythro-hex-2-enopyranosyluronate (31): Silver(ii) bis(hydrogen dipico-
linate) (3.70 g, 8.00 mmol) was added to a solution of 29 (1.25 g,
2.77 mmol) in a mixture of acetonitrile (15.0 mL) and water (5.0 mL) at
0 8C. The resultant suspension was vigorously stirred at 0 8C for 15 min.
The reaction mixture was diluted with CH2Cl2 (30 mL) to precipitate a
white slurry, and the organic layer was decanted and then washed with
water (40 mL). The aqueous layer was extracted with CH2Cl2 (about
40 mL) and the combined organic layers were washed with saturated
aqueous NaHCO3, dried (Na2SO4), and filtered. Pyridine (4.0 mL), acetic
anhydride (3.0 mL), and 4-dimethylaminopyridine (0.50 g, 4.10 mmol)
were added to the filtrate. After standing at room temperature overnight,
the resultant solution was concentrated under reduced pressure. The
crude residue was purified by silica-gel chromatography (1:3 EtOAc/
hexane) to afford acetyl glycoside 31 (760 mg, 71%) as an inseparable
mixture of two anomers 3:1.


Fully protected cytosinine 32, its epimer 33, and the pyrrole by-prod-
uct[31]: N,O-Bis(trimethylsilyl)acetamide (2.00 mL, 7.54 mmol) was slowly
added to a slurry of N 4-tert-butylbenzoylcytosine (912 mg, 3.35 mmol) in
THF (10.0 mL) under an atmosphere of nitrogen at room temperature.
After stirring at room temperature for 30 min a homogeneous solution
resulted. Trimethysilyl trifluoromethanesulfonate (TMSOTf, 0.14 mL,
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0.78 mmol) was then added and stirring was continued for 30 min. The
resultant solution was cooled to 0 8C, and a solution of 31 (159 mg,
0.41 mmol) in THF (1.25 mL) was added. After stirring at 0 8C for 2.0 h,
the reaction mixture was diluted with CH2Cl2 and then poured into aque-
ous NaHCO3. The resultant precipitate was filtered through Super Cell
and the aqueous layer was extracted with CH2Cl2. The combined extracts
were dried (Na2SO4) and concentrated. The crude residue (379 mg) was
purified by silica-gel chromatography (1:7 and 1:1 of EtOAc/hexane fol-
lowed by EtOAc) to afford a mixture of the two anomers, 32 and 33
(156 mg, 63%, 32 :33=7:3, as determined by 1H NMR analysis). The re-
sultant mixture was roughly separated by silica-gel chromatography
(100:1 CH2Cl2/MeOH), and 32 was further recrystallized from a mixture
of EtOAc and hexane (three times) to afford pure 32 as pale-yellow crys-
tals. Further purification of 33 was performed by preparative thin-layer
chromatography (95:5 CH2Cl2/MeOH).


Compound 32 : m.p. 135 8C; [a]27D =++102.6 (c=0.28 in CHCl3);
1H NMR


(300 MHz, CD3OD): d=1.36 (s, 9H), 3.72 (s, 3H), 4.43 (d, J=9.0 Hz,
1H), 4.62 (dq, J=9.0, 2.5 Hz, 1H), 4.79 (m, 2H), 5.95 (ddd, J=10.5, 2.5,
2.0 Hz, 1H), 6.18 (dt, J=10.5, 2.0 Hz, 1H), 6.66 (br s, 1H), 7.58 (d, J=
8.5 Hz, 2H), 7.63 (d, J=7.5 Hz, 1H), 7.92 (d, J=8.5 Hz, 1H), 8.23 ppm
(d, J=7.5 Hz, 1H); 13C NMR (75 MHz, CD3OD): d=31.5, 36.0, 48.0,
53.3, 75.6, 77.4, 81.3, 97.1, 99.4, 126.9, 127.2, 129.3, 131.7, 134.5, 147.3,
156.5, 157.9, 158.3, 165.5, 170.4 ppm; IR (KBr): ñmax=3421, 2959, 1734,
1699, 1670, 1486, 1254 cm�1; elemental analysis calcd (%) for
C25H27ClN4O7: C 49.89, H 4.52, N 9.31; found: C 49.78, H 4.64, N 9.03.


Compound 33 : m.p. 137 8C; [a]26D =�51.9 (c=0.27 in CHCl3);
1H NMR


(300 MHz, CD3OD): d=1.35 (s, 9H), 3.75 (s, 3H), 4.48 (m, 1H), 4.51 (d,
J=5.5 Hz, 1H), 4.80 (m, 2H), 6.02 (ddd, J=10.5, 2.5, 2.0 Hz, 1H), 6.30
(ddd, J=10.0, 3.5, 2.0 Hz, 1H), 6.77 (br s, 1H), 7.54±7.60 (m, 3H), 7.91
(m, 2H), 8.25 ppm (d, J=7.5 Hz, 1H); 13C NMR (75 MHz, CD3OD): d=
31.5, 36.0, 47.5, 53.2, 74.1, 75.6, 79.4, 97.1, 98.6, 126.9, 129.3, 131.7, 132.4,
148.1, 156.4, 158.2, 158.3, 165.5, 170.8 ppm; IR (KBr): ñmax=3423, 1741,
1654, 1256 cm�1; elemental analysis calcd (%) for C25H27ClN4O7: C 49.89,
H 4.52, N 9.31; found: C 49.88, H 4.70, N 9.10.


N,O-Bis(trimethylsilyl)acetamide (1.50 mL, 6.08 mmol) was slowly added
to a slurry of N 4-tert-butylbenzoylcytosine (1.33 g, 4.88 mmol) in THF
(12.0 mL) under an atmosphere of nitrogen at room temperature. After
stirring at room temperature for 30 min a homogeneous solution resulted.
Trimethysilyl trifluoromethanesulfonate (TMSOTf, 0.18 mL, 0.99 mmol)
was then added and stirring was continued for a further 30 min. The re-
sultant solution was cooled to 0 8C and a solution of 31 (327 mg,
0.96 mmol) in THF (2.0 mL) was added. After stirring at 0 8C for 3.5 h,
the reaction mixture was diluted with CH2Cl2 and then poured into aque-
ous NaHCO3. The resultant precipitate was filtered through Super Cell
and the aqueous layer was extracted with CH2Cl2. The combined extracts
were then dried (Na2SO4) and concentrated. The crude residue (579 mg)
was purified by silica-gel chromatography (1:7 and 1:1 of EtOAc/hexane
followed by EtOAc) to afford the pyrrole by-product (60 mg, 20%),[31] as
well as an anomeric mixture of 32 and 33 (319 mg, 55%) (a :b=7:3, as
determined by 1H NMR analysis).


Improved synthesis for the preparation of dimethyl 3-benzyloxycarbonyl-
aminoglutarate (34): A solution of dimethyl 3-oxoglutarate (20 mL,
136 mmol) and ammonium acetate (36.8 g, 476 mmol) in methanol
(400 mL) was stirred over molecular sieves (3 ä pellets, 32 g) for 12 h.
Sodium cyanoborohydride (10.8 g, 172 mmol) was added to the resultant
reaction mixture and the solution was acidified to pH 3 by addition of
methanolic HCl (prepared in another run by the addition of 60 mL of
acetyl chloride to 800 mL of methanol at 0 8C). The reaction mixture was
then filtered, and the filtrate was concentrated under reduced pressure to
afford the crude dimethyl 3-aminoglutarate hydrochloride which was dis-
solved in water (200 mL). The resultant aqueous solution was washed
with diethyl ether and was then basified to pH 10 by the addition of solid
sodium carbonate (31.8 g). To this aqueous solution was added diethyl
ether (400 mL) and benzyl chloroformate (19.4 mL, 136 mmol). After
vigorous stirring for 3 h at room temperature, N,N-dimethyl-1,3-propyl-
amine (10.2 mL) was added to quench the excess benzyl chloroformate.
The organic layer was separated and the aqueous layer was extracted
with diethyl ether. The combined organic extracts were washed with 3n
HCl, saturated aqueous NaHCO3, brine, and dried (Na2SO4). Concentra-
tion under reduced pressure gave a residue (31.2 g) which was purified


by silica-gel chromatography (1:3 EtOAc/hexane) to yield 34 as a color-
less oil (30.29 g, 72%).


Benzyl-(3S)-3-benzyloxycarbonylamino-5-hydroxypentanamide (38): A
diborane solution (1.08m solution in THF, 3.50 mL, 3.70 mmol) was
added to a solution of carboxylic acid 35 (1.00 g, 3.70 mmol) in THF
(30.0 mL) at �10 8C under an atmosphere of nitrogen. After stirring at
�10 8C for 1 h the mixture was allowed to warm to room temperature,
and stirring was continued at room temperature for 3 h. The resultant re-
action mixture was quenched by the addition of MeOH, and was then
concentrated under reduced pressure. The resultant residue was purified
by silica-gel short column chromatography (eluted with EtOAc) to afford
crude alcohol 36 (899 mg) as a colorless oil which was used in the next
step without further purification. An analytically pure sample was pre-
pared in another run and purified by chromatography to give 36 as a col-
orless oil. [a]27D =�34.0 (c=0.75 in CHCl3);


1H NMR (300 MHz, CDCl3):
d=1.64 (m, 1H), 1.68 (br s, 1H), 1.80 (m, 1H), 2.56 (dd, J=16.0, 5.0 Hz,
1H), 2.66 (dd, J=16.0, 5.0 Hz, 1H), 2.90±3.00 (br s, 1H), 3.60±3.72 (br s,
1H), 3.68 (s, 3H), 4.22 (m, 1H), 5.10 (d, J=12.0 Hz, 1H), 5.13 (d, J=
12.0 Hz, 1H), 5.62 (brd, J=9.0 Hz, 1H), 7.30±7.39 ppm (m, 5H);
13C NMR (75 MHz, CDCl3): d=37.0, 38.6, 44.8, 51.7, 58.6, 66.9, 128.1,
128.2, 128.6, 136.3, 157.0, 172.2 ppm; IR (KBr): ñmax=3355, 1718, 1540,
1259, 1061 cm�1; elemental analysis calcd (%) for C14H19NO5: C 59.78, H
6.81, N 4.98; found: C 59.78, H 6.83, N 4.86.


Benzylamine (0.50 mL, 4.1 mmol) was slowly added to a solution of tri-
methylaluminum (1.0m solution in hexane, 1.70 mL, 1.70 mmol) in ben-
zene (25.0 mL) at �10 8C under an atmosphere of nitrogen. After being
stirred at �10 8C for 20 min, the mixture was allowed to warm to room
temperature and was then stirred for a further 45 min. Methyl ester 36
(899 mg, crude) in benzene (1.0 mL) was then added to this solution at
0 8C. After being stirred at 0 8C for 20 min, the reaction mixture was al-
lowed to warm to room temperature and was stirred for a further 2 h.
The reaction was then quenched by the addition of MeOH. The resultant
mixture was filtered through a pad of Super Cell and the filtrate was con-
centrated under reduced pressure to give a residue. This was purified by
silica-gel column chromatography (eluted with 95:5 CH2Cl2/MeOH) to
afford benzylamide 38 (1.10 g, 83% for two steps) as pale-yellow crystals.
M.p. 127 8C); [a]24D =�16.4 (c=1.02 in MeOH); 1H NMR (300 MHz,
CD3OD): d=1.73 (m, 2H), 2.45 (d, J=7.0 Hz, 2H), 3.59 (d, J=6.0 Hz,
1H), 3.61 (d, J=6.0 Hz, 1H), 4.12 (brqn, J=7.0 Hz, 1H), 4.31 (d, J=
15.0 Hz, 1H), 4.35 (d, J=15.0 Hz, 1H), 5.05 (s, 2H), 7.18±7.35 ppm (m,
10H); 13C NMR (75 MHz, CD3OD): d=38.5, 42.5, 44.1, 47.6, 59.7, 67.4,
128.3, 128.7, 128.9, 129.1, 129.55, 129.62, 138.4, 139.9, 158.4, 173.3 ppm;
IR (KBr): ñmax=3309, 1691, 1645, 1542, 1272 cm�1; elemental analysis
calcd (%) for C20H24N2O4: C 67.40, H 6.79, N 7.86; found: C 67.40, H
6.68, N 7.97.


Benzyl-(3S)-3-benzyloxycarbonylamino-5-(N-methyl-2-nitrobenzensulfo-
nylamino)pentanamide (39): Diethyl azodicarboxylate (0.40 mL,
2.55 mmol) was added to a solution of 38 (324 mg, 0.91 mmol), N-methyl-
2-nitorobenzenesulfonamide (275 mg, 1.27 mmol), and tri-n-butylphos-
phine (0.64 mL, 2.55 mmol) in THF (15 mL) at 0 8C. The reaction mix-
ture was warmed to room temperature and was then stirred for 2 h. Ad-
ditional tri-n-butylphosphine (0.64 mL, 2.55 mmol) and diethylazodicar-
boxylate (0.40 mL, 2.55 mmol) were introduced at room temperature.
The resultant solution was stirred for 20 min and was then concentrated
under vacuum. The residue was purified by silica-gel column chromatog-
raphy (eluted with 1:1 EtOAc/hexane followed by 3:1 EtOAc/hexane) to
afford 39 (421 mg, 83%) as a pale-yellow solid. M.p. 73 8C; [a]22D =�13.6
(c=1.01 in CHCl3);


1H NMR (300 MHz, CDCl3): d=1.70 (br s, 1H), 1.82
(m, 1H), 2.01 (m, 1H), 2.55 (m, 2H), 2.88 (s, 3H), 3.16±3.38 (m, 2H),
3.97 (m, 1H), 4.40 (m, 2H), 5.07 (s, 2H), 6.01 (d, J=7.0 Hz, 1H), 6.22
(br s, 1H), 7.24±7.38 (m, 10H), 7.58±7.74 (m, 3H), 7.90 ppm (dd, J = 7.0,
1.5 Hz, 1H); 13C NMR (75 MHz, CDCl3): d=31.7, 34.5, 39.2, 43.4, 46.5,
47.1, 66.5, 124.1, 127.5, 127.8, 127.9, 128.1, 128.5, 128.7, 130.7, 131.7 (2C),
133.7, 136.6, 138.1, 148.3, 156.1, 170.7 ppm; IR (KBr): ñmax=3309, 1700,
1652, 1542, 1373, 1350, 1244, 1165 cm�1; elemental analysis calcd (%) for
C27H26N4O7S: C 58.47, H 5.45, N 10.10; found: C 58.47, H 5.38, N 10.11.


Benzyl-(3S)-3-benzyloxycarbonylamino-5-(N-methyl-bis-tert-butoxycar-
bonylguanidyl)pentanamide (41): Thiophenol (93 mL, 0.91 mmol) was
added to a solution of 39 (421 mg, 0.76 mmol) and cesium carbonate
(750 mg, 2.30 mmol) in acetonitrile (13 mL). The heterogeneous reaction
mixture was then vigorously stirred at room temperature for 2 h. Addi-
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tional thiophenol (39 mL, 0.38 mmol) was introduced, and after stirring
for a further 2 h, a further portion of thiophenol (39 mL, 0.38 mmol) was
added and stirring was continued until TLC analysis showed the absence
of starting material. The resultant reaction mixture was diluted with
CH2Cl2 and then filtered through a pad of Super Cell, and the filter cake
was washed with EtOAc. The filtrate was concentrated to give a residue
(502 mg) which was subsequently dissolved in DMF (15 mL). N,N-Di-
(tert-butoxycarbonyl)-S-methylisothiourea (232 mg, 0.80 mmol) and tri-
ethylamine (0.24 mL, 1.70 mmol) were then added to this solution. The
reaction mixture was cooled to 0 8C and then treated with mercuric chlo-
ride (228 mg, 0.84 mmol). After stirring at 0 8C for 2 h, the mixture was
diluted with EtOAc and then filtered though a pad of Super Cell. The fil-
trate was washed with water and the aqueous layer was extracted with
EtOAc. The combined extracts were washed with 1m aqueous KHSO4,
saturated aqueous NaHCO3, brine, dried (Na2SO4), and concentrated.
The residue was purified by silica-gel column chromatography (1:1 fol-
lowed by 2:1 EtOAc/hexane) to furnish 41 (412 mg, 89%) as a colorless
gum. [a]23D =++14.6 (c=0.59 in CHCl3);


1H NMR (300 MHz, CDCl3): d=
1.43 (s, 18H), 1.72 (br s, 1H), 1.79 (m, 1H), 2.01 (m, 1H), 2.49 (dd, J=
14.0, 6.0 Hz, 1H), 2.69 (brdd, J=14.0, 5.0 Hz, 1H), 2.94 (s, 3H), 3.56
(br s, 2H), 3.92 (m, 1H), 4.37 (dd, J=14.0, 6.0 Hz, 1H), 4.45 (dd, J=14.0,
6.0 Hz, 1H), 5.05 (s, 2H), 6.50 (br s, 1H), 6.85 (br s, 1H), 7.20±7.36 (m,
10H), 9.88 ppm (br s, 1H); 13C NMR (100 MHz, CDCl3): d=28.0, 30.7,
36.8, 39.8, 43.3, 47.0, 47.2, 66.3, 79.6, 81.9, 127.2, 127.6, 127.8, 128.2, 128.3,
128.5, 136.7, 138.3, 150.6, 155.8, 156.1, 161.8, 170.8 ppm; IR (KBr): ñmax=


3332, 2928, 1700, 1647, 1610, 1541, 1508, 1298 cm�1; elemental analysis
calcd (%) for C47H69N5O11: C 62.83, H 7.41, N 11.45; found: C 62.78, H
7.42, N 11.47.


Benzyl-(3S)-3-benzyloxycarbonyl-tert-butoxycarbonylamino-5-(N-methyl-
tris-tert-butoxycarbonylguanidyl)pentanamide (44): Di-tert-butyldicarbon-
ate (10.90 g, 50 mmol) was added in one portion to a solution of 41
(5.10 g, 8.34 mmol) and 4-dimethylaminopyridine (1.53 g, 12.5 mmol) in
THF (50 mL). After stirring at room temperature overnight, the reaction
mixture was diluted with diethyl ether and then washed with saturated
aqueous NaHCO3 and brine, and dried (Na2SO4). Concentration under
reduced pressure gave a residue which was purified by silica-gel column
chromatography (1:2 EtOAc/hexane) to provide 44 (5.08 g, 67%) as a
viscous syrup. [a]27D =++3.44 (c=0.39 in CHCl3);


13C NMR (100 MHz,
CDCl3): d=27.81, 27.83, 27.86, 27.9, 28.1, 29.7, 30.8, 35.4, (36.5), (42.2),
42.3, 47.2, (47.8), 48.1, (52.7), 52.8, 68.4, (68.6), 79.2, (79.3), 83.0, (83.1),
83.3, (83.4), 83.5, 147.8, (148.0), 149.3, (150.8), (152.6), 152.8, (154.1),
154.4, (158.9), 159.1, (173.1), 173.3 ppm; IR (KBr): ñmax=2980, 1803,
1735, 1706, 1609, 1456 cm�1; elemental analysis calcd (%) for
C47H69N5O11: C 61.89, H 7.63, N 7.68; found: C 61.95, H 7.69, N 7.65.


Benzyl-(3S)-3-benzyloxycarbonyl-5-(N-methyl-tris-tert-butoxycarbonyl-
guanidyl)pentanamide (45): A solution of 44 (5.10 g, 5.59 mmol) and pal-
ladium hydroxide on carbon (Pearlman×s catalyst, 0.50 g) in ethanol
(150 mL) was stirred vigorously for 5 h. The reaction mixture was filtered
though a pad of Super Cell, the filter cake was washed with diethyl
ether, and the filtrate was washed with saturated aqueous NaHCO3 and
brine, and then dried (Na2SO4), filtered, and concentrated. The re-
sidue was purified by silica-gel column chromatography (1:3 and 1:2
EtOAc/hexane) to afford 45 (3.37 g, 77%) as a white amorphous solid.
M.p. 52 8C; [a]24D =�4.30 (c=1.09 in CHCl3);


13C NMR (75 MHz, CDCl3):
d=27.6, 27.7, 27.9, 28.1, 28.2, 30.3, (33.4), 35.6, (36.5), 42.8, (46.2),
46.4, 47.0, (47.6), 48.0, 77.2, 78.8, 79.1, (79.2), 83.4, (83.6), (127.0),
(127.1), 127.2, 128.2, (137.8), 138.0, 147.76, 147.80, (148.0), (148.1),
149.6, (150.9), 152.9, (155.4), 155.5, 158.9, (173.6), 173.9 ppm; IR (KBr):
ñmax=3395, 2980, 1735, 1713, 1609, 1285 cm�1; elemental analysis calcd
(%) for C39H63N5O11: C 60.21, H 8.16, N 9.00; found: C 60.22, H 8.21,
N 9.01.


Methyl (3S)-3-benzyloxycarbonyl-5-(N-methyl-tris-tert-butoxycarbonyl-
guanidyl)pentanoate (46): 1,1,3,3-Tetramethylguanidine (0.15 mL,
1.20 mmol) was added to a solution of 45 (793 mg, 1.02 mmol) in metha-
nol (10 mL). After being stirred at room temperature for 3 h, the reac-
tion mixture was diluted with diethyl ether and washed successively with
water, 1m aqueous KHSO4, saturated aqueous NaHCO3, and brine. The
organic layer was dried (Na2SO4) and concentrated under reduced pres-
sure, and the resultant residue was purified by silica-gel chromatography
(1:1 EtOAc/hexane) to afford 46 (533 mg, 87%) as a colorless oil. [a]28D =


�3.08 (c=1.37 in CHCl3);
13C NMR (75 MHz, CDCl3): d=27.8, 28.0,


28.3, 30.0, 35.7, (36.8), 38.9, 45.8, (47.6), 47.9, 51.5, 79.4, 83.7, 147.8,
(147.9), 149.9, 155.6, 158.9, 172.1 ppm; IR (KBr): ñmax=2980, 1802, 1718,
1609, 1286, 1159, 1103 cm�1; elemental analysis calcd (%) for C22H23NO3:
C 55.80, H 8.36, N 9.30; found: C 55.72, H 8.29, N 9.26.


Tetra-Boc-blastidic acid (47): Lithium hydroxide monohydrate (153 mg,
1.22 mmol) was added to a solution of 46 (205 mg, 0.34 mmol) in a mix-
ture of THF (2.6 mL) and water (0.9 mL). After stirring for 3 h at room
temperature, the reaction mixture was poured into cold saturated
aqueous 1m KHSO4 and extracted with EtOAc. The resultant organic
layer was dried (Na2SO4) and concentrated under reduced pressure to
give carboxylic acid 47 (198 mg, 97%) as a fine white powder. M.p.
169 8C; [a]25D =�4.52 (c=1.17 in CHCl3);


13C NMR (75 MHz, CDCl3):
d=27.8, 27.9, 28.0, 28.2, 30.0, 35.7, (36.8), (37.0), 39.0, 45.7, 47.9, 79.4,
79.9, 83.8, 83.9, 147.77, 147.84, 150.0, 155.8, 158.9, 175.3 ppm; IR (KBr):
ñmax=3448, 1718, 1637, 1283, 1158, 1119 cm�1; elemental analysis calcd
(%) for C27H48N4O10: C 55.09, H 8.22, N 9.52; found: C 55.11, H 8.08,
N 9.50.


Blastidic acid dihydrochloride (51): Trifluoroacetic acid (0.10 mL) was
added to a solution of carboxylic acid 47 (62 mg, 0.11 mmol) in CH2Cl2
(0.5 mL) at room temperature. After stirring at room temperature for
2 h, the reaction mixture was concentrated under reduced pressure. The
residue was quickly dissolved in a few drops of 3n aqueous HCl and then
evaporated under vacuum. This was repeated two more times, then the
resultant residue was dissolved in hot ethanol and filtered through a pad
of Super Cell. A few drops of acetone were added to the filtrate and the
resultant solution was allowed to stand at room temperature to afford
crude 51 as a white solid (19 mg, 69%). The crude solid was dissolved in
a few drops of water, loaded onto a short column of IRA-410 (5 mL, wet
volume), and then eluted with water. The eluent was immediately passed
through a short column of IRC-50 (6 mL, wet volume) and the column
was washed with water (15 mL). Elution with 0.5n HCl afforded blalsti-
dic acid dihydrochloride 51 (14.8 mg, 54%), which was further recrystal-
lized from ethanol to furnish a white crystalline solid (10.3 mg, 37%)
[m.p. 190±195 8C (decomp)]. [a]20D =++13.3 (c=0.52 in H2O); 1H NMR
(300 MHz, D2O): d=2.05 (m, 2H), 2.69 (dd, J=17.5, 7.5 Hz, 1H), 2.82
(dd, J=17.5, 4.5 Hz, 1H), 3.04 (s, 3H), 3.49 (m, 2H), 3.65 ppm (qd, J=
7.0, 4.5 Hz, 1H); 13C NMR (75 MHz, D2O): d=29.9, 36.4, 36.6, 46.7, 47.4,
157.5, 174.6 ppm; IR (KBr): ñmax=3147, 2827, 1717, 1648, 1628, 1488,
1414, 1191 cm�1; HRMS (FAB): m/z : calcd for C7H17N4O2 [M+H]+ :
189.1352; found: 189.1337; elemental analysis calcd (%) for
C7H18Cl2N4O2: C 32.19, H 6.95, N 21.45; found: C 32.18, H 7.09, N
21.42.


Deprotection of the Troc group in 32 : Freshly prepared Cd/Pb (10%,
1.50 g) was added in one portion to a solution of 32 (189 mg, 0.31 mmol)
in a mixture of THF (8.0 mL) and 1m ammonium acetate buffer (2.0 mL,
pH 7). After vigorous stirring at room temperature for 30 min, the reac-
tion mixture was diluted with CH2Cl2 and then filtered through a pad of
Super Cell. The filtrate was washed with saturated aqueous NaHCO3 and
brine, dried (Na2SO4), and concentrated under reduced pressure to give a
residue which was purified by silica-gel chromatography (100:1 CH2Cl2/
MeOH) to afford 53 (109 mg, 93%, calculated based on consumed 32)
and recovered 32 (26 mg, 13%). [a]28D =++87.6 (c=1.15 in CHCl3);
1H NMR (300 MHz, CDCl3): d=1.35 (s, 9H), 3.80 (dq, J=9.0, 2.5 Hz,
1H), 3.82 (s, 3H), 4.12 (d, J=9.0 Hz, 1H), 5.79 (ddd, J=10.0, 2.5, 2.0 Hz,
1H), 6.16 (dt, J=10.0, 2.0 Hz, 1H), 6.72 (br s, 1H), 7.53 (d, J=8.5 Hz,
2H), 7.50±7.58 (m, 1H), 7.75 (d, J=7.5 Hz, 1H), 7.84 ppm (d, J=8.5 Hz,
1H); 13C NMR (75 MHz, CDCl3): d=30.9, 35.0, 47.1, 52.5, 80.0,
80.1, 97.6, 125.4, 126.0, 127.6, 130.0, 136.1, 145.0, 154.9, 157.2,
162.7, 169.3 ppm; IR (KBr): ñmax=3421, 2963, 1670, 1488, 1257 cm�1;
HRMS (FAB): m/z : calcd for C22H27N4O5 [M+H]+ : 427.1981; found:
427.1974.


Coupling of 53 and 47 using the BOP method in the presence of HOBt :
BOP (132 mg, 0.30 mmol) and HOBt (40 mg, 0.30 mmol) were added to
a solution of 47 (113 mg, 0.19 mmol), 53 (41 mg, 0.096 mmol), and diiso-
propylethylamine (0.15 mL, 0.86 mmol) in CH2Cl2 (5.0 mL). After being
stirred at room temperature for 1.5 h, additional BOP (23 mg,
0.052 mmol), HOBt (8.0 mg, 0.059 mmol), and 47 (23 mg, 0.039 mmol)
were introduced. After a further 5 h, the solution was diluted with satu-
rated aqueous NaCl and then extracted with EtOAc. The combined or-
ganic layers were washed with 1m aqueous KHSO4, saturated aqueous
NaHCO3, and brine, dried (Na2SO4), and then concentrated under re-


Chem. Eur. J. 2004, 10, 3241 ± 3251 www.chemeurj.org ¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 3249


Total Synthesis of (+)-Blasticidin S 3241 ± 3251



www.chemeurj.org





duced pressure to give a residue which was purified by silica-gel chroma-
tography (100:1 CH2Cl2/MeOH) to afford 54 (70 mg, 73%) as a pale-
yellow powder. M.p. 146 8C; [a]30D =++52.3 (c=0.39 in CHCl3);


1H NMR
(300 MHz, CDCl3): d=1.35 (s, 9H), 1.42 (s, 9H), 1.46 (s, 9H), 1.49 (s,
9H), 1.51 (s, 9H), 1.71 (br s, 1H), 2.23 (br s, 1H), 2.46 (br s, 1H), 2.81
(brd, 1H), 2.87 (d, 3H), 3.27 (br s, 1H), 3.74 (s, 3H), 3.76±3.93 (m, 2H),
4.43 (d, J=9.0 Hz, 1H), 4.96 (tq, J=9.0, 2.5 Hz, 1H), 5.81 (dt, J=10.0,
2.0 Hz, 1H), 6.11 (brd, J=10.0 Hz, 1H), 6.71 (br s, 1H), 7.52 (d, J=
8.5 Hz, 2H), 7.57 (br s, 1H), 7.71(d, J=8.5 Hz, 1H), 7.80 (d, J=7.5 Hz,
1H), 7.85 ppm (d, J=8.5 Hz, 1H); 13C NMR (75 MHz, CDCl3): d=27.8,
27.9, 28.0, 28.3, 30.9, 34.8, 35.0, 39.6, 44.7, 46.4, 47.1, 52.6, 76.1, 77.2, 79.0,
79.6, 80.7, 84.0, (84.2), 97.7, 125.3, 125.8, 126.0, 127.7, 129.4, 130.0, 133.4,
145.2, 148.0, 150.0, 155.6, 157.2, 158.8, 162.9, 168.4, 171.6 ppm; IR (KBr):
ñmax=3569, 2971, 1698, 1654, 1256, 1116 cm�1; elemental analysis calcd
(%) for C49H72N8O14: C 59.02, H 7.28, N 11.24; found: C 58.92, H 7.24, N
11.17.


Total synthesis of blasticidin S (1): Triethylamine (0.05 mL, 0.36 mmol)
was added to a solution of 54 (23 mg, 0.023 mmol) in MeOH (1.0 mL) at
room temperature, and stirring was continued overnight. Water (0.40 mL,
0.02 mol) was added and the solution was left at room temperature over-
night. The resultant reaction mixture was concentrated under reduced
pressure to afforded the crude carboxylate (13 mg), which was dissolved
in CH2Cl2 (1.0 mL) and then treated with TFA (0.10 mL, 1.3 mmol) at
room temperature. After being stirred at room temperature for 1 h, the
reaction mixture was concentrated under reduced pressure. The residue
was dissolved in 3n aqueous HCl (0.2 mL, 0.2 mmol) and then concen-
trated under vacuum. This was repeated three times. The resultant hydro-
chloride was dissolved in distilled water and then passed through a
column of IRA-410. The effluent that showed UV absorption was collect-
ed and concentrated. The resultant residue was dissolved in ethanol and
then precipitated by addition of diethyl ether to afford white crystals of
blasticidin S (1) (8 mg, 85%) [m.p. 238±239 8C (dec.)]. [a]27D =++70.5 (c=
0.33 in H2O); 1H NMR (300 MHz, 1n DCl): d=2.08 (m, 2H), 2.76 (dd,
J=16.0, 7.0 Hz, 1H), 2.82 (dd, J=16.0, 5.0 Hz, 1H), 3.06 (s, 3H), 3.51
(m, 2H), 3.71 (qn, J=6.0 Hz, 1H), 4.54 (d, J=8.0 Hz, 1H), 4.87 (dq, J=
8.0, 2.5 Hz, 1H), 5.98 (ddd, J=10.0, 2.5, 2.0 Hz, 1H), 6.27 (d, J=8.0 Hz,
1H), 6.28 (dt, J=10.0, 2.0 Hz, 1H), 6.60 (q, J=2.0 Hz, 1H), 7.85 ppm (d,
J=8.0 Hz, 1H); 13C NMR (100 MHz, 1n DCl): d=29.9, 36.8, 37.2, 45.2,
47.3, 47.5, 75.5, 80.2, 96.4. 125.3, 134.1, 146.4, 149.1, 157.3, 160.1, 172.0,
172.3 ppm; IR (KBr): ñmax=3221, 1729, 1679, 1655, 1431, 1197 cm�1;
HRMS (FAB): m/z : calcd for C17H27N8O5 [M+H]+ : 423.2104; found:
423.2119.
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Introduction


Unpaired electrons present in radicals and metal ions cause
paramagnetic effects that strongly influence NMR spectra.
For some time, paramagnetism was considered a nuisance in


NMR structure determination.[1,2] However, in recent years,
it has been demonstrated that paramagnetism can provide
useful structural information and, as a result, determination
of the solution structure of proteins containing paramagnetic
metals is now a reality.[3,4] The presence of an unpaired elec-
tron can cause both broadening and shifts of the resonances
in the NMR spectrum. Line broadening is a consequence of
enhanced relaxation. To a good approximation, this effect is
isotropic and falls off with the sixth power of the distance
between the metal and the observed nucleus. It is, therefore,
a sensitive tool for distance measurements, but it is localised
to the immediate surroundings of the metal or radical.[1] On
the other hand, line shifts are caused by two effects: a) con-
tact shifts are due to delocalisation of the unpaired electron
onto the nucleus and are only relevant for nuclei not more
than several bonds away from the metal and b) pseudocon-
tact shifts (PCS) result from the dipolar interaction between
the (time averaged) unpaired spin and the nucleus, and their
size depends on the anisotropy of the magnetic susceptibili-
ty.[1] The magnitude of PCS is described by the magnetic sus-
ceptibility tensor ([Eq. (1)] in the Experimental Section)
and falls off with the third power of the distance between
the metal and the observed nucleus. For strongly paramag-
netic metals with a high anisotropy, PCS can be observed
for nuclei at long distances from the metal,[5,6] which can be
used to provide restraints for structure determination.[2,4]


Paramagnetic molecules with strongly anisotropic magnetic


Abstract: A lanthanide complex,
named CLaNP (caged lanthanide
NMR probe) has been developed for
the characterisation of proteins by par-
amagnetic NMR spectroscopy. The
probe consists of a lanthanide chelated
by a derivative of DTPA (diethylene-
triaminepentaacetic acid) with two
thiol reactive functional groups. The
CLaNP molecule is attached to a pro-
tein by two engineered, surface-ex-
posed, Cys residues in a bidentate


manner. This drastically limits the dy-
namics of the metal relative to the pro-
tein and enables measurements of
pseudocontact shifts. NMR spectrosco-
py experiments on a diamagnetic con-
trol and the crystal structure of the
probe-protein complex demonstrate


that the protein structure is not affect-
ed by probe attachment. The probe is
able to induce pseudocontact shifts to
at least 40 ä from the metal and causes
residual dipolar couplings due to align-
ment at a high magnetic field. The mol-
ecule exists in several isomeric forms
with different paramagnetic tensors;
this provides a fast way to obtain long-
range distance restraints.
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susceptibility also show some degree of spontaneous align-
ment at high magnetic fields; this provides an easy way to
obtain residual dipolar couplings.[7]


To take advantage of these paramagnetic effects in dia-
magnetic molecules, various types of paramagnetic probe
molecules have been used. The first group consists of solu-
ble probes, which are not covalently attached to the mole-
cule of interest, such as paramagnetic metals[8±14] and nitro-
xide spin labels.[15±17] The structural information provided by
this category of probes is limited by the fact that any ob-
served PCS are very small, due to averaging effects and by
the limited range of paramagnetic relaxation effects they
induce. The second group includes probes that are attached
to the molecules of interest by selective covalent or coordi-
nation bonds, such as nitroxide spin labels,[18±21] divalent
cobalt[22±24] or manganese[25] ions and lanthanides (Ln).[26]


Spin labels have a limited action radius and cause no PCS,
while Co2+ requires a specific binding site and induces a
limited range of PCS .


Paramagnetic lanthanides, with their unpaired electrons
located in the 4f inner shell, are superior paramagnetic
probes, because a) a range of paramagnetic effects can be
expected with different lanthanides, b) similar ionic radii
and geometries are observed for complexes of different lan-
thanides and c) lanthanum(iii), lutetium(iii) and yttrium(iii)
can be used as diamagnetic analogues. These advantages
were demonstrated for the Ca2+-binding protein calbindin,
in which the calcium atom was replaced by various lantha-
nides.[27±29] Obviously, this application of lanthanides is limit-
ed to proteins that contain a metal site capable of accommo-
dating a Ln3+ ion and assumes that metal replacement is
isomorphic. In addition, it results in the broadening of reso-
nances in the vicinity of the Ln3+ ion due to relaxation ef-
fects.


Recently, various covalent paramagnetic tags have been
developed and inserted on a genetic level at one of the ter-
mini of the protein.[30±33] Their main purpose is to cause
spontaneous alignment to obtain residual dipolar couplings.
They are less useful for restraints based on PCS or relaxa-
tion, because of limited choice in location and the dynamics
of the probe relative to the protein.


We have designed a molecule that can be used as a para-
magnetic probe without the limitations previously men-
tioned. The caged lanthanide NMR probe (CLaNP) can be
specifically attached to the surface of a protein where two
cysteine residues have been engineered at a convenient dis-
tance from each other. This probe constitutes, in effect, an
artificial paramagnetic centre that can be positioned specifi-
cally on an otherwise diamagnetic protein, without causing
significant structural changes. The CLaNP molecule binds to
the protein in a bidentate way, thus it has reduced mobility
and allows PCS to be measured. Although PCS have been
reported once by using a similar probe attached to a single
protein residue,[34] it appears that generally the probe is
much too dynamic in such cases; this is in accord with the
fact that there are six rotatable bonds between the probe
and the backbone of the protein. Linking the probe at two
positions on the protein surface results in a cyclic compound
with severely reduced mobility.


The fact that there are at least eight bonds between the
lanthanide ion and the nuclei in the protein means that con-
tact shift effects are negligible. Relaxation-induced line
broadening is also negligible or limited to very few residues,
because the metal in the probe is located >6 ä away from
the nearest amide. Finally, the molecule is able to cause
spontaneous partial alignment of the protein at high mag-
netic fields; this enables residual dipolar couplings to be
measured. This newly designed probe is able to accommo-
date any lanthanide ion and can, in principle, be useful in
providing variable-range structural information about large
proteins and protein complexes.


Results and Discussion


Design of the ClaNP molecule : The design of a molecule
that can be used as an artificial paramagnetic probe, capable
of generating useful structural information about proteins,
requires a number of conditions to be met. The most impor-
tant of these are a) that the probe reacts with specific resi-
dues in the protein, thus enabling its attachment point to be
conveniently selected; b) that it has little flexibility with
regard to the protein to prevent averaging of the pseudocon-
tact effect; c) that it can accommodate a paramagnet capa-
ble of generating a useful range of paramagnetic effects and
d) that its attachment does not significantly alter the struc-
ture and stability of the protein.


Cys residues rarely occur on protein surfaces and thiol
chemistry can be used for specific attachment reactions.
DTPA is an excellent chelator of lanthanides, yielding a
soluble complex, which can easily be modified. For these
reasons, two thiol reactive functional groups were added to
DTPA (Figure 1 top) for the attachment to two engineered
Cys residues on a protein surface. Attachment of this modi-
fied DTPA±Ln complex in a bidentate manner is aimed at
drastically limiting its mobility relative to the protein.
DTPA-bis(amides) are known to bind Ln3+ ions in a cage-
like, octadentate fashion through the three nitrogen atoms
of the diethylenetriamine backbone, three carboxylate
oxygen atoms, and two amide oxygen atoms; overall this
yields neutral complexes.[35] In the case of the DTPA-bis(a-
mide) of S-(2-methylaminomethyl)methanesulfothioate
(MTS) described in this work, the introduced sulfothioate
groups are expected to be �10 ä from each other (Figure 1
middle). During the reaction with two Cys residues
(Figure 1 bottom), a sulphinic acid molecule leaves each of
the two functional groups on the probe molecule and the
protein±CLaNP complex is formed.


Lanthanides are the metals of choice, because of their su-
perior paramagnetic properties discussed above. However, a
disadvantage is their high coordination number, hence the
prevalence of isomeric forms. These complexes have four
chiral centres; the three nitrogen atoms of the diethylenetri-
amine moiety and the Ln3+ ion. Consequently, they may
occur in up to 16 (=24) enantiomeric forms. Upon binding
of the probe molecule to the protein, the DTPA-bis(amide)
becomes part of a cyclic structure and a maximum number
of eight diastereomers with different exchange rates may be
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envisaged; this has consequences for the paramagnetic ef-
fects (see below).


Construction of the CLaNP±protein complex : To character-
ise its paramagnetic properties, the CLaNP molecule was at-
tached to pseudoazurin (Psaz) from Alcaligenes faecalis S6,
a well studied copper-containing electron transfer protein,
which does not have any surface-exposed Cys residues. Its
size (14 kDa) allows easy NMR characterisation, whilst al-
lowing paramagnetic effects to be measured up to �40 ä
from the metal in the probe. To avoid any interference with
sulphur chemistry and to exclude undesired paramagnetic
effects, the copper in this protein was replaced by zinc, a
change that is known to have a negligible effect on the
structure of type 1 Cu proteins.[36]


The distance between the sulphur atoms in the two engi-
neered Cys residues was aimed to be 8±10 ä, to enable at-


tachment of the bidentate probe and to avoid intramolecular
sulphur bridge formation. From the numerous residue pairs
that fit these criteria, the E51C/E54C double mutant
(dCPsaz) was selected and produced. Thiol determination
indicated an accessible thiol content of 1.7 (�0.2) for
dCPsaz after reduction with DTT. To confirm the accessibili-
ty of the thiol groups, the protein was reacted with MTS
(the functional molecule without Ln±DTPA); this resulted
in an increase of the mass by 151 Da (�2) (from 13473 Da
to 13624 Da). This confirms the accessibility of the thiol
groups in both engineered Cys residues of dCPsaz, because
the expected mass increase after reaction with two MTS
molecules is 150 Da.


The reduced form of the protein was reacted with either
the Y-containing, diamagnetic probe or the Yb-containing,
paramagnetic probe and separated from a fraction of dimer-
ic protein present after reaction by gel filtration. Mass spec-
trometry results revealed a mass of 14068 Da (�2) for the
diamagnetic complex (hereafter YCLaNP±dCPsaz) and a
mass of 14152 Da (�2) for the paramagnetic one (hereafter
YbCLaNP±dCPsaz). Taking into account the mass of both
the unreacted diamagnetic and paramagnetic probes
(755 Da and 839 Da, respectively), these results indicate
that both leaving groups are absent in the complexes, which
shows that each of the probes binds dCPsaz by its two reac-
tive arms. Complexes with masses corresponding to the
ClaNP molecule being attached through a single disulphide
bridge were not observed.


The effect of the mutations and probe binding on the
three-dimensional structure of the protein was investigated
by comparing the [15N,1H]-HSQC spectra of the diamagnetic
YCLaNP±dCPsaz complex and of the wild-type ZnPsaz. A
plot of the 1H-amide chemical shift difference (1H-ddiff) be-
tween the two spectra (Figure 2) shows that the overall
structure of ZnPsaz does not change significantly due to the
mutations and probe binding.


The average 1H-amide chemical shift difference observed
is less than 0.01 ppm and the overall similarity of the two
structures is confirmed by X-ray crystallography results (see
below). It should be noted that the resonances correspond-
ing to Cys51 and Cys54 and residues in their immediate vi-
cinity are not observed in the spectrum of the YCLaNP±
dCPsaz complex. The reason for the disappearance of these


Figure 1. The probe molecule. Top; chemical structure of the bis(MTS)
derivative of DTPA. The dots represent the atoms involved in the coordi-
nation of the lanthanide ion. Middle; ball-and-stick representation of the
Ln-(bis(MTS)±DTPA) complex, with carbon, nitrogen and oxygen atoms
in white, light grey and dark grey, respectively. Sulphur atoms are repre-
sented by large black spheres and the water oxygen atom and Ln atoms
are shown as small and a large dark grey spheres, respectively. Bottom;
schematic representation of the reaction between the probe molecule
[R(S2O2CH3)2] and two thiol groups on a protein, P.


Figure 2. Chemical shift differences between amide protons (1H-ddiff) of
wild-type Zn-Psaz and YCLaNP±dCPsaz. Residues 46 to 57 (marked with
*) are not observed in the spectrum.
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signals is unclear, but it could be caused by line broadening
due to an exchange process, most likely within the probe
molecule.


X-ray structure : The crystal structure of dCPsaz complexed
with the Y-ClaNP probe (PDB entry 1PY0) clearly defines
the location of the Y-probe and the Psaz fold (Figure 3 top).


Following structure solution by molecular replacement
with an apo-pseudoazurin model, a difference map was com-
puted to locate metals absent in the coordinate set. The
highest positive peak in a difference map appeared at the
type I site and was modelled as a zinc atom with full occu-
pancy. The next two highest peaks were located in the sol-
vent channels of the crystal. One of these peaks is near the
molecular surface and was modelled as a sulphate anion and
the other, 6±8 ä from residues Cys51 and Cys54 was model-
led as a Yatom. In difference maps of the probe at the end
of refinement, density was present for the Yatom, the sul-


phur linkers and parts of the cage structure (Figure 3
bottom).


The yttrium atom and the ClaNP were refined at 70% oc-
cupancy yielding an average B-factor of 68 ä2. The arms of
the probe are poorly defined in the electron density map
and the cage structure likely adopts multiple conformations
in the crystal. The probe arms are bent such that the cage


structure approaches the Psaz
peptide. The closest atom of the
main chain of Psaz to the yttri-
um atom is the Ca of Gly52, sit-
uated 6 ä away. The Yatom is
located at 6.0 ä and 8.3 ä from
the sulphur atoms of Cys51 and
Cys54, respectively and ~30 ä
from the zinc atom at the type I
site. Overall, there is no change
in the fold of the E51C/E54C-
ZnPsaz variant structure rela-
tive to the native Psaz structure
as revealed by an rms deviation
between the Ca chains of less
than 0.3 ä.


Paramagnetic effects : Binding
of the paramagnetic probe to
dCPsaz causes paramagnetism-
induced shifts in the resonances
of all amides, as shown by the
comparison of the HSQC (het-
eronuclear single-quantum co-
herence) spectra of the para-
magnetic YbCLaNP±dCPsaz
complex with that of the dia-
magnetic control complex,
YCLaNP±dCPsaz (Figure 4).


Several shifted resonances
are observed for each residue
as a result of the ability of the
CLaNP molecule to isomerise.
Our results show that the vari-
ous observed isomers have dif-
ferent paramagnetic anisotro-
pies and tensor orientations,
which result in several resonan-
ces for each amide group. The
resonances for an amide group
approximately lie on a line with


a slope of 1. The reason for this is that all PCS, defined in
ppm, are independent of the nature of the nucleus that ex-
periences the paramagnetic effect and depend only on its
position relative to the metal [Eq. (1) see later]. Amide pro-
tons and nitrogens of an amino acid residue are in close
proximity of each other and should, therefore, experience
similar PCS. Thus, the fact that the shifted peaks lie nearly
on a straight line with a slope of 1 represents evidence that
the shifts are caused by the pseudocontact effect (Figure 4
bottom). The magnitude of the observed PCS is clearly de-
pendent on the distance between the affected amide and the


Figure 3. YClaNP±dCPsaz complex crystal structure. Top; the secondary structure elements are coloured as fol-
lows: b strands in dark grey and a helices in light grey. The side chains of residues Cys51 and Cys54 and the
CLaNP are detailed as sticks. The disulphide bridges between Cys51 and Cys54 to the probe are shown in
black. The zinc and the yttrium atoms are depicted as light grey and dark grey spheres, respectively. Bottom; a
stereoview of the YCLaNP region. A SigmaA[51] weighted difference electron density map of the probe is
shown, with residues Cys51 to Cys54 and the yttrium atom contoured at 2.5s. In both panels, atoms are shown
as follows: carbons are white, oxygens and nitrogens are grey and sulphur atoms are in black.
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Yb atom, in accordance with the third power distance de-
pendence [Eq. (1) see later]. Up to five shifted resonances
are observed for each residue, three equally intense ones


and two of lower intensity; this
probably reflects preferred con-
formations of the CLaNP mole-
cule. A diamagnetic resonance
is also observed for every
amide, which corresponds to
the fraction of unlabelled
dCPsaz in the sample.


Measurements at 17.6 Tesla
(750 MHz) of the coupling be-
tween amide 1H and 15N atoms
showed differences between the
paramagnetic and the diamag-
netic complexes of up to 10 Hz,
which indicate that the
YbCLaNP±dCPsaz is partially
aligned, causing residual dipolar
couplings to be observed. Fur-
ther investigations on partial
alignment with other lantha-
nides are underway.


As expected, for none of the
amides that could be observed
in the diamagnetic complex,
significant line broadening was
observed in the paramagnetic
complex; this is in accord with
the relaxation effect being lim-
ited to the immediate surround-
ings of the lanthanide.


Tensor calculations : From a set
of PCS, the size and orientation
of the corresponding magnetic
susceptibility tensor can be de-
termined, which can then be
used for further structural char-
acterisation of a protein or pro-
tein complex.[37] However, the
presence of multiple paramag-
netically shifted resonances for
each of the observed amides
somewhat complicates tensor
determinations, since there is
no unequivocal way of mapping
the resonances of similar inten-
sity to each tensor. In order to
solve this problem, a systematic
evaluation of all possible com-
binations of the three most in-
tense resonances was carried
out. The two less intense reso-
nances were not taken into ac-
count in these calculations,
since they correspond to minor
conformers of the CLaNP mol-


ecule. The multiple resonances for each amide results in a
spectral overlap of peaks of some residues. However, the
slope �1 observed for the paramagnetically shifted resonan-


Figure 4. Overlay of the [15N,1H]-HSQC spectra of the YCLaNP±dCPsaz (red) and the YbCLaNP±dCPsaz
(black) complexes. Top; the complete spectrum. The resonances of the 31 amides used as inputs for the deter-
mination of the paramagnetic tensors and those of the 37 additional amides assigned with the aid of the deter-
mined tensors (see text) are connected by blue and green lines, respectively, with slope 1. Side-chain amide
resonances are connected by horizontal black lines. The numeric labels represent the assignments of the pro-
tein residues in the diamagnetic complex. The asterisks denote the peaks belonging to 15N-acetamide
(CH3CO


15NH2), used as an internal reference. Bottom; the set of resonances for the amide of Ala25. D-dia-
magnetic resonance; P1, P2, P3, P4 and P5- paramagnetically shifted resonances.
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ces greatly reduces the assignment problem, because it links
all resonances from one amide (Figure 4). Assignment of
the paramagnetically shifted resonances can thus be ach-
ieved based on the assignments of the diamagnetic resonan-
ces and is facilitated by the presence of a fraction of unla-
belled protein in the sample of the paramagnetic complex.
Therefore, a subset of 31 unequivocally assigned amides in
this complex, each with three resonances, was selected for
tensor determination.


The number of possible com-
binations increases very rapidly
with the number of amides, n
(as 6n�1). Thus, subsets of 10
1H-amide shifts were used to
search all possible combinations
and to determine the best set of
three tensors to describe the
PCS. Then, the sets were com-
bined and further optimised by
using a genetic algorithm. The
best solutions for the three ten-
sors (Figure 5) are given in
Table 1.


The observed versus calculat-
ed shifts of the 31 amide pro-
tons used for tensor determina-
tions are plotted, for each
tensor, as solid symbols (*) in
Figure 6. Tyr74 is found to be a
consistent outlier in the fits be-


tween observed and predicted PCS. The reasons for this dis-
crepancy are unclear, but it may reflect a structural differ-
ence between crystallographic and solution conditions with
regard to the position of the amide proton of this residue.
The tensors determined in this way were used to predict the
shifts of another 37 residues in the protein to aid in the as-
signment of their corresponding resonances. These are
shown in Figure 6 with open symbols (*).


It could be shown that the solutions obtained for the ten-
sors are not unique. However, the excellent agreement
found between the predicted and observed values for the
shifted resonances of the 37 amide protons that were not in-
cluded in the initial analysis clearly demonstrates that the
computed tensors are able to describe the paramagnetic
effect caused by the three main isomers of the CLaNP mole-
cule.


Distance restraints without tensors : The occurrence of mul-
tiple resonances for each amide, caused by the isomers of
the probe, offers the possibility to derive distance restraints


Figure 5. Stereoview of the orientation of the magnetic susceptibility tensors for the three main isomers of the
YbCLaNP molecule projected onto the Yatom of the YCLaNP±dCPsaz complex structure. The axes of tensors
A, B and C (see also Table 1) are indicated, as well as the reference frame (y’ and z’; x’ is pointing towards the
back). Carbon, oxygen and nitrogen atoms are shown in black, dark grey and light grey, respectively. The sul-
phur atoms of the Cys residues and the Y atom are shown as large spheres.


Figure 6. Plots of observed versus predicted PCS for 31 amide protons used for tensor determination (*) and an additional 37 amide protons assigned
with the aid of the determined tensors (*). The solid lines represent PCSpred=PCSobs.


Table 1. Magnetic susceptibility tensor parameters.


Dcax Dcrh
[10�32 m3] [10�32 m3] xt±x’[a] yt±y’[a] zt±z’[a]


tensor A 12.6 14.8 52.3 168.8 128.4
tensor B 10.2 12.3 47.8 57.9 49.5
tensor C 8.0 8.4 31.6 151.3 161.5


[a] Angles in degrees between the x, y, and z axes of the tensors and the
arbitrarily defined reference system (see text). The Dc values and axes
orientations are defined in such a way that the relationship Dcax, Dcrh>0
always holds.
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without using the magnetic anisotropy tensors. This is illus-
trated in Figure 7. The largest positive PCS of the three in-
tense resonances observed for each amide proton is plotted


against the distance between the proton and the Yb atom.
The best fit with the inverse cubic power of the distance is
shown as a solid line. The dashed line indicates the theoreti-
cal maximum (based on the largest tensor in Table 1) and
the lower 95% prediction interval of the fit is shown by the
dotted line. Given an observed PCS, a target distance and
distance range can be read off by using the solid, dotted and
dashed lines, respectively. For example, a maximum PCS of
0.6 ppm yields a target of 17.5 ä and the distance range of
16±22 ä. Like with NOE-based distance restraints, the low
precision of the target needs not be problematic, provided
sufficient restraints can be observed. Such PCS distance re-
straints could be useful in docking calculations of two pro-
teins, as was demonstrated before on the complex of plasto-
cyanin and cytochrome f.[38,39] For this purpose, the position
of the lanthanide can be modelled on the basis of the crystal
structure of YCLaNP±dCPsaz, with the lanthanide in a plane
with two Cys sulphur atoms at 7.3 ä from the two Sg(Cys)
atoms with Ln/Sg(Cys)/Cb(Cys) angles at 1298.


Conclusion


We have designed a paramagnetic molecule, CLaNP, which
can be attached specifically to a protein surface by using
two engineered Cys residues at 8±10 ä distance. This biden-
tate mode of attachment sufficiently reduces the mobility of
the Ln3+ ion relative to the protein to allow measurement
of PCS. Both NMR chemical shift analysis and X-ray dif-
fraction indicate that the structure of the protein is essen-
tially unaffected by the attachment of the probe. This makes
CLaNP the first general NMR probe designed to generate
PCS. In the current example, shifts induced by Yb are ob-
served up to 40 ä away from the metal and lanthanides that
induce larger PCS, such as Dy, are expected to extend this


range even further. Conversely, the shift range can be tuned
down by choosing lanthanides with a lower ability to shift.
The occurrence of several isomers of the CLaNP is still a
drawback presented by this molecule and work to synthesise
new probes with less or no isomers is in progress. We have
demonstrated, however, that the magnetic anisotropy ten-
sors of the different isomers can be calculated, despite the
degeneracy problem. We showed that the multiple resonan-
ces for each amide also offer an easy and fast way to obtain
distance restraints.


The CLaNP molecule can also cause spontaneous align-
ment at high magnetic fields, which provides a convenient
way to obtain residual dipolar couplings. The multiple iso-
mers could be beneficial in this case, because they result in
multiple alignment orientations of a protein in one sample
and in one experiment.


Finally, we are investigating the potential of CLaNP as a
relaxation agent. It can be expected that CLaNP containing
gadolinium can provide distance restraints on the basis of
relaxation. Contrary to other lanthanides, Gd3+ has a long
electronic relaxation time causing strong relaxation effects.
Due to the isotropic nature of paramagnetic relaxation, it is
expected that isomeric forms of the probe will be irrelevant
to this application.


The CLaNP molecule offers the possibility of attaching
magnetically anisotropic Ln3+ ions to any protein, irrespec-
tive of its native ability to bind lanthanides. Thus, CLaNP
represents a generally useful tool to provide variable-range
distance restraints in structure determination of proteins
and protein complexes, in the same way as is now standard
in paramagnetic metal proteins.


Experimental Section


Synthesis of the probe molecule : To prepare the bisanhydride form of
DTPA, a suspension of DTPA (49 g, 125 mmol) in acetic anhydride
(53 mL, 560 mmol) and dry pyridine (62 mL, 770 mmol) was heated at
65 8C, while stirring for 24 h. After cooling to room temperature, the pre-
cipitate formed was filtered off and then washed with diethyl ether. After
drying under vacuum, pure DTPA-bis(anhydride) was obtained (43 g,
120 mmol, 96%). 13C NMR ([D6]DMSO): d=50.78, 51.72, 52.71, 54.73,
165.88, 171.82 ppm. The sodium salt of the bis(MTS) derivative of DTPA
was prepared by dissolving the HBr salt of MTS (25.9 mg, 0.11 mmol)
(Toronto Research Chemicals) in DMSO (0.5 mL). In this solution,
DTPA-bisanhydride (19.3 mg, 0.054 mmol) was dissolved by heating.
After cooling to room temperature, this solution was washed with
DMSO (0.1 mL) into N-methylmorpholine (33.2 mg). After standing for
2 h at room temperature and a night at �20 8C, the solvent and the N-
methylmorpholine were evaporated under vacuum (0.1 mbar). The glassy
solid was dissolved in a solution of Na2CO3 (23.8 mg) in water (1.5 mL).
The solution was filtered and then freeze-dried. The Ln-containing probe
molecule was prepared by mixing equimolar amounts of the lanthanide
ion and the bis(MTS) derivative of DTPA.


