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… of the double-helical conforma-
tion is described by M. Lee and
co-workers, in their Full Paper on
page 3883 ff. The coordination
based on CuII adopts double-heli-
cal conformations with the regular
grooves, driven by interstranded
copper–chloride dimeric interac-
tion. The picture shows that the
double-stranded helices self-organ-
ize into a 2D columnar structure in
the bulk state.


Chemistry—A European
Journal is jointly owned by
the 14 Chemical Societies
shown above and
published by Wiley-VCH.
This group of Societies has
banded together as the
Editorial Union of
Chemical Societies (EU
ChemSoc) for its combined
publishing activities. The
journal is also supported
by the Asian Chemical
Editorial Society (ACES).


Sonochemistry
In the Review article on page 3840 ff. , A. Gedanken
describes the formation of proteinaceous microspheres by
the use of high-intensity ultrasound methods. Mechanism of
formation and applications (for example, drug delivery) are
discussed.


Conformation Analysis
In their Full Paper on page 3874 ff. , G. Guichard et al.
describe the latest developments of appropriate methods to
detect folding propensity in candidate foldamers by using
high-resolution magic-angle-spinning (HRMAS) NMR
spectroscopy.


Inorganic Genetic Materials
In the Concepts article on page 3830 ff., A. G. Cairns-Smith
imagines a primitive genetic material, which is like DNA in
that it holds information as an irregular stacking sequence
of flat units, but is quite unlike DNA in that its chemistry is
inorganic and it amplifies its information through crystal
growth.
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Introduction


“’Holmes’, I cried, ’this is impossible.’ ’Admirable!’ he said.
’A most illuminating remark. It is impossible as I state it, and
therefore I must in some respect have stated it wrong.’ “
(Arthur Conan Doyle: The Adventure of the Priory School)


Darwinian evolution is a kind of natural engineer that has
given rise to the seemingly purpose-built features of the
living things that we see all around us.[1] So it is reasonable
to formulate the problem of the origin of life in terms of the
origin of this creative force, and to try to imagine simple sys-
tems that might have been able to evolve through natural
selection on the primitive earth. But let us not assume, as is
so often done, that the kinds of materials on which evolu-
tion depends today would have been involved from the
outset.


The opening question should not be: “How might the
molecules of life have appeared on the primitive earth so
that a Darwinian evolution could get under way?” The
question is rather: “How might a Darwinian evolution have
started most easily, based on whatever substances were ap-
propriate and available?” Of course this is more cagey, but
so it should be.[2] If we insist that we know what we don9t
really know, that the substances needed at the origins of
evolution must have been similar to those that are now so
essential, then we will, I think, have “stated it wrong”, and
made the problem impossible.


Part of the trouble here is with this term “the molecules
of life”. Yes, there is a set of molecules that can be said to
be the building blocks of life as we see it now on earth.
These are present in every organism we know of. Indeed
our central biochemical control system with its DNA genes,
protein enzymes, and so forth, is broadly universal too in its
way of working. However, this system seems much too so-


phisticated, too high-tech (its parts too elaborately interde-
pendent) to be anything other than a product of nature9s en-
gineer. If this is so, we should be thinking in terms of an ear-
lier era of Darwinian evolution during which the essentials
of our system were invented, and through which our current
“molecules of life” acquired their significance.


In any case we can see the root cause of the present unity
of central biochemistry as arising from (two) features of
evolution, which are well understood,[3] rather than being a
reflection of initial conditions. Firstly, we can see the central
control system of life on earth as having descended from a
“last common ancestor”: some remote but highly evolved
system possessing those general biochemical features that
are common to all known life. Secondly, we can see that at
the time of the common ancestor, this system must already
have been fixed in its essentials, probably through a critical
interdependence of subsystems. (Roughly speaking in a
domain in which everything has come to depend on every-
thing else nothing can be easily changed, and our central
biochemistry is very much like that.[4])


The RNA world idea : The biochemical features that are
common to all life on earth give us a view of the central mo-
lecular machinery of that “last common ancestor”. We can
even see a little way further back, to the later stages of the
creation of our DNA/RNA/protein system.


By the late 1960s there were some who realised that RNA
on its own might form the basis of a more primitive evolva-
ble system,[5] because it has the formal properties needed: it
can hold replicable information favouring its own propaga-
tion; or, in biological language, RNA can be both genotype
and phenotype.


RNA, is structurally similar to DNA, but it is also formal-
ly like protein in that a strand of RNA can fold up on itself
in a way that is largely determined by the particular se-
quence it contains. By the 1970s there were suggestions that
enzymes used to be made of RNA.[6] This speculation was
given a boost in the early 1980s when it was shown that not
only might RNA molecules have acted as catalysts in the
remote past, but they still do![7] RNA enzymes, or “ribo-
zymes” as they are called, have been found to be part of the
standard machinery of cells. Then in 1986 the term “the
RNA world” was coined,[8] to refer to the idea that a purely
RNA genetic-control system preceded our present DNA/
RNA/protein system. Further confirmation of this comes
from the more recent discovery that the main working parts
of ribosomes (the huge nanomachines that stitch together
amino acids to make proteins) are essentially made of RNA
with associated proteins in more peripheral roles.[9]


Directed evolution : A line of research, which started in the
1960s,[10] has demonstrated that RNA molecules (and now
also DNA) can be made to evolve in the laboratory and this
has since led to a completely new way of doing chemistry,
described as directed evolution.[11] It is a way of producing
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RNA molecules that have highly specific properties, as li-
gands or catalysts for example.[12]


Side stepping the technical details, here would be a typical
approach to producing RNA molecules that could bind spe-
cifically to a particular small molecule X. Start with a collec-
tion of RNA molecules each containing a random sequence,
say 25 units long. As there are four kinds of units in the
RNA co-polymer a particular sequence of them would be
one of 425 (�1015) possibilities. (We can imagine most of
these folding up to make different rather complicated three-
dimensional structures with different arbitrary arrangements
of little grooves and other features, each arrangement deter-
mined by its particular random sequence.) Then we should
apply a selection procedure that would fish out those RNA
molecules that just happen to have some affinity for mole-
cule X—say, by using a column of material to which mole-
cules of X have been attached.


Perhaps one in a hundred of the RNA sequences would
turn out to be tolerable ligands for X. However, suppose we
wanted a beaker-full of something a bit more special: say, a
ligand that could distinguish X from the structurally similar
X’, or was a specific and efficient catalyst for the reaction of
X to Y, but what if the frequency of what we were looking
for was not one in a hundred but one in a trillion (1012)?


It would be possible in principle to find such a rarity, be-
cause RNA molecules not only have sequence-dependent
properties, their sequences can also be replicated (“ampli-
fied”) indefinitely. For example we might imagine starting
with a collection of RNA molecules, creaming off the best
1%, multiplying these a hundred fold, again selecting the
best 1%. After six such cycles we would be at the one-in-a-
trillion level of creaming! Well, there are provisos,[11] but a
real experimental quest of this sort started with a pool of
over 1015 RNA molecules with mainly different random se-
quences: “After a few cycles of selection and amplification,
one can recover the descendents of a single functional mole-
cule from the initial population.”[13] Such a technique resem-
bles natural evolution in that it too depends on a combina-
tion of selection and amplification. And it all helps to sup-
port the notion that RNA preceded protein in our evolu-
tionary history. However, it does not say that RNA, or any-
thing like it, was the very first genetic material.[4,14]


The Evolution of Organic-Chemical Competence


What is missing from this story of the evolution of life on
earth is the original means of producing such sophisticated
materials as RNA. The main problem is that the replication
of RNA depends on a clean supply of rather complicated
monomers—activated nucleotides (Figure 1).[14, 15]


What was required to set the scene for an RNA world
was a highly competent, long-term means of production of
at least two nucleotides. It has been known for a long time
that some nucleotide components can be formed under rela-
tively simple conditions, most famously sugars from formal-
dehyde and adenine from cyanide. (More recent ideas


would have borate to stabilise
ribose, and formamide in place
of cyanide.[16]) A recent geo-
chemical suggestion is that nu-
cleotide components might
have been formed and stabi-
lised under alkaline conditions
of low-temperature hydrother-
mal fluids.[17] In practice the dis-
crimination required to make
nucleotide parts cleanly, or to
assemble them correctly, still
seems insufficient.


Some indication of the depth
of this problem is seen in the
present metabolic pathway for
making purine nucleotides.
Scheme 1 is a simplified picture
that refrains from detailing the
structures of the enzymes, the high-energy co-enzyme re-
agents, group carriers and so forth on which such syntheses
depend (and on which life on earth now depends). There is
little room for incompetence here. Loose control would cer-
tainly lead to side reactions, often to products that were sim-
ilar to, but not quite the same as, the required nucleotides.
Such molecules are particularly liable to jam the works—
they are called “antimetabolites”.


It is a reasonable guess in our present state of knowledge
that only nature9s engineer, evolution through natural selec-
tion, could have achieved the required level of organic-
chemical competence for an RNA world to become possi-
ble: implying a missing era of evolution based on altogether
simpler genetic materials.


Genetic takeover: The details of the real story are still
beyond our reach, but Figure 2 illustrates in its simplest
form a general common sense mechanism for radically
changing genetic materials. “Common sense” because it is
like the way in which new technologies displace old ones in
our society.


Primitive and advanced mechanisms for comparable func-
tions seldom use the same stuff. Think of quill pens and
word processors, or horses and motor cars. Typically one
thing does not convert to the other, rather there is a (grad-
ual) takeover. Likewise a genetic takeover would not re-
quire that a secondary genetic material should be structural-
ly similar to the primary one, or that any information need
pass between them. Indeed I think that organic molecules,
so excellent for highly evolved life forms, are simply not
suited for truly primitive genetic materials or catalysts.[4,20–22]


Enlarging on Figure 2, an early takeover might have
worked something like this. The first genetic material G1 is
some inorganic mineral that holds its information as permu-
tations of microcrystalline irregularities that 1) replicate
through crystal growth and 2) affect structural, adsorptive,
catalytic or other such properties of the material that holds
them: properties that in turn affect the chances of survival,


Figure 1. How the 44 atoms in
ATP are connected. This is
one of the four activated mon-
omers required today for RNA
replication.
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replication or propagation of the genetic material in given
surroundings. As part of this, organic molecules in the sur-
roundings are being adsorbed and altered to generate, at
first, crude mixtures within distinct phenotypes. Such local
entrained organic “soups” are useful for unsophisticated


functions: as glue perhaps, or
gel-forming agents, or pH buf-
fers. Crude synthetic ability is
then refined through improved
catalytic specificity of the ge-
netic material so that eventually
clean supplies of particular mol-
ecules are produced, and well-
organised organic polymers
become possible for the first
time that are used for more so-
phisticated phenotypic func-
tions.


Eventually, in some lines of
descent RNA-like molecules,
including perhaps simpler ver-
sions of our RNA,[23] have
found some phenotypic use pro-
viding selection pressures to
refine the production lines to
these materials.


Hence the scene would be set
for, well, not an RNA world ex-
actly, more a suburb. For ac-
cording to this takeover story,
there would have been a long
period during which G1 and G2
would have been operating to-
gether in a kind of symbiosis,
with G2 utterly dependent on
G1 to begin with for the provi-
sion of nucleotides. It would
only have been much later that
the earlier genetic material, G1,
could finally have been dis-
posed of.[4]


A Design for a Primitive
Gene


We start from home, as it were,
with the familiar picture of the DNA molecule in mind. We
can see it as a stack of little plates (“base-pairs”) held in
place by two entwining sugar–phosphate strings forming a


Scheme 1. Part of the current synthetic pathway to purine nucleotides (there are four more steps to ATP).[18]


Figure 2. Formal representation of a genetic takeover.[19]
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double helix. Now with the aid of toy brick models we will
try to get to something simpler while maintaining the “infor-
mational” aspect of DNA.


Permutation—the key to information capacity : In Figure 3
(top) we have untwisted the helix to show in formal terms
how the bases connect through a number of hydrogen bond-


ing “plugs” and “sockets”. We can see that at any position
in the stack there can be either of two kinds of base-pairs in
either of two orientations (Figure 3, bottom).


Thus even a very modestly sized stretch of a DNA mole-
cule, a sequence of, say, 150 base pairs, holds a huge amount
of information in the sense that it is one sequence out of an
astronomical number of permutations: 4150 (�1080)—more
than “the number of protons in the universe”.[24]


Having “rubbed out” the sugar–phosphate strings respon-
sible for preserving the sequence information in DNA we
now do something even more shocking and do away with
base-pairing, which is so much part of the replication mech-


anism for DNA. In place of pairs of bases that can connect
and disconnect we substitute simple blocks or “unit layers”
stacked on top of each other like cards in a pack (Figure 4).


We have preserved the most essential feature of DNA, its
permutability, but these images can equally be seen as
formal representations two kinds of layer crystal that are
quite common especially in the mineral world.


In cases in which the unit layers are of chemically differ-
ent kinds (like Figure 4, left), they are called “mixed layer
crystals”; those in which the layers are chemically the same,
but stacked with different orientations, they are “polytypes”
(Figure 4, right). Either kind may have a simple repeating
sequence or, more interestingly for us, they may be disor-
dered as shown.


A prominent difference between the stacking sequence in
DNA and in the “crystal genes” we are trying to imagine is
in the dimensions. Instead of DNA9s long thin stack of tiny
platelets we are imagining unit layers that are of similar
thickness (about a nanometre), but as broad as you please
in the other two dimensions (microns, millimeters or more.).
No need then for strings to preserve a particular sequence.
Instead the layers are held in place by ordinary interlayer
forces.


This would be far less efficient as an information store
than DNA. Yet even a stack of 100 or so unit layers of two
different kinds could still have �1030 permutations.


Layer silicates, such as clay minerals, offer some promis-
ing models, especially since these readily interact with or-
ganic molecules in their surroundings.[25,26] A unit layer in
these materials has a sub-layer or “octahedral sheet” ap-
proximating either to aluminium hydroxide (gibbsite) or
magnesium hydroxide (brucite). Each of these kinds has a
silicon–oxygen network, a “tetrahedral sheet” fused either
on just one side of the octahedral sheet (the 1:1 class), or on
both sides (the 2:1 class); for examples see Figures 5 and 8
(later). This gives four major categories within which there
are further types, for example, according to the strength of
the electric charge, if any, arising from cation substitutions
within the unit layer. Thus the stacks in mica crystals consist
of strongly negatively charged 2:1 layers firmly held togeth-
er through nested intervening cations, typically potassium.


The unit layers of the asymmetric 1:1 classes generally
have little if any charge, but have a dense array of hydroxyls
on one of their flat surfaces and oxygen atoms on the other,
so that here the layers stick together through hydrogen


Figure 3. Top: Toy block model of DNA. Bottom: The two permutable
features of DNA base-pairs: of kind and of orientation.


Figure 4. A permutation of chemically different layers (left) and of differ-
ent orientations of chemically identical layers (right).
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bonding. The similar geometries of the major layer silicates
results in mixed layer structures being quite common.[28]


Chlorite is a mixed-layer material, the idealised structure
of which is a regular alternation of uncharged 2:1 layers and
(much thinner) naked brucite layers that hold together
through interlayer hydrogen bonds. However, real chlorite
hardly ever conforms to this ideal: internal cation substitu-
tions create charges in both the constituent layers tending to
increase their mutual cohesion, and there are numerous
slightly different stacking modes (polytypes), as well as
more substantial mixed-layer irregularities. An example of
the latter is shown in Figure 5.


Edge-only growth–-the key to replication : A crystal stacking
sequence could be amplified (reproducing vegetatively) if,
during crystal growth, units were to add exclusively to the
edges of the layer stack, so that its sequence is copied into
newly forming crystal (Figure 6).[29]


The formation of the mica-like clay mineral illite in the
form of ribbons of a remarkably even thinness,[30] strongly
suggests formation through edge-only growth. Rectorite, is a
minimal example (Figures 7 and 8).


It is not clear whether these ribbons grew as free-floating
structures or originally as a stack of layers that subsequently
peeled apart,[32] but either way they add to a strong impres-
sion that clay minerals grow by sideways accretion of dis-
solved units. Figure 8 is a side view of a model of a rectorite


ribbon. A ribbon like this (or a stack of them) would proba-
bly have grown by edge accretion of small units such as sili-
cic acid and hydrated cations. This would be a crystallisa-
tion, but also a polymerisation, because each addition of a
silicic acid or hydrated cation unit requires the making and
breaking of several bonds with the elimination of water. If
they grew sub-layer on sub-layer, the partly formed unit
layers would usually be unstable.[29]


Edge-only growth has been suggested as part of the ex-
planation for the repetition of long irregular stacking se-
quences within domains of (mixed layer) barium ferrites.[33]


It was supposed that an initial stack of layers, in some arbi-
trary irregular sequence, grows by the addition of atoms ex-
clusively to the edges of the stack. The growth is uneven
and branching, giving rise to an apparently disorganised
overlapping mass of fronds (“like seaweed”). However, ac-
cording to this model the growth is exclusively sideways so
that each frond has the same sequence of layers.


Figure 9 (top) is an impression, based on this idea, of
what a truly primitive gene might look like. The combina-
tion of branching and flexibility can lead to a high relative
proportion of edges in which the characteristic sequence is
displayed as a kind of “bar code” (Figure 9, middle).


Figure 5. Idealised model of two of eight irregular interruptions by ser-
pentine layers observed[27] in a chlorite stack.


Figure 6. How to amplify sequence information through crystal growth.


Figure 7. Transmission electron micrograph of rectorite.[31]
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As for its phenotype this could be slight, perhaps at first
unnoticeable, reflecting some simple direct effect of the ge-
netic information. For example, whether such a gene sticks
appropriately to the grains in a sandstone,[4,20] or whether
weaknesses tend to develop to facilitate pieces occasionally
breaking off to establish a new colony elsewhere. Such
things might depend on how wide the fronds are, how flexi-
ble, how rich their branching, how grooved their edges, and
such things might indeed be influenced by stacking sequen-
ces.


For example, within the asymmetric 1:1 serpentine layer
the hydroxide sub-layer is a little oversized to fit the silicate
sheet exactly, so that these unit layers on their own tend to
roll up, carpet-roll fashion, with the hydroxide sheet on the
outside. There is bound to be some strain, then, when ser-
pentine layers are flattened elements of a mixed layer struc-
ture such as shown in Figure 5. The effect of this would tend
to be transmitted to adjacent layers above and below dimin-
ishing with distance.[34] This might show up as a tendency for
a stack to curl or limit growth in certain directions and
would in any case modulate the edge structure.


The origin of metabolism : A number of distinguished au-
thors have regarded some kind of metabolism as having
played a prior part in the origin of life, before the replica-
tion of information through genes of any kind.[25,35] I am of
the other, “genes first”, camp and take metabolism to mean
chemical reactions under genetic control. It is indeed a criti-
cal feature of the primitive-crystal–gene concept that no sort
of organic metabolism was needed at the very origins of our
evolution. Like most of the characteristic features of life as
we know it, metabolism was not, on this view, a prerequisite
for evolution, but rather a product, albeit perhaps an early
one.


A rough kind of metabolism
might have started from inci-
dental catalytic edge sites in the
genetic material that could lo-
cally alter organic molecules in
the surroundings to favour the
propagation of the genetic ma-
terial. (Dicarboxylic acids can
favour layer silicate synthesis
for example.[36])


Matters Arising


An embarrassment of riches?
Indeed there may well have
been no shortage of genetic ma-
terials on the primitive earth.
Even just among layer silicates
there is a plethora of possibili-
ties.[4,20] However, there are
other permutable layer struc-
tures too; for example, double


hydroxides have recently been suggested as primitive infor-
mation stores.[37] Indeed polytypism and mixed layering are
possible in materials that are not intrinsically layer materials
at all.[27] Planer intergrowths of different members of the
ABC-6 group of zeolites provide an example of this kind of
thing.[29,38]


If indeed there are numerous minerals that could act as
primitive genetic materials this could change the way we
think about the puzzle of the origin of life—from wondering
how anything could have worked at all as a genetic material
on the primitive earth, to wondering which of dozens of pos-
sibilities was the material in question—and then at the same
time having to explain why we do not have life originating
all the time, all over the place!