Protein expression and purification : The pseudoazurin gene from Alcali-
genes faecalis S-6 was amplified from the pUB1 vector kindly provided
by Dr. Makoto Nishiyama at the University of Tokyo by using the for-
ward primer, ’A/AG-CTT G/CT-AGC GAA AAT ATC GAA GTT CAT
ATG CT 3’ and the reverse primer, 5’CAT C/TC-GAG TCA TTT AGC
GCT GGC GAT GAC 3’. The PCR product was digested by using the
restriction endonucleases HindIII and XhoI and cloned into the transfer
vector pBluescript¾ II SK- (Stratagene, La Jolla, CA). This was followed
by a second cloning step into the NheI and XhoI sites of the bacterial ex-
pression vector pET24c (Novagen Inc). From DNA sequence analysis of


Figure 7. Estimation of distance restraints based on largest observed PCS
for 68 amide protons. The lines represent the best fit with the inverse
cubic power of the distance (c), the theoretical maximum (a) and
the lower 95% prediction interval of the fit (g). A maximum PCS of
0.6 ppm yields a target distance of 17.5 ä and distance range of 16±22 ä.
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the pEPsaz plasmid obtained in this way, it was confirmed that no muta-
tions were generated during PCR amplification. For cloning purposes,
extra Ala and Ser residues were introduced at the �1 and 0 positions, re-
spectively. The modifications encoding the E51C and E54C mutations
were introduced in a single step by site-directed mutagenesis following a
procedure based on Stratagene×s ExSite¾ PCR-Based Site-Directed Mu-
tagenesis Kit and by using the pEPsaz plasmid as a template. High level
expression yielding soluble protein was observed in rich medium, while
the mutant protein was found in inclusion bodies when cultured on mini-
mal medium. Therefore, uniformly 15N-labelled dCPsaz was obtained
from culturing Escherichia coli BL21(DE3) cells in E. Coli-OD4 N
medium (from Silantes GmbH), containing kanamycin (50 mgmL�1).
Cells were grown at 37 8C to OD600�0.7, induced with IPTG (0.5mm)


and allowed to grow for a further 5 h at 30 8C. Following harvesting by
centrifugation, the cells were resuspended in a buffer (100mm Tris-HCl,
pH 7.2 containing 0.5m NaCl and 1mm ZnCl2) and disrupted in a French
pressure cell in the presence of phenylmethylsulfonyl fluoride (PMSF)
(1mm) and DNase I (50 mgmL�1). After dialysis against MES (10mm


pH 6.5) with ZnCl2 (1mm), dCPsaz was purified by separating the crude
extract in a cation exchange carboxymethyl cellulose (CM) column equi-
librated with MES (10mm pH 6.5) and eluted with a gradient of NaCl
(0±250mm) in the same buffer; this was followed by gel filtration on a
Superdex G75 column equilibrated with a sodium phosphate buffer
(50mm, pH 7.0) containing NaCl (150mm). The wild-type 15N(/13C)-Zn-
pseudoazurin was purified as described above from cells grown in M9
minimal medium containing 15NH4Cl (and uniformly 13C labelled d-glu-
cose) as the sole nitrogen (and carbon) source(s).


Construction of the protein±CLaNP complex : To substitute zinc for
copper, wild-type pseudoazurin and E51C/E54C-pseudoazurin samples
were prepared by the addition of cyanide (100mm) to a concentrated
protein solution followed by immediate removal of the CN� ion on a de-
salting Superdex G25 column equilibrated with MES (10mm, pH 6.5)
containing ZnCl2 (1mm). Excess Zn was removed on a desalting PD10
column equilibrated with sodium phosphate (20mm, pH 7.0). Before the
reaction between dCPsaz and the lanthanide probe, protein dimers were
dissociated by incubating the protein with DTT (3.5mm) for an hour at
room temperature; this was followed by DTT removal on a desalting
PD10 column, equilibrated with degassed sodium phosphate (20mm


pH 7.0). Two molar equivalents of the probe molecule were added drop-
wise to a protein solution (10 mL) in a sodium phosphate buffer (20mm,
pH 7.0). The reaction proceeded overnight at 4 8C under semi-anaerobic
conditions. Monomeric protein was separated from the reaction mixture
and dimer formed on a Superdex G75 column equilibrated with sodium
phosphate buffer (50mm, pH 7.0), which contained NaCl (150mm). Ap-
proximately 60% of this fraction contains the complex formed between
the protein and the lanthanide probe (dCPsaz±LnCLaNP). The remaining,
free, protein was used as an internal diamagnetic control to facilitate the
assignment of [15N,1H]-HSQC peaks.


NMR spectroscopy : NMR samples of wild-type pseudoazurin contained
protein (1.5mm) in sodium phosphate (20mm), pH 7.0, 6% (v/v) D2O.
Samples of dCPsaz±LnCLaNP contained protein (0.5±1mm) in the same
buffer. Measurements were performed on a Bruker Avance DMX600
spectrometer operating at 303 K. [15N,1H]-HSQC spectra were obtained
with spectral widths of 32 ppm (15N) and 12.6 ppm (1H). Data processing
was performed in AZARA (available from ftp://ftp.bio.cam.ac.uk/pub/
azara). Assignments of the 1H and 15N amide nuclei in Zn-pseudoazurin
(see Table S1 in the Supporting Information) were obtained with a
15N,13C-labelled sample by using an HNCACB experiment, in conjunction
with previous assignments of Cu+-containing pseudoazurin (results to be
published elsewhere). Spectra were analysed by using the program
×Ansig for Windows×.[40]


Mass spectrometry : Protein mass determination was performed with a Q-
TOF1 mass spectrometer (MS) (Micromass, Manchester, UK), equipped
with an on-line nano-electrospray source. The samples were diluted to a
concentration of 3 pmolmL�1 in water/methanol/acetic acid 50:50:1 (v/v/v)
and introduced into the MS by flow injection analysis. Mass spectra were
recorded from m/z 50±2000. The protein mass was calculated from the
protein envelope by deconvolution with the MaxEnt software.


Crystallisation and structure determination : Crystals of the YClaNP±
dCPsaz complex were grown at 18 8C in a mother liquor, which consisted
of ammonium sulphate (2.4m) and sodium phosphate (50mm) at pH 6.5.


These conditions resulted in the growth of twinned crystals that were
characterised as belonging to space group P65 with cell dimensions a=
b=42.7 ä, c=116.9 ä. The crystals were soaked in a mother liquor with
glycerol (30%) as a cryoprotectant and were looped directly into a cryo-
stream at 100 K. X-ray data were collected to 2.0 ä resolution on a
MAR345 image plate system and a home laboratory X-ray source. The
data were processed with DENZO[41] and corrected for twinning by using
the program Detwin[42] and a 0.30 twin fraction. The structure of wild-
type Psaz from A. faecalis[43] was used as the starting model for molecular
replacement with the program MOLREP[44] following the removal of the
copper and all solvent atoms. Eight percent of the data (573 reflections)
were set aside to calculate the free R factor. Refinement was accomplish-
ed by using CNS (for water picking)[45] and Refmac5.[46] The final struc-
ture includes the recombinant Psaz peptide (residues Ala-1 to Ala-120),
a Zn atom at the type I site and the complete probe, this resulted in an
Rwork and an Rfree of 19.3% and 23.2%, respectively. Statistics of the data
processing and structure refinement are presented in Table 2.


Determination of the magnetic susceptibility tensors: Experimental pseu-
docontact shifts (dpc) were obtained from the difference between the
shifts observed for the paramagnetic (YbCLaNP±dCPsaz) and the diamag-
netic (YCLaNP±dCPsaz) complexes, dpc=dobs (paramagnetic complex)
�dobs (diamagnetic complex). The pseudocontact shift experienced by a
nucleus i in a paramagnetic molecule, dpc


i , is described by Equation 1,


dpc
i ¼ 1


12pr3i


�
Dcaxð3 cos2qi�1Þ þ 3


2
Dcrhðsin2qicos2WiÞ


�
ð1Þ


in which ri, qi and Wi are polar coordinates of nucleus i with respect to
the principal axes system of the magnetic susceptibility tensor. The axial
and rhombic anisotropies, Dcax and Dcrh, respectively, are defined as
Dcax=czz�0.5(cxx+cyy) and Dcrh=cxx�cyy, in which cxx, cyy and czz are the
principal components of the magnetic susceptibility tensor. The Euler ro-
tation matrix G(a,b,g) converts the arbitrarily defined, metal-centred,
molecular coordinate system (the reference system), with polar (Cartesi-
an) coordinates r,q’,W’ (x’, y’, z’), into the magnetic coordinate system
r,qt,Wt (xt, yt, zt). The arbitrary coordinates, x’, y’, z’, were determined by
using the X-ray crystal structure of the YCLaNP±dCPsaz complex (PDB
entry 1PY0). For this analysis the program MOLMOL[47] was used to add
proton coordinates. The reference frame was defined as having its origin
on the lanthanide atom and applying the Euler rotation matrix in Table 3
to the coordinates of the atoms in the structure of the YCLaNP±dCPsaz
complex.


In the YbCLaNP±dCPsaz complex, 31 amides were assigned unequivocally
with each amide showing three equally intense resonances (A, B and C)
and corresponding pseudocontact shifts, dpc


i;j (j=A,B,C), which represent
three isomers of the CLaNP molecule.


Table 2. Crystallographic data collection and refinement statistics


Data collection


resolution [ä] 2.0 (2.07±2.0)
R merge 0.057 (0.343)
{I}/{s(I)} 25.3 (5.4)
completeness [%] 99.2 (99.1)
unique reflections collected 8144 (2616)
refinement statistics
working R factor 0.193
free R factor 0.232
rmsd bond length [ä] 0.016
overall B factor [ä]2 28.5


Table 3. Euler rotation matrix values for definition of the x’, y’, z’ axes
system


0.134 0.051 �0.990
0.935 0.325 0.144
0.329 �0.944 �0.004
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By using two subsets of 10 amides each, all permutations of A, B and C
were used to calculate magnetic anisotropy tensors by means of a modi-
fied version of the programme FANTASIAN.[48] The tensors were sorted
according to their capability to predict the input data and the best solu-
tions were used as starting values for optimisation by using all 31 data
points with an evolutionary algorithm called differential evolution.[49,50]


Details of this approach are given in the Supporting Information. The
software used in the calculations is available upon request.


The final tensors were used to predict the shifts (A, B, C) of another
37 amides, which helped to assign these amides unequivocally. These data
points are indicated in Figure 6 with open symbols (*).
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Supramolecular Complexation of Alkali Cations through Mechanochemical
Reactions between Crystalline Solids


Dario Braga,*[a] Lucia Maini,[a] Stefano L. Giaffreda,[a] Fabrizia Grepioni,*[b]


Michele R. Chierotti,[c] and Roberto Gobetto*[c]


Introduction


Mechanically induced solid-state reactions are attracting the
interest of scientists engaged in the quest for sustainable
chemical processes.[1]


Solvent-free reactions, such as those occurring in the solid
state between molecules, between two solids, or between a
solid and a gas, are important from both the environmental
and topochemical viewpoints.[2] Moreover, crystal engineer-
ing strategies can be exploited for the design and construc-


tion of molecular crystals that take part in solvent-free reac-
tions with molecules or molecular aggregates.[3]


It is useful to distinguish solvent-free reactions on the
basis of the interactions that are involved in the solid-state
process. When the solid-state reaction requires rupture and
formation of covalent bonds,[4] the product is a new mole-
cule, and the resulting solid is usually constituted by a
unique phase. In such a case, attention is generally focused
on the product molecule.


When the solid-state process proceeds by breaking and
forming noncovalent interactions (such as hydrogen bonds),
the crystalline product is the result of the supramolecular as-
sociation of two or more units. This latter process is consid-
ered as a supramolecular reaction between solid supermole-
cules.[5] In this case, the main interest lies in the product
crystal. Similar reasoning applies to the reaction between a
molecular solid and a vapor to yield a new crystalline solid
(Scheme 1).


Mechanochemical reactions have been known for a long
time and may yield products that differ in stoichiometry or
topology from those obtained in solution.[6] Such reactions
have been exploited mainly with inorganic solids (alloying,
milling of soft metals with ceramics, activation of minerals
for catalysis, extraction, preparation of cements);[7] however,
they are beginning to be appreciated for the preparation of
molecular materials as well.[8] For example, condensation be-
tween o-phenylenediamines and 1,2-dicarbonyl compounds
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Abstract: The organometallic zwitter-
ion [CoIII(h5-C5H4COOH)(h5-C5H4-
COO)] reacts quantitatively as a solid
polycrystalline phase with a number of
crystalline alkali salts MX (M = K+ ,
Rb+ , Cs+ , NH4


+ ; X = Cl� , Br� , I� ,
PF6


� , although not in all cation/anion
permutations) to afford supramolecular
complexes of the formula [CoIII-
(h5-C5H4COOH)(h5-C5H4COO)]2¥M


+X�.
In some cases, the mechanochemical
complexation requires kneading of the
two solids with a catalytic amount of


water. The characterization of the
solid-state products has been achieved
by a combination of X-ray single-crys-
tal and powder-diffraction experiments.
The hydrogen-bonding interactions
have been investigated by solid-state
NMR spectroscopy. The mechano-


chemical reactions imply a profound
solid-state rearrangement accompanied
by breaking and forming of O�H¥¥¥O
hydrogen-bonding interactions between
the organometallic molecules. All com-
pounds could also be obtained by solu-
tion crystallization of the inorganic
salts in the presence of the organome-
tallic unit. The solid-state complexation
of alkali cations by the organometallic
zwitterion has been described as a spe-
cial kind of solvation process taking
place in the solid state.


Keywords: crystal engineering ¥ hy-
drogen bonds ¥ mechanochemistry ¥
NMR spectroscopy ¥ organometallic
compounds ¥ solid±solid reactions
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can be effected by ball milling,[9] whilst phosphonium salts
have been prepared by milling triphenylphosphone with
solid organic bromides,[10a] and supramolecular self-assem-
bly[10b] and coordination polymers[10c] have been obtained by
grinding inorganic transition-metal salts with appropriate li-
gands.


It has been recently shown that solid±solid reactions are
often accelerated by the addition of catalytic quantities of
solvent.[11] This procedure, also known as kneading, is very
often exploited in the preparation of inclusion compounds
(e.g. cyclodextrins) for pharmaceutical applications and in
many other physical processes requiring mixing and reaction
of condensed phases.[12] The kneading procedure has also
been applied in this study.


Before the results are discussed, it is worth mentioning
that one of the main difficulties of solid±solid mechano-
chemical processes, with respect to those in solution, arises
from the characterization of the reaction product, which is
usually obtained as a polycrystalline powder. In the case of
complex supramolecular systems, such as those discussed
herein, the lack of precise structural information, usually ob-
tained from single-crystal X-ray diffraction, is often an ob-
stacle to the development of the research field. In some
cases, the problem can be circumvented by means of seed-
ing, that is, by the use of preformed microcrystals (such as
those obtained by grinding) of the desired phase to grow the
desired material as crystals of suitable size from the solu-
tion. One needs to be aware of the fact that, for the control-
led growth by seeding to be successful, it is necessary not to
dissolve the material entirely: nuclei must remain undis-
solved for the crystallization process to proceed towards the
desired phase.[13] Seeding procedures are commonly em-
ployed in the pharmaceutical industry to ensure that the de-
sired crystal form is always obtained from a preparative
process.[14]


Once single crystals have been obtained, it is often possi-
ble to confirm a posteriori that the material obtained from
solution crystallization and that yielded by solid±solid pro-
cesses possess the same structure by comparing the observed
X-ray powder-diffraction pattern (XRPD) with that comput-
ed on the basis of the single-crystal structure. This approach
has been used previously by us and by others to determine
the structure of polycrystalline products obtained by ™non-
solution∫ methods (grinding, dehydration, thermal treat-
ment).[15] A further point to note is that crystallization from


solution does not always yield the same product as that ob-
tained by mechanical treatment.[16] This is particularly rele-
vant in those cases in which crystallization from solution is
under kinetic control and leads to crystallization of those
species that nucleate first and form less soluble nuclei. The
process described above is pictured in Scheme 2.


In Bologna, we have utilized organometallic building
blocks to prepare novel molecular crystalline materials and
to exploit the variable valence, spin, and charge states of co-
ordination complexes.[17] Interesting results have also been
obtained from solid±gas reactions.[18]


We have also exploited mechanochemical processes in the
preparation of a series of novel organic and hybrid organic±
organometallic hydrogen-bonded network compounds,[19] for
which solid-state NMR methods have also been used to
evaluate the hydrogen-bonding patterns.


Herein, we report the mechanochemical solid±solid prep-
aration of hybrid organometallic±inorganic salts obtained by
reacting the organometallic zwitterion [CoIII(h5-C5H4-
COOH)(h5-C5H4COO)] (1) with a number of alkali metal
salts MX (M = K+ , Rb+ , Cs+ , NH4


+ ; X = Cl� , Br� , I� ,
PF6


� , although not in all cation/anion permutations, see
below). In all cases, exact information about the solid-state
structures of the reaction products was obtained by single-
crystal X-ray diffraction experiments performed on crystals
obtained from the reaction powders. Information on the hy-
drogen-bonding nature and on the relationship between
structures in solution and those obtained in the solid-state
by mechanical grinding was gained by a combination of so-
lution and solid-state NMR spectroscopy.


Our aim is to address the following questions:


1) Is the solid-state complexation observed with KBr[20]


transferable to other alkali metal salts? We know from a
previous study that 1 complexes with M[PF6]


[22] salts
(M = K+ , Rb+ , Cs+ , and NH4


+) to form almost iso-
structural ™cages∫ in which the zwitterions encapsulate
the cations.


Scheme 1. Schematic representation of the relationship between a gas±
solid reaction and a reaction between two molecular solids in solvent-
free supramolecular processes.


Scheme 2. Schematic representation of the relationship between crystalli-
zation from solution, solid-state mixing (grinding, kneading, milling), and
crystallization by means of seeding in order to obtain single-crystal struc-
tures of the compounds prepared mechanochemically.
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2)What is the relationship between the products obtained
by grinding and by crystallization from solution? Are
there compounds that can be obtained from solution but
which are impossible to prepare by grinding or vice
versa?


3)What can we learn from solid-state NMR with regard to
the nature of the processes and of the hydrogen-bonding
interactions within the adducts?


Results and Discussion


It may be of interest to the reader to know that the begin-
ning of this work was serendipitous. It all started with the
accidental discovery of large differences in the CO stretch-
ing frequency region in the IR spectra of 1 measured in
Nujol and in KBr pellets in the course of our studies of
solid±gas reactions of 1. The IR spectra are shown in
Figure 1.[20] Our previous experience with solid±solid pro-


cesses alerted us to the possibility that the differences we
were observing could be indicative of the occurrence of a
solid-state reaction. It is well-established that alkaline halo-
genides, such as KBr, that are used for IR pellets are highly
polar compounds, and, in some cases, they are known to in-
teract with the embedded sample[21] causing an alteration of
the absorption frequencies with respect to those measured
in solution or Nujol. Therefore, we decided to investigate
the possibility of purposely reacting solid 1 with solid KBr,
and indeed, we observed the quantitative formation of the
adduct [CoIII(h5-C5H4COOH)(h5-C5H4COO)]2¥K


+Br� (12¥K
+


Br�), which results from the complexation of the alkali
cation by the zwitterion 1.


The preparation and characterization procedure of the
solid-state adducts follows the sequence:


1) Manual grinding of the solid mixture with a mortar and
pestle.


2) Measurement of the X-ray powder diffraction (XRPD)
to obtain a diffractogram.


3) Crystallization from solution, by means of seeding, of
the polycrystalline material obtained by grinding. In
order to understand the importance of the seeding tech-
nique, complexations were also carried out in solution
by dissolving 1 and the desired salt in a 2:1 stoichiome-
try, and by comparing the measured XRPDs with those
obtained by grinding.


4) Determination of the single-crystal structure by X-ray
diffraction on single crystals recovered from step 3.


5) Comparison of the observed XRPD [step 2] with that
calculated on the basis of the single-crystal structure
[step 4].


In view of the analogies in preparation and the likelihood
of the structures obtained by solid-state complexation, the
supramolecular complex [CoIII(h5-C5H4COOH)(h5-C5H4-
COO)]2¥Cs


+I� (12¥Cs
+I�) is used to demonstrate the charac-


terization procedures used in this work.
We will first discuss the structural features obtained from


single-crystal X-ray diffraction. Compound 12¥Cs
+I� is iso-


structural with the members of the family of hexafluoro-
phosphate salts [CoIII(h5-C5H4COOH)(h5-C5H4COO)]2¥M


+


[PF6]
� (12¥M


+[PF6]
� , M = K+ , Rb+ , Cs+ , [NH4]


+) previous-
ly obtained from the cationic acid [CoIII(h5-C5H4COOH)2]
[CoIII(h5-C5H4COOH)(h5-C5H4COO)]+[PF6]


� by treatment
with MOH or ammonia.[22] Compound 12¥Cs


+I� is thus char-
acterized by the presence of a supramolecular cage formed
by four zwitterionic molecules encapsulating the Cs+ cat-
ions. The cage is sustained by O�H¥¥¥O hydrogen bonds be-
tween carboxylic (COOH) and carboxylate (COO�) groups,
and by C�H¥¥¥O bonds between -CHCp and -CO groups,
while the I� ions form layers in between the cationic com-
plexes (Figure 2).


The structure determination was instrumental to the iden-
tification and characterization of the product obtained by
solid-state grinding. Figure 3 shows a comparison of the
XRPD patterns of polycrystalline 12¥Cs


+I� , obtained by
grinding the reagents together, and that calculated on the
basis of the single-crystal structure described above.


It is worth stressing that the solid-state reaction implies
that the O�H¥¥¥O hydrogen-bonded chains present in crys-
talline 1 are disrupted with formation of O�H¥¥¥O hydrogen-
bonded dimeric units. The whole process (Figure 4) also re-
quires a change from trans to cis in the conformation of the
C5H4-COO/COOH units, with formation of cages able to en-
capsulate the alkali cations by means of O¥¥¥Cs+ interactions.
The overall arrangement of the eight COO�/COOH groups
around the cation is reminiscent of crown-ether complexa-
tion, even though the cage components are held together by
hydrogen bonds rather than by covalent bonds; hence the


Figure 1. Comparison between the IR spectra obtained for the organome-
tallic zwitterion [CoIII(h5-C5H4COOH)(h5-C5H4COO)] (1) in Nujol and
KBr.
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epithet of ™supramolecular crown ethers∫ for compounds of
this type.


A similar procedure was applied to all compounds listed
in Table 1. It can be seen that, while all bromide salts direct-
ly form the cage compound by simple grinding, and this ap-
plies also to the case of CsI discussed above, the preparation


of the rubidium and cesium chlorides, as well as of the po-
tassium and rubidium iodide derivatives, required the
kneading procedure, in our case, the addition of 1 mL of
water per 20 mg of reactants. Although a paste is not
formed and the reactants are still powdery, the reactions
proceed in quantitative yields. It is important to appreciate
that water, even in tiny amounts, may act as a microsolution
environment that helps to overcome lattice energies and to
activate the dissolution, diffusion, and crystallization se-
quence that will eventually lead to the formation of the
polycrystalline product.


As mentioned in the introduction, it has already been es-
tablished that solid±solid reactions are sometimes accelerat-
ed by the addition of catalytic quantities of solvent.[11]


With respect to the information collected in Table 1, it
can be added that the role of water is fundamental to the re-
action. The water absorbed from the air during the grinding
of bromides and CsI[23] is sufficient to enable the reaction,
while in the other cases a slightly larger amount of water is
required (kneading technique). Grinding dry KBr and dry 1
in an anhydrous atmosphere gave no reaction. It is also in-
teresting to observe that 1 does not react with KCl either
with or without kneading or in solution so that the resulting
mixture consists of solid KCl and 1.


Although it was possible to collect single-crystal X-ray
data (see the Experimental Section) from all products, this
was not strictly necessary because the ™cage∫ compounds
are nearly isomorphous and the respective observed XRPD
patterns show similar features. The grinding experiment of 1
was also carried out with hexafluorophosphate salts, such as
K[PF6] and [NH4][PF6], which are known to yield adducts of
the type 12¥[NH4/K]+[PF6]


� from solution. These two inor-
ganic salts were selected because crystalline 12¥[NH4/K]+


[PF6
�] possess similar structural features to 12¥K


+Br� , and
the cages are almost isostructural. A comparison of the cal-
culated and observed powder diffraction patterns confirmed
that the mechanochemical reaction had led to encapsulation,
as expected.


Solid-state structures determined from single-crystal X-ray
experiments : Although the main focus of this paper is on
solid-state complexation of alkali metal cations with the or-
ganometallic unit 1, the availability of a small database of
nearly isomorphous compounds allows useful comparisons
to be made between noncovalent interactions, in particular
the inter-zwitterion O¥¥¥O bonds, and the interactions of the
organometallic moiety with different alkali metal cations.
The structural features of the crystalline materials, whose
structures have been determined by single-crystal X-ray dif-
fraction, can be summarized as follows (see also Table 2).
The following features are shared:


Figure 2. The structure of [CoIII(h5-C5H4COOH)(h5-C5H4COO)]2¥Cs
+I�


(12¥Cs
+I�) obtained by crystallization from water. a) The supramolecular


cage formed by encapsulation of the Cs+ ion within a cage formed by
four zwitterionic molecules, dimerized through O�H¥¥¥O hydrogen bonds
between carboxylic -COOH and carboxylate -COO� groups. b) The I�


ions form aggregates in layers between the organometallic layers.


Figure 3. Comparison between the experimental XRPD obtained from
(bottom) polycrystalline [CoIII(h5-C5H4COOH)(h5-C5H4COO)]2¥Cs


+I� ,
and that calculated (top) on the basis of the crystal structures shown in
Figure 2 for 12¥Cs


+I� . Note the extra peaks assigned to the presence of a
small amount of unreacted CsI.


Table 1. Summary of solid-solid reactions of 1 with MX salts.


1 Cl� Br� I�


K+ no reaction 12¥K
+Br� 12¥K


+I�


Rb+ 12¥Rb+Cl� 12¥Rb+Br� 12¥Rb+I�


Cs+ 12¥Cs
+Cl� 12¥Cs


+Br� 12¥Cs
+I�
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1) As mentioned above, all cations are encapsulated within
cages formed by four molecules of 1. The cages share a
face (viz. two units of 1) so that the stoichiometry of the
systems is 12¥M


+X� . The walls of the cage consist of two
dimeric units of 1 held together by a twin O�H¥¥¥O hy-
drogen bond and by two C�H¥¥¥O bonds, the latter in-
volve the H atoms of the C5H4 systems and the lone
pairs on the carboxylic oxygen atoms.


2) The hydrogen bond framework results in eight oxygen
atoms from the carboxylic/carboxylate groups pointing
inwards to form a strongly nucleophilic cage in which
the cations are encapsulated by M+ ¥¥¥O interactions.


3) The basic packing motif can be described as a sequence
of C�H¥¥¥O hydrogen-bonded 1+1 dimers encapsulating
the cations, while the anions occupy cavities between the
cages. The anions are not involved in strong C�Hd+


¥¥¥Xd� interactions with the cyclopentadienyl ligands,
while [PF6]


� stabilizes the structure via C-Hd+ ¥¥¥Fd� inter-
actions.


4) The hydrogen-bond framework permits a limited degree
of flexibility, as demonstrated by an analysis of the data
in Table 2. While O�H¥¥¥O and C�H¥¥¥O interactions
appear to vary only slightly as the nature of the guest
changes [O¥¥¥O distances range from 2.440(5) ä in to
12¥Cs


+Br� to 2.482(7) ä in 12¥Cs
+I� , C�H¥¥¥O distances


are in the range 2.310(3)±2.427(3) ä], a comparison of
O¥¥¥M+ distances shows that the shape of the cage
changes slightly when the guest species is changed.


5) As previously noted, O¥¥¥O distances within the zwitter-
ionic 1 dimers are shorter than those usually observed
for neutral O�H¥¥¥O carboxylic groups, while they com-
pare well with charged hydrogen bonds, for example,
-COO�¥¥¥HOOC- between partially deprotonated poly-
carboxylic acids. The structural evidence accumulated in
this work indicates that the negative charge is localized
on the deprotonated -COO group rather than over the
whole molecular unit. Therefore, the two bonds are
better described as charge-assisted O�H¥¥¥O� bonds than
as neutral O-H¥¥¥O bonds.


The data in Table 2 allows a comparison between the vari-
ous cages. If one takes the difference between shortest and
longest M+ ¥¥¥O distances as a ™distortion∫ parameter, it is
clear that the more ™cubic∫ cages are obtained with Cs+ ,


Figure 4. The supramolecular rearrangement leading from solid 1 and solid CsI to solid [CoIII(h5-C5H4COOH)(h5-C5H4COO)]2¥Cs
+I� . Note how the O�


H¥¥¥O hydrogen-bonded chains need to be broken to allow formation of the ™crown ether-like∫ supramolecular cages.


Table 2. Relevant structural parameters for compounds characterized by
single-crystal X-ray diffraction.


Compound O¥¥¥O[ä] (C)H¥¥¥O[ä][a] M+ ¥¥¥O<3.5 ä


12¥Rb+Cl� 2.463(4) 2.365 2.833(3)
2.306 3.148(3)


3.039(3)
3.180(3)


12¥Cs
+Cl� 2.465(10) 2.362 2.968(7)


2.416 3.205(7)
3.221(7)
3.246(7)


12¥K
+Br� 2.456(4) 2.387 2.968(7)


2.318 3.205(7)
3.221(7)
3.246(7)


12¥Rb+Br� 2.475(7) 2.366 2.867(5)
2.410 3.019(6)


3.199(5)
3.222(5)


12¥Cs
+Br� 2.440(5) 2.414 2.969(7)


2.369 3.211(7)
3.229(6)
3.273(6)


12¥K
+I� 2.448(4) 2.310 2.751(4)


2.368 2.944(4)
3.114(4)
3.204(4)


12¥Rb+I� 2.463(4) 2.369 2.849(3)
2.311 3.050(3)


3.156(3)
3.207(3)


12¥Cs
+I� 2.482(7) 2.427 2.996(5)


2.366 3.216(6)
3.227(5)
3.282(5)


12¥K
+[PF6]


� 2.454(4) 2.311 2.792(5)
2.368 2.824(6)


2.857(6)
3.463(6)


12¥Rb+[PF6]
� 2.455(2) 2.327 2.871(5)


2.355 3.014(5)
3.143(6)
3.227(6)


12¥Cs
+[PF6]


� 2.465(3) 2.374 3.005(2)
2.412 3.175(2)


3.226(2)
3.290(2)


[a] The esd values for C�H¥¥¥O are on average the same as those of the
corresponding M+ ¥¥¥O.
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while the extent of deformation increases as the cation size
decreases in the order Cs+ , Rb+ , K+ , irrespective of the
nature of the halide anion. However, in the previously deter-
mined structure of 12¥K


+[PF6]
� , the distortion is much


larger than in 12¥K
+Br� and 12¥K


+I� , possibly as a conse-
quence of the octahedral vs. spherical shape of the anions.
The need to optimize directional interactions of the C�H¥¥¥F
type should also be taken into account.


The zwitterion 1 self-assembles around a great variety of
monovalent cations. Beside the conceptual analogy, albeit in
the solid state, with crown-ether complexation[24] the hydro-
gen bond aggregation is reminiscent of the so-called ™G
quartets∫ formed around alkali cations by guanosine.[25a]


Very recently, analogous pentamers formed by isoguanosine
around Cs+ have also been described.[25b] Guanosine and
isoguanosine supramolecular aggregates are sustained by
N�H¥¥¥N and N�H¥¥¥O hydrogen bonds, while C�H¥¥¥O
bonds play a fundamental role in the aggregation of the
cage-salts 12¥M


+X� and 12¥[M/NH4]
+[PF6]


� .


Solid-state NMR experiments : 13C CPMAS NMR spectro-
scopy has been widely used to obtain information about
solid structures and supramolecular interactions in the solid
state as well as to identify interactions in crystalline and
amorphous material. In fact, 13C CPMAS NMR spectrosco-
py is a useful tool particularly when solids do not exhibit the
long-range order essential for a diffraction study, precluding
obtaining detailed structural information from these tech-
niques, and when the interaction involve hydrogen atoms
because of the intrinsic limitations of X-ray diffraction
when dealing with hydrogen atom positions. This technique
has the advantage over other solid-state techniques (i.e.
IR spectroscopy) of giving rise to a better resolution,
and of being inherently quantitative. These features are
particularly useful in the structural analysis of disordered
and amorphous systems, and the information gained is
often complementary to that obtained by X-ray structure
analysis.


The 13C CPMAS NMR spectrum of 12¥Cs
+I� is shown in


Figure 5. The spectrum reveals the presence of a sharp peak
at d = 166.3 ppm and of a broader resonance centered at
d�91.3 ppm: the former is assigned to the carboxylic
groups and the latter is assigned to the partial overlapping
of the different cyclopentadienyl carbon atoms of the cobal-
tocenium moiety. As observed previously,[26] the presence of
only one resonance signal for the carboxylic groups of
12¥Cs


+I� is attributed to the fast proton exchange rate on
the NMR timescale between the carboxylic and the carboxy-
late groups.


The expanded carboxylic regions in 13C CPMAS NMR
spectra for the compounds 12¥M


+I� (M+ = K+ , Rb+ , Cs+)
are compared in Figure 6, and the 13C data are reported in
Table 3.


The first evidence is that the K+ , Rb+ , and Cs+ adducts
with the zwitterions 1 do not show significant differences in
the carboxylic chemical shift (except a limited downfield
shift on descending the alkaline series) and in the linewidth,
in agreement with a substantial similarity of the three X-ray
structures obtained from the single-crystal X-ray analysis.


Figure 5. The 13C CPMAS NMR spectrum of 12¥Cs
+I� obtained at a spin-


ning speed of 6000 Hz.


Figure 6. Comparison of the expanded carboxylic regions in 13C CPMAS
NMR spectra for the compounds 12¥X


+I� (X+ = K+ , Rb+ , Cs+).


Table 3. Comparison between the 13C CPMAS NMR data.


Cl� Br� I�


12¥K
+ no reaction 167.2 COOH 167.2 COOH


91.0 Cp 90.1 Cp
12¥Rb+ 167.2 COOH 167.0 COOH 166.8 COOH


91.1 Cp 92.3 Cp 90.6 Cp
12¥Cs


+ 166.8 COOH 166.6 COOH 166.3 COOH
91.3 Cp 92.0 Cp 91.3 Cp


1 168.3 COOH
91.1 Cp


2 168.5
163.2
88.4 Cp
96.5 shoulder
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There are three major factors that influence the chemical
shift of the carboxylic group in the solid state: 1) the chemi-
cal structure of the anion including factors, such as confor-
mations and the bonding involving carboxylate oxygen
atoms, 2) the chemical structure of the cation, and 3) the
crystallographic symmetry and solid-state packing.


Unfortunately, there is currently insufficient data availa-
ble to separate the contribution of all these factors. Based
on the specific pattern of the carboxyl chemical shifts,
compounds with known crystal structure can be used as
model compounds to study the relationship between struc-
tural types and 13C CPMAS NMR spectroscopic data. For
this reason, we also investigated the salt [CoIII(h5-
C5H4COOH)(h5-C5H4COO)][CoIII(h5-C5H4COOH)2][PF6]
(2), which contains a dimer formed between the zwitterion
molecule 1 and the fully protonated, cationic, dicarboxylic
acid complex [CoIII(h5-C5H4COOH)2]


+ . This compound was
previously synthesized and structurally characterized.[22]


The structures of the crystallographically characterized
products can be rationalized in terms of a strong anion±
cation interaction that appears to be influenced by the size
of the cations and the tendency to maximize hydrogen bond-
ing in the lattice.


Conclusion


Mechanochemistry involves solid-state reactions caused by
mechanical energy. Mechanochemical methods (grinding,
kneading) are often regarded as fundamentally ™nonchemi-
cal∫ by more traditional solution chemists who consider the
solvent to be the typical environment for a chemical reac-
tion. This attitude, however, is rapidly changing and alterna-
tive solid-state preparation routes, to old and new chemicals,
are becoming increasingly important.[1±3] Even in the bur-
geoning field of supramolecular chemistry, solvent-free syn-
thetic procedures are being considered as viable alternative
routes for the preparation of molecular aggregates. These
processes are of obvious interest in crystal engineering stud-
ies where ways for the bottom-up construction of molecular
materials from molecular or ionic building blocks are being
sought.


The discovery that supramolecular aggregation of the or-
ganometallic complex 1 around a variety of alkali metal cat-
ions and in various salts can be achieved by means of sol-
vent-free solid±solid reactions opens new avenues to our
crystal engineering endeavor (which is focused on the possi-
bility of controlling breaking and formation of supramolec-
ular bonding interactions between ions). We commented
earlier on the topological analogy between the complexation
of cations of appropriate size by [CoIII(h5-C5H4COOH)(h5-
C5H4COO)] and the formation of supramolecular crown
ethers.


In this study, we have shown that the organometallic spe-
cies 1 is able to react in the solid state with a variety of
alkali metal salts. However, there appears to be a rather
precise limit with regard to the size of anions and cations
that is required to obtain the kind of complexation discussed
herein, for example, encapsulation of the alkali metal cat-


ions by four molecules of 1. We have evidence that chlorides
only reacted with the larger cations, Rb+ and Cs+ , while io-
dides can also form cages with K+ . In this respect, we need
to mention that, thus far, we have been unable to obtain a
reaction with KCl. We are still at a preliminary stage of
investigation for compounds obtained with LiX and NaX
(X = Cl� , Br� , I�). We have evidence for the formation of
a mixture of phases; however, we have been unable to char-
acterize these fully. It is possible that the smaller size of the
two cations might require that water molecules are brought
into the crystal as ™space fillers∫ thus generating different
stoichiometries. We hope to be able to report on these ad-
ducts in the near future.


As on previous occasions, solid-state NMR spectroscopy
has proved to be an invaluable tool for the understanding of
the nature of the intermolecular interactions that keep the
™cages∫ together and also for appreciating the relationship
between solution and solid-state measurements. We plan to
extend our studies to a number of inorganic salts to test the
selectivity of the solid±solid complexation with respect to a
mixture of different salts.


Experimental Section


Complex 1 was obtained as previously reported.[22] All starting materials
were purchased from Aldrich. Reagent-grade solvents and doubly distil-
led water were used. In all cases, correspondence between the structure
of the solid residue and that obtained by single-crystal X-ray diffraction
was ascertained by comparing measured X-ray powder diffractograms
with those calculated on the basis of the single-crystal experiments.


Solid-state syntheses


12¥Rb+Cl� : Complex 1 (0.22 mmol, 30 mg) and RbCl (0.11 mmol, 26 mg)
were manually ground in an agate mortar for 10 min after the addition of
water (1 mL) to give a quantitative reaction.


12¥Cs+Cl� : Complex 1 (0.22 mmol, 30 mg) and CsCl (0.11 mmol, 37 mg)
were manually ground in an agate mortar for 10 min after the addition of
water (1 mL) to give a quantitative reaction.


12¥Rb+Br� : Complex 1 (0.22 mmol, 30 mg) and RbBr (0.11 mmol, 36 mg)
were manually ground in an agate mortar for 10 min.


12¥Cs+Br� : Complex 1 (0.22 mmol, 30 mg) and CsBr (0.11 mmol, 47 mg)
were manually ground in an agate mortar for 10 min.


12¥K
+I� : Complex 1 (0.22 mmol, 30 mg) and KI (0.11 mmol, 37 mg) were


manually ground in an agate mortar for 10 min after the addition of
water (1 mL) to give a quantitative reaction.


12¥Rb+I� : Complex 1 (0.22 mmol, 30 mg) and RbI (0.11 mmol, 47 mg)
were manually ground in an agate mortar for 10 min after the addition of
water (1 mL) to give a quantitative reaction.


12¥Cs+I� : Complex 1 (0.22 mmol, 30 mg) and CsI (0.11 mmol, 57 mg)
were manually ground in an agate mortar for 10 min.


Solution syntheses


12¥Rb+Cl� : Complex 1 (0.22 mmol, 30 mg) and RbCl (0.11 mmol, 26 mg)
were dissolved in water (5 mL). Crystals suitable for X-ray single-crystal
diffraction were obtained by slow evaporation of the water. The same
kind of crystals were obtained by crystallization from water of the
ground powder of 1 with the alkali metal salt.


12¥Cs+Cl� : Complex 1 (0.22 mmol, 30 mg) and CsCl (0.11 mmol, 37 mg)
were dissolved in water (5 mL). Crystals suitable for X-ray single-crystal
diffraction were obtained by slow evaporation of the water. The same
kind of crystals were obtained by crystallization from water of the
ground powder of 1 with the alkali metal salt.


12¥Rb+Br� : Complex 1 (0.22 mmol, 30 mg) and RbBr (0.11 mmol, 36 mg)
were dissolved in water (5 mL). Crystals suitable for X-ray single-crystal
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diffraction were obtained by slow evaporation of the water. The same
kind of crystals were obtained by crystallization from water of the
ground powder of 1 with the alkali metal salt.


12¥Cs+Br� : Complex 1 (0.22 mmol, 30 mg) and CsBr (0.11 mmol, 47 mg)
were dissolved in water (5 mL). Crystals suitable for X-ray single-crystal
diffraction were obtained by slow evaporation of the water. The same
kind of crystals were obtained by crystallization from water of the
ground powder of 1 with the alkali metal salt.


12¥K
+I� : Complex 1 (0.22 mmol, 30 mg) and KI (0.11 mmol, 37 mg) were


dissolved in water (5 mL). Crystals suitable for X-ray single-crystal dif-
fraction were obtained by slow evaporation of the water. The same kind
of crystals were obtained by crystallization from water of the ground
powder of 1 with the alkali metal salt.


12¥Rb+I� : Complex 1 (0.22 mmol, 30 mg) and RbI (0.11 mmol, 47 mg)
were dissolved in water (5 mL). Crystals suitable for X-ray single-crystal
diffraction were obtained by slow evaporation of the water. The same
kind of crystals were obtained by crystallization from water of the
ground powder of 1 with the alkali metal salt.


12¥Cs+I� : Complex 1 (0.22 mmol, 30 mg) and CsI (0.11 mmol, 57 mg)
were dissolved in water (5 mL). Crystals suitable for X-ray single-crystal
diffraction were obtained by slow evaporation of the water. The same
kind of crystals were obtained by crystallization from water of the
ground powder of 1 with the alkali metal salt.


Crystal structure determination : Crystal data of compounds 12¥Rb+Cl� ,
12¥Cs


+Br� , 12¥K
+I� , 12¥Rb+I� , 12¥Cs


+I� were collected on a Nonius
CAD4 diffractometer. Crystal data of compounds 12¥Cs


+Cl� , 12¥Rb+Br�


were collected on a Bruker Smart CCD diffractometer. Crystal data and
details of measurements are summarized in Table 4. Common to all com-
pounds: MoKa radiation, l = 0.71073 ä, monochromator graphite.
SHELX97[27a] was used for structure solution and refinement based on
F2. Non-hydrogen atoms were refined anisotropically. All datasets were
collected at room temperature. Hydrogen atoms bound to carbon atoms
were added in calculated positions. In 12¥Rb+Br� , 12¥Cs


+Br� , and 12¥Cs
+


I� , the HCOOH atoms were found but not refined, while in 12¥Rb+Cl� and
12¥Rb+I� HCOOH atoms were found and refined. In order to evaluate (C)�
H¥¥¥O bonds, the C�H bond lengths were normalized to the neutron-de-
rived value of 1.08 ä. SCHAKAL99[27b] was used for the graphical repre-
sentation of the results. The program PLATON[27c] was used to calculate
the hydrogen-bonding interactions reported in Table 2.


For all species discussed in this paper, powder diffractograms were mea-
sured for all compounds obtained by grinding. These diffractograms were
compared with those calculated[28] on the basis of the structures deter-
mined by means of single-crystal X-ray diffraction, as described above.


CCDC-225035±225041 contain the supplementary crystallographic data
for this paper. These data can be obtained free of charge via


www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crys-
tallographic Data Centre, 12 Union Road, Cambridge CB21EZ, UK;
fax: (+44)1223-336033; or deposit@ccdc.cam.uk).


Powder diffraction experiments : Powder data were collected on a Philips
PW-1710 automated diffractometer and on a X×Pert Philips diffractome-
ter, both with CuKa radiation and a graphite monochromator. All meas-
urements were carried out at room temperature.


Solid-state NMR measurements : High-resolution solid-state 13C NMR
spectra were recorded on a JEOL GSE270 spectrometer equipped with a
Doty probe operating at 67.8 MHz for 13C. A single-contact cross-polari-
zation (CP) pulse sequence[29] was employed with a pulse to flip back the
remaining 1H magnetization after the acquisition time. The Hartmann±
Hahn conditions[30] were set with glycine. Sample were placed in a cylin-
drical zirconia rotor with sample volume of 120 mL and spun as fast as
6±7 kHz. Generally, an acquisition time of 0.051 s was used with a contact
time of 3.5 ms, a recycle delay of 10 s, and the spectral width was 40 kHz.
The chemical shift scale was referenced by setting the CH3 peak in a
sample of solid hexamethylbenzene run separately under the same condi-
tions to d = 17.4 ppm.
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Rational Design of the Pore System within the Framework Aluminium
Alkylenediphosphonate Series


Howard G. Harvey,[a] Ben Slater,[a] and Martin P. Attfield*[b]


Introduction


Great interest is currently being shown in the family of or-
ganic±inorganic hybrid framework materials on account of
their novel properties and the potential for rational design
of their structure and functionality.[1,2] This interest is fuelled
by the enduring desire to synthesise extended crystalline


solid-state materials in a systematic manner to allow the
type of precision over the dimensions and functionality of
the material that is already practiced in synthetic organic
chemistry. Such an approach has been demonstrated, in an
exemplary fashion, by Yaghi and co-workers in their forma-
tion of a series of isoreticular metal-organic frameworks
constructed from octahedral Zn�O�C clusters and an array
of 16 different types of organic linkers that bridge these
clusters.[3,4] The linkers inserted into the structure included
those of similar size, but different functionality, and those
that expand the pore dimensions of the materials. It is found
that rigid linker groups, for instance, the phenyl group, are
needed to maintain the structure of these frameworks. How-
ever, the necessity to include such rigid groups in the linker
makes it synthetically more complex to produce linkers that
are longer by small incremental amounts, for instance, in-
serting one C atom, as opposed to the use of alkyl chains
where it is facile to produce chains that are one -CH2- group
longer. In this work, we show and explain how the use of
simple alkyl chain linkers in conjunction with corrugated in-
organic layers can be used to rationally design the number
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Abstract: We report here on the solvo-
thermal synthesis and crystal structure
of the hybrid organic±inorganic frame-
work material Al2[O3PC3H6PO3]-
(H2O)2F2¥H2O (orthorhombic, Pmmn,
a = 12.0591(2) ä, b = 19.1647(5) ä,
c = 4.91142(7) ä, Z = 4), the second
member of the Al2[O3PCnH2nPO3]-
(H2O)2F2¥H2O series. The structure
consists of corrugated chains of corner-
sharing AlO4F2 octahedra in which al-
ternating AlO4F2 octahedra contain
two fluorine atoms in a trans or a cis
configuration. The diphosphonate
groups link the chains together through
Al�O�P�O�Al bridges and through
the propylene groups to form a three-
dimensional framework structure con-
taining a one-dimensional channel
system. The linkage of the corrugated


inorganic Al�O�P layers within the
structure results in the formation of
two types of channel that differ in size,
shape and composition. The smaller
channel is unoccupied; the larger chan-
nel is more elongated and contains two
extra-framework water molecules per
unit cell. A computational investigation
into the driving force that controls the
stacking arrangement of the Al�O�P
inorganic layers within this series of
compounds reveals that the stacking is
found to be controlled by thermody-
namic factors, arising chiefly from the


conformation of the organic linker
molecule used to connect the inorganic
sheets. It is found that the registration
of the inorganic layers can be engi-
neered by selecting an appropriate,
simple organic spacer or linker alkyl
chain, where an even number of
carbon atoms in the alkyl chain directs
formation of aligned, stacked, inorgan-
ic sheets (AAAAAA), and an odd
number directs formation of unaligned,
stacked sheets (ABABAB) and the for-
mation of one or two channel types in
the resultant structure, respectively.
This combination of alkyl-chain linkers
in conjunction with corrugated inor-
ganic layers is an effective tool to ra-
tionally design the pore system of
hybrid framework materials.


Keywords: aluminium ¥ density
functional ¥ microporous materials ¥
organic±inorganic hybrid compo-
sites ¥ solid-state structures
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of channel types, and their height, within the resultant
hybrid framework materials. This methodology provides a
powerful element to the rational design of framework solids
and their micropore volume.
If simple alkyl groups are used as linkers in these hybrid


materials, it is desirable for the inorganic fragments to have
a greater structural integrity, as is found in infinite chains[5]


or planes.[6] However, there are relatively few examples of
crystalline hybrid compounds in which the inorganic frag-
ment maintains an identical form in a series of compounds
in which the length of the alkyl chain linker increases in in-
cremental steps. Two systems reported by Fÿrey and co-
workers exhibit this property. They are both based on chains
of edge-sharing rare-earth polyhedra. One system is the
rare-earth dicarboxylates, [Pr(H2O)]2[O2C(CH2)2CO2]3¥H2O
and [Pr(H2O)]2[O2C(CH2)3CO2]3¥4H2O, in which the Ln�O�
C chains are joined in two directions by the linkers of the di-
carboxylate groups to form a three-dimensional network
containing channels in a direction parallel to the chains.[7,8]


The other system is the rare-earth diphosphonates
LnH[O3P(CH2)nPO3] (n = 1, 2, 3), which also contain
chains of edge-sharing rare-earth polyhedra linked together
by the -PO3 groups of the diphosphonate species to form
Ln�O�P layers that are connected in one direction by the
alkyl group linkers of the diphosphonate moiety.[9] These
materials are also three-dimensional networks containing
empty channels in one direction. Clearfield and co-workers
have produced a series of copper alkylenediphospho-
nates,[10,11] Cu2[(O3P(CH2)2PO3)(H2O)2], Cu2[(O3P(CH2)3-
PO3)(H2O)2]¥H2O, Cu2[(O3P(CH2)4PO3)(H2O)2]¥2H2O and
Cu2[(O3P(CH2)5PO3)(H2O)2]¥2.8H2O that all contain chains
of Cu polyhedra linked together by the -PO3 groups of the
diphosphonate species to form Cu�O�P layers that are
joined in one direction by the alkyl group linkers of the di-
phosphonate group. The structure of the Cu�O�P layer of
the n = 2,3 members is different to that of the n = 4,5
members. The size of the channels in all these Ln and Cu
series increase as the length of the alkyl-group linker in-
creases. This is confirmed by the water content of the
copper diphosphonate compounds increasing as the alkyl
chain length, and thus the channel size, increases within
them. The inorganic chains or layers in the aforementioned
materials are all essentially linear so that the number of dif-
ferently shaped channels in these materials is one. If the in-
organic layers of the hybrid material are themselves non-
linear, for example corrugated, it is possible to form materi-
als with either one type of channel or with two if such layers
are linked together so that the inorganic corrugated layers
are either aligned (in-phase) with an AAAAAA stacking ar-
rangement or unaligned (out-of-phase) with an ABABAB
stacking arrangement (Figure 1). An example of the latter
arrangement is found in the structure of Zn2[(HO3P(CH2)3-
PO3)2]¥2H2O that contains elliptical and circular parallel,
unidimensional tunnels.[12] Control of the stacking arrange-
ment of the constituent corrugated layers in lamellar materi-
als is known and can be controlled by the use of organic am-
monium cations as structure-directing agents.[13,14] Control of
the alignment of the corrugated inorganic chains or layers,
through a suitable choice of the nature of the organic linker,


would determine the number of types of channel, and their
size, in the resultant framework material, and provides a
new element for the rational design of the pore system of
such hybrid materials.
We recently reported the synthesis and structure of the


first aluminium diphosphonate material, Al2[O3PC2H4PO3]-
(H2O)2F2¥H2O, a framework structure containing a one-di-
mensional channel system with one crystallographic species
of extra-framework molecule occupying the channels.[15, 16]


Subsequent research into this system has yielded the n = 3
member of the series Al2[O3PCnH2nPO3](H2O)2F2¥H2O, for
which we have reported preliminary unit cell and symmetry
information.[17] Herein, we describe the full synthesis, crystal
structure and properties of Al2[O3PC3H6PO3](H2O)2F2¥H2O
as well as the use of computational methods to explain how
the number of channel types and linkage of the inorganic
layers is controlled by the alkyl chain linker in the n = 2,3
members of this series and also to predict the form of the
structure of the n = 4 member.


Experimental and Computational Sections


Synthesis : All reagents and solvents were obtained from Aldrich, with
the exception of propylenediphosphonic acid (Alfa-Aesar), and were
used without further purification. Initial synthesis of Al2[O3PC3H6PO3]-
(H2O)2F2¥H2O was accomplished by mixing Al2(SO4)3¥18H2O (2.360 g),
H2O3PC3H6PO3H2 (1.489 g), HF/pyridine (70 wt% HF, 0.415 g), pyridine
(7.110 g) and de-ionized water (4.350 g) to form a reagent mixture that
was loaded into a 23-mL Teflon-lined steel autoclave and heated for five
days at 160 8C. The product mixture was slowly cooled to room tempera-
ture. The polycrystalline product was separated by suction filtration,
washed and dried at room temperature. The polycrystalline product was
also synthesised from an initial synthesis gel composition of
Al2(SO4)3¥18H2O (1.573 g), H2O3PC3H6PO3H2 (0.987 g), HF/pyridine (70
wt% HF, 0.415 g), pyridine (7.110 g) and de-ionized water (4.350 g). The
mixture was heated at 190 8C for 12 days. Microprobe analysis of the sam-
ples indicated an Al:P ratio of 1:1 and that fluorine was present in the
material.


NMR spectroscopic measurements : All magic-angle spinning solid-state
nuclear magnetic resonance (MAS SS NMR) spectra were recorded on a
Bruker MSL300 spectrometer. The 31P spectrum was recorded with a
85% solution of H3PO4 as the reference with the spectrometer operating
at a frequency of 121.495 MHz, with recycle delays of 60 s and sample
spinning speeds of 7 kHz. The spectrum collected for the 19F nuclei were
referenced to CFCl3 with the spectrometer operating at a frequency of
282.4 MHz, recycle delays of 5 s and a sample spinning speed of 4.3 kHz.


Thermogravimetric analysis : Thermogravimetric analysis data (TGA)
were collected with a Shimadzu TGA50 thermogravimetric analyser. The
sample was heated in an alumina crucible under flowing nitrogen gas
from 25 to 900 8C at a heating rate of 5 8Cmin�1.


Ab initio powder-structure solution : The X-ray data used to determine
the unit cell parameters of Al2[O3PC3H6PO3](H2O)2F2¥H2O were collect-
ed during a 12 h scan on a laboratory Siemens D500 X-ray diffractometer
employing Ge-monochromated CuKa1 radiation. The first 20 low-angle


Figure 1. A schematic illustrating the formation of different channel
types in structures by arrangement of corrugated layers in a) an aligned
fashion to give one type of channel, and b) an unaligned fashion to give
two types of channel.
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Bragg reflections were used to determine the orthorhombic unit cell pa-
rameters of the material with the auto-indexing program LZON[18] con-
tained within the CRYSFIRE suite of indexing programs.[19] Synchrotron
X-ray data were collected on a sample contained in a 0.5 mm diameter
Lindemann glass capillary tube mounted on the high-resolution X-ray
diffractometer at station 2.3, CCLRC Synchrotron Radiation Source
(Daresbury, UK). The incident X-ray wavelength was 1.300188 ä, select-
ed with a Si(111) monochromator. The capillary tube was spun during
data collection to minimise preferred orientation and sampling effects.
Data were collected in steps of 0.018 in 2q for a total of 17 h, with a col-
lection time per step of 4 s between 3.5 and 208 2q, 6 s between 20 and
508 2q, 11 s between 50 and 728 2q and 15 s between 72 and 808 2q. Cor-
rections were made for the decay of the synchrotron beam intensity by
comparison with a beam-flux monitor.


Inspection of the synchrotron X-ray diffraction pattern revealed system-
atic absences consistent with the space group P22121. Observed structure
factors were extracted from this diffraction data by the Le Bail
method,[20] as implemented in the GSAS suite of programs.[21] The back-
ground of the diffraction profile was fitted with a Cosine Fourier series
running through 66 fixed points in the profile. The peak profiles were de-
scribed by a pseudo-Voigt function with additional terms used to account
for anisotropic particle-size and strain-broadening effects. The extracted
structure factors were used in the direct methods program
SIRPOW97,[22] by using the EXPO interface,[23] to provide the Al, P and
some of the O and C atoms of the structure. This output was used as the
starting model for the Rietveld refinement, again using the GSAS suite
of programs.[21] The remaining atoms of the structure were located from
difference Fourier maps. Inspection of the structure with the Addsym
program, within the PLATON suite of programs,[24] revealed the struc-
ture to have the higher symmetry of Pmmn. This structure was identical
to that solved in P22121, but contained single crystallographically inde-
pendent phosphorus and fluorine atoms, three fewer oxygen atoms and
one fewer carbon atom in the asymmetric unit. The structure was refined
twice using each of the space groups following the same procedure. Ini-
tially, soft constraints were applied to the Al�O/F, P�O/C and C�C dis-
tances within the structure, with the soft constraint weighting factor fixed
at a high value. As the refinement progressed, the soft constraint weight-
ing factor was reduced to a final value of one in the latter cycles of the
refinement. The final cycle of least-squares refinement included the back-
ground coefficients, peak profile parameters as well as the positional and
isotropic displacement parameters for all atoms in the structure. The
thermal parameters of the Al and P atoms as well as the O, F and C
atoms were constrained to have the same value during refinement. The
Rietveld refinement gave reasonable bond lengths, angles and residuals
in both symmetries; however, the higher symmetry solution, Pmmn, is re-
ported because this fit was obtained from fewer refineable parameters.
The crystallographic data and structure refinement parameters are given
in Table 1. Atomic coordinates and isotropic displacement parameters
are provided in Table 2. Selected bond lengths and angles are presented


in Table 3. The final observed, calculated and difference profiles are plot-
ted in Figure 2, and the asymmetric unit is shown in Figure 3.


CCDC-229316 contains the supplementary crystallographic data for this
paper. These data can be obtained free of charge via www.ccdc.cam.a-
c.uk/conts/retrieving.html (or from the Cambridge Crystallographic Data
Centre, 12 Union Road, Cambridge CB21EZ, UK; fax: (+44)1223-
336033; or deposit@ccdc.cam.uk).


Structure and energetics analysis using computational methods : The pur-
pose of undertaking a computational study of the diphosphonate family
was primarily motivated by a desire to understand how the stacking se-
quence observed in these materials is dictated by the flexibility or rigidity
of each component of the cell. The hybrid nature of these materials sug-
gests that the structure-directing properties of each component (inorganic
or organic) of the cell will be different. Specifically, we expect that the


Table 1. Crystal data and structure refinement parameters for
Al2[O3PC3H6PO3](H2O)2F2¥H2O.


formula Al2P2F2O9C3H12


formula weight 346.93
T [K] 293
l [ä] 1.300188
space group Pmmn
a [ä] 12.0591(2)
b [ä] 19.1647(5)
c [ä] 4.91142(7)
V [ä3] 1135.07(5)
Z 4
1calcd [gcm�3] 1.954
no. of reflections 628
no. of fitted parameters 48
Rp 0.0645
Rwp 0.0787
RF 0.0789
c2 1.363


Table 2. Atomic coordinates and isotropic thermal displacement parame-
ters [ä2] for Al2[O3PC3H6PO3](H2O)2F2¥H2O.