Well, “life” is not a well-defined term. As implied at the
start of this piece it can be said to describe a sort of natural
engineering that is a typical long-term product of natural se-
lection. “Evolvable systems” is safer and describes what
must have come first, and, yes, I think that tiny, trivial and
temporary evolutions are indeed happening almost any-
where that crystals are growing, because crystal growth
tends selectively to propagate imperfections that assist crys-
tal growth.[39] The question is how and under what circum-
stances evolutionary processes might have gone beyond the
tiny, the trivial and the temporary.


Consortia? Given so many possibilities for mineral genes,
we might think about collaborations between different ge-
netic materials. (In some ways like a bacterial consortium,
in which different species of bacteria collaborate to produce
a mutually beneficial effect,[40] except that in the bacterial
case the underlying genetic information is all written in the
same genetic material—DNA.) Perhaps one of the inter-
leaving genes in my final cartoon (Figure 9, bottom) acts as


Figure 8. Typical rectorite structure with two mica-type unit layers. This (y axis) projection conceals the octa-
hedral vacancies and OH groups listed on the right hand side.
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a pH buffer. Another has catalytic edge sites for making car-
boxylic acids to mobilise aluminium and hence catalyse
layer silicate synthesis.[36] A third kind is perhaps “connec-
tive tissue” with an edge structure that sticks to the sur-
rounding rock and loosely self associates to make a gel, so
that between them they produce a local environment—a


communal phenotype—conducive to their mutual survival
and replicative growth.


Multiple overlapping takeovers? Returning to the genetic
takeover concept one might think of a richer and more con-
tinuous version of Figure 2 describing that era when our
now fixed genetic system was being invented. It would be an
image in which many genetic materials are being added and
subtracted in different lines of descent,[20] and in response to
particular selection pressures. Inorganic crystalline materials
would have been the starters, according to our story, and
would have remained predominant until a sufficient organ-
ic-chemical competence had evolved. However, I would
guess that as organic genes were becoming possible there
would have been a second phase of trial and error in a vari-
ety of niches, including perhaps some of the RNA-type mol-
ecules that have been proposed as precursors of RNA.[23]


Overall we might see the missing era of evolution as
being characterised by evolving systems that had multiple
genetic materials coming and going: the kind of flexible sit-
uation in which different designs could, as it were, be tried
out.


Inorganic enzymes? Eventually there must have appeared
those not-so-primitive evolving systems that would set the
scene for RNA as a genetic material by establishing meta-
bolic routes to complex molecules such as ATP in at least
one line of descent (and originally for purely phenotypic
functions). We might suppose that enzymes would have
been needed for this, by which I mean well-tuned, evolved
catalysts. Not proteins, of course, nor RNA to begin with,
but evolved inorganic enzymes.


An immediate argument for such a conjecture is that
most heterogeneous catalysts, such as are used in industry
for example, are inorganic materials. An immediate argu-
ment against is that such catalysts are not usually very spe-
cific.


We must admit that protein and RNA enzymes are in a
different league from other catalytic materials, but we
should recall that these are “informed” molecules: which is
to say that a particular enzyme, whether of protein or RNA,
belongs to a relatively tiny subset of an astronomical
number of permutations, a subset that was discoverable only
because the molecule was subject to evolution through natu-
ral selection.


We have never seen an evolved (highly “informed”) inor-
ganic catalyst, so it is hard to judge how effective such a
thing might be. We might well question whether such a
thing could ever be specific enough to be called an enzyme.
According to Pauling9s theory a protein enzyme binds, and
thus stabilises, the transition state of the reaction it cataly-
ses; and it might seem that inorganic crystalline materials,
however “informed”, would simply not be flexible enough
to create the kind of intricately defined “socket” needed for
enzyme action.


On the other hand Pauling9s theory of enzymatic catalysis
is now quite widely regarded as insufficient, because it ig-


Figure 9. Top: Could an untidy looking thing like this be a primitive
gene? Middle: Are the “bar codes” all the same or not? Bottom: Or is it
a “consortium” of chemically different primitive genetic materials?
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nores the thermal fluctuations that take place in a protein
molecule on femto- to millisecond timescales. Protein dy-
namics are now at the front of thinking about enzyme
action, as seen in a recent Royal Society discussion on the
subject of “Quantum catalysis in enzymes: beyond the tran-
sition state theory paradigm”.[41]


It now seems that an enzyme9s control of a chemical reac-
tion is more active, more manipulative, than just making a
matching socket for a transition state. It seems that it is not
so much a static socket that is matched to the reaction of a
substrate, but a set of motions.[42,43] Evidently this includes
global motions, because catalytic activity may sometimes be
unexpectedly strongly influenced by amino acid residues dis-
tant from the substrate binding site. Dihydrofolate reduc-
tase, for example, is described as having “a network of cou-
pled promoting motions that extends throughout the protein
and involves motions on femtosecond to millisecond time-
scales”.[44]


Now a crystal is no more a static object than is a protein
molecule. Lattice vibrations are part of its being. So perhaps
an irregular lattice in a multilayer crystal could produce sim-
ilar effects to the “promoting motions” of protein enzymes:
that the complicated way a bound substrate is pushed and
pulled by local forces, that is, the way it is “manipulated”,
might depend on global aspects of the crystal9s structure, on
its particular irregularity, its sequence “information”.


Of course this is a long-shot speculation. What actually
happened in early evolution is likely in any case to have
been complicated, perhaps involving the incorporation of
more specifically catalytic materials, such as the ABC-6 zeo-
lites referred to earlier, or with additional non-genetic inor-
ganic structures, such as polyoxometalates, with their flexi-
bility and nanostructure-forming propensity.[45]


There is a world of phenotypic possibilities here but to ex-
plore it we will need, first, to make (or find) robust replica-
tors, perhaps of the kind illustrated in Figures 6 and 9
(middle).
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Sonochemistry


Sonochemistry is the research area in which molecules un-
dergo chemical reaction due to the application of powerful
ultrasound radiation (20 KHz–10 MHz).[2] The physical phe-
nomenon responsible for the sonochemical process is acous-
tic cavitation. Let us first address the question of how
20 kHz radiation can rupture chemical bonds (this question
also relates to 1 MHz radiation), and try to explain the role
of a few parameters in determining the yield of a sonochem-
ical reaction, and then describe the unique products ob-
tained when ultrasound radiation is used in materials sci-
ence.
A number of theories have been developed to explain


how 20 kHz ultrasonic radiation can break chemical bonds,
and they all concur that the main event in sonochemistry is
the creation, growth, and collapse of a bubble that is formed
in the liquid. The first question is how such a bubble can be
formed, considering the fact that the forces required to sep-
arate water molecules to a distance of two van der Waals
radii would require a power of 105 Wcm�1?[2] On the other
hand, it is known that in a sonication bath, with a power of
0.3 Wcm�1,[2] water is readily converted into hydrogen per-
oxide. Different explanations have been offered; they are all
based on the existence of unseen particles, or gas bubbles,
that decrease the intermolecular forces, enabling the crea-
tion of the bubble. The experimental evidence for the im-
portance of unseen particles in sonochemistry is that when
the solution undergoes ultrafiltration, before the application
of the ultrasonic power there is no chemical reaction and
chemical bonds are not ruptured. The second stage is the
growth of the bubble, which occurs through the diffusion of


solute vapor into the volume of the bubble. The third stage
is the collapse of the bubble, which occurs when the bubble
size reaches its maximum value. From here we will adopt
the hot-spot mechanism, one of the theories that explain
why, upon the collapse of a bubble, chemical bonds are
broken. This theory claims that very high temperatures
(5000–25000 K)[8] are obtained upon the collapse of the
bubble. Since this collapse occurs in less than a nanosec-
ond,[8,9] very high cooling rates, in excess of 1011 Ks�1, are
obtained. This high cooling rate hinders the organization
and crystallization of the products. For this reason, in all
cases dealing with volatile precursors in which gas-phase re-
actions are predominant, amorphous nanoparticles are ob-
tained. The sonochemical reaction can be a gas-phase reac-
tion involving usually the vapors of the volatile reactants. In
this case, the reaction takes place at very high temperatures
of about 5000 K. If, on the other hand, the precursor is a
nonvolatile compound, the reaction occurs in a 200 nm ring
surrounding the collapsing bubble.[10] In this case, the sono-
chemical reaction occurs in the liquid phase.


The Sonochemical Synthesis of Proteinaceous
Microspheres


Air-filled proteinaceous microspheres (PM) were synthe-
sized by sonication prior to Suslick>s work. For example, air-
filled human serum albumin were made by Dick and Fein-
stein[11,12] as contrast agents in echosonography. These prod-
ucts suffer from short storage life, low microbubble stability,
or high toxicity.[11–14] The first liquid-filled proteinaceous mi-
crospheres (PM) were prepared by Suslick.[1] They were
made of BSA (bovine serum albumin) and were filled with
n-dodecane, n-decane, n-hexane, cyclohexane, or toluene.
The synthesis was conducted under high-intensity ultrasonic
probe and 1.5@109 microcapsules per mL were obtained
upon sonicating the precursor solution under air or O2. The
average diameter of the PM was 2.5 mm with a narrow size
distribution (Gaussian distribution=� l.0 mm). Ultrasonic ir-
radiation of human serum albumin (HSA) generates similar


Abstract: In 1990, Suslick and co-workers developed a
method in which they used high-intensity ultrasound to
make aqueous suspensions of proACHTUNGTRENNUNGteinaceous microcapsules
filled with water-insoluble liquids, and demonstrated the
chemical mechanism of their formation.[1] Suslick>s paper
opened up a new field that is reviewed in the current
manuscript, and this article will attempt to review the ex-
periments that have been conducted since the discovery
of this phenomenon. It will answer questions regarding
the mechanism of the formation of the microspheres,
whether the sonication denaturates the protein or if its
biological activity is maintained, and, finally, will address


possible applications of the proteinaceous microspheres.
Proteinaceous microbubbles will be referred to as pro-
ACHTUNGTRENNUNGteinaceous microspheres (PM) throughout this review, al-
though they may not have a perfect spherical shape in all
cases. This review will start with a short introduction to
sonochemistry, although this topic is, and has been re-
viewed frequently.[2–7] The review covers literature pub-
lished until December 2006.
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microcapsules to those of the BSA; the same is true for the
PM of hemoglobin (Hb).[1]


To investigate the microcapsule>s interior, water-insoluble
5,10,15,20-tetraphenylporphyrin (H2TPP) was used as a
probe. H2TPP is soluble in a wide range of medium-polarity
liquids, but is completely insoluble in water or aqueous pro-
tein solutions.[1] These measurements showed that although
these protein microcapsules are suspended in water, a non-
ACHTUNGTRENNUNGaqueous liquid is present inside. The first question raised by
Suslick and co-workers was how are the microcapsules
formed and what holds them together?[1] The answer to this
question relates also to the importance of the nonoaqueous
liquid. Emulsification must occur during the microscopic dis-
persion of the nonaqueous phase into the aqueous protein
solution.
Ultrasonic emulsification is a well-known process and


does occur in this biphasic system. Emulsification is necessa-
ry for microcapsule formation. However, if vortex mixing
emulsification is used instead, microcapsules are not
formed. Consequently, emulsification by itself is not suffi-
cient for microsphere formation. Thermal or solvent denatu-
ration (for which O2, N2, and Ar should give similar results)
cannot explain the microcapsule permanence. Because Sus-
lick found that PMs are created only in O2 or air, the
answer must involve the chemistry associated with ultra-
sound radiation. Aqueous sonochemistry caused by the im-
plosive collapse of bubbles produces OHC and HC.[15] The rad-
icals so-produced form H2, H2O2, and, in the presence of O2,
superoxide HO2C.


[16, 17] Hydroxyl, superoxide, and peroxide
radicals are all potential protein cross-linking agents. Using
various trapping agents, they concluded[1] that the important
oxidant involved in microcapsule formation is superoxide.
They proposed that the cysteine, which is present in BSA,
HSA, and Hb, is oxidized by the superoxide radical. The mi-
crocapsules are held together by protein cross-linking
through disulfide linkages from cysteine oxidation. Myoglo-
bin (Mb), which has no cysteine, revealed a substantial de-
crease in microcapsule yield relative to Hb.
The employment of a protein disulfide cleavage reagent,


such as dithioerythritol, destroyed the PM. In a similar way,
inhibiting the oxidation of cysteine by alkylation with N-eth-
ylmaleimide reduced the formation of PM considerably. In a
later publication, Suslick and Grinstaff[18] reported on the
preparation of aqueous suspensions of air-filled proteina-
ceous microbubbles. The synthesis involves the ultrasonic ir-
radiation of aqueous protein solutions in the presence of O2.
Yields and size distribution of human and BSA microbub-
bles were determined as a function of various experimental
parameters. The ultrasound irradiation was conducted at
50 8C and lasted three minutes.[18] This irradiation time is
typical for the optimal formation of the PM. If longer irradi-
ation times are used, a reduction in the number of PM is ob-
served. It is worth mentioning[19] that the difference in the
formation of the liquid- and air-filled bubbles is in the posi-
tion of the sonicator. In a typical synthesis of liquid-filled
PM, the organic liquid is layered over a 5% w/v protein so-
lution and the horn is positioned at the organic–water inter-


face. For air-filled microbubbles, the horn is placed at the
air–water interface.[19] The chemical nature of these micro-
bubbles and the origin of their remarkably long lifetimes
have been explored. The microbubbles are held together
primarily by interprotein cross-linking of cysteine residues.
The principal cross-linking agent is superoxide, created by
the extremely high temperatures produced during acoustic
cavitation.


Are Proteinaceous Microspheres Biologically
Active?


Suslick has addressed this question in the microspheres
formed with hemoglobin (Hb).[20] The microbubbles of Hb
were filled with air and are described as having many of the
ideal characteristics needed for use as a blood substitute. As
a blood substitute, they have to fully bind oxygen in the
lungs and efficiently unload oxygen in the tissues, which im-
plies positive cooperativity in oxygen binding. Second, it
should respond to the body>s own allosteric effectors (such
as phosphates) to modify its binding properties in vivo in re-
sponse to metabolic needs. Third, the blood substitute must
possess adequate oxygen-carrying capacities. Fourth, it must
not trigger any immunogenic response or damage the kid-
neys or other organs. Fifth, the blood substitute must be
stable under storage conditions.[20] Indeed, as far as the last
condition is concerned, the Hb microbubbles have excellent
stability and show minimal degradation (<25%) after stor-
age for six months at 4 8C. The microbubbles are initially in
met-FeIII form, which cannot bind O2; hence, for the iron re-
duction to FeII, Suslick and Wong[20] used the Hyashi pro-
cess.[21] Before each oxygen binding experiment, the reduc-
tion system was added to the microbubbles and left at 4 8C
for 24–36 h and then removed by centrifugal filtration.
Oxygen binding curves for native Hb and the microbubbles
were determined by using an apparatus similar to that de-
scribed by Imai and co-workers.[22] The absorption spectra of
the microbubbles of met-FeIII, oxy-FeII, and deoxy-FeII have
their intense peak in the 400–450 nm range (Soret bands),
and weak absorption bands in the 550–600 nm region.[20] The
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absorption bands of the native Hb appear in the same
region. This indicates that the environment surrounding the
active heme site has not been altered significantly during
the microsphere formation process. The results of the
oxygen binding have shown that the P1/2 value (the partial
pressure of oxygen at which half of the available binding
sites on Hb are bound to O2) are similar to the native Hb
and sonicated Hb microbubbles.[20] This means that the mi-
crotubules can bind and release oxygen at the same oxygen
pressures as native Hb. A surprising result obtained by Sus-
lick and co-workers[20] was related to the Hill coefficient (in-
dicating the level of cooperativity between oxygen binding
sites). The Hill coefficient of the microbubbles was signifi-
cantly higher than that of the native Hb solution.
Allostric effectors of native Hb, such as inositol hexaphos-


phate, have shown a similar activity for the Hb microbub-
bles. The authors have calculated the oxygen-carrying ca-
pacity of the Hb microbubbles and found that for O2 filled
microbubbles it is greater by 50% than whole blood
(0.32 mL O2 per mL microbubble versus 0.2 mL O2 per mL
blood).[20] Two other investigations probing the biological ac-
tivity of PMs were conducted in Gedanken>s group.[23,24] In
the first, avidin microspheres were prepared by using the so-
nochemical method. It was found that these microspheres
can bind biotin, but to a lesser degree than the native pro-
tein. It is known that the complex formed between the vita-
min biotin and avidin is the strongest interaction known be-
tween a ligand and a protein.[25] The most important bonds
in the binding of biotin to avidin are the hydrogen bonds
formed between the carbonyl group on the ureido ring of
biotin and the single tyrosine (Tyr-33) in avidin. The activity
of the biotin binding sites in the microspherical avidin
(MCAV) was checked after the sonochemical reaction, by
using the dye 4’-hydroxyazobezene-2-carboxylic acid
(HABA), as mentioned in reference [26]. HABA binds to
avidin and is removed by the addition of biotin. The binding
of HABA by avidin is accompanied by spectral changes that
can be observed by the naked eye when the color changes
from yellow to red. This biotin-binding assay was used to
prove the MCAV binding capabilities to biotin. This was
part of a general approach to check whether the microspher-
ical protein remains with the same biological activity as the
native protein. Neither a change of color, nor the appear-
ance of an absorption peak at 500 nm, characteristic of the
presence of the avidin–HABA complex, were detected. To
find whether avidin microspheres bind biotin, a more sensi-
tive method using a biotin-labeled peroxidase[27] was em-
ployed. This labeled biotin is known to bind avidin and to
undergo a color change (transparent to blue), which is easily
detected by the naked eye. As mentioned above, this experi-
ment yielded positive results, namely, indicating that MCAV
binds biotin. The peroxidase can be attached to avidin mi-
crospheres only through the biotin residue. This measure-
ment is the first proof that avidin microspheres can bind
biotin. Another proof of this conclusion is obtained by using
the TPD (temperature-programmed desorption) technique
coupled with mass spectrometry (MS). In this method, the


sample is heated in a mass spectrometer and the species re-
moved from a sample are detected by MS as a function of
temperature. Avidin microspheres, which were first treated
with biotin,[28] were heated in the MS over a temperature
range of 25–400 8C at a rate of 10 8Cmin�1. For comparison,
a control experiment with avidin microspheres only was also
performed. In Figure 1, the MS of the avidin-microsphere–


biotin complex at 160 8C is presented. Strong peaks at m/z
321 and 338 were detected. The peak at an atomic mass unit
(amu) of 321 can be assigned to a residue containing a
biotin molecule bound to a phenyl group. The second peak
at 338 was attributed to the addition of an ammonia mole-
cule bound to the former species, because these experiments
were conducted under a flow of ammonia. When identical
measurements was carried out at 300 8C, the MS of the
avidin-microsphere–biotin complex yielded a strong peak at
m/z 245, which was attributed to (biotin)H+ . These results
show that at a lower temperature (160 8C), the fragmenta-
tion occurred in the skeleton of the microspheres and the
origin of phenyl group was in the avidin. On the other hand,
a much higher temperature (300 8C) is required to break the
bond between the PM of avidin and biotin. These results in-
dicate clearly that despite the negative results obtained by
the HABA test, the microspherical avidin binds biotin. To
further substantiate this conclusion, and to provide some
quantitative measure as to the amount of biotin bonded to
the avidin microspheres, TGA (thermal gravimetric analy-
sis) experiments were conducted. In Figure 2 the TGA re-
sults of the microspherical avidin–biotin complex are illus-
trated; the TGA of the corresponding native avidin–biotin
complex is also shown. The samples were heated under a
flow of N2, while the heating rate was 10 8Cmin�1. A weight
loss of 50% was measured in the 30–500 8C temperature
range for the avidin-microsphere–biotin complex, while a
weight loss of 70% was detected for the native avidin–
biotin complex. There is no doubt that biotin is bound to
avidin in both cases. Moreover, since in both cases the
weight loss starts at 240 8C, the major part of weight loss can
be attributed to biotin and not to the solvents. It can there-
fore be concluded that biotin is bonded to the avidin micro-
spheres. The dissociation temperature in both figures is also
informative. It is known that hydrogen bonds play a major


Figure 1. Mass spectrometry (MS) analysis of the avidin microspheres
treated with biotin, at 160 8C.
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role in the binding of biotin to native avidin. The shape of
the TGA curves, and the temperature at which the weight
loss is detected, are almost identical for native avidin and
microspherical avidin bound to biotin. This result indicates
that the same binding scheme operates for native and micro-
spherical-avidin–biotin complexes.
In a second study related also to the biological activity of


PMs, Avivi[24] formed microspheres of a-amylase (1,4-a-d-
glucanohydrolase, endoamylase), a protein known to hydro-
lyze starch, glycogen, and related polysaccharides by ran-
domly cleaving the internal a-1,4-glucosidic linkages.[29] Mi-
crospheres of a-amylase were compared for their catalytic
activity with those of the native protein.
To find the activity of a-amylase microspheres, the re-


duced sugar released during the reaction with starch as the
substrate was measured. After a 3 min, it was found that
when using native amylase as the enzyme 0.245 g of maltose
was released, compared to the release of only 0.12 g when a
suspension of microspheres was used. Hence, the activity of
amylase microspheres after 3 min is only 50% compared to
native amylase. However, after 1 h 0.48 g of maltose was re-
leased when using the native amylase, and 0.34 g of maltose
was detected when using the solution containing amylase
microspheres. In this case the activity of amylase micro-
spheres after 1 h is 70% compared to the native amylase.
The enzymatic activity of this solution was also measured at
10, 20, 30, 40 and 50 min. Figure 3 depicts graphs of released
maltose versus reaction time for two samples of amylase mi-
crospheres prepared from two different concentrations of
the protein. A linear relation of the maltose released versus
time is obtained for the as-prepared microspheres. Zero-


order kinetics is obtained, indicating that the concentration
of the enzyme is limited, and hence, the product formation
depends only on Kb (Kb is the rate at which the enzyme–
substrate complex falls apart). This linear relationship is
also reported for the release of maltose due to the activity
of the same amount of native amylase on a similar amount
of starch.[30] This comparison assumes that the measured mi-
crosphere suspension contains only amylase microspheres.
However, perhaps not only the amylase microspheres are re-
sponsible for the high measured activity, but that some free
amylase that did not undergo microsphere formation con-
tributes as well. To assess the activity contributed solely by
the microspheres, they were separated from the suspension
by filtration. The determination of the enzymatic activity of
the separated solution was done according to the same
method. After 3 min, it was found that this solution yielded
0.0743 g of maltose, which is about 30% relative to the
native amylase. For comparison after 1 h, a concentration of
0.151 g of maltose was detected, which is about 31% rela-
tive to the native amylase. This measured activity is due to
the unreacted amylase that was left as the native enzyme
after the sonication. These results indicate that the catalytic
activity of the microsphere suspension is a sum of the activi-
ties of amylase microspheres and of native amylase. Assum-
ing a complete separation between the microspheres and
the rest of the solution, the results can be summarized as
follows: a sample that produced 0.245 g maltose (after
3 min) yielded only 0.12 g maltose after sonication. Of the
0.12 g, 0.0743 g were produced as a result of the activity of
the residues of unreacted native amylase; the remainder,
0.0457 g, is due to the enzymatic activity of the micro-
spheres. These results show that 30% of the amylase re-
mained unreacted and 70% were converted into micro-
spheres. The enzymatic activity of these 70% corresponds to


Figure 2. TGA analysis of the native avidin (top) and avidin micro-
spheres (bottom) treated with biotin. Heating rate was 10 8Cmin�1 under
a flow of N2.


Figure 3. Top: Released maltose versus reaction time by the big micro-
spheres. (Prepared from 0.05% w/v of amylase). Bottom: Released mal-
tose versus reaction time by the small microspheres (prepared from
0.017% w/v of amylase).


www.chemeurj.org � 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 3840 – 38533844


A. Gedanken



www.chemeurj.org





19% of that of the native enzyme. Therefore, if it is as-
sumed that the comparison between the native and the mi-
crospherical protein should be made using equal amounts of
enzyme, then the enzymatic activity of the microspheres
amounts to 27% of that of the native amylase. The corre-
sponding numbers after 1 h show again that only 31% of
the enzyme remains unreacted. On the other hand, the cata-
lytic activity of the microspheres is much higher and it
reaches 56% of the native protein when equal masses are
compared. This result indicates that the catalytic activity of
the enzymatic microspheres is considerably slowed down
relative to the native enzyme. The reduced activity is ac-
counted for by arguing that some active sites of the enzyme
might be buried inside the shell of the microspheres (the
thickness is about 30 nm)[19] and are therefore inactive.
However, it is possible that some soluble enzyme was
locked in the center of the microsphere (in the organic
media), and if this is the case, the activity will not increase.
It is believed that if the enzyme is encapsulated inside the
microsphere it will not penetrate through the shell of the
microsphere, at least not within a few minutes. Hence, it will
not react during the short measurement time. The rate at
which the enzyme microspheres react is therefore a lower
limit for its total activity. There is no question, however,
that the microspheres are catalytically active, and that the
microsphere formation process, unlike denaturation, does
not destroy the active sites of the enzymes. However, it
seems that approaching the active sites by the reactants be-
comes more difficult, and it causes the slow down of the re-
action; part of the reactive sites cannot be reached at all.
In this study, a comparison of the enzymatic activities is


always compared with a 3 and 60 min reaction time. This is
done following the routine found in the literature.[29,31,32] An-
other possible explanation that might contribute or interpret
the catalytic activity of the microspheres is as follows: it is
possible that native amylase adsorbed on the surface of the
microsphere causes the catalytic activity. To probe whether
this hypothesis is a viable explanation, the sonicated solu-
tion was placed in a dialysis bag. The pore size of the dialy-
sis membrane was 100 nm. The microspheres were repeated-
ly washed with distilled water to guarantee that all the
native amylase escapes the bag into the pure water. After
48 h of rinsing, the enzymatic reaction was repeated and no
reduction in the catalytic power was observed. This ascer-
tains that the reaction progresses is through the active sites
on the microspheres and is not due to the native enzyme.
The enzymatic activity was also measured for a less ther-


mostable enzyme. a-Chymotrypsin microspheres were pre-
pared by using the same sonochemical method as reported
above, except that in this case an ice bath was used during
the sonication. a-Chymotrypsin preferentially splits peptide
bonds near hydrophobic residues. In addition, chymotrypsin
catalyzes the hydrolysis of ester and amide bonds of aromat-
ic amino acids, as well as proteins and peptides. The enzy-
matic activity of a-chymotrypsin microspheres was assayed
by measuring the increase in the absorbance at 256 nm. This
is the wavelength at which the hydrolysis products of benzo-


yl-l-tyrosine ethyl ester (BTEE) absorb. The enzymatic ac-
tivity was compared with that of the native a-chymotrypsin.
After 1 min the enzymatic activity of the a-chymotrypsin
microspheres was 51% of that of the native protein, while
over a longer reaction time (10 min) it reached 65% of the
activity of the native protein. From those results it was con-
cluded that using the sonochemical method for the prepara-
tion of enzyme microspheres is a very useful and easy
method that does not destroy the enzymatic activity. In this
research, it was demonstrated that the sonication leading to
the modification into microspheres of two enzymes, amylase
and a-chymotrypsin, is not a denaturation process. The PMs
are catalytically active, but their reactivity is reduced as
compared to the native protein.


Encapsulating a Drug in a Proteinaceous
Microsphere


The creation of the microbubbles is a short process that
lasts a few minutes. In Gedanken>s laboratory the process
was stopped after 3 min. It was demonstrated that if during
this period a drug is found in the precursor mixture, it will
be encapsulated in the PM. Tetracycline (TTCL) was suc-
cessfully encapsulated in BSA microspheres.[33] TTCL is an
antibiotic drug with a broad spectrum of activity, is a rela-
tively safe drug that can be used by many routes of adminis-
tration, and is widely used. The encapsulation was achieved
in a one-step, 3 min, sonochemical process, starting with the
native BSA protein and TTCL. The product was analyzed
and characterized by scanning electron microscopy (SEM)
and dynamic light scattering (DLS) measurements. The
amount of TTCL loaded in the microspheres was also deter-
mined.
TTCL loaded in BSA microspheres was prepared by


using the sonochemical method.[26] Mesitylene (97% Al-
drich, 20 mL) was layered over of an aqueous BSA solution
(albumin, bovine fraction v, s, 30 mL, 5% w/v). A separa-
tion flask was used to separate the product from the mother
solution. The separation was accomplished within a few mi-
nutes due to the lower density of the microspheres relative
to water. We waited 24 h to ensure a complete phase separa-
tion. The preparation of TTCL-loaded microspheres was re-
peated by using a different concentration of the drug in the
precursor solution. The amount of TTCL loaded in the mi-
crospheres was determined by subtracting the amount of the
drug in the residual microsphere phase (the lower phase in
the separation flask) from its total amount in the precursor
solution. The sonochemistry did not destroy the TTCL, as
evidenced by the very small changes in the TTCL concen-
tration (less than 5%) that occur during sonication in the
absence of BSA. No residue of TTCL was found in the
excess mesitylene (the upper phase). The amount of TTCL
loaded was assayed by using a Cary 100 spectrophotometer
at 350 nm, and the actual values were calculated based on a
calibration graph. The concentration of TTCL was comput-
ed in water in grams per 30cm�3 of a liquid solution.[33]
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The TTCL loading studies showed that the maximum
TTCL loading capacity was found to be 65%. The percent-
age of the loaded drug in the BSA microspheres increased
with the increase in the concentration of the TTCL in the
original solution (Figure 4). However, this behavior changed


when the concentration of TTCL reached 3.6@10�3m. At
this concentration saturation is obtained, and the percentage
of the drug in the microsphere does not grow with an in-
crease of its concentration in the precursor solution. The in-
crease in the amount of TTCL that was loaded in the micro-
spheres can be explained by understanding the sonochemi-
cal method. The microspheres are formed by chemically
cross-linking cysteine residues of the protein with an HO2


radical formed around a micron-sized gas bubble or a non-
aqueous droplet. The TTCL is hardly dissolved in the mesi-
tylene. However it was found that TTCL partially dissolves
in mesitylene after the sonochemical reaction. These results
were found when applying the sonochemical reaction to a
liquid solution that does not contain BSA. In this experi-
ment, TTCL was found in the excess mesitylene. (The mini-
mum ratio of the TTCL concentration in the residue aque-
ous phase and in the excess mesitylene phase was 22:1). The
droplet of the solution trapped upon the collapse of the
bubble encapsulates the mesitylene and the TTCL mole-
cules. The higher the TTCL concentration in the solution,
the higher the amount of TTCL loaded in the microspheres,
until it reaches maximum. However, since the solubility of
TTCL in mesitylene is limited, saturation is obtained when
this limit is reached. The saturation reached at a certain per-
centage of entrapped TTCL is due to molecules of TTCL
leaving the microspheres through the walls, and the equilib-
rium that is attained between leaving and entering the mole-
cules.
An additional investigation was carried out to find wheth-


er the measured amount of tetracycline is due to molecules
adsorbed on the outer surface of the sphere or due to the
TTCL molecules encapsulated inside the microspheres. The
first experiment involved heating (50 8C) the as-prepared so-
lution in a separation flask for 5 h. TTCL that is adsorbed
on the surface of the microspheres is known to dissolve in
hot water. After a complete separation, the amount of
TTCL in the residue phase (water) was measured. The aver-
age of a few experiments yielded 4% of TTCL adsorbed on
the surface of the microspheres. The second experiment was


carried out by measuring the absorbance of a sample of
TTCL microspheres before and after washing with ethyl
acetate/diethyl ether (6:4). The results yielded a value of 1–
3% of TTCL adsorbed on the microsphere surface. The dif-
ferences between the results of these two experiments can
be explained by assuming that even during gentle heating
(the first experiment), some microspheres can be destroyed.
Nevertheless, these results indicate that most of the TTCL
molecules are found inside the microspheres, and only a
very small amount on its surface. The high capacity of the
microspheres, produced by the sonochemical method, can
be used in the future for antibiotic treatment.
The antimicrobial activity of the TTCL loaded in BSA


microspheres was tested on two bacterial strains that are
sensitive to TTCL. One strain, Staphylococcus aureus, repre-
sents the gram-positive bacteria and the other, Escherichia
coli, represents the gram-negative bacteria. Each of the
strains was spread on nutrient agar plates and 20 mL of the
tested samples were put on seeded plates. Microspheres
loaded with TTCL show an inhibition zone around both
bacteria of 30 mm.[33] This inhibition zone was almost equal
to the inhibition zones obtained by the TTCL that was freed
from the microspheres by increasing the temperature or the
zone of freshly prepared TTCL at the same concentration
(30 mg). A TTCL disk that also contains 30 mg of the antibi-
otic was used in clinical diagnostics and showed the same in-
hibition zone. It seems that the TTCL trapped within the
microsphere and released to the medium is equally active as
the TTCL freed from the microspheres by heating. Both so-
nochemically treated TTCLs are active as antimicrobial
agents to the same degree as TTCL that was not sonochemi-
cally treated.
In another study, PMs of BSA containing an anticancer


drug (Taxol) were fabricated and characterized.[34] It was
found that in the sonochemical reaction the drug did not de-
compose and was encapsulated inside the BSA micro-
spheres. Anticancer activity of the PMs encapsulating the
Taxol was tested on multiple myelonoma cells. That means
that when compared to the tetracycline study,[33] the drug
cannot only be encapsulated in the microsphere, but can
also be released and kill the desired cells. Taxol has been ap-
proved by the FDA for the treatment of ovarian cancer,
breast cancer, nonsmall cell lung carcinomas, and Kaposi>s
sarcoma.
The three starting materials that were used for the prepa-


ration of PMs containing the anticancer drug were: 1) A
Taxol (Paclitaxel) injection (6 mgmL�1, Mead Johnson, On-
cology Products); 2) a 5% w/v aqueous solution of BSA
(96–99% Aldrich); and 3) mesytilene (98% Fluka). The
amount of Taxol in all reactions was varied from 5–300 mL.
The volumes of the 5% (w/v) BSA solution and of mesyti-
lene were kept constant (30 and 20 mL, respectively). The
Taxol was added to mesitylene and the solution was layered
over a BSA solution. The volumes of the 5% (w/v) BSA so-
lution and of mesytilene were kept constant (30 and 20 mL,
respectively). The Taxol was added to mesitylene and the
solution was layered over a BSA solution. The amount of


Figure 4. The amount of TTCL (%) that was encapsulated in BSA micro-
spheres.


www.chemeurj.org � 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 3840 – 38533846


A. Gedanken



www.chemeurj.org





Taxol loaded into the microspheres was determined by using
reversed-phase, high-performance liquid chromatography
(RP-HPLC), and the actual values were calculated from a
calibration graph. HPLC analyses were carried out using a
LiChrospher 100 RP-18 column (250@4.6 mm i.d.; 5 mm)
under isocratic conditions with acetonitrile/water (55:45,
v/v) at a flow rate of 1 mLmin�1. Spectral data from the UV
detector were collected at 227 nm. The calibration graph
was constructed by dissolving known amounts of Taxol in
methanol. The anticancer activity of the BSA microspheres
containing Taxol was tested on multiple myeloma cells
(cancer cells). Different amounts of microspheres containing
Taxol (5–30 mL) were added to suspensions of these cells.
After a 24 h incubation at 37 8C, the cells were analyzed by
using visible-light microscopy and a fluorescence-activated
cell sorter (FACS).
A wide distribution of the BSA–Taxol microbubbles was


measured ranging between 300 and 2500 nm, falling more
sharply between 800 and 1500 nm.[34] Different concentra-
tions of the drug in the precursor solution were used in
order to synthesize PMs containing various amounts of
Taxol. When the amount of Taxol dissolved in the organic
solvent was in the range of 100–300 mL, no PMs were pro-
duced. Taxol-loaded microspheres were prepared and sepa-
rated successfully only when the volume of Taxol added to
the mesytilene was in the range of 5–100 mL. The concentra-
tion of Taxol encapsulated inside the microspheres or ad-
sorbed on the outer surface of the microsphere was deter-
mined by subtracting the concentration of the drug in the
residual microsphere phase (the upper phase in the separa-
tion flask) from its initial concentration in the precursor so-
lution. No residue of Taxol was found in the aqueous phase.
The results of the Taxol loading are summarized in


Figure 5. This graph shows the relationship between the ini-


tial concentration of Taxol in solution and the amount of
the drug that was encapsulated in the microspheres. The per-
centage of the encapsulated drug in the BSA microspheres
increased with the increase in the concentration of Taxol in
the initial solution. The maximum loading capacity of Taxol
was found to be above 90%.
The anticancer activity of the BSA microspheres loaded


with Taxol was tested on multiple myeloma (cancer cells).
Different amounts of microspheres containing Taxol (5–
30 mL) were added to suspensions of these cells. After a 24 h


incubation at 37 8C, the samples were analyzed by using visi-
ble-light microscopy and an FACS. The range of Taxol con-
centration in the microspheres that were tested was between
8@10�7m and 3.49@10�5m. The Taxol was freed from the mi-
crospheres due to the presence of proteases in the medium.
The cancer cells that were treated with Taxol-loaded BSA
microspheres were first tested under visible-light microsco-
py, and the number of dead cells was counted by using
trypan-blue staining. When the Taxol concentration in the
BSA microspheres was in the 1.5@10�5–3.49@10�5m range, a
total killing of the cancer cells was achieved. All the results
in Table 1 were measured when the concentration of the


drug inside the microsphere was 1.3@10�6m. It can be seen
that the number of dead cells measured after the micro-
sphere treatment was almost equal to the number of dead
cells counted after using the same concentration of freshly
prepared Taxol. The same behavior (equal killing by micro-
spheres and pristine Taxol) was observed when the concen-
tration of the drug inside the microsphere was between 8@
10�7m to 1.5@10�5m. It is important to point out that in all
cases a higher Taxol concentration in the BSA microspheres
always led to a higher percentage of dead cells in the tissue
culture.
Taxol inhibits cell division at the G2–M interface, so that


after treatment with the drug one expects to see an increase
in the number of cells in the G2–M phase and in the apop-
totic cell population when the increase in the G2–M is more
evident than the increase in the number of dead cells. The
purpose of the second examination of the anticancer investi-
gation was to test whether Taxol loaded in the microsphere
acts in the same manner as the original native Taxol. There-
fore, after the cancer cells were treated with microspheres,
they were examined by an FACS, which performs a cell-
cycle distribution and counts the number of cells in each
phase of the cell cycle. The results are summarized in
Table 2. It can be shown that after treatment with micro-
spheres there is an increase in the apoptotic cells, which is
greater than the increase in the G2–M phase of the cell
cycle.
An additional step was carried out to determine whether


Taxol in combination with mesytilene, or only mesytilene,
causes the death of cancer cells. In this experiment three
samples of Taxol-loaded microspheres with different drug


Figure 5. The amount of Taxol (%) encapsulated in BSA microspheres.


Table 1. Number of dead cancer cells observed after treatment with dif-
ferent amounts of Taxol loaded in BSA microspheres.