Atom x y z Uiso


Al1 0.0000 0.0000 0.0000 0.0073(6)
Al2 0.2500 0.0623(3) 0.734(1) 0.0073(6)
P1 0.0154(3) 0.1047(2) 0.5024(8) 0.0073(6)
O1 0.030(6) 0.0853(3) 0.200(1) 0.015(1)
O2 0.1424(4) 0.1102(4) 0.534(2) 0.015(1)
O3 �0.0413(5) 0.0492(4) 0.683(1) 0.015(1)
O4 0.2500 �0.0128(5) 0.468(2) 0.015(1)
O5 0.2500 0.1319(5) 0.043(2) 0.015(1)
O6a 0.6927(9) 0.1444(6) 0.087(2) 0.015(1)
F1 0.1461(4) 0.0135(3) 0.926(1) 0.015(1)
C1 �0.0516(7) 0.1876(3) 0.559(2) 0.015(1)
C2 0.012(1) 0.2500 0.451(3) 0.015(1)


[a] Occupancy for O6 = 0.5


Table 3. Selected bond lengths [ä] and angles [8] for Al2[O3PC3H6PO3]-
(H2O)2F2¥H2O.


Al1�F1a 1.817(4) Al2�F1 1.828(5)
Al1�F1b 1.817(4) Al2�F1d 1.828(5)
Al1±O1 1.909(5) Al2±O2 1.866(5)
Al1�O1c 1.909(5) Al2�O2d 1.866(5)
Al1�O3a 1.888(5) Al2�O4 1.944(8)
Al1�O3b 1.888(5) Al2�O5e 2.022(8)
P1�O1 1.537(5) P1�C1 1.804(6)
P1�O2 1.543(5) P1�O3 1.544(6)
C1�C2 1.519(8)
F1a-Al1-F1b 180.0 F1-Al2-F1d 86.6(4)
F1aAl1-O1 87.9(3) F1-Al2-O2 92.6(2)
F1a-Al1-O1c 92.2(3) F1-Al2-O2d 178.6(5)
F1a-Al1-O3a 91.1(2) F1-Al2-O4 88.2(4)
F1a-Al1-O3b 88.9(2) F1-Al2-O5e 87.0(4)
F1b-Al1-O1 92.2(3) F1dAl2-O2 178.6(5)
F1b-Al1-O1c 87.9(3) F1d-Al2-O2d 92.6(2)
F1b-Al1-O3a 88.9(2) F1d-Al2-O4 88.2(4)
F1b-Al1-O3b 91.1(2) F1d-Al2-O5e 87.0(4)
O1-Al1-O1c 180.0(2) O2-Al2-O2d 88.1(5)
O1-Al1-O3a 90.2(3) O2-Al2-O4 90.6(4)
O1-Al1-O3b 89.9(3) O2-Al2-O5e 94.1(4)
O1c-Al1-O3a 89.9(2) O2d-Al2-O4 90.6(4)
O1c-Al1-O3b 90.1(2) O2d-Al2-O5e 94.1(4)
O3a-Al1-O3b 180.0 O4-Al2-O5e 173.5(6)
O1-P1-O2 102.2(5) O2-P1-O3 115.3(4)
O1-P1-O3 110.1(4) O2-P1-C1 111.7(4)
O1-P1-C1 108.6(4) O3-P1-C1 108.6(4)
C1-C2-C1f 103.9(9) P1-C1-C2 114.3(6)


Symmetry transformations used to generate equivalent atoms: a: x, y,
z�1; b: �x, �y, �z + 1; c: �x, �y, �z ; d: 0.5�x, y, z ; e: x, y, z + 1; f: x,
0.5�y, z
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organic component of the cell will have a higher conformational freedom
than the inorganic part, and, in simple chemical terms, we expect the or-
ganic part to be flexible and the inorganic part to be relatively rigid.
However, there are two further elements to this stacking problem:
1) there will be a preferred stacking arrangement of the inorganic layers,
which will be dictated by the long-ranged coulombic and van der Waals
energy, and 2) the connection between the organic linker and the inor-
ganic layer will be influenced by the conformations the linker can adopt
at a given temperature.


To assess the validity of these simple chemical assertions, first-principles
computational methods were used to probe the relative energies of topo-
logically related structures formed by using alkylenediphosphonic acids


of different length, to rationalise the driving forces that govern the pre-
ferred formation of one structure over another. Plane-wave based, densi-
ty functional theory (DFT) was selected as the tool to accurately calcu-
late the energy and geometry of the structures. The choice of using a
DFT-based method, in contrast to a classical forcefield approach, was
motivated by two factors: 1) The hybrid nature of these novel materials
provides a challenge to existing forcefields because the link between the
inorganic and organic component is not well-parameterised. 2) To ana-
lyse the driving force of stacking, the energy difference between two
phases was carried out together with a deconvolution of the cell constitu-
ents. Breaking bonds within the cell would stretch the capabilities of the
classical approach because this process is not inherently well-described
by simple harmonic or Morse-type energy functions and has to be care-
fully parameterised. Ironically, the parameterisation of the bond-breaking
process is often achieved by fitting against high-quality electronic struc-
ture calculations. Clearly, in this instance, the parameterisation would be
self-defeating and involve a doubling of the computational effort.


Ultrasoft pseudo-potentials were used to describe the core states of the
atoms with a kinetic energy cut-off of 380 eV. The PW91 exchange corre-
lation recipe[25] was used throughout this work within the GGA formal-
ism. K-point sampling was performed on a single G point in the full unit
cell. Because these materials are relatively porous and are of an insulat-
ing nature, more frequent sampling of the electron density does not
change the total energy, and hence this approximation is a reasonable
one. Additionally, the cell dimensions are large enough for the total
energy to be invariant with more frequent k-point sampling. All calcula-
tions were undertaken with the CASTEP code,[26] and geometry optimi-
sation was carried out so that the forces on the atoms were less than
0.005 eVä�1 and the stress within the unit cell was eliminated.


The initial structures to be optimised were generated from the observed
crystal structures of Al2[O3PC2H4PO3](H2O)2F2¥H2O


[15] and the structure
of Al2[O2PC3H6PO3](H2O)2F2¥H2O reported herein. The positions of hy-
drogen atoms within the cell have not been determined experimentally,
and therefore, for both carbon and water oxygen atoms, chemical intu-
ition was used to provide an initial model. This model was then partially
refined by optimising the hydrogen positions only using forcefield meth-
ods, before undertaking the full electronic and geometry minimisation.
The symmetry of each of the structures was reduced to that of P1, and
the lattice parameters were allowed to independently vary under geome-
try optimisation. We performed two geometry-optimisation calculations
on each phase, one in which the extra-framework water was present and
one in which the water was removed. The energy differences between
the two phases, with and without water, was found to be less than
0.001 eV (taking the self-energy of water into account), and hence we
omitted the extra-framework water from further calculations to save ad-
ditional computational expense.


Hypothetical structures were also generated from the observed structures
by translating alternate inorganic layers by half a unit cell to form struc-
tures in which the corrugated inorganic layers were either aligned or un-
aligned relative to each other, as shown schematically in Figure 1. These
hypothetical structures were generated to establish the energy difference
between the aligned and unaligned phases for each organic chain length
to resolve whether thermodynamic or kinetic effects are responsible for
directing the formation of one phase over another.


The carbon and hydrogen atoms of the diphosphonate linkers in these
hypothetical structures were assigned an appropriate starting position
and their positions were subsequently optimised by means of the univer-
sal forcefield within the Cerius2 software (all other atoms and lattice pa-
rameters were held fixed).[27] A short (20 ps) molecular dynamics run was
performed on the configuration whilst other framework atomic positions
were held fixed and the system was re-optimised. This process provides a
low energy configuration prior to performing the relatively computation-
ally demanding DFT calculations. The initial starting structures of the
aluminium butylenediphosphonate structures (n = 4) were created from
the analogous propylenediphosphonate structures by increasing the inor-
ganic layer separation by 1.205 ä, a value determined from the average
increase in layer separation between the optimised structures of ethylene-
diphosphonate and propylenediphosphonate. The starting positions of
the carbon and hydrogen atoms were generated in the manner described
previously.


Figure 2. The final observed (+ ), calculated (c) and difference plots
for the Rietveld refinement of Al2[O3PC3H6PO3](H2O)2F2¥H2O. The tick
marks are calculated 2q angles for the Bragg peaks.


Figure 3. The asymmetric unit of Al2[O3PC3H6PO3](H2O)2F2¥H2O (label-
led atoms) with the full first coordination sphere of the Al and P atoms
included for clarity.
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All the structures produced were relaxed at constant pressure and 0 K to
determine the total lattice energy for each structure. During the optimi-
sation, all atomic degrees of freedom were allowed to vary and the lattice
parameters were also free to change to reduce the residual force on each
atom to approximately zero.


To assess whether the energy differences between the aligned and un-
aligned structures of the aluminium ethylene- and propylenediphospho-
nates could be attributed to the chemically distinct organic and inorganic
parts of the cell, each final optimised structure was deconstructed to as-
certain the contribution to the total energy. The first deconstruction in-
volved removing the organic linkers from the structures to determine the
absolute energetic contribution of the inorganic layers to the total energy
of the structure. The second deconstruction involved the removal of the
inorganic layers to leave only the organic linker groups and the determi-
nation of their contribution to the final energy of the structure. The final
deconstruction involved removing only one inorganic layer from each
unit cell of a complete structure to enable the contribution of any non-
direct bonding interactions between the organic linker and the inorganic
layers and the P�C bond to the total energy of the complete structure
along with the non-bonding interaction between the water and the cell
constituents to be determined. A cartoon of the deconstruction process is
shown in Figure 4. For each deconstruction, undersaturated atoms within


the structure were capped with terminal H atoms to yield fragments with
reasonable electronic configurations. The positions of all atoms were
fixed and the positions of the capping H atoms on the structural frag-
ments were geometry optimised, firstly by means of the universal force-
field, and secondly by means of the first-principles approach using
CASTEP.[26]


The total energy difference between two phases containing the same di-
phosphonate moiety (at an effective temperature of 0 K) is computed.
We equate this with strain energy, or the minimum energy required to
form the hypothetical phase. Of course, other more complex stacking
may be possible or energetically accessible; however, since the observed
aluminium ethylene- and propylenediphosphonate phases show two pos-
sible stacking arrangements, we concentrate on these sequences only.


Results and Discussion


NMR spectroscopy of Al2[O3PC3H6PO3](H2O)2F2¥H2O : The
31P and 19F solid-state MAS NMR spectra of Al2[O3PC3H6-
PO3](H2O)2F2¥H2O both contain a single peak at d = 18.15
and at �139.05 ppm in the 31P and 19F NMR spectra, respec-
tively (see the Supporting Information). Both values are


similar to those observed for Al2[O3PC2H4PO3](H2O)2F2¥-
H2O.


[15,16] The observation of a single peak in both spectra
supports the theory that the structure has Pmmn, and not
P22121, symmetry. The


19F NMR spectra and the observation
of a peak corresponding to fluorine in the EDXA spectrum
of the material are in agreement with the assignation of F1
as a fluorine atom within the structure.


Crystal structure of Al2[O3PC3H6PO3](H2O)2F2¥H2O : The
full structure of Al2[O3PC3H6PO3](H2O)2F2¥H2O is shown in
Figure 5. The structure is formed from corrugated chains of


corner-sharing AlO4F2 octahedra running parallel to the a
axis. These chains contain two types of AlO4F2 octahedra:
the first type contains an aluminium (Al1) coordinated to
two fluorine atoms (F1) in a trans configuration with the
other corners of the octahedron being occupied by four
equatorially arranged oxygen atoms (O1 and O3), which
originate from four different diphosphonate groups. The
second octahedron consists of a central aluminium atom
(Al2), bound to the two fluorine atoms (F1) in a cis fashion
with the other two equatorial positions being occupied by
two diphosphonate oxygen atoms (O2). The axial positions
of this AlO4F2 octahedron are filled by two co-ordinated
water molecules (O4 and O5). The diphosphonate groups
link the chains together along the c axis through Al�O�P�
O�Al bridges and along the [010] direction through the pro-
pylene groups to form a three-dimensional framework struc-
ture with channels running along the c axis. The composition
of these Al�O�P layers is identical to those found in
Al2[O3PC2H4PO3](H2O)2F2¥H2O.


[15] However, the linkage of
the inorganic layers differs to that of Al2[O3PC2H4PO3]-


Figure 4. A schematic representation of the chemically distinct parts of
an optimised structure formed by the deconstruction process used in this
work to ascertain the contribution to the total energy of the optimised
structure from each part.


Figure 5. A ball-and stick-representation of the structure of Al2[O3PC3H6-


PO3](H2O)2F2¥H2O viewed along the c axis. The atom representations or-
dered from dark to light are: O, Al, C, P, F. Hydrogen atoms are omitted
for clarity.
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(H2O)2F2¥H2O, and results in the formation of two types of
channel running parallel to the c direction. These channels
differ in size, shape and composition, as shown in Figure 5.
The smaller channel has dimensions 5.729 ä (C2�C2) by
4.527 ä (O5�O5) and is unoccupied. The larger channel is
more elongated and measures 4.786 ä (C1�C1) by 9.094 ä
(O4�O4). Each large channel contains two extra-framework
water molecules (O6) per unit cell. There are eight possible
symmetry-related positions that the extra-framework water
molecules can occupy; however, only one of each pair of po-
sitions at the extremes of each channel is occupied to avoid
chemically unreasonable close contacts (Figure 5). The
extra-framework water molecules have little interaction with
the framework H2O(4) water molecules which protrude into
the pore space (O6�O4 3.409 ä). All the bond lengths and
angles found in this structure are similar to those found in
Al2[O3PC2H4PO3](H2O)2F2¥H2O and other related materi-
als.[15, 16,28]


Thermal analysis of Al2[O3PC3H6PO3](H2O)2F2¥H2O : The
thermogravimetric data for Al2[O3PC3H6PO3](H2O)2F2¥H2O
is shown in Figure 6. The first mass loss of 1.38%, between
30 and 70 8C is corresponds to the loss of surface-bound


water. The second mass loss of 14.86%, measured between
130 and 310 8C, corresponds to the loss of all three water
molecules (calculated 15.60%). The first derivative of the
mass-loss curve does not clearly distinguish between the re-
moval of the extra-framework water (O6) and the loss of
the framework waters (O4/5). A slower mass loss occurs be-
tween 300 and 700 8C, with more rapid, smaller, losses cen-
tred at 480 and 610 8C. These losses correspond to the degra-
dation of the organic components and loss of fluoride from
the system. However, the observed mass loss in this range,
5.78%, is less than that calculated for the total loss of the
organic components, 14.38%, which indicates that the or-
ganic components do not fully decompose and are not com-
pletely removed.


Structure and energetics of Al2[O3PCnH2nPO3](H2O)2F2¥-
H2O, n = 2±4 : As mentioned earlier, Al2[O2PC3H6PO3]-


(H2O)2F2¥H2O and Al2[O2PC2H4PO3](H2O)2F2¥H2O are com-
posed of isostructural corrugated inorganic Al�O�P sheets.
It is the alternating cis±trans bridging fluorine atoms that
link the octahedra along a constituent chain that result in
the sheets adopting corrugations, as observed in Figure 5.
These sheets are connected by the alkylenediphosphonate
pillars in different configurations to form materials of differ-
ent topologies. Al2[O3PC2H4PO3](H2O)2F2¥H2O is composed
of inorganic sheets in which the corrugations are aligned
and the resultant pores are all alike, as shown in Figure 7a.


Al2[O2PC3H6PO3](H2O)2F2¥H2O is composed of unaligned
corrugations that result in the formation of two differently
sized and shaped channels, as shown in Figure 7b.


The final optimised structures of the aluminium ethylene-,
propylene- and butylenediphosphonates are shown in
Figure 8. The relative energies of formation for the alumini-
um ethylene-, propylene- and butylenediphosphonate in
aligned and unaligned configurations are given in Table 4.
The relative energy differences between the portions of the
deconstructed aligned and unaligned structures of the same
organic chain length are summarised in Table 4.


The optimised structures of the aligned aluminium ethylene-
diphosphonate and unaligned aluminium propylenedi-
phosphonate structures are in excellent agreement with the
experimental structures. They have the same unit cell pa-
rameters (<1% and <2% difference for the aluminium
ethylenediphosphonate and propylenediphosphonate struc-
tures, respectively) and internal bond lengths and angles
within the inherent error of the DFT approach. The range
of internal bond lengths and angles for the unaligned alumi-
nium ethylenediphosphonate and aligned aluminium propy-


Figure 6. The TGA (black) and first derivative curves (grey) for
Al2[O3PC3H6PO3](H2O)2F2¥H2O.


Figure 7. A polyhedral/ball-and-stick representation of the structures of
a) Al2[O3PC2H4PO3](H2O)2F2¥H2O viewed along the a axis, and
b) Al2[O3PC3H6PO3](H2O)2F2¥H2O viewed along the c axis. The black
lines through the Al-centred octahedra highlight the corrugated nature of
the layers of polyhedra.
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lenediphosphonate structure are consistent with the range
expected for these materials.


Reassuringly, the most energetically favourable structures of
the aluminium ethylenediphosphonate and propylenedi-
phosphonate pairs of materials are those that are observed
experimentally, which indicates that thermodynamics is the
primary factor in dictating which stacking arrangement is
formed. For the pair of aluminium ethylenediphosphonate


structures, the energy of the
aligned structure (Figure 8a) is
�111.69 kJmol�1 lower than the
energy of the unaligned struc-
ture (Figure 8b). Consideration
of the contributions from the
comparable fragments of each
structure (see Table 4) shows
that the main contribution to
this energy difference is from
the organic linkers in the
aligned and unaligned structure
(�94.25 kJmol�1) that arises
from the more ™strained∫ or-
ganic linker in the latter. The
strain induced upon creating
the hypothetical structure is dis-
sipated by expanding the C�C
and C�P bond lengths and in-
creasing X�C�Y (where X =


H, C or P and Y = H or C) an-
gular ranges for the organic
fragments of the unaligned alu-
minium ethylenediphosphonate
with respect to the aligned
structure, which have values of
1.530±1.533 ä, 1.794±1.812 ä,
103.08±120.428 and 1.524±
1.530 ä, 1.782±1.797 ä, 105.73±
115.838, respectively. Signifi-
cantly, the organic linker in the
observed structure has the con-
figuration expected for the
ground state of the alkane mol-
ecule in vacuo. It is clear that
the energy difference between
the observed and hypothetical
structures is dominated by the
difference in energy between
the organic linker in the two
configurations. A relatively
small component of the strain
energy is attributed to the
stacking of the inorganic layers
(�6.49 kJmol�1). Additional
minor contributions to the
energy difference between
phases arise from the strength
of the P�C bonds and the non-
bonded energy within the cell


(�9.98 kJmol�1). Summation of these contributions within
the cell gives a total energy difference (�110.72 kJmol�1)
that is very close to the difference between the enthalpies of
formation between the two phases (�111.69 kJmol�1). This
very good agreement indicates that we have accounted for
the major energetic contributions to the total energy.


The unaligned aluminium propylene structure (Figure 8d) is
more stable than the aligned structure (Figure 8c) by


Figure 8. Ball-and-stick representations of the energetically optimised structures of the a) aligned aluminium
ethylenediphosphonate, b) unaligned aluminium ethylenediphosphonate, c) aligned aluminium propylenedi-
phosphonate, d) unaligned aluminium propylenediphosphonate, e) aligned aluminium butylenediphosphonate
and f) unaligned aluminium butylenediphosphonate materials.
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�76.6 kJmol�1. Again, from considerations of the contribu-
tions from the comparable fragments of each structure (see
Table 4), it can be seen that the main contribution to this
energy difference is from the organic linker in the unaligned
and aligned structures (�84.83 kJmol�1). Note that energy
difference between the inorganic layers is smaller compared
to the aluminium ethylenediphosphonate case; from this we
reason that, as the layers are forced apart, the non-bonded
interaction decays to zero, and this plays little part in dictat-
ing which configuration is formed. Again, we find the total
energy difference between the two phases can be found by
adding the constituent energy differences. This also indicates
that we have accounted for the major energetic contribu-
tions to the total energy.


It thus seems apparent that the adoption of an aligned or
unaligned arrangement of the inorganic layers in this
system, manifested by the total energies of the structures, is
dependent on the conformation adopted by the simple alkyl
linker to link the relatively inflexible inorganic layers. It is
also apparent that alkyl chains with an even number of C
atoms give rise to an aligned inorganic layer arrangement,
whereas alkyl chains with an odd number of C atoms favour
an unaligned layer arrangement. Hence, through the choice
of the length of the organic linker, the arrangement of the
inorganic layers can be controlled so that a structure with
one or two types of channels can be rationally designed. We
believe that this rationale extends to the aluminium butyle-
nediphosphonate structures for which the total energy of the
aligned aluminium butylenediphosphonate structure (Fig-
ure 8e) is �48.76 kJmol�1 lower than the total energy of the
unaligned aluminium butylenediphosphonate structure (Fig-
ure 8 f). Although this material has yet to be synthesised, we
predict that the butylenediphosphonate will have an aligned
stacking arrangement of the inorganic layers. We hope to
report our investigation into the synthesis of this material in
due course.


It is noticeable that the relative energy difference between
the pairs of aluminium ethylene-, propylene- and butylene-
diphosphonate structures decreases as the organic linker be-
comes longer. This may be explained by considering that, as
the length of the organic linker increases, there are a larger
number of degrees of conformational freedom in the longer


chain, and additionally, the
strain energy that separates the
aligned and unaligned phases
can be delocalised or absorbed
over more bonds within a
longer chain. Given that the
strain energy attenuates as a
function of the chain length,
one might expect, solely on en-
ergetic grounds, that when the
organic chain length reaches a
certain length (when the strain
energy is less or approximately
equal to kT), aligned and un-
aligned inorganic layers might


occur in the same structure forming an intergrowth structure
or a multi-domain phase. Alternatively, co-precipitation of
the two phases might produce pure structures with a differ-
ing number of channel types.


Conclusion


We have described the synthesis and crystal structure of the
hybrid framework material Al2[O3PC3H6PO3](H2O)2F2¥H2O,
a member of the Al2[O3PCnH2nPO3](H2O)2F2¥H2O series for
which the n = 2,3 members are now known. These materi-
als contain isostructural corrugated inorganic Al�O�P
layers whose stacking arrangement, either AAAAAA or
ABABAB, is dependent upon the configuration and number
of C atoms in the alkyl chains linking the inorganic layers.
An arrangement of aligned inorganic layers (AAAAAA)
produces a structure containing one type of channel, and the
arrangement of unaligned inorganic layers (ABABAB) pro-
duces a structure containing two types of channel. Our re-
sults show that the layer alignment adopted is that for which
the organic linker can adopt its most favoured configuration
and so the form of the organic linkers controls whether a
structure with one or types of channel results. This type of
linkage of corrugated inorganic layers by simple organic
alkyl chains provides a potent element to the rational design
of the micropore volume within hybrid framework materials.
Such control over the structure of the micropore volume
will prove invaluable in the engineering of new compounds
for the numerous applications of microporous materials.
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Superstructure of Eu4Cd25: A Quasicrystal Approximant


Cesar Pay GÛmez* and Sven Lidin[a]


Introduction


The present study is part of a more extensive work aiming
at resolving the ambiguities in the structural descriptions of
the long-known MCd6 phases, whereby M= rare earth ele-
ment (RE) or Ca, Sr, and Y.[1] These compounds have
gained renewed interest, since their classification as 1/1 ap-
proximants to the first known thermodynamically stable,
binary, icosahedral quasicrystals MCd5.7 (M=Ca and Yb).[2,3]


Three prototype structures have previously been assigned to
the MCd6 family of compounds, all of which have a body-
centered cubic unit cell (space group Im3≈). However, a
recent study assessing the inadequacy of this classification
reveals that though all the members of the structural family
are much alike, none of the members are actually isostruc-
tural with one another and the assigned prototype structures
fail to accurately describe any of the members of the
family.[1] The superstructure of the known compound EuCd6
has long eluded attention; because of the need of good
single crystal data for its identification.[4] At the time when
most of the work was done in the RE±Cd systems, scientists
mostly relied on powder methods as a means of structural
characterization of these compounds. Among all of the
MCd6 phases characterized by means of single-crystal X-ray
diffraction to date, the Eu-containing compound is the only
one to indicate the presence of a superstructure resulting in
a doubling of the cubic cell-parameter. Few experimental


methods exist that will allow the unambiguous extraction of
structural information directly from quasicrystals. Thus for
the modeling of this particular class of compounds, we
mostly rely on their approximants, which from a structural
point of view can provide insight into local atomic arrange-
ments that can exist in the actual quasicrystals. The title
compound Eu4Cd25 is of particular importance, since to a
greater extent than the MCd6 phases it gives insight into the
formation and ordering mechanisms that prevail within this
class of quasicrystal approximants. This information helps to
elucidate the different structural variables that should be
taken into account when modeling quasicrystals.


Experimental Section


The single crystals were obtained by high-temperature reaction of the
pure elements (Eu powder 99.9% (Chempur) and Cd metal pieces from
a rod of metal purified by melting). The mixture was sealed inside a
stainless steel ampoule in an argon atmosphere, heated to 1173 K in a
regular muffle furnace, and held at this temperature for 15 minutes to
ensure the homogeneity of the melt. Subsequently the ampoule was ex-
tracted and rapidly re-inserted into another furnace already heated to
923 K, where it remained for 48 h. Finally the furnace was switched off
with the sample left inside to cool down at a rate of approximately
3 Kmin�1. The result was a homogeneous sample with an abundance of
single-crystals suitable for diffraction experiments. The absence of impur-
ities in the sample was confirmed by energy dispersive X-ray (EDX)
analyses; these analyses also showed good agreement with the final com-
position obtained from the refinement. They were performed on a
JEOL 820 scanning electron microscope (SEM) at 20 kV accelerating
voltage with an Si detector LINK AN10000. Corrections were made for
atomic number, absorption, and fluorescence (ZAF). A reversible phase-
transition was detected by differential scanning calorimetry (DSC).
These measurements were performed by using a Perkin±Elmer Pyris 1 in-
strument in the temperature range 673±803 K, at a heating rate of
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Inorganic Chemistry, Arrhenius Laboratory
Stockholm University, 106 91 Stockholm (Sweden)
Fax: (+46)815-2187
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Abstract: The quasicrystal approximant
Eu4Cd25, formerly designated EuCd6,
was synthesized and characterized by
means of single-crystal X-ray diffrac-
tion. Superstructure reflections corre-
sponding to an F-centered cubic unit
cell with a doubled cell-parameter rela-
tive to the I-centered cubic sub-cell
could be observed in the diffraction


data. This gives the largest cubic unit
cell reported to date among binary
alloys. The superstructure exhibits
structural features that are found in all


the RE±Cd6 approximants as well as a
further ordering between vacant/occu-
pied Cd8 cubes and oriented Cd4 tetra-
hedra, which causes the superstructure.
A reversible high-temperature phase-
transition was observed at 782 K by
means of DSC.
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metallic phases ¥ quasicrystals ¥
rare earths ¥ X-ray diffraction
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5 Kmin�1. The final measurement was made on 11.5 mg of synthesized
sample that had been enclosed and hermetically sealed inside an Al am-
poule in an Ar atmosphere with an empty ampoule as reference. Two
empty Al ampoules were used for the base-line correction, and argon
was used as a purging gas. The structural characterization was performed
by means of single-crystal X-ray diffraction by using a STOE IPDS
single-crystal X-ray diffractometer with a rotating anode MoKa X-ray
source operated at 45 kV and 90 mA. The intensities of the reflections
were integrated by using the STOE software, and numerical absorption
corrections were applied with the programs X-RED and X-SHAPE.[5,6]


The refinement of the structure was performed with the program
JANA2000.[7] The electron density iso-surfaces were generated by using
the program JMap3D and the images were rendered with the programs
Truespace 5.2 and Diamond 2.1.[8±10] Crystmet, the metals database,[11]


was used as a source for references and crystallographic information. De-
tails of the refinement are listed in Table 1 and final atomic positions in
Table 2.


Results and Discussion


The substructure : The structures of the MCd6 compounds
can all be described with a body-centered cubic (bcc) ar-
rangement of partially interpenetrating, identical cluster


units (Figure 1a). The clusters are composed of four subse-
quent shells of atoms forming polyhedra with icosahedral
symmetry. The four shells comprising the cluster unit are


(from the inside out): a Cd20 pentagonal dodecahedron fol-
lowed by its dual, the M12 icosahedron, which alone com-
pletely defines all the positions of the M atoms in each clus-
ter. All other atomic shells in the cluster are entirely com-
posed of Cd atoms. The third shell is the Cd30 icosidodeca-
hedron, subsequently followed by its dual, the triacontahe-
dron that forms the outer Cd shell of the cluster. All of the
above-mentioned atomic shells are shown in Figure 2b±e. Of
all the atomic shells comprising the cluster unit, the triacon-
tahedron differs from the rest in two ways. The first being
that the atoms that ideally should be located at eight of the
vertices with threefold symmetry are missing (this is repre-


sented by hatched triangular
faces in Figure 2e). The
second being that the triacon-
tahedron not only has atoms
located at its vertices, but also
on its mid-edges. In spite of
this fact, the polyhedron dis-
plays negligible deviation
from geometrical perfection.
This, in addition to the fact
that the same cluster unit has
been found to exist in the
higher 2/1 approximants
(M13Cd76 phases, M=Ca and
Yb) but with other packing ar-
rangements (ccp instead of
bcc),[12, 13] further authenticates
the triacontahedral cluster
unit as an autonomous entity
suitable for the modeling of
the icosahedral MCd5.7 quasi-
crystals.


Table 1. Crystallographic data from the refinement.


formula Eu4Cd25 independent reflns 2644
Mr 3418.1 obsd reflns [I>3s(I)] 1812
T [K] 298 Rint (obsd/all) 0.0591/0.0651
space group Fd3≈ (no. 203) parameters 195
a [ä] 31.8718(6) R1 0.0198
V [ä3] 32375.7(11) wR2(F2) 0.0399
Z 48 S 1.45
F(000) 69696 absorption correction numerical[a]


1calcd [gcm
�3] 8.4123(3) min/max transmission 0.084/0.309


m [mm�1] 28.332 min/max D1 [eä�3] 2.05/�2.28
2q range [8] 3.3±52.1 D/e.s.d 0.0020


[a] From shape.


Table 2. Refined atomic positions of Eu4Cd25.


Atom Wyckoff Occu- x y z Ueq [ä
2]


position pancy


Cd1t 96 g 1/3 0.2933(9) 0.2822(8) 0.2636(4) 0.079(9)
Cd2t 32e 1 0.28354(5) 0.28354(5) 0.71646(5) 0.03928(18)
Cd1d1 32e 1 0.32080(8) 0.32080(8) 0.17920(8) 0.0506(3)
Cd2d1 32e 1 0.31075(3) 0.31075(3) 0.81075(3) 0.03122(16)
Cd1d2 32e 1 0.33085(5) 0.33085(5) 0.33085(5) 0.01989(14)
Cd2d2 32e 1 0.33674(2) 0.33674(2) 0.66326(2) 0.01953(13)
Cd1d3 96 g 1 0.295502(17) 0.371031(19) 0.25159(2) 0.02414(17)
Cd2d3 96 g 1 0.295974(16) 0.872684(17) 0.24640(2) 0.01840(15)
Eu1 96 g 1 0.344570(10) 0.249030(13) 0.399681(10) 0.01272(10)
Eu2 96 g 1 0.34392(3) 0.24764(3) 0.60174(3) 0.01149(10)
Cd1id1 48f 1 0.25 0.45391(2) 0.25 0.0260(2)
Cd2id1 96 g 1 0.348037(18) 0.425550(18) 0.801398(19) 0.01726(17)
Cd1id2 96 g 1 0.349162(18) 0.422060(18) 0.306488(18) 0.01636(17)
Cd2id2 48f 1 0.25 0.45463(2) 0.75 0.0235(2)
Cd1id3 96 g 1 0.303229(19) 0.348081(19) 0.076874(19) 0.01934(18)
Cd2id3 96 g 1 0.350538(18) 0.423058(18) 0.691664(19) 0.01742(17)
Cd1 96 g 1 0.346574(14) 0.498886(18) 0.251766(16) 0.01606(12)
Cd2 96 g 1 0.325343(14) 0.202427(15) 0.499746(19) 0.01455(14)
Cd3 96 g 1 0.326358(14) 0.702612(15) 0.49921(2) 0.01471(14)
Cd1c 16c 1 0.125 0.125 0.125 0.0799(16)
Cd2c 32e 1 0.36397(6) 0.36397(6) 0.86397(6) 0.03273(17)


Figure 1. Cell contents of an MCd6 phase and Eu4Cd25. In a) we see the
bcc packing of identical, triacontahedral cluster units as it appears in an
ordinary MCd6 compound. In b) the cluster arrangement in Eu4Cd25 is
shown. Note that there are two different types of clusters in this image;
cluster 1 (white) contains a disordered Cd4 tetrahedron and cluster 2
(gray) contains a fully ordered Cd4 tetrahedron; these are not visible in
the image. The triangular faces on the triacontahedra indicate missing
corner atoms. The cluster arrangement in Eu4Cd25 is identical to the
atomic arrangement in NaTl (c), and can be described by two interpene-
trating NaCl-type networks with origins shifted by 1=4


1=4
1=4.
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The three prototype structures assigned to the MCd6
family are YCd6, YbCd6, and Ru3Be17.


[14±16] These structures
differ only with respect to their description of what is found
inside the Cd20 dodecahedron. In YCd6 and YbCd6 we find a
Cd4 tetrahedron exhibiting various types of disorder, but in
Ru3Be17 the dodecahedron is reported to be vacant, hence
the deviation from the 1:6 stoichiometry. A detailed descrip-
tion of the structures of the MCd6 phases and the polyhedral
shells can be found in reference [1]. That work also includes
a refinement on the Eu-containing compound based solely
on the substructure; the compound is referred to there as
Eu3Cd19.


The superstructure : Upon longer exposure to X-rays, weak
superstructure reflections giving rise to an F-centered cubic
cell with a doubled cell parameter relative to the substruc-
ture were detected for the compound Eu4Cd25. The (hk2)
section of reciprocal space, obtained from the collected
single-crystal data of Eu4Cd25 showing both main and super-
structure reflections, is shown in Figure 3a. The image has
been digitally enhanced by applying a smoothing filter that
brings forth the reflections without affecting their relative
intensities. Figure 3b shows a section of reciprocal space per-
pendicular to the [850] axis; this is an approximation of the
ideal pseudo-fivefold direction [t10]. The pseudo-fivefold
intensity distribution of the main reflections justifies the
classification of this compound as quasicrystal approximant.


Among cubic binary intermetallics, the gigantic cell with a
cell parameter of 31.8718(6) ä is unprecedented, only to be
rivaled by that of NaCd2, which is 30.56 ä according to ref-
erence [17]. As already mentioned, the difference between
the MCd6 phases lies in the description of the disorder of
the Cd4 tetrahedron that resides within the different dodeca-
hedral cavities or Cd20 dodecahedra. Of all the previously
reported MCd6-related phases, only one compound–the
Ce-containing phase Ce6Cd37


[18]–has a well-defined orienta-
tion of the Cd4 tetrahedron. This is a consequence of the ab-
sence of what previously has been defined as the ™type 1 dis-
order∫,[1] which is a 908 rotational disorder along the inher-
ent twofold axis of the tetrahedron, resulting in a semi-occu-
pied cube. All other reported MCd6 phases that have a Cd4
tetrahedron within their corresponding dodecahedral cavi-
ties have this type of disorder. Another type of disorder that
has been observed in all the previously reported MCd6-relat-
ed phases, including Ce6Cd37 and Eu4Cd25, is a triple split of
the tetrahedral corner positions. This has previously been
denoted the ™type 2 disorder∫.[1] The presence of this disor-
der does not perturb the orientation of the Cd4 tetrahedron
significantly in the compounds Ce6Cd37 and Eu4Cd25.
There is yet another difference that divides the MCd6


family into two groups and causes deviation from the ideal
1:6 stoichiometry, thus the affected compounds are no
longer ™MCd6∫ compounds compositionally speaking. The
compositional deviations are caused by the presence of an
additional Cd atom position within the cubic interstices or
Cd8 cubes that exist in all the related MCd6, M13Cd76 and
RE13(Cd/Zn)58 compounds.[1,12,13, 19] Only a select few of
these compounds contain atoms inside the Cd8 interstices;
among the MCd6-related phases only those with M=Ce, Pr,
or Eu are affected.[1] Every cluster unit is associated with
eight Cd8 cubes. The geometrical centers of these cubes are
found in the middle of eight of the triangular faces that con-
stitute the icosidodecahedral shells of each cluster unit; this


Figure 2. Polyhedral components of the two different cluster units and
notation of the corresponding atoms. In a) we see the Cd4 tetrahedron;
in cluster 1 this polyhedron is disordered and described by the atomic po-
sition Cd1t. In b), the Cd20 dodecahedron composed entirely of pentago-
nal faces. In c), the M12 shell, an icosahedron containing only Eu atoms.
In d), the Cd30 icosidodecahedron is shown. This polyhedron is composed
of pentagonal and triangular faces. In e) we see the defect triacontahe-
dron forming the external Cd shell of the cluster unit. The hatched trian-
gular faces represent missing corner atoms. In f) a Cd8 cube with an inter-
stitial Cd atom is depicted. The table to the right in the Figure lists all
the atomic positions that constitute every polyhedron of the two cluster
units.


Figure 3. Sections of reciprocal space. In a) the (hk2) section of Eu4Cd25
is shown. In the magnified image, the superstructure reflections have
been marked by white diamonds. These show how the rows of superstruc-
ture reflections are fitted in-between the rows of main reflections. In b) a
section perpendicular to the pseudo-fivefold axis is shown. The image
shows that the weaker superstructure reflections are aligned in horizontal
rows indicated by black arrows.
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is where we find the interstitial Cd atoms when this position
is occupied. The Cd8 cubes are distributed within the cluster
in such a way that the threefold axes of the cubic unit cell
coincide with the space diagonals of all the cubes. The two
corner atoms of each cube, which consequently will also be
located on these threefold axes, are in fact also corner
atoms of two different adjacent Cd20 dodecahedra. In other
words the Cd8 cubes can be regarded as bridging units be-
tween the different dodecahedral cavities belonging to adja-
cent cluster units. When an additional Cd atom is fitted into
a Cd8 cube, the corner atoms of the cube respond by displac-
ing themselves farther away from this atom in order to
avoid too short Cd±Cd distances. This is equivalent to
saying that the adjacent Cd20 dodecahedra become distorted.
A distortion of the dodecahedral cavities will naturally have
an impact on the Cd4 tetrahedra residing inside, affecting
their relative orientation. This in turn will further distort the
affected Cd20 dodecahedron, resulting in an infinite chain of
events that propagates through the threefold axes of the
cubic unit cell (Figure 4a and b). This, of course, can only
occur in the MCd6 compounds that have interstitial Cd
atoms inside a certain number of Cd8 cubes. The already
mentioned Ce-containing compound has the composition
Ce6Cd37. Exactly 50% of the Cd8 cubes in this compound
have an interstitial Cd atom in their central positions. This
compound shows the nearest kinship to Eu4Cd25, in the
sense that it is the only other cubic, MCd6-related compound
displaying a total ordering between vacant/occupied Cd8
cubes and oriented Cd4 tetrahedra. In Ce6Cd37, this results
in a primitive unit cell instead of the usual body-centered
cell into which the other MCd6 phases conform. In Eu4Cd25,


the result is a doubled face-centered cell. The only way to
properly illustrate what causes the ordering in these two
compounds and show how they differ from each other is to
look at given segments of their corresponding threefold
axes, and show the Cd4 tetrahedra and Cd8 cubes through
which they pass. Though the chains of Cd4 tetrahedra and
Cd8 cubes extend infinitely in the [111] and equivalent di-
rections, these chains in these crystalline approximants are
not without periodicity. Figure 4a and b show the repeating
sequences encountered when traveling along threefold axes
in the compounds Ce6Cd37 and Eu4Cd25, respectively. In Fig-
ure 4b the atoms closest to the threefold axis have been la-
beled in a manner consistent with Figure 2 and Table 2. The
repeating sequence is half as long in Ce6Cd37 relative to that
in Eu4Cd25; this can simply be explained by the fact that a
Cd8 cube being squeezed in-between two Cd4 tetrahedra
that both have their vertices directed towards the vertices of
the cube will contract and consequently be vacant. On the
other hand, a Cd8 cube located in-between two Cd4 tetrahe-
dra that both have their vertices pointing away from the ver-
tices of the cube will have sufficient space to allocate an ad-
ditional atom in its center. The repeating sequence in
Eu4Cd25 contains all possible orientational combinations be-
tween Cd4 tetrahedra and Cd8 cubes, and furthermore shows
how the Cd8 cubes respond to these different environments.
A Cd8 cube can be located in between two tetrahedra that
have: 1) both corners pointing towards the cube, 2) both cor-
ners pointing away from the cube, and 3) one corner point-
ing towards the cube and the other pointing away. Only
combination number 1 results in a vacant Cd8 cube; the
others result in cubes with an occupied interstitial position.


Figure 4. Repeating sequences of oriented Cd4 tetrahedra and vacant/occupied Cd8 cubes in the compounds Ce6Cd37 (a) and Eu4Cd25 (b). All atoms
shown in a) and b) are Cd atoms, the atoms inside the Cd8 cubes have been enlarged for clarity. The Cd4 tetrahedra that are subject to the presence of
the type 2 disorder are identified by the three Cd atoms that circumvent each corner. The average position of these three atoms was used to show the
orientation of these tetrahedra. The first halves of the two repeating sequences are superimposed onto the second halves by operation of the inversion
centers located in the middle of the vacant Cd8 cubes in each sequence. In b), the interstitial Cd atoms and the atoms in the Cd4 tetrahedra have been la-
beled. The difference between the two sequences consists of the Cd8 cube containing the atom Cd2c and the tetrahedron composed of Cd2t, which are
absent in Ce6Cd37.
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As seen when comparing Figure 4a with Figure 4b, situation
number 3 never occurs in Ce6Cd37. If a similar structural
analysis is made emphasizing the Cd4 tetrahedra, we find
that in Eu4Cd25 only the Cd4 tetrahedra that have their verti-
ces pointing towards occupied Cd8 cubes are subject to the
type 2 disorder. However, this is not the case in Ce6Cd37, in
which all the tetrahedra possess the triple split. The atoms
located in the absolute vicinity of the threefold axes are
those displaying the highest degree of disorder in Eu4Cd25.
Here we find the atoms with the highest temperature pa-
rameters, split positions, and the highest residual electron
densities. This is a consequence of occasional variations and
stacking faults in the repeating sequence seen in Figure 4b.
The high degree of positional co-dependence between these
atoms makes them more sensitive to defects than the other
atoms in the structure. In spite of this disorder, there is
nothing to indicate that Eu4Cd25 is other than stoichiometric.
Details of the refinement are listed in Table 1 and final
atomic positions in Table 2. Actual electron density maps


showing the electron density distributions in the locations of
the two crystallographically independent Cd4 tetrahedra and
the three different Cd8 cubes of Eu4Cd25 are shown in Fig-
ure 5a±e.
The structure of Eu4Cd25 may, as with all MCd6-related


phases, be described with a bcc packing of partially inter-
penetrating, triacontahedral cluster units. However, there is
a significant difference between Eu4Cd25 and the other
MCd6-related phases: There are two different cluster units
that, with the exception of the mutually shared atoms in
their outer triacontahedral shells, are crystallographically in-


dependent. They differ mainly in how the atoms in their cor-
responding Cd4 tetrahedra are arranged. Eu4Cd25 contains
two independent types Cd4 tetrahedra, one in each type of
cluster unit; the electron density iso-surfaces generated from
the Fobs data for these two types of tetrahedra are shown in
Figure 5a and b. The tetrahedra described by the atomic po-
sition labeled Cd1t in Figure 2 and Table 2 show the clear
presence of the type 2 disorder (triple split), while the
others, described by the atomic position Cd2t are devoid of
all types of disorder. This is the first case among all the
MCd6-related phases in which perfectly ordered Cd4 tetrahe-
dra have been observed. In the ensuing text, a cluster unit
containing a tetrahedron with the type 2 disorder will be de-
noted ™cluster 1∫, a cluster unit containing a perfectly or-
dered tetrahedron will be denoted ™cluster 2∫. Figure 2 con-
tains a listing of all the atoms that constitute each and every
polyhedron in the two cluster types. The nomenclature for
the atoms obeys the following rules: First the atom type is
shown (Cd or Eu), followed by a number that indicates to
which cluster the atom belongs (1 or 2). Subsequently comes
a short notation indicating to which polyhedron the atom
belongs (t= tetrahedron, d=dodecahedron, id= icosidode-
cahedron and c=Cd8 cube), and finally a number to distin-
guish different atoms on the same polyhedron from each
other. The atom Cd1id2, for example, is the second Cd atom
in the icosidodecahedron of cluster 1. Exceptions to these
rules are made for the Eu atoms that only require the first
number indicating cluster belonging to be fully identified,
and the triacontahedral shells that share all the atoms with
adjacent clusters.
Figure 1 shows the complete structure of Eu4Cd25 and also


the structural difference with an ordinary MCd6 compound
composed of only one type of clusters. Figure 1c shows that
the cluster arrangement in Eu4Cd25 is identical to the atomic
arrangement of the well-known Zintl phase NaTl,[20] which
can be described as two interpenetrating NaCl networks
with origins shifted by 1=4


1=4
1=4 relative to each other.


Differential scanning calorimetry (DSC) and high-tempera-
ture measurements : A reversible phase transition was de-
tected at 509 8C (782 K) by means of DSC (Figure 6). It was
found that this transition was reversible only when the
measurement was made using sealed ampoules. Another
measurement made by differential thermal analysis (DTA)
combined with thermogravimetric analysis (TGA) was per-
formed with an open corundum crucible. This measurement
showed the same endothermic transition at 509 8C followed
by a substantial weight loss in the TGA curve. A reversible
phase-transition was also reported for the related compound
Ce6Cd37,


[18] in this case the authors suggested a model in
which the transition could involve a change of the inherent
disorder of the central Cd4 tetrahedron, whereby this disor-
der would change from being static to being dynamic. The
exact nature of the phase-transition observed for Eu4Cd25
could not be ascertained from the present experiment; how-
ever, it is worth noting that the onset point for the phase
transition is located at 509 8C on both heating and cooling,
thus showing no evidence of a temperature hysteresis. This
indicates a homogeneous (solid±solid) phase transition.


Figure 5. Electron density iso-surfaces generated from Fobs data at the
10 eä�3 level. In a) and b), the Fourier maps of the two Cd4 tetrahedra
defined by the positions Cd1t and Cd2t respectively, are shown. The
type 2 disorder (triple split) of the Cd1t position is clearly visible in a),
this atomic position was refined with third order anharmonic tensors. In
b) we see that the tetrahedron defined by Cd2t is fully ordered. The
maps of the three different Cd8 cubes are seen in c) to e). In c) we see
the electron density distribution in the location of the cube containing
the atom Cd1c. This atom displays a strong tendency to translational dis-
order, manifesting itself as two smaller lobes at its ends. The two corner
atoms of the cube located on the threefold axis respond by elongating
themselves. Instead of a split position approach, this atomic position
(Cd1c) was modeled with fourth order anharmonic tensors, resulting in a
much more stable refinement. In d), the Cd8 cube containing the atom
Cd2c is shown. The three atoms on the threefold axis show tendencies to
translational disorder in this case as well. Finally, e) shows the vacant Cd8
cube.
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Concluding remarks


The superstructure of Eu4Cd25 gives valuable insight into
how the ordering mechanisms that prevail in the MCd6-re-
lated quasicrystal approximants function and propagate. It
has for some time been questioned how the Cd4 tetrahedra
that break the otherwise icosahedral symmetry of the cluster
unit can participate in the formation of the icosahedral
MCd5.7 quasicrystals.[3,21] The structures of Eu4Cd25 and
Ce6Cd37 show that the Cd4 tetrahedra, in collaboration with
the Cd8 cubes, can form the basis of higher order in these
systems; whether this is a competing or cooperating driving
force to quasicrystallinity is an interesting question though
difficult to answer. The diffraction pattern shown in Fig-
ure 3b, however, shows that the superstructure reflections
are aligned in horizontal rows that in no way contribute to
the pseudo-fivefold intensity distribution displayed by the
main structure reflections. We also know that any structural
model taking the herein presented ordering mechanisms
into account could once again only be relevant in a structure
with filled Cd8 cubes, and as far as we know, the 1/1 approx-
imants to the MCd5.7 quasicrystals, namely CaCd6 and
YbCd6, have vacant Cd8 cubes. This, however, does not nec-
essarily mean that the Cd8 interstices have to be vacant in
the actual quasicrystals. What is the requisite for having oc-
cupied Cd8 cubes? The answer appears to have something
to do with the size of the M atoms. In order to allocate in-
terstitial Cd atoms inside the Cd8 cubes of an MCd6 com-
pound the structure needs to expand. It is, therefore, no co-
incidence that only the largest M atoms form compounds
with occupied Cd8 interstices. In fact, it is easy to see that
these interstices start to fill when the center-to-vertex dis-
tance of the Cd8 cubes starts to approximate the Cd±Cd dis-
tance in pure metallic Cd. In other words, the Cd8 cubes
hosting an additional Cd atom in their centers can be re-
garded as small fragments of metallic bcc Cd. The com-


pound with M=Pr appears to be a borderline case; the
center-to-vertex distance of the Cd8 cubes in this compound
is slightly shorter than the Cd±Cd distance in metallic Cd.
As a consequence, this compound is the only one among the
MCd6-related phases to be nonstoichiometric, with a varia-
ble ratio of randomly distributed vacant/occupied Cd8
cubes.[1] No MCd6 phase containing an M atom with metallic
radius smaller than that of Pr has ever been observed to
contain additional Cd atoms within the Cd8 interstices.
Based on size alone, there are two more MCd6-forming
metals besides Ce, Pr, and Eu that qualify for having inter-
stitial atoms inside the cubic interstices by being larger than
Pr; these two metals are Ca and Yb. The question then
arises why CaCd6 and YbCd6 have vacant Cd8 cubes. We can
see that when a sufficiently large M atom is inserted into an
MCd6 compound causing a uniform expansion of the struc-
ture, the newly gained space can be used in two different
ways. The first is, as already mentioned, to allocate more Cd
atoms inside the cubic interstices. The second is to reorient
the Cd4 tetrahedra so that their corners point more directly
towards the corners of the Cd8 cubes by minimizing the
triple split, a phenomenon that would otherwise yield too
short Cd±Cd distances. Why only the compounds containing
Ca and Yb choose the second alternative is as puzzling as
why these same two elements are the only ones to form qua-
sicrystals when combined with Cd, though the 1/1 approxim-
ants exist in almost every RE±Cd system.
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Evaluation of Chiral Recognition Ability of a Novel Uranyl±Salophen-Based
Receptor: An Easy and Rapid Testing Protocol


Antonella Dalla Cort,*[a] Josÿ Ignacio Miranda Murua,[b] Chiara Pasquini,[a]


Miquel Pons,*[b] and Luca Schiaffino[a, b]


Introduction


The development of artificial receptors able to bind prefer-
entially one of the two enantiomers of a given substrate is
an essential target in bioorganic and supramolecular chemis-
try.[1] The fundamental role played by stereochemistry in
chemical interactions is clearly envisioned, for example, in
the context of drug/receptor chemistry. Moreover, enantio-
meric recognition is a key feature of many enzyme-catalysed
reactions and is the basis of asymmetric catalysis. In recent
years much work has been devoted to the development of
chiral supramolecular receptors devoid of the classical ele-
ments of chirality. This wide field encloses purely covalent
structures such as inherently chiral calixarenes,[2] and nonco-
valent assemblies whose chirality arises from desymmetris-
ing interactions between achiral molecular components.[3] In


many of these cases synthetic procedures lead to racemic
mixtures, whose resolution is not always a simple task. In a
time-saving and low-cost perspective, the ability of the host
to achieve chiral recognition should conveniently be as-
sessed at the racemic mixture level. Also, efficient tools for
rapid determination of enantioselectivity are a requirement
for the application of combinatorial methods to the synthe-
sis of artificial receptors.[4]


In the present work we describe a NMR-based protocol
to evaluate the chiral recognition ability of synthetic hosts
directly from their racemic mixture. The method described
here has been applied to a novel derivative of nonsymmetri-
cally substituted uranyl±salophen complexes (1, R¼6 R’).[5] In
these compounds the uranyl dication employs four of its co-
ordination positions for complexation with the salophen
ligand.[6] The fifth site is free and has been widely used for
complexation of anions[7] and neutral molecules endowed
with a hard donor site.[5,8] For this reason uranyl±salophen
complexes have found applications as receptors,[9] cata-
lysts,[10] carriers[11] and sensors.[12]
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Abstract: A novel member of a new
class of chiral uranyl±salophen com-
plexes has been synthesised. The chiral
recognition ability of this receptor
toward the enantiomers of two primary
amines, a sulfoxide, and a quaternary
ammonium chloride has been evaluat-
ed for the first time. The enantioselec-
tivities obtained are encouraging. The
NMR method developed for this pur-


pose allows a fast, quantitative deter-
mination of the enantioselectivity of
the host directly from its racemic mix-
ture and could find application as a


preliminary screening tool in the
search for new receptors using combi-
natorial methods. The experiments car-
ried out in this context demonstrated
also that the activation barrier for the
racemisation of such chiral uranyl±salo-
phen receptors is much higher than the
lower limit of 21 kcalmol�1 previously
reported.


Keywords: chirality ¥ enantioselec-
tive recognition ¥ high-throughput
screening ¥ host±guest systems ¥
NMR spectroscopy
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The large radius of the uranium atom forces the salophen
ligands to deviate from planarity in the complexes.[9,13] As a
consequence, nonsymmetrically substituted uranyl±salophen
complexes are chiral owing to the lack of any element of
symmetry. We have recently shown that a fast flipping
motion inverts the curvature of the ligand and makes such
chirality so labile that it cannot be detected by NMR spec-
troscopy even at 233 K.[14] We found that the flipping can be
slowed down by the introduction of substituents both on the
imine carbon atoms and on the central aromatic ring. The
1H NMR spectrum of compound 2 in [D6]DMSO does not
show coalescence of the diastereotopic methyl groups of the
isopropyl group up to 385 K. This indicates that the energy
barrier for the interconversion between the enantiomers is
higher than 21 kcalmol�1 and the half-life time is longer
than 5 minutes at room temperature.


In the newly synthesised compound 3, structurally analo-
gous to 2, the binding site has been shaped by introducing a
phenyl and a methyl group on the two phenoxyde rings in
the ortho positions with respect to the oxygen atoms. The
phenyl group is known to act as an additional interaction
site,[5] whilst the methyl group should introduce more strict
shape requirements by establishing unfavourable interac-
tions with the bound substrate. The compound was prepared
via phenol 4 according to the procedure in Scheme 1 and
fully characterised. Although we have not yet resolved the
racemic mixture of 3, we have been able to determine the


differences in stabilities of its diastereomeric complexes
with a number of chiral guests by means of a new NMR pro-
tocol. The method described here is quite general and can
be applied whenever the diastereomeric adducts show even
small but detectable chemical shift differences for com-
plexes in either fast or slow regimes on the NMR timescale.
It is simple, quick and accurate and has the advantage that
it can be used on the racemic mixture of the receptor, allow-
ing the evaluation of its discriminating properties before res-
olution.


Results and Discussion


All resonances in the 1H NMR spectrum of 3 in [D6]acetone
were assigned (Figure 1, spectrum a) by means of a series of
three two-dimensional TOCSY, COSY and NOESY experi-
ments. The upfield positions of M3, M4, and * indicate that
the corresponding protons are located in the shielding
region generated by the ring current of the phenyl substitu-
ent on the imine carbon atom, consistent with the computer
calculated structure in Figure 2. Exchange peaks in the
NOESY spectrum between protons D1 and D5, and D2 and
D4 indicate slow rotation of the phenyl group.
To provide evidence for the formation of diastereomeric


host±guest complexes, one equivalent of enantiomerically
pure (S)-a-methylbenzylamine (5) was added to a solution
of 3 in CDCl3 (0.02m). Preliminary studies indicated that in


this solvent the association is almost quantitative. Although
the spectrum is less resolved than that in [D6]acetone
(Figure 1, spectrum b), splitting of a number of host signals
was observed, namely all methyl resonances other than M4
and the aromatic protons &1 and *. Additional signals may
have a similar behaviour, but could not be quantified due to
spectral overlap in CDCl3. It should be noted that the larg-
est splittings are observed for the signals of protons closest
to the free coordination position of the uranyl dication. This
makes us confident that the bound guest is actually hosted
inside the cleft formed by the phenyl and methyl groups.
The signals at 1.5 and 1.7 ppm correspond to the guest
methyl group in the two diastereomeric complexes. The
guest, but not the host, exchanges between the two com-
plexes on a slow±intermediate timescale. This is further con-
firmed by the presence of a positive cross peak between the
two signals in the NOESY spectrum.
When one equivalent of racemic (� )-5 is added to race-


mic 3 in CDCl3, splitting of host signals is no longer ob-
served and resonances fall at different frequencies with re-
spect to those of the pure host (Figure 1, spectrum c).
Coalescence of the host signals in the presence of a race-


mic guest indicates that the interconversion of the two dia-Scheme 1.
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stereomeric complexes is faster than the chemical shift dif-
ference between the host signals in the two complexes. The
process is illustrated in Scheme 2. The guest signals, in slow
exchange, appear as two broad resonances. The different be-
haviour of the host and guest signals reflects the different
chemical shifts of the exchanging sites and, in this particular
example, illustrates the application of the method to NMR
systems in fast or slow±intermediate exchange.
Chiral discrimination is described by the position of the


equilibrium represented by Equation (1), in which Kexc is de-
fined by Equation (2). In Equation (1) the two enantiomers
of the uranyl±salophen are differentiated by the use of the
(+) (�) notation.


ðþÞ3ðRÞ5þ ð�Þ3ðSÞ5G
Kexc


HðþÞ3ðSÞ5þ ð�Þ3ðRÞ5 ð1Þ


Kexc ¼
½ðþÞ3ðSÞ5	½ð�Þ3ðRÞ5	
½ðþÞ3ðRÞ5	½ð�Þ3ðSÞ5	 ¼


½ðþÞ3ðSÞ5	2


½ðþÞ3ðRÞ5	2
ð2Þ


From the thermodynamic cycle depicted in Scheme 2,
Equation (3) is easily obtained, in which K1 is the associa-
tion constant for the two enantiomeric complexes (+)3(R)5
and (�)3(S)5 and K2 is the association constant for (+)3(S)5
and (�)3(R)5.


Kexc ¼
K2


2


K2
1


ð3Þ


Figure 1. Portions of 1H NMR spectra (600 MHz) of a) compound 3 in [D6]acetone, b) an equimolar solution (2î10�2m) of compounds 3 and (S)-5 in
CDCl3 and c) an equimolar solution (2î10�2m) of compounds 3 and (� )-5 in CDCl3. Protons belonging to the same spin system are labelled with the
same symbol. Dotted (full) arrows indicate signals from the major (minor) diastereomer.
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Comparison between Equations (2) and (3) leads to
Equation (4), which shows that the ratio of the stability con-
stants of the two diastereomeric complexes is equal to the
ratio of their concentrations. This value represents the selec-
tivity of (+)3 toward one of the two enantiomers of 5, and
of course that of (�)3 toward the other one. A value equal
to 1 would mean no difference in the receptor affinity
toward the two enantiomers, whereas a value different from
1 gives the degree of the enantioselectivity. The relative con-
centrations are easily determined by comparison of the
NMR spectra of the racemic host with a racemic guest and
with one of its enantiomers.


S ¼ K2


K1
¼ ½ðþÞ3ðSÞ5	


½ðþÞ3ðRÞ5	 ð4Þ


In spectrum c of Figure 1, we observe a difference in the
integrals of the methyl protons of the amine belonging to
the two adducts, indicating that the equilibrium of Equa-
tion (1) is shifted towards one of the diastereomers. There-
fore, the two enantiomers of host 3 show different binding
affinities toward the two enantiomers of 5. The selectivity
ratio could in principle be obtained by the measurement of
the two integrals, although in this case the broadening of
these signals and their partial overlap would introduce a
considerable uncertainty. The relative concentration of the
two species can also be evaluated from the average chemical
shift of host protons, which are in fast exchange in the pres-
ence of racemic guest.
The observed chemical shift is the concentration-weighted


average from the chemical shift of the individual diaster-
eomers, which are directly observed in the spectrum ob-
tained in the presence of an enantiomerically pure guest.
The most reliable signal for this evaluation is that corre-


sponding to the m2 methyl group, which shows a considera-
ble separation between the split signals and whose coales-
cence position is well separated from other resonances
(Figure 1, spectra b and c). The ratio obtained from the m2
signal is 2.15 and it is in good agreement with the values ob-
tained by considering the M1, M2, and M3 signals, all in the
range of 2.1±2.2. Further validation of these figures comes
from the observation that integrals of the amine methyl sig-
nals in the two diastereomeric complexes are in a 2:1 ratio.
When the same pair of experiments was carried out at 5 8C,
the observed selectivity increased up to 3.1.
Results on the enantioselectivity of 3 toward 5, 1-(2-naph-


thyl)ethylamine (6) methyl-p-tolylsulfoxide (7) and N,N-di-
methyl-a-methylbenzylammonium chloride (8) are reported
in Table 1. In the case of 8, the chloride ion occupies the


fifth coordination site of the uranyl, thus forming a large
anionic complex with the salophen±uranyl receptor.[13e,15]


Since recognition of the chiral cation occurs through the for-
mation of two diastereomeric ion pairs, less stringent re-
quirements should be needed, consistent with the low selec-
tivity observed. It is likely that the cation is located above
the ligand surface, presumably in the concave side, as in this
case the highest splitting is observed for the resonance of
the iminic proton.


Figure 2. Calculated geometry of the uranyl salophen complex 3. For
computational details see reference [14].


Table 1. Selectivity values (S), corresponding diastereomeric excesses
(de) and free-energy differences (dDGa [kcalmol�1]) at 25 8C obtained for
the enantioselective recognition of guests 5, 6, 7, and 8 by chiral host 3.


5 6 7 8


S 2.15 1.60 1.70 1.30
%de 36 23 26 13
dDGa 0.45 0.28 0.31 0.16


Scheme 2.
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Equilibration between the two enantiomers of 3 by flip-
ping of the salophen ligand would provide a mechanism for
interconversion between the two diastereomers of its com-
plex with 5, resulting in different populations. The observa-
tion of equal populations of both diastereomers (Figure 1,
spectrum b) indicates that equilibration was not significant
during the time span from sample preparation to acquisition
of the NMR spectra (few hours). This gives a lower limit for
the activation barrier for the interconversion of the enan-
tiomers of 3 much higher than the 21 kcalmol�1 lower limit
previously estimated for the closely related compound 2.
In order to obtain the stability constants of the diastereo-


meric complexes, 1H NMR titrations were carried out in
CDCl3 containing 1% and in one case 3% of CD3OD. The
small amount of methanol ensures a good quality of the


spectra and lowers the association constants so as to make
them measurable. We assume that in the above mixtures the
selectivity values remain substantially unchanged, as metha-
nol establishes the strongest interactions with the uncom-
plexed species that are the same for the two diastereomers.
The addition of increasing amounts of (S)-5 to a solution


of (� )-3 induces the splitting of host signals and their regu-
lar shifts. Experimental points in Figure 3 (top) refer to the
resonances relative to the methyl group m1 and are consis-
tent with a 1:1 complex formation. In the simple case of
achiral host±guest complexes, the association constant
values can be obtained by fitting the titration data to the
binding isotherm of Equation (5), in which Dd¥ represents
the limiting upfield shift and Ka is the equilibrium constant.
This can be done only if the concentration of the unbound
free guest [G] is precisely known along the titration. Since
[G] depends on the association constant, an iterative proce-
dure is usually employed.


d ¼ do þ
KaDd1½G	
1þKa½G	 ð5Þ


When this method is applied to the more complex case of
the simultaneous formation of two diastereomeric com-
plexes, free-guest concentrations are calculated after each
iteration step by solving a third-grade equation. In this case
a new problem is met, because K1 and K2 values obtained in
each iteration are of course dependent on the free-guest
concentrations, which are in turn dependent on both associ-
ation constant values found in the previous step. This means
that a reciprocal dependence between approximate values
of the two constants is artificially created. As a consequence,
when experimental points are affected by scattering, as it is
always the case, we have found that the iterative procedure
converges to a result that is dependent on the trial values of
K1 and K2 used in the first iteration. In other words, when
different starting values are introduced, a different pair of
final values is obtained. Such a problem can be solved by
imposing an additional constraint, that is, the ratio between
the two association constants obtained in the previous NMR
experiments. The introduction of this parameter improves
the reliability of the fitting procedure and provides accurate
binding constant values that are independent of the starting
values. By this method only data points from one diaster-
eomer are needed and, hence, both association constants
can be determined even when one of the diastereomers
gives negligible chemical shift variations (see Figure 3, top).
The association constants for the formation of diastereo-


meric complexes between 3 and guests 5, 7, and 8 obtained
using the above procedure (Figure 3) are reported in
Table 2.[15]


Conclusion


In this work we report the synthesis of a new chiral uranyl±
salophen complex. The ability of this receptor to perform
chiral recognition toward a number of neutral and charged
guests has been shown. The enantioselectivities obtained are


Figure 3. 1H NMR titrations (300 MHz, CDCl3/CD3OD 99:1 v/v) of 3 (2î
10�2m). Top: with (S)-5, M1 methyl group. Middle: with (S)-7, iminic
proton. Bottom: with (S)-8, M1 methyl group.
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encouraging and we are currently carrying out further modi-
fications of the receptor binding site to achieve more specif-
ic interactions.
The NMR protocol used to establish the enantioselectivity


is fast, reliable and provides a useful way of monitoring the
recognition capability of newly synthesised chiral receptors.
It can be used in all cases in which the diastereomeric ad-
ducts show detectable chemical shifts differences in resonan-
ces by carrying out a limited number of NMR measure-
ments. Moreover it applies even to association phenomena
fast in the NMR timescale, for which the selectivity ratio
cannot be calculated by comparing the integrals of the sepa-
rate resonances of diastereomeric complexes. The main ad-
vantage is that it can be applied to a racemic mixture of the
receptor prior to resolution. These considerations make it
suitable for chemists working in the field of combinatorial
receptor/substrate design and supramolecular chemistry.
Finally the experiments carried out showed that the race-


misation of 3 has an energy barrier much higher than the
lower limit of 21 kcalmol�1 previously calculated for the
closely related compound 2.
Current studies are investigating the possibility of separat-


ing the two enantiomers of 3.


Experimental Section


Instruments and methods : NMR spectra were recorded on a Bruker
AC 300 and a Bruker Avance 600. Nonlinear least-square calculations
were carried out using the program SigmaPlot for Windows 8.0 (Jandel
Scientific).


Materials : 2-Phenylphenol (Aldrich), pentamethylbenzene (Eastman
Kodak), 2,4-dimethylphenol (Fluka), benzoyl chloride (Aldrich), uranyl
acetate dihydrate (Fluka), racemic and enantiomerically pure a-methyl-
benzylamine (Aldrich), racemic and enantiomerically pure 1-(2-naphthyl)-
ethylamine (Aldrich), and racemic and enantiomerically pure methyl-p-
tolylsulfoxide (Aldrich) were used as received. 3,4,5,6-Tetramethyl-1,2-di-
aminobenzene,[16] 3-phenylsalicyladehyde,[17] and 2-hydroxy-3,5-dimethyl-
benzophenone[18] were prepared according to literature procedures. Race-
mic and enantiomerically pure N,N-dimethyl-a-methylbenzylammonium
chloride was prepared through ion exchange from the corresponding io-
dides kindly provided by Prof. J. Lacour.


2-[(2-Amino-3,4,5,6-tetramethylphenylimino)phenylmethyl]-4,6-dimethyl-
phenol (4): A solution of 3,4,5,6-dimethyl-1,2-diaminobenzene (0.732 g,
4.5 mmol), 2-hydroxy-3,5-dimethylbenzophenone (1.032 g, 1 equiv), and a
catalytic amount of p-toluenesulfonic acid in m-xylene (15 mL) was re-
fluxed in a Dean±Stark apparatus for two days. On cooling, the pure
product precipitated from the reaction mixture as a yellow solid in 45%
yield. M.p. 185±187 8C; elemental analysis calcd (%) for C25H28N2O: C
80.61, H 7.58, N 7.52; found: C 80.61, H 7.67, N 7.44; 1H NMR
(300 MHz, CDCl3) d=7.25 (br s, 5H), 7.10 (s, 1H), 6.69 (s, 1H), 2.34 (s,
3H), 2.14 (s, 3H), 2.11 (s, 3H), 2.09 (s, 3H), 1.97 (s, 3H), 1.84 ppm (s,
3H); 13C NMR (75 MHz, CDCl3) d=177.97, 159.79, 135.96, 135.84,


133.73, 132.82, 131.48, 130.49, 129.60, 128.25, 128.16, 127.23, 126.78,
125.48, 123.07, 119.31, 118.92, 21.20, 17.03, 16.59, 16.52, 16.38, 14.27 ppm;
MS (ES-MS): m/z calcd for C25H28N2O: 372.50; found: 373.1 [M+H]+ .


{{3,4,5,6-Tetramethyl-1-phenylene[(E)-nitrilomethylidynephenyl(2-hy-
droxy-3,5-dimethylphenyl)]-2-phenylene[nitrilomethylidyne(2-hydroxy-3-
phenylphenyl)]}(2�)-N,N’,O,O’}dioxouranium (3): A solution of 4
(0.367 g, 0.98 mmol) and 3-phenylsalicilaldehyde (0.195 g, 1 equiv) in
MeOH (12 mL) was stirred at room temperature. After 30 min UO2-
(OAc)2¥2H2O (0.421 g, 1 equiv) was added and the solution was stirred
for additional 30 min. The pure product precipitated from the reaction
mixture as a pale orange solid in a 48% yield. Elemental analysis calcd
(%) for C38H34N2O4U¥3H2O: C 52.20, H 4.61, N 3.20; found: C 52.58, H
4.27, N 3.22; 1H NMR (600 MHz, [D6]acetone) d=9.63 (s, 1H), 7.83±7.81
(ddd, J=1.22, 8.24 Hz, 2H), 7.78±7.77 (ddd, J=1.83, 7.63 Hz, 1H), 7.69±
7.68 (brd, J=7.94 Hz, 1H), 7.64±7.62 (ddd, J=1.83, 7.02 Hz, 1H), 7.56±
7.54 (t, J=7.32 Hz, 1H), 7.52±7.50 (m, J=7.94 Hz, 2H), 7.45±7.40 (m,
2H), 7.25(br s, 1H), 7.20±7.18 (m, J=7.63 Hz, 1H), 6.79±6.77 (t, J=
7.32 Hz, 1H), 6.69 (br s, 1H), 2.53 (s, 3H), 2.50 (s, 3H), 2.22 (s, 3H), 2.08
(s, 3H), 1.93(s, 3H), 1.87 ppm (s, 3H); 13C NMR (50 MHz, [D6]acetone)
d=174.91, 169.70, 168.84, 145.22, 144.96, 140.90, 139.94, 136.82, 136.56,
135.62, 135.12, 133.35, 131.40, 131.27, 130.90, 130.36, 128.65, 128.31,
128.15, 127.21, 125.31, 125.22, 124.43, 123.40, 117.53, 20.28, 18.19, 17.44,
17.16, 16.69, 16.59 ppm; MS (ES-MS): m/z calcd for C38H34N2O4U:
820.72; found: 839 [M�F]� , 820 [M]� ,


Selectivity measurements : A weighted amount of compound 3 was intro-
duced into an NMR tube together with 0.500 mL of CDCl3 and a spec-
trum at 600 MHz, T=25.0 8C, was recorded. Then a given volume of a
standard solution of either enantiopure or racemic guest was added and a
second spectrum was recorded.
1H NMR titrations : Titrations were carried out at 25.0 8C in CDCl3/
CD3OD 99:1 or 97:3 (v/v) by adding increasing amounts of the guest to a
0.02m solution of 3 in the solvent mixture and following variations of the
chemical shift of split host signals. Titration data were fitted to a standard
binding isotherm for 1:1 complexation by imposing the independently de-
termined selectivity as an additional constraint.
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Double Ring-Closing Metathesis Reaction of Nitrogen-Containing Tetraenes:
Efficient Construction of Bicyclic Alkaloid Skeletons and Synthetic
Application to Four Stereoisomers of Lupinine and Their Derivatives


Shengming Ma* and Bukuo Ni[a]


Introduction


A number of bicyclic alkaloids with quinolizidine and indoli-
zidine skeletons have been isolated from a variety of natural
sources in recent years. Many of these compounds have
been proven to be biologically active, for example, epilupi-
nine and lupinine (1a and 1b),[1] (+)-13b-hydroxymam-
nine,[2] lasubine II,[3] and castanospermine[4] . Due to the
varied and interesting biological activity of the fused nitro-
gen-containing bicyclic alkaloids, their construction has at-
tracted much attention from synthetic organic chemists.


Indeed, many syntheses of these compounds have been re-
ported,[5] but among the many methodologies, one of the
commonly used approaches is a ™ring-by-ring∫ strategy,
which has low to moderate efficiency.[6] In addition, each
synthesis is limited to the preparation of a limited range of
derivatives. It would therefore be quite desirable to develop
a general synthetic route to various quinolizidine and indoli-
zidine alkaloids, and their non-natural derivatives, in order
to provide candidates for screening for novel therapeutic
agents.


During the past decade, the transition-metal-catalyzed
ring-closing metathesis (RCM) reaction has emerged as one
of the most powerful tools for the construction of cyclic
compounds.[7] Recently, the use of double RCM reactions of
tetraenes has been explored to provide fused,[8] spirocyclic,[9]


and other bicyclic systems[10] from acyclic precursors in just
™one shot∫.


Based on our bicyclic or tricyclic carbopalladation proto-
col,[11,12] our basic plan was to use a double RCM reaction,
as outlined in Scheme 1, to construct the quinolizidine skele-
ton with Grubbs catalyst 3[13] or 4.[14] In order to simplify the
synthetic strategy, we imagined that the double RCM reac-
tion of nitrogen-containing acyclic tetraenes 2 might lead to
the facile synthesis of bicyclic skeletons 6, suitable for fur-
ther elaboration. Here, the formidable challenge would be
the control of the double RCM mode (ab/cd mode (fused-
type) versus ac/bd mode (dumbbell-type), Scheme 1).


In our preliminary communication,[15] we observed that a
high selectivity of cyclization mode can be realized by
tuning the electronic and steric effects of the substituents at-
tached to the C=C bonds in the nitrogen-containing tet-
raenes 2. In this paper, we wish to report the scope of this
double RCM reaction of tetraenes, including the factors
controlling the selectivity of cyclization mode, such as the
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354 Fenglin Lu, Shanghai 200032 (P. R. China)
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Abstract: The double ring-closing metathesis reaction of nitrogen-containing tet-
raenes was studied. The selectivity of the fused/dumbbell-type products can be
controlled by the electronic/steric effects of the substituents attached to the C=C
bonds and the s-cis/s-trans conformational ratios of the substrates. This methodolo-
gy has also been successfully applied to the enantioselective synthesis of four ster-
eoisomers of lupinine and their derivatives.
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electronic, steric, and conformational factors. Finally, syn-
thetic routes to the four stereoisomers of lupinine (see
above) and their derivatives are also described.


Results and Discussion


Synthesis of tetraenes : We envisioned a general approach to
a variety of nitrogen-containing tetraenes 2 from a,w-dienyl
amines, which were prepared from the corresponding alco-
hols (R3=H) or the reaction of nitriles with allyl magnesium
bromide (R3¼6 H, Scheme 2).


1,6-Heptadien-4-yl amine (10a)[16] was prepared by reduc-
tion of its azide, which was synthesized from hepta-1,6-dien-
4-ol (9a)[17] through a Mitsunobu substitution (Scheme 3).[18a]


However, this route only furnished the desired amine 10a in
low to moderate yields and the corresponding large-scale
preparation of amine 10a was not feasible. Thus, hepta-1,6-
dien-4-ol (9a) was converted into the corresponding mesy-
late and this reaction was followed by substitution with


sodium azide to give the corresponding azide. Subsequent
reduction with LiAlH4 gave amine 10a. By this route, amine
10a was readily prepared on a large scale with a high overall
yield. Amine 10a was then treated with a slight excess of
acryloyl chloride in the presence of Et3N to give amide 11a,
which underwent a simple allylation with allyl halides 12 to
afford compounds 2a±f (Scheme 3, Table 1).


Table 1 summarizes the equilibrium ratios of two different
conformers (Scheme 4), which were distinguished by their
1H NMR spectra at room temperature based on the differ-
ent chemical shift of the Hb protons in s-cis-2 or s-trans-2.[19]


Alcohols 9b,c[20] were converted into amines 10b,c by a
Mitsunobu substitution reaction (Scheme 5).[18b] Subsequent
treatment of 10b,c with acryloyl chloride gave amides
11b,c, which were submitted to allylation to give tetraenes


Scheme 1. Two different modes for the double RCM of tetraenes 2. Cy=
cyclohexyl, Mes=2,4,6-trimethylphenyl.


Scheme 2. Strategy for the synthesis of 2.


Scheme 3. Synthesis of 2a±f. a) 1. ZnN62Py, DIAD, PPh3; 2. LiAlH4;
50% (two steps); b) 1. MsCl, Et3N; 2. NaN3, HMPA; 3. LiAlH4; 77%
(three steps); c) CH2=CHCOCl, Et3N, 95%; d) NaH, DMF, RT, 58±85%.
Py=pyridine, DIAD=diisopropylazodicarboxylate, Ms=mesyl=metha-
nesulfonyl, HMPA=hexamethylphosphoramide.


Scheme 4. Two different conformers of 2. The cis/trans nomenclature
refers to the carbonyl oxygen atom and the allylic substituent.


Table 1. Synthesis of 2a±f.


Entry 12 (R1, R2, X) t [h] 2 s-cis :s-trans Yield [%]


1 12a (H, H, Br) 1.5 2a 33:67 85
2 12b (Me, H, Cl)[a] 11.5 2b 45:55 66
3 12c (H, Me, Cl)[a] 7 2c 21:79 67
4 12d (H, nBu, Br) 3 2d 19:81 58
5 12e (H, Ph, Br) 8 2e 21:79 61
6 12 f (H, CO2Et, Br) 2.5 2 f 32:68 71


[a] A catalytic amount of NaI (10 mol%) was added. See the Experimen-
tal Section for details.
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2g±j (Scheme 5) with the s-cis/s-trans ratios shown in
Table 2.


For the synthesis of tetraenes 2k±n (R3¼6 H), amines
13a,b[21] were treated with acryloyl chloride to afford 14aA
and 14bA, which reacted with NaH and allyl halides 12 to


give 2k±n. The products are in the s-cis conformation exclu-
sively (Table 3), in very low yields. This low-yield problem
was overcome by allylation of amines 13a,b with the allyl
halide first, followed by acylation with acryloyl chloride
(Scheme 6).


Double RCM reaction of tetraenes for the synthesis of 6,6-
fused bicyclic lactams : With the desired tetraenes 2 in hand,


we initiated the study of the double RCM reaction. The re-
action of 2a with 3 (5 mol%) for 2 h afforded the products
with a ratio of fused-type compound 6a versus dumbbell-
type compound 8a as high as 21:1 in a combined yield of
88% (Scheme 7). The structure of 6a was unambiguously
determined by its conversion into the trans-dibromide 15a,
which was characterized by an X-ray diffraction study


(Figure 1).[22] It is interesting to
observe that when 2a was treat-
ed with 3 (1 mol%) for 30 min,
the monocyclic intermediate 5a
was formed with high selectivi-
ty, a result suggesting that the
ab mode of the RCM reaction
may be much faster than the ac,
bd, and cd modes; this may ac-
count for the highly selective
formation of fused bicyclic
product 6a. Treatment of 5a
with 3 (5 mol%) for 1 h gave
exclusively 6a in 89% yield
Scheme 7).


The reaction between triene 11a (compared to 2a, the −a×
C=C bond is missing) and 3 (2 mol%) gave five-membered
product 16a and six-membered product 17a in yields of 78
and 10%, respectively (Scheme 8). No reaction was ob-
served when 17a was treated with 3 (5 mol%) while the re-
action of 16a with 3 (5 mol%) yielded only a trace amount


Scheme 5. Synthesis of 2g±j. a) 1. phthalimide, DEAD, PPh3, THF;
2. H2NNH2¥H2O, EtOH; b) CH2=CHCOCl, Et3N, CH2Cl2; c) NaH, DMF.
DEAD=diethylazodicarboxylate.


Table 2. Synthesis of 2g±j.


Entry 11 12 t [h] 2 (R1, R2, R3, m, n) s-cis :s-trans Yield [%]


1 11c 12a 32.5 2g (H, H, H, 1, 2) 37:63 62
2 11d 12a 32 2h (H, H, H, 2, 2) 50:50 77
3 11d 12b[a] 20.5 2 i (Me, H, H, 2, 2) 46:54 77
4 11d 12c[a] 13 2j (H, Me, H, 2, 2) 28:72 45


[a] A catalytic amount of NaI (10 mol%) was added. See the Experimental Section for details.


Scheme 6. Synthesis of 2k±n. a) CH2=CHCOCl, Et3N, CH2Cl2; b) NaH,
12, DMF; c) 12, K2CO3, DMF.


Table 3. Synthesis of 2k±n.


Entry 13 (R3) 12 2 (R2, R3) s-cis :s-trans Yield [%]


1 13a (Me) 12a 2k (H, Me) 100:0 59
2 13a (Me) 12c[a] 2 l (Me, Me) 100:0 62
3 13a (Me) 12d 2m (nBu, Me) 100:0 54
4 13b (Pr) 12a 2n (H, nPr) 100:0 62


[a] A catalytic amount of NaI (10 mol%) was added. See the Experimen-
tal Section for details.


Scheme 7. RCM reaction of 2a.
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of 17a, a fact indicating that the bd mode of the RCM reac-
tion in 2a is much faster than the cd mode (at least 8:1). Al-
lylation of 16a afforded 7a, which was treated with 3
(5 mol%) to study the possibility of the ac mode of cycliza-
tion within 7a. In fact, even in this case the fused bicyclic
product 6a was formed in 13% yield together with 62% of
the dumbbell-type product 8a. This result indicates that the
fused bicyclic product was thermodynamically much more
favorable for formation than the dumbbell-type product
(Scheme 8). However, the treatment of pure dumbbell-type
product 8a with 3 under standard conditions did not give
the fused-type product 6a, a fact indicating that the inter-
conversion between 8a and 6a is not possible (Scheme 8).


To our surprise, the reaction of 2b (where a methyl group
was introduced onto the terminal position of the −a× C=C
bond (Table 1, entry 2)) afforded fused-type 6a as the only
product, in 86% yield, a result that implies an interesting
substituent effect on the selectivity of the cyclization


(Table 4, entry 1). In order to investigate the influence of
the steric and electronic effects of the substituted C=C
bonds on the reactivity and selectivity, the double RCM re-
action of tetraenes 2 with the −a× double bond substituted
with alkyl, phenyl, or carbonyl groups was studied (Table 4).
When tetraene 2c was exposed to 3 (5 mol%) for 23 h, the
methyl-substituted 6,6-bicyclic lactam 6c was obtained in
43% isolated yield with no dumbbell-type products formed
(Table 4, entry 2), a reaction showing high regioselectivity.
Reaction of n-butyl substituted tetraene 2d with 3 for 24 h
gave 6d in 38% yield together with the monocyclopentene
derivative 7d in 47% yield (Table 4, entry 4). Although the
formation of these substituted fused lactams from tetraene
precursors was successful with high regioselectivity, we were
dissatisfied with the yields. We were pleased to find that
when tetraene 2c was exposed to the more active catalyst
4[14] (5 mol%) for only 2 h, 6c was formed as the single
product in 90% yield (Table 4, entry 3). Some typical results
with catalyst 4 are summarized in Table 4.


When we subjected the monocyclic product 7d to the
standard conditions with 4 as the catalyst for 11 h, the fused
bicyclic product 6d was formed as the only product in 80%
yield through a ring-opening/ring-closing metathesis se-
quence. This is different to what was observed with 7a
(Scheme 9). For the cyclization of 7a, the different catalysts
afforded 6a and 8a with very different ratios, a result indi-
cating that the formation of fused bicyclic products with cat-
alyst 4 is probably the result of thermodynamic control,
while catalyst 3 may lead to the kinetically controlled prod-
ucts.[23] Similar improved selectivity was also observed with
7b. The differences observed for the ROM/RCM reactions
of 7a, 7b, and 7d may be speculated to be caused by a com-
bination of the steric, electronic, and conformational factors
of 7.


Next we turned our attention to the double RCM reaction
of tetraenes 2 with R3¼6 H, that is, 2k±n. These tetraenes
exist exclusively in the s-cis forms and, thus, may lead to the
possible favorable formation of the dumbbell-type com-
pounds 8. The results are summarized in Table 5. As expect-
ed, the reaction of 2k and 2n with 3 or 4 gave a mixture of
the corresponding fused bicyclic products 6k/6n and dumb-
bell-type products 8k/8n with the latter being the major


Figure 1. ORTEP representation of 15a.


Scheme 8. RCM reactions of 11a, 16a, 17a, and 8a.


Table 4. Double RCM reactions of 2b±f with 3 or 4.


Entry 2 (R1, R2) Catalyst t [h] 6 (R2) Yield [%]


1 2b (Me, H) 3 5 6a (H) 86
2 2c (H, Me) 3 23 6c (Me) 43
3 2c (H, Me) 4 2 6c (Me) 90
4 2d (H, nBu) 3 24 6d (nBu) 38[a]


5 2d (H, nBu) 4 5 6d (nBu) 83
6 2e (H, Ph) 4 6 6e (H, Ph) 89
7 2 f (H, CO2Et) 4 5 6 f (H, CO2Et) 85


[a] 7d (see Scheme 9) was also isolated in 47% yield.
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product. With 3, the monocyclic products 7k and 7n were
also formed (Table 5, entries 1 and 3). Furthermore, it was
interesting to note that with 2 l and 2m as the starting mate-
rials and with the catalysis of 4, the fused bicyclic products
6 l and 6m were not formed; instead the dumbbell-type
products 8 l and 8m were isolated in very low yields with
the major products being the monocyclic products of the bd
mode 7 l or 7m (Table 5, entries 5 and 6). Here, the struc-


ture of 7 l was further confirmed by comparison with an au-
thentic sample prepared by allylation of 16 l, which was ob-
tained from the RCM reaction of 14aA, with 12c
(Scheme 10). The following conclusions can be drawn from
these results: 1) the s-cis conformations and Thorpe±Ingold
effect of compounds 2k±n do favor the formation of dumb-
bell-type products 8 ; 2) the introduction of R2 and R3 group
greatly increases the selectivity for the formation of dumb-
bell-type monocyclic product 7, probably due to the steric
effect that hinders the second RCM reaction.


Synthesis of 7,7-fused bicyclic lactams : A similar substituent
effect was observed in the synthesis of 7,7-bicyclic lactams
6h±j. Under the catalysis of 3 (5 mol%), the introduction of
a methyl group to the terminal position of the −a× C=C bond
increased the selectivity of 6h/8h from 8.9:1 to 20:1. Expo-
sure of 2 j to 4 showed high selectivity and gave exclusively
6 j in 78% yield (Scheme 11).


Synthesis of 6,7-fused bicyclic lactams : For the synthesis of
bicyclic products with two different rings, such as 6,7-fused
lactams, compound 2g was treated with 3 (5 mol%) for 8 h
to give fused lactams 6A and 6B in 38% combined yield as
a 1.3:1 inseparable mixture, together with dumbbell-mode
product 8g in 13% yield and the monocyclic product 5g
from the the ab mode of the RCM in 44% yield
(Scheme 12). However, upon treating 5g with 4 (3 mol%)
for 2.5 h, 6A was formed exclusively in 86% yield. The
structure of 6A was unambiguously determined by its con-
version into tetrabromide 15g, which was characterized by
an X-ray diffraction study (Figure 2).[24] When tetraene 2g
was exposed to 4 (5 mol%) for 6 h, a 9:1 mixture of fused
bicyclic lactams 6A and 6B was obtained in 74% yield. It is
interesting to note that under the catalysis of 4 only a trace
amount of the dumbbell-type product 8g was detected
(Scheme 12).


Synthetic application to four stereoisomers of lupinine and
its derivatives : Based on the above RCM results, we de-
signed a general route for the enantioselective total synthe-
sis of four stereoisomers of lupinine (Scheme 13). The key
steps are the Sharpless asymmetric epoxidation of 2,5-hexa-
dienol[25] and the double RCM protocol[8±10] for the construc-
tion of the fused bicyclic skeleton as discussed above.


Based on the retrosynthetic analysis shown in Scheme 13,
the key issues would be the preparation of the four stereo-
isomers of N-allyl-N-[(3-benzoxymethyl)-1,6-heptadien-4-yl]
propenamide (20a) and the fused/dumbbell-type selectivity
of the subsequent double RCM reaction. After some trial


Scheme 9. RCM reactions of 7a, 7b, and 7d.


Table 5. Double RCM reactions of 2k±n with 3 or 4.


Entry 2 (R2, R3) Catalyst t [h] Yield [%] (6 :8) Yield [%] (7)


1 2k (H, Me) 3 16 67 (6k :8k 1:3.6) 13 (7k)
2 2k (H, Me) 4 5 78 (6k :8k 1:3.5) ±
3 2n (H, nPr) 3 14.5 41 (6n :8n 1:3.8) 35 (7n)
4 2n (H, nPr) 4 7 52 (6n :8n 1:2.4) ±
5 2 l (Me, Me) 4 3.5 7 (8 l) 88 (7 l)
6 2m (nBu, Me) 4 11 7 (8m) 90 (7m)


Scheme 10. Synthesis of 7 l.


Scheme 11. Double RCM reactions of 2h±j.
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and error, we developed the following general synthetic
route for all four stereoisomers of propenamide 20a by
using the Sharpless asymmetric epoxidation reaction[25] of
(E)-or (Z)-2,5-hexadienol 22[26] as the key step (Schemes 14
and 15).


The three-membered ring in (2S,3S)-epoxide 21 was
opened by vinylation to afford (3R,4S)-diene 23, which was
converted into the corresponding protected (3R,4S)-diene
24 by regioselective protection of the primary hydroxy
group followed by mesylation of the secondary hydroxy
group (Scheme 14).[27] In the reaction of 24 with NaN3, the
TBS group was partially removed during the reaction, thus,
TBAF was added to remove the TBS group completely and
afford alcohol 25. Benzylation of the hydroxy group fol-
lowed by reduction of the azide functionality and N-allyla-
tion afforded (3S,4R)-26, which led to the precursor for the
double RCM reaction, (3S,4R)-20a, upon acylation with


acryloyl chloride (Scheme 14).
From the results in Schemes 14
and 15, it can be seen that all
four stereoisomers can be pre-
pared in high yields and enan-
tiopurities.


With the four stereoisomers
of optically active propenamide
20a in hand, the double RCM
reactions were studied
(Scheme 16). When 3 (5 mol%)
was used as the catalyst, the
double RCM reaction of
(3S,4R)-20a afforded monocy-
clic product 27, fused bicyclic
(4S,5R)-19, and dumbbell-type
bicyclic product 28 in 66, 13,
and 7% yields, respectively;
only a trace amount of the
fused bicyclic product (4S,5R)-
18 was formed. However, treat-
ment of 27 with the second gen-
eration catalyst 4 led to


(4S,5R)-18 in 91% yield (Scheme 16). Upon direct treat-
ment of (3S,4R)-20a with catalyst 4, a 1.96:1 mixture of
(4S,5R)-18 and (4S,5R)-19 was obtained in 89% combined
yield, together with 4% of the dumbbell-type cyclization
product 28, a result again demonstrating the high selectivity
for the fused mode of cyclization. The structures of 18 and
19 were assigned based an NOE study of 19 (Scheme 16)
and the X-ray diffraction data of 30, a derivative of 18
(Figure 3, see Scheme 17 for structure). Finally, the two C=
C bonds, the benzyl group, and carbonyl group were re-
moved upon the treatment with Pd/C/H2 and LiAlH4, re-
spectively, to afford (+)-1a (Scheme 16).


In fact this route is effective for the synthesis of all four
stereoisomers of lupinine, as indicated in Table 6. The struc-
ture of the final lupinine was determined by comparison of
the 1H/13C NMR spectroscopy data and the specific rotations
with the reported data.[1k,o,p]


Scheme 12. RCM reactions of 2g and 5g.


Figure 2. ORTEP representation of 15g¥CH2Cl2.


Scheme 13. Retrosynthetic analysis of lupinine. Bn=benzyl, PG=pro-
tecting group.
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It is obvious that the current approach used to construct
the four stereoisomers of lupinine might also be applicable
to other related quinolizidine alkaloids and their analogues.
Functionalization of 18 and 19 would allow further evalua-


tion of this general synthetic route as a practical tool for the
synthesis of polyoxygenated quinolizidine derivatives.


Thus, as an typical example,
fused bicyclic product (4R,5S)-
18 was dihydroxylated with
AD mix a, with the osmium re-
agent attacking the electron-
rich C=C bond from the b side,
to afford the desired product 29
in 82% yield (Scheme 17). Bi-
cyclic lactam 29 was subse-
quently converted into 30
through hydrogenation of the
electron-deficient C=C bond


and reduction of the carbonyl group in a good overall yield.
The stereochemistry of 30 was unambiguously established
by an X-ray diffraction study (Figure 3).[29] Protection of the
diol in 29 as an acetal functionality afforded 31 in 92%


Scheme 14. Synthesis of (3S,4R)-20a. a) tBuOOH, MS (4 ä), l-DET,
Ti(OiPr)4, CH2Cl2, 86%; b) 1. CH2=CHMgBr, CuI, Et2O/THF; 2. NaIO4,
THF/H2O; 69% (two steps); c) TBSCl, Et3N, DMAP, CH2Cl2; 2. MsCl,
Et3N, CH2Cl2; 91% (two steps); d) 1. NaN3, HMPA; 2. TBAF, THF; 97%
(two steps); e) 1. NaH, BnBr, THF; 2. LiAlH4, THF; 3. CH2=CHCH2Br,
K2CO3, DMF; 75% (three steps); f) CH2=CHCOCl, Et3N, 90%. Ms=
methanesulfonyl, l-DET=l-diethyl tartrate, TBS= tert-butyldimethylsil-
yl, DMAP=4-dimethylaminopyridine, TBAF= tetrabutylammonium
fluoride.


Scheme 15. Synthesis of (3R,4S)-, (3R,4R)-, and (3S,4S)-20a.


Figure 3. ORTEP representation of 30.


Scheme 16. Synthesis of (+)-epilupinine ((+)-1a). a) 3, CH2Cl2, reflux,
52 h; b) 4, CH2Cl2, reflux, 91%; c) 4, CH2Cl2, reflux, 6 h, 89% (18/19
1.96:1); d) 1. Pd/C, H2 (1 atm), 30 8C, 24 h; 2. LiAlH4, THF, relux, 4 h;
93% (two steps).


Table 6. Synthesis of all four enantiomers of lupinine by double RCM reactions of optically active propen-
amides 20a followed by reduction/deprotection.


Entry 20a Yield [%] (18/19) Yield [%] 28 Lupinine
Yield [%] ee [%][28] [a]D


1 (3S,4R) 89 (1.96:1) 4 (+)-1a 95 92.7 +32.6
2 (3R,4S) 90 (2.04:1) 3 (�)-1a 94 91.8 �33.0
3 (3R,4R) 88 (1:1.61) 6 (�)-1b 93 86.5 �21.0
4 (3S,4S) 87 (1:1.59) 6 (+)-1b 93 85.9 +20.8
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yield. Subsequent dihydroxylation of the electron-deficient
C=C bond in 31 was accomplished by treatment with OsO4


and NMO in CH3CN/H2O at room temperature for 24 h, to
give 32 in 83% yield as a single isomer. An NOE study on


32 indicated that dihydroxylation of the double bond occur-
red from the b side (Scheme 17). The polyoxygenated quino-
lizidine derivative 32 should be a useful intermediate for the
synthesis of a variety of polyhydroxy quinolizidines.


Conclusion


In the double RCM reaction of nitrogen-containing tet-
raenes 2, interesting steric and electronic effects of the sub-
stituents of the C=C bond in 2 and conformational effects of
the tetraenes 2 were observed to lead to a highly selective
synthesis of the quinolizidine alkaloid skeleton. The effects
(Figure 4) were as follows: 1) introduction of substituents
onto the −a× C=C bond increases the ab/cd versus ac/bd se-
lectivity (Scheme 1); 2) introduction of an alkyl group R3


(R3=Me or nPr, Scheme 1) makes the starting amides 2 dis-
play the s-cis conformation exclusively, thereby increasing
the possibility of the bd/ac mode of the RCM reaction and
leading to the dumbbell-type products 8.


The selectivity also depends on the ruthenium catalyst
used: 4 favors the formation of fused bicyclic products and
shows a higher activity and selectivity.


A general enantioselective methodology for the total syn-
thesis of four stereoisomers of lupinine has been developed
by using the Sharpless enantioselective epoxidation and the
double RCM reaction as the key steps. Compared to the
known methods, the current method enjoys high stereoselec-
tivity, high yields, and generality for all four stereoisomers
of lupinine. Due to the diversity of the easily available start-
ing materials, this methodology can also be applied to the
synthesis of analogues of quinolizidine alkaloids.


Experimental Section


Preparation of the starting compounds : Allyl bromide (12a), crotyl chlo-
ride (12b), and 3-chloro-2-methylpropene (12c) were commercially avail-
able. 3-Bromo-2-butylpropene (12d),[30] 3-bromo-2-phenylpropene
(12e),[31] and 2-bromomethyl acrylic acid ethyl ester (12 f)[32] were pre-
pared according to the reported procedures.


Synthesis of tetraenes


Synthesis of 10a : Methanesulfonyl chloride (4.17 g, 36.43 mmol) was
added to a solution of 9a[18] (3.40 g, 30.36 mmol) and Et3N (5.5 mL,
45.54 mmol) in dry CH2Cl2 (30 mL) at �78 8C. After warming to RT, the
reaction mixture was stirred for 2 h, quenched with H2O, and extracted
with CH2Cl2. The combined extracts were washed with brine and dried
over MgSO4. Evaporation and column chromatography on silica gel (pe-
troleum ether/ethyl acetate 15:1) gave the corresponding mesylate
(4.95 g, 86%) as a colorless oil, which was used for the next step without
further characterization.


A mixture of the mesylate (4.80 g, 25.26 mmol) and NaN3 (3.28 g,
50.52 mmol) in anhydrous HMPA (8 mL) was heated at 40 8C for 4 h
with stirring. The reaction mixture was then poured into water (30 mL)
and extracted with Et2O. The combined organic solutions were washed
with brine and dried over anhydrous MgSO4. The solvent was removed
by distillation under atmospheric pressure to afford the crude azide,
which was used for the next step directly.


The crude azide in THF (20 mL) was added slowly to a suspension of
LiAlH4 (1.92 g, 50.53 mmol) in THF (100 mL) through an addition
funnel. After the addition, the reaction mixture was stirred at RT for 8 h
and quenched by careful addition of water (4 mL) with cooling (dry ice/
acetone bath). The reaction mixture was then warmed to RT and filtered.
The solvent was removed and the residue was distilled to give 10a[17]


(2.52 g, 77% for three steps). 1H NMR (300 MHz, CDCl3): d=5.85±5.70
(m, 2H), 5.15±5.03 (m, 4H), 2.90±2.75 (m, 1H), 2.25±2.18 (m, 2H), 1.18±
1.95 (m, 2H), 1.60±1.30 (br s, 2H) ppm.


Synthesis of 11a : CH2=CHCOCl (3.17 g, 35.14 mmol) in diethyl ether
(10 mL) was added to a solution of 1,6-heptadien-4-yl amine (10a, 3.00 g,
27.03 mmol) and Et3N (4.89 mL, 35.14 mmol) in Et2O (100 mL) at
�78 8C. After the addition, the reaction mixture was warmed to RT,
quenched with water, and extracted with Et2O. The combined extracts
were washed with brine and dried over MgSO4. Evaporation and flash
column chromatography on silica gel (petroleum ether/ethyl acetate 5:1)
gave 11a (4.23 g, 95%) as a colorless oil. 1H NMR (300 MHz, CDCl3):
d=6.17 (dd, J=16.5, 1.2 Hz, 1H), 6.00 (dd, J=17.1, 10.4 Hz, 1H), 5.90±
5.40 (m, 4H), 5.10±4.80 (m, 4H), 4.20±3.97 (m, 1H), 2.40±2.05 (m,
4H) ppm; IR (neat): ñ=3225, 1656, 1632 cm�1; MS (EI): m/z (%): 166
[M ++H] (20.4), 124 [M +�C3H5] (60.7), 70 (100.0); HRMS (EI): m/z :
calcd for C7H10NO [M +�C3H5]: 124.07624; found: 124.07664.


General procedure A–Synthesis of 2a : Compound 11a (400 mg,
2.42 mmol) in DMF (6 mL) was added to a suspension of NaH (94 mg,
80% in paraffin oil, 3.15 mmol) in DMF (2 mL). After the addition, the
mixture was stirred for additional 15 min at RT. Then, allyl bromide
(12a, 590 mg, 4.84 mmol) was added dropwise at RT. After the mixture
was stirred at RT for 1 h, the reaction was quenched with water and ex-
tracted with diethyl ether. The combined organic extracts were washed
with brine and dried over MgSO4, then the solvent was evaporated. The
crude product was further purified by flash column chromatography on
silica gel (petroleum ether/ethyl acetate 5:1) to give 2a (421 mg, 85%) as


Scheme 17. Transformation of (4R,5S)-18. AD=asymmetric dihydroxyla-
tion, Ts= tosyl= toluene-4-sulfonyl, NMO=4-methylmorpholine N-
oxide.


Figure 4. Switches in tetraenes 2 for controlling the selectivity of their
double RCM reaction.
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a colorless oil. 1H NMR (300 MHz, CDCl3): d=6.65±6.15 (m, 2H), 6.00±
5.60 (m, 4H), 5.25±4.96 (m, 6H), 4.83±4.68 (m, 0.7H), 4.06±3.94 (m,
0.3H), 3.94±3.86 (m, 0.6H), 3.86±3.77 (m, 1.4H), 2.40±2.20 (m, 4H) ppm;
IR (neat): ñ=3078, 1650, 1612, 1425 cm�1; MS (EI): m/z (%): 206 [M +


+H] (36.8), 110 (100.0); elemental analysis calcd for C13H19NO: C 76.06,
H 9.33, N 6.82; found: C 75.90, H 9.24, N 7.12.


General procedure B–Synthesis of 2b : Compound 11a (250 mg,
1.52 mmol) in DMF (2 mL) was added to a suspension of NaH (70 mg,
80% in paraffin oil, 2.28 mmol) in DMF (2 mL). After the addition, the
mixture was stirred for an additional 15 min at RT, NaI (23 mg,
10 mol%) and 12b (274 mg, 3.04 mmol) were subsequently added at RT.
After the mixture was stirred at RT for 11.5 h, the reaction was quenched
with water and extracted with diethyl ether. The combined organic ex-
tracts were washed with brine and dried over MgSO4, then the solvent
was evaporated. The crude product was further purified by flash column
chromatography on silica gel (petroleum ether/ethyl acetate 5:1) to give
2b (220 mg, 66%) as a colorless oil. 1H NMR (300 MHz, CDCl3): d=


6.64±6.16 (m, 2H), 5.84±5.30 (m, 5H), 5.20±4.90 (m, 4H), 4.86±4.70 (m,
0.5H), 4.06±3.90 (m, 0.5H), 3.90±3.82 (m, 1H), 3.82±3.68 (m, 1H), 2.46±
2.18 (m, 4H), 1.76±1.60 (m, 3H) ppm; IR (neat): ñ=2918, 1645,
1612 cm�1; MS (EI): m/z (%): 178 [M +�C3H5] (67.1), 124 (100.00); ele-
mental analysis calcd for C14H21NO: C 76.67, H 9.65, N 6.39; found: C
76.39, H 9.55, N 6.66.


Synthesis of 10b : DEAD (12.84 g, 40% in toluene, 29.52 mmol) was
added to a solution of 9b[21a] (3.10 g, 24.60 mmol), PPh3 (7.09 g,
27.06 mmol), and phthalimide (3.98 g, 27.06 mmol) in THF (170 mL)
through an addition funnel. The resulting solution was stirred at RT for
13 h. The solvent was then evaporated to afford the semisolid material,
which was taken up in petroleum ether/diethyl ether 2:1. The resulting
precipitate was washed with several portions of petroleum ether/diethyl
ether 2:1. Evaporation and column chromatography on silica gel (petro-
leum ether/ethyl acetate 20:1) gave the corresponding phthalimide
(4.31 g, 69%) as a colorless oil, which was used for the next step without
further characterization.


A solution of the phthalimide (4.31 g, 16.89 mmol) and hydrazine hydrate
(1.7 mL, 35.02 mmol) in absolute EtOH (150 mL) was heated to reflux
for 6 h; this resulted in the formation of a white precipitate. The reaction
mixture was cooled to RT and quenched with HCl (20 mL). The precipi-
tate was removed by filtration and the filtrate was concentrated. The resi-
due was adjusted to pH>10 by the addition of 9n aq. NaOH solution.
The solution was extracted with diethyl ether (4î100 mL) and washed
with brine, then the combined extracts were dried over MgSO4, filtered,
and concentrated to afford the crude amine 10b (2.57 g), which was used
for the next step without further purification.


Synthesis of 11b : CH2=CHCOCl (434 mg, 4.80 mmol) was added to a sol-
ution of crude 10b (500 mg, 4.00 mmol) and Et3N (0.73 mL, 6.00 mmol)
in CH2Cl2 (6 mL) at �78 8C. After the addition, the reaction mixture was
warmed to RT, quenched with water, and extracted with diethyl ether.
The combined extracts were washed with brine and dried over MgSO4.
Evaporation and flash column chromatography on silica gel (petroleum
ether/ethyl acetate 5:1) gave 11b (509 mg, 71%) as a colorless oil.
1H NMR (300 MHz, CDCl3): d=6.50±6.00 (m, 2H), 5.94±5.38 (m, 4H),
5.15±4.90 (m, 4H), 4.20±4.03 (m, 1H), 2.40±2.20 (m, 2H), 2.20±2.18 (m,
2H), 1.70±1.45 (m, 2H) ppm; IR (neat): ñ=3275, 1656, 1627, 1549 cm�1;
MS (ESI): m/z : 180.2 [M ++H]; HRMS (ESI): m/z : calcd for
C11H17NONa: 202.12079; found: 202.12064.


General procedure C–Synthesis of 2g : Compound 11b (500 mg,
2.793 mmol) was added to a suspension of NaH (85 mg, 95% in paraffin
oil, 3.352 mmol) in DMF (4 mL). After the addition, the mixture was stir-
red for additional 30 min at RT and this was followed by the addition of
12a (676 mg, 5.586 mmol) and HMPA (1 mL) at RT. After the mixture
was stirred at RT for 32 h, the reaction was quenched with water and ex-
tracted with diethyl ether. The combined organic extracts were washed
with brine and dried over MgSO4, then the solvent was evaporated. The
crude product was further purified by flash column chromatography on
silica gel (petroleum ether/ethyl acetate 5:1) to give 2g (379 mg, 62%) as
a colorless oil. 1H NMR (400 MHz, CDCl3): d=6.60±6.20 (m, 2H), 6.06±
5.55 (m, 4H), 5.40±4.90 (m, 6H), 4.85±4.60 (m, 0.6H), 4.10±3.70 (m,
2.4H), 2.50±2.20 (m, 2H), 2.20±1.98 (m, 2H), 1.80±1.50 (m, 2H) ppm; IR


(neat): ñ=2928, 1640, 1613, 1425 cm�1; MS (ESI): m/z : 220.1 [M ++H];
HRMS (ESI): m/z : calcd for C14H21NONa: 242.15209; found: 242.15145.


General procedure D–Synthesis of 2 i : Compound 11c (300 mg,
1.55 mmol) was added to a suspension of NaH (140 mg, 80% in paraffin
oil, 4.65 mmol) in DMF (4 mL). After the addition, the mixture was stir-
red for additional 30 min at RT and this was followed by the sequential
addition of NaI (23 mg, 10 mol%), 12b (420 mg, 4.65 mmol), and HMPA
(1 mL) at RT. After the mixture was stirred at room temperature for
20 h, the reaction was quenched with water and extracted with diethyl
ether. The combined organic extracts were washed with brine and dried
over MgSO4, then the solvent was evaporated. The crude product was
further purified by flash column chromatography on silica gel (petroleum
ether/ethyl acetate 5:1) to give 2 i (294 mg, 77%) as a colorless oil.
1H NMR (300 MHz, CDCl3): d=6.64±6.20 (m, 2H), 5.90±5.30 (m, 5H),
5.10±4.80 (m, 4H), 4.78±4.50 (m, 0.5H), 4.00±3.60 (m, 2.5H), 2.20±1.40
(m, 11H) ppm; IR (neat) ñ=2931, 1644, 1612, 1425 cm�1; MS (ESI): m/z :
248.2 [M ++H]; HRMS (ESI): m/z : calcd for C16H25NONa: 270.18339;
found: 270.18348.


General procedure E–Synthesis of 2k : Allyl bromide (12a, 425 mg,
3.36 mmol) was added to a solution of 13a (400 mg, 3.20 mmol) and
K2CO3 (883 mg, 6.40 mmol) in DMF (5 mL) at 0 8C. After the addition,
the reaction mixture was stirred for 1 h at 0 8C and then warmed to RT.
After stirring for 4 h, the reaction mixture was quenched with water
(5 mL) and extracted with diethyl ether. The combined extracts were
washed with brine and dried over MgSO4. Evaporation and flash column
chromatography on silica gel (petroleun ether/ethyl acetate 8:1 with a
small amount of Et3N) gave 14a (370 mg) as a colorless oil, which was
used for the next step directly.


CH2=CHCOCl (244 mg, 2.69 mmol) was added to a solution of 14a
(370 mg, 2.24 mmol) and Et3N (0.47 mL, 3.36 mmol) in CH2Cl2 (8 mL) at
�78 8C. After the addition, the reaction mixture was warmed to RT,
quenched with water, and extracted with Et2O. The combined extracts
were washed with brine and dried over MgSO4. Evaporation and flash
column chromatography on silica gel (petroleum ether/ethyl acetate 8:1)
gave 2k (416 mg, two steps: 59%) as a colorless oil. 1H NMR (300 MHz,
CDCl3): d=6.40 (dd, J=16.4, 10.3 Hz, 1H), 6.17 (dd, J=16.7, 2.2 Hz,
1H), 5.80±5.60 (m, 3H), 5.50 (dd, J=10.3, 2.2 Hz, 1H), 5.25±4.88 (m,
6H), 3.88±3.75 (m, 2H), 3.13 (dd, J=13.4, 7.3 Hz, 2H), 2.27 (dd, J=13.4,
7.6 Hz, 2H), 1.23 (s, 3H) ppm; 13C NMR (75 MHz, CDCl3): d=168.3,
136.2, 134.5, 131.6, 126.8, 118.3, 116.5, 62.7, 48.5, 42.6, 23.6 ppm; IR
(neat): ñ=1655, 1615 cm�1; MS (EI): m/z (%): 178 [M +�C3H5] (52.9),
124 (100.0); elemental analysis calcd for C14H21NO: C 76.67, H 9.65, N
6.39; found: C 76.56, H 9.69, N 6.04.


Double RCM reaction of 2a


General procedure F–Preparation of 6a and 8a : The Grubbs catalyst
(3, 38 mg, 5 mol%) was added to a solution of 2a (175 mg, 0.854 mmol)
in CH2Cl2 (29 mL) under an Ar atmosphere. After being stirred under
reflux conditions for 2 h, the resulting solution was concentrated and pu-
rified by flash column chromatography on silica gel (petroleum ether/
ethyl acetate 3:1) to give 6a (107 mg, 84%) as a colorless oil and 8a
(5 mg, 4%) as a colorless oil. 6a : 1H NMR (300 MHz, CDCl3): d=6.44
(dt, J=9.7, 4.4 Hz, 1H), 5.89 (dt, J=9.7, 1.7 Hz, 1H), 5.83±5.65 (m, 2H),
4.75±4.55 (m, 1H), 3.85±3.70 (m, 1H), 3.65±3.50 (m, 1H), 2.75±2.60 (m,
2H), 2.50±2.15 (m, 2H), 2.10±1.90 (m, 1H) ppm; 13C NMR (75 MHz,
CDCl3): d=163.8, 137.1, 124.4, 124.2, 124.1, 50.8, 42.1, 31.0, 28.9 ppm; IR
(neat): ñ=3414, 1627, 1568 cm�1; MS (EI): m/z (%): 150 [M ++H]
(100.0), 149 [M +] (45.5); HRMS (EI): m/z : calcd for C9H11NO:
149.08407; found: 149.08580. 8a : 1H NMR (300 MHz, CDCl3): d=7.01
(dt, J=6.1, 1.8 Hz, 1H), 6.07 (dt, J=6.1, 1.8 Hz, 1H), 5.71 (s, 2H), 5.05±
4.85 (m, 1H), 3.85±3.80 (m, 2H), 2.67 (dd, J=15.4, 8.6 Hz, 2H), 2.20 (dd,
J=15.4, 3.7 Hz, 2H) ppm; 13C NMR (75 MHz, CDCl3): d=171.2, 142.5,
129.2, 127.9, 49.4, 49.2, 38.9, 38.1 ppm; IR (neat): ñ=3410, 1630,
1547 cm�1; MS (EI): m/z (%): 149 [M +] (5.6), 84 (100.0); HRMS (EI):
m/z : calcd for C9H11NO: 149.08407; found: 149.08300.


Preparation of 5a and 6a : Following GP F, a solution of 2a (175 mg,
0.854 mmol) and 3 (8 mg, 1 mol%) in CH2Cl2 (18 mL) was stirred under
reflux for 0.5 h to afford 5a as a liquid (34 mg, 23%) and 6a (49 mg,
39%). 5a : 1H NMR (300 MHz, CDCl3): d= [6.52 (dd, J=16.8, 10.4 Hz),
6.45 (dd, J=16.8, 10.4 Hz), 1H], [6.20 (dd, J=16.8, 1.8 Hz), 6.17 (dd, J=
16.8, 1.8 Hz), 1H], 5.84±5.44 (m, 4H), 5.16±4.80 (m, 2.5H), 4.01 (AA’BB’,
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Dn=359.83 Hz, J=18.6 Hz, 1H), 4.24±4.00 (m, 1H), 3.80±3.62 (m, 0.5H),
2.50±1.80 (m, 4H) ppm; IR (neat): ñ=3394, 2888, 1597, 1569, 1312, 1248,
1158, 1126, 963 cm�1; MS (EI): m/z (%): 177 [M +] (1.8), 82 (100.0);
HRMS (EI): m/z : calcd for C11H15NO: 177.11536; found: 177.11589.


General procedure G–Bromination of 6a : A solution of 6a (30 mg,
0.2 mmol) in CCl4 (1 mL) was treated with a solution of bromine
(0.03875m, 5.2 mL, 0.2 mmol) in CCl4 at 0 8C by slow addition. When the
addition was complete, the reaction was warmed to RT with stirring for
30 min, concentrated, and purified by flash column chromatography on
silica gel (petroleum ether/diethyl ether 2:3) to give 15a (31 mg, 50%) as
a white solid. M.p. 96±97 8C (recrystallized from dichloromethane/petro-
leum ether); 1H NMR (300 MHz, CDCl3): d=6.55 (dt, J=10.4, 3.1 Hz,
1H), 5.97 (dt, J=10.4, 1.8 Hz, 1H), 4.75 (d, J=15.9 Hz, 1H), 4.70±4.54
(m, 2H), 4.10±3.90 (m, 1H), 3.63 (dd, J=15.8, 2.4 Hz, 1H), 2.84±2.70 (m,
1H), 2.70±2.60 (m, 1H), 2.40±2.30 (m, 1H), 2.10±1.90 (m, 1H) ppm; IR
(KBr): ñ=2848, 1668, 1616, 1427, 1343, 1320, 1275, 1144, 1067, 815 cm�1;
MS (EI): m/z (%): 311 [M +] with 2î 81Br (1.7), 309 [M +] with 1î81Br,
1î 79Br (3.6), 307 [M +] with 2î79Br (2.4), 228 (100.0); elemental analysis
calcd for C9H11NOBr2: C 34.98, H 3.59, N 4.53; found: C 35.12, H 3.59, N
4.42.


RCM reaction of 11a


Preparation of 16a and 17a : Following GP F, a solution of 11a (350 mg,
2.121 mmol) and 3 (37 mg, 2 mol%) in CH2Cl2 (25 mL) was stirred under
reflux conditions for 4 h to afford 16a (227 mg, 78%) and 17a (30 mg,
10%). 16a : 1H NMR (300 MHz, CDCl3): d=6.28 (dd, J=17.1, 1.5 Hz,
1H), 6.05 (dd, J=16.9, 10.3 Hz, 1H), 5.90±5.70 (m, 3H), 5.63 (dd, J=
10.2, 1.5 Hz, 1H), 4.73±4.58 (m, 1H), 2.80 (dd, J=15.2, 7.6 Hz, 2H), 2.23
(dd, J=15.1, 3.7 Hz, 2H) ppm; IR (neat): ñ=3249, 1653, 1620, 1557,
1253, 1072 cm�1; MS (EI): m/z (%): 138 [M ++H] (33.5), 55 (100.0); ele-
mental analysis calcd for C8H11NO: C 70.04, H 8.08, N 10.21; found: C
69.66, H 8.00, N 10.13. 17a : 1H NMR (300 MHz, CDCl3): d=6.60±6.50
(m, 1H), 5.85 (d, J=9.8 Hz, 1H), 5.75±5.50 (m, 2H), 5.17±5.12 (m, 2H),
3.65±3.50 (m, 1H), 2.40±2.05 (m, 4H) ppm; IR (neat): ñ=3225, 2932,
1681, 1612 cm�1; MS (ESI): m/z : 138.1 [M ++H].