Type of treatment % of dead cells


5 mL of Taxol-loaded microspheres
(c Taxol inside=1.3@10�6m)


27


10 mL of Taxol-loaded microspheres
(c Taxol inside=1.3@10�6m)


52


20 mL of Taxol-loaded microspheres
(c Taxol inside=1.3@10�6m)


78


5 mL of Taxol (c=1.3*10�6m) 21
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concentrations were tested. It was found that the increase in
the amount of Taxol in the microspheres leads to an in-
crease in the number of cells in the G2–M and apoptotic
phases. This experiment shows clearly that the Taxol has an
additional killing effect beyond the mesytilene activity.
Makino et al. were interested in the release of a drug


from the PM and their model compound was Sudan III,
which was dissolved in chloroform and was loaded into mi-
crocapsules with membranes composed of BSA.[35] The per-
meability of Sudan III through the microcapsule membrane
to chloroform was examined as a function of a Sudan III
concentration in the microcapsule core, as well as the tem-
perature. The release of Sudan III from microcapsules to a
sodium lauryl sulfate (SLS) solution was studied. The con-
centration of Sudan III was measured spectrophotometrical-
ly at 500 nm. In distilled water, the released amount increas-
es in the initial 100 h, and then remains at an almost con-
stant value. In a 0.5% (w/v) SLS solution, Sudan III is re-
leased slowly between 24 and 150 h, after a faster release
observed in the initial 24 h. After 150 h, the release rate in-
creases until 200 h, and then becomes almost zero. In a 1%
(w/v) SLS solution, the release rate is low in the initial 60 h,
becoming high between 60 and 80 h, and then almost zero
after 100 h.
The membrane permeability of Sudan III was evaluated


at 25, 30, and 37 8C in chloroform. A lag phase was observed
in the time course of the permeation, the length of which
was temperature-dependent. It was found that the length of
the lag phase was explained by the activation energy. The
Arrhenius plot of the reciprocal of the lag time suggests that
the existence of the lag phase is associated with activation
energy, which was was evaluated to be 60 kJmol�1.


Controlling the Size of Proteinaceous
Microspheres, Yield of Microsphere Formation,


and Coating Its Surface


The question of whether smaller PM can be obtained was
addressed by Makino and co-workers.[36] They have checked
the effect of a few variables on the yield of the BSA micro-
spheres. In addition, they also monitored the effect of a few
parameters on the size of the microspheres. They varied the
following parameters: 1) effects of BSA concentration; 2)
effects of toluene volume fraction in the mixture of toluene
and BSA solution; 3) effects of acoustic frequency and irra-
diation time period; and 4) effects of the kind of the core
(toluene, chloroform, peanut oil, or soybean oil) materials.
They studied the effect of all four parameters on the yield


of PM formation. In addition, they investigated the effect of
third and fourth points on the size distribution.
They found that as the concentration of bovine serum al-


bumin increases from 0.005 to 0.02% (w/v), the micro en-
capsulation yield increases. These measurements were con-
ducted by adding toluene (1 mL) to an aqueous solution of
BSA (10 mL) with various concentrations ranging from
0.001 to 5% (w/w). After the microencapsulation process,
the remaining volume of oil not encapsulated in the BSA
microcapsules, was measured, after which the yield of micro-
capsules was calculated. They reached the maximum yield
of 85% at a (w/v) concentration of 1%. In fact from 0.02–
1% only small changes in the yield were observed. At con-
centrations below 0.02% (w/v), drastic changes in the micro-
sphere formation yield were measured. They interpreted the
results as originating from the diluted solution, in which the
frequency of the collision of BSA molecules is low and the
density of the microcapsule membrane seems to be low,
which in turn decreases the microsphere formation yield.
The influence of the toluene volume fraction on the mi-


crosphere formation yield becomes remarkable only above a
value of 0.4; up to this value it is constant at a level of
�80% yield. The microsphere formation yield decreases
when the volume fraction of toluene becomes higher than
0.4. In addition, when the volume fraction of toluene is over
0.8, the phase inversion from o/w emulsion to w/o emulsion
is clearly observed.
In Figure 6, the microsphere formation yield was plotted


as a function of irradiation period and acoustic frequency.


Table 2. Number of cells in the G2–M phase and in the apoptotic phase observed after treatment with different amounts of Taxol loaded in BSA micro-
spheres.


Type of cells Cells in the G2–M phase [%] Dead cells (apoptosis) [%]


cancer cells before treatment 22 6
cancer cells after treatment with original Taxol (c=5@10�6m) 45 23
cancer cells after treatment with microspheres (c Taxol inside=5@10�6m) 15 38


Figure 6. Effects of acoustic frequency and irradiation time period upon
microencapsulation yield. Acoustic frequency was 28 * and 45 kHz *.
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The microsphere formation yield was higher at 28 than at
45 kHz, and no microcapsule was obtained at 100 kHz. As
the irradiation time period increases, the microencapsulation
yield increases at 45 kHz, but then remains almost constant
after 5 min. Also, the dependence of the microencapsulation
yield upon the irradiation time period was more clearly ob-
served at 45 kHz than at 28 kHz, since at 28 kHz, the micro-
encapsulation yield reaches almost 80% within 30 s.


Size dependence : Microcapsules with narrower size distribu-
tions have been obtained at 45 rather than at 28 kHz.[36] In
addition, the volume-averaged diameter of the microcap-
sules is larger at 28 than at 45 kHz. The diameter of each
kind microcapsule is about 3.81 and 2.66 mm, respectively.
The authors also studied the influence of the organic liquid
on the size distribution of the microspheres.[36] Using chloro-
form as the organic liquid resulted in capsules with an aver-
age diameter of 5.15 and 3.63 mm at 28 and 45 kHz, respec-
tively. BSA microcapsules containing chloroform show a
wider size distribution and a larger average size than BSA
microcapsules containing toluene. Toluene is less miscible
with water than chloroform; hence, the interface between
toluene and water is much clearer than that between chloro-
form and water. Such a difference of solubility of two organ-
ic solvents to water may make the size distribution of micro-
capsules containing each organic solvent different. The size
distributions of BSA microcapsules containing soybean oil
and peanut oil were narrower than those obtained for tolu-
ene and chloroform. The volume-averaged diameters are
1.48 and 1.67 mm, respectively. The authors concluded[36] that
smaller microcapsules are considered to be obtained when
the encapsulated organic solvent has a higher viscosity. They
did not provide an explanation for this observation.
Proteinaceous bubbles of 185 nm average diameter were


synthesized by a sonochemical treatment of bovine serum
albumin (BSA) in an aqueous solution.[37] In parallel, a solu-
tion of nanoparticles of TiO2 was also made by ultrasonic ir-
radiation. To study the macroscopic flow behavior associat-
ed with the changes in the state of the microparticles, a flow
test of these solutions in microchannels was done. The au-
thors measured by a light scattering method the size distri-
butions of the proteinaceous bubbles in solution before and
after the flow test. The authors noted that the PM they ob-
tained were unusually small, about an order of magnitude
smaller than that in all the other reports. The flow results
show that the air-filled proteinaceous bubbles in solution
adjust their size to reduce the shear stress encountered in
the flow through the microchannel.
To reduce the microbubbles size to the nanometer range,


Avivi has investigated the influence of adding a surfactant
to the protein solution.[38] Two proteins were examined,
BSA and a-amylase. The surfactants used in these experi-
ments were SDS (sodium dodecyl sulphate), CTAB (cetyltri-
methyl ammonium bromide), Oleic acid, Tween 40, and
Tween 80. The concentration of the BSA was 3% w/v, and
that of the a-amylase 0.0025% w/v. For all surfactants, a bi-
modal distribution was obtained. The distribution consisted


of a major part of micron-sized microcapsules and only a
small percentage of proteinaceous nanobubbles. However,
the addition of Tween 80 had a dramatic effect on increasing
the percentages of the nanospheres, and with larger amounts
of this surfactant a situation was reached in which only
nanobubbles are obtained. The same effect was obtained for
the two proteins. For example, when 4 mL of the Tween 80
were used, all the amylase nanospheres were obtained in the
100–500 nm range; however, when 0.5 mL of the Tween 80
was added, 28% of the spheres were in the range of 600–
1200 nm and 74% in the 60–500 nm range. In general, small-
er nanospheres are obtained for amylase than for the BSA.
Whether it is due to the smaller concentration or not is still
under study.
The use of a surfactant in stabilizing polymeric micro-


spheres is well known.[39,40] In a spherical structure the pres-
sure inside the sphere is directly proportional to its surface
tension and inversely proportional to its radius. The surfac-
tant, which is composed of hydrophobic and hydrophilic
ends, is organized around the sphere in a very specific way
that ultimately reduces the surface tension, and at the same
time, its radius.


Coating the PM surface : Magnetic PM,[43] containing nano-
phased iron oxide, have recently been fabricated by combin-
ing the previous sonochemical synthesis of nanostructured
iron oxide[41,42] with Suslick>s sonochemical synthesis of pro-
teinaceous microspheres.[1,18–20] Decane and iron pentacar-
bonyl Fe(CO)5 (7.43@10


�4
m) were layered over a 5% w/v


BSA solution. In parallel in a second experiment, the same
procedure was performed with an aqueous solution of iron
acetate, Fe ACHTUNGTRENNUNG(CH3CO2)2 95% (sigma)2 (7.66@10�3m).[43] To de-
termine the amount and location of the Fe3+ ions, two ex-
periments were conducted. First, the Fe3+ on the PM sur-
face was determined. A second experiment determining the
total amount of Fe3+ was performed after destroying the mi-
crospheres. The destruction of the microspheres happened
when they were gently heated while mixing them with a
magnetic stirrer for a few minutes, leading to a yellow ho-
mogeneous solution. After that the conventional method
with thiosulfate and potassium iodide was used for the quan-
titative analysis of Fe3+ . Both determinations were per-
formed for BSA microspheres with iron pentacarbonyl and
for BSA microspheres with iron acetate. The concentration
of Fe3+ ions on the surface was 7–9% w/w for both samples.
The full weight of the microspheres (100%) included the
weight of the solvent encapsulated in the core of the sphere.
Following the above-mentioned process for the destruction
of the microspheres, the total concentration of Fe3+ ions
was found to be 39–42%. This implies that the major parts
of the Fe3+ ions are trapped inside the spheres. The higher
concentration of the iron oxide in the sphere>s volume in
the iron acetate reaction can be rationalized. The Fe3+ ions
trapped inside the sphere are unaffected by the sonochemi-
cal process, and they are determined only by the original
concentration of the iron acetate solution. The number of
Fe3+ ions inside the sphere and on the surface was calculat-
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ed. A monolayer coverage of the surface was assumed, and
the area occupied by one Fe2O3 molecule as 20 P2. These
calculations led to a ratio of 1.75:1 for the surface/inside
Fe3+ ions. The measured ratio is 0.3:1, which indicates that
only one-sixth of the outer surface is covered by Fe2O3 mol-
ecules. The size of the iron oxide nanoparticles was obtained
from TEM and SEM measurements. The major part of the
particles are in the 10–20 nm range; however, some aggrega-
tion is also observed and iron oxide particles of up to
200 nm can be identified. Detailed magnetic measurements
of the magnetic PM were carried out. They include mangne-
tization loops at various temperatures, isothermal magneti-
zation curves at various temperatures, and variation of the
magnetic moment with temperature under a low (38 Oe)
and high (10 kOe) magnetic fields. Based on the magnetic
data and Mçssbauer spectroscopy measurements, the follow-
ing conclusions were reached


1) Preparing the PM with FeAc (acetates) produces a
higher percentage of large particles than when preparing
them with Fe(CO)5.


2) The washing procedure (with HCl) affects the FeAc
sample much more than the Fe(CO)5, in the sense that
the small particles are predominantly washed away (not
so in Fe(CO)5).


3) A rough estimate of the spread in particle sizes in all
samples can be obtained from the 300 K Mçssbauer
spectra, when compared with known size of Fe2O3 small
particle spectra. The diameter of most particles is less
than 20 nm.


Selective targeting of protein microspheres to tumors, a
natural extension after the encapsulation of a drug in the
PM, was demonstrated. Recently, Suslick and co-workers[44]


reported on a noncovalent, electrostatic layer-by-layer
(LBL) modification that successfully targets protein micro-
spheres to the integrin receptors that are over expressed in
several tumor types. The protein microspheres are core-shell
vesicles with a vegetable oil core and a BSA shell that is
made up of plates of cross-linked protein subunits, which
tile over the oil core like armadillo scales.[44] These core-
shell microspheres are highly charged due to the numerous
ionizable groups present in the BSA shell. Under physiolog-
ical conditions, BSA typically has 185 counterions resulting
from both acidic and basic surface residues, with a net
charge of �17 at pH 7.[44] For a typical 2 mm microsphere,
there are �106 BSA molecules per shell. Thus, the protein
microspheres are sufficiently charged for the electrostatic
adhesion of polyelectrolytes onto their surface. Suslick has
found that these negatively charged vesicles are excellent
templates for LBL electrostatic adhesion. It was demon-
strated[44] that PMs can be selectively targeted to human
tumor cells by using an LBL approach to modify their sur-
face with integrin-receptor-specific peptide ligands. Integrin
receptors are overexpressed in several tumor types, and the
RGD tripeptide motif has been used as a label for these
tumor cells and their vasculature. Suslick and co-workers[44]


synthesized three different peptides with an RGD motif em-
bedded at the ends or in the middle of a highly positively
charged, polylysine sequence: at the amino terminus,
RGDKKKKKK; in the middle, KKKKRGDKKK; and at
the carboxy terminus, KKKKKKKRGD.[45] The positively
charged lysine residues electrostatically secure the RGD
motif to the surface of the microspheres. The purified pep-
tides are then used in the LBL electrostatic adhesion to dec-
orate the surface of the protein microspheres. The success of
the adhesion was determined by measuring the z potential
(i.e., net particle charge) of the microspheres before and
after adhesion of the peptides. The z potential of the micro-
spheres varied from �54 mV before modification to
+22 mV after peptide adhesion occurred. In a second ap-
proach taken by Suslick and co-workers,[43] the microspheres
were exposed first to the polycationic RGD-containing pep-
tides to reverse their surface charge, and then to silica col-
loids (�100 nm), which are negatively charged at pH 7.4
and do not adhere to native (i.e., negatively charged) BSA
microspheres. They determined the efficacy of the RGD-
modified microspheres in tumor targeting by using HT29
tumor cells, which are human colon tumor cells known to
overexpress integrin receptors, in vitro.


Microspheres Made of Proteins that Do Not
Contain Cysteine


The importance of cysteine and the formation of S�S bonds
in the creation of the PM was emphasized by Suslick from
the early stages of this field.[1] To probe whether the sono-
chemical microsphere formation process is more general
and can be applied to proteins that do not contain a thiol,
an attempt was made employing this method to streptavidin.
Streptavidin is a protein very similar to avidin, but is non-
glycosylated and devoid of any sulphur residues. Avivi has
extended[46] the sonochemical method to this non-sulphur-
containing protein, strepavidin and demonstrated the forma-
tion of PMs. The microspheres are stable for many hours at
room temperature and for at least one month at 4 8C. No
microspheres were obtained when the pH was kept at 7.
However, when the pH was lowered to 6.0 by adding con-
centrated HCl, microspheres were formed. It is very impor-
tant to note that adding a concentrated acid did not create
any local denaturation. To prove that the pH is important in
the formation of the PMs, they also conducted the reaction
under mild conditions using a buffer (pH 6) and obtained
the same microspheres. In Figure 7, a SEM image of the
streptavidin microspheres that were fabricated on the sono-
chemical reaction is presented. The morphology of the mi-
crospheres made of sterptavidin is very similar to that ob-
tained in previous studies. The size distribution of the micro-
spheres was measured by dynamic light scattering and the
average size was found to be 5 m.
The role of the acidic medium in a sonochemical mecha-


nism is explained as follows. Ultrasonic irradiation of liquids
is known to produce both emulsification[19] and cavita-
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tion.[1,15] Emulsification alone, however, is insufficient to
form long-lived microspheres. It was found that the micro-
spheres are held together by protein cross-linking through
disulphide linkages from cysteine oxidation.[1,18,19] However,
it is evident that this is not the mechanism for the formation
of strepravidin microspheres. According to the proposed ex-
planation, hydrophobic or thermal denaturation of the pro-
tein after the initial ultrasonic emulsification assists in mi-
crosphere formation. According to Lins and Brasseur,[47] the
hydrophobic effect drives the molecules towards a more
condensed structure by decreasing the unfavorable contacts
between the hydrophobic residues and water molecules. A
minor contribution is provided by the lowering of the pH,
which helps to neutralize the basic COO� edges, thus creat-
ing a more favorable hydrophobic environment. To check
whether this hypothesis is correct, a polyglutamic acid (s)
protein was sonicated. This protein carries only carboxyl
groups on the side chain. The concentration of the solution
was 5% w/v, with all the other sonochemical parameters re-
maining unchanged. Microspheres of the polyglutamic acid
were formed only at a pH lower than 4.5. This pH is lower
than the pKa of the side group of this polymer (the pKa of
the side chain carboxyls of aspartic and glutamic acids is 4–
4.8). Thus it can be concluded that hydrophobic interactions,
which become more dominant in an acidic medium, are re-
sponsible for the production of the microspheres in a poly-
glutamic acid, as well as in streptavidin. Such hydrophobic
interactions are strong enough to produce microspheres that
are stable for at least one month.
The ability of streptavidin microspheres to bind biotin


was also checked, and compared to commercial native strep-
tavidin. It was found that streptavidin microspheres bind
about 50% of the amount of biotin bound to the native pro-
tein. It was also found that the biological activity of pro-
ACHTUNGTRENNUNGteinaceous microspheres is reduced by 30–50%, as com-
pared with the native protein.


Suslick and co-workers have prepared[48] a new class of
protein core-shell microspheres made with polyglutamic
acid, the size of which is sufficiently small to permit extrava-
sation (i.e., escape) from the blood pool, particularly in re-
gions with leaky vasculature, for example, tumors. In con-
trast to previous core-shell protein microspheres (generally
made from serum albumin), these sodium polyglutamate
(SPG) microspheres are not held together by covalent cross-
links, and yet they are extremely stable. A 5 wt% solution
of sodium poly(a,l-glutamate) (SPG) was layered with veg-
etable oil and then sonicated using a 2 mm diameter ultra-
sonic tip (20 kHz, 50 Wcm�2, 3 min), which produces
spheres that are less than one micron in diameter. These mi-
crospheres are core-shell, as shown in the cross-sectional
TEM image. The thermal stability was tested, and the SPG
microspheres were stable for more than an hour even at
60 8C.
The intermolecular interactions that might be responsible


for holding the SPG microspheres together include hydro-
gen bonding, van der Waals, hydrophobic, and electrostatic
interactions, all of which can be effected by changes in pH
and ionic strength. More specifically, the authors[48] believe
that the dominant interaction between the polymer chains
are a network of hydrogen bonds or ion pairs: [RCO2�···M+


···�O2CR] in which M+ =H+ or Na+ .