Synthesis and RCM reaction of monocyclic compounds 7a and 7b


Synthesis of 7a : Following GPA, a solution of 16a (80 mg, 0.577 mmol)
in DMF (2 mL) was treated sequentially with NaH (21 mg, 80% in paraf-
fin oil, 0.692 mmol, 30 min) and 12a (140 mg, 1.154 mmol, 1 h) to give 7a
(93 mg, 90%) as a colorless oil. 1H NMR (300 MHz, CDCl3): d=6.70±
6.20 (m, 2H), 6.00±5.60 (m, 4H), 5.50±5.30 (m, 0.64H), 5.30±5.00 (m,
2H), 4.80±4.64 (m, 0.36H), 4.05±3.80 (m, 2H), 2.78±2.68 (m, 2H), 2.52±
2.22 (m, 2H) ppm; IR (neat): ñ=1651, 1614 cm�1; MS (EI): m/z (%): 178
[M ++H] (7.0), 177 [M +] (8.0), 55 (100.0); HRMS (EI): m/z : calcd for
C11H15NO: 177.11536; found: 177.11429.


RCM reaction of 7a with 3 as the catalyst : Following GP F, a solution of
7a (90 mg, 0.508 mmol) and 3 (23 mg, 5 mol%) in CH2Cl2 (5 mL) was
stirred under reflux conditions for 3.5 h to afford 6a and 8a (combined
yield: 57 mg, 75%) in a ratio of 1:5 as a colorless oil.


RCM reaction of 7a with 4 as the catalyst : Following GP F, a solution of
7a (66 mg, 0.373 mmol) and 4 (16 mg, 5 mol%) in CH2Cl2 (8 mL) was
stirred under reflux conditions for 4 h to afford 6a and 8a (combined
yield: 47 mg, 85%) in a ratio of 12:1 as a colorless oil.


Synthesis of 7b : Following GP B, a solution of 16a (200 mg, 1.460 mmol)
in DMF (4 mL) was treated sequentially with NaH (70 mg, 60% in paraf-
fin oil, 1.752 mmol, 30 min), NaI (22 mg, 10 mol%), and 12b (198 mg,
2.190 mmol, 3 h) to give 7b (171 mg, 61%) as a colorless oil. 1H NMR
(300 MHz, CDCl3): d=6.70±6.20 (m, 2H), 5.78±5.22 (m, 5H), 4.80±4.60
(m, 0.34H), 4.00±3.70 (m, 2.66H), 2.75±2.55 (m, 2H), 2.55±2.20 (m, 2H),
1.75±1.55 (m, 3H) ppm; IR (neat): ñ=2918, 1650, 1611, 1428 cm�1; MS
(ESI): m/z : 192.2 [M ++H]; HRMS (ESI): m/z : calcd for C12H18NO:
192.13884; found: 192.13753.


RCM reaction of 7b with 4 as the catalyst : Following GP F, a solution of
7b (75 mg, 0.393 mmol) and 4 (17 mg, 5 mol%) in CH2Cl2 (8 mL) was
stirred under reflux conditions for 4 h to afford 6a and 8a (combined
yield: 53 mg, 91%) in a ratio of 20:1 as a colorless oil.


RCM reaction of 2c


Preparation of 6c : Following GP F, a solution of 2c (42 mg, 0.192 mmol)
and 4 (8 mg, 5 mol%) in CH2Cl2 (4 mL) was stirred under reflux condi-
tions for 2 h to afford 6c (28 mg, 90%) as a colorless oil. 1H NMR


(300 MHz, CDCl3): d=6.36 (dt, J=9.8, 4.3 Hz, 1H), 5.80 (dt, J=9.8,
1.8 Hz, 1H), 5.41±5.33 (m, 1H), 4.39 (d, J=17.7 Hz, 1H), 3.66±3.54 (m,
1H), 3.39 (d, J=18.3 Hz, 1H), 2.65±2.50 (m, 1H), 2.42±2.07 (m, 1H),
1.98±1.84 (m, 2H), 1.60 (s, 3H) ppm; 13C NMR (75 MHz, CDCl3): d=


164.3, 137.4, 131.9, 124.5, 118.7, 50.9, 46.0, 31.5, 29.3, 20.5 ppm; IR (neat):
ñ=2915, 2838, 1678, 1644, 1612, 1431, 1255, 803 cm�1; MS (EI): m/z (%):
164 [M ++H] (73.3), 163 [M +] (100.0); HRMS (EI): calcd for C9H11NO:
163.09971; found: 163.09988.


RCM reaction of 2d


Preparation of 6d and 7d : Following GP F, a solution of 2d (120 mg,
0.460 mmol) and 3 (20 mg, 5 mol%) in CH2Cl2 (18 mL) was stirred under
reflux conditions for 24 h to afford 6d (36 mg, 38%) as a colorless oil
and 7d (50 mg, 47%) as a colorless oil. 7d : 1H NMR (300 MHz, CDCl3):
d=6.67±6.23 (m, 2H), 6.00±5.57 (m, 3H), 5.37±5.25 (m, 0.8H), 4.97 (s,
1H), 4.84 (s, 1H), 4.75±4.60 (m, 0.2H), 3.89 (s, 0.4H), 3.73 (s, 1.6H), 2.64
(dd, J=15.1, 9.3 Hz, 2H), 2.50±2.20 (m, 2H), 2.01 (t, J=7.5 Hz, 2H),
1.50±1.20 (m, 4H), 0.92 (t, J=7.2 Hz, 3H) ppm; IR (neat): ñ=2930,
1655, 1613, 1424 cm�1; MS (ESI): m/z (%): 234.2 [M ++H]; HRMS
(ESI): m/z : calcd for C15H23NONa: 256.16774; found: 256.16774.


RCM reaction of 7d with 4 as the catalyst : Following GP F, a solution of
7d (77 mg, 0.330 mmol) and 4 (14 mg, 5 mol%) in CH2Cl2 (7 mL) was
stirred under reflux conditions for 11 h to afford 6d (54 mg, 80%) as a
colorless oil. 1H NMR (300 MHz, CDCl3): d=6.41 (dt, J=9.7, 4.2 Hz,
1H), 5.86 (dt, J=9.8, 2.1 Hz, 1H), 5.47±5.39 (m, 1H), 4.46 (d, J=
18.2 Hz, 1H), 3.71±3.58 (m, 1H), 3.48 (brd, J=17.9 Hz, 1H), 2.70±2.52
(m, 1H), 2.38±2.10 (m, 2H), 2.07±1.90 (m, 3H), 1.44±1.18 (m, 4H), 0.86
(t, J=6.8 Hz, 3H) ppm; 13C NMR (75 MHz, CDCl3): d=164.6, 137.4,
136.4, 124.9, 118.1, 51.3, 45.2, 34.7, 31.8, 30.0, 29.6, 22.6, 14.1 ppm; IR
(neat) ñ=3456, 2928, 1664, 1614, 1429, 1256, 816 cm�1; MS (EI): m/z
(%): 206 [M ++H] (16.2), 205 [M +] (80.2), 68 (100.0); HRMS (EI): m/z :
calcd for C13H19NO: 205.14666; found: 205.14555.


Double RCM reaction of 2d


Preparation of 6d : Following GP F, a solution of 2d (40 mg, 0.153 mmol)
and 4 (7 mg, 5 mol%) in CH2Cl2 (4 mL) was stirred under reflux condi-
tions for 5 h to afford 6d (26 mg, 83%) as a colorless oil.


RCM reactions of other substrates


Preparation of 6e : Following GP F, a solution of 2e (90 mg, 0.320 mmol)
and 4 (14 mg, 5 mol%) in CH2Cl2 (7 mL) was stirred under reflux condi-
tions for 6 h to afford 6e (64 mg, 89%) as a colorless oil. 1H NMR
(300 MHz, CDCl3): d=7.39±7.17 (m, 5H), 6.41 (dt, J=9.2, 4.2 Hz, 1H),
6.10±6.02 (m, 1H), 5.87 (dt, J=10.0, 1.8 Hz, 1H), 5.07 (d, J=17.7 Hz,
1H), 3.90±3.68 (m, 2H), 2.77±2.60 (m, 1H), 2.58±2.40 (m, 1H), 2.28±2.06
(m, 2H) ppm; 13C NMR (75 MHz, CDCl3): d=164.2, 138.6, 137.2, 135.1,
128.4, 127.5, 125.1, 124.6, 121.4, 50.8, 43.9, 31.7, 28.9 ppm; IR (neat): ñ=
1669, 1612 cm�1; MS (EI): m/z (%): 226 [M ++H] (16.1), 225 [M +]
(87.3), 130 (100.0); HRMS (EI): calcd for C15H15NO: 225.11536; found:
225.11377.


Preparation of 6 f : Following GP F, a solution of 2 f (50 mg, 0.181 mmol)
and 4 (8 mg, 5 mol%) in CH2Cl2 (4 mL) was stirred under reflux condi-
tions for 5 h to afford 6 f (34 mg, 85%) as a colorless oil. 1H NMR
(300 MHz, CDCl3): d=7.00±6.93 (m, 1H), 6.43 (dt, J=9.2, 4.1 Hz, 1H),
5.94±5.84 (m, 1H), 5.02 (d, J=18.5 Hz, 1H), 4.18 (q, J=7.2 Hz, 2H),
3.75±3.58 (m, 2H), 2.82±2.66 (m, 1H), 2.60±2.44 (m, 1H), 2.30±2.10 (m,
2H), 1.26 (t, J=7.7 Hz, 3H) ppm; 13C NMR (75 MHz, CDCl3): d=165.1,
163.9, 137.0, 136.6, 129.0, 124.5, 60.6, 50.3, 41.7, 31.3, 28.4, 14.2 ppm; IR
(neat): ñ=1710, 1671, 1612, 1251 cm�1; MS (EI): m/z (%): 222 [M ++H]
(9.5), 221 [M +] (54.1), 192 (100.0); HRMS (EI): m/z : calcd for
C12H15NO3: 221.10519; found: 221.10223.


Preparation of 6k, 7k, and 8k : Following GP F, a solution of 2k (130 mg,
0.594 mmol) and 3 (26 mg, 5 mol%) in CH2Cl2 (12 mL) was stirred under
reflux conditions for 16 h to afford 6k (14 mg, 15%), 8a (51 mg, 53%),
and 7k (15 mg, 13%) as liquids. 6k : 1H NMR (300 MHz, CDCl3): d=


6.42 (dt, J=9.5, 4.3 Hz, 1H), 5.91 (dt, J=9.5, 1.2 Hz, 1H), 5.85±5.62 (m,
2H), 4.46 (d, J=19.6 Hz, 1H), 3.58 (d, J=22.0 Hz, 1H), 2.50±2.30 (m,
2H), 2.08±1.90 (m, 2H), 1.30 (s, 3H) ppm; 13C NMR (75 MHz, CDCl3):
d=165.0, 136.8, 124.7, 123.9, 122.4, 54.2, 39.9, 38.3, 38.3, 23.4 ppm; IR
(neat): ñ=2931, 1662, 1605, 1413, 1137, 732 cm�1; MS (EI): m/z (%): 163
[M +] (71.5), 162 [M +�H] (92.4), 68 (100.0); HRMS (EI): m/z : calcd for
C10H13NO: 163.09971; found: 163.09749. 8k : 1H NMR (300 MHz,
CDCl3): d=6.99 (dt, J=5.8, 1.8 Hz, 1H), 6.08 (dt, J=5.8, 1.8 Hz, 1H),
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5.66 (s, 2H), 4.04 (t, J=1.8 Hz, 2H), 2.92 (d, J=14.7 Hz, 2H), 2.49 (d,
J=14.7 Hz, 2H), 1.37 (s, 3H) ppm; 13C NMR (75 MHz, CDCl3): d=


171.5, 141.8, 129.2, 128.3, 62.2, 51.9, 44.8, 24.9 ppm; IR (neat): ñ=3398,
2884, 1629, 1408, 1355, 1283, 1217, 1158, 971, 794 cm�1; MS (EI): m/z
(%): 163 [M +] (3.5), 80 (100.0); HRMS (EI): m/z : calcd for C10H13NO:
163.09971; found: 163.10095. 7k : 1H NMR (300 MHz, CDCl3): d=6.41
(dd, J=16.5, 9.8 Hz, 1H), 6.29 (dd, J=16.5, 2.4 Hz, 1H), 6.00±5.85 (m,
1H), 5.65±5.50 (m, 3H), 5.34±5.14 (m, 2H), 4.00±3.82 (m, 2H), 2.80 (d,
J=15.3 Hz, 2H), 2.55 (d, J=15.3 Hz, 2H), 1.36 (s, 3H) ppm; 13C NMR
(75 MHz, CDCl3): d=168.1, 135.8, 130.8, 128.5, 127.6, 117.1, 66.9, 48.8,
46.1, 25.1 ppm; IR (neat): ñ=1657, 1617 cm�1; MS (EI): m/z (%): 191
[M +] (1.4), 150 [M +�C3H5] (19.8), 55 (100.0); HRMS (EI): calcd for
C12H17NO: 191.13101; found: 191.13110.


Preparation of 6n, 7n, and 8n : Following GP F, a solution of 2n (105 mg,
0.425 mmol) and 3 (19 mg, 5 mol%) in CH2Cl2 (8.5 mL) was stirred
under reflux conditions for 14.5 h to afford a mixture of 6n and 8a
(33 mg, 41%) and 7n (33 mg, 35%) as liquids. 6n : 1H NMR (300 MHz,
CDCl3): d=6.98±6.80 (m, 1H), 6.10±5.98 (m, 1H), 5.61 (s, 2H), 4.00 (s,
2H), 2.80 (d, J=15.9 Hz, 2H), 2.54 (d, J=15.9 Hz, 2H), 1.30±1.00 (m,
4H), 0.95±0.70 (m, 3H) ppm. 8n : 1H NMR (300 MHz, CDCl3): d=6.40±
6.30 (m, 1H), 5.83 (d, J=9.8 Hz, 1H), 5.75±5.50 (m, 2H), 4.49 (d, J=
19.6 Hz, 1H), 3.47 (d, J=19.6 Hz, 1H), 2.38±1.95 (m, 4H), 1.50±1.00 (m,
4H), 0.95±0.70 (m, 3H) ppm; IR (neat): ñ=2958, 2931, 1677, 1616, 1439,
1234, 805 cm�1; MS (EI): m/z (%): 176 [M +�CH3] (7.6), 162 [M +�C2H5]
(14.4), 148 [M +�C3H7] (100.0). 7n : 1H NMR (300 MHz, CDCl3): d=6.43
(dd, J=16.7, 10.2 Hz, 1H), 6.31 (dd, J=16.4, 2.4 Hz, 1H), 6.02±5.87 (m,
1H), 5.62±5.56 (m, 3H), 5.35±5.15 (m, 2H), 4.00±3.90 (m, 2H), 2.85±2.63
(m, 4H), 1.90±1.80 (m, 2H), 1.30±1.15 (m, 2H), 0.88 (t, J=7.1 Hz,
3H) ppm; 13C NMR (75 MHz, CDCl3): d=167.7, 135.6, 130.5, 128.4,
127.4, 117.0, 70.0, 50.0, 44.0, 40.4, 17.8, 14.5 ppm; IR (neat): ñ=1656,
1613 cm�1; MS (ESI): m/z : 220.1 [M ++H]; HRMS (ESI): m/z : calcd for
C14H21NONa: 242.15209; found: 242.15247.


Preparation of 7 l and 8 l : Following GP F, a solution of 2 l (80 mg,
0.343 mmol) and 4 (15 mg, 5 mol%) in CH2Cl2 (8 mL) was stirred under
reflux conditions for 3.5 h to afford 8 l (4 mg, 7%) and 7 l (62 mg, 88%)
as liquids. 8 l : 1H NMR (300 MHz, CDCl3): d=5.78 (q, J=1.5 Hz, 1H),
5.67 (s, 2H), 3.90 (s, 2H), 2.92 (d, J=15.0 Hz, 2H), 2.50 (brd, J=
16.5 Hz, 2H), 2.02 (d, J=1.5 Hz, 3H), 1.37 (s, 3H) ppm; 13C NMR
(75 MHz, CDCl3): d=172.5, 154.1, 128.6, 124.5, 62.3, 55.0, 45.2, 25.1,
15.1 ppm; IR (neat): ñ=2916, 1675, 1390 cm�1; MS (EI): m/z (%): 178
[M ++H] (21.2), 98 (100.0); HRMS (EI): m/z : calcd for C11H15NO:
177.11536; found: 177.11635. 7 l : 1H NMR (500 MHz, CDCl3): d=6.35±
6.25 (m, 2H), 5.60 (br s, 2H), 5.56 (dd, J=8.4, 4.1 Hz, 1H), 5.00 (s, 1H),
4.91 (s, 1H), 3.71 (s, 2H), 2.81 (d, J=14.9 Hz, 2H), 2.56 (d, J=14.9 Hz,
2H), 1.73 (s, 3H), 1.38 (s, 3H)6ppm; 13C NMR (75 MHz, CDCl3): d=


167.8, 142.4, 130.5, 128.2, 127.4, 112.3, 66.6, 51.9, 45.6, 24.8, 20.1 ppm; IR
(neat): ñ=1660, 1611, 1415, 1208 cm�1; MS (ESI): m/z : 206.1 [M ++H];
HRMS (ESI): m/z : calcd for C13H19NONa: 228.13644; found: 228.13548.


RCM reaction of 14aA with 4 as the catalyst : Following GP F, a solution
of 14aA (179 mg, 1.0 mmol) and 4 (9 mg, 1 mol%) in CH2Cl2 (20 mL)
was stirred under reflux conditions for 3 h to afford 16 l (129 mg, 85%)
as a colorless oil. 1H NMR (300 MHz, CDCl3): d=6.16 (dd, J=17.1,
1.8 Hz, 1H), 5.95 (dd, J=17.1, 9.8 Hz, 1H), 5.75±5.40 (m, 4H), 2.67 (d,
J=15.1 Hz, 2H), 2.36 (d, J=15.0 Hz, 2H), 1.40 (s, 3H) ppm; IR (neat):
ñ=1674, 1657, 1556, 1625 cm�1; MS (EI): m/z (%): 151 [M +] (1.0), 80
(100.0); elemental analysis calcd for C9H13NO: C 71.49, H 8.67, N 9.26;
found: C 71.25, H 8.44, N 9.05.


Preparation of 7m and 8m : Following GP F, a solution of 2m (87 mg,
0.316 mmol) and 4 (13 mg, 5 mol%) in CH2Cl2 (8 mL) was stirred under
reflux conditions for 11 h to afford 8m (5 mg, 7%) and 7m (70 mg, 90%)
as liquids. 8m : 1H NMR (300 MHz, CDCl3): d=5.77 (t, J=1.4 Hz, 1H),
5.67 (s, 2H), 3.90 (d, J=1.1 Hz, 2H), 2.92 (d, J=14.7 Hz, 2H), 2.49 (d,
J=14.7 Hz, 2H), 2.31 (t, J=8.0 Hz, 2H), 1.60±1.42 (m, 2H), 1.42±1.26
(m, 5H), 0.92 (t, J=7.4 Hz, 3H) ppm; 13C NMR (75 MHz, CDCl3): d=
172.5, 158.9, 128.6, 123.3, 62.3, 53.9, 45.2, 29.8, 29.2, 25.1, 22.4, 13.8 ppm;
IR (neat): ñ=2929, 1678 cm�1; MS (EI): m/z (%): 220 [M ++H] (1.8),
219 [M +] (2.6), 140 (100.0); HRMS (EI): m/z : calcd for C14H21NO:
219.16232; found: 219.15824. 7m : 1H NMR (300 MHz, CDCl3): d=6.31
(s, 1H), 6.29 (s, 1H), 5.60 (s, 2H), 5.54 (t, J=6.0 Hz, 1H), 5.03 (s, 1H),
4.91 (s, 1H), 3.73 (s, 2H), 2.80 (d, J=14.7 Hz, 2H), 2.54 (d, J=15.3 Hz,
2H), 2.00 (t, J=7.0 Hz, 2H), 1.50±1.20 (m, 7H), 0.90 (t, J=7.6 Hz,


3H) ppm; 13C NMR (75 MHz, CDCl3): d=167.9, 146.6, 130.6, 128.3,
127.3, 111.3, 66.7, 51.1, 45.6, 33.8, 29.8, 24.8, 22.5, 13.9 ppm; IR (neat):
ñ=2930, 1660, 1614, 1416 cm�1; MS (ESI): m/z : 248.2 [M ++H]; HRMS
(ESI): m/z : calcd for C16H25NONa: 270.18339; found: 270.18342.


Preparation of 6h and 8h : Following GP F, a solution of 2h (135 mg,
0.579 mmol) and 3 (26 mg, 5 mol%) in CH2Cl2 (20 mL) was stirred under
reflux conditions for 11.5 h to afford 6h (71 mg, 69.2%) and 8h (8 mg,
7.8%) as liquids. 6h : 1H NMR (300 MHz, CDCl3): d=6.22 (dt, J=
11.6 Hz, 5.5 Hz, 1H), 6.00 (d, J=11.6 Hz, 1H), 5.80±5.69 (m, 1H), 5.68±
5.50 (m, 1H), 4.43 (dd, J=16.5, 6.7 Hz, 1H), 3.92±3.75 (m, 2H), 2.50±
1.70 (m, 8H) ppm; 13C NMR (75 MHz, CDCl3): d=168.9, 137.2, 131.0,
128.0, 126.9, 58.8, 39.0, 34.7, 30.3, 29.1, 25.3 ppm; IR (neat): ñ=2936,
1642, 1601, 1419, 1286, 1180, 822, 640 cm�1; MS (EI): m/z (%): 177 [M +]
(100.0), 176 [M +�H] (17.4); HRMS (EI): m/z : calcd for C11H15NO:
177.11536; found: 177.11318. 8h : 1H NMR (300 MHz, CDCl3): d=6.99
(dt, J=5.8 Hz, 1.2 Hz, 1H), 6.11 (dt, J=5.8 Hz, 2.5 Hz, 1H), 5.90±5.70
(m, 2H), 4.25±4.10 (m, 1H), 3.89 (s, 2H), 2.30±2.00 (m, 4H), 1.90±1.70
(m, 2H), 1.50±1.30 (m, 2H) ppm; IR (neat): ñ=2925, 2852, 1673, 1447,
1401, 1243, 801 cm�1; MS (EI): m/z (%): 178 [M ++H] (14.0), 177 [M +]
(42.6), 84 (100.0); HRMS (EI): m/z : calcd for C11H15NO: 177.11536;
found: 177.11768.


Preparation of 6 j : Following GP F, a solution of 2 j (75 mg, 0.304 mmol)
and 4 (13 mg, 5 mol%) in CH2Cl2 (6 mL) was stirred under reflux condi-
tions for 3.5 h to afford 6j (45 mg, 78%) as a colorless oil. 1H NMR
(300 MHz, CDCl3): d=6.25±6.15 (m, 1H), 5.98 (d, J=11.3 Hz, 1H),
5.35±5.27 (m, 1H), 4.18 (d, J=16.3 Hz, 1H), 3.95 (d, J=16.4 Hz, 1H),
3.85±3.70 (m, 1H), 2.38±2.63 (m, 11H) ppm; 13C NMR (75 MHz, CDCl3):
d=168.6, 136.9, 134.5, 127.7, 123.9, 58.3, 43.7, 33.9, 29.9, 27.7, 25.1,
23.7 ppm; IR (neat): ñ=2933, 1644, 1603, 1417 cm�1; MS (EI): m/z (%):
192 [M ++H] (18.0), 191 [M +] (100.0); HRMS (EI): m/z : calcd for
C12H17NO: 191.13102; found: 191.13200.


Double RCM reaction of 2g


Preparation of 6A, 6B, 8g, and 5g : Following GP F, a solution of 2g
(105 mg, 0.479 mmol) and 3 (21 mg, 5 mol%) in CH2Cl2 (9 mL) was stir-
red under reflux conditions for 8 h to afford a mixture of 6A and 6B
(30 mg, 6A/6B 1.3:1, 38%), 8g (10 mg, 13%) as a liquid, and 5g (40 mg,
44%). 8g : 1H NMR (300 MHz, CDCl3): d=7.04 (dt, J=5.8 Hz, 1.8 Hz,
1H), 6.13 (dt, J=5.8 Hz, 1.8 Hz, 1H), 5.70±5.45 (m, 2H), 4.37±4.18 (m,
1H), 4.00±3.75 (m, 2H), 2.38±1.85 (m, 4H), 1.85±1.50 (m, 2H) ppm;
13C NMR (75 MHz, CDCl3): d=171.3, 142.8, 128.4, 127.1, 125.1, 49.3,
47.1, 30.0, 27.9, 25.5 ppm; IR (neat): ñ=3456, 2919, 1666, 1587 cm�1; MS
(EI): m/z (%): 163 [M +] (13.9), 80 (100.0); HRMS (EI): m/z : calcd for
C10H13NO: 163.09971; found: 163.09933. 5g was used for the next step
without further characterization.


Preparation of 6A : Following GP F, a solution of 5g (34 mg, 0.178 mmol)
and 4 (5 mg, 3 mol%) in CH2Cl2 (5 mL) was stirred under reflux condi-
tions for 2.5 h to afford 6A (25 mg, 86%) as a colorless oil. 1H NMR
(300 MHz, CDCl3): d=6.18 (dt, J=11.7 Hz, 5.9 Hz, 1H), 5.95 (d, J=
11.7 Hz, 1H), 5.90±5.70 (m, 2H), 4.20±4.05 (m, 1H), 3.96±3.75 (m, 2H),
2.45±1.70 (m, 6H) ppm; 13C NMR (75 MHz, CDCl3): d=168.8, 137.8,
127.8, 125.2, 124.7, 51.8, 42.0, 34.6, 28.9, 25.6 ppm; IR (neat): ñ=1652,
1589 cm�1; MS (70 eV, EI): m/z (%): 164 [M ++H] (100.0), 163 [M +]
(4.25); HRMS (EI): m/z : calcd for C10H13NO: 163.09971; found:
163.10183.


Characterization of 6A by bromination : Following GP G, a solution of
6A (25 mg, 0.15 mmol) in CCl4 (3 mL) was treated with bromine
(0.79 mL, 0.389m in CCl4, 0.31 mmol) to afford 15g (30 mg, 40%) as a
white solid. M.p. 90±92 8C (recrystallized from dichloromethane/petrole-
um ether); 1H NMR (300 MHz, CDCl3): d=5.19 (d, J=5.4 Hz, 1H), 4.56
(dd, J=9.7, 5.1 Hz, 1H), 4.49±4.35 (m, 2H), 4.30±4.20 (m, 1H), 4.19±4.05
(m, 1H), 3.79 (dd, J=14.0, 7.6 Hz, 1H), 2.66 (ddd, J=14.4, 6.5, 3.5 Hz,
1H), 2.30±2.10 (m, 4H), 2.10±2.00 (m, 1H) ppm; IR (KBr): ñ=


1657 cm�1; MS (EI): m/z (%): 488 [M ++H] with 4î 81Br (1.9), 486 [M +


+H] with 3î 81Br, 1î 79Br (7.8), 484 [M ++H] with 2î81Br, 2î 79Br (12.8),
482 [M ++H] with 1î81Br, 3î 79Br (9.5), 480 [M ++H] with 4î79Br (3.8),
402 (100.0).


Total synthesis of four stereoisomers of lupinine and its derivatives


General procedure H–Synthesis of (2S,3S)-21: Anhydrous powdered
4 ä molecular sieves (1.2 g) and anhydrous CH2Cl2 (110 mL) were placed
in a 250 mL round-bottomed flask under Ar. After cooling the flask to
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�20 8C, the following reagents were added sequentially through an addi-
tion funnel with stirring: l-(+)-diethyl tartrate (883 mg, 4.29 mmol) in
CH2Cl2 (1 mL), Ti(OiPr)4 (1.07 mL, 3.56 mmol), and 6.25m tBuOOH in
CH2Cl2 (11.4 mL, 71.25 mmol). After stirring the reaction mixture for 1 h
at �20 8C, a solution of (E)-2,5-dihexen-1-ol (3.50 g, 35.71 mmol, previ-
ously stored for 24 h over 4 ä molecular sieves) in CH2Cl2 (18 mL) was
added dropwise. After stirring for 4 h at �20 8C, the reaction was
quenched by addition of 10% aq. NaOH solution (2.86 mL) and diethyl
ether (17 mL). The mixture was then allowed to warm to 10 8C before an-
hydrous MgSO4 (2.86 g) and celite (0.36 g) were added. After stirring at
RT for 15 min, the mixure was filtered through a short pad of Celite, the
solvents were evaporated, and the excess tBuOOH was removed by azeo-
tropic distillation with toluene. The crude product was then purified by
column chromatography on silica gel (petroleum ether/ethyl acetate 5:1)
to give (2S,3S)-21 (3.484 g, 86%) as an oil. [a]20D =�36.0 (c=1.15,
CHCl3); the enantiomeric excess was determined to be 94.6% by HPLC
analysis of the p-toluene sulfonate derviative; HPLC (chiralcel OD
column, 0.46î25 cm, RT, 254 nm, 0.5 mLmin�1, hexane/isopropyl alcohol
9:1): tR=23.94 min (2R,3R); tR=25.14 min (2S,3S); 1H NMR (300 MHz,
CDCl3): d=5.90±5.72 (m, 1H), 5.20±5.05 (m, 2H), 3.91 (ddd, J=12.6, 5.5,
2.2 Hz, 1H), 3.63 (ddd, J=12.6, 7.2, 4.3 Hz, 1H), 3.10±3.00 (m, 1H),
3.00±2.90 (m, 1H), 2.36 (t, J=5.3 Hz, 2H), 1.94 (t, J=5.9 Hz, 1H) ppm;
13C NMR (75 MHz, CDCl3)d132.7, 117.7, 61.5, 57.9, 54.7, 35.5 ppm; IR
(neat): ñ=3435, 1643, 1082, cm�1; MS (EI): m/z (%): 43 (100.0).


General procedure I–Synthesis of (3R,4S)-23 : CuI (1.80 g, 9.42 mmol)
was suspended in diethyl ether (220 mL) at �20 8C under Ar. Vinyl mag-
nesium bromide (80 mL, 1.2m solution in THF, 96 mmol) was added
through an addition funnel. The solution was stirred for 10 min and then
cooled to �78 8C. A solution of epoxide (2S,3S)-21 (3.30 g, 28.95 mmol)
in diethyl ether (10 mL) was added through an addition funnel. After the
addition, the reaction mixture was warmed to �25 8C, stirred for 16 h at
this temperature, and quenched with saturated aq. NH4Cl (80 mL). The
aqueous layer was extracted three times with diethyl ether. The com-
bined organic layers were washed with brine and dried over MgSO4.
Evaporation gave a crude mixture, which was contaminated with the cor-
responding 1,2-diol. The mixture of the diols was dissolved in THF/water
(1:1, 200 mL) and treated with a solution of NaIO4 (6.60 g, 30.84 mmol)
in water (40 mL). After stirring for 3 h, solid NaCl (40 g) was added. The
aqueous phase was extracted with diethyl ether. The combined organic
layers were dried over MgSO4. Evaporation and column chromatography
on silica gel (petroleum ether/ethyl acetate 3:1) gave (3R,4S)-23 (2.84 g,
69%) as a colorless oil. [a]20D =�9.2 (c=1.20, CHCl3);


1H NMR
(300 MHz, CDCl3): d=5.90±5.73 (m, 1H), 5.70±5.57 (m, 1H), 5.22±5.08
(m, 4H), 3.88±3.64 (m, 3H), 2.95±2.78 (br s, 1H), 2.70±2.50 (br s, 1H),
2.48±2.27 (m, 2H), 2.20±2.08 (m, 1H) ppm; 13C NMR (75 MHz, CDCl3):
d=135.8, 134.3, 118.8, 118.3, 73.2, 65.3. 51.1. 40.1 ppm; IR (neat): ñ=


3365, 2902, 1641, 1432, 1052, 916 cm�1; MS (ESI): m/z : 165.1 [M ++Na];
HRMS (ESI): calcd for C8H14O2Na: 165.08915; found: 165.08856.


General procedure J–Synthesis of (3R,4S)-24 : Et3N (2.36 mL,
16.96 mmol) and DMAP (265 mg, 2.12 mmol) were added to a solution
of (3R,4S)-23 (1.58 g, 11.13 mmol) in CH2Cl2 (20 mL) at RT, then TBSCl
(1.84 g, 12.23 mmol) was added in several portions at �78 8C. After the
addition, the reaction mixture was warmed to RTwith stirring for 3 h and
quenched with saturated aq. NH4Cl (15 mL) and NaCl (15 mL). The
aqueous layer was extracted with CH2Cl2 and the combined organic
phases were washed with brine and dried over MgSO4. Evaporation and
column chromatography on silica gel (petroleum ether/ethyl acetate 7:1)
afforded the corresponding silyl ether as a colorless oil in a quantitative
yield, which was used for the next step directly.


Methanesulfonyl chloride (1.23 g, 10.74 mmol) was added to a solution of
the silyl ether (2.30 g, 8.98 mmol) and Et3N (1.75 mL, 12.57 mmol) in dry
CH2Cl2 (25 mL) at �78 8C. The reaction mixture was warmed to RT and
stirred for 1.5 h. The reaction was quenched with H2O and extracted with
CH2Cl2, then the combined extracts were washed with brine and dried
over MgSO4. Evaporation and column chromatography on silica gel (pe-
troleum ether/ethyl acetate 15:1) gave (3R,4S)-24 (2.89 g, 93%) as a col-
orless oil. 1H NMR (300 MHz, CDCl3): d=5.92±5.65 (m, 2H), 5.25±5.10
(m, 4H), 4.97±4.90 (m, 1H), 3.78 (dd, J=10.5, 4.8 Hz, 1H), 3.64 (dd, J=
10.5, 4.8 Hz, 1H), 3.01 (s, 3H), 2.70±2.55 (m, 2H), 2.45±2.30 (m, 1H),
0.89 (s, 9H), 0.05 (s, 6H) ppm; 13C NMR (75 MHz, CDCl3): d=134.4,
132.7, 119.0, 118.9, 82.0, 62.9, 49.4, 38.5, 36.1, 25.8, 18.2, �5.4, �5.6 ppm;


IR (neat): ñ=2930, 1642, 1473, 1361, 1177, 1110, 904 cm�1; MS (ESI):
m/z : 357.0 [M ++Na]; elemental analysis calcd for C15H30SO4Si: C 53.85,
H 9.04; found: C 54.17, H 9.34.


General procedure K–Synthesis of (3S,4R)-25 : A mixture of (3R,4S)-24
(3.30 g, 9.88 mmol) and NaN3 (2.48 g, 38.15 mmol) in anhydrous HMPA
(15 mL) was heated at 40 8C for 2 h with stirring. The reaction mixture
was poured into water (30 mL) and extracted with diethyl ether. The
combined organic solutions were washed with brine and dried over anhy-
drous MgSO4. After evaporation of the solvent, the crude product was
dissolved in dry THF (15 mL) and TBAF (19 mL, 1m solution in THF,
19 mmol) was added through an addition funnel. The reaction mixture
was quenched with saturated aq. NaCl and extracted with diethyl ether,
then the combined extracts were dried over MgSO4. Evaporation and
column chromatography on silica gel (petroleum ether/ethyl acetate
10:1) gave (3S,4R)-25 (1.55 g, 94%) as a colorless oil. [a]20D =�17.5 (c=
1.45, CHCl3);


1H NMR (300 MHz, CDCl3): d=5.90±5.60 (m, 2H), 5.33±
5.10 (m, 4H), 3.79±3.56 (m, 3H), 2.50±2.21 (m, 3H), 1.68 (br s, 1H) ppm;
13C NMR (75 MHz, CDCl3): d=133.7, 133.7, 120.2, 118.6, 63.3, 61.6, 50.0,
36.8 ppm; IR (neat): ñ=3352, 2939, 2102, 1643, 1265, 1054 cm�1; MS
(EI): m/z (%): 82 (100.0); elemental analysis calcd for C8H13N3O: C
57.47, H 7.84, N 25.13; found: C 57.46, H 7.78, N 25.09.


General procedure L–Synthesis of (3S,4R)-26 : (3S,4R)-25 (1.50 g,
8.98 mmol) in THF (5 mL) was added slowly to a suspension of NaH
(295 mg, 95% in paraffin oil, 11.68 mmol) in THF (15 mL) through an
addition funnel. After the addition, the mixture was stirred for additional
30 min at RT. Then, a solution of BnBr (3.07 g, 11.95 mmol) in THF
(5 mL) was added dropwise at RT. After the mixture was stirred at RT
for 3.5 h, the reaction mixture was quenched with water and extracted
with diethyl ether. The combined organic extracts were washed with
brine and dried over MgSO4, then the solvent was evaporated. The crude
product was further purified by flash column chromatography on silica
gel (petroleum ether/ethyl acetate 20:1) to give the corresponding benzyl
ether (2.24 g, 97%) as a colorless oil, which was used for the next step di-
rectly without further characterization.


LiAlH4 (14 mL, 1m solution in THF, 14 mmol) was added to a solution of
the benzyl ether (1.80 g, 7.00 mmol) in THF (30 mL) at �78 8C through
an addition funnel. After the addition, the reaction mixture was allowed
to warm to RT and stirred for 2 h, before Et2O (30 mL) was added. The
reaction was carefully quenched with water (1.5 mL) with cooling (ice/
water bath). After filtration through a short pad of celite, the filtrate was
dried over MgSO4 and evaporated to give the crude amine (1.58 g, 97%)
as a colorless oil, which was used for the next step directly.


A solution of allyl bromide (0.91 g, 7.52 mmol) in DMF (2 mL) was
added slowly to a solution of the amine (1.58 g, 6.82 mmol) and K2CO3


(1.88 g, 13.64 mmol) in DMF (12 mL) at 0 8C though a dropping funnel.
After the addition, the reaction mixture was stirred for 30 min at the
same temperature and then warmed to RT. Water (10 mL) was added
after stirring for 1 h. The aqueous layer was extracted with Et2O, then
the combined extracts were washed with brine and dried over MgSO4.
Evaporation and flash column chromatography on silica gel (petroleum
ether/ethyl acetate 8:1 with a few drops of Et3N) gave (3S,4R)-26 (1.48 g,
80%) as a colorless oil. [a]20D =�20.3 (c=1.15, CHCl3);


1H NMR
(300 MHz, CDCl3): d=7.40±7.23 (m, 5H), 5.92±5.70 (m, 3H), 5.22±5.00
(m, 6H), 4.51 (s, 2H), 3.64 (dd, J=9.2, 6.3 Hz, 1H), 3.52 (dd, J=9.2,
6.3 Hz, 1H), 3.29 (dd, J=13.9, 6.1 Hz, 1H), 3.21 (dd, J=13.9, 6.1 Hz,
1H), 2.82±2.73 (m, 1H), 2.60±2.50 (m, 1H), 2.19 (t, J=7.0 Hz, 2H) ppm;
13C NMR (75 MHz, CDCl3): d=138.4, 137.2, 136.8, 136.0, 128.3, 127.5,
127.4, 117.7, 116.9, 115.6, 73.0, 71.2, 57.0, 50.6, 46.6, 36.3 ppm; IR (neat):
ñ=3074, 2855, 1640, 1454, 1100, 914, 698 cm�1; MS (ESI): m/z : 272.1
[M ++H]; HRMS (ESI): m/z : calcd for C18H25NONa: 294.18339; found:
294.18165.


General procedure M–Synthesis of (3S,4R)-20a : CH2=CHCOCl
(261 mg, 2.88 mmol) was added to a solution of (3S,4R)-26 (600 mg,
2.21 mmol) and Et3N (0.47 mL, 3.32 mmol) in CH2Cl2 (13 mL) at �78 8C.
After the addition, the reaction mixture was warmed to RT, quenched
with water and extracted with diethyl ether. The combined extracts were
washed with brine and dried over MgSO4. Evaporation and flash column
chromatography on silica gel (petroleum ether/ethyl acetate 5:1) gave
(3S,4R)-20a (650 mg, 90%) as a colorless oil. 1H NMR (300 MHz,
CDCl3): d=7.40±7.20 (m, 5H), 6.72±6.20 (m, 2H), 6.00±5.75 (m, 4H),
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5.20±4.75 (m, 6H), 4.58±3.40 (m, 7H), 2.78±2.22 (m, 3H) ppm; IR (neat):
ñ=3076, 1648, 1612, 1421, 1102, 916 cm�1; MS (EI): m/z (%): 326 [M +


+H] (20.4), 91 (100.0); elemental analysis calcd for C20H27NO2: C 77.50,
H 8.36, N 4.30; found: C 77.39, H 8.49, N 4.16.


Synthesis of (4S,5R)-18, (4S,5R)-19, 28, and 27: Following GP F, (3S,4R)-
20a (100 mg, 0.308 mmol) and 3 (14 mg, 5 mol%) in CH2Cl2 (5 mL) were
stirred under reflux conditions for 52 h to give 27 (60 mg, 66%), (4S,5R)-
18 (trace), (4S,5R)-19 (11 mg, 13%), and 28 (6 mg, 7%) as liquids. 27:
1H NMR (300 MHz, CDCl3): d=7.42±7.25 (m, 5H), [6.64 (dd, J=16.8,
10.6 Hz), 6.23 (dd, J=16.8, 10.7 Hz), 1H], [6.26 (dd, J=16.8, 1.9 Hz),
6.45 (dd, J=16.8, 1.9 Hz), 1H], 5.90±5.60 (m, 4H), 5.17±3.37 (series of m,
9H), 2.65±2.55 (m, 1H), 2.45±2.15 (m, 2H) ppm. (4S,5R)-18 : [a]20D =


+352.6 (c=0.63, CHCl3);
1H NMR (300 MHz, CDCl3): d=7.41±7.23 (m,


5H), 6.36 (dd, J=9.9, 5.3 Hz, 1H), 5.91 (d, J=9.9 Hz, 1H), 5.81±5.63 (m,
2H), 4.84 (brd, J=18.5 Hz, 1H), 4.51 (s, 2H), 3.81 (brd, J=12.0 Hz,
1H), 3.52±3.32 (m, 3H), 2.58±2.30 (m, 2H), 2.00±1.83 (m, 1H) ppm;
13C NMR (75 MHz, CDCl3): d=162.5, 137.6, 137.6, 128.4, 127.8, 127.6,
125.3, 125.3, 125.2, 73.1, 70.1, 53.2, 42.8, 39.4, 31.0 ppm; IR (neat): ñ=
2853, 1671, 1613, 1455, 1104, 699 cm�1; MS (EI): m/z (%): 269 [M +]
(28.9), 91 (100.0); HRMS: calcd for C17H19NO2: 269.14158; found:
269.13981. (4S,5R)-19 : [a]20D =�41.5 (c=0.38, CHCl3);


1H NMR
(300 MHz, CDCl3): d=7.42±7.24 (m, 5H), 6.42 (dt, J=9.1, 4.0 Hz, 1H),
5.90 (d, J=9.8 Hz, 1H), 5.87±5.77 (m, 1H), 5.67 (dd, J=10.2, 2.0 Hz,
1H), 4.71 (d, J=18.2 Hz, 1H), 4.54 (d, J=12.1 Hz, 1H), 4.46 (d, J=
12.1 Hz, 1H), 3.75±3.60 (m, 1H), 3.51 (d, J=18.3 Hz, 1H), 3.45 (d, J=
4.8 Hz, 2H), 2.72±2.57 (m, 2H), 2.43 (dt, J=18.3, 4.5 Hz, 1H) ppm;
13C NMR (75 MHz, CDCl3): d=164.4, 137.8, 137.4, 128.4, 127.8, 127.6,
125.6, 124.6, 73.2, 71.0, 54.1, 42.1, 39.7, 26.4 ppm; IR (neat): ñ=2860,
1669, 1614, 1454, 1107, 698 cm�1; MS (EI): m/z (%): 269 [M +] (5.2), 91
(100.00); HRMS: m/z : calcd for C17H19NO2: 269.14158; found: 269.14095.
28 : 1H NMR (300 MHz, CDCl3): d=7.38±7.20 (m, 5H), 6.92 (dt, J=6.0,
1.8 Hz, 1H), 6.11 (dt, J=5.7, 2.1 Hz, 1H), 5.90±5.80 (m, 2H), 5.00±4.90
(m, 1H), 4.41 (d, J=12.0 Hz, 1H), 4.34 (d, J=12.0 Hz, 1H), 3.94 (d, J=
20.7 Hz, 1H), 3.82 (d, J=20.7 Hz, 1H), 3.46 (dd, J=9.9, 5.4 Hz, 2H),
3.28 (dd, J=9.3, 6.0 Hz, 1H), 3.22±3.10 (m, 1H), 2.72±2.60 (m, 1H),
2.53±2.41 (m, 1H) ppm; 13C NMR (75 MHz, CDCl3): d=171.7, 142.6,
138.1, 131.6, 129.4, 128.2, 128.2, 127.5 127.4, 73.2, 68.9, 52.3, 51.6, 48.8,
36.4 ppm; IR (neat): ñ=2854, 1683, 1452, 1102, 699 cm�1; MS (EI): m/z
(%): 269 [M +] (4.0), 91 (100.00); HRMS: m/z : calcd for C17H19NO2:
269.14158; found: 269.14448.


General procedure N–Synthesis of (+)-1a : Pd/C (16 mg) and two drops
of AcOH in MeOH (12 mL) were added to a mixture of (4S,5R)-18 and
(4S,5R)-19 (64 mg, 0.238 mmol) with stirring at 30 8C under H2 (1 atm)
and the mixture was stirred for 24 h. After filtration through a short pad
of celite, the reaction mixture was concentrated to give a crude product,
which was treated with THF (4 mL) and LiAlH4 (0.5 mL, 1m solution in
THF, 0.5 mmol). The resulting mixture was stirred under reflux condi-
tions for 4 h and treated subsequently with ethyl acetate (2 mL) and satu-
rated aq. NH4Cl (1 mL). After filtration through a short pad of celite, the
filtrate was dried over MgSO4, concentrated, and purified by flash
column chromatography on silica gel (ethyl acetate/methanol 3:1 with a
few drops of Et3N) to give (+)-1a (38 mg, 95%) as a white solid. M.p.
78±79 8C (recrystallized from diethyl ether/hexane, lit. : 78±79 8C[4h]);
[a]20D =++32.6 (c=0.72, EtOH) (lit. : +31.2 (c=0.86, EtOH)[4h]); 1H NMR
(300 MHz, CDCl3): d=3.64 (dd, J=10.9, 3.5 Hz, 1H), 3.54 (dd, J=10.9,
5.9 Hz, 1H), 2.80 (t, J=12.3 Hz, 2H), 2.30±1.52 (m, 12H), 1.48±1.34 (m,
1H), 1.32±1.10 (m, 2H) ppm; 13C NMR (75 MHz, CDCl3): d=64.5, 64.3,
56.8, 56.5, 43.8, 29.6, 28.1, 25.5, 24.9, 24.5 ppm; IR (neat): ñ=3172, 2927,
1471, 1442, 1067 cm�1; MS (EI): m/z (%): 169 [M +] (51.7), 83 (100.0);
HRMS: m/z : calcd for C10H19NO: 169.14667; found: 169.14905.


Synthesis of (�)-1a : Following GP N, the reaction of (4R,5S)-18,
(4R,5S)-19 (80 mg, 0.297 mmol), Pd/C (20 mg), two drops of AcOH,
MeOH (12 mL), and LiAlH4 (0.6 mL, 1m, solution in THF, 0.6 mmol) in
THF (6 mL) yielded (�)-1a (47 mg, 94%) as a white solid. M.p. 78±79 8C
(diethyl ether/hexane, lit. : 78±79 8C[4h]); [a]20D =�33.0 (c=0.72, EtOH)
(lit. : �30.5 (c=8.4, EtOH)[4h]); 1H NMR (300 MHz, CDCl3): d=3.64 (dd,
J=10.8, 3.4 Hz, 1H), 3.53 (dd, J=10.6, 5.8 Hz, 1H), 2.79 (t, J=12.2 Hz,
2H), 2.50±2.10 (br s, 1H), 2.10±1.10 (m, 14H) ppm; 13C NMR (75 MHz,
CDCl3): d=64.4, 64.3, 56.8, 56.6, 43.8, 29.6, 28.2, 25.5, 24.9, 24.5 ppm; IR
(neat): ñ=3171, 2927, 1471, 1067, 1015 cm�1; MS (EI): m/z (%): 169


[M +] (86.2), 152 (100.0); HRMS: m/z : calcd for C10H19NO: 169.14667;
found: 169.14473.


Synthesis of (�)-1b : Following GP N, the reaction of (4R,5R)-18,
(4R,5R)-19 (55 mg, 0.204 mmol), Pd/C (13 mg), two drops of AcOH,
MeOH (12 mL), and LiAlH4 (0.4 mL, 1m solution in THF, 0.4 mmol) in
THF (4 mL) yielded (�)-1b (32 mg, 93%) as a white solid. M.p. 70±71 8C
(diethyl ether/hexane, lit.: 70±71 8C[4g]); [a]20D =�21 (c=0.25, EtOH) [lit. :
�21 (c=9.5, EtOH)[4g]); 1H NMR (300 MHz, CDCl3): d=5.70±5.30 (br s,
1H), 4.22±4.12 (m, 1H), 3.70 (d, J=10.8 Hz, 1H), 2.88±2.77 (m, 2H),
2.23±1.45 (m, 13H), 1.28±1.18 (m, 1H) ppm; 13C NMR (75 MHz, CDCl3):
d=66.1, 65.1, 57.1, 57.0, 38.0, 31.6, 29.7, 25.6, 24.6, 23.0 ppm; IR (neat):
ñ=3173, 2920, 1471, 1448, 1300, 1067, 1014 cm�1; MS (EI): m/z (%): 169
[M +] (75.4), 152 (100.0); HRMS: calcd for C10H19NO: 169.14667; found:
169.14171.


Synthesis of (+)-1b : Following GP N, the reaction of (4S,5S)-18, (4S,5S)-
19 (55 mg, 0.204 mmol), Pd/C (13 mg), two drops of AcOH, MeOH
(12 mL), and LiAlH4 (0.4 mL, 1m solution in THF, 0.4 mmol) in THF
(4 mL) yielded (+)-1b (32 mg, 93%) as a white solid. M.p. 68±69 8C (di-
ethyl ether/hexane, lit. : 67±68 8C[4f]) ; [a]20D =++20.8 (c=0.40, EtOH) (lit. :
+19.5 (c=1, EtOH)[4f]) ; 1H NMR (300 MHz, CDCl3): d=5.73±5.30 (br s,
1H), 4.23±4.14 (m, 1H), 3.70 (d, J=10.8 Hz, 1H), 2.90±2.75 (m, 2H),
2.25±1.45 (m, 13H), 1.35±1.18 (m, 1H) ppm; 13C NMR (75 MHz, CDCl3):
d=66.1, 65.1, 57.1, 57.0, 38.0, 31.5, 29.7, 25.6, 24.6, 23.0 ppm; IR (neat):
ñ=3173, 2920, 1471, 1448, 1067, 1014 cm�1; MS (EI): m/z (%): 169 [M +]
(72.1), 152 (100.0); HRMS: m/z : calcd for C10H19NO: 169.14667; found:
169.14446.


Synthesis of 29 : [K3Fe(CN)6] (147 mg, 0.447 mmol), K2CO3 (62 mg,
0.447 mmol), NaHCO3 (37 mg, 0.447 mmol), CH3SO3NH2 (14 mg,
0.149 mmol), DHQ-PHAL (2.5 mg, 3.21î10�3 mmol), and K2OsO2(OH)4
(1 mg, 2.70î10�3 mmol) were dissolved in tBuOH/H2O (1:1, 2.4 mL).
The mixture was stirred at RT until both phases were clear and then
cooled to 0 8C. A solution of (4R,5S)-18 (40 mg, 0.149 mmol) in tBuOH
(1.2 mL) was added all at once and then the heterogeneous slurry was
stirred vigorously at 0 8C for 4 h. The reaction was quenched with saturat-
ed aq. sodium sulfite (2 mL) and stirred for a further 10 min. The reac-
tion mixture was extracted several times with ethyl acetate and the com-
bined extracts were washed with brine, dried over Na2SO4, and concen-
trated. Purification of the residue by flash column chromatography on
silica gel (ethyl acetate) gave 29 (37 mg, 82%) as a colorless oil. [a]20D =


�255.4 (c=0.900, CHCl3);
1H NMR (300 MHz, CDCl3): d=7.40±7.22 (m,


5H), 6.42 (dd, J=10.1, 5.1 Hz, 1H), 5.86 (dd, J=10.1, 0.8 Hz, 1H), 4.51
(s, 2H), 4.44 (td, J=12.5, 5.0 Hz, 2H), 4.10 (br s, 1H), 3.98±3.87 (m, 1H),
3.73±3.60 (m, 1H), 3.45 (d, J=6.9 Hz, 2H), 3.30±3.17 (m, 1H), 2.86 (t,
J=11.6 Hz, 1H), 2.52±2.40 (m, 1H), 1.90±1.75 (m, 2H) ppm; 13C NMR
(75 MHz, CDCl3): d=163.5, 139.6, 137.6, 128.5, 127.8, 127.7, 124.1, 73.2,
70.8, 67.9, 67.4, 50.6, 44.0, 39.1, 37.1 ppm; IR (neat): ñ=3387, 1665, 1601,
1079 cm�1; MS (ESI): m/z : 304.2 [M ++H]; HRMS (ESI): m/z : calcd for
C17H22NO4: 304.15488; found: 304.15543.


Synthesis of 30 : A mixture of lactam 29 (33 mg, 0.109 mmol), 10% Pd/C
(15 mg), AcOH (two drops), and MeOH (6 mL) was stirred at room tem-
perature under H2 (1 atm) for 24 h. Filtration through Celite and concen-
tration gave the crude product 29A, which was used for the next step
without characterization.


Lactam 29A in dry THF (5 mL) was treated with a solution of Me2S¥BH3


(5m in THF, 0.2 mL, 1 mmol) under Ar. After 2 h at RT and 1 h under
reflux conditions, the excess reducing reagent was decomposed by careful
addition of EtOH (1 mL) at �5 8C. After evaporation, the residue was
purified by flash column chromatography on silica gel (methanol/ethyl
acetate 10:1) to give 30 (20 mg, two steps: 91%) as a white solid. M.p.
180±182 8C (recrystallized from CHCl3/CH3OH); [a]20D =63.0 (c=0.300,
MeOH); 1H NMR (300 MHz, CD3OD): d=3.90±3.82 (m, 1H), 3.59 (ddd,
J=11.1, 4.6, 2.7 Hz, 1H), 3.47 (dd, J=11.1, 3.7 Hz, 1H), 3.35 (dd, J=
11.1, 5.2 Hz, 1H), 2.70 (brd, J=11.2 Hz, 1H), 2.51 (dd, J=10.7, 4.7 Hz,
1H), 2.31 (t, J=11.2 Hz, 1H), 2.12±1.95 (m, 3H), 1.80±1.68 (m, 1H),
1.68±1.45 (m, 2H), 1.33±1.05 (m, 3H) ppm; 13C NMR (75 MHz, CD3OD):
d=69.3, 68.4, 64.7, 58.5, 57.3, 57.0, 44.7, 36.1, 39.3, 25.8 ppm; IR (neat):
ñ=3324, 2925, 1462, 1289, 1083, 1070 cm�1; MS (ESI): m/z : 202.1 [M +


+H]; HRMS (ESI): m/z : calcd for C10H19NO3Na: 224.12627; found:
224.12505.
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Synthesis of 31: TsOH¥H2O (8 mg) was added to a stirred solution of diol
29 (49 mg, 0.162 mmol) in 2,2-dimethoxypropane (2.5 mL) was added
after stirring at 0 8C for 2 h. The reaction was then diluted with
CH3CO2Et, neutralized with a saturated aq. NaHCO3 solution, and ex-
tracted with diethyl ether. The organic extracts were washed with brine,
dried over Na2SO4 and concentrated. The residue was then purified by
flash column chromatography on silica gel (petroleum ether/ethyl acetate
1:3) to give 31 (51 mg, 92%) as a colorless oil. [a]20D =�111.3 (c=0.600,
CHCl3);


1H NMR (300 MHz, CDCl3): d=7.40±7.24 (m, 5H), 6.23 (dd,
J=9.9, 3.8 Hz, 1H), 5.94 (dd, J=9.9, 2.1 Hz, 1H), 4.52 (s, 2H), 4.41±4.30
(m, 2H), 3.83 (ddd, J=10.5, 7.7, 2.7 Hz, 1H), 3.69 (ddd, J=18.4, 14.1,
8.7 Hz, 2H), 3.49 (ddd, J=15.6, 9.1, 6.1 Hz, 2H), 2.54±2.43 (m, 1H), 2.01
(dt, J=14.2, 1.9 Hz, 1H), 1.81 (ddd, J=14.8, 11.9, 3.1 Hz, 1H), 1.49 (s,
3H), 1.34 (s, 3H) ppm; 13C NMR (75 MHz, CDCl3): d=163.2, 139.9,
137.6, 128.4, 127.8, 127.5, 124.9, 108.4, 73.2, 71.1, 70.8, 69.9, 49.8, 41.6,
39.9, 32.2, 27.3, 25.0 ppm; IR (neat): ñ=2989, 1655, 1606, 1436,
1053 cm�1; MS (ESI): m/z : 344.2 [M ++H]; HRMS (ESI): calcd for
C20H26NO4: 344.18618; found: 344.18652.


Synthesis of 32 : NMO (28 mg, 0.210 mmol) and an aqueous solution of
OsO4 (43 mL, 0.0492m in H2O) were added to 31 (36 mg, 0.105 mmol) in
CH3CN (1.5 mL) with stirring. The reaction mixture was stirred at RT for
24 h, concentrated and purified by flash column chromatography on silica
gel (ethyl acetate) to give 32 (33 mg, 83%) as a colorless oil. [a]20D =


�58.5 (c=1.000, CHCl3);
1H NMR (300 MHz, CDCl3): d=7.40±7.24 (m,


5H), 4.55 (d, J=1.1 Hz, 2H), 4.40 (dd, J=13.6, 6.4 Hz, 1H), 4.36±4.26
(m, 2H), 4.20±4.10 (m, 1H), 4.10±4.00 (br s, 1H), 3.96 (d, J=2.2 Hz, 1H),
3.74 (dd, J=9.2, 7.6 Hz, 1H), 3.59 (dd, J=9.2, 4.9 Hz, 1H), 3.55±3.41 (m,
1H), 3.00±2.88 (br s, 1H), 2.85 (dd, J=13.7, 8.6 Hz, 1H), 2.42 (dt, J=
14.8, 2.4 Hz, 1H), 1.96±1.82 (m, 1H), 1.63 (ddd, J=15.6, 12.10, 4.0 Hz,
1H), 1.49 (s, 3H), 1.35 (s, 3H) ppm; 13C NMR (75 MHz, CDCl3): d=


170.0, 137.7, 128.5, 127.8, 127.6, 109.0, 73.4, 71.3, 70.5, 70.3, 68.8, 66.8,
50.4, 43.2, 42.3, 34.3, 28.1, 25.9 ppm; IR (neat): ñ=3438, 2925, 1651,
1062 cm�1; MS (ESI): m/z : 378.2 [M ++H]; HRMS (ESI): calcd for
C20H28NO6: 378.19166; found: 378.19273.
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Aminoglycoside Microarrays To Explore Interactions of Antibiotics
with RNAs and Proteins


Matthew D. Disney[a, b] and Peter H. Seeberger*[a, b]


Introduction


Microarrays are powerful platforms for conducting of high-
throughput screens, and a vast number of applications using
this technology have been described. For example, DNA oli-
gonucleotide arrays permit monitoring of the expression
levels of nearly every gene in an entire organism.[1±3] Protein
arrays can be used to detect protein±protein interactions
and enzymatic modification of proteins.[4] Small molecule
arrays have aided the rapid identification of compounds that
bind to proteins, thus enabling chemical genetics experi-
ments.[5±7] More recently, carbohydrate arrays to probe car-
bohydrate±protein interactions have been described.[8±10]


The potential to screen a large number of events in parallel
with minuscule amounts of both ligand and analyte has re-
sulted in the widespread use of this technology.