Applications of the Proteinaceous Microspheres


Some of the applications of PMs have already been men-
tioned and discussed throughout this review, in particular in
the chapter dealing with the encapsulation of drugs inside
the PM and the release of these drugs. It is, however, worth
mentioning some other applications. Suslick[49] has fabricat-
ed PMs filled with nitroxides dissolved in an organic liquid
by using high intensity ultrasound methods; the PMs were
used to measure oxygen concentrations in living biological
systems. The microspheres have an average size of 2.5 mm,
and the proteinaceous shell is permeable to oxygen. Encap-
sulation of the nitroxides into the microsphere greatly in-
creased the sensitivity of the EPR-signal line width to
oxygen because of the higher solubility of oxygen in organic
solvents. The encapsulation also protected the nitroxide
from bioreduction. No decrease in the intensity of the EPR
signal was observed over a 70 min period after the intrave-
nous injection of the microspheres into a mouse. Measure-
ment of the changes in oxygen concentration in vivo by
means of the restriction of blood flow, anesthesia, and
change of oxygen content in the respired gas, were made
using these microspheres.
Suslick and co-workers have used PMs for increasing the


signal-to-noise ratio (SNR) of fluorine magnetic resonance
imaging and enabling new applications.[50] They have devel-
oped a novel class of agents based on the protein encapsula-
tion of fluorocarbons. Microspheres formed by high-intensi-
ty ultrasound have a gaussian size distribution with an aver-
age diameter of 2.5 mm. As with conventional emulsions,


Figure 7. Scanning electron micrograph of streptavidin microspheres
(bar=5mm). The microspheres were prepared for SEM by secondary
cross-linking with glutaraldehyde and by coating with Au.
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these microspheres target the reticuloendothelial system.
However, the sonochemically produced microspheres, which
leads to a high encapsulation efficiency, show increases in
the SNR of up to 300% compared to commercially avail-
able emulsions. They have demonstrated an increase in the
circulation lifetime of the microspheres within the blood-
stream by more than 80-fold with a chemical modification
of the outer surface of the microsphere. Finally, by encapsu-
lating mixtures of fluorocarbons that undergo solid/liquid
phase transitions, they have mapped the temperature in the
reticuloendothelial system, with signal changes of approxi-
mately 20-fold over a 5 8C range.
They proposed that PMs might have a wide range of bio-


medical applications, including their use as echo contrast
agents for sonography, magnetic resonance imaging contrast
enhancement, and oxygen or drug delivery
More recently Lee et al. characterized and demonstrat-


ed[51] a new class of optical contrast agents suitable for re-
flection- or scattering-based optical imaging techniques,
namely, OCT (optical coherence tomography), but that also
includes light and reflectance confocal microscopy. These
agents are biocompatible, are suitable for in vivo use, and
produce an enhanced backscatter that is detectable in highly
scattering tissue. These agents may be tailored to adhere to
specific molecules, cells, or tissue types, and thus provide ad-
ditional selectivity that can enhance the utility of OCT as an
emerging diagnostic technique. OCT is capable of cellular-
resolution imaging and may ultimately have a role in the
early diagnosis of human malignancies. The authors have en-
gineered optical contrast agents that are microspheres 0.2–
15 mm in diameter with an approximately 50 nm-thick pro-
tein shell. The microspheres are designed to incorporate in
their shells, and encapsulate in their cores, a wide range of
nanoparticles and materials that alter the local optical prop-
erties of tissue. The protein shell was also functionalized to
target the agents to specific regions of interest. The authors
have sonicated a 5% weight per volume solution of BSA
and a solution containing the material to be incorporated
into the shell or encapsulated in the core. They have mea-
sured the optical properties of gold-, melanin-, and carbon-
shelled contrast agents and demonstrated the enhancement
of optical coherence tomography imaging after the intrave-
nous injection of such an agent into a mouse.


Miscellaneous


In this chapter we plan to present and discuss some publica-
tions related to PMs, but that do not fit the sub-sections of
the current review.
Shiomi and co-workers[52] have fabricated hollow spherical


particles with protein/silica-hybrid shell structures. The syn-
thesis was based on a combination of the catalytic activity of
the protein and sonochemical treatment. The reaction start-
ed with lysozyme powder derived from egg whites, which is
put into a 0.05m glycine buffer at given concentrations. The
lysozyme solution was brought to pH 9 by the addition of


5n NaOH, after which TEOS (tetraethoxysilane, 1 mL) was
added. The mixture was immediately stirred or sonicated for
15 min. The resultant solutions were dispensed onto a poly-
styrene plate and dried at 60 8C for 24 h, after which a white
powder was obtained. The granular spherical particles ob-
tained at the end of the reaction have a diameter of 250–
1000 nm. No spherical particles were observed without lyso-
zyme in the reacting solution, suggesting that the biomimetic
patterning of silica can be catalyzed by lysozyme. When
sonication treatment was applied to the lysozyme–TEOS
mixture, hollow spherical particles were observed.
In short, the authors demonstrated that the morphologies


of the particles can be controlled by altering reaction condi-
tions (stirring or sonication) or by changing lysozyme con-
centrations. Furthermore, the method needs no process to
remove the template, which is inevitable in other protocols
used to obtain hollow silica particles. The authors claim that
the method for the formation of inorganic–organic hybrids
induced by biopolymers, as described herein, sheds light on
the controlled formation of silica structures and goes some
way to the creation of advanced materials.
Another group that have sonicated a range of structurally


diverse proteins have observed the formation of aggregates
that have similarities to amyloid aggregates.[53] The forma-
tion of amyloid is associated with, and has been implicated
in, causing of a wide range of protein conformational disor-
ders including Alzheimer>s disease, Huntington>s disease,
Parkinson>s disease, and prion diseases. The aggregates
cause large enhancements in the fluorescence of the dye
thio ACHTUNGTRENNUNGflavin T. Ultrastructural analysis by electron microscopy
reveals a range of morphologies for the sonication-induced
aggregates, including fibrils with diameters of 5–20 nm. The
addition of preformed aggregates to unsonicated protein sol-
utions results in the accelerated and enhanced formation of
additional aggregates upon heating. The dye-binding and
structural characteristics, as well as the ability of the sonica-
tion-induced aggregates to seed the formation of new aggre-
gates, are all similar to the properties of amyloid.
High-intensity ultrasonic irradiation of aqueous solutions


of Ca ACHTUNGTRENNUNG(H2PO4)2 and Ca(OH)2 in the presence of BSA has led
to the formation of calcium phosphate/albumin colloidal
particles.[54] The effect of the concentration of BSA (2–
5 gL�1) properties of the colloidal particles was studied at
constant temperature. The formation mechanism of CaP/
BSA colloidal particles seems to be similar to the mecha-
nism of the sonochemical formation of albumin and haemo-
globin microspheres .[1] According to this mechanism, the
nanospheres are held together by disulfide bonds between
protein cysteine residues; HO2 radicals, sonochemically pro-
duced by acoustic cavitation, act as the cross-linking agent.
This chemical cross-linking is responsible for the formation
of the netlike morphology of CaP/BSA colloidal particles.
The particle size was dependent on the concentration of the
BSA. For 4 gL�1 of BSA, the average particle size was
87 nm and the distribution width was 98 nm. The average z


potential of the CaP/BSA particles was �25.5 mV, and it
was only slightly affected by the concentration of BSA.
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Finally, Zhong and associates studied the effects of ultra-
sound and additives on the function and structure of tryp-
sin.[55] They tried to investigate the effects of ultrasound
power and duration of irradiation on the function and struc-
ture of trypsin, and the reason for protein denaturation
when it was irradiated by 20 kHz ultrasound. The damage to
the molecular structure of trypsin was detected through a
combination of high-performance liquid chromatography
and electrospray ionization mass spectrometry (HPLC-ESI-
MS). The results showed that the activity of trypsin de-
creased with increasing ultrasound power from 100 to
500 W, or with extended the irradiation time from 1 to
20 min. This effect could be enhanced by aerating the solu-
tion for 10 min at 300 W. Fragments of trypsin were detected
in the treatment (300 W, 10 min) by HPLC-ESI-MS. The ad-
ditives Tween 80 and mannitol could protect trypsin against
the inactivation caused by ultrasound. The reason for this in-
activation was partly from the alteration of the molecular
conformation and partly from the modification or damage
to the trypsin>s molecular structure.
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Synthesis of Axially Chiral 4,4’-Bipyridines and Their Remarkably Selective
Self-Assembly into Chiral Metallo-Supramolecular Squares


Alexander Rang,[a, b] Marianne Engeser,[b] Norbert M. Maier,[c] Martin Nieger,[d]


Wolfgang Lindner,[c] and Christoph A. Schalley*[a]


4,4’-Bipyridine is an extraordinarily versatile key inter-
mediate: It is a precursor to the herbicide paraquat,[1] a
useful building block in liquid crystals[2] as well as in supra-
molecular chemistry[3] and used in many other applications.
In marked contrast to the large number of known atropiso-
meric biphenyls, surprisingly no axially chiral 4,4’-bipyri-
dines are available in the literature except for a few biquino-
line compounds,[4] although chirality plays a crucial role in
these fields. Recently, we used racemic disubstituted dissym-
metrical ligands[5] in the self-assembly of dendritic Stang-
type[3d] metallo-supramolecular squares. Mass spectrome-
try[5,6] clearly ruled out the formation of assemblies other
than squares, but the 1H NMR spectra showed strong signal
overlap from multiple slowly interconverting isomers
formed in these dynamic combinatorial libraries.[7] Enantio-
pure axially chiral ligands decrease the number of possible
isomers to only ten (see below), thus generating interesting
chiral[8] assemblies,[9] while at the same time facilitating the
analysis.


A convenient two-step synthesis for axially chiral 4,4’-bi-
pyridines starts from commercial lutidine, which is convert-
ed on multi-gram scale into 3,3’,5,5’-tetramethyl-4,4’-bipyri-


dine 1 (Scheme 1) by a procedure developed by Rebek
et al.[10] Two routes to modify one methyl group at each pyri-
dine ring yield axially chiral 4,4’-bipyridines: a) Oxidation of
the methyl groups with potassium permanganate yields a
mixture of the mono-, the achiral di-, the chiral di- (rac-2),
the tri-, and the tetraacid. Due to mixture formation, the
overall yield of rac-2 is certainly not very satisfying. GCMS
analysis of the corresponding esters revealed the chiral and
achiral diesters to be formed in the statistical 2:1 ratio. The
desired axially chiral bis-amide rac-3 can be purified by
column chromatography. b) More elegantly, selective depro-
tonation of two methyl groups with four equivalents of lithi-
um tetramethylpiperidine[11] (Li-TMP) and quenching with
gaseous carbon dioxide yields only the monoacid and the
chiral diacid rac-4. Since deprotonation of one methyl group
disfavors the deprotonation of the second methyl group at
the same pyridine ring, neither the achiral diacid, nor the
tri- and tetraacids are obtained by this procedure. The con-
version into the desired axially chiral bis-amides rac-5 and
rac-6 is achieved by standard amide coupling with PyBOP[12]


and H;nig<s base (Scheme 1).
Chromatography on a home-made immobilized Chiracel


OD stationary phase[13] affords enantiomer separation of
racemic 3, 5, and 6 with>92% ee (Supporting Information).[a] Dipl.-Chem. A. Rang, Prof. Dr. C. A. Schalley
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Scheme 1. Two routes to racemic, axially chiral 4,4’-bipyridines 3, 5, and 6
starting from 3,5-lutidine (only (aS)-enantiomers shown).
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CD spectroscopy of the resulting pairs of enantiomers
showed the appropriate mirror-inverted CD spectra. Tetra-
substituted bipyridyl compounds 3 and 5 are reasonably
stable against racemization. After 70 h in methanol at 50 8C,
only a minor decay of the CD signal of (aR)- or (aS)-3 is ob-
served. Bipyridine 5 racemizes somewhat more easily: After
26 h at 50 8C, racemization is observed in detectable
amounts. We suggest the higher barrier for racemization of
3 to be caused by the flexibility-reducing conjugation of the
amide carbonyl groups to the pyridyl rings.


Both types of ligands form chiral assemblies, when a pure
enantiomer is mixed with equimolar amounts of [(dppp)Pd-
ACHTUNGTRENNUNG(OTf)2] [a] and [(dppp)Pt ACHTUNGTRENNUNG(OTf)2] [b] (Scheme 2).[3d] Not un-


expectedly, the changes in the resulting CD spectra
(Figure 1 and Supporting Information) and the differences
between Pd (black lines) and Pt compounds (gray lines) are


small, because the chiral information in the ligands< bipyrid-
yl backbone is not changed much by the self-assembly pro-
cess.


Electrospray mass spectrometry of 7a,b–9a,b clearly
rules out the formation of assemblies other than squares:
Doubly (for 8a,b) and triply (for 7a,b and 9a,b) positively
charged complexes are formed by losses of triflate counter-
ions (Figure 2). Elemental compositions of the resulting as-
semblies are confirmed by exact masses and high-resolution
isotope patterns. For the Pd and Pt compounds, some typi-
cally observed[5,6] fragmentation occurs.


For an understanding of the NMR spectra of 7a,b–9a,b,
it is helpful to consider the following points: a) In contrast
to 4,4’-bipyridine, its tetrasubstituted derivatives 1–6 have
much larger torsional angles around the aryl–aryl bond. For
example, this angle is �838 and 948 in two independent mol-
ecules in the unit cell of the solid-state structure of 1
(Figure 3, left).[14] b) Upon coordination to the metal cor-
ners, the pyridine rings usually[15] prefer an orientation per-
pendicular to the square<s M-M-M-M plane and are stacked
with neighboring dppp phenyl groups. This arrangement is
not feasible here: If one pyridine were perpendicular, the
other one would need to be coplanar with the square plane.
Molecular modeling[16] suggests that the pyridines adopt a
compromise in a tilted conformation with an angle of about
40–508 relative to the square plane (Figure 3, right). c) The
bipyridines can thus adopt four different conformations by
rotation around the metal–metal axis in about 908 steps. d)
Based on earlier experiences with similar, racemic com-
pounds,[5] the neighboring dppp phenyl groups make the ro-


Scheme 2. Square formation through self-assembly of [(dppp)M ACHTUNGTRENNUNG(OTf)2]
(M=Pd [a] or Pt [b]) and 1 as well as axially chiral 4,4’-bipyridines 3, 5,
and 6 (only one enantiomer shown).


Figure 1. CD spectra of 8a,b (top, 1 mm, methanol, 6·10�5m) and 9a,b
(bottom, 10 mm, methanol, 6·10�5m).


Figure 2. ESI-FTICR-MS spectra of 8a,b and 9a,b (all : acetone, 4·10�4m,
labels represent the composition as [metal:ligand:OTf]n+); insets: experi-
mental and calculated isotope patterns. For 8a,b, the [4:4:6]2+ ion over-
laps with fragment signals ([2:2:3]+ ; <10% intensity).
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tation of bipyridines around the M–M axis slow on the
NMR time scale.


Taking these considerations into account, the self-assem-
bly of 7a,b can potentially give rise to six conformers I–VI
(Scheme 3). The latter five conformations can be obtained
from I by rotating one ligand (II, shown gray in Scheme 3),
two adjacent ligands (III), two opposing ligands (IV), three
(V), and all four ligands (VI) by 908 around the M–M axis.
Two aspects should be noted: a) Rotation of one ligand
around 1808 yields the same conformer due to the ligand
symmetry. b) Conformers I and VI as well as II and V are
pairs of enantiomers. In conformers II–V, the pyridine rings
marked with double arrows in Scheme 3 are tilted towards
each other. This generates steric repulsion between two
ortho-hydrogen atoms of adjacent pyridines (Scheme 4, inset
right). In I and VI, no such repulsion occurs, because one of
the two adjacent pyridines at each corner is tilted outwards,
the second one inwards (Scheme 4, inset left). These two en-
antiomeric conformations should thus be energetically fa-
vored and are expected to be the major, if not exclusive,


products of the self-assembly process. Indeed, exactly two
signals for the ortho-hydrogen atoms and two signals for the
methyl groups are observed in the 1H NMR spectrum of
7a,b in [D6]acetone (Figure 4a). The ortho-hydrogens and
methyl groups pointing towards the cavity feel the anisotro-
py of the second pyridine ring coordinated to the same
corner. They are therefore shifted upfield with respect to
those pointing away from the cavity (Ds =0.4 ppm for the
ortho-H atoms and Ds =0.3 ppm for the CH3 groups). All
phosphorus nuclei are symmetry-equivalent and thus only
one sharp signal is seen in the 31P NMR spectrum. In
[D7]DMF, broadened signals are observed in the 1H and
31P NMR spectra at room temperature (Figure 4b). Below a
coalescence temperature of 308 K at 500 MHz, the ligands<
signals split into a pattern analogous to that observed in
[D6]acetone. This behavior is indicative of the inter-conver-
sion of conformations I and VI which shows some solvent-


Figure 3. Left: X-ray single crystal structure of 1 (one of the two inde-
pendent molecules).[14] The C3-C4-C4’-C3’ dihedral angle is �83.3(2)8
and 93.8(2)8, respectively. Right: MM2 geometry-optimized structure of
[(dppp)Pd(1)2]


2+ .[16] The coordinated pyridine rings adopt a tilted geome-
try. Arrow: The dppp phenyl ring hinders bipyridine rotation.


Scheme 3. Self-assembly of [(dppp)M ACHTUNGTRENNUNG(OTf)2] (M=Pd or Pt) and 1 can
result in the formation of six conformers I to VI. The ligands< methyl
groups are either above (thick) or below (dotted) the plane through the
four metal atoms. Gray ligands are rotated by 908 around the M–M axis.
Black arrows indicate steric repulsion between the ortho-hydrogen atoms
of pyridine rings (also, see inset in Scheme 4).


Scheme 4. Self-assembly of [(dppp)M ACHTUNGTRENNUNG(OTf)2] (M=Pd, Pt) and enantiomerically pure, axially chiral ACHTUNGTRENNUNG[4,4’]-bipyridines can result in the formation of ten
conformers I to X. Ligand amides are either above (black A) or below (gray A) the square plane; methyl groups are indicated by solid (above) and
dashed lines (below the plane). P atoms, which are chemically non-equivalent, are labeled with indices. Curved arrows indicate NMR coupling between
non-equivalent P atoms. Inset: Steric repulsion between pyridine otho-hydrogen atoms (right) can be avoided (left).
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dependence and is faster in DMF than in acetone. In agree-
ment with previous data,[5] these results confirm both the
operation of slow exchange processes and the importance of
avoiding the pyridine ortho-hydrogen repulsion.


Symmetry considerations for 8a,b and 9a,b are even
more complex, but can be based on the same considerations
(Scheme 4). Self-assembly of [(dppp)M ACHTUNGTRENNUNG(OTf)2] with one
pure enantiomer of 3 or 5 may result in the formation of up
to ten conformers, already excluding those which suffer from
steric repulsion between pyridine ortho-hydrogen atoms. In
conformation I, all eight amide groups are pointing towards
the cavity. Ligand rotations by 1808 rather than 908 due to
the lower ligand symmetry yields five additional conformers,
II–VI, in analogy to those discussed for 7a,b (Scheme 3).
Conformer VII is obtained from I by rotation of all ligands
by 908. From VII, conformations VIII–X can again be gener-
ated by 1808 rotations of the appropriate ligands. Any pro-
cess, which involves a 908 ligand rotation of less than all
four ligands would unavoidably lead to steric repulsion of
pyridine ortho-H atoms. Based on the NMR results obtained
for 7a,b, they are expected not to be formed in the assem-
bly process and thus are not listed here. The resulting sym-


metry elements for I–X are an-
alyzed in Scheme 4. Table 1
provides the expected number
of NMR signals and the ex-
pected 31P NMR multiplicities.


Mixtures of these ten, slowly
interconverting conformations
would certainly result in com-
plex and hard-to-interpret
NMR spectra. However, this is
interestingly not the case. In
the 31P NMR spectrum of 8a in
[D6]acetone, four doublets are
observed in an exact 1:1:1:1 in-
tegration ratio, two sharp, two
somewhat broadened (Fig-
ure 4c, right). From this result,
we can draw three important
conclusions: a) Exchange pro-


cesses are still slow on the NMR time scale under the condi-
tions applied here; otherwise, only one singlet would be ob-
served. b) Only one conformer is formed exclusively.[17] Mix-
tures of conformers unlikely result in an exact 1:1:1:1 ratio
of doublets. c) Only conformers II and V agree with the cou-
pling pattern observed in the 31P NMR spectrum. In the cor-
responding 1H NMR spectrum, the reduction to a C2 sym-
metry can be seen as well. Four signals are found for one of
the two nonequivalent pyridine ortho-hydrogen atoms
(arrows in Figure 4c). Similarly, four methyl signals are seen
(not shown). The same situation is observed for the Pt ana-
logue 8b : The patterns are very similar and only differ from
the NMR results obtained for 8a in that minor peak shifts
occur and two doublets coincide in the 31P NMR spectrum
(Figure 4d).[18]


It is impossible to safely deduce from the spectroscopic
data alone, which of the two remaining conformers, that is
II or V, is preferred. However, two structure-based argu-
ments derived from simple molecular modeling calculations
may be helpful for a tentative assignment: a) Stacking be-
tween each pyridine ring and one phenyl group from the
dppp ligands is known to stabilize the squares.[15] The amide
groups obstruct this favorable interaction more severely
than the methyl groups. Consequently, we expect the amide
groups to be energetically favored when pointing towards
the square cavity. b) However, it is unlikely that the cavity
of the square-type assembly can accommodate all amide
groups. In order to relieve some of the strain, one ligand
may turn outwards—thus optimizing the overall free energy
of the assembly. Although somewhat speculative, the combi-
nation of these two arguments leads to the suggestion that
conformer II is formed preferentially in the case of 8a,b.