Although interactions of proteins and small molecules
have been probed by use of microarrays, binding of small
molecules to RNAs has not been examined in this format.
The ability to screen compounds rapidly for binding to
RNAs would allow the identification of new RNA-binding
ligands. These molecules may serve as improved therapeu-
tics that target RNA or, alternatively, as biochemical probes
of RNA function inside cells. There is increased interest in
examining RNA functions, since new roles for RNA in bio-
chemical events have recently been discovered. These in-
clude microRNAs,[11±13] interfering RNAs[14] and RNAs con-
trolling translation.[15±17] Identification of selective ligands
for a particular RNA can aid in analysis of its biological
roles inside of cells, thus leading to more complete under-
standing of its contribution to cellular processes. In addition,
several clinically used antibiotics elicit their antibacterial
effect by binding to bacterial ribosomes and inhibiting pro-
tein synthesis.[18,19] These antibiotics, however, are losing
their efficacy due to increasing antibiotic resistance[20] and
their inherent toxicity. Rapid screens for identifying new
compounds that bind RNA tightly and exhibit decreased af-
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Abstract: RNA is an important target
for drug discovery efforts. Several clini-
cally used aminoglycoside antibiotics
bind to bacterial rRNA and inhibit
protein synthesis. Aminoglycosides,
however, are losing efficacy due to
their inherent toxicity and the increase
in antibiotic resistance. Targeting of
other RNAs is also becoming more at-
tractive thanks to the discovery of new
potential RNA drug targets through
genome sequencing and biochemical
efforts. Identification of new com-
pounds that target RNA is therefore
urgent, and we report here on the de-
velopment of rapid screening methods
to probe binding of low molecular


weight ligands to proteins and RNAs.
A series of aminoglycosides has been
immobilized onto glass microscope
slides, and binding to proteins and
RNAs has been detected by fluores-
cence. Construction and analysis of the
arrays is completed by standard DNA
genechip technology. Binding of immo-
bilized aminoglycosides to proteins
that are models for study of aminogly-
coside toxicity (DNA polymerase and


phospholipase C), small RNA oligonu-
cleotide mimics of aminoglycoside
binding sites in the ribosome (rRNA
A-site mimics), and a large (�400 nu-
cleotide) group I ribozyme RNA is de-
tected. The ability to screen large
RNAs alleviates many complications
associated with binding experiments
that use isolated truncated regions
from larger RNAs. These studies lay
the foundation for rapid identification
of small organic ligands from combina-
torial libraries that exhibit strong and
selective RNA binding while displaying
decreased affinity to toxicity-causing
proteins.


Keywords: antibiotics ¥ bioorganic
chemistry ¥ high-throughput
screening ¥ RNA ¥ small molecule
microarrays
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finity towards resistance- and toxicity-causing proteins
should greatly facilitate the discovery of improved antibiot-
ics.


We have developed an assay that allows for aminoglyco-
side±RNA and aminoglycoside±protein interactions to be
detected in a microarray format. Aminoglycoside antibiotics
have been arrayed onto glass microscope slides, and these
compounds× abilities to bind both RNAs and proteins have
been probed by incubating arrays with these ligands. Un-
bound RNAs and proteins are washed from the surface, and
binding is detected with fluorescence. The RNAs used are
oligonucleotide mimics of two rRNA A-sites and a group I
intron. The proteins used are phospholipase C and DNA po-
lymerase, which are potential models for testing aminoglyco-
side toxicity.[21±23] The use of aminoglycoside arrays may
allow the discovery of new RNA-binding ligands with en-
hanced binding affinities for their desired target sites dimin-
ished binding to toxicity- and resistance-causing[24] proteins.


Results and Discussion


Optimization of immobilization chemistry : The aminoglyco-
side amikacin (see below) was spatially arrayed onto glass
slides with a robotic arrayer to test several different types of
immobilization chemistries (Figure 1). Three types of immo-
bilization were explored: 1) amine-coated glass slides treat-
ed with tetraethyleneglycol disuccinimidyl disuccinate (poly-
ethyleneglycol, PEG), 2) slides coated with a layer of bovine
serum albimin (BSA) that had been treated with N,N’-disuc-
cinimidyl carbonate, and 3) aldehyde-coated slides. For each
immobilization, the arrayer delivered �2 nL of a 5 mm ami-
noglycoside solution to defined positions on the surface.
After arraying, slides were incubated at room temperature
overnight, and unreacted succinimide esters or aldehydes
were quenched with ethanolamine. Several different
quenchers including butylamine, glycine, and ethanolamine
were tested. Quenching with ethanolamine yielded the high-
est signal with the lowest background (data not shown).


To determine if immobilized compounds retain their abili-
ty to bind to RNA, slides were incubated with 100 pmoles of
a fluorescently labeled oligonucleotide mimic of the bacteri-


al rRNA A-site (Figure 2). Unbound oligonucleotide was
washed from the slides, before the slides were scanned.
Signal from aminoglycoside bound to the bacterial rRNA
A-site is well above background for each of these surfaces.
The strongest signal was observed with succinimide ester im-
mobilized aminoglycosides. Within this series, slides coated
with the PEG linker gave the strongest fluorescence
(Figure 1). Immobilization onto aldehyde slides resulted in
significantly less signal than observed for immobilization
onto the other surfaces (� tenfold).


Binding of RNA to immobilized aminoglycosides : A series
of aminoglycosides and other small molecules (Figure 3)
was arrayed onto PEG-coated glass slides, and the com-


pounds were tested for their abilities to bind oligonucleotide
mimics of rRNA A-sites (Figure 2). All immobilized amino-
glycosides bind to the bacterial oligonucleotide (Figure 3).
Amikacin has the highest fluorescence intensity, followed by
lividomycin, paromomycin, neomycin, and tobramycin,
which all have similar intensities. For the human rRNA
mimic, amikacin also has the highest spot intensity, followed
by kanamycin, neomycin, bekanamycin, and tobramycin, re-
spectively. In each of these experiments, little or no signal
was observed from 2’-aminoethyl a-d-mannopyranoside,
spermine, and spermidine negative controls (Table 1).


Binding of some of the aminoglycosides used here to vari-
ous A-site mimics has been studied in detail by mass spec-
troscopy (MS),[25] surface plasmon resonance spectroscopy
(SPR),[26] fluorescence anisotropy and quenching,[27,28] and
chemical mapping of RNA.[29] In the MS assay, tobramycin
and bekanamycin bound with similar affinities to both the
bacterial and human RNAs (Kd values of �2 mm). Paromo-
mycin, neomycin, and lividomycin bound with Kd values in
the low nanomolar range. For experiments here, lividomy-
cin, neomycin, paromomycin, and tobramycin have similar
fluorescence intensities. The fact that the signal intensities
do not correlate exactly with these results suggests that the
immobilization onto the slide affects the binding of each


Figure 1. Testing of different immobilization chemistries for detection of
RNA binding to immobilized aminoglycosides. The plot is the amount of
fluorescent signal exhibited from immobilized amikacin binding to the
bacterial RNA.


Figure 2. The oligonucleotide mimics of rRNA A-sites that were incubat-
ed with the aminoglycoside arrays. The bacterial oligonucleotide (16S)
has been shown to be the binding site for some aminoglycosides in the ri-
bosome.[19] The human oligonucleotide (18S) has been tested for amino-
glycoside binding in MS experiments.[25] Each oligonucleotide was fluo-
rescently labeled. The bacterial RNA is labeled with TAMARA and the
human with fluorescein.
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compound in a different way, most probably to do with the
number and type (secondary and primary) of amines present
in these compounds. Amikacin has the highest fluorescence
signal for both oligonucleotides tested. Immobilization of
this compound through the primary amine on the 2,4-deoxy-
streptamine ring may diminish the effect of immobilization
on RNA binding since it leaves the A-ring, which is impor-
tant for RNA binding, unchanged.


Specificity is another critical issue for the development of
new therapeutics. Several studies have determined the spe-
cificities of aminoglycosides for other RNAs.[25±29] The gener-


al consensus is that most ami-
noglycosides display little spe-
cificity in binding to different
RNA sequences. The excep-
tions are some of the 4,5-linked
2-deoxystreptamine derivatives,
which include lividomycin, pa-
romomycin, and neomycin.
These compounds have binding
affinities to the bacterial A-site
approximately ten times stron-
ger than those of other
RNAs.[25,26,28]


In the array method, specific-
ities can be estimated by com-
paring relative fluorescence in-
tensities of each aminoglycoside
binding to different RNA se-
quences. Lividomycin and paro-
momycin bind at least an order
of magnitude more weakly to
the human RNA than to the
bacterial RNA (Kd values are
>20 mm and �100 nm, respec-
tively).[25,26] In contrast, bekana-
mycin and tobramycin bind to
these RNAs with similar affini-
ties (�2 mm).[25,26] Array data
show that the relative fluores-


cence intensities for aminoglycoside binding change depend-
ing on the oligonucleotide incubated with the array. For ex-
ample, lividomycin and paromomycin exhibit �1.5 to two
times more signal with the bacterial RNA than bekanamycin
and kanamycin. For the human RNA, on the other hand,
bekanamycin and kanamycin gave signals around three to


Figure 3. Binding of several immobilized aminoglycosides to rRNA A-site mimics. Top: a picture of an array
hybridized with the bacterial RNA. Bottom: plots of the amount of fluorescence signal observed for each ar-
rayed aminoglycoside binding to the different rRNA A-site mimics. Each point is the average of signals from
18 spots acquired from at least two different slides.


Table 1. Aminoglycoside used to construct the aminoglycoside arrays:
4,5-linked 2-deoxystreptamine derivatives (below) and other small mole-
cules (left).


Aminoglycoside R1 R2 R3


lividomycin HO H


neomycin NH2 OH


paromomycin OH H


ribostamycin NH2 OH H
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five times stronger. These results are consistent with the pre-
viously reported binding specificities.[25,26]


Binding of arrayed aminoglycosides to a group I intron :
After initially focusing on binding of aminoglycosides to
short RNA oligonucleotide mimics of a larger RNA, we
sought to detect hybridization of large RNAs to arrayed
aminoglycosides. A group I ribozyme derived from the Can-
dida albicans self-splicing group I intron was chosen because
this RNA is a potential drug target and is about 400 nucleo-
tides in length.[30] In addition, several aminoglycosides bind
to and inhibit group I intron self-splicing.[31±34]


Ribozyme was refolded under conditions previously
shown to fold >90% of the intron into an active conforma-
tion.[30] Aminoglycoside arrays were then incubated with
10 picomoles of ribozyme, and unbound RNA was removed
from the slide by washing. This amount of RNA is less than
what is typically obtained from a single in vitro transcrip-
tion.[35] Bound RNA was detected by incubation of the slide
with a solution containing the nucleic acid dye SYBR gree-
n II, which has been used to detect oligonucleotide hybridi-
zation on DNA arrays.[36,37] As shown in Figure 4, amikacin,
kanamycin, lividomycin, and tobramycin gave the highest
fluorescence intensities. The negative controls 2’-aminoethyl
a-d-mannopyranoside, spermidine, and spermine gave little
signal, further suggesting that specific interactions are being
detected.


These results show that binding of large RNAs to arrayed
compounds can be detected. This advancement alleviates
many of the potential problems associated with current
screening methods that use short oligonucleotides to mimic
a part of a larger RNA. These complications are due to im-
proper folding of the shorter oligonucleotide, because terti-
ary contacts that dictate the exact structure of the RNA
cannot always be accounted for when designing shorter
RNAs. Furthermore, post-hybridization staining of bound
RNA with a dye eliminates having to attach a fluorophore
covalently to the RNA, which greatly simplifies sample
preparation.


Binding of proteins to amino-
glycosides : Although aminogly-
cosides elicit their antibiotic
effect by binding to rRNA, they
also interact with proteins and
lipids, and these interactions
have been implicated in causing
toxicity. Toxicity is mainly man-
ifested in the kidney and the
ear (ototoxicity).[38] Aminogly-
coside binding to proteins may
be involved in causing these
side effects. Previous experi-
ments have shown that phos-
pholipase C[22] and DNA poly-
merase[23] activities are modu-
lated by aminoglycosides, and
these two enzymes have been


used to study how aminoglycosides interact with proteins,
since they may serve as models to probe aminoglycoside
toxicity.


Incubation of phospholipase C with the aminoglycoside
arrays shows that every aminoglycoside binds this protein.
Amikacin exhibits the strongest interactions, followed by pa-
romomycin, gentamycin, and tobramycin. Previously, several
of the aminoglycosides studied here had been shown to acti-
vate phospholipase C.[22] Fluorescence intensities (gentamy-
cin>neomycin>kanamycin) do not correlate with the order
of activation (kanamycin>gentamycin>neomycin). This
discrepancy, however, may be due to interaction of these
compounds with different sites of the enzyme. In addition,
binding affinity may not always correlate with inhibition of
enzymatic activity.


The activity of Klenow DNA polymerase is inhibited by
several aminoglycosides[23] , and its inhibition has also been
implicated in causing side effects associated with aminogly-
cosides. Inhibition of DNA polymerase activity is due to in-
teraction of these compounds with divalent metal ion bind-
ing sites. This enzyme thus serves as a model system with
which to test the interactions of aminoglycosides with metal
ion binding sites in proteins. While several aminoglycosides


Table 2. Aminoglycoside used to construct the aminoglycoside arrays: 4,6-linked 2-deoxystreptamine deriva-
tives.


Aminoglycoside R1 R2 R3 R4 R5 R6 R7 R8 R9 R10


kanamycin H NH2 OH OH OH H H H OH CH2OH
bekanamycin H NH2 OH OH NH2 H H H OH CH2OH
tobramycin H NH2 OH H NH2 H H H OH CH2OH
gentamycin C1 CH3 NHCH3 H H H H CH3 OH CH3 H
gentamycin C1a H NH2 H H H H CH3 OH CH3 H
gentamycin C2 CH3 NH2 H H H H CH3 OH CH3 H


amikacin H NH2 OH OH H H H OH CH2OH


Figure 4. Fluorescence intensities from binding of aminoglycoside arrays
to the group I intron from C. albicans. Arrays were incubated with 10 pi-
comoles of group I intron RNA. After unbound RNA had been washed
away from the slide, bound RNA was stained with SYRB green II nucleic
acid stain.
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interact with Klenow DNA polymerase, however, the rather
weak signals in the assay indicates low affinity between ami-
noglycosides and DNA polymerases (Figure 5). This is cor-
roborated by Ki values of >100 mm for aminoglycoside in-
hibition.[23]


Comparison of aminoglycoside arrays with other techniques
for study of RNA±small molecule interactions : Techniques
for screening for RNA±small molecule interactions, includ-
ing a high-throughput mass spectroscopy assay, have been
developed previously.[25] This method allows for binding con-
stants to be determined and for several RNAs to be
screened at once, and also provides information about the
binding sites for small molecules to a particular RNA by de-
termining sites of protection. Such experiments, however, re-
quire specialized and expensive instrumentation, unavailable
to most laboratories interested in this area, and this limits
the widespread use of this technique.


A SPR method to screen for RNA±small molecule inter-
actions has also been reported.[26,39,40] The SPR experiments
can be completed with immobilized RNA oligonucleotides,
and binding constants for these interactions can be deter-
mined. This assay, however, is not amenable to screening
large numbers of compounds at once, since only a small
number of compounds can be tested in parallel.


The strategy described here has several potential advan-
tages over these methods. For example, arrays allow many
more interactions to be probed in parallel than can be com-
pleted by using either SPR or MS assays. These include the
binding of several thousand small molecules to many differ-
ent RNAs at once. The only modification that has to be
made to a particular RNA to allow for parallel screening of
sequences is the placement of a different fluorescent tag on
each sequence to be probed. In addition, both weak and
strong interactions can be detected by use of the arrays. For
example, binding of lividomycin and neomycin (Kd values
are about 10 nm) and ribostamycin (Kd of about 20 mm) to
the bacterial RNA are all detected and have intensities that
correlate with this trend.[25] Current investigations in this
area include the development of an orthogonal immobiliza-
tion chemistry that does not use amino groups for immobili-
zation. Use of these amino functional groups for immobili-
zation probably affects the A-rings in most of the aminogly-


cosides, which would prevent strong interactions with the
bacterial RNA.[27]


Implications for therapeutic and biochemical probe discov-
ery : Selectivity and toxicity are critical issues for clinical use
and development of new antibiotics. Studies have implicated
interactions of aminoglycosides with the negatively charged
phospholipids in cellular membranes cause toxicity.[21] Addi-
tionally, aminoglycosides have been shown to inhibit or acti-
vate phospholipase C, depending on the aminoglycoside and
its concentration.[22,41] Here we provide evidence that amino-
glycosides directly bind phospholipase C,[22] since every ami-
noglycoside tested interacts with this enzyme. Aminoglyco-
sides also inhibit several different DNA polymerases,[23] and
interactions of aminoglycosides to these enzymes were de-
tected by use of the arrays. Since side effects often limit the
clinical use of aminoglycosides as antibacterial agents, com-
pounds found to bind tightly to RNA but weakly to toxicity-
causing proteins may allow for development of improved
therapeutics.


The discovery of new RNA binding ligands is essential for
the development of new therapeutics that target RNA and
of biochemical probes for RNA function inside cells. New
functions and roles of RNA in biology have been discovered
recently, and include micro-RNAs and RNAs that control
translation.[11±13,16,17] In addition to these targets, a plethora
of other RNA targets are being identified through genome
sequencing efforts. Screening of these RNAs is expected to
allow discovery of new targets for RNA-based drug discov-
ery. Further development of combinatorial libraries and
screening techniques for binding of biomolecules should fa-
cilitate discovery of molecules that attenuate RNA function.


Summary and Outlook


Several crystal structures of the ribosome or parts of the ri-
bosome have recently appeared in the literature[42±54] . Some
of these structures have been solved with antibiotics
bound.[53,55±57] This information has led to the development
of improved antibiotics that evade resistance.[58] Rapid
screening for RNA binding–including fluorescence quench-
ing experiments,[27, 59] surface plasmon resonance (SPR),[26]


Figure 5. Binding of immobilized aminoglycosides to proteins that may model aminoglycoside-induced toxicity. Arrays were hybridized with fluorescently
labeled Klenow DNA polymerase and phospholipase C.
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and mass spectrometry[25]–is often difficult. The method de-
scribed here can be used for rapid screening of compounds
synthesized from combinatorial libraries that make use of
this recent structural information for high-affinity binding to
desired RNA targets and weak binding to undesired targets,
which include bystander RNA and resistance-causing en-
zymes.[24] A major limitation of this technique, however, is
the nonspecific manner in which the aminoglycosides are ar-
rayed onto the surface. This is illustrated by the fact that
amikacin binds most strongly to the RNA tested here de-
spite the fact that, from solution measurement, lividomycin
and neomycin would be expected to bind most tightly. New
libraries that are immobilized through functional groups
that are not known to interact with RNA will next be tested.
These methods should greatly facilitate the discovery of new
RNA binding ligands.


Experimental Section


Materials : Neomycin was purchased from Fluka. Neamine was synthe-
sized by methanolysis of neomycin as described.[60] The mannose deriva-
tive was synthesized as described.[61] All other aminoglycosides and small
molecules were purchased from Sigma and were used without purifica-
tion. BSA was purchased from Roche. Tetraethylene glycol disuccinimid-
yl disuccinate was synthesized as described.[62] All aqueous solutions used
for chip hybridizations and washings were filtered through a 0.2 mm sy-
ringe filter prior to use.


Oligonucleotide synthesis : Oligonucleotides were synthesized on an Ap-
plied Biosystems automated RNA/DNA synthesizer on a 1 mmole scale.
All monomers were purchased from Glen Research (Baltimore, MD).
The RNA monomers contained 2’-hydroxy groups protected as their tri-
isopropylsilyloxymethyl (TOM) ethers. Samples were deprotected by the
manufacturer×s standard procedure, with the 2’-TOM groups removed by
incubation with TEAHF at 55 8C for 48 h. After the samples had been
deprotected, they were purified from failure sequences by gel electropho-
resis (20% polyacrylamide, 8m urea). Full-length product was isolated
from the gel by the crush and soak method (gel slice stirred in sterile
water with a sterile stir bar). The solution containing the RNA was then
applied to a Sephadex NAP 25 prepacked column to remove salts. Sam-
ples were lyophilized, resuspended in sterile water, and stored at �20 8C.
Oligonucleotide concentration was determined by use of the extinction
coefficients of the fluorescent dyes. The Candida albicans ribozyme was
synthesized by run-off transcription from a DNA template, purified, and
renatured as described.[30]


Protein labeling : Phospholipase C and Klenow DNA polymerase were
purchased from Sigma. Proteins were labeled in a solution containing
�1 mgmL�1 of protein and 1 mg of succinimide ester fluorescent probe
(Molecular Probes) dissolved in anhydrous DMF in 0.1m sodium bicar-
bonate pH 8.8 buffer, as recommended by the manufacturer. Reaction
mixtures were incubated for at least 2 h and were then quenched by addi-
tion of 100 mm ethanolamine. To remove the uncoupled fluorescent
probe, the solution was loaded onto a Sephadex G25 size exclusion
column. Fractions that contained labeled protein were placed in a buffer
that contained 50 mm Tris¥HCl and 20% glycerol. Proteins were stored at
�20 8C until use.


Preparation of glass slides : GAPS II amine-coated slides (Corning, NY)
were placed in a solution containing 10 mm disuccinimide (PEG or car-
bonate) linker and 100 mm N,N’ diisopropylamine in DMF. BSA-coated
slides were prepared by incubation of slides previously treated with dis-
uccinimde carbonate linker with a solution containing BSA (1%) in
sodium bicarbonate buffer (pH 8.8, 100 mm) for 12 h. After BSA had
been covalently attached to the surface, the slides were then again treat-
ed with N,N’-disuccinimidyl carbonate as described above. Slides were re-
moved from the linker solution and washed several times with ethanol or


methanol, dried, and stored in vacuum. Aldehyde slides were purchased
from Arayit Brand Products and were arrayed as described for DNA.[36]


Aminoglycosides were spatially arrayed onto glass slides by use of an au-
tomated arraying robot (MicroGrid II, Biorobotics) in an aqueous solu-
tion of DMF (25% v/v). Each spot on the slide contained �2 nL. After
arraying, the slides were incubated in a humidity chamber overnight at
room temperature. Aminoglycosides that had not reacted with the slides
were washed away from the slides with water. Unreacted succinimide
esters on the slides were quenched by placing the slides in a solution of
ethanolamine (100mm) and N,N-diisopropylamine (100 mm) in DMF for
at least 3 h at room temperature. Slides were then finally washed several
times with water and ethanol and stored under vacuum until use.


Hybridization of RNAs and proteins : The RNA oligonucleotides that are
mimics of the rRNA A-site were refolded by placing the oligonucleotides
in a buffer (pH 7.4) containing NaCl (200mm) and Hepes (20 mm) and
heating the solution to 60 8C for 5 min, followed by slow cooling to room
temperature, as previously described.[26, 39] Oligonucleotides were then
placed on the slide (100 pmol) in a volume of 10 mL. A glass cover slip
was placed over the slide to allow the solution to be distributed evenly.
Arrays were incubated at room temperature for 1 h. To remove unbound
oligonucleotide, chips were placed in a solution containing hybridization
buffer, with or without Tween 20 (0.1%) as supplement, for at least
5 min. Slides were removed from the buffer, briefly dipped in water, and
centrifuged to dryness, and the backs of the slides were cleaned with
70% ethanol. Slides were scanned by use of an Array WorX fluorescent
chip scanner and quantified with Molecular Ware software.


For slides incubated with the C. albicans ribozyme, ribozyme was refold-
ed as described, by heating the ribozyme in 1X H10Mg buffer (50mm


Hepes, 135mm KCl, and 10mm MgCl2, pH 7.5) for 10 min at 55 8C, fol-
lowed by slow cooling to room temperature.[30] Chips were incubated
with 10 picomoles of ribozyme for 1 h at room temperature. After incu-
bation, slides were placed in a solution containing 1X TBE with 1=10000 di-
luted SYBR green II nucleic acid stain (Molecular Probes) for �2 min to
stain the bound RNA.[36,37] Slides were then washed in TBE buffer with
Tween 20 (0.1%) for 5 min, briefly rinsed with water, dried, scanned, and
quantified as described above.


For experiments with proteins, the protein was placed onto the slides in a
buffer containing Tris¥HCl (pH 7.5, 50mm), 2-mercaptoethanol (0.1%),
NaCl (50mm), and Tween 20 (0.01%). Slides were incubated for 1 h at
room temperature, and unbound protein was removed from the slides by
incubating them in same buffer as above, plus an additional 0.1%
Tween 20, for 5 min. For experiments with DNA polymerase, slides were
briefly incubated in hybridization buffer to remove unbound protein.


Analysis of the array data : Slides were scanned with an Array WorX flu-
orescent chip scanner and quantified by use of Molecular Ware software.
The amount of signal was determined from the spot-normalized intensity.
This was chosen because it corrects for the amount of signal that is out-
side of the spot area, thus normalizing data for noise. Data presented are
the average of 18 spots, two sets of nine spots on the same array. Errors
are the standard deviations for each measurement.
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Heavy Alkaline Earth Metal Pyrazolates: Synthetic Pathways, Structural
Trends, and Comparison with Divalent Lanthanoids


Julia Hitzbleck,[a, b] Anna Y. O×Brien,[a] Craig M. Forsyth,[b] Glen B. Deacon,*[b] and
Karin Ruhlandt-Senge*[a, b]


Introduction


The chemistry of calcium, strontium, and barium can be
compared with that of the divalent rare earth metals, due to
close similarities in the size/charge ratio for Eu2+ , Sm2+/Sr2+


and Yb2+/Ca2+ .[1] Indeed, the size relationship between Sr2+


and Eu2+ results in the frequent presence of europium in
Group 2 minerals.[2] Despite the charge difference, Ca2+ can
be replaced in some biological functions by Ln3+ , a factor of


importance in biochemistry,[3] but LnII compounds are unsta-
ble under biological conditions.


This analogy has been little pursued and, apart from the
well-developed cyclopentadienide chemistry,[4] few other
molecular compounds have been prepared with identical
ligand and donor sets to allow the direct comparison of their
synthetic and structural chemistry.[5] However, Ca, Sr, and
Ba have been shown to react with 2,6-diphenylphenol
(HOdpp) at elevated temperatures yielding [M(Odpp)2]2,


[6a]


analogous to the syntheses of their divalent Yb and Eu
counterparts.[6b] Similar structural motifs were observed for
the calcium and ytterbium derivatives and for the strontium
and europium species, though there were differences in the
coordination modes of the pendant phenyl groups.[6]


Pyrazolates, intensively investigated for the rare earth
metals,[7±13] allow a direct comparison between the two
groups of metals, both in terms of synthetic methods and
structural features. The steric bulk of the pyrazolate ligand
can be varied by ring substitution, thus providing a set of li-
gands in which steric demand and electronic properties can
be easily modulated.[7±13] This variation has important impli-
cations on solubility and association, with critical conse-
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Abstract: Two series of heavy alkaline
earth metal pyrazolates,
[M(Ph2pz)2(thf)4] 1a±c (Ph2pz=3,5-di-
phenylpyrazolate, M=Ca, Sr, Ba;
THF= tetrahydrofuran) and
[M(Ph2pz)2(dme)n] (M=Ca, 2a, Sr, 2b,
n=2; M=Ba, 2c, n=3; DME=1,2-di-
methoxyethane) have been prepared
by redox transmetallation/ligand ex-
change utilizing Hg(C6F5)2. Compounds
1a and 2b were also obtained by redox
transmetallation with Tl(Ph2pz). Alter-
natively, direct reaction of the alkaline
earth metals with 3,5-diphenylpyrazole
at elevated temperatures under sol-
ventless conditions yielded compounds
1a±c and 2a±c upon extraction with
THF or DME. By contrast,


[M(Me2pz)2(Me2pzH)4] 3a±c (M=Ca,
Sr, Ba; Me2pzH=3,5-dimethylpyra-
zole) were prepared by protolysis of
[M{N(SiMe3)2}2(thf)2] (M=Ca, Sr, Ba)
with Me2pzH in THF and by direct
metallation with Me2pzH in liquid
NH3/THF. Compounds 1a±c and 2a±c
display h2-bonded pyrazolate ligands,
while 3a,b exhibit h1-coordination.
Complexes 1a±c have transoid Ph2pz li-
gands and an overall coordination
number of eight with a switch from


mutually coplanar Ph2pz ligands in
1a,b to perpendicular in 1c. In eight
coordinate 2a,b the pyrazolate ligands
are cisoid, whilst 2c has an additional
DME ligand and a metal coordination
number of ten. By contrast, 3a,b have
octahedral geometry with four h1-
Me2pzH donors, which are hydrogen-
bonded to the uncoordinated nitrogen
atoms of the two trans Me2pz ligands.
The application of synthetic routes ini-
tially developed for the preparation of
lanthanoid pyrazolates provides de-
tailed insight into the similarities and
differences between the two groups of
metals and structures of their com-
plexes.


Keywords: alkaline earth metals ¥
coordination modes ¥ lanthanides ¥
N ligands ¥ structure elucidation ¥
synthetic methods
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quences for volatility and potential application in
MOCVD.[14]


Alkaline earth metal pyrazolates have so far been limited
to a handful of magnesium[15,16] and calcium[17] derivatives,
as well as [{Ba(Me2pz)2}n],


[18a] [Ba{(Me2pz)3Ge}2]¥0.5diox-
ane,[18a] and [Ba6(thf)6(Me2pz)8{(OSiMe3)2O}2].


[18b] The calci-
um and magnesium compounds have played a pivotal role
in establishing that h2-coordination,[19] for many years re-
stricted to f-block elements,[7,20] can be observed for both
main group[16,17,18b,21] and d-block elements.[22]


The main synthetic route to the target compounds has
been metathesis from the Group 2 halides (Mg, Ca) and po-
tassium pyrazolates (Table 1, Method 1).[17] However, the
need to prepare the air-sensitive potassium pyrazolate, com-
bined with the low solubility and high cost of anhydrous
CaBr2 prompted us to investigate syntheses from the free
metals, as developed for rare earth elements.[23] Some sup-
port for the viability of this approach has been provided by
the preparation of [Ba(Me2pz)2] and [Ba6(thf)6(Me2pz)8{(O-
SiMe3)2O}2] by prolonged reactions of Ba metal with 3,5-di-
methylpyrazole in refluxing THF.[18]


We now report multiple synthetic approaches towards
heavy Group 2 3,5-diphenyl- and 3,5-dimethylpyrazolates
with particular emphasis on metal-based reactions, transami-
nation, and direct metallation with ammonia-activated
metals. The last two have previously been used in alkaline
earth chemistry.[24] Of particular interest in the structures of
the products is the variation resulting from different metal
sizes and donors, providing insight into the preferred metal
coordination.


Results and Discussion


Synthetic chemistry : Five routes to heavy alkaline earth
metal pyrazolates have been devised (Methods 2±6,
Table 1).


Heavy alkaline earth metals react smoothly with 3,5-di-
phenylpyrazole in THF or DME at room temperature if the
organomercurial Hg(C6F5)2 is added (Method 2, Table 1) af-
fording compounds [M(Ph2pz)2(thf)4] (M=Ca, Sr, Ba) 1a±c
and [M(Ph2pz)2(dme)n] (n=2, M=Ca, Sr; n=3, Ba) 2a±c in
good yield and purity. The organomercurial is considered to


initially react with the alkaline earth metal to form the orga-
nometallic derivative [redox transmetallation, M=Ca, Sr,
Ba; Eq. (1)], which then reacts with the weakly acidic[25] pyr-
azole through ligand exchange [Eq. (2)]. Related chemistry
with ytterbium has established the intermediate formation
of Yb(C6F5)2.


[23]


MþHgðC6F5Þ2 ! MðC6F5Þ2 þHg ð1Þ


MðC6F5Þ2 þ 2 Ph2pzH ! MðPh2pzÞ2 þ 2HC6F5 ð2Þ


The presence of the organomercurial is crucial, since
barium, the most reactive alkaline earth metal, reacted only
incompletely under the same reaction conditions with 3,5-di-
phenylpyrazole if the mercurial was absent.


Direct metallation can be achieved under solventless con-
ditions (Method 3, Table 1) if the reactants are heated to
250±300 8C. Added mercury is not needed, but is required to
afford a smooth reaction with the lanthanoids.[11] This obser-
vation is consistent with the greater electropositive character
of the alkaline earth metals. Extraction of the reaction prod-
ucts with the appropriate donor solvent afforded compounds
1a±c and 2a±c.


A further route to the representative pyrazolate target
compounds 1a, 2b, namely, redox transmetallation between
thallium 3,5-diphenylpyrazolate[12,26] and Ca or Sr
(Method 4, Table 1) was successful and parallels the analo-
gous preparation of divalent rare earth derivatives.[12, 13]


Ammonia activation of the alkaline earth metals[27] allows
their direct reaction with the weakly acidic 3,5-dimethylpyr-
azole, affording compounds [M(Me2pz)2(Me2pzH)4] (M=


Ca, Sr, Ba) 3a±c in good yield and purity (Method 5,
Table 1). Consistent with the relative reactivity of the
metals, barium reacts very rapidly whilst calcium is slower.
However, the reproducibly obtained colorless crystals of the
barium compound 3c decomposed immediately upon re-
moval of the mother liquor, preventing detailed characteri-
zation. A 1H NMR spectrum of the powdered product sug-
gests that the composition is [Ba(Me2pz)2(Me2pzH)4] 3c,
analogous to 3a and 3b, as do IR spectral similarities.


Transamination (Method 6, Table 1), entailing the reaction
of 3,5-dimethylpyrazole with alkaline earth metal bis[bis(tri-
methylsilyl)]amides yielded compounds 3a±c in good purity


Table 1. Synthetic routes towards alkaline earth metal pyrazolates.


Method Synthetic route Products


1[a] CaBr2+2KtBu2pz THF
��![Ca(tBu2pz)2(thf)2] (4a)+2KBr nL; hexane


�2THF
�����![Ca(tBu2pz)2Ln] 4a±f [17]


2[b] M+Hg(C6F5)2+2Ph2pzH donor solvent
RT


������![M(Ph2pz)2(donor)n]+Hg+2C6F5H 1a±c, 2a±c [e]


3[b] M+2Ph2pzH 1Þ 250�300 oC
2Þ donor solvent
�������![M(Ph2pz)2(donor)n]+H2 1a±c, 2a±c [e]


4[c] M+2 [Tl(Ph2pz)] donor solvent
1ÞD; 2ÞRT
������![M(Ph2pz)2(donor)n]+2Tl 1a, 2b [e]


5[d] M+6MepzH THF;NH3ðlÞ
RT


������![M(Me2pz)2(Me2pzH)4]+H2 3a±c [e]


6[d] [M{N(SiMe3)2}2(thf)2]+6Me2pzH THF
RT
��![M(Me2pz)2(Me2pzH)4]+2HN(SiMe3)2 3a±c [e]


[a] L=pyridine, n=3 4b ; TMEDA, n=1 4c ; PMDTA, n=1 4d ; triglyme, n=1 4e ; tetraglyme, n=1 4 f. [b] M=Ca, Sr, Ba; donor solvent=THF, DME.
[c] M=Ca, Sr; donor solvent=THF, DME. [d] M=Ca, Sr, Ba. [e] This work.
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but low yield. Curiously, compounds 3a±c are best obtained
from a reactant ratio 2.5:1, explaining the low yields. In-
creasing the ratio led to the precipitation of free pyrazole
and impure products.


Isolation of crystallographically characterized
[M(Ph2pz)2(thf)4] 1a±c contrasts the inability to crystallize
[Ca(tBu2pz)2(thf)2] 4a,[17] the THF complexes of
[M(Me2pz)2] (M=Ca,[17] Ba[18a]), and the corresponding
THF complexes of LnII diphenylpyrazolates,[12, 13] possibly
owing to facile desolvation. Nevertheless, some loss of coor-
dinated donors occurred for most of the present complexes:
compounds 1a±c, 3c desolvate at room temperature, com-
pounds 2a±c on heating, and 3a,b showed loss of Me2pzH
upon heating under vacuum. Thus, the THF adduct 1a
partly desolvates upon removal of the solvent, affording
[Ca(Ph2pz)2(thf)3.5] (1a*) as indicated by microanalysis and
metal analysis. Evaporation of THF solutions of 1c affords
[Ba(Ph2pz)2(thf)3] (1c#) as indicated by metal analysis soon
after isolation. The compound completely desolvates into
[Ba(Ph2pz)2] (1c≤) on further standing as revealed by subse-
quent microanalysis.


As complexes 1a±c are only sparingly soluble in benzene,
NMR data were obtained from solutions of the complexes
in [D8]THF, negating determination of the THF/Ph2pz ratio,
but suitable solubilities enabled confirmation of the donor/
Ph2pz or Me2pz ratio for 2a±c and 3a,b. As the spectra of
2a±c are simpler than expected if the solid state structures
were maintained in solution, some dynamic processes for ex-
ample, rapid reversible dissociation of DME, are likely. The
IR spectra of the bulk samples showed the expected absorp-
tions for the ligands and coordinated donors,[28] and verified
that no 3,5-diphenylpyrazole was present as an impurity in
1a±c and 2a±c. On the other hand, a n(N�H) absorption at-
tributable to coordinated Me2pzH was observed near
3200 cm�1 for 3a±c. It is not possible to compare the NMR
spectra of 2a±c with those of cis-[Ln(Ph2pz)2(dme)2] (Ln=
Yb[12] or Sm[13]), because of the solubility-driven solvent mis-
match and Sm paramagnetism. However, the spectrum of
the Yb complex in C4D8O, in which presumably
[Yb(Ph2pz)2(C4D8O)4] is formed, shows Ph2pz resonances
comparable with those of 1a±c.


Comparison with syntheses of lanthanoid(ii) pyrazolates :
Successful syntheses of alkaline earth pyrazolates by metal-
based reactions (Methods 2±4, Table 1) previously used for
lanthanoid pyrazolates support the concept of close analo-
gies in their chemistry, but there are differences in the de-
tails. Thus redox transmetallation/ligand exchange between
a Ln metal, Hg(C6F5)2, and a pyrazole, widely used to pre-
pare lanthanoid(iii) pyrazolates,[7±11,29] is applicable and ef-
fective for the alkaline earth metal derivatives (1a±c, 2a±c ;
Method 2). However, this method cannot be utilized to pre-
pare lanthanoid(ii) 3,5-diphenylpyrazolates, which require
the use of the less oxidizing HgPh2.


[12,13] The direct metal/
pyrazole reaction, successfully used for a variety of homo-
leptic lanthanoid pyrazolates,[10a,11,30] yielded products 1a±c,
2a±c in good yields (Method 3) after an extraction with
THF or DME. Redox transmetallation with thallium pyrazo-
lates developed specifically for lanthanoid(ii) pyrazo-


lates[12,13] was found equally applicable for 1a, 2b
(Method 4). Overall there is good evidence that Ca, Sr, Ba
react more readily with pyrazoles than the rare earth metals.


Compounds 3a±c were prepared using methods common-
ly used for the alkaline earth metals (Method 5 and 6
Table 1).[24] The successful use of liquid ammonia to prepare
compounds 3a±c (Method 5), prompted attempts to prepare
divalent lanthanoid pyrazolates,[31] as also indicated by the
previous preparation of EuII and YbII cyclopentadienides
and phenolates.[32] Protolysis of silylamides as used for 3a±c
(Method 6, Table 1) provided the synthetically evasive
[Sm(Ph2pz)2(dme)2],


[13] and is a standard route to lanthanoid
organoamides, alkoxides and aryloxides.[33]


Structural aspects: Low-temperature single-crystal X-ray
structure determinations have been carried out for 1a±c,
2a±c, 3a,b. Details of the crystallographic data are provided
in the Experimental Section. Representative examples of
the crystallographically different structures are shown in
Figures 1±5 and selected bond lengths and angles are pre-
sented in Tables 2±4. All compounds are monomeric and


Figure 1. Computer-generated plot of 1a with anisotropic displacement
parameters depicting 50% probability. The hydrogen atoms have been
omitted for clarity.


Table 2. Selected bond lengths [ä] and angles [8] of THF adducts 1a±c.


1a 1b 1c


M�N(11) 2.470(2) 2.539(3) 2.795(5)
M�N(12) 2.430(2) 2.639(3) 2.736(5)
M�N(21) 2.393(2) 2.587(3) 2.813(5)
M�N(22) 2.532(2) 2.573(3) 2.749(5)
M�O(3) 2.494(2) 2.613(3) 2.744(4)
M�O(4) 2.460(2) 2.614(3) 2.756(4)
M�O(5) 2.479(2) 2.591(3) 2.734(4)
M�O(6) 2.502(2) 2.578(3) 2.710(4)


N(11)-M-N(12) 32.43(6) 30.69(9) 28.5(2)
N(21)-M-N(22) 32.18(6) 30.73(9) 28.6(2)
N(11)-M-N(21) 125.72(7) 126.54(9) 162.2(2)
N(12)-M-N(22) 169.58(7) 171.75(9) 156.4(2)
O(3)-M-O(4) 74.87(6) 75.74(9) 93.8(1)
O(4)-M-O(5) 80.59(6) 131.38(9) 84.4(1)
O(5)-M-O(6) 74.56(7) 74.25(9) 87.5(1)
O(6)-M-O(3) 130.51(6) 79.36(9) 94.2(1)
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display one crystallographic independent molecule with the
exception of 2c, in which three independent molecules have
been observed. The THF adducts 1a and 1b are isomor-
phous, whereas compounds 2a and 2b, and 3a and 3b are
isostructural.


The monomeric, eight coordinate THF adducts 1a±c show
a transoid orientation of two h2--3,5-diphenylpyrazolate li-
gands with four THF donors in equatorial positions
(Figure 1, Table 2). For compounds 1a,b the metal sits in a
plane generated by the pyrazolate rings, and the phenyl
groups are almost coplanar with the pyrazolate ring (maxi-
mum torsion angle Ph�pz 188). One ligand binds almost
symmetrically (D(M�N) 0.014±0.040 ä, Table 2), while the
second is more asymmetrical (D(M�N) 0.100±0.139 ä), re-
sulting in a slight twist of the pyrazolate ligands towards
each other. The O-M-O angles between adjacent THF
donors range from 74.25(9)8 to 131.38(9)8. If each pyrazo-
late ligand is considered attached through the center of the
N�N bond (bite angles 30.69(8)±32.46(6)8), the coordination
environment can be described as distorted octahedral with a
trans angle (cen(N-N)-M-cen(N-N)) of 158.308 (1a), 157.448
(1b). The M�O(thf) distances (Table 2) are in the expected
range,[17,24a] for example, 1a 2.460(2)±2.502(2) ä, and display


very similar values relative to the eight-coordinate [Ca-
(tBu2pz)2(triglyme)] 4e (2.470(3)±2.544(2) ä).[17] The M�
O(N) bond lengths differ by an amount similar to the differ-
ences between the ionic radii for eight-coordinate Ca2+ and
Sr2+ .[1]


In contrast, the DME complexes 2a and 2b display a
cisoid orientation of the pyrazolate ligands with capping
DME molecules (Figure 2, Table 3). Again, the phenyl rings
are almost coplanar with the pyrazolate rings with a maxi-
mum twist out of plane of 23.78. The average M�N distances
in 2a (2.398(8) ä) and 2b (2.55(1) ä) are shorter than in 1a


(2.456(8) ä) and 1b (2.59(1) ä), reflecting the reduced
steric demand of two DME ligands as compared to four
THF donors.[34] Both complexes show quite symmetrical
chelation (D(M�N) 0.003±0.086 ä) and a (cen(N-N)-M-
cen(N-N)) angle of 100.928 (2a) and 101.818(2b) reflecting
the cisoid ligand geometry. The chelation of the DME
donors is quite symmetrical with D(M�O) distances of
0.051±0.060 ä. The bond length differences between 2a and
2b resemble the difference in corresponding ionic radii.


Whilst the barium derivative 1c is eight coordinate, 2c is
ten coordinate with one more DME ligand than 2a,b. The
higher coordination number can be accommodated by the
larger size of Ba2+ than Sr2+ (D=0.16 ä). In 1c and 2c the
relative dispositions of the h2-pyrazolate ligands (Figures 3


Figure 2. Computer-generated plot of 2b with anisotropic displacement
parameters depicting 50% probability. The hydrogen atoms have been
omitted for clarity.


Table 3. Selected bond lengths [ä] and angles [8] of DME adducts 2a±c.


2a 2b 2c


M�N(11) 2.384(2) 2.547(3) 2.755(3)
M�N(12) 2.396(2) 2.566(3) 2.774(4)
M�N(21) 2.448(2) 2.542(3) 2.796(4)
M�N(22) 2.362(2) 2.539(3) 2.735(4)
M�O(31) 2.447(2) 2.633(3) 2.935(4)
M�O(32) 2.507(2) 2.579(3) 2.811(3)
M�O(41) 2.506(2) 2.651(3) 3.019(3)
M�O(42) 2.449(2) 2.600(3) 2.852(3)
M�O(51) 3.073(3)
M�O(52) 2.856(3)


N(11)-M-N(12) 33.40(6) 31.33(9) 28.74(9)
N(21)-M-N(22) 33.13(6) 31.31(9) 28.60(10)
N(11)-M-N(21) 98.35(7) 97.13(9) 126.43(11)
N(12)-M-N(22) 99.41(7) 96.34(9) 88.21(11)
O(31)-M-O(32) 66.93(6) 64.05(9) 55.36(11)
O(41)-M-O(42) 67.13(5) 63.11(9) 55.69(10)
O(51)-M-O(52) 54.33(8)
O(31)-M-O(41) 75.66(5) 89.69(9) 66.30(10)
O(32)-M-O(42) 75.95(6) 79.26(9) 118.46(11)
O(31)-M-O(51) 114.57(9)
O(32)-M-O(52) 149.39(10)
O(41)-M-O(51) 61.65(9)
O(42)-M-O(52) 73.29(11)


Figure 3. Computer-generated plot of 1c with anisotropic displacement
parameters depicting 50% probability. The hydrogen atoms have been
omitted for clarity.
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and 4) are changed from 1a,b 2a,b (Figures 1 and 2) and are
now mutually perpendicular. In 1c, there is a trans cen(N-
N)-Ba-cen(N-N) angle of 176.978 (cf. 157±1598 for 1a,b) and
near octahedral BaO4(cen)2 geometry. The four THF mole-
cules are near square planar (908�58 between adjacent
oxygen atoms) with very similar M�O bond lengths (2.73�
0.02 ä). The reduced steric demand of the perpendicular
ligand orientation allows the phenyl rings to be closer to co-
planarity with the pyrazolate ring (maximum torsion angle
118 1c, 158 2c) than in 1a and 2a. This feature is associated
with quite symmetrical h2-Ph2pz coordination with hBa�Ni
of 2.77�0.04 ä in 1c and 2.77�0.03 ä in 2c, despite the
difference of two in coordination number. In cisoid 2c, the
perpendicular orientation of the Ph2pz ligands leaves a gap
for coordination of an additional DME. The other two
DME donors are cisoid, forming the base of a distorted
square antiprism, with the third DME and the centers of the
N�N bonds of the pyrazolate ligands occupying the top face.
The M�O bond lengths of the basal cis DME donors are
more asymmetric (2.95�0.12 ä) than observed for the third
DME between the cis-pyrazolates (2.91�0.03 ä). Thus the
Ba�O distances increase markedly (ca. 0.2 ä) from 1c to
2c, more than expected (ca. 0.1 ä) from the increase in co-
ordination number, perhaps as compensation for the unex-
pected similarity in Ba�N bond lengths between the com-
pounds.


In complexes 3a and 3b the 3,5-dimethylpyrazolates are
arranged in a symmetry required trans orientation (Figure 5,
Table 4). The dimethylpyrazole donors are located in the
equatorial plane with N-Ca-N angles of 83.32±96.688. In 3a,
the calcium atom is in a position of 2/m symmetry. Accord-
ingly, only one pyrazole is symmetry independent with a
single Ca�N distance of 2.505(1) ä. The apical h1-binding
pyrazolates have a significantly shorter Ca�N(11) bond
(2.447(1) ä), reflecting the effect of charge. The nonbonding


Ca¥¥¥N(12) distance of the pyrazolate ligand is 0.89 ä longer,
a difference similar to the bonding and nonbonding nitrogen
atoms of the h1-Me2pz ligand in [Nd(h2-Me2pz)2(h


1-Me2pz)-
(Me2pzH)2(py)] (0.83 ä)[10a] and the h1-tBu2pz ligand in
[Mg(h1-tBu2pz)2(tBu2pzH)2] (5a ; 0.70 ä).[15] Thus, h1-binding
of the Me2pz ligand is clearly indicated. The Me2pzH donors
form intramolecular hydrogen bonds to the uncoordinated
N(12) of the pyrazolates, stabilizing the h1-binding mode
and thereby preventing h2-coordination. There is a close
contact (N(22)�H(22)¥¥¥N(12)#1 2.01(2) ä, 156(2)8) of two
pyrazole rings to each pyrazolate, so that the non-coordinat-
ed pyrazolate nitrogen atom (N(12)) is held in a hydrogen-
bonding embrace analogous to [Nd(h2-Me2pz)2(h


1-Me2pz)-


Figure 4. Computer-generated plot of 2c with anisotropic displacement
parameters depicting 50% probability. The hydrogen atoms have been
omitted for clarity.


Figure 5. Computer-generated plot of 3b with anisotropic displacement
parameters depicting 50% probability. The hydrogen atoms not involved
in hydrogen-bonding have been omitted for clarity.


Table 4. Selected bond lengths [ä] and angles [8] of pyrazole adducts
3a,b.[a]


3a 3b


M�N(11) and #1 2.447(2) 2.622(2)
M�N(21) 2.505(1) 2.652(2)
M�N(31) 2.675(1)


N(22)-H(22)¥¥¥N(12)#1 2.01(2) 2.02(2)
N(32)-H(32)¥¥¥N(12)#1 2.06(3)
N(11)-M-N(11)#1 180.0(0) 180.0(0)
N(21)-M-N(21)#1 180.0(0) 180.0(0)
N(11)-M-N(21) 97.06(4) 83.85(5)
N(11)-M-N(31) 96.14(5)
N(11)-M-N(21)#1 82.94(4) 96.15(5)
N(21)-M-N(31) 78.84(4)
N(21)-M-N(31)# 101.16(4)
N(21)#1-M-N(21)#2 83.32(6)
N(21)#1-M-N(21)#3 96.68(6)
N(22)-H(22)¥¥¥N(12)#1 156(2)
N(22)-H(22)¥¥¥N(12) 161(2)
N(32)-H(32)¥¥¥N(12)#1 161(2)


[a]: # symmetry generated atoms: 3a: #1: �x, �y+1, �z+1; #2: y�1/2,
x+1/2, �z+1; #3 �y+1/2, �x+1/2, z ; 3b: #1: �x+1, �y+1, �z+1.
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(Me2pzH)2(py)].[10a] While the apical pyrazolates have a
symmetry required 1808 N-Ca-N angle, the pyrazole rings
describe a dihedral angle of 50.58 with the equatorial plane
enabling the hydrogen-bonding of pairs of pyrazole rings to
N(12).


A similar arrangement is observed in 3b with the stronti-
um metal located on an inversion center and the h1-Ph2pz li-
gands in a symmetry enforced 1808 trans orientation. The
four pyrazole donors are symmetry related in pairs with
78.84(4)8 and 101.16(4)8 angles in the equatorial plane and
Sr�N distances of 2.652(1) and 2.675(1) ä, compared with
the shorter Sr�N(Me2pz) distance 2.622(2) ä. In this case,
the difference between the Sr�N(11) bond length and the
non-bonding Sr¥¥¥N(12) separation (0.84 ä), clearly indicates
h1-pyrazolate coordination. The differences between the cor-
responding Ca�N and Sr�N bond lengths (0.155±0.170 ä)
closely approach the difference (D=0.18 ä) between the
ionic radii of six-coordinate metal centers. Again, there is
evidence for hydrogen-bonding: N(22)�H(22)¥¥¥N(12)
2.02(2) ä, 161(2)8 and N(32)�H(32)¥¥¥N(12)#1 2.06(3) ä,
161(2)8. The pyrazole rings are again tilted away from the
equatorial plane in a 54.6(1)8 dihedral angle to allow for the
chelation of the N�H(22), N�H(32) bonds to N(12) of the
pyrazolate. Conceivably the instability of compound 3c
arises from less effective hydrogen-bonding, owing to longer
metal-nitrogen bonds.


Structural overview and comparison with lanthanoid(ii) pyr-
azolates: Even though the structures of 1a±c have currently
no lanthanoid(ii) counterparts, it is plausible that the as yet
uncrystallized Ln=Yb, Eu analogues will have similar struc-
tures as the isomorphous 1a,b. Comparison of the structural
features of 2a±c and the [Ln(Ph2pz)2(dme)2] series reveals
both similarities and surprises. For M=Ca 2a, Sr 2b, and
Ln=Yb 5a, the complexes all have cisoid eight-coordinate
metal environments; however, 2b, and not the expected 2a,
is isomorphous with the Yb complex. In contrast, for Ln=
Eu eight-coordinate transoid geometry is observed despite
the similar Eu2+ and Sr2+ ionic radii,[1] but 2b is isostructur-
al with [Sm(Ph2pz)2(dme)2] 5b


[13, 35] (Sm2+ is 0.02 ä larger
than Eu2+). After allowance for the difference in ionic
radii[1] the M�N bond lengths in 2a,b and the
[Ln(Ph2pz)2(dme)2] (Ln=Yb, Eu, Sm) analogues are almost
identical, but with significantly increased Ln�O values
(0.03 ä).


The ionic radii of eight and ten coordinate Ba2+ ions are
1.42 and 1.52 ä, respectively,[1] approximately 0.07 ä larger
than corresponding radii of La2+ (estimated from extrapola-
tion of Shannons data[1]), the largest possible divalent lan-
thanoid. Thus, the value of the barium structures as a guide
to predict structures in theoretical La2+ , Ce2+ , and Pr2+


compounds is limited.
At first sight the difference in coordination number be-


tween 1c (CN=8) and 2c (CN=10) seems surprising. The
sum of the steric coordination numbers[34] (StCN) of the li-
gands is 8.2 for 1c and 8.8 for 2c. The last is comparable
with 8.7 observed for the nine-coordinate [Nd(Ph2pz)3(thf)3],
though the appropriate Nd3+/Ba2+ radii differ by 0.36 ä


(Ph2pz� is estimated to have a steric coordination number of
1.7 from cone angle data for the ligand).[36] A nine-coordi-
nate [Ba(Ph2pz)2(thf)5] would have a less sustainable �StCN
of 9.4. Conversely, removal of one DME from 2c gives
�StCN of 7.0 (as for 2a,b), resulting in reduced steric satu-
ration for the large Ba2+ . For 3a,b, the sum of the steric co-
ordination numbers of the ligands is 8.2, if the value for
Me2pzH is considered similar to that of h1-3,5-dimethylpyra-
zolate (1.37).[25b] However the somewhat larger M�
N(Me2pzH) than M�N(Me2pz) bond length could suggest a
slightly lower value (1.30) for h1-Me2pzH leading to a
�StCN of 7.9. These values are similar to 8.2 for 1a±c, but
are much higher than for 2a,b (7.0). If the Me2pz ligands
were h2-bonded, �StCN would increase by about 0.3, result-
ing in a less favorable arrangement. In any case, h2-bonding
is prevented by the hydrogen-bonding of the uncoordinated
nitrogen.


Compounds 3a,b can be compared with [Mg(tBu2pz)2-
(tBu2pzH)2] 5a,


[15] in which intramolecular hydrogen bonds
between the NH of the pyrazole ligands and unbound pyra-
zolate nitrogens, prevents the expected h2-coordination of
the ligand as seen in other magnesium pyrazolates.[16] The
much smaller size of four coordinate Mg2+ than Ca2+ in ad-
dition to the higher steric demand of the tBu2pz than
Me2pz[34,25b] results in tetrahedral coordination of magnesium
compared with the octahedral 3a,b.


Conclusion


This work demonstrates that free-metal syntheses as devel-
oped for the rare earth metals can be applied to the heavy
alkaline earth metals. Direct metal/pyrazole reactions dem-
onstrate enhanced reactivity for the latter, underscoring the
increased electropositive character and reactivity of the al-
kaline earth metals. With a range of syntheses now available
for Ca±, Sr±, and Ba±pyrazolates, exploration of their poten-
tial as precursors for solid-state applications is now possible.
Structural analogies between alkaline earth and rare earth
metals based on size occur but have limitations. They pro-
vide a basis for suggesting that trans-[Ln(Ph2pz)(thf)4] (Ln=
Yb, Eu) complexes may be isolable despite past difficul-
ties.[12,13]


Experimental Section


General Procedures : The compounds described above are extremely air
and moisture sensitive requiring all manipulations to be carried out in an
inert atmosphere (purified nitrogen) by using Schlenk-line and glove box
techniques. THF and hexane were distilled from sodium/potassium alloy
and degassed in two freeze-pump-thaw cycles; other handling methods
and solvent purification have been reported previously.[37]


IR data (4000±650 cm�1) were obtained for Nujol mulls sandwiched be-
tween NaCl plates with a Perkin±Elmer 1600 or Perkin±Elmer Paragon
FTIR spectrometer. 1H and 13C NMR spectra were recorded on Bruker
Avance spectrometers (300 MHz, 25 8C). The chemical shifts were refer-
enced to the residual solvent signals. [D6]benzene and [D8]THF were
dried over sodium/potassium alloy, and were then vacuum-transferred
and stored under purified nitrogen. Alkaline earth metal analyses were
performed by direct EDTA titration with Eriochrome Black T indica-
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tor[38] (in the presence of Mg±EDTA) of solutions prepared by digestion
of accurately weighted samples in concentrated HNO3 or aqua regia fol-
lowed by dilution with water and adjusting the pH with NH4OH/NH4Cl
buffer to pH 11. Microanalyses for samples sealed in glass ampoules
under nitrogen were determined by the Campbell Microanalytical Serv-
ice, University of Otago, New Zealand. Melting points were obtained in
capillaries sealed under nitrogen and are uncalibrated. Alkaline earth
metals were standard commercial turnings or granules (99%), Sr, Ba
being under oil. Ammonia was dried by treatment with sodium, and was
then condensed into the reaction vessel. 3,5-Dimethylpyrazole was ob-
tained commercially, 3,5-diphenylpyrazole,[39] bis(pentafluorophenyl)mer-
cury(ii),[40] thallium-3,5-diphenylpyrazolate,[12] calcium,[41] strontium,[41]


and barium[41] bis[bis(trimethylsilyl)]amide[bis(tetrahydrofuran)] com-
plexes were prepared according to literature procedures.


General procedure for syntheses of compounds 1a±c, 2a±c by Method 2
(Table 1): 3,5-Diphenylpyrazole (0.88 g, 4.0 mmol), bis(pentafluorophe-
nyl)mercury(ii) (1.07 g, 2.0 mmol) and excess alkaline earth metal (Ca,
Sr, Ba; 0.41 g, 0.88 g, 1.37 g; 10 mmol) were stirred in THF or DME
(40 mL) for 1±2 days at room temperature. The gray suspension was al-
lowed to stand for several hours until the metal powder settled out. The
reaction mixture was then filtered by using a filter cannula, concentrated,
layered with hexane, and stored at �20 8C. Colorless crystals suitable for
X-ray diffraction formed within a few days. The formation of C6F5H in a
representative reaction was demonstrated by 19F NMR spectroscopy.


General procedure for syntheses of compounds 1a±c, 2a±c by Method 3,
(Table 1): 3,5-Diphenylpyrazole (0.11 g, 0.50 mmol, 1a±c ; 0.88 g,
4.0 mmol, 2a±c), and an excess of alkaline earth metal (Ca, Sr, Ba;
0.08 g, 0.18 g, 0.27 g; 2.0 mmol, 1a±c ; 0.41 g, 0.88 g, 1.37 g; 10 mmol, 2a±
c) were placed into a Carius tube and sealed under vacuum (10�3 Torr).
After heating at 250±300 8C for 48 h the resulting white solid was dis-
solved in a donor solvent (THF or DME; 30 mL), filtered, concentrated
and layered with hexane. Crystals suitable for X-ray diffraction were
grown at �20 8C.


General procedure for syntheses of compounds 1a, 2b by Method 4,
(Table 1): Thallium 3,5-diphenylpyrazolate (0.22 g, 0.50 mmol for 1a ;
0.85, 2.0 mmol for 2b) and excess alkaline earth metal (Ca, 0.08 g,
2.0 mmol; Sr, 0.44 g, 4.0 mmol) were stirred in THF or DME (30 mL) at
room temperature overnight after initial heating. After the metal powder
settled out, the solution was filtered through a filter cannula, concentrat-
ed, layered with hexane and stored at �20 8C. Crystals suitable for X-ray
diffraction formed within days.


General procedure for syntheses of compounds 3a±c by Method 5,
(Table 1): Anhydrous liquid ammonia was condensed into a solution of
3,5-dimethylpyrazole (0.38 g, 4.0 mmol, 3a,c ; 0.57 g, 6.0 mmol, 3b) in
THF (30 mL 3a,c) or toluene (50 mL 3b) with suspended alkaline earth
metal (Ca, 0.04 g, 1.0 mmol, 3a ; Sr, 0.09 g, 1.0 mmol, 3b ; Ba, 0.14 g,
1.0 mmol, 3c) and stirred until the metal dissolved. For 3a after stirring
for 1 h, all THF was removed in vacuo. Warm hexane was added to the
remaining solid and cooling to room temperature yielded needle shaped
crystals; for 3b evaporation to 30 mL and storage at �13 8C yielded plate
shaped crystals. Both were suitable for X-ray diffraction. For 3c a white
precipitate formed in the reaction solution. Proton NMR and IR spectra
were obtained after removing most of the solvent in vacuo. Complete re-
moval caused the powdered product to decompose immediately.


General procedure for syntheses of compounds 3a±c by Method 6,
(Table 1): [M(N[SiMe3]2)2(thf)2] (M=Ca: 0.20 g, 0.40 mmol; Sr: 0.28 g,
0.50 mmol; Ba: 0.30 g, 0.50 mmol) and 3,5-dimethylpyrazole (0.10 g,
1.0 mmol for 3a,b ; 0.29 g, 3.0 mmol for 3c) were dissolved in THF
(50 mL). The dilute solution of pyrazole was slowly added to the amide
at �78 8C with stirring overnight and subsequent warming to room tem-
perature. For 3a,b the solvent was removed in vacuo leaving a white
powder, which dissolved in hexane (20 mL) (and THF (1 mL) for 3b)
upon slight heating. Slow cooling to room temperature yielded needle
shaped crystals, suitable for X-ray diffraction. For 3c a white precipitate
deposited from the reaction solution and was identified as 3c by NMR
and IR spectroscopy after removal of most of the solvent.


Several compounds were prepared using multiple routes. In all cases the
products had spectra identical with those of the analytically pure materi-
al.


[Ca(Ph2pz)2(thf)4] (1a): Yield: 0.84 g (54%; Method 2), 0.22 g (57%;
Method 3), 0.32 g (85%; Method 5) of colorless thin needles; m.p. 87±
90 8C; 1H NMR (300 MHz, [D8]THF, 25 8C): d=7.89 (d, 3J(H,H)=7.1 Hz,
8H; o-H(Ph)), 7.23 (t, 3J(H,H)=7.0 Hz, 8H; m-H(Ph)), 7.08 (t,
3J(H,H)=7.0 Hz, 4H; p-H(Ph)), 6.94 ppm (s, 2H; H4-pz); 13C NMR: d=
151.4 (C(pz)-Ph), 137.1 (ipso-C(Ph)), 129.1 (o-C(Ph)), 126.4 (p-C(Ph)),
125.8 (m-C(Ph)), 100.8 ppm (CH(pz)); IR (Nujol): n̄=3033 (m), 1956
(w), 1886 (w), 1817 (w), 1761 (w), 1669 (w), 1596 (s), 1511 (m), 1382 (s),
1337 (w), 1292 (w), 1251 (m), 1220 (m), 1179 (m), 1151 (w), 1044 (s), 965
(s), 897 (s), 760 (s), 684 cm�1 (s); elemental analysis calcd. (%) for
C46H54CaN4O4 (767.01): C 72.03, H 7.10, N 7.30, Ca 5.23; elemental anal-
ysis calcd (%) for [Ca(Ph2pz)2(thf)3.5] C44H50CaN4O3.5 (730.97): C 72.29,
H 6.89, N 7.66, Ca 5.48; found: C 70.95, H 6.83, N 8.03, Ca 5.45.


[Sr(Ph2pz)2(thf)4] (1b): Yield: 0.88 g (49%; Method 2), 0.24 g (59%;
Method 3) of clear thin needles; m.p. 83±86 8C partial melting then solidi-
fies to a white solid, slow decomposition >305 8C; 1H NMR (300 MHz,
[D8]THF, 25 8C): d=7.89, (d, 3J(H,H)=7.0 Hz, 8H; o-H(Ph)), 7.25 (t,
3J(H,H)=7.4 Hz, 8H; m-H(Ph)), 7.06 (t, 3J(H,H)=7.0 Hz, 4H; p-
H(Ph)), 6.92 ppm (s, 2H; H4-pz); 13C NMR: d=151.1 (C(pz)-Ph), 137.7
(ipso-C(Ph)), 128.9 (o-C(Ph)), 126.0 (p-C(Ph)), 125.7 (m-C(Ph)),
100.3 ppm (CH(pz)); IR (Nujol): n̄=3051 (m), 3022 (m), 1941 (w), 1828
(w), 1813 (w), 1749 (w), 1668 (w), 1597 (s), 1514 (m), 1336 (w), 1291 (w),
1212 (w), 1218 (w), 1178 (w), 1042 (s), 964 (m), 905 (s), 796 (w), 758 (s),
692 cm�1 (s); elemental analysis calcd. (%) for C46H54N4O4Sr (814.55): C
67.83, H 6.68, N 6.88, Sr 10.76; found: C 67.59, H 6.45, N 7.50, Sr 11.02.


[Ba(Ph2pz)2(thf)4] (1c): Yield: 1.42 g (82%; Method 2), 0.27 g (62%;
Method 3) of clear, small blocks; m.p. >350 8C; 1H NMR (300 MHz,
[D8]THF, 25 8C): d=7.86, (d, 3J(H,H)=7.1 Hz, 8H; o-H(Ph)), 7.24 (t,
3J(H,H)=7.5 Hz, 8H; m-H(Ph)), 7.06 (t, 3J(H,H)=7.4 Hz, 4H; p-
H(Ph)), 6.94 ppm (s, 2H; H4-pz); 13C NMR: d=150.5 (C(pz)-Ph), 137.2
(ipso-C(Ph)), 128.9 (o-C(Ph)), 126.2 (p-C(Ph)), 125.7 (m-C(Ph)),
100.3 ppm (CH(pz)); IR (Nujol): n̄=3098 (m), 3059 (m), 3034 (m), 1946
(w), 1889 (w), 1823 (w), 1751 (w), 1671 (w), 1560 (s), 1525 (w), 1512 (w),
1338 (w), 1291 (w), 1242 (w), 1217 (m), 1176 (w), 1155 (w), 1061 (m),
1041 (s), 997 (w), 967 (m), 909 (m), 885 (m), 840 (w), 798 (w), 780 (w),
754 (s), 698 (s), 681 cm�1 (m); elemental analysis calcd (%) for
C42H46BaN4O3 (792.17): C 63.68, H 5.85, N 7.07, Ba 17.34; found: Ba
16.97 for [Ba(Ph2pz)2(thf)3]; elemental analysis calcd (%) for
[Ba(Ph2pz)2] C30H22BaN4 (575.85): C 62.57, H 3.84, N 9.73; found: C
62.76, H 3.75, N 9.82.


[Ca(Ph2pz)2(dme)2] (2a): Yield: 1.02 g (77%; Method 2), 0.52 g (39.5%;
Method 3) of white, thin needles; m.p. >350 8C; 1H NMR (300 MHz,
[D6]benzene, 25 8C): d=7.90 (d, 3J(H,H)=6.6 Hz, 8H; o-H(Ph)), 7.21 (t,
3J(H,H)=7.6 Hz, 8H; m-H(Ph)), 7.08 (t, 3J(H,H)=7.3 Hz, 4H; p-
H(Ph)), 6.96 (s, 2H; H4-pz), 2.99 ppm (s, 20H; DME); 13C NMR: d=
151.2 (C(pz)-Ph), 135.0 (ipso-C(Ph)), 129.2 (o-C(Ph)), 127.4 (p-C(Ph)),
126.3 (m-C(Ph)), 101.4 (CH(pz)), 71.6 ppm (CH3OCH2(DME)), 59.6 ppm
(CH3OCH2(DME)); IR (Nujol): n̄=3060 (m), 3027 (m), 1941 (w), 1873
(w), 1812 (w), 1748 (w), 1660 (w), 1599 (m), 1507 (w), 1295 (w), 1246
(m), 1192 (m), 1152 (w), 1116 (m), 1078 (s), 1023 (m), 966 (m), 912 (w),
856 (m), 789 (w), 758 (s), 694 cm�1 (s); elemental analysis calcd (%) for
C38H42CaN4O4 (658.84): C 69.27, H 6.43, N 8.50, Ca 6.08; found: C 68.61,
H 6.32, N 8.75, Ca 6.30.


[Sr(Ph2pz)2(dme)2] (2b): Yield: 1.19 g (84%; Method 2), 1.02 g (77%;
Method 3), 1.10 g (83%; Method 5) of clear, small plates; m.p. 171±
175 8C partial melting turning into a white solid at 190 8C, no further sol-
vent loss, m.p. >350 8C; 1H NMR (300 MHz, [D6]benzene, 25 8C): d=


8.13 (d, 3J(H,H)=6.6 Hz, 8H; o-H(Ph)), 7.33 (t, 3J(H,H)=7.6 Hz, 8H;
m-H(Ph)), 7.24 (s, 2H; H4-pz), 7.16 (t, 3J(H,H)=7.3 Hz, 4H; p-H(Ph)),
2.91 (s, 12H; (CH3OCH2(DME)), 2.83 ppm (s, 8H; (CH3OCH2(DME));
13C NMR: d=152.3 (C(pz)-Ph), 137.2 (ipso-C(Ph)), 129.2 (o-C(Ph)),
126.4 (p-C(Ph)), 125.9 (m-C(Ph)), 101.4 (CH(pz)), 71.3
(CH3OCH2(DME)), 59.5 ppm (CH3OCH2(DME)); IR (Nujol): n̄=3059
(m), 3032 (m), 1944 (w), 1875 (w), 1806(w), 1747(w), 1663 (w), 1596 (m),
1519 (w), 1332 (w), 1297 (m), 1247 (w), 1210 (m), 1192 (m), 1098 (m),
1062 (s), 1010 (m), 963 (m), 911 (m), 854 (m), 756 (s), 691 cm�1 (s); ele-
mental analysis calcd (%) for C38H42N4O4Sr (706.38): C 64.61, H 5.99, N
7.93, Sr 12.40; found: C 64.71, H 6.08, N 7.75, Sr 12.42.


[Ba(Ph2pz)2(dme)3] (2c): : Yield: 0.85 g (51%; Method 2), 1.28 g (76%;
Method 3) of clear, big blocks; m.p. >350 8C; 1H NMR (300 MHz,
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[D6]benzene/[D8]THF, 25 8C): d=7.96 (d, 3J(H,H)=6.9 Hz, 8H; o-
H(Ph)), 7.27 (t, 3J(H,H)=7.5 Hz, 8H; m-H(Ph)), 7.08 (d, 3J(H,H)=
7.5 Hz, 4H; p-H(Ph)), 7.01 (s, 2H; H4-pz), 3.39 (s, 12H;
(CH3OCH2(DME)), 2.98 ppm (s, 18H; (CH3OCH2(DME)); 13C NMR:
d=150.9 (C(pz)-Ph), 138.3 (ipso-C(Ph)), 128.8 (o-C(Ph)), 125.6 (p,m-
C(Ph)), 100.4 (CH(pz)), 72.8 (CH3OCH2(DME)), 59.1 ppm
(CH3OCH2(DME)); IR (Nujol): n̄=3058 (m), 1945 (w), 1880 (w),
1813(w), 1753(w), 1671 (w), 1592 (m), 1512 (m), 1289 (w), 1245 (w), 1198
(m), 1134 (m), 1070 (s), 1021 (m), 965 (m), 913 (w), 851 (m), 750(s),
689 cm�1 (s); elemental analysis calcd (%) for C42H52N4O6Ba (846.23): C
59.61, H 6.19, N 6.62, Ba 16.23; found: C 59.67, H 6.49, N 6.90, Ba 16.31.


[Ca(Me2pz)2(Me2pzH)4] (3a): Yield: 0.03 g (30%; Method 6) and (0.21 g;
50%; Method 4) of colorless needles; m.p. 160±165 8C; 1H NMR
(300 MHz, [D6]benzene, 25 8C): d=11.01 (broad s, 4H, N-H), 5.69 (s,
6H; C-H), 1.99 ppm (s, 36H,CH3);


13C NMR: d=146.1 (C(pz)-Me), 104.3
(CH(pz)), 12.6 ppm (pz-C(Me)); IR (Nujol): n̄=3178 (m), 3126 (w), 3089
(m), 2716 (m), 2598 (m), 2360 (m), 1412 (s), 1085 (w), 1045 (w), 1019 (s),
860 (m), 799 (m), 755 (s) cm�1; elemental analysis calcd (%) for
C30H46CaN12 (614.87): C 58.61, H 7.54, N 27.33, Ca 6.52; found: C 58.86,
H 7.87, N 27.84, Ca 6.30.


[Sr(Me2pz)2(Me2pzH)4] (3b): Yield: 0.04 g (30%; Method 6) and 0.49 g
(74%; Method 4) of colorless thin needles; m.p. 130±131 8C; 1H NMR
(300 MHz, [D8]THF, 25 8C): d=12.58, (s, 4H; N-H), 5.73 (s, 6H),
2.05 ppm (s, 36H); 13C NMR: d=153.3 (C(pz)-Me), 105.3 (CH(pz)),
12.2 ppm (pz-C(Me)); IR (Nujol): n̄=3197 (w), 3098 (m), 2725 (w), 1512
(s), 1410 (s), 1072 (w), 1041 (m), 1014 (m), 965 (w), 901 (w), 765 cm�1


(w) ; elemental analysis calcd (%) for C30H46N12Sr (662.41): C 54.40, H
7.00, N 25.38, Sr 13.23; found: C 54.76, H 7.24, N 25.38, Sr 12.90.


[Ba(Me2pz)2(Me2pzH)4(thf)n] (3c):
1H NMR (300 MHz, C6D6, 25 8C): d=


9.03 (s, 4H; N-H), 5.68 (s, 6H), 1.99 (s, 36H), 3.57, 1.42 ppm (THF).
Complete removal of THF caused the resulting powder to decompose,
therefore a proton NMR was obtained after removing most of the sol-
vent in vacuo. IR (Nujol): n̄=3103 (w), 2722 (w), 1510 (s), 1406 (s), 1315
(w), 1017 (m), 962 (w), 871 (w), 788 (m), 747 cm�1 (w) .


X-ray crystallographic studies : The crystals obtained as described above
were removed from the Schlenk tube in a nitrogen filled glove box or
under a stream of N2 and immediately covered with a layer of viscous hy-
drocarbon oil (Immersion Oil Type NVH, ProSciTech; Infineum). A suit-
able crystal was selected with the aid of a microscope, attached to a glass
fiber, and immediately placed in the low-temperature N2 stream of the
diffractometer.[42]


Structure determinations: For all compounds a hemisphere of low-tem-
perature data was collected (monochromatic MoKa radiation, l=


0.71073 ä) using an Enraf-Nonius CCD area-detector instrument or a
Bruker SMART system, complete with three-circle goniometer and CCD
detector. A total of N unique reflections (N0 [I>2s(I)] ™observed∫) were
used in least squares refinement (anisotropic U for non-hydrogen atoms,
(x, y, z, Uiso)H constrained) after structure solution by Direct Methods as
included in the XSEED[43] or SHELXTL-Plus program package.[44] Ab-
sorption corrections were performed using the programs maXus[45] (1a±c,
2a±c) and SADABS (3a,b).[46] Hydrogen atoms were placed geometrical-
ly and refined, including free rotation about C�C bonds for methyl
groups with Uiso constrained at 1.2 for non-methyl groups, and 1.5 for
methyl groups times Ueq of the carrier C atom. A THF solvent molecule
in 3a was ™squeezed out∫ by using Platon,[47] due to heavy disorder and
consequent inability to locate and refine the positions adequately. The
electron density of the void corresponds to one THF molecule.


Data for [Ca(3,5-Ph2pz)2(thf)4] (1a): C45H55CaN4O4, Mr=767.01, mono-
clinic, space group P21/c (No. 14), T=123(2) K; a=24.581(5), b=
9.141(2), c=19.704(4) ä, b=113.11(3)8, V=4070.3 ä3; 1calcd=


1.251 gcm�3, Z=4; mMo=20.2 cm�1; crystal size: 0.13î0.10î0.05 mm;
transmission (min/max)=0.9742/0.9899. Nt=41403, N=7144 (Rint=


0.0735), No=5070; R=0.0493, Rw=0.1002 [I>2s(I)]; R=0.0844, Rw=


0.1130 (all data); jD1max j=0.885 eä�3.


[Sr(3,5-Ph2pz)2(thf)4] (1b): C45H55N4O4Sr, Mr=814.55, monoclinic, space
group P21/c (No. 14), T=123(2) K; a=24.697(5), b=9.247(2), c=
19.737(4) ä, b=113.43(3)8, V=4135.4 ä3; 1calcd=1.308 gcm�3, Z=4;
mMo=13.51 cm�1; crystal size: 0.18î0.10î0.03 mm; transmission (min/
max)=0.9420/0.9891; Nt=33992, N=6967 (Rint=0.1249), No=4353; R=


0.0537, Rw=0.0911 [I>2s(I)]; R=0.1142, Rw=0.1068 (all data); jD1max j
=0.631 eä�3.


[Ba(3,5-Ph2pz)2(thf)4] (1c): C45H55BaN4O4, Mr=864.27, monoclinic, space
group P21/c (No. 14), T=123(2) K; a=16.125(3), b=20.151(4), c=
13.229(3) ä, b=98.98(3)8, V=4246.0 ä3; 1calcd=1.352 gcm�3, Z=4; mMo=


9.82 cm�1; crystal size: 0.10î0.10î0.10 mm; transmission (min/max)=
0.942/0.9891; Nt=39095, N=7431 (Rint=0.1289), No=4368; R=0.0591,
Rw=0.1286 [I>2s(I)]; R=0.1268, Rw=0.1491 (all data); jD1max j=
2.389 eä�3.


[Ca(3,5-Ph2pz)2(dme)2] (2a): C38H42CaN4O4, Mr=658.84, monoclinic,
space group P21/n (No. 14); T=123(2) K; a=10.435(2), b=23.800(5), c=
15.200(3) ä, b=109.12(3)8, V=3566.7 ä3; 1calcd=1.227 gcm�3, Z=4;
mMo=2.20 cm�1; crystal size: 0.28î0.08î0.05 mm; transmission (min/
max)=0.9420/0.9891; Nt=30481, N=6275 (Rint=0.1109), No=3359; R=


0.0458, Rw=0.0703 [I>2s(I)]; R=0.1287, Rw=0.0873 (all data); jD1max j
=0.289 eä�3.


[Sr(3,5-Ph2pz)2(dme)2] (2b): C38H42N4O4Sr, Mr=706.38, monoclinic,
space group P21/c (No. 140), T=123(2) K; a=23.961(5), b=18.913(4),
c=7.873(2) ä, b=91.20(3)8, V=3567.1(1) ä3; 1calcd=1.315 gcm�3, Z=4;
mMo=15.56 cm�1; crystal size: 0.30î0.10î0.10 mm; transmission (min/
max)=0.7009/0.8679; Nt=32470, N=6237 (Rint=0.0691), No=5406; R=


0.0495, Rw=0.1135 [I>2s(I)]; R=0.0601, Rw=0.1171 (all data); jD1max j
=1.295 eä�3.


[Ba(3,5-Ph2pz)2(dme)3] (2c): C42H52BaN4O6, Mr=846.22, monoclinic,
space group P21/c (No. 14), T=123(2) K; a=28.078(6), b=21.004(4), c=
22.215(4) ä, b=105.46(3)8, V=12627(4) ä3; 1calcd=1.335 gcm�3, Z=12;
mMo=9.92 cm�1; crystal size: 0.20î0.10î0.10 mm; transmission (min/
max)=0.8263/0.9073; Nt=69021, N=21406 (Rint=0.0747), No=13208;
R=0.0469, Rw=0.08875 [I>2s(I)]; R=0.1015, Rw=0.1054 (all data);
jD1max j=1.170 eä�3.


[Ca(3,5-Me2pz)2(3,5-Me2pzH)4] (3a): C30H46CaN12, Mr=614.87, tetrago-
nal, space group P42/ncm (No. 138), T=90(2) K; a=21.3617(9), b=
21.3617(9), c=8.1697(5) ä, V=3728.0 ä3; 1calcd=1.096 gcm�3, Z=4;
mMo=2.04 cm�1; crystal size: 0.78î0.40î0.38 mm; transmission (min/
max)=0.8573/0.9266; Nt=28466, N=1709 (Rint=0.0548), No=29466;
R=0.0476, Rw=0.1056 [I>2s(I)]; R=0.0414, Rw=0.1056 (all data);
jD1max j=0.291 eä�3.


[Sr(3,5-Me2pz)2(3,5-Me2pzH)4] (3b): C30H46N12Sr, Mr=662.41, triclinic,
space group P1≈ (No. 2), T=86(2) K; a=9.1899(8), b=10.0266(8), c=
11.0350(9) ä, a=95.404(2), b=105.046(2), g=113.72508, V=875.98 ä3;
1calcd=1.256 gcm�3, Z=1; mMo=15.76 cm�1; crystal size: 0.10î0.30î
0.78 mm; transmission (min/max)=0.3727/0.8583, Nt=11368, N=5841
(Rint=0.0450), No=11368; R=0.0397, Rw=0.0907 [I>2s(I)]; R=0.0469,
Rw=0.0927 (all data); jD1max j=1.292 eä�3.


CCDC-207201±207206 (1a±c, 2a±c), CCDC-218224 (3a), and CCDC-
218225 (3b) contain the supplementary crystallographic data for this
paper. These data can be obtained free of charge via www.ccdc.cam.
ac.uk/conts/retrieving.html (or from the Cambridge Crystallographic Data
Centre, 12 Union Road, Cambridge CB21EZ, UK; fax: (+44)1223-336-
033; or deposit@ccdc.cam.uk).
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Rational Synthesis of Multicyclic Bis[2]catenanes


Anca Bogdan,[a] Myroslav O. Vysotsky,[a] Tomoyuki Ikai,[b] Yoshio Okamoto,[b] and
Volker Bˆhmer*[a]


Introduction


The synthesis of molecules with novel interesting topologies
remains an attractive field and a permanent challenge in
supramolecular chemistry.[1] Doubly interlocked [2]cate-
nanes,[2] molecular necklaces[3] or daisy chains,[4] and den-
drimers with rotaxane-like mechanical branching points[5]


may be mentioned. ™Knotaxanes∫, rotaxanes with chiral
knots (knotanes) as stoppers,[6] represent one of the most
recent examples. The increasingly rapid progress is directly
linked to an improved understanding of the preorganization
of suitable precursor molecules by ™self-assembly∫ through
reversible bonds. Coordination to metal cations, a classical
example in the controlled synthesis of catenanes,[7] has been
successfully used in combination with other noncovalent at-
tractive forces to achieve more ambitious goals[2,3] such as
the first synthetic steps towards Borromean rings.[8] Preorga-
nization of reactants through hydrogen bonds was also fre-
quently the key factor for the effective synthesis of rotax-


anes or catenanes.[9] The binding of dialkylammonium cati-
ons to large crown ethers[10] or of phenolates to macrocyclic
lactams[11] may be taken as examples. Recently the simulta-
neous interaction of inorganic anions with both the axle and
a linear amide as precursor for a macrocycle was used to
prepare [n]rotaxanes.[12] The metathesis reaction between al-
kenyl groups has been frequently used to synthesize macro-
cycles[13] or to stabilize various (self-assembled) species by
covalent links.[14] ™Reactive macrocycles∫ containing double
bonds can be even ™opened∫ to thread into another macro-
cycle or to bind to an axle with voluminous stoppers, and
closed again, thus leading to the thermodynamically most
stable catenanes[15] or rotaxanes,[16] respectively.


We recently showed that the preorganization of the two
tetraurea calix[4]arenes in a hydrogen-bonded dimer I[17, 18]


can be used to prepare hitherto unknown multicyclic bis[2]-
catenanes II by a metathesis reaction between alkenyl
groups attached to the urea residues (followed by hydroge-
nation of the double bonds).[19,20, 21] However, in this statisti-
cal approach a doubly bridged mono[2]catenane III and a
tetrabridged capsule IV (Figure 1) were isolated as further
products of a complete conversion of all alkenyl groups
within a dimer, since the metathesis reaction occurs not only
between alkenyl groups attached to the same calix[4]arene
(a-connection), but also between the two calix[4]arenes of a
dimer (b-connection). Most probably, products with ™isolat-
ed∫ alkenyl residues are formed in addition.


It seems possible to shift the outcome of the metathesis
reaction towards a- or b-connection by appropriate structur-
al changes. The alkenyl groups could be attached, for in-
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Fachbereich Chemie und Pharmazie, Abteilung Lehramt Chemie
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[b] T. Ikai, Prof. Dr. Y. Okamoto
Department of Applied Chemistry
Graduate School of Engineering
Nagoya University, Chikusa-ku
Nagoya 464±8603 (Japan)


Abstract: Bis-loop tetraurea calix[4]ar-
ene 6 has been prepared by acylation
of the wide-rim calix[4]arene tetra-
amine 1 with the activated bis(urethane)
8 under dilution conditions. Similarly
the bis(Boc-protected) tetraamine 2 is
converted into the mono-loop deriva-
tive 3 which after deprotection and
acylation gives the bisalkenyl deriva-
tive 5. In apolar solvents this tetraurea
calix[4]arene 5 forms regioselectively a


single hydrogen-bonded homodimer,
from which the bis[2]catenane 10a is
formed in 49% by a metathesis reac-
tion followed by hydrogenation. Bis-
loop derivative 6 forms no homodimers
for steric reasons, but a stoichiometric


mixture with the open-chain tetra-
alkenyl derivative 7a contains exclu-
sively the heterodimer. Metathesis and
subsequent hydrogenation now yields
65% of the pure bis[2]catenane 10a
which could not be isolated from the
complex reaction mixture obtained
from the homodimer 7a¥7a. The chiral-
ity of 10a (D2 symmetry) has been
verified by optical resolution using
HPLC on a chiral stationary phase.


Keywords: calixarenes ¥ catenanes ¥
hydrogen bonds ¥ metathesis ¥
self-assembly
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stance, in the para position instead of the meta position, or
longer rigid spacers could be introduced between the urea
and alkenyl functions. Molecular models suggest, however,
that a complete suppression of, for example, the b-connec-
tion, will be impossible in such a way. However, a more ra-
tional synthesis of the desired bis[2]catenane II[22] should be
possible, using the controlled dimerization of suitably de-
signed tetraureas as precursors.


Development of a new synthetic strategy : Tetraurea deriva-
tives of the AABB type[23] usually form two regioisomeric
homodimers. Only one homodimer is formed, however, if
two urea residues R in A (or B) are connected by an ali-
phatic chain.[24] In this dimer the two loops do not overlap
and one of the open-chain urea residues must (be able to)
slip through the loop of the other calix[4]arene. The forma-


tion of a single homodimer V for such mono-loop deriva-
tives was recently shown for one example.[24]


Double-loop compounds, in which pairs of adjacent urea
residues are covalently connected should not homodimerize
at all, since the formation of homodimers is necessarily ac-
companied by an overlap of loops. However, in the presence
of an equimolar amount of an open-chain tetraurea, hetero-
dimers VI should be formed exclusively,[25] since this is the
only way, to ™saturate∫ all urea functions in a cyclic hydro-
gen bonded array.[26]


As illustrated schematically in Figure 2, only one ™b-con-
nection∫ is possible in homodimers V, leading to a product
with two ™isolated double bonds∫, for which no further
metathesis reaction is possible within the dimer. Assuming
the same probability for each alkenyl group to react with
the metathesis catalyst, and also the same probability to
close a ring with each of the available double bonds, the
bis[2]catenane II should be formed with a statistical proba-
bility of 75%.[27] In the case of the heterodimer VI, where
only a-connections are possible, this probability is 100%, as
long as the metathesis reaction occurs quantitatively within
one dimer, since two double bonds remain in adjacent posi-
tions whatever the first connection is.


As indicated in Figure 2, the rings formed by metathesis
reactions can be different in size (or even in structure), from
the rings/loops of the starting calixarene. This paves the way
to the preparation of isomeric catenanes containing the
same interlocking ring pairs (the ring size being indicated by
n and m), attached, however, to different calixarene skele-
tons.


Synthesis of mono- and bis-loop tetraurea calix[4]arenes : In
general, macrocyclic diureas can be prepared by reaction of
a diamine with a diisocyanate under (high) dilution condi-
tions. Instead of a diisocyanate we used the activated diure-
thane 8 (Scheme 1) which is more stable and easier to
purify, a factor important especially for cyclization reactions.
It can be obtained from m-nitrophenol by O-alkylation with
1,10-dibromodecane, followed by hydrogenation of the nitro
groups and N-acylation with p-nitrophenyl chloroformate.


The bis-loop derivative 6 was directly obtained from the
tetraaminocalix[4]arene 1 with 2.5 mol of 8 in DMF in the
presence of triethylamine. The analogous reaction with the
bis-Boc-protected derivative 2 gave the mono-loop 3 in
74% yield after purification. Deprotection (96% of 4) and


Figure 1. Schematic representation of the products formed by metathesis
reaction of the hydrogen bonded dimer I of a tetraalkenylurea calix[4]ar-
ene, for example, 7a¥7a.


Figure 2. Selective preparation of bis[2]catenanes II from homodimers V and heterodimers VI by the metathesis between pendant alkenyl groups. Poten-
tial differences in ring size are indicated by n, n’, and m.
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acylation with 9 finally led to the mono-loop tetraurea 5 in
96%. The lower yield of 6 (38%) in comparison to 3 (74%)
may be partly due to trans-cavity bridging of opposite amino
functions. This suggests that 6 could be prepared by a
second cyclization of 4, a pathway, which allows also the
synthesis of double-loop compounds with different loops.


The 1H NMR spectra of mono- and bis-loop compounds 5
and 6 in solvents such as [D6]DMSO and [D8]THF reveal
their CS- and C2V-symmetrical structure, respectively. Four
singlets for NH protons and four m-coupled doublets for the
aryl protons of the calixarene skeleton (integrating for two
protons each) are found for 5 (Figure 3a), while 6 shows two
singlets for NH and two m-coupled doublets for calixarene
Ar-H protons (integrating for two protons each; Figure 4a).


Synthesis of bis[2]catenanes : In apolar solvents, such as
[D]chloroform or [D6]benzene the NH signals for 5 are


Scheme 1. Synthesis of mono-loop (5) and double-loop (6) tetraurea derivatives. The starting tetraaminocalix[4]arene tetraether in the cone conforma-
tion[30] is represented as a square (1). Conditions: a) see ref. [29]; b) DMF, Et3N, slow addition of 8 (1.25 mol), 74%; c) TFA, CHCl3; 4 h, 96%; d) ure-
thane 9, CHCl3, 12 h, 96%; e) similar to b (2.5 mol 8); f) urethane 9, CHCl3, 12 h, 88%.


Figure 3. Sections of the 1H NMR spectra (400 MHz) of 5 ; a) ™monomer∫
in [D6]DMSO, NH (asterisk) and Arcalix-H (circle) are labeled as exam-
ples; b) dimer in [D]chloroform; c) dimer in [D6]benzene only the most
lowfield-shifted NH protons are shown.
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partly shifted to higher field (Figure 3b, c), typical for the
formation of a hydrogen-bonded, capsular dimer. A careful
analysis proves the formation of a single homodimer 5¥5
(type V) with C1 symmetry. Metathesis reaction with such a
solution under conditions employed previously (CH2Cl2 as
solvent containing 1±5% of benzene as a good guest,
Grubbs’ catalyst, c=1.2¥10�5


m to suppress reactions between
dimers)[19] in fact, furnished the bis[2]catenane 10a (type II)
in 49% (after purification by column chromatography),
whereas the reaction mixture obtained by metathesis of the
homodimer 7a¥7a did not allow the isolation of 10a. The
analogous compound 10b (n=m=14) with larger loops was
obtained in only 5±12% from reactions with 7b¥7b.[19] This
clearly demonstrates the advantage of the new synthetic
strategy.


The double-loop compound 6 shows a broad, featureless
spectrum in [D]chloroform (Figure 4b) that indicates unspe-
cific aggregation, but not the formation of a well-defined
species. However, sharp signals of a single dimer appear
upon addition of 7a (Figure 4d and e). This must be the het-
erodimer 6¥7a (type VI), since the signals of the homodimer
7a¥7a (type I, Figure 4c) can be observed only, if 7a is
added in excess (Figure 4f). Metathesis reaction with a 1:1
mixture of 6 and 7a, containing only the heterodimer fur-
nished the bis[2]catenane 10a in 65% yield, which is con-
vincing evidence that the developed strategy is valid.


Bis[2]catenanes of type II are ™permanently∫ chiral and
cannot racemize when the hydrogen bonds between the
urea functions are broken. Their NMR spectra in solvents
such as [D]chloroform show C2 symmetry due to the direc-
tionality of the hydrogen bonds.[19] However the compounds
remain chiral (D2 symmetry) in hydrogen-bond breaking
solvents. Consequently their enantiomers can be separated


by chromatography on chiral stationary phases. For 10a this
is illustrated in Figure 5.


Figure 4. Section of the 1H NMR spectra (400 MHz) of a) 6 ™monomer∫ in [D8]THF, NH (*) and Arcalix-H (^) are labeled as examples; b) 6 in
[D]chloroform; c) 7a in [D]chloroform; and d)±f) mixtures of 6 and 7a in the ratio 2:1, 1:1, and 1:2; signals of 7a¥7a are labeled with an asterisk.


Figure 5. a) Chromatographic separation of 10a. Column: Chiralcel OD,
eluent: hexane/ethanol (90/10, v/v), flow rate: 0.5 mLmin�1; b) CD spec-
tra of both fractions, proving that they consist of enantiomers, solvent:
hexane/ethanol (90/10, v/v), cell length: 25 mm.
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Conclusion


A new strategy for the synthesis of calix[4]arene-derived
bis[2]catenanes II by a metathesis reaction between pendant
alkenyl residues has been developed. It is based on the re-
gioselective homodimerization of mono-loop dialkenyl deriv-
atives 5 and on the selective heterodimerization of bis-loop
derivatives 6 with tetraalkenyl derivatives 7. The molecular
design of these tetraurea calix[4]arenes minimizes or elimi-
nates the number of incorrect covalent connections within a
dimer. Thus, the yield of pure product could be increased up
to 65%. The synthesis is flexible and allows various structur-
al modifications. Both pathways are complementary with re-
spect to the preparation of regioisomeric bis[2]catenanes.
Thus, the way is open for the synthesis of a large variety of
topologically chiral capsules in which the release or ex-
change of the included guest is fine-tuned by the catenane
structure.


Experimental Section


General : DMF (peptide synthesis grade) was purchased from ACROS.
Dichloromethane (p.a. grade) was kept over sodium hydroxide for one
day before it was used in the metathesis reactions. The Grubbs’ catalyst[28]


(bis(tricyclohexylphosphine)benzylidine ruthenium(iv) dichloride) was
purchased from Strem. Deuterated solvents were bought from Deutero
GmbH. All reactions were carried out under nitrogen. Column chroma-
tography was performed with silica gel (Merck, 0.040±0.063 mm). 1H and
13C NMR spectra were recorded at 25 8C on a Bruker DRX400 Avance
Instrument at 400 and 100 MHz, respectively. Chemical shifts were cali-
brated to the residual signal of the deuterated solvent. Mass spectra were
obtained on a Finnigan MAT 8230 spectrometer. Melting points are not
corrected.


Compound 2 was prepared as described in reference [29].


Derivative 3 : A solution of diurethane 8 (0.5 g, 0.73 mmol) in DMF
(50 mL) and a solution of diamine 2 (0.54 g, 0.56 mmol, and 3±5 drops of
triethylamine) in DMF (50 mL) were added under stirring during 12 h to
a 1-L round-bottom flask filled with DMF (550 mL). The yellow reaction
mixture was stirred for a further 24 h at room temperature. Then, the sol-
vent was evaporated, and the residue was dissolved in dichloromethane
(250 mL), and washed with K2CO3 solution (3±5î200 mL) until the aque-
ous layer was colorless) and with water (1î200 mL). The organic layer
was dried over MgSO4 and the solution was concentrated at reduced
pressure to 4±5 mL. The pure product was obtained after column chro-
matography (eluent ethyl acetate/hexane 1:4) as a white powder (0.56 g;
74%); m.p. 270 8C (decomp); 1H NMR ([D6]DMSO): d=8.51 (s, 2H;
NH), 8.21 (s, 2H; NH), 8.02 (s, 2H; NH), 7.10 (t, 3J=8.1 Hz, 2H; Armeta-
H), 7.08 (t, 4J=2.2 Hz, 2H; Armeta-H), 6.87 (d, 4J=2.4 Hz, 2H; Arcalix-H),
6.82 and 6.80 (dd, 3J=8.2 Hz, 4J=1.72 Hz, 2H; Armeta-H), 6.80 (brs, 4H;
Arcalix-H), 6.62 (brd, 2H; Arcalix-H), 6.49 and 6.47 (dd, 3J=8.1 Hz, 4J=
2.2 Hz, 2H; Armeta-H), 4.36 (d, 2J=12.72 Hz, 4H; Ar-CH2-Ar ax), 4.34 (d,
2J=12.96 Hz, 4H; Ar-CH2-Ar ax), 4.33 (d, 2J=12.72 Hz, 4H; Ar-CH2-Ar
ax), 3.93 (t, 3J=6.2 Hz, 4H; OCH2-), 3.86±3.80 (m, 8H; OCH2-), 3.10 (d,
2J=13.72 Hz, 4H; Ar-CH2-Ar eq), 3.06 (d, 2J=13.44 Hz, 4H; Ar-CH2-Ar
eq), 3.03 (d, 2J=14.2 Hz, 4H; Ar-CH2-Ar eq), 1.91±1.85 (m, 8H; -CH2-),
1.68 (q, 3J=6.5 Hz, 4H; -CH2-), 1.41±1.35 (m, 34H; tBu + -CH2-), 1.29
(m, 12H; -CH2-), 0.94 ppm (br t, 12H; -CH3);


13C NMR ([D6]DMSO,
60 8C): d=158.80, 152.56, 151.97, 151.05, 150.92, 140.71, 134.03, 133.91,
133.77, 133.72, 132.84, 132.77, 128.89, 118.67, 118.56, 118.48, 118.23,
110.08, 107.28, 104.54, 78.01, 74.26, 66.93, 30.52, 30.40, 28.86, 28.84, 28.09,
27.97, 27.86, 27.79, 27.54, 27.53, 24.89, 21.77, 13.39 ppm; FD MS: m/z :
1373.9 [M+].


Calix[4]arene diamine 4 : Trifluoracetic acid (15 mL) was added to a solu-
tion of 3 (0.31 g, 0.23 mmol) in chloroform (15 mL). The reaction mixture
was stirred under nitrogen for four hours, diluted with toluene (20 mL),


and evaporated. The residue was dissolved in dichloromethane, washed
with water until neutrality, and dried over MgSO4. The pure product was
obtained after precipitation with hexane as a white powder (0.26 g;
96%). m.p. >200 8C (decomp); 1H NMR ([D6]DMSO): d=8.35 (s, 2H;
NH), 8.18 (s, 2H; NH), 7.10 (m, 4H; Armeta-H), 6.83 (s, 2H; Arcalix-H),
6.78 (d, 3J=8.1 Hz, 2H; Armeta-H), 6.62 (s, 2H; Arcalix-H), 6.47 (d, 3J=
8.8 Hz, 2H; Armeta-H), 5.97 (s, 4H; Arcalix-H), 4.35 (brs, 4H; NH2), 4.33
(d, 2J=12.8 Hz, 1H; Ar-CH2-Ar ax), 4.24 (d, 2J=12.8 Hz, 2H; Ar-CH2-
Ar ax), 4.17 (d, 2J=12.5 Hz, 1H; Ar-CH2-Ar ax), 3.90 (t, 3J=5.8 Hz, 4H;
OCH2-), 3.80 (t, 3J=6.98 Hz, 4H; OCH2-), 3.78 (m, 4H; OCH2-), 3.08 (d,
2J=12.8 Hz, 1H; Ar-CH2-Ar eq), 2.95 (d, 2J=12.8 Hz, 2H; Ar-CH2-Ar
eq), 2.81 (d, 2J=12.5 Hz, 1H; Ar-CH2-Ar eq), 1.90±1.85 (m, 8H; -CH2-),
1.66 (brq, 4H; -CH2-), 1.36 (m, 16H; -CH2-), 1.28 (m, 12H; -CH2-),
0.95 ppm (brt, 12H; -CH3).


Mono-loop derivative 5 : A solution of 4 (0.24 g, 0.2 mmol), 9 (0.144 g,
0.4 mmol) and a few drops of triethylamine in DMF (10 mL) was stirred
for two days at room temperature. Similar workup as described for 3
gave 5 as a white powder (0.31 g; 96%); m.p. >190 8C (decomp); 1H
NMR ([D6]DMSO, 60 8C): d=8.25 (s, 2H; NH), 8.22 (s, 2H; NH), 8.06
(s, 2H; NH), 8.02 (s, 2H; NH), 7.09±7.05 (m, 6H; Armeta-H), 7.01 (t, 4J=
2.04 Hz, 2H; Armeta-H), 6.91 (d, 4J=2.36 Hz, 2H; Arcalix-H), 6.83 (d, 4J=
2.72 Hz, 2H; Arcalix-H), 6.80±6.77 (m, 6H; Armeta-H), 6.76 (d, 4J=2.4 Hz,
2H; Arcalix-H), 6.68 (d, 4J=2.4 Hz, 2H; Arcalix-H), 6.48 (brs, 2H; Armeta-
H), 6.46 (brs, 2H; Armeta-H), 5.84±5.77 (m, 2H; -CH=CH2), 5.03±4.94 (m,
4H; -CH=CH2), 4.37 (d, 2J=12.56 Hz, 4H; Ar-CH2-Ar ax), 3.88 (m,
16H; OCH2-), 3.20 (m, Ar-CH2-Ar eq+H2O), 2.07 (m, 4H; -CH2-),1.90
(q, 3J=7.14 Hz, 8H; -CH2-), 1.71±1.64 (m, 8H; -CH2-), 1.52±1.47 (m, 4H;
-CH2-), 1.41±1.39 (m, 16H; -CH2-), 1.28±1.25 (m, 12H; -CH2-),0.94 ppm
(t, 3J=6.98 Hz, 12H; -CH3);


13C NMR ([D6]DMSO): d=158.97, 152.29,
152.27, 151.12, 140,96, 140.93, 138.45, 134.40, 134.36, 133.28, 133.26,
129,30, 118.27, 118.20, 118.16, 114.83, 110.16, 110.09, 107.28, 104.35,
104.15, 74.74, 74.72, 66.94, 48.52, 32.77, 30.49, 29.31, 28.39, 28.17, 28.14,
28.10, 27.90, 25.16, 24.67, 22.27, 13.92 ppm; FD MS: m/z : 1629.87 [M +


Na+].


Double loop derivative 6 : A solution of diurethane 8 (0.85 g, 1.25 mmol)
in DMF (50 mL) and a solution of tetraamine 1 (0.38 g, 0.50 mmol) and
triethylamine (3±5 drops) in DMF (50 mL) were added under stirring
over 12 h to a 1-L round-bottom flask filled with DMF (400 mL), and the
yellow reaction mixture was stirred for three days. Then, the solvent was
evaporated and the residue was dissolved in chloroform (250 mL),
washed with K2CO3 solution (3±5î200 mL, until the aqueous layer was
colorless), and with water (1î200 mL). The organic layer was dried over
MgSO4 and concentrated at reduced pressure to 4±5 mL. The product
was isolated by column chromatography (eluent tetrahydrofuran/hexane
1:2) and recrystallized from tetrahydrofuran/methanol, to yield 6 as a
white powder (0.3 g; 38%); m.p. > 250 8C (decomp); 1H NMR
([D8]THF): d=7.49 (s, 4H; NH), 7.47 (s, 4H; NH), 7.07 (d, 4J=2.0 Hz,
4H; Armeta-H), 6.98 (t, 3J=8.2 Hz, 4H; Armeta-H), 6.90 (d, 4J=2.6 Hz,
4H; Arcalix-H), 6.79 and 6.76 (dd, 3J=8.1 Hz; 4J=1.4 Hz, 4H; Armeta-H),
6.74 (d, 4J=2.4 Hz, 4H; Arcalix-H), 6.42 and 6.40 (dd, 3J=8.1 Hz; 4J=
1.6 Hz, 4H; Armeta-H), 4.44 (d, 2J=12.9 Hz, 4H; Ar-CH2-Ar ax), 3.89±
3.85 (m, 16H; OCH2-), 3.08 (d, 2J=13.2 Hz, 2H; Ar-CH2-Ar eq), 3.06 (d,
2J=13.2 Hz, 2H; Ar-CH2-Ar eq), 1.96 (m, 8H; -CH2-), 1.77 (m, 8H;
-CH2-), 1.49±1.43 (m, 24H; -CH2-),1.30 (m, 16H; -CH2-), 0.96 ppm (t,
3J=7.0 Hz, 12H; -CH3);


13C NMR ([D8]THF): d=160.67, 153.03, 152.63,
142.46, 135.87, 135.81, 134.97, 129.81, 119.27, 119.00, 111.08, 108.16,
105.54, 75.92, 75.92, 67.97, 32.21, 32.09, 30.90, 30.02, 29.71, 29.64, 29.51,
26.69, 23.77, 14.60 ppm; FD MS: m/z : 1582.8 [M+].


Tetraurea 7a : A solution of 1 (0.5 g, 0.65 mmol), 9 (1 g, 2.8 mmol), and
triethylamine (few drops) in DMF (30 mL) was stirred for two days at
room temperature. Similar workup described for 3, gave 7a as a white
powder (0.93 g; 88%); m.p. 210±213 8C; 1H NMR ([D6]DMSO): d=8.31
(s, 4H; NH), 8.16 (s, 4H; NH), 7.10±7.05 (m, 8H; Armeta-H), 6.79 (s, 8H;
Arcalix-H), 6.76 (d, 3J=8.2 Hz, 4H; Armeta-H), 6.47 (d, 3J=7.0 Hz, 4H;
Armeta-H), 5.77 (m, 4H; -CH=CH2), 5.02 (d, 2J=17.2 Hz, 4H; -CH=CH2),
4.94 (d, 3J=9.9 Hz, 4H; -CH=CH2), 4.33 (d, 2J=12.7 Hz, 4H; Ar-CH2-Ar
ax), 3.87 (t, 3J=6.4 Hz, 8H; OCH2-), 3.81 (t, 3J=6.4 Hz, 8H; OCH2-),
3.11 (d, 2J=12.7 Hz, 4H; Ar-CH2-Ar eq), 2.06 (q, 3J=6.8 Hz, 8H;
-CH2CH=CH2), 1.90 (m, 8H; -CH2-), 1.67 (q, 3J=7.6 Hz, 8H; -CH2-),
1.47 (q, 3J=7.7 Hz, 8H; -CH2-), 1.40 (br m, 16H; CH2CH3), 0.94 ppm
(br t, 12H; CH3);


1H NMR ([D1]chloroform): d=9.43 (s, 8H; NH), 7.66
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and 5.85 (two AB d, 4J=1.8 Hz, 16H; Arcalix-H), 7.56 (br t, 8H; Armeta-
H), 7.35 (d, 3J=7.9 Hz, 8H; Armeta-H), 7.23 (t, 3J=8.1 Hz, 8H; Armeta-H),
6.90 (s, 8H; NH), 6.54 (dd, 3J=8.1 Hz, 4J=1.6 Hz, 8H; Armeta-H), 5.73
(m, 8H; -CH=CH2), 4.94 (dd, 3J=18.3 Hz, 4J=1.4 Hz, 8H; -CH=CH2),
4.88 (d, 3J=10.8 Hz, 8H; -CH=CH2), 4.21 and 2.83 (two d, 2J=11.8 Hz,
16H; Ar-CH2-Ar ax and eq), 3.90±3.75 (m, 16H; OCH2-), 3.70±3.60 (m,
16H; OCH2-), 1.99 (q, 3J=7.1 Hz, 16H; -CH2CH=CH2), 1.92 (q, 3J=
6.7 Hz, 16H; -CH2-), 1.68 (q, 3J=8.0 Hz, 16H; -CH2-), 1.35 (m, 32H;
-CH2-), 1.27 (q, 3J=7.2 Hz, 16H; -CH2-), 0.94 ppm (t, 3J=7.3 Hz, 24H;
-CH3);


13C NMR ([D6]DMSO): d=158.94, 152.26, 151.07, 140.95, 138.42,
134.34, 133.25, 129.25, 118.14, 114.81, 110.11, 107.25, 104.15, 74.71, 66.90,
32.75, 30.54, 29.30, 28.08, 27.89, 24.66, 22.25, 13.91 ppm; FD MS: m/z :
1634.1 [M+ + 1].


Diurethane 8: Compound 8 was prepared in three steps: a) Dinitro deriv-
ative: A slurry of 3-nitrophenol (1.53 g, 11 mmol), 1,10-dibromodecane
(1.5 g, 5 mmol), and potassium carbonate (1.52 g, 11 mmol) in acetonitrile
(50 mL) was refluxed for two days (TLC control , eluent ethyl acetate/
hexane 1:2). The solvent was evaporated under reduced pressure and the
crude product was taken up in dichloromethane (250 mL). The organic
layer was washed with water until the aqueous phase remained colorless
(2±4î100 mL), dried over MgSO4, and concentrated. Precipitation with
methanol gave the dinitro derivative as a white compound (1.75 g; 84%);
m.p. 80±81 8C; 1H NMR ([D]chloroform): d=7.79 and 7.77 (ddd, 3J=
8.1 Hz, 4J=2.2 Hz, 4J=0.9 Hz, 2H; Ar-H), 7.70 (t, 4J=2.3 Hz, 2H; Ar-
H), 7.39 (t, 3J=8.2 Hz, 2H; Ar-H), 7.20 and 7.18 (ddd, 3J=8.4 Hz, 4J=
2.5 Hz, 4J=0.9 Hz, 2H; Ar-H), 4.01 (t, 3J=6.6 Hz, 4H; OCH2-), 1.80 (q,
3J=6.5 Hz, 4H; -CH2 -), 1.48±1.43 (m, 4H; -CH2 -), 1.37±1.32 ppm (m,
8H; -CH2 -); 13C NMR ([D]chloroform): d=159.66, 149.21, 129.82,
121.66, 115.50, 108.65, 68.70, 29.41, 29.26, 28.97, 25.91 ppm; FD MS: m/z :
416.3 [M+].


b, c) The dinitro derivative (2.0 g, 4.8 mmol) was dissolved in acetone
(125 mL) and hydrogenated (1 atm) in the presence of Raney-nickel until
the hydrogen uptake was completed (~3 h). The catalyst was filtered off,
washed with acetone (2î25 mL), and the solvent was evaporated. The
white solid residue was dissolved in dioxane (150 mL). 4-Nitrophenyl
chloroformate (2.25 g, 11.15 mmol) was added and the mixture was re-
fluxed for 24 h (a clear solution was obtained in ~3 h). The solvent was
evaporated to dryness and the residue was triturated with chloroform.
The desired product 8, a white powder, was filtered off, washed with
chloroform (2î15 mL) and dried (2.88 g; 94%); m.p. 177±178 8C
(decomp); 1H NMR ([D6]DMSO): d=10.41 (s, 2H; NH), 8.30 and 7.53
(2d, 3J=8.9 Hz, 8H; Ar-H), 7.21 (t, 3J=8.1 Hz, 2H; Armeta-H), 7.15 (s,
2H; Armeta-H), 7.06 and 7.04 (dd, 3J=8.1 Hz, 2H; Armeta-H), 6.65 and
6.63 (2brd, 3J=7.7 Hz, 2H; Armeta-H), 3.91 (t, 3J=6.24 Hz, 4H; OCH2-),
1.68 (q, 3J=6.6 Hz, 4H; -CH2 -), 1.38 (m, 4H; -CH2 -), 1.28 ppm (m, 8H;
-CH2 -); 13C NMR ([D6]DMSO): d=159.01, 155.49, 150.36, 144.49,
139.19, 129.66, 125.12, 122.81, 110.74, 109.14, 104.97, 67.26, 66.25, 28.82,
28.63, 28.51, 25.38 ppm.


Urethane 9 : Compound 9 was prepared in three steps: a) 3-Hexenyloxy-
acetanilide: A mixture of 3-hydroxyacetanilide (1.634 g, 10.8 mmol), w-
bromohexene-1 (2.041 g, 11.9 mmol), and K2CO3 (1.641 g, 11.9 mmol) in
DMF (20 mL) was stirred at 70 8C for 6 h. After cooling, the reaction
mixture was poured into water (150 mL) and extracted with chloroform
(4î20 mL). The organic layer was washed with water (2î20 mL), dried
over MgSO4, and evaporated at reduced pressure. After recrystallization
from hexane (15 mL), a white crystalline powder was obtained (2.04 g;
65%). m.p. 69 8C; elemental analysis (%) calcd for C12H17NO: 72.07, H
8.21, N 6.00; found: C 72.10, H 8.03, N 5.90; 1H NMR ([D]chloroform):
d=7.30 (br s, 1H; NH), 7.25 (s, 1H; Ar-H), 7.17 (t, 3J=7.6 Hz, 1H; Ar-
H), 6.92 (d, 3J=7.6 Hz, 1.H; Ar-H), 6.63 (d, 3J=8.2 Hz, 1.H; Ar-H), 5.82
(m, 1H; -CH=CH2), 5.02 (dd, 2J=17.0 Hz, 3J=1.2 Hz, 1H; -CH=CH2),
4.96 (dd, 2J=10.0 Hz, 3J=1.0 Hz, 1H; -CH=CH2), 3.94 (t, 3J=6.5 Hz,
2H; OCH2-), 2.15 (s, 3H; COCH3), 2.10 (q, 3J=7.0 Hz, 2H; CH2CH=


CH2), 1.77 (q, 3J=7.3 Hz, 2H; -CH2-), 1.54 ppm (q, 3J=7.3 Hz, 2H;
-CH2-);


13C NMR ([D]chloroform): d=159.66, 139.04, 138.51, 129.58,
129.45, 114.70, 111.72, 110.62, 106.17, 67.77, 33.39, 28.64, 25.28,
24.68 ppm; FD MS: m/z : 233.4 [M+].


b) 3-Hexenyloxyaniline: A solution of 3-hexenyloxyacetanilide (0.27 g,
1.16 mmol) and NaOH (1.62 g, 40.5 mmol) in a mixture of ethanol
(20 mL) and water (2 mL) was refluxed for 6 h. After cooling, the mix-
ture was evaporated under reduced pressure, water (200 mL) was added,


and the mixture was extracted with dichloromethane (4î20 mL). The or-
ganic layer was washed with water (2î30 mL), dried over MgSO4, and
evaporated, to give a yellow oil (0.21 g; 95%). Elemental analysis (%)
calcd for C12H17NO: 75.35, H 8.91, N 7.32; found: C 75.10, H 9.02, N
7.12; 1H NMR ([D]chloroform): d=7.07 (t, 3J=8.2 Hz, 1H; Ar-H), 6.35
(dd, 3J=8.2 Hz, 4J=1.8 Hz, 1H; Ar-H), 6.29 (dd, 3J=8.2 Hz, 4J=1.8 Hz,
1H; Ar-H), 6.25 (t, 3J=1.8 Hz, 1H; Ar-H), 5.86 (m, 1H; -CH=CH2), 5.07
(dd, 2J=17.0 Hz, 3J=1.8 Hz, 1H; -CH=CH2), 4.96 (d, 3J=10.6 Hz, 1H;
CH=CH2), 3.94 (t, 3J=6.5 Hz, 2H; OCH2-), 3.63 (brs, 2H; NH2), 2.15 (q,
3J=7 Hz, 2H; CH2CH=CH2), 1.81 (q, 3J=8.2 Hz, 2H; -CH2-), 1.59 ppm
(q, 3J=7.6 Hz, 2H; -CH2-);


13C NMR ([D]chloroform): d=160.09,
147.68, 138.44, 129.87, 114.55, 107.60, 104.36, 101.46, 67.35, 33.29, 28.60,
25.19 ppm; FD MS: m/z : 191.6 [M+].


c) A solution of 3-hexenyloxyaniline (1.9 g, 10 mmol) and 4-nitrophenyl
chloroformate (2.0 g, 10 mmol) in a mixture of chloroform (45 mL) and
tetrahydrofuran (30 mL) was refluxed for 12 h. The solvents were evapo-
rated and the residue was dissolved in chloroform and precipitated with
diethyl ether, to yield 9 as a white compound (2.7 g; 77%); m.p. 102±
103 8C; 1H NMR ([D]chloroform): d=8.27 and 7.38 (2d, 3J=9.1 Hz, 4H;
Ar-H), 7.22 (t, 3J=8.2 Hz, 1H; Armeta-H), 7.13 (s, 1H; Armeta-H), 6.92
(br s, 1H; NH), 6.91 and 6.89 (dd, 3J=8.1 Hz, 4J=1.9 Hz, 1H; Armeta-H),
6.69 and 6.67 (dd, 3J=8.2 Hz, 4J=2.3 Hz, 2H; Armeta-H), 5.86±5.76 (m,
1H; -CH=CH2), 5.04±4.95 (m, 2H; -CH=CH2), 3.96 (t, 3J=6.4 Hz, 2H;
OCH2-),2.14±2.09 (m, 2H; -CH2-), 1.82±1.76 (m, 2H; -CH2 -), 1.60±
1.52 ppm (m, 2H; -CH2-);


13C NMR ([D]chloroform): d=159.92, 155.31,
150.02, 145.08, 138.45, 137.76, 129.95, 125.20, 122.13, 114.75, 110.91,
110.79, 105.28, 67.86, 33.37, 28.61, 25.26 ppm; FD MS: [M+] was not de-
tected due to decomposition.