In conclusion, an effective two-step synthesis for axially
chiral 4,4’-bipyridines was developed, which provides easy
access to a long neglected class of chiral building blocks that
are not only highly useful for supramolecular chemistry. As
shown by a combination of CD spectroscopy and HPLC
traces, a separation of the enantiomers is possible with the


Figure 4. a) 1H and 31P NMR spectra of 7a in [D6]acetone at room temperature. b) Aromatic region of variable
temperature 1H NMR spectra of 7a in [D7]DMF. c) and d) Partial 1H and 31P NMR spectra of 8a and 8b, re-
spectively in [D6]acetone at room temperature. Asterisks indicate solvent peaks.


Table 1. Symmetry considerations for conformers I–X and the resulting
symmetry reductions in their 1H and 31P NMR spectra.


Conformer Symmetry Sets of signals
(1H NMR)[a]


Signals
(31P NMR)[b]


I D4 1 1 s
II C2 4 4d
III C2 4 2d & 1 s
IV D2 2 2d
V C2 4 4d
VI D4 1 1 s
VII C4 2 2d
VIII C1 8 8d
IX C2 4 2d & 1 s
X D2 2 2 s


[a] Some of these signals may overlap. [b] s= singlet, d=doublet; cou-
pling due to chemically nonequivalent 31P atoms.
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appropriate chiral stationary phase. Two different classes of
these bipyridines have been prepared: One offers rigidity
due to carbonyl group conjugation with the pyridine p-
system, the other is more flexible due to the CH2 spacer be-
tween the carbonyl and the pyridine ring. The enantiomers
obtained in more than 92% ee were quite stable in solution
at room temperature and were successfully used in self-as-
sembly reactions. Particularly remarkable is the strongly
preferred formation of only one out of ten possible confor-
mations, which can be deduced by a careful analysis of the
1H and 31P NMR spectra. Currently, we attempt to resolve
the racemates of chiral diacids 2 and 4 by crystallization
with chiral amines. When larger amounts of enantiopure di-
acids will become available, these chiral bipyridines will
offer a versatile platform for further functionalization
through ester or amide bond formation or the reduction of
the acids to the corresponding aldehydes and alcohols.
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Functional nanostructures with intriguing topology and
special properties have played important roles in self-assem-
bly, host–guest chemistry, catalysis and nanotechnology.[1]


Among these nanosized units, shape-persistent artificial ar-
chitectures provide fixed conformations, which might offer
many advantages for predictable assembly, nanofabrication,
or guest inclusion.[1,2] Recently, many rigid cages with con-
fined cavities through multivalent assembly have attracted
considerable interest due to their applications in delivery,
extraction, detection and various microreactors.[1a,c,3] How-
ever, the synthesis of shape-persistent molecules is usually
laborious, and the structural diversification in different di-
mensions from a common parent is also difficult ; on the
other hand, rational design of molecules with desired func-
tionalities still remains a great challenge. Therefore, it is im-
perative to develop a well-organized structure to meet the
requirement of readily available diversification and rational
design of derivatives with controllable solubility and proces-
sibility, which also provides the possibility to agilely mimic
multivalent assembly in nature.[4]


In our previous contribution, we reported a unique 3D
skeleton 4a as shown in Scheme 1 for pure blue emitters ap-
plied in organic light-emitting diodes.[5] The success of syn-
thesizing such skeleton provides us with convenience to real-
ize the structural diversity of 3D derivatives through orthog-
onally and distinguishably modifiable sites. As a result, such
a 3D structure would offer various derivatives with diverse
functionalities. Herein, we utilize this 3D functionalized
“body” (a covalent template) to couple with suitable planar
“caps” to achieve quantitative formation of C3 symmetrical
nanocages 1a–c with intensive visible luminescence through


dynamic covalent chemistry (DCC). DCC emerges as an ef-
ficient and versatile synthetic strategy due to its “error-
checking” and “proof-reading” features, generating thermo-
dynamically controlled products by virtue of its reversibili-
ty.[6] Additionally, the selective introduction of three conju-
gated arms not only guarantees the fluorescent property, but
also offers the interactions between host and guest.


Scheme 2 illustrates the synthetic route to nanocages 1a–c
and their reduced forms H12-1a–c. First, demethylation of
3D skeleton 4a by BBr3 followed by reacting with n-hexyl-
bromide or 2-(2-(2-methoxyethoxy)ethoxy)ethyl 4-methyl-
benzenesulfonate (TEG-OTs) under basic condition afford-
ed 4b or 4c in high yield. Subsequently, efficient Pd-cata-
lyzed Suzuki cross-coupling reaction between 4 and 4-for-
mylphenylboronic ester gave desired aldehyde 2 in good
yields (75–86%). Compared with weak noncovalent interac-
tions such as hydrogen-bonding and metal–ligand coordina-
tion, imine condensation between aldehydes and amines
seems to be the most valid choice to construct more stable
nanocages.[6e] First, the formation of the nanocages from al-
dehyde 2a and two equivalents of amine 3[7] was carried out
in refluxing CHCl3 or CH2Cl2 solution. However, amounts
of precipitates were formed and 1H NMR spectra of the in
situ mixture suggested that an undesirable mixture was
formed even after extended heating time, which might be
owing to the poor solubility of the imine intermediates and
starting materials in CHCl3 or CH2Cl2. 1,1,2,2-Tetrachloro-
ethane (TCE) was employed as a co-solvent to promote the
condensation reaction. To our delight, refluxing the mixture
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Key Laboratories of Bioorganic Chemistry and
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Scheme 1. Structures and structural schematic diagram of three-dimen-
sional skeletons.
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for 3 h resulted in a homoge-
nous solution, in which nano-
cage 1a was quantitatively con-
structed, as evidenced by
1H NMR spectroscopy. After
removal of the solvents under
reduced pressure, nanocage 1a
was obtained as a slightly
yellow solid without further pu-
rification.


Figure 1 compares the partial
1H NMR spectra (300 MHz,
CDCl3, 298 K) of 2a, 3 and
nanocage 1a. Compared with
that of 2a in Figure 1a, the
signal assigned to CHO (d=


9.91 ppm) in the 1H NMR spec-
trum of 1a (Figure 1c) disap-
peared, and a new signal (d=


7.69 ppm) assigned to imine
protons emerged, which shifted
upfield (about 0.44 ppm) rela-
tive to that of the correspond-
ing proton in normal imine
groups.[8] Furthermore, after the
transformation from amine 3 to
imine 1a, the signals of CH2


showed downfield shift from
d=3.88 ppm (singlet in Fig-
ure 1b) to 4.94 ppm (dd in Fig-
ure 1c), which was due to gemi-
nal coupling (J=15.6 Hz)
caused by the unsymmetrical
chemical environment in our
rigid nanocage. Moreover, its
chemical shift moved downfield
(about 0.26 ppm) in comparison
with those of the corresponding
imines within an open scaf-
fold.[8] MALDI-TOF MS analy-
sis of 1a, as shown in Figure 2,
further confirmed the proposed
cage structure and the quan-
titative formation: only an
ion peak at m/z=1729.8 for
[M+H]+ (calcd for C126H84N6O3:
1728.7) was observed, and the isotopic distribution fit well
with the theoretically predicted pattern. All the characteri-
zation data verified the formation and the purity of cage 1a.


Figure 3 illustrates the 1H NMR spectra of the mixture
(2a/3 1:2) in CDCl3/C2D2Cl4 1:1 at 333 K as time elapsed. A
signal of formyl protons at chemical shift 9.98 ppm appeared
and finally all signals of formyl protons disappeared as time
went by. These results indicated that the system was gradu-
ally transformed to imine, and eventually became the sym-
metrical species after formation of many unsymmetrical in-
termediates. After 40 min, the signal at about d=5.00 ppm


emerged, concomitant with decrease of the singlet signal at
d=3.88 ppm. The transformation became complete in about
130 min. Obviously, the clean 1H NMR spectra indicate that
there are no oligomers or polymers in the final products. As
the 1H NMR spectra show, there are only two signals
emerged at about 10 ppm, which means only two kinds of
formyl protons could be observed in 1H NMR spectra. Thus,
we proposed that the formation of the imine bonds con-
tained a self-accelerating process. After one arm of a cap
was connected to the “main body”, the reaction rates for
the formation of the other two imine bonds became much


Scheme 2. Synthetic route to fluorescent cages 1a, 1b, and 1c, and their reductive cages H12-1a, H12-1b, and
H12-1c.
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faster, so the only intermediate
observed through 1H NMR was
one-end capped structure, al-
though its structure need to be
further elucidated. Apparently,
such a phenomenon can be at-
tributed to the multivalent
effect directed by our rigid
structure, which accelerated the
reaction rates in contrast with
previous reports.[4b]


Nanocages 1b and 1c from
2b or 2c and 3 were also
formed quantitatively in reflux-
ing CHCl3 solution. Due to the
introduction of n-hexyl and
TEG chains, the solubility of
such skeletons in common or-
ganic solvents was significantly
improved. We also observed
that the solubility of the inter-
mediates and products turned
out to be crucial in the thermo-
dynamically controlled process.
Nanocages 1b and 1c also ex-
hibited the similar 1H NMR
and mass spectroscopic behav-
iors (See the Supporting Infor-
mation). In addition, the cage
formation reactions were car-
ried out quantitatively without
any added acid catalysis. All
the above data show that the
desired nanocages are thermo-
dynamically stable products ir-
respective of substituted “tails”
in planar truxene moiety. Al-
though the imine bonds were
reversible, our desired nanocag-
es were stable both in solution
and solid state.


To completely “fix” our
cages, reduction of 2 by NaBH-
ACHTUNGTRENNUNG(OAc)3 was carried out and the
1H NMR and MALDI-TOF MS
spectra indicated that all the six
imine bonds were reduced to
saturated amines. As shown in
Figure 1d, the resonance signals
of CH2 (Hk) in the “cap” were
shifted upfield by about
1.05 ppm, resulting from the
imine transformation. In con-
sideration of the decrease of ri-
gidity after the reduction, the
split resonance signal of Hk tended to merge. In addition, a
new singlet peak emerged at d=3.59 ppm which was as-


signed to the signal of CH2 converted from CH=N. MALDI-
TOF MS analysis of H12-1a further confirmed the formation


Figure 1. Partial 1H NMR (CDCl3, 300 MHz, 298 K) spectra of a) 2a, b) 3, c) 1a produced in situ, and
1H NMR (C2D2Cl4, 300 MHz, 298 K) spectra of d) H12-1a. & and N denote CDCl3 and C2D2Cl4, respectively.


Figure 2. MALDI-TOF MS spectrum of nanocage 1a. Insets a) and b) are corresponding to experimental and
theoretical isotopic distributions, respectively.
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of the proposed reductive cage: only one ion peak at m/z=


1741.6 for [M+H]+ (calcd for C126H96N6O3: 1740.8) was ob-
served.


The photophysical properties of nanocages 1a–c and their
corresponding reduced forms H12-1a–c were first investigat-
ed in dilute solution. Figure 4 shows the absorption and pho-
toluminescent (PL) spectra of 2a, 1a, and H12-1a in dilute
C2H2Cl4 solution. Compounds 2a and 1a showed an identi-
cal absorption peak at 323 nm, being assigned to the
2,2’,7,7’-tetraphenyl-9,9’-spirobifluorene fragment.[9] More-
over, in their absorption spectra, both 2a and 1a exhibited a
shoulder at about 348 nm. This registers the similarity in the
effective conjugation length between aldehyde 2a and nano-
cage 1a. However, the onset of the absorption spectrum of
2a red-shifted from 410 nm to about 470 nm, and the ab-
sorption intensity of the shoulder feature decreased. After
reduction, H12-1a showed an absorption peak at 322 nm
with two shoulders at 310 and 300 nm. In dilute C2H2Cl4 so-
lution, the PL spectrum of 2a showed a peak at 450 nm. The
PL maximum lmax of 1a slightly red-shifted about 8 nm in
comparison with that of 2a. The reductive cage H12-1a emit-
ted blue light with a wavelength of 396 nm in C2H2Cl4 solu-
tion. Other cages 1b and 1c also showed similar absorption
and PL spectra. Both 2 and 1 emitted sharp greenish-blue
color under the UV light irradiation.


The surface morphologies of these nanocages 1a–c were
also investigated.[3h] According to molecular modeling, the
height of cage 1a is about 1.5 nm. The highly dilute C2H2Cl4
solution of nanocage 1a (3.0N10�6m) was drop-cast onto the
mica substrate and the surface pattern was analyzed by tap-
ping-mode atomic force microscopy (TM-AFM). The TM-
AFM experiments and section analysis showed the presence
of monodisperse entities protruding from the surface of the
mica substrate, as shown in Figure 5a. Sectional analysis re-
vealed that these entities had a height of 1.37�0.14 nm
(average of 30 measurements), in consistence with the
height of nanocage 1a. This result suggested that the nano-


cage molecules were distributed
on the mica surface, and they
stood. However, when CHCl3
solution (3.0N10�6m) of nano-
cage 1b was drop-cast onto the
mica surface, the TM-AFM ex-
periments and sectional analysis
showed the presence of many
clusters with larger size on the
substrate, and the surface mor-
phologies were very different
from those of nanocage 1a
shown in Figure 5b. The height
of these clusters were measured
to be in the range of 0.9–1.6 nm
(average of 30 measurements)
by sectional analysis. This im-
plied that the van der Waals in-


teraction between n-hexyloxy chains led to larger aggrega-
tion and non-uniform height fluctuation upon evaporation
of the solvent. Interestingly, once the R2 substituents were
swapped to the polar TEG groups, the surface pattern
changed: after the drop-casting of 1c (3.0N10�6m in CHCl3)
onto the mica surface, the nanocages formed uniformed
morphologies, both horizontally and vertically, in Figure 5c.
Sectional analysis revealed that these uniform entities had a
height of 0.91�0.07 nm (average of 30 measurements). Be-
cause of the incapability of imaging in detail the flexible
TEG chains with AFM, we speculate that such a height
might be associated with the nanocages with their TEG
chains stretched over the polar mica surface, possibly due to
the strong interaction between polar TEG chains and hydro-
philic mica substrate. Figure 5d shows the structural sche-
matic diagram of nanocages 1a-c. Figure 5a–c also illustrate
the schematic representations of the surface morphologies
of nanocages 1a-c on the mica substrate.


In summary, we have developed a facile approach to syn-
thesizing a series of 3D shape-persistent fluorescent nano-
cages by applying the concept of dynamic covalent chemis-


Figure 3. Partial 1H NMR spectra (CDCl3/C2D2Cl4 1:1) of the 2a and 3 (6.6 mm/13.2 mm) mixture at 333 K as a
function of time.


Figure 4. UV/Vis absorption and PL spectra of 2a, nanocages 1a, H12-1a
in dilute C2H2Cl4 solution (c=1.0N10�6m). Emission spectra were record-
ed upon excitation at absorption maximum.
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try. Time-dependent 1H NMR
analyses indicate that multiva-
lent bonds of these nanocages
between aldehydes and amines
can be facilely and effectively
constructed in situ. This process
is quantitative, and shape-per-
sistent artificial nanocage struc-
tures are selectively formed as
the most thermodynamically
stable species in the reaction
mixture. More interestingly, our
3D skeleton provides double
cavities in one molecule
through double capping, show-
ing the possibility to integrate
two different guests into one
molecule. These dynamic cages
are trapped to become fixed
ones by NaBH ACHTUNGTRENNUNG(OAc)3 in mod-
erate yields. Moreover, varia-
tions of the flexible substitution
groups in the planar moiety
hardly affect the conformations
of the nanocages; these substi-
tuting groups not only adjust
the solubility of the nanocages,
but also dramatically change
the aggregation behaviors and
the surface morphologies. Sys-
tematic investigation of their
photophysical properties shows
that all cages give off visible light from blue to greenish-
blue in dilute C2H2Cl4 solutions. Applications of these at-
tracting properties in sensors and probes are ongoing in our
lab. All in all, these results demonstrate that the utilization
of such skeletons for 3D nanostructure assembly opens a
new pathway to exploit the mechanical bond at the molecu-
lar level in chemistry.
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The cyanate anion is an ambident nucleophile, which may
react with electrophiles either at the oxygen terminus to
yield alkyl cyanates or at the nitrogen terminus to yield iso-
cyanates (Scheme 1).[1]


Because the charge density is higher at the more electro-
negative oxygen center while the larger HOMO coefficient
is at nitrogen,[2] the concept of charge and orbital control[3]


predicts hard electrophiles to attack at the oxygen side and
soft electrophiles to attack at the nitrogen. It was, therefore,
expected that alkyl cyanates should be formed in nucleophil-
ic substitution reactions with SN1 character while alkyl iso-
cyanates should be formed in nucleophilic substitution reac-
tions with SN2 character.


[4]


In line with early work of Wurtz on the alkylation of po-
tassium cyanate with diethyl sulfate,[5] Slotta and Lorenz re-
ported that the reaction of dialkyl sulfates with alkali metal
cyanates is the best method for synthesizing alkyl isocya-
nates [Eq. (1)].[6]


KOCN þ ðROÞ2SO2 ! R-NCO þ ROSO3K ð1Þ


It cannot be excluded, however, that the selective forma-
tion of alkyl isocyanates under these conditions is due to a
cyanate ion catalyzed isomerization of an initially formed
alkyl cyanate into its thermodynamically more stable isomer
[Eq. (2)].[7]


R-OCN þ NCO� ! R-NCO þ NCO� ð2Þ


Subsequent isomerization of the initial products may also
be responsible for the selective formation of alkyl isocya-
nates by the reaction of silver cyanate with primary alkyl
halides and trityl chloride. On the other hand, almost equal
amounts of alkyl cyanates and isocyanates were obtained
when secondary iodoalkanes were treated with silver cya-
nate, and the formation of tert-butyl isocyanate together
with 2-methylpropene and cyanic acid was also considered
as an indication for concomitant O- and N-attack.[4]


In previous work,[8] kinetic investigations were employed
to demonstrate the change of regioselectivity in reactions of
the thiocyanate ion with benzhydrylium ions of variable
electrophilicity. A biexponential decay of the benzhydrylium
absorbances, a fast reversible attack at the sulfur terminus
and the slow irreversible attack at nitrogen side was ob-
served when morpholino-substituted benzhydrylium ions
were photolytically generated in the presence of SCN� ions
(Scheme 2).
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Scheme 1. Ambident reactions of the cyanate anion.


Scheme 2. Ambident reactivity of the thiocyanate anion (20 8C, acetoni-
trile).
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In reactions with more electrophilic carbocations, the kS/
kN ratio decreased because both reactions approach diffu-
sion control.
We now set out to examine whether reactions with benz-


hydrylium ions (Table 1) can also be employed to elucidate
the ambident reactivity of cyanate ions.


Exclusive formation of benzhydrylium isocyanates was
observed when benzhydrylium tetrafluoroborate 1h-BF4 or
chloro-bis(4-methoxyphenyl)methane 1k-Cl was treated
with tetraethylammonium cyanate in acetonitrile (for prod-
uct identification see Supporting Information). As in the ex-
amples quoted above, it was not clear whether the isolated
products resulted from kinetic or thermodynamic control.
The kinetics of the reactions of the less electrophilic benz-


hydrylium ions were followed photometrically by combining
acetonitrile solutions of (1a–f)-BF4 with solutions of Et4N


+


OCN� in a stopped-flow instrument and monitoring the
decay of the absorbance at the absorption maxima[8,11] in the
visible as described previously.[9] The experiments were car-
ried out with an excess of Et4N


+OCN� under first-order
conditions, resulting in an exponential decay of the absor-
bances of the benzhydrylium ions, from which the first-order
rate constants kobs were derived.
The reactions of the carbocations 1g–j and 1 l were too


fast to be determined in this way. Therefore, the correspond-
ing diarylisocyanatomethanes, which were obtained by
mixing the benzhydrylium tetrafluoroborates (1g–i)-BF4 or
the chlorodiarylmethanes (1 j,l)-Cl with an excess of Et4N


+


OCN�, were irradiated by laser pulses (<1 ps, approx. 1 mJ,
center wavelengths between 265 and 300 nm matched to the


absorption maxima) to yield the benzhydrylium ions 1g–j
and 1 l as described previously.[12,13] The generated benzhy-
drylium ions then reacted with the cyanate anion, and the
change of absorbance due to the reaction of the benzhydry-
lium ions with the cyanate anions was monitored at appro-
priate timescales. As in the stopped-flow experiments, these
reactions were also performed under first-order conditions.
As depicted in the Supporting Information, plots of the


first-order rate constants kobs vs [OCN
�] were linear, and the


resulting slopes gave the second-order rate constants k2
listed in Table 1.
Figure 1 shows that the second-order rate constants k2 for


1a–i correlate linearly with the electrophilicity parameters E
of the benzhydrylium ions as required by Equation (3),
where E is the electrophilicity parameter, N is the nucleo-
philicity parameter and s is the nucleophile-specific slope
parameter.


log k2 ¼ sðN þ EÞ ð3Þ


The flattening of the curve at log k2>10 is due to diffu-
sion control, which is in the same order of magnitude as for
other reactions of benzhydrylium ions with anions in aceto-
nitrile.[12,14] The fact that the rate constants determined by
the stopped-flow and the Laser flash technique are on the
same correlation line shows the internal consistency of our
kinetic measurements, and from the linear part of this graph
we can derive N=13.60 and s=0.84 for OCN� in aceto-
nitrile.
Can all observed second-order rate constants be assigned


to N-attack as suggested by the product studies? The
smooth correlation line shown in Figure 1 indicates that the
rate-determining step does not change throughout this reac-
tion series. If N-attack would be accompanied by a fast and
reversible O-attack, one should be able to observe a biexpo-
nential decay as in the previous studies with SCN�.[8] From
the fact that all kinetics investigated in this work show mono-
exponential decays, one can derive that the equilibrium con-
stants for O-attack - if it occurs at all - must be so small that


Table 1. Second-order rate constants of the reactions of cyanate ions
with the benzhydrylium ions 1 (20 8C, acetonitrile).


Benzhydrylium ions E[a] k2
[m�1 s�1]


n=1 1a �10.04 1.11J103


n=2 1b �9.45 2.53J103


n=1 1c �8.76 1.33J104


n=2 1d �8.22 3.47J104


R= 1e �7.69 1.09J105


R= NMe2 1 f �7.02 3.21J105


R= NMePh 1g �5.89 2.88J106


R= N(Ph)2 1h �4.72 3.48J107


R= NMe ACHTUNGTRENNUNG(CH2CF3) 1 i �3.85 1.60J108


1j �1.36 1.06J1010


R= OMe 1k 0.00 –[b]


R= Me 1 l 3.63 2.47J1010


R= Cl 1m 6.02 –[b]


[a] Electrophilicity parameters as defined previously.[9,10] [b] Only used
for product studies.


Figure 1. Plot of log k2 for the reactions of the cyanate ion with benzhy-
drylium ions 1a–j,l in acetonitrile at 20 8C versus their electrophilicity pa-
rameters E.


Chem. Eur. J. 2008, 14, 3866 – 3868 E 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 3867


COMMUNICATION



www.chemeurj.org





the low concentrations of the intermediate benzhydryl cyan-
ates are kinetically irrelevant. This argument does not hold
when N- and O-attack proceed with comparable rates,
which may occur in the diffusion-controlled range. One can
assume that highly electrophilic carbocations which do not
meet a barrier when approaching OCN� from either side
will give mixtures of R-NCO and R-OCN. However, when
the benzhydryl chloride 1m-Cl was treated with AgOCN in
diethyl ether or nitromethane following a procedure report-
ed by Holm and Wentrup,[4] the corresponding benzhydryl
isocyanate 1m-NCO was isolated exclusively (Scheme 3).
We cannot specify whether the isocyanate 1m-NCO is the
result of kinetic or thermodynamic control because even pri-
mary alkyl cyanates have been reported to rearrange into
alkyl isocyanates under mild conditions.[7]


The fact that NCO� reacts quantitatively even with 1a
and 1b, that is, with carbocations of low Lewis acidity, while
the ionization equilibrium is on the side of the ions for (1a–
f)-NCS[8] indicates that NCO� is a much stronger Lewis base
towards carbocations than NCS�. A direct comparison of
the N-nucleophilicities of NCO� and NCS� can be derived
from their reactions with the benzhydrylium ions 1g and 1 i :
The nitrogen of NCO� is 500–1000 times more reactive than
the nitrogen of NCS�.
We finally want to come back to the question of orbital


and charge control: Do SN1 reactions of cyanates proceed
with charge control to give alkyl cyanates? Figure 1 shows
that carbocations with electrophilicity parameters E> �1,
that is, carbocations which are less stabilized than the diani-
sylcarbenium ion 1k or the tritylium ion undergo diffusion-
controlled reactions with NCO�. Those types of carbocations
which are typically generated as intermediates of SN1 reac-
tions will therefore undergo barrier-less reactions with the
cyanate anion without passing through a transition state,
and reactivity concepts which are based on relative activa-
tion energies cannot be employed. Because similar situa-
tions have recently been reported for the reactions of carbo-
cations with SCN�,[8] CN�,[15] and NO2


�,[12] cyanate anions


are the fourth example of prototype ambident anions, the
behavior of which cannot be explained by the HSAB con-
cept or the concept of charge and orbital control. Other
cases can be expected to follow.
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Water in Organoaluminum Chemistry! Three-in-One Aluminophosphate
Clusters That Incorporate Boehmite Repeating Units


Ramaswamy Murugavel*[a, b] and Subramaniam Kuppuswamy[a]


Dedicated to Dr. Thirumalachari Ramasami on the occasion of his 60th birthday


The reaction of water with compounds containing M�C
bonds has been a fascinating theme in chemistry since the
discovery of Cadet�s fuming liquid in a Paris pharmacy in
1747[1] and Frankland�s organozinc compounds in Bunsen�s
laboratory in the 1850s.[2] A recent research account entitled
+Is Water a Friend or Foe in Organometallic Chemistry? The
case of Group 13 Organometallic Compounds,� addressed
the role of both adventitious and deliberately added water
in the reactions of Group 13 alkyls with various substrates.[3]


The skillful experiments carried out in the 1990s on the hy-
drolysis of organoaluminum and -gallium compounds result-
ed in unraveling some of the mechanistic details associated
with the methylaluminoxane ACHTUNGTRENNUNG(MAO)-catalyzed polymeri-
zation of olefins.[4,5] More recent work by Roesky et al. on
the synthesis of RAl(OH)2 demonstrated the power of care-
ful hydrolysis of Al�Me bonds.[6] One of our endeavors in
rationally building hierarchical metal phosphate struc-
tures,[7–10] which resemble and function as zeolites, centers
around the search for new alumniophosphate (AlPO) clus-
ters. There has been a great deal of interest in microporous
AlPO materials since their discovery in the 1980s,[11] and
subsequently a range of aluminophosphate frameworks has
been synthesized.[12] While varied strategies have been
adopted by others to build molecular AlPOs,[13] we used
phosphoric monoesters for the buildup of larger clusters (oc-
tameric and decameric cages) starting from aluminum iso-


propoxide.[7] The latter studies revealed significantly that the
cluster growth takes place in a stepwise manner and that the
growth terminates by the hydrolysis of peripheral functions
on aluminum. Herein, we now report how slow introduction
of adequate amounts water in the reaction between an AlIII


source and a aryl phosphate leads to the isolation of com-
partmentalized dodecanuclear clusters, comprising two tet-
ranuclear aluminophosphate units and a tetrameric alumi-
num hydroxide unit.


Stirring an equimolar solution of iBu2AlH and diisopro-
pylphenylphosphate (dipp-H2) at room temperature in pe-
troleum ether followed by a very slow crystallization of the
concentrated reaction mixture with a few drops of THF led
to the isolation of 1; R=2,6-iPr2C6H3) as single crystals in
90% yield. A similar reaction involving AlCl3 and dippH2 in
THF followed by crystallization from toluene over several
days results in the isolation of 2 in 60% yield (Scheme 1).


½Al12ðOiBuÞ4ðROPO3Þ12ðm3-OHÞ2ðm-OHÞ6ðOH2Þ2ðthfÞ4� � ðTHFÞ4 1


½Al12Cl4ðROPO3Þ12ðm3-OHÞ2ðm-OHÞ6ðOH2Þ2ðthfÞ4� � ðtolueneÞ4 2


The lattice THF molecules in 1 and the toluene in 2 were
partially lost during the drying of the samples in vacuum, as
shown by the elemental analysis of various batches of crys-
tals. The IR spectral characteristics of both the compounds
are very similar. The absence of any absorption at 2350 cm�1


indicates the complete deprotonation of all dipp ligands in
the clusters. Compounds 1 and 2 display four resonances
each in the 31P NMR spectra at room temperature, which in-
dicates four different chemical environments for the dipp li-
gands in the clusters (vide infra). Both clusters are thermally
stable and do not melt up to 275 8C. Thermolysis of these
clusters at higher temperatures results in their conversion to
dense-phase AlPO4 materials. The 27Al NMR spectra of
both samples show a broad spectral pattern with two peaks
corresponding to the octahedral and tetrahedral Al centers
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at d=�2.4 and 54.7 ppm for 1 and d=�6.0 and 58.8 ppm
for 2, respectively.


A single-crystal X-ray diffraction study on both the com-
pounds revealed them to be structurally similar dodecameric
clusters. Since the molecular structures of 1 and 2 are quite
similar, only the structure of 2
is described here in detail.[14]


Compound 2 crystallizes in the
P1̄ space group with a cell
volume of 5493 L3, corre-
sponding to the volume of a
single molecule of 2 that con-
tains 278 non-hydrogen atoms
and 280 hydrogen atoms (mo-
lecular weight 4369). Com-
pound 1 also has a similar mo-
lecular weight (4440).


Compound 2 displays several
interesting structural features,
the most significant of which is
the architecture of the cluster
core itself. The molecular
structure of 2 (Figure 1) is
rugby-ball shaped, made up of
twelve aluminum centers and
twelve oganophosphate ligands
together with hydroxide and
chloride ligands. The molecule
is about 25 Ĺ long, and the in-
organic core, excluding the or-
ganic substituents, is about
2 nm. Although the cluster is
very large, its architecture can
be easily understood by view-
ing it as a three-in-one cluster,
in which two aluminophos-
phate bowls are stitched to-
gether through a central alumi-
num hydroxide unit. Each of
the two aluminophosphate
bowls contains four aluminum


centers and six phosphate li-
gands (Figure 1, bottom left).
All four phosphate groups situ-
ated closer to the rim of the
bowl have one free P�O group
each, which points outwards
(O11, O15, O17, O21). These
oxygen atoms of the bowls act
as a glue to bind to the central
Al4(OH)6 unit (Figure 1,
bottom right), resulting in the
final rugby-ball-shaped cluster
(Figure 1, top).


The central Al4(OH)6 unit in
2 contains four six-coordinate
aluminum atoms (Al5, Al5’,


A16, and Al6’) held together by two m3-OH and four m-OH
groups, which can be best described as two face-shared
cubes, in which two of the diagonally opposing aluminum
vertices are absent (Figure 1; bottom right), Quite interest-
ingly, the mineral boehmite and its polymorph diaspore also


Scheme 1. Synthesis of dodecamers 1 and 2


Figure 1. Molecular structure of 2 (top); aluminophosphate (bottom left) and aluminum hydroxide (bottom
right) fragments of 2.
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contain Al4O6 repeating units (as well Al3O4 units),[15–17] and
hence clusters 1 and 2 can be considered as AlPO clusters
that incorporate small repeating units of boehmite.


The six aluminum centers in the centrosymmetric half of
the molecule show four different coordination environments.
The basal aluminum centers Al1 and Al2 at the bottom of
the bowl are hexacoordinate with a regular octahedral ge-
ometry, in which the metal ions are surrounded by four
phosphate oxygen atoms, a m-OH group that bridges Al1
and Al2, and a solvent THF molecule. Al3 and Al4, which
are located in the middle of the bowl, are the only tetracoor-
dinate tetrahedral Al centers. Each of these metal ions is
surrounded by three oxygen atoms belonging to three differ-
ent phosphate ligands and an X ligand. Whereas in 2, X is
an unreacted chloride ligand, in 1 the isobutyl group has un-
dergone oxidation to yield an OiBu substituent on alumi-
num. The Al ions in the central core, Al5 and Al6, which
appear to be similar in terms of the octahedral coordination
geometry, differ with respect to the ligating atoms around
them. Whereas Al5 is surrounded by two phosphate oxygen
atoms, three bridging hydroxide lidands, and a terminal
aqua ligand, the central Al6 is ligated by two phosphate
oxygen atoms and four bridging hydroxide ligands.


Although it is convenient to view and understand mole-
cules 1 and 2 as three-compartmental systems, it is highly
unlikely that in reality the AlPO bowls and the Al hydrox-
ide central unit were formed simultaneously in solution (in a
2:1 ratio!) and then joined together later to form the final
cluster. A closer look at the clusters 1 and 2 indicates that


they should have essentially formed by a dimerization reac-
tion of the hexameric cluster units, rather than a [4+4+4]
addition. A plausible pathway for the formation of clusters
1 and 2 is outlined in Scheme 2. The cluster growth clearly
begins with the formation of a [Al2 ACHTUNGTRENNUNG(dipp)2] eight-membered-
ring unit (A), which resembles several model compounds
synthesized for the S4R building block of zeolites (vide
infra).[13] Due to the presence of free PO�H and Al�X func-
tionalities on A, additional molecules of AlX3 and dippH2


can add on to this unit. For example, the two free PO�H
groups on A can react with two more AlX3 groups to pro-
duce B, during which time the four Al�X bonds on A can
also combine with four more dipp-H2 ligands to produce C,
which contains four aluminum centers and six phosphate
groups. The cluster fragment C presumably undergoes a
slow hydrolysis by the water that is introduced to the flask
over a period of several days and results in E.[18] Since E
contains as many as three free PO�H groups pointing to-
wards the same side, a facile dimerization reaction is trig-
gered to form the final cluster. Although it has not been
possible to study the intermediates in solution, mainly be-
cause the steps up to the formation of D take place very
rapidly, the proposed mechanism is the most plausible that
can be conceived at this point of time.


Apart from the fact that eight-membered-ring alumino-
phosphates of type A have already been isolated, additional
evidence for the above mechanism has been obtained by the
successful synthesis and structural characterization of 3
(Scheme 3) starting from a more kinetically stable aluminum


Scheme 2. Plausible mechanism for the formation of 1 and 2.
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alkyl that is more stable to attack by water. The reaction of
(Me3Si)3CAlMe2 with dipp-H2 under identical conditions
leads to the formation of the dinuclear compound 3 and not
a polynuclear aluminophosphate. Compound 3, which has
been characterized by analytical, spectroscopic, and single-
crystal X-ray diffraction studies,[14] is made up of two alumi-
num atoms that are bridged by two dipp-H and one dipp
ligand. Each aluminum atom is tetracoordinate, attached to
a bulky C ACHTUNGTRENNUNG(SiMe3)3 group in addition to three phosphate
oxygen atoms. The 31P NMR spectrum of 3 displays three
different signals for the three phosphate ligands in the mole-
cule. The ESI mass spectrum of 3 shows the molecular ion
peak (minus water) at m/z 1289 (100%).


½fðMe3SiÞ3CAlg2ðdippHÞ2ðdippÞ� � ðtolueneÞ3 � ðH2OÞ 3


The formation of 3 also clearly proceeds initially in the
same way as that of 1 and 2, with the formation of the eight-
membered ring intermediate A’ with free P�OH groups.
However, due to the presence of the sterically bulky and
chemically inert C ACHTUNGTRENNUNG(SiMe3)3 group on aluminum, neither the
cluster expansion reaction nor the Al�C hydrolysis takes
place during the synthesis of 3. It appears that the Al�Me
groups on A’ consume another molecule of dipp-H2 to form
3. Thus, the isolation of 3 provides mechanistic insights into
the formation of clusters 1 and 2, at least at the early stages
of the reaction.


In summary, we have shown that controlled hydrolysis of
functional aluminophosphate clusters under ambient condi-
tions can lead to the assembly of large clusters in a highly
reproducible manner. The clusters retain the aluminophos-
phate and aluminum hydroxide identities in the respective
regions of the clusters. Insights into the mechanism for the
formation of such large clusters have been gleaned by an in-


dependent synthesis of a di-
meric aluminophosphate bear-
ing a bulky, chemically inert R
group. With the successful syn-
thesis of octa-, deca-, and do-
decameric aluminophosphate
clusters, it appears that the nu-
clearity can be further in-
creased by suitable changes in
the aluminum and phosphate
starting materials. We are cur-
rently investigating these as-
pects.


Experimental Section


Synthesis of 1: Solid dipp-H2 (516 mg,
2 mmol) was added to iBu2AlH
(2 mL; 1.0m solution in heptane,
2 mmol) in petroleum ether (20 mL).
The reaction mixture was stirred
overnight at room temperature and


concentrated to 10 mL under vacuum. A few drops of tetrahydrofuran
was added to the above solution, which was then left to crystallize. Color-
less crystals of this compound were obtained after one week. Yield:
90%; m.p. > 275 8C; 1H NMR (300 MHz, [D6]benzene, 25 8C, TMS): d=


7.05 (br), 3.56–3.93 (br), 3.06–3.15 (br), 1.73–1.80 (br), 1.24–1.29 (br),
1.06 (d), 0.87–0.91 (m), 0.73–0.79 (br), 0.28 (s), �0.01 (s), �0.02 ppm (s);
31P NMR (121 MHz, [D6]benzene, 25 8C, H3PO4): d=�0.03, �9.5, �15.4,
�23.3 ppm; 27Al NMR (78 MHz, [D6]benzene, 25 8C, Al ACHTUNGTRENNUNG(NO3)3): d=54.7,
�2.4 ppm; IR (KBr): ñ=3410 (br), 3067 (w), 2965 (s), 2931 (w), 2871
(w), 1627 (br), 1467 (m), 1442 (m), 1383 (w), 1363 (w), 1337 (w), 1258
(m), 1178 (s), 1159 (w), 1105 (w), 1051 (vs), 1031 (w), 937 (m), 773 cm�1


(m); elemental analysis calcd (%) for Al12C176H284O66P12: C 50.92, H 6.90;
found: C 51.66, H 7.04.


Synthesis of 2 : Solid Al2Cl6 (267 mg, 1 mmol) was dissolved in THF
(30 mL), and dipp-H2 (516 mg, 2 mmol) in THF (20 mL) was added drop-
wise through a syringe at room temperature over 10 min. The reaction
mixture was stirred 24 h at room temperature. The solvent was removed
in vacuo and the residue was dissolved in toluene (10 mL) and left for
crystallization. Colorless crystals 2· ACHTUNGTRENNUNG(toluene)4 were obtained after one
week. Yield: 60%; m.p. > 275 8C; 31P NMR (121 MHz, [D6]benzene,
25 8C, H3PO4): d=�17.2 (s), �18.1 (s), �25.2 (s), �26.3 ppm (s); 27Al
NMR (78 MHz, [D6]benzene, 25 8C, Al ACHTUNGTRENNUNG(NO3)3): d=58.8, �6.0 ppm; IR
(KBr): ñ =3421 (br), 3067 (w), 2964 (s), 2930 (w), 2870 (w), 1627 (br),
1466 (m), 1441 (m), 1384 (w), 1364 (w), 1336 (w), 1257 (m), 1182 (s),
1104 (w), 1070 (vs), 939 (m), 775 cm�1 (m); elemental analysis calcd (%)
for Al12C167H256O62P12Cl4: C 49.01, H 6.30; found: C 49.17, H 6.65.