Bis[2]catenane 10a : a) From the homodimer: A solution of 5 (0.2 g,
0.12 mmol) in benzene (50 mL) was stirred at room temperature for
three hours. The formation of the homodimer was monitored by
1H NMR spectroscopy. The solution was diluted with dichloromethane
(1 L) and a solution of Grubbs’ catalyst (10 mg, 12.4 mmol) in dichloro-
methane (25 mL) was added. The reaction mixture was stirred for two
days, two drops of DMSO were added, and the stirring was continued for
12 h. The solution was concentrated to about 400 mL and washed with
water (2î400 mL), dried over MgSO4, and evaporated. The residue was
disolved in THF (20 mL) and hydrogen (1 atm) added in the presence of
PtO2 (50 mg). A white compound was obtained after chromatographic
separation (eluent chloroform/ethyl acetate 95 : 5) and crystallization
from chloroform/methanol mixture gave 10a (0.4 g, 49%).


b) From the heterodimer: A solution of 6 (0.2 g, 0.12 mmol) and 7a
(0.2 g, 0.12 mmol) in benzene (10 mL) was prepared by stirring at 40 8C
for two days. The complete formation of the heterodimer was monitored
and confirmed and by 1H NMR spectrosocpy. The metathesis reaction,
hydrogenation, and the chromatographic purification was carried out as
described above. Compound 10a was obtained as a white precipitate
(0.26 g; 65%); m.p. >200 8C (decomp); 1H NMR ([D6]benzene): d=


10.07 (s, 2H; NH), 10.00 (s, 2H; NH), 9.98 (s, 2H; NH), 9.96 (s, 2H;
NH), 8.47 (brt, 2H; Armeta-H), 8.40 and 8.38 (dd, 3J=8.8 Hz; 4J=0.9 Hz,
2H; Armeta-H), 8.37 (brt, 2H; Armeta-H), 8.31 and 8.29 (dd, 3J=8.2 Hz;
4J=0.9 Hz, 2H; Armeta-H), 8.21 and 6.39 (two AB d, 4J=2.5 Hz, 4H; Arca-
lix-H), 8.19 and 6.40 (two AB d, 4J=2.5 Hz, 4H; Arcalix-H), 8.01 and 6.23
(two AB d, 4J=2.5 Hz, 4H; Arcalix-H), 7.96 and 6.24 (two AB d, 4J=
2.5 Hz, 4H; Arcalix-H), 7.63 (brt, 2H; Armeta-H), 7.50 (brt, 2H; Armeta-H),
7.43 and 7.42 (dd, 3J=8.8 Hz; 4J=0.9 Hz, 2H; Armeta-H), 7.41 (s, 2H;
NH), 7.37 (s, 2H; NH), 7.21±7.19 (m, 4H; Arcalix-H), 7.11 (t, 4J=8.2 Hz,
2H; Armeta-H), 7.09 (t, 4J=8.2 Hz, 2H; Armeta-H), 7.00 (t, 4J=8.2 Hz, 2H;
Armeta-H), 6.98 (s, 2H; NH), 6.81 (s, 2H; NH), 6.77 and 7.75 (dd, 3J=
8.2 Hz, 4J=1.8 Hz, 2H; Armeta-H), 6.69 and 6.67 (dd, 3J=8.2 Hz, 4J=
1.4 Hz, 2H; Armeta-H), 6.56 and 6.54 (dd, 3J=8.2 Hz, 4J=1.8 Hz, 2H;
Armeta-H), 6.48 and 6.46 (dd, 3J=8.2 Hz; 4J=1.8 Hz, 2H; Armeta-H), 4.54
(d, 2J=12.0 Hz, 2H; Ar-CH2-Ar ax), 4.51 (d, 2J=11.7 Hz, 2H; Ar-CH2-
Ar ax), 4.47 (d, 2J=10.8 Hz, 2H; Ar-CH2-Ar ax), 4.44 (d, 2J=11.4 Hz,
4H; Ar-CH2-Ar ax), 4.15±3.50 (m, 32H; OCH2-), 3.35 (d, 2J=12.0 Hz,
2H; Ar-CH2-Ar eq), 3.22 (d, 2J=11.7 Hz, 2H; Ar-CH2-Ar eq), 3.21 (d,
2J=11.4 Hz, 2H; Ar-CH2-Ar eq), 3.08 (d, 2J=11.8 Hz, 2H; Ar-CH2-Ar
eq), 2.15±1.90 (m, 16H; -CH2-), 1.72±1.58 (m, 8H; -CH2-), 1.50±1.10 (m,
88H; -CH2-), 1.00±0.93 ppm (m, 24H; -CH3);


13C NMR ([D]chloroform):
d=160.08, 159.96, 159.89, 154.52, 154.24, 154.18, 153.93, 151.45, 151.41,
151.23, 151.18, 140.69, 140.61, 135.52, 135.33, 135.27, 134.99, 134.78,
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134.52, 134.24, 133.24, 133.11, 133.01, 132.86, 131.09, 131.00, 130.21,
117.88, 117.82, 117.43, 116.69, 116.63, 116.33, 116.26, 110.81, 110.76,
110.70, 110.52, 110.18, 109.34, 109.27, 104.18, 104.15, 103.60, 103.41, 75.93,
75.74, 75.48, 75.31, 68.73, 68.66, 67.89, 67.74, 30.68, 30.61, 30.44, 30.31,
29.91, 29.72, 29.69, 29.23, 29.03, 28.92, 28.72, 28.65, 28.63, 28.53, 28.36,
28.29, 28.16, 28.09, 25.99, 25.87, 25.54, 25.41, 22.87, 22.84, 22.76, 22.74,
14.23, 14.20, 14.13, 14.10 ppm; MALDI-TOF MS: m/z : 3187.7 [M + Na+].
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Bridging Nanogap Electrodes by In Situ Electropolymerization of a
Bis(terthiophenylphenanthroline)ruthenium Complex


Koiti Araki,*[a, b, d] Hiroaki Endo,[a, b] Gou Masuda,[c] and Takuji Ogawa*[a, b]


Introduction


The development of molecular devices requires the prepara-
tion of functional materials with suitable properties.[1] Mo-
lecular wires based on, for example, phenylacetylene, thio-
phenylacetylene, and phenylenevinylene frameworks have
been proposed and realized;[2] however, the preparation of
long unidimensional conducting molecules is still hampered
by synthetic difficulties. Also, little has been reported on the
measurement of molecular conduction properties,[3±5] and
the majority of the devices were prepared by means of
break junction or electrical migration techniques. Such devi-
ces are very difficult to fabricate, and they seem to be too


fragile for practical applications. To overcome these difficul-
ties, we started to pursue the possibility of using arrays of
molecules and nanoparticles for that purpose. In previous
work, we showed that stable arrays of gold nanoparticles
can be easily obtained with 1,10-decanedithiol bridging
units.[6] This material exhibits semiconductor-like properties
with characteristic sigmoidal-shaped I±V curves and a linear
log I versus 1/T relationship when attached to gold micro-
electrodes, in contrast with the bulk material that showed
ohmic behavior. The difference was attributed to mesoscop-
ic effects, and was explained by means of the Coulomb
blockade theory. Herein, we describe the synthesis and char-
acterization of new bis(thienyl)-1,10-phenanthrolines coordi-
nated to a [Ru(bpy)2] group (Scheme 1 and Scheme 2). The
bis(terthienyl) derivative is electropolymerizable and was
used to connect nanogap electrodes to generate stable mo-
lecular devices that exhibit temperature-dependent nonlin-
ear I±V curves.


Results and Discussion


p-Conjugated conducting polymers and oligomers contain-
ing electrochemically and photochemically active transition-
metal complexes, such as [Ru(bpy)3], are of great interest as
materials for molecular devices.[7,8] In particular, linear wires
with extended p systems interacting with metal complexes
are potential candidates for the preparation of functional
single-molecule devices. The molecular conduction is be-
lieved to occur by tunneling and should be proportional to
the negative exponential of the square root of the energy
gap and the chain length.[5] Both parameters can be varied;
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Abstract: A novel complex containing
a 3,8-bis[terthiophenyl-(1,10-phenan-
throline)] ligand coordinated to
[Ru(bpy)2] was synthesized and charac-
terized by electrochemical and spectro-
scopic techniques. The complex was
shown to be a suitable starting material
for the electrodeposition of functional-
ized molecular wires between nanogap


electrodes to generate stable molecular
nanodevices. Temperature-dependent
nonlinear I±V curves were obtained at
80±300 K. The material can also be de-


posited on indium tin oxide (ITO) to
form compact electrochromic films at
surface concentrations lower than
�1î10�8 molcm2; however, a more
loosely bond fibrous form is preferen-
tially deposited at higher surface con-
centrations.
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however, the energy gap is particularly sensitive to the
degree of p delocalization in the molecular wire.[9±11] The
metal complexes were assumed to impart some functionality,
for example, by acting as charge-trapping sites in single-elec-
tron transistors[3] or electron hopping and photoactive sites.
Finally, a simple method for deposition of a molecular mate-
rial directly in place to afford stable junctions was pursued.
Electropolymerization seemed to satisfy these requirements,
and compound 11 (Scheme 2) was chosen as prototype mon-
omer. Complexes 3 and 13 were utilized in the characteriza-
tion process.


Synthesis : The phenanthroline derivatives were obtained
after a multistep synthesis involving Pd- or Ni-catalyzed
cross-coupling to 3,8-dibromo-1,10-phenanthroline,[12] which
was obtained by bromination of commercially available
1,10-phenanthroline monohydrate in the presence of S2Cl2.
Compound 2 was obtained by Ni-catalyzed cross-coupling of
dibromophenanthroline with the appropriate Grignard re-
agent (Scheme 1).


A similar strategy was used to prepare the terthienyl-sub-
stituted phenanthroline derivatives. Initially, the synthesis of
the unsubstituted bis(terthienyl)phenanthroline was at-
tempted by the Ni-catalyzed reaction of the Grignard re-
agent of 5’’-bromo-2,2’:5’,2’’-terthiophene with 1; however,
the reaction was hindered by the low solubility of this re-
agent. To overcome this drawback, two n-butyl radicals
were introduced into the 3,4-positions of the middle thio-
phene ring (Scheme 2). This strategy was successful, and the
desired phenanthroline derivative 10 was obtained in 40%
yield. This was subsequently converted to the corresponding
ruthenium polypyridine complex 11 by reaction with [Ru-
(bpy)2(OH2)2](NO3)2 in DMF. Compound 10 was also al-
lowed to react with Br2 and KSCN to give the thiocyano de-
rivative 12, and subsequently converted to the ruthenium
complex 13, as described above. All steps gave reasonable-
to-high yields making the strategy convenient for the prepa-
ration of these functionalized thiophene derivatives. The
NMR and mass spectra and the elemental analysis of the
compounds were consistent with the structures shown in
Scheme 1 and Scheme 2.


UV/Vis spectra : The spectra of
oligothiophenes are known to
exhibit a band at around
245 nm, and a second band,
whose energy is dependent on
the chain length, at higher


Scheme 1. Procedure for the preparation of complex 3 from phenanthroline. a) Br2, S2Cl2, n-BuCl, py, 62%; b)
[Ni(Cl2(dppp)], THF, 94%; c) 1. [Ru(bpy)2(OH)2]/DMF, 2. NH4PF6, 80%.


Scheme 2. Scheme for the preparation of complexes 11, 13, and poly-11. a) Br2, CHCl3, 90%; b) Zn, AcOH, H2O, 86%; c) [NiCl2(dppp)], Et2O, 85%,
CH3(CH2)3MgBr; d) Br2, AcOH, CHCl3, 87%; e) [NiCl2(dppp)], Et2O, 84%; f) AcOH/CHCl3, NBS, 61%; g) 1. Mg/THF, 2. [NiCl2(dppp)]/THF, 40%; h)
1. [Ru(bpy)2(OH2)2]/DMF, 2. NH4PF6, 71%; i) electropolymerization in MeCN/TBAClO4 0.1m ; j) Br2, KSCN, MeOH, CHCl3, 94%; k) 1. [Ru-
(bpy)2(OH2)2]/DMF, 2. NH4PF6, 84%. dppp=1,3-bis(diphenylphosphanyl)propane; NBS= N-bromosuccinimide.
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wavelengths. The first one is assigned to an intraring p±p*
transition, and the second to a p±p* transition of the conju-
gated p system. This band is strongly influenced by the pres-
ence of electron-accepting groups, such as pyridine deriva-
tives, directly bonded to the thiophene chain. Accordingly,
the red shift was attributed to contributions from donor±ac-
ceptor charge-transfer interactions by Yamamoto et al.[13, 14]


Nevertheless, relatively modest shifts were observed in oli-
gothiophene-bridged 2,2’-bpy derivatives by Pappenfus
et al. , who found a linear correlation between the energy of
that transition and the number of conjugated rings when the
pyridine rings were considered.[15] Accordingly, the red shift
was assigned to the participation of the bpy rings in the ex-
tended p system of the oligothiophene chain, because the
p±p* transition is known to be shifted to lower energies as
the number of thiophene rings is increased.[16,17] The 3,8-bis-
(thiophene)-1,10-phenanthroline derivatives 2, 10, and 12
also belong to such a class of compounds and should exhibit
a similar behavior. The lowest energy band appeared at
340 nm in the spectrum of compound 2 in DMF. It is shifted
to 419 and 422 nm (Figure 1) in compounds 12 and 10, re-
spectively. These wavelengths are comparable to those of
other analogous oligothiophene derivatives.[7,9,15]


The coordination of
[Ru(bpy)2] should strongly in-
fluence the electronic proper-
ties of the phenanthroline ring,
which may affect the degree of
p conjugation in the thiophene
backbone. Complex 3 exhibits
the ruthenium complex bands
at 290 and 454 nm, respectively,
assigned to the characteristic
bpy p±p* transition and
RuII(dp)-to-bpy(pp*) and -
phen(pp*) charge-transfer tran-
sitions. The band at 372 nm can
be attributed to the thiophene
p±p* transition. The red shift
reflects the effect of the ruthe-
nium complex coordination on


the conjugated p system. A weak band, assigned to a d±d
transition, is also expected at about 350 nm; however, it
should be hidden under the more intense p±p* bands
nearby. Only one intense and broad band is visible at about
442 nm in the case of the complexes 11 and 13. This enve-
lope contains the terthiophene p±p* and ruthenium complex
charge-transfer transitions, as can be inferred by its higher
molar absorptivity (7.8î104


m
�1 cm�1) compared to a conven-


tional MLCT band in similar compounds (�1.5î
104


m
�1 cm�1).[18] This means that the electronic absorption


spectra can be satisfactorily explained if the energy levels
are considered to be essentially localized in the thiophene
backbone and the ruthenium polypyridine complex.


Electrochemistry : The electrochemical behavior of the
ruthenium complexes 3, 11, and 13 was examined by cyclic
voltammetry and is summarized in Table 1. The voltammo-
grams in DMF were generally more reversible than in aceto-
nitrile where adsorption occurred more promptly, particular-
ly because of their much lower solubilities in the last sol-
vent. Compound 3 exhibited five reversible monoelectronic
processes at 1.31, �1.18, �1.45, �1.68 and �1.94 V versus
SCE, in DMF and acetonitrile solution (Figure 2). The re-
versible redox couple at 1.31 V is readily assigned to the
RuIII/RuII process. No other oxidation reaction could be
found up to 2 V, in analogy with the results obtained by
Pappenfus et al. for the binuclear [Ru(bipy)3] complex
bridged by a thienyl ring.[15]


The assignment of the reduction processes is more com-
plicated. A comparison of the potentials in Table 1 indicated
that the first ligand-centered reduction of complex 3 is shift-
ed to more positive potentials by about 200 mV than those
of the [Ru(bpy)3] and [Ru(phen)3] complexes. However,
even more pronounced shifts have been reported for analo-
gous ruthenium complexes with a bipyridine ligand bonded
to thienyl and bisthienyl radicals at the 5,5’-positions.[11,19,20]


Consequently, the reduction process at �1.18 V was attribut-
ed to the monoelectronic reduction of the phenanthroline
ligand. The following processes at �1.45 and �1.68 V were
then assigned to the successive monoelectronic reductions ofFigure 1. UV/Vis spectra of complexes 3, 11, and 13 in DMF.


Table 1. Redox potentials (V versus SCE) of the ruthenium complexes in DMF and acetonitrile solutions. The
E1/2 values were estimated as the average of the cathodic and anodic peak potentials. The potentials were cor-
rected considering the potential of the Fc/Fc+ process as being 0.40 V versus SCE.


Complex[a] E1/2(ox)
[b] L/L�[b] bpy1


0/� bpy2
0/�[b] L�/L2�


[Ru(bpy)3]
[15,19, 26] 1.26 (RuIII/RuII) �1.34 (bpy1


0/�) �1.52 �1.78
[Ru(bpy)2(phen)]


[26] 1.26 �1.36 �1.54 �1.79
[Ru(bpy)2(tpbpy)]


[c][19] 1.54 �1.02 �1.34
[Ru(bpy)2(btbpy)]


[c][11] �1.10 �1.44 �1.63
[Ru(bpy)2(2)]


[c] 1.32 �1.17 �1.44 �1.67 �1.97
[Ru(bpy)2(2)]


[d] 1.22 �1.18 �1.45 �1.68 �2.03
[Ru(bpy)2(10)]


[d] 1.06ap, 1.24ap �1.13 �1.44 �1.64 �1.82
[Ru(bpy)2(12)]


[d] 1.22ap �1.15 �1.44 �1.66 �1.88
P4±Ru[c][19] 0.94, 1.10, 1.37(RuIII/RuII) �1.02 �1.30
P6±Ru[c][19] 0.79, 0.95, 1.31(RuIII/RuII) �1.02 �1.33
Poly-[Ru(bpy)2(10)]


[c] 0.85, 1.02, 1.36(RuIII/RuII) �1.13cp �1.50cp �1.84cp not observed


[a] tpbpy = 4,4’-bis(3-dioctylthienyl)-2,2’-bipyridine, btbpy = 4,4’-bithienyl-2,2’-bipyridine, P4-Ru = poly-
{(bpy)2Ru(1,10-phen-5,5’-bis(3,3’,3’’,3’’’-tetraoctyl-2,2’:5’,2’’:5’’,2’’’:5’’’,2’’’’-quaterthiophene), P6±Ru = analogous
to P4±Ru, but with hexathienyl radicals. [b] ap = anodic peak potential, cp = cathodic peak potential. [c] In
acetonitrile. [d] In DMF.
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each of the bpy ligands. As expected, these redox potentials
remained more or less constant for all three complexes.
Generally, no other wave can be found next to this set of
waves, but a fourth reversible process was observed for all
ruthenium complexes at about �1.94 V. Similar results were
reported for analogous heteroleptic ruthenium complexes
with diimine ligands carrying electron-withdrawing groups
or having larger aromatic structures.[21] Accordingly, it was
tentatively assigned to the second monoelectronic reduction
of the substituted phenanthroline ligand. The anodic coun-
terpeak of this last process decreased as the scan rate dimin-
ished, exhibiting a typical EC mechanism profile, probably
attributable to the reaction of that reduced species with
some trace impurities present in the solvent. All processes
were diffusion-controlled, as attested by the linear relation-
ship between the current and the square root of the scan
rate (not shown). The electrochemical behavior of complex
3 in MeCN is similar to that in DMF, except that sharp ad-
sorption peaks are superimposed on the diffusion-controlled
waves, as can be seen in Figure 2B. This effect is more pro-
nounced for the cathodic peak at �1.7 V, whose relative in-
tensity increases dramatically at low scan rates. But when
the measurements were limited to the 0.3±1.6 V range, a
typical diffusion-controlled reversible behavior was ob-
served for the RuIII/RuII process at 1.32 V (Figure 2B).


The electrochemical behavior of the ruthenium complexes
11 and 13 was slightly different from that described above
for compound 3. The difference is associated with the elec-
trochemical activity of the terthiophene moiety as well as
the tendency of the oxidized species, with free terminal a-
positions, to polymerize.[17] The comparative electrochemical
study was carried out only in DMF because of the low solu-
bility of compound 13 in acetonitrile.


The reduction of compound 11 in the 0 to �2.2 V range
led to four reversible processes at �1.13, �1.44, �1.64, and
�1.82 V versus SCE (Figure 3A), which were assigned in
the same way as for compound 3. The CVs of compound 13
were similar to that described above (Figure 3B); however,


the first cathodic peak was slightly enhanced, probably at-
tributable to an EC mechanism involving the reduction of
the thiocyano radical. This assumption is confirmed by the
appearance of an irreversible oxidation wave at �80 mV,
which is absent in the voltammograms of compound 11
(Figure 3). This chemical process did not change the voltam-
metric behavior of the three subsequent processes (monoe-
lectronic and reversible), nor the profile of the anodic wave
at �1.15 V, corresponding to its counterpeak. The oxidation
profile was irreversible for both complexes, showing a
couple of intense peaks at 1.0 and 1.2 V for compound 11, a
peak at 1.2 V for 13, and a reduction peak at about �0.6 V
(not shown). This is consistent with the irreversible oxida-
tion of polythiophenepyridines[13] and oligothiophenes
bonded to ferrocene.[9] However, no associated reduction
process was observed for the RuIII/RuII reaction regardless
of its reversible character. This strongly suggests that the
RuIII species was being rapidly reduced to RuII by the ter-
thienyl radicals. Interestingly, the Pt electrode remained
clean in the case of compound 11, but a white solid was de-
posited in the case of compound 13. Clearly, this is a reac-
tion by-product and no attempt was made to characterize it
further.


Preparation and properties of the polymer film : The electro-
chemical behavior of compound 11 in acetonitrile contrasts
with that in DMF solution. In this case, a pattern typically
found for the deposition of an electrochemically active ma-
terial on the electrode surface was observed (Figure 4A).
This electropolymerization process leads to the formation of
linear hexathiophene chains bridged by phenanthroline[Ru-
(bipy)2] units through the 3,8-positions. The details of the
electropolymerization process and its electrochemical and
optical properties are described below.


Two reversible processes were found at �1.12 and
�1.34 V when the potentials were scanned from 0 to �1.6 V.
Nevertheless, the anodic wave of the second process is more
intense and bell-shaped, as can be seen in the first scan


Figure 2. Cyclic voltammograms of complex 3 in A) 2.5 mm DMF and B) 3.5 mm acetonitrile, containing 0.1m of TBAClO4. The voltammograms in the
0.3±1.6 V range were shifted by 115 mA to facilitate visualization. The scan rates are indicated in the figure.
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Figure 3. Cyclic voltammograms of A) 2.1 mm 11 and B) 2.0 mm 13 in a DMF solution containing 0.1m TBAClO4 with a Pt electrode. The scan rates are
indicated in the figure.


Figure 4. A) 10 successive cyclic voltammograms of a saturated solution of compound 11 from �1.6 to 1.5 V, 0.1m TBAClO4, Pt electrode. B) Cyclic vol-
tammograms of an electrode modified with poly-11 (G = 1î10�8 molcm�2) at different scan rates. C) Two successive scans from �1.3 to 1.5 V with the
modified electrode obtained in (A) after scanning from 0.3±1.5 V. D) Cyclic voltammogram of poly-11 in the 0.3±2.3 V range (c) followed by a scan in
the 0.3±1.8 V range (a). All experiments were carried out in a 0.1m TBAClO4 solution prepared with anhydrous acetonitrile.
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trace. Accordingly, the doubly reduced species was adsorb-
ing, and a relatively intense cathodic wave was found at
about �1.8 V, when the potentials were scanned up to
�2.0 V. The two most negative redox processes were irrever-
sible, and a broadened anodic wave was found at �1.7 V
(not shown). On the positive side, an irreversible and a re-
versible wave were found at Eap = 1.08 and 1.38 V and as-
signed to the monoelectronic oxidation of ligand 10 and to
the RuIII/RuII process, respectively. In the reverse scan, the
wave attributed to the reoxidation of the RuIII sites was fol-
lowed by a couple of waves at Ecp = 0.96 and 0.77 V, attrib-
uted to the reduction of the electrochemically generated
oxidized poly-11 (Figure 4A). This contrasts with the elec-
trochemical behavior in DMF solution described above.


In the subsequent scans, the waves related to the reduc-
tion of the phenanthroline and bipyridine ligands were built
up, as well as an irreversible cathodic peak at about
�0.86 V, which shifted to more negative potentials as a func-
tion of the number of scans. It should be noted, however,
that the reoxidation waves at �1.37 and �1.02 V were small-
er than the corresponding reduction waves, and they stop-
ped growing after about seven cycles, while the other peaks
continue to rise. This indicates that the reoxidation reactions
were incomplete at those potentials, and is in fact occurring
at 0.6 V. This irreversible peak is absent when the eletropo-
lymerization process is carried out in the 0.0±1.5 V range
and, after few cycles, the successive voltammograms became
similar to that shown in Figure 4B. The low reversibility of
these reoxidation processes in the polymer film becomes
evident in the CV of a modified Pt electrode (�1.3 to 1.5 V
range) in neat electrolyte solution (Figure 4C). In this case,
a sharp anodic wave appeared superimposed on the reversi-
ble polymer waves at 0.8 V, but only after the reduction of
the polymer at about �1.2 V. The following successive vol-
tammograms (up to 10 scans) remained almost unchanged,
except for a shift and decrease of that peak. However, the
film is rapidly destroyed if the potentials are scanned up to
�2.0 V. Also, the hexathiophene chain becomes electro-
chemically inactive when oxidized at 1.65 V, as shown in Fig-
ure 4D. Only the hexathienyl segments were affected by the
process, as confirmed by the presence of the RuIII/RuII wave
in the subsequent voltamograms. Consequently, only the
processes in the 0.3±1.5 V range are electrochemically rever-
sible, and their respective currents are directly proportional
to the scan rate (Figure 4B).


The hexathiophene/ruthenium ion ratio in the polymer is
1:1, and the charge consumed for the oxidation of the hexa-
thienyl segments is about twice as large. Consequently, the
two broad waves that precede the RuIII/RuII wave can be as-
signed to two successive monoelectronic oxidation processes.
Accordingly, the hexathiophene moiety is oxidized to the
radical cation at 0.85 V and to the dication at 1.02 V, as con-
firmed by spectroelectrochemistry (Figure 5). Zhu et al.
have shown that the electronic properties of the bpy ligand
are dependent on the substitution position by the thienyl
radicals.[9,15] The 4,4’-substituted bpy (equivalent to 3,8-sub-
stituted phen) was found to favor the delocalization along
the chain to the detriment of the electronic coupling to the
metal center. The same kind of effect may be responsible


for the broadening of the respective voltammetric waves in
our complex; however, the contribution of some nonhomo-
geneity in the local microenvironment cannot be ruled out.


The electropolymerization reaction should lead to linear
chains containing many ruthenium complexes bridged by
hexathienyl segments. Despite the strong p delocalization in
the conjugated backbone, bridging oligothiophenes[9,15] were
shown to weakly couple transition-metal sites, even when
two ruthenium bis(bipyridine) or terpyridine[22] complexes
are connected by a single ring. Similar behavior has also
been observed for large highly conjugated macrocycles, such
as porphyrins,[23] but a strong coupling was reported for
small heterocyclic ligands, such as pyrazines and benzotria-
zole.[24] In this case, the electronic states of the binuclear
complexes are highly mixed, and the redox processes involv-
ing the metal sites are no longer degenerate. In our case,
only one sharp and bell-shaped pair of peaks, displaced by
�30 mV, were found for the RuIII/RuII process. This means
that the full-width at half-maximum (FWHM = 115 mV at
100 mVs�1) is close to the theoretical value of 90 mV, and
that there is almost no interaction between the electrochem-
ically active sites. Also, the chemical environment around
the ruthenium sites should be very similar. The pattern de-
scribed above is valid for thin films, such that much broader
peaks separated further apart were found at higher surface
concentrations. This effect is probably caused by impedances
associated with the formation of a less firmly bound fibrous
material, as confirmed by SEM microscopy (Figure 6).


Poly-11 films can be deposited on different substrates,
such as glassy carbon, gold, and ITO; however, they are rel-
atively fragile. The films deposited on ITO exhibited absorp-
tion bands spanning the visible region up to 650 nm, at 440
and 540 nm (Figure 5, c). These bands can be assigned to
the RuII-to-polypyridine and -hexathiophene p±p* transi-
tions, which were red-shifted after electropolymerization
and formation of longer oligothiophene segments. When the
polymer film was oxidized at 0.92 V, a characteristic band


Figure 5. Spectroelectrochemistry of poly-11 on ITO-glass in acetonitrile
containing 0.1m TBAClO4. The spectra of the starting polymer RuIIHT0


(0.52 V), the hexathienyl radical cation RuIIHT+ (0.92 V), the dication
RuIIHT2+ (1.22 V), and the RuIIIHT2+ (1.52 V) species are shown. The
spectrum of complex 11 in DMF solution was included for comparison.
HT = hexathienyl radical.
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appeared at 805 nm, and the absorbance at 540 nm de-
creased to approximately half its initial intensity. The
second oxidation process at 1.22 V led to the appearance of
a very broad band at 1100 nm and to the complete disap-
pearance of the bands at 805 and 540 nm. These changes
contrast with what is generally observed during the oxida-
tion of analogous RuII complexes and are consistent with
the formation of the hexathiophene radical cation and dica-
tion,[15,17] respectively. When the polymer was further oxi-
dized at 1.52 V, the band characteristic of the dication at
1100 nm was significantly enhanced, and the absorbance in
the 400 to 600 nm range diminished. This is attributed to the
disappearance of the RuII(dp)-to-bpy(pp*) and -phen(pp*)
charge-transfer transitions. The hexathiophene-to-ruthenium
complex charge-transfer transition is absent in poly-11, in
contrast with oligothiophenes bond to ferrocene,[7,9] because
the RuIII ion is an electron acceptor rather than a donor.


The morphology of poly-11 deposited on ITO was ana-
lyzed by optical and scanning electron microscopy (SEM).
The red-brown color of the polymer and the area covered
by a fibrous material increased as a function of the surface
concentration in the G�10�8 molcm�2 range. An inspection
of the modified surface by SEM with a similar magnification
showed analogous structures (Figure 6A). However, the
amount of poly-11 on the surface seemed to be too low
compared to the surface concentration. Accordingly, a
closer inspection of the modified surface was carried out in
comparison with the clean substrate. The result shown in
Figure 6B revealed that the indium tin oxide (ITO) grains
in apparently clean regions are in fact covered by a thin
layer of poly-11, explaining the apparent inconsistency. This
suggests that, at the beginning of the electropolymerization
process, the polymer is obtained preferentially as a tight
film on the surface of the grains. Nevertheless, a more loose-
ly attached fibrous form seems to be favored as the surface
concentration increases.


Current±voltage characteristics of poly-11: Electropolymeri-
zation was shown to be a suitable strategy for the prepara-
tion of poly-11 directly between nanogap electrodes. This
avoids complicated techniques to manipulate the molecular
species for proper positioning and contact. Furthermore, the
polymer chains may grow preferentially oriented along the
electric field, forming a bunch of wires connecting the two
electrodes. The HOMO and LUMO energies in different


oxidation states were estimated from the electrochemistry
and UV/Vis spectroscopy data, and compared with the Au
Fermi level (Scheme 3).[7] It is easy to see that the HOMO
of the neutral species is very close to the Au Fermi level, as


expected for a p-type material. The hole injection barrier is
zero and the HOMO±LUMO gap, estimated from the ab-
sorption onset, is 1.77 eV. Temperature-dependent nonlinear
I±V curves with similar profiles were obtained, as shown in
Figure 7. The devices were stable enough to allow the col-


lection of more than a hundred I±V curves as a function of
the temperature without significant changes. They were gen-
erally symmetric, and the conductivity of the device de-
creased as the temperature was decreased from 300 to 80 K.
Concomitantly, the ™blockaded∫ region was widened and
reached about 2.7 eV at 80 K, which is about 1 eV higher
than the HOMO±LUMO gap. The strong temperature-de-
pendence was successfully explained based on the thermion-
ic and tunneling models, and is being published elsewhere.[25]


Smaller energy gaps (1.25 and ~0.8 eV) are anticipated for
poly-11+ and poly-112+ , respectively (Scheme 3).


Conclusion


A new bis(terthienyl)-1,10-phenanthroline coordinated to
[Ru(bpy)2] was synthesized and characterized by UV/Vis


Figure 6. SEM microscopy images of ITO modified with poly-11, G�1î
10�8 mol cm�2, showing A) the fibrous structures (î3300), and B) the ITO
grains covered by a film of poly-11 in an apparently clean region (î
45000).


Scheme 3. Energy level [eV] diagram of poly-11 in different oxidation
states with reference to the vacuum level estimated from the electronic
spectra and electrochemistry data; EF(Au) = 5.31 eV.[27]


Figure 7. Typical temperature-dependent I±V(T) curves for poly-11 on a
gold nanoelectrode with a 15 nm gap at 80±300 K.
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spectroscopy and cyclic voltammetry. The electrochemistry
of the three derivatives was consistent with that of analo-
gous compounds: four reversible reduction processes were
exhibited in the 0 to �2.2 V range. The voltammetric behav-
ior was irreversible in the 0±1.5 V range for the terthienyl
derivatives on account of its fast oxidation by the electro-
chemically generated RuIII complexes. This reaction leads to
electropolymerization and the build up of an electrochemi-
cally and electrochromically active material on the electrode
surface from an acetonitrile solution. A tight film is generat-
ed on ITO at low surface concentrations, and a lose fibrous
form is preferentially formed at higher concentrations. The
monomer was shown to be a suitable starting material for
the electrodeposition of functionalized molecular wires di-
rectly between gold electrodes separated by a nanometer-
sized gap. Stable molecular devices exhibiting temperature-
dependent nonlinear I±V curves were obtained in this way.


Experimental Section


All reagents and solvents were of analytical grade and used without fur-
ther purification. The anhydrous solvents were drawn up into a syringe
under a flow of dry N2 gas and were directly transferred into the reaction
flask to avoid contamination. The intermediates and products were char-
acterized by elemental analysis and spectroscopic methods.


The UV/Vis spectra, in solution or as a polymeric film on ITO glass,
were recorded with a Shimadzu UV-3150 double-beam spectrophotome-
ter. The IR spectra were recorded in a Horiba FT-700 spectrophotome-
ter. Cyclic voltammograms were registered with a BAS CV-50W voltam-
metric analyzer in a conventional three-electrode cell arrangement com-
prising a Pt coil counterelectrode, a Ag/Ag+ (0.01m, TBAClO4 0.1m in
CH3CN) reference electrode, and a Pt working electrode (0.16 mm diam-
eter). The spectra of oxidized poly-11 were obtained in a electrochemical
minicell mounted inside a quartz cuvette with an ITO glass modified
with the polymer as the working electrode. 1H NMR spectra were collect-
ed on a Varian Unit 500 MHz spectrometer and a JEOL GSX 270 MHz
spectrometer with TMS (d = 0.0) as the reference. 13C NMR data were
recorded at 67.8 MHz with a JEOLGSX spectrometer. The DI-EI
(70 eV) mass spectra were recorded with a Hitachi M80-B spectrometer.
The SEM images were collected with a Jeol JSM-6700F microscope.


The I±V curves were collected with an Advantest R6245 2Channels Volt-
age Current Source Monitor interfaced to a microcomputer through a
GPIB-SCSI board and NI-488.2 protocol. The data were acquired with a
homemade procedure and IgorPro 4.0 (Wavemetrics) software. Triaxial
cables were used to connect the molecular devices and the I±V monitor
in order to minimize external noise. All measurements were carried out
inside a vacuum chamber (P<2î10�4 Pascal) equipped with a thermo-
stat (�0.001 8C) and with liquid nitrogen as the coolant. The polymer
was successfully prepared in situ between the gold nanogap electrodes
(250 nm wide, gap width ~15 nm) by electropolymerization from a satu-
rated solution of 11 in acetonitrile (0.1m TBAClO4). The nanogap elec-
trodes were used as working and counterelectrodes, and a silver wire was
employed as a pseudoreference electrode. The potentials were scanned
10 times in the 0±800 mV range. The procedure was repeated after the
polarization had been reversed. The samples were then washed thorough-
ly with methanol and acetone and dried in vacuo. The details of the
nanogap electrode fabrication were published elsewhere.[25]


3,8-Dibromo-1,10-phenanthroline (1): was prepared according to a previ-
ously reported method.[12]


3,8-Di(thiophen-2’,2’’-yl)-1,10-phenanthroline (Dtphen, 2): Activated
magnesium (0.672 g, 27.7 mmol) and dry THF (12 mL) were transferred
to a round-bottom flask in a N2 atmosphere. 2-Bromothiophene
(1.22 mL, 12.6 mmol) was carefully added, and the mixture was left to
react for 2 h at room temperature with constant stirring. A solution of 1
(1.52 g, 4.5 mmol) and [NiCl2(dppp)] (0.069 g, 0.127 mmol) in dry THF


(15 mL) was prepared in a two-necked round-bottom flask connected to
a fritted glass filter, and was then cooled to 0 8C in an ice/water bath. The
previously prepared Grignard reagent was carefully added by means of a
cannula, through the filter. The mixture was left to stand for 2 h at room
temperature, and was then refluxed for 12 h. The reaction mixture was
quenched with saturated NH4Cl aqueous solution, extracted with CHCl3,
washed with a NaCl solution, and purified by column chromatography
(silica gel, CHCl3/n-hexane 1:1). A yellow crystalline product (1.45 g,
94%) was obtained after removal of the solvent and drying in vacuo. 1H
NMR (270 MHz, CDCl3): d = 9.45 (d, J = 2.3 Hz, 2H, phen), 8.34 (d, J
= 2.3 Hz, 2H, phen), 7.82 (s, 2H, phen), 7.59 (dd, J = 3.7, 0.6 Hz, 2H,
thiophenyl), 7.45 (dd, J = 5.3, 0.6 Hz, 2H, thiophenyl), 7.20 ppm (dd, J
= 5.3, 3.7 Hz, 2H, thiophenyl); 13C NMR (67.8 MHz, CDCl3): d =


148.12, 140.3, 131.6, 129.5, 128.6, 128.5, 127.2, 126.6, 125.0, 99.1 ppm; MS
(DI-EI): m/z : 344 [C20H12N2S2]


+ .


[Ru(bpy)2(OH2)2](NO3)2 : This complex was synthesized as a reactive in-
termediate in order to obtain the desired [Ru(bpy)2(L)] complexes (L =


3,8-bis(thiophene)-1,10-phenanthroline ligands) under mild conditions.
The required amount was prepared immediately before use. Typically,
[Ru(bipy)2Cl2]¥H2O (Aldrich, 0.1 g, 0.71 mmol) was suspended in a 1:1
methanol/water mixture (15 mL), heated to 70 8C, and the dissociated Cl�


ion precipitated by the addition of two equivalents of Ag(NO)3 (Cica Re-
agents) in a N2 atmosphere. The reaction mixture was stirred for 30 min,
and the suspension was filtered through a thick Celite (Aldrich) bed. The
clean solution was dried in the rotary evaporator to obtain the aqua com-
plex as a dark solid, which was dissolved in DMF and reacted with the li-
gands 2, 10, and 12, as described below.


Bis(2,2’-bipyridine)(3,8-(thiophen-2’,2’’-yl)-1,10-phenanthroline)ruthenium-
(ii) ([Ru(bpy)2(DTphen)](PF6)2, 3): Compound 2 (0.24 g, 0.71 mmol) in
CHCl3 (10 mL) was reacted with an equivalent amount of [Ru-
(bpy)2(OH2)2](NO3)2 in DMF (20 mL) for 10 min (60 8C). This intermedi-
ate was prepared from [Ru(bpy)2Cl2]¥H2O (0.34 g), as described above.
The solvent was removed in the rotary evaporator. The solid was redis-
solved in DMF (15 mL), and the solution was added into an aqueous
NH4PF6 solution (30 mL). The resultant brown solid was filtered, thor-
oughly washed with water, and dried in vacuo. Yield: 0.46 g (61%); 1H
NMR (500 MHz, DMSO): d = 9.05 (d, J = 1.8 Hz, 2H, phen), 8.92 (d,
J = 8.2 Hz, 2H, bpy), 8.83 (d, J = 8.2 Hz, 2H, bpy), 8.35 (s, 2H, phen),
8.29 (t, J = 7.9 Hz, 2H, bpy), 8.12 (t, J = 7.9 Hz, 2H, bpy), 8.03 (d, J =


1.8 Hz, 2H, phen), 7.96 (d, J = 5.5 Hz, 2H, bpy), 7.84 (d, J = 5.8 Hz,
2H, bpy), 7.78 (d, J = 5.0 Hz, 2H, thienyl), 7.66 (t, J = 6.7 Hz, 2H,
bpy), 7.55 (d, J = 3.6 Hz, 2H, thienyl), 7.39 (t, J = 6.7 Hz, 2H, bpy),
7.24 ppm (dd, J = 5.2 and 3.6 Hz, 2H, thienyl); elemental analysis calcd
(%) for C40H28N6S2P2F12Ru: C 45.85, H 2.69, N 8.02; found: C 45.07, H
2.90, N 7.90.


2,3,4,5-Tetrabromothiophene (4): Thiophene (0.3 mol) and CHCl3
(12 mL) were transferred to a round-bottom flask and Br2 (69 mL,
1.35 mol) was added dropwise into the vigorously stirred solution. The re-
action mixture was kept at room temperature for 17 h and then refluxed
for 2 h. After cooling to room temperature, a KOH solution (33 g) in eth-
anol (180 mL) was added. The mixture was refluxed for 4 h, poured into
an ice/water mixture (400 mL), and extracted with CHCl3. Colorless crys-
tals of the desired product were obtained in 90% yield after recrystalliza-
tion from a CHCl3/EtOH mixture. 13C NMR (CDCl3): d = 116.94,
110.28 ppm; MS (EI): m/z : 400 (C4Br4S


+), 321, 240, 161.


3,4-Dibromothiophene (5): An acetic acid/water mixture (1:2, 180 mL)
was transferred to a round-bottom flask, followed by the alternate addi-
tion of powdered zinc (60 g, 918 mmol) and 4 (113 g, 283 mmol) in small
portions. The resultant mixture was kept at room temperature for 1 h
and then refluxed for 3 h. The mixture was filtered through a celite bed
and the product extracted with diethyl ether from the filtrate. The solu-
tion was dried with Na2SO4, the solvent was removed, and the residue
then distilled under vacuum. A colorless liquid was obtained in 86%
yield. 1H NMR (270 MHz, CDCl3): d = 7.29 ppm (s, 2H); 13C NMR
(CDCl3): d = 123.73, 113.88 ppm.


3,4-Dibutylthiophene (6): Magnesium (5.74 g, 236 mmol) was transferred
to a three necked round-bottom flask and heated to 100 8C in a N2 atmos-
phere. Dry diethyl ether (90 mL) and some I2 were added, and the mix-
ture was left to react for 10 min. n-Butylbromide (18.0 mL, 167.6 mmol)
was carefully added to avoid excessive increase of temperature, and the
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mixture was refluxed for an hour to obtain the corresponding Grignard
reagent. Thiophene 5 (6.8 mL, 60.1 mmol) and [NiCl2(dppp)] (1.02 g,
1.88 mmol) were transferred to a separate three-necked round-bottom
flask connected to a sintered glass filter. After purging with N2, dry dieth-
yl ether (80 mL) was added and the Grignard reagent was carefully trans-
ferred through the filter. The reaction mixture was refluxed for 2 h, left
to stand at room temperature for 12 h, and then quenched with 1n HCl.
It was then filtered through a celite bed and extracted with diethyl ether.
The solvent was removed in a flash evaporator, and the residue was dis-
tilled. A colorless liquid was obtained in 85% yield. 1H NMR (270 MHz,
CDCl3): d = 6.88 (s, 2H), 2.51 (t, J = 7.3 Hz, 4H), 1.66±1.52 (m, 4H),
1.47±1.36 (m, 4H), 0.95 ppm (t, J = 7.3 Hz, 4H); 13C NMR (68 MHz,
CDCl3): d = 142.04, 119.86, 31.82, 28.48, 22.65, 13.99 ppm; MS (DI-EI):
m/z : 196 [C12H20S]


+ ; elemental analysis calcd (%) for C12H20S: C 73.40,
H 10.27; found: C 73.15, H 10.07.


2,5-Dibromo-3,4-dibutylthiophene (7): Bromine (7.85 mL, 154.7 mmol)
diluted in CHCl3 (20 mL) was added to a solution obtained by mixing 6
(12.5 g, 63.7 mmol) and CHCl3/acetic acid (1:2, 100 mL) in a round-
bottom flask. The mixture was stirred overnight at room temperature
and washed with water. The organic phase was washed five more times
with water, the CHCl3 was removed in a flash evaporator, and the resi-
due was distilled in vacuo. A pale yellow liquid was obtained in 87%
yield. 1H NMR (270 MHz, CDCl3): d = 2.52 (t, J = 7.6 Hz, 4H), 1.42
(m, 8H), 0.94 ppm (t, J = 7.2 Hz, 6H); 13C NMR (68 MHz, CDCl3): d =


141.38, 107.81, 31.69, 28.65, 22.63, 13.87 ppm; MS (DI-EI): m/z : 354
[C12H18Br2S]


+ .


3,4-Dibutyl-2,2’:5’,2’’-terthiophene (8): Magnesium (7.62 g) was transfer-
red to a round-bottom flask and heated to 100 8C in a N2 atmosphere.
After the mixture was cooled down to room temperature, dry diethyl
ether (140 mL) and some iodine were added, and the mixture was left to
react for 10 minutes under magnetic stirring. 2-Bromothiophene
(21.7 mL, 224 mmol, Aldrich) was then carefully added, and the mixture
was refluxed for an hour to obtain the corresponding Grignard reagent.
This was slowly added to a solution obtained by dissolving 7 (28.33 g,
80.0 mmol) and [NiCl2(dppp)] (1.46 g, 2.70 mmol) in dry diethyl ether
(150 mL). The mixture was refluxed for 4 h in a N2 atmosphere. The reac-
tion mixture was stirred for 12 h at room temperature, quenched with 1n
HCl, extracted with CHCl3, and purified by silica column chromatogra-
phy (n-hexane). A yellow liquid was obtained in 84% yield. 1H NMR
(270 MHz, CDCl3): d = 7.27 (dd, J = 5.2, 1.1 Hz, 2H), 7.12 (dd, J = 3.7,
1.1 Hz, 2H), 7.04 (dd, J = 5.2, 3.7 Hz, 2H), 2.70 (t, J = 8.1 Hz, 4H),
1.51±1.41 (m, 8H), 0.94 ppm (t, J = 7.2 Hz, 6H); 13C NMR (68 MHz,
CDCl3): d = 139.99, 136.19, 129.80, 127.31, 125.81, 125.24, 32.90, 27.79,
22.98, 13.84 ppm; MS (DI-EI): m/z : 360 [C20H24S3]


+ ; FT-IR (NaCl): ñ =


2954, 2931, 2870, 2858, 1466, 845, 827, 692 cm�1; elemental analysis calcd
(%) for C20H24S3: C 66.62, H 6.71; found: C 66.43, H 6.71.


5-Bromo-3’,4’-dibutyl-2,2’:5’,2’’-terthiophene (9): A solution of NBS
(1.24 g, 6.96 mmol) in acetic acid/CHCl3 (1:1, 100 mL) was added drop-
wise to a solution of 8 (2.51 g, 6.96 mmol) in the same solvent (100 mL)
cooled by an ice/water bath. The mixture was stirred overnight at room
temperature, poured onto an aqueous NaCl solution (400 mL), and ex-
tracted with CHCl3. The organic phase was washed five more times with
distilled water. The solvent was removed in a flash evaporator, and the
residue was purified by silica-gel column chromatography. A yellow
liquid was obtained in 61% yield. 1H NMR (270 MHz, CDCl3): d = 7.29
(dd, J = 5.2, 1.2 Hz, 1H), 7.12 (dd, J = 3.7, 1.2 Hz, 1H), 7.05 (dd, J =


5.2, 3.7 Hz, 1H), 7.00 (d, J = 3.7 Hz, 1H), 6.86 (d, J = 3.7 Hz, 1H), 2.68
(t, J = 7.6 Hz, 2H), 2.65 (t, J = 7.9 Hz, 2H), 1.53±1.41 (br, 8H), 0.95 (t,
J = 7.0 Hz, 3H), 0.94 ppm (t, J = 7.0 Hz, 3H); 13C NMR (68 MHz,
CDCl3): d = 140.49, 140.00, 137.73, 135.89, 130.36, 130.14, 128.79, 127.34,
126.02, 126.98, 125.45, 32.96, 32.87 27.79, 27.75, 22.96, 13.83 ppm; MS
(DI-EI): m/z : 440 [C20H23BrS3]


+ ; FT-IR (NaCl): ñ = 2954, 2929, 2870,
2858, 1464, 970, 829, 790, 692 cm�1; elemental analysis calcd (%) for
C20H23BrS3: C 54.66, H 5.27; found: C 54.77, H 5.28.


3,8-Bis(3’,4’-dibutyl-2,2’:5’,2’’-terthiophen-5-yl)-1,10-phenanthroline
(DBTT-phen, 10): A solution of terthiophene 9 (8.90 g, 20.25 mmol) in
dry THF (15 mL) was added dropwise into a suspension of magnesium
(0.77 g, 31.7 mmol, activated with I2) in the same solvent (40 mL). The
mixture was refluxed for 4 h in a N2 atmosphere. A solution of 1 (2.59 g,
7.7 mmol) and [NiCl2(dppp)] (0.43 g, 0.79 mmol) in dry THF (70 mL)
was prepared, the Grignard reagent was added, and the mixture was re-


fluxed for 10 h. The reaction was quenched with 1m aqueous HCl, ex-
tracted with CHCl3, washed with water, and purified by silica-gel column
chromatography (60% CHCl3 in n-hexane) followed by recrystallization
from a CHCl3/n-hexane mixture. The product was obtained as yellow
crystals in 40% yield. 1H NMR (270 MHz, CDCl3): d = 9.43 (d, J =


2.1 Hz, 2H), 8.30 (d, J = 2.1 Hz, 2H), 7.82 (s, 2H), 7.54 (d, J = 3.7 Hz,
2H), 7.33 (dd, J = 5.0, 1.2 Hz, 2H), 7.20 (d, J = 3.7 Hz, 2H), 7.17 (dd, J
= 3.7, 1.2 Hz, 2H), 7.08 (dd, J = 5.0, 3.7 Hz, 2H), 2.79 (t, J = 9.3, 4H),
2.73 (t, J = 9.3 Hz, 4H), 1.59±1.47 (br, 16H), 1.01 (t, J = 7.2 Hz, 6H),
0.97 ppm (t, J = 7.2 Hz, 6H); 13C NMR (68 MHz, CDCl3): d = 147.82,
144.81, 140.61, 140.29, 139.51, 137.74, 136.00, 130.98, 130.45, 129.37,
129.24, 128.45, 127.40, 127.20, 126.84, 125.99, 125.48, 125.27, 32.90, 32.82,
27.99, 27.82, 23.05, 22.99, 13.88, 13.85 ppm; MS (FAB): m/z : 897.3
[C52H52N2S6]


+ ; FT-IR (KBr): ñ = 2954, 2931, 1558, 1521, 1473 cm�1; ele-
mental analysis calcd (%) for C52H54N2S6O: C 68.23, H 5.95, N 3.06;
found: C 68.54, H 5.81, N 2.83.


Bis(2,2’-bipyridyl)(3,8-bis(3’,4’-dibutyl-2,2’:5’,2’’-terthiophen-5-yl)-1,10-
phenanthroline)ruthenium(ii), [Ru(bipy)2(10)](PF6)2 (11): The ruthenium
complex was obtained by the reaction of compound 11 (50 mg,
0.056 mmol/5 mL CHCl3) and an equivalent amount of [Ru(b-
py)2(OH2)2](NO3)2 in DMF (10 mL), as described above. This mixture
was concentrated in a flash evaporator and added to an aqueous NH4PF6


solution. The precipitate was collected, washed with water, and dried in
vacuo. A dark-red solid was obtained in 71% yield (59 mg). 1H NMR
(500 MHz, [D6]DMSO): d = 9.04 (d, J = 1.7 Hz, 2H, phen), 8.90 (d,
J = 8.3 Hz, 2H, bpy), 8.84 (d, J = 8.3 Hz, 2H, bpy), 8.35 (s, 2H, phen),
8.28 (t, J = 7.9, 2H, bpy), 8.13 (t, J = 7.9 Hz, 2H, bpy), 8.07 (d, J =


1.9 Hz, 2H, phen), 7.94 (d, J = 5.1 Hz, 2H, bpy), 7.86 (d, J = 5.1 Hz,
2H, bpy), 7.68 (d, J = 5.1, 2H, thienyl), 7.65 (t, J = 6.7, 2H, bpy), 7.54
(d, J = 3.9 Hz, 2H, thienyl), 7.41 (t, J = 6.7, 2H, bpy), 7.34 (d, J =


3.9 Hz, 2H, thienyl), 7.25 (d, J = 3.5 Hz, 2H, thienyl), 7.18 (dd, J = 5.1
and 3.5 Hz, 2H, thienyl), 2.70 (br, 8H, butyl), 1.49 (br, 8H, butyl), 1.41
(br, 8H, butyl), 0.95 ppm (br, 12H, butyl); MS (FAB): m/z : 1600.3
[C72H68N6RuS6P2F12]


+ , 1455.3 [C72H68N6RuS6PF6]
+ ; FT-IR (KBr): ñ =


630, 2343, 2329 cm�1; elemental analysis calcd (%) for
C72H68N6S6P2F12Ru: C 54.02, H 4.28, N 5.25; found: C 54.30, H 4.26, N
5.28.


3,8-Bis(3’,4’-dibutyl-5’’-thiocyanato-2,2’:5’,2’’-terthiophen-5-yl)-1,10-phe-
nanthroline (12): A solution of compound 10 (1.35 g) in CHCl3 (60 mL)
was added to a mixture of KSCN (1.35 g, 1.5 mmol), Br2 (4.6 mL,
89.8 mmol), and CHCl3 (15 mL) at �70 8C. This mixture was stirred for
4 h at room temperature, quenched with water, extracted with CHCl3,
and purified by silica-gel column chromatography (CHCl3). A yellow
crystalline product was obtained (94% yield) after recrystallization from
CHCl3/n-hexane.


1H NMR (270 MHz, CDCl3): d = 9.44 (d, J = 2.1 Hz,
2H), 8.34 (d, J = 2.1 Hz, 2H), 7.86 (s, 2H), 7.57 (d, J = 3.7 Hz, 2H),
7.41 (d, J = 4.0 Hz, 2H), 7.24 (d, J = 3.7 Hz, 2H), 7.12 (d, J = 4.0 Hz,
2H), 2.77 (m, 8H), 1.56±1.25 (br, 16H), 1.01 (t, J = 7.0 Hz, 6H),
0.99 ppm (t, J = 7.0 Hz, 6H); 13C NMR (68 MHz, CDCl3): d = 147.77,
144.49, 141.88, 140.89, 140.09, 138.10, 137.03, 131.15, 131.06, 128.59,
127.36, 127.27, 126.48, 125.39, 116.39, 110.23, 32.81, 27.94, 23.02, 22.98,
13.86, 13.83 ppm; MS (FAB): m/z : 1011.3 [C54H50N4S8]


+ ; FT-IR (KBr):
ñ = 2954, 2156, 1558, 1506, 1419, 796 cm�1; elemental analysis calcd (%)
for C54H50N4S8: C 64.12, H 4.98, N 5.54; found: C 64.19, H 5.02, N 5.52.


Bis(2,2’-bipyridyl)(3,8-bis(3’,4’-dibutyl-5’’-thiocyanato-2,2’:5’,2’’-terthio-
phen-5-yl)-1,10-phenanthroline)ruthenium(ii) ([Ru(bipy)2(12)](PF6)2, 13):
This ruthenium complex was obtained by the reaction of compound 12
(114 mg, 0.11 mmol) in CHCl3 (5 mL) with an equivalent amount of
[Ru(bpy)2(OH2)2](NO3)2 dissolved in DMF (10 mL). The product, pre-
cipitated as the PF6


� salt, was recrystallized as a red-orange solid by
dropwise addition of methanol into a concentrated acetone solution.
Yield: 153 mg (84%); 1H NMR (500 MHz, [D6]DMSO): d = 9.06 (d,
J = 2.0 Hz, 2H, phen), 8.90 (d, J = 8.5 Hz, 2H, bpy), 8.83 (d, J = 8.0 Hz,
2H, bpy), 8.36 (s, 2H, phen), 8.28 (t, J = 7.5 Hz, 2H, bpy), 8.12 (t, J =


8.5 Hz, 2H, bpy), 8.08 (d, J = 2.0 Hz, 2H, phen), 7.93 (d, J = 5.5 Hz,
2H, bpy), 7.85 (d, J = 5.5 Hz, 2H, bpy), 7.69 (d, J = 4.5 Hz, 2H, thien-
yl), 7.65 (t, J = 7.0 Hz, 2H, bpy), 7.56 (d, J = 3.5 Hz, 2H, thienyl), 7.40
(t, J = 6.5 Hz, 2H, bpy), 7.39 (d, J = 4.5 Hz, 2H, thienyl), 7.31 (d, J =


4.0 Hz, 2H, thienyl), 2.72 (br, 8H, butyl), 1.49 (br, 8H, butyl), 1.40 (br,
8H, butyl), 0.93 (br, 12H, butyl); elemental analysis calcd (%) for
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C76H72F12N8P2RuS8 C 52.31, H 4.16, N 6.42; found: C 51.49, H 4.25, N
6.38.
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