Synthesis of 3 : Solid (Me3Si)3CAlMe2 (289 mg, 1 mmol) was dissolved in
THF (30 mL), and dipp-H2 (387 mg, 1.5 mmol) in THF (20 mL) was
added dropwise through a syringe at room temperature. The reaction
mixture was stirred 24 h and the solvent was removed in vacuo. The resi-
due was dissolved in toluene (10 mL), filtered, and the clear solution was
left for crystallization at �30 8C. Colorless crystals of this compound
were obtained after one week. Yield: 65%; m.p. > 275 8C; 1H NMR
(400 MHz, [D6]benzene, 25 8C, TMS): d=7.02–7.11 (m, 9H; Ar-H), 3.88
(septet, 3J ACHTUNGTRENNUNG(H,H)=6.8 Hz, 4H; iPr-CH), 3.58 (septet, 3J ACHTUNGTRENNUNG(H,H)=6.8 Hz,
2H; iPr-CH), 1.30 (d, 3J ACHTUNGTRENNUNG(H,H)=6.8 Hz, 36H; iPr-CH3), 0.29 (s, 27H; Si-
CH3), 0.28 ppm (s, 27H; Si-CH3);


31P NMR (121 MHz, [D6]benzene,
25 8C, H3PO4): d=�12.66 (s), �12.73 (s), �16.2 ppm (s); 27Al NMR
(78 MHz, [D6]benzene, 25 8C, Al ACHTUNGTRENNUNG(NO3)3): d=51.3 ppm; IR (KBr): ñ=


3068 (w), 2971 (m), 2930 (w), 2872 (w), 2280 (br), 1631 (br), 1464 (w),
1438 (w), 1384 (w), 1331 (w), 1252 (m), 1175 (s), 1109 (m), 1051 (s), 1029
(s), 855 cm�1 (m); ESI-MS (70 eV): m/z (%): 1289 (100) [M+�H2O]; ele-


Scheme 3. Synthesis and core structure of 3.
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mental analysis calcd (%) for Al2C56H109O13P3Si6: C 51.51, H 8.41; found:
C 51.34, H 8.38.
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Introduction


Biotic and abiotic oligoamide foldamers have attracted con-
siderable attention in recent years.[1–4] We and others have
shown that the urea moiety, by its capacity to form auto-
complementary hydrogen bonds can be substituted for the
amide linkage to generate open-chain oligomers that self-or-
ganize at the molecular level through either local conforma-
tional preferences or remote intrastrand interactions to form
new structural patterns.[5–7] Enantiopure N,N’-linked oligo-
ACHTUNGTRENNUNGureas with proteinogenic side chains of general formula H-
[NH-bCH(R)-aCH2-N’H-CO-]n-NH2 are peptide backbone
mimetics belonging to the g-peptide lineage. In solution,
they adopt a well-defined 2.5-helical fold, reminiscent of the
g4-peptide 14-helix. The structure is stabilized by hydrogen
bonds closing both 12- and 14-membered rings and is char-
acterized by a stable (+)-synclinal arrangement around the
ethane bonds. The predictability of 2.5-helix formation sug-


gested us that the oligourea backbone could be used as a
template to elaborate functional mimetics of bioactive heli-
cal a-polypeptides. In particular, short-chain oligoureas de-
signed to mimic globally amphiphilic a-helical host–defense
peptides were found to be effective against both gram-nega-
tive and gram-positive bacteria.[8] However, both the precise
understanding of the factors that govern helix formation
and the control of the structure are necessary if these mole-
cules are to be envisaged as tools in biology. With the aim
to speed-up the characterization of oligourea foldamers, we
have now explored the possibility to directly monitor helix
formation of oligoureas bound to a solid support at different
stages of chain growth by using high-resolution magic-angle-
spinning (HRMAS) NMR spectroscopy. HRMAS NMR
spectroscopy is a powerful technique to investigate the
structure and mobility of immobilized species including nat-
ural oligomers, such as a-peptides.[9–15] Herein, we present
the synthesis and HRMAS NMR conformational analysis of
two series of N,N’-linked oligoureas covalently bound to
DEUSS,[16] a perdeuterated poly(oxyethylene)-based solid
support. Advantages shared by DEUSS and its correspond-
ing nondeuterated version POEPOP[17] include: 1) high
swelling capacity in organic solvents and aqueous environ-
ment, 2) high quality on-bead NMR spectra, and 3) a resolu-
tion close to that of liquid samples. DEUSS resin was intro-
duced by us to facilitate detailed HRMAS NMR studies, the
signal intensity of the oxyethylene protons in DEUSS being
reduced by two orders of magnitude (i.e. to the level of at-
tached molecules) in comparison to POEPOP.[16]


Results and Discussion


Design and preparation of DEUSS-immobilized oligoureas :
Two series of immobilized model oligoureas ranging from
dimer (1.1, 2.1) to hexamer (1.5, 2.5) have been prepared by
stepwise assembly on the amino functionalized DEUSS
resin 4 (Figure 1). Compounds in the first series (1.1–1.5)
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with alternating side chains of Ala, Val, and Phe were syn-
thesized for comparison with oligoureas previously studied
in solution.[5a,c] To investigate possible sequence effects on
folding, oligoureas in the second series were exclusively
composed of aliphatic side chains.


The syntheses were per-
formed on a 2.5 mmol scale by
using succinimidyl {2-{[(tert-bu-
toxy)carbonyl]amino}-2-X-eth-
yl}carbamates or succinimidyl
{2-{[(9H-fluoren-9-ylmethoxy)-
carbonyl]amino}-2-X-ethyl} car-
bamates as previously described
(Scheme 1).[18,19] At the end of
the synthesis, the resins were
washed with CH2Cl2 and diethyl
ether, and dried under high
vacuum before swelling in the
appropriate deuterated solvent
for HRMAS NMR analysis. Be-
cause the oligourea–DEUSS
resins were analyzed directly at
the end of the synthesis without
the possibility to further purify
the oligomers, it was mandatory
to keep coupling and deprotec-
tion yields extremely high
during the whole synthesis.
Whereas the use of N-Fmoc-
protected (Fmoc=9-fluorenyl-
methoxycarbonyl) building
blocks proved unsatisfactory
with the presence of many im-
purities detected by HRMAS
NMR analysis, the Boc (Boc=


tert-butoxycarbonyl) strategy
gave very good results with no
significant impurities visible in
the HRMAS NMR spectra re-
corded.[20]


Chain length dependence and
capping effect : Resin-bound
oligoureas 1.1 to 1.5 and 2.1 to
2.5 bearing either a free or a
Boc-protected amino terminal
end were swollen in [D3]MeCN
and analyzed by HRMAS
NMR spectroscopy at 300 K
using a combination of DIPSI2
(tm=60 ms), 1H-13C HSQC and
NOESY (tm=300 ms) experi-
ments. Samples were spun at 6–
7 kHz. Qualitative comparison
of spectra was very informative.
The quality and the dispersion
of the signals were found to


depend on both the sequence and the length of oligoureas
studied. Whereas resonances of diurea 1.1 were readily as-
signed (portions of DIPSI2 and 1H-13C HSQC spectra of
1.1b are shown in Figure 2a), complete spin-system assign-
ment of intermediate triurea 1.2, tetraurea 1.3, and pentaur-


Figure 1. The two series of DEUSS-bound oligoureas prepared for HRMAS NMR analysis. The residue num-
bering scheme used throughout the paper is indicated.
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ea 1.4 proved to be very difficult due to lower quality spec-
tra, poor signal dispersion, and/or missing resonances. The
problems of missing resonances and poor spectrum resolu-


tion can be ascribed to a lack of mobility of the oligomeric
chain, to aggregation, and/or to the presence of different
conformations in equilibrium. Such difficulties have been
encountered previously during HRMAS analyses of resin-
bound peptides on various types of solid support.[9a,11, 14] In
contrast, nicely resolved spectra were obtained for DEUSS-
bound hexaurea 1.5a swollen in [D3]MeCN. DIPSI2 and
1H-13C HSQC measurements allowed the assignment of
proton resonances for all residues. The fingerprint NH/bCH
and N’H/aCH region in the DIPSI2 experiment is shown in
Figure 2b. Almost all crosspeaks were properly resolved.
The 1H-13C HSQC experiment was extremely useful to con-
firm chemical shifts of diastereotopic aCH protons. The se-
quence-specific assignment of all resonances was achieved
by NOESY experiments (mixing time tm=300 ms) and was
deduced from the strong N’H ACHTUNGTRENNUNG(i+1)�NH(i) NOE connectivi-
ties within urea bonds. HRMAS analysis of resin-bound oli-
goureas 2 was less problematic and spin systems of all resi-
dues were observed in compounds 2.1–2.5. Again, resolution
and signal dispersion of 1H-13C HSQC spectra increased
with the length of the oligomers to reach a maximum for
hexaureas 2.5a and 2.5b (see Figure 2c). It is worth noting
that all N’H ACHTUNGTRENNUNG(i+1)�NH(i) NOE correlations were observed
in 2.5b (see Supporting Information).
We previously reported that the chemical shift difference


(Dd) between diastereotopic aCH protons is a useful de-
scriptor of the conformational homogeneity of helical N,N’-
linked oligoureas. In the case of a 2.5-helical heptaurea, Dd


values as high as 1.5 and 1.3 ppm have been measured for


Scheme 1. Preparation of the two series of DEUSS-immobilized N,N’-
linked oligoureas 1 and 2.


Figure 2. Parts of the 500 MHz DIPSI2 (top) and 1H-13C HSQC plots (bottom) of DEUSS-bound oligoureas: a) 1.1b, b) 1.5a, and c) 2.5b recorded in
[D3]MeCN at 300 K. H�bC and H�aC cross-peaks in the 1H-13C HSQC plots are indicated in blue and green, respectively.
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central residues in [D5]pyridine (300 K) and [D3]methanol
(300 K), respectively.[5a–c] This parameter can also be used to
compare oligomers differing in both length and sequence. In
this study, it was possible to extract Dd values for oligoureas
1.5a, 1.5b, 2.1a–2.5a, and 2.5b from their DIPSI2 and
1H-13C HSQC spectra. Examination of Dd values of residues
1 and 2 in oligomers 2.1a–2.5a revealed a dramatic change
(e.g. from 0.34 to 1.25 ppm for residue 2) as the length of
the chain increased from four to five residues (Figure 3).


This increase in Dd with a single-residue chain-length in-
crement is much sharper than previously observed in solu-
tion for another sequence[5c] and suggests, that in this case, a
five residue length is an absolute requirement for helix nu-
cleation.
The effect of capping the free amino group on the chemi-


cal shift differences (Dd) between geminal aCH protons has
been examined in both sequences. The Dd values were mea-
sured for residues 1–6 in oligoureas 1.5a, 2.5a (Figure 4a),
1.5b and 2.5b (Figure 4b).


As shown in Figure 4a, 1.5a and 2.5a display an almost
identical Dd signature, typical for helix-forming oligoureas,
with Dd values for central residues 2–4 above 1.2 ppm. In
agreement with previous studies in solution, the first and pe-
nultimate residues exhibit somewhat lower values
ACHTUNGTRENNUNG(�1 ppm), whereas the amino terminal residue is character-
ized by almost no diastereotopy of its methylene protons.
When examining N-capped hexamers, the situation is clearly
different between the two sequences, oligourea 2.5 being
more sensitive to capping than 1.5. This is particularly strik-
ing for the penultimate residue, which exhibits a 0.33 ppm
shift towards higher Dd values in the case of 2.5b, while in
the 1.5 series, the same residue is not sensitive to capping.
Finally, all residues in 2.5b exhibit slightly higher Dd values
than in 1.5b thus suggesting that 2.5b might adopt a more
stable 2.5-helical conformation than 1.5b. Overall, these re-
sults suggest that, if applied to a larger set of oligourea se-
quences, this approach can be used to delineate the relation-
ship between side chain structure and 2.5-helix stability in
oligourea foldamers.


Influence of the solvent : Among the many parameters that
may affect the folding propensity and the conformational
stability of oligoureas, the solvent is one of the most impor-
tant. It also one of the easiest to vary during HRMAS NMR
studies of grafted oligoureas, by simply filtering, rinsing, and
drying the resin prior to change the solvent. Furthermore, it
is possible to include solvents in which oligoureas are poorly
soluble as long as high swelling of the resin is maintained.
Previous structural analysis of a oligourea heptamer in solu-
tion suggested that the 2.5-helix is more stable in pyridine
than in methanol.[5c] To further document the influence of
the solvent on the folding propensity of oligoureas, we have
now undertaken HRMAS NMR analysis of DEUSS-sup-
ported hexaurea 2.5a in aprotic solvents ranging from low
(pyridine) to high (DMSO) polarity as well as in protic sol-
vents (MeOH, H2O). DEUSS


[16] like POEPOP[17] and other
PEG-cross-linked resins (e.g., PEGA,[21] SPOCC,[22] Chem-
Matrix[23]) and PEG-grafted resins (e.g. PEG-PS,[24] Tenta-
Gel,[25] PVAg-PEG[26]) display optimal swelling capacity in a
variety of nonpolar and polar solvents including water, and
are thus particularly well suited for studying solvent effects
by HRMAS NMR spectroscopy.[27]


In pyridine, acetonitrile, methanol, and DMSO, signals
were well dispersed and complete spin-system assignment
was readily achieved from DISPI2 and 1H-13C HSQC experi-
ments. Both 1H and 13C chemical shifts of 2.5a swollen in
[D5]pyridine are collected in Tables S1 and S2 of Supporting
Information. Parts of the 1H-13C HSQC plots with assigned
H-aC correlations in all four solvents are shown Figure 5.
However, spin system assignment of 2.5a swollen in water
was hampered by the poor dispersion of the signals (see the
Supporting Information).
We were able to measure Dd values between geminal


aCH protons with precision for all six residues in all solvents
except water. A Dd signature typical of the helical fold was
observed in pyridine, acetonitrile, methanol, and even


Figure 3. Variation of the chemical shift differences (Dd) between gemi-
nal aCH protons of residues 1 (grey bars) and 2 (white bars) as a function
of chain length. Dd values were extracted from DIPSI2 and 1H-13C
HSQC spectra of oligoureas 2.1a–2.5a recorded in [D3]MeCN at 300 K.


Figure 4. Effects of sequence and capping of the free amino group on the
chemical shift differences (Dd) between geminal aCH protons in oligour-
ea hexamers: a) Dd values are reported for residues 1–6 in hexamers
1.5a (triangles) and 2.5a (circles) ; b) Dd values are reported for residues
1–6 in hexamers 1.5b (triangles) and 2.5b (circles). Dd values were ex-
tracted from DIPSI2 and 1H-13C HSQC experiments recorded in CD3CN
at 300 K.
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DMSO, with the highest Dd values being observed for resi-
dues 2–4 (Dd>1 ppm) (Figure 6).


In water, Dd values could not be determined with confi-
dence due to the lack of spectrum resolution (limited signal
dispersion and line broadening). Examination of the 1H-13C
HSQC plot revealed that Dd values do not exceed 0.4–
0.6 ppm (see the Supporting Information). Overall the
HRMAS NMR spectrum of 2.5a in D2O is likely to reflect
equilibrium between partially folded/unfolded conforma-
tions, and demonstrate the lower propensity of uncapped
hexaurea 2.5a for helical folding in aqueous solution.
In pyridine, acetonitrile, methanol, and DMSO, the Dd


values obtained for the amino terminal residue 6 (between
0.21–0.51 ppm) was much lower than the values for other
residues in the sequence. This is compatible with helix fray-
ing at the amino terminal end. Comparison of Dd values all


along the main chain was very instructive to rank the sol-
vents according to their propensity to stabilize 2.5-helical
folding of hexaurea 2.5a. The following order was inferred
from Dd values reported in Figure 6: pyridine@acetoni-
trile>methanol>DMSO@water. In good agreement with
the results previously obtained in solution, the Dd values ob-
served here for 2.5a confirm that pyridine is the solvent that
stabilizes helical folding the most. It is worth noting that Dd


values obtained by HRMAS NMR spectroscopy for 2.5a
swollen in CD3OD compare very well with those previously
extracted by NMR spectroscopy in CD3OH for another
hexaACHTUNGTRENNUNGurea sequence consisting of Val, Ala, and Tyr side
chains (i.e. compound 3 in reference [5c]).[28]


To gain more information about the three-dimensional
structure of DEUSS supported hexaurea 2.5a swollen in
pyridine, NOESY experiments were acquired at 300 K with
a mixing time of 300 ms (Figure 7). The sequence-specific
assignment was deduced from the strong N’H ACHTUNGTRENNUNG(i+1)�NH(i)
NOE connectivities (see Figure 7c).
Inspection of medium-range interesidue NOEs was partic-


ularly informative. The presence of all possible (i=1 to 4)
NH(i)/bCH ACHTUNGTRENNUNG(i+2), and N’H(i)/bCH ACHTUNGTRENNUNG(i+2) NOE connectivities
as well as of two cross peaks between NH(i) and the down-
field aCH ACHTUNGTRENNUNG(i+2) was highly consistent with 2.5a adopting a
2.5 helical fold in pyridine (Figure 7). This characteristic
NOE pattern is a common feature of all oligoureas found to
adopt a 2.5-helical structure.[5a–c]


Conclusion


By this study, we have shown that HRMAS NMR spectros-
copy is a practical technique for screening and studying the
preferential conformations of biotic N,N’-linked oligoureas.
One of the major advantages of this approach is that only
minute amounts of material, that is, typically 1–2.5 mmol of
immobilized oligoureas, are required. Our motivation to use
DEUSS, a perdeuterated PEG-crosslinked resin previously
developed in our laboratories, for oligourea attachment
stemmed from: 1) its high swelling properties in a wide
range of polar and nonpolar solvents, 2) the good resolution
of HRMAS NMR spectra of compounds bound to DEUSS
compared to other solid-supports, and 3) the remarkable re-
duced intensity of the oxyethylene proton signal compared
to POEPOP, its nondeuterated version. Detailed HRMAS
NMR analysis in CD3CN of a series of DEUSS-bound oli-
goureas differing in either chain length, sequence, or cap-
ping mode revealed a number of interesting features. Al-
though the signal resolution of DEUSS-bound oligourea
spectra remains lower than that observed for oligoureas by
liquid-state NMR spectroscopy in corresponding solvents,
(i.e. coupling constants cannot be extracted from HRMAS
NMR spectra) the signals were sufficiently dispersed for
complete spin-system identification and sequence assign-
ment. In addition, chemical shifts of diasterotopic aCH pro-
tons were readily extracted from DISPSI2 and 1H-13C
HSQC experiments and provided reliable qualitative infor-


Figure 5. Parts of the 500 MHz 1H-13C HSQC plot showing H�aC correla-
tion for all six residues of 2.5a swollen in pyridine, acetonitrile, methanol,
or DMSO.


Figure 6. Solvant effect on the chemical shift differences between geminal
aCH protons of residues 1–6 in oligourea 2.5a at 300 K.
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mation about folding propensity of oligoureas. In the com-
pound 2 series, a single-residue chain-length increment from
tetramer to pentamer was found sufficient to promote 2.5-
helix nucleation, thus, suggesting that five residues represent
the minimum chain length to stabilize the 2.5-helical fold.
Whereas in the uncapped series sequence variation had neg-
ligible influence on helix propensity of hexaureas, a signifi-
cant sequence effect was observed in the N-Boc-protected
series. Hexaurea 2.5b with aliphatic side chains displayed
for example systematically higher Dd values than 1.5b. This
approach based on Dd value determination is very promis-
ing to screen larger arrays of resin-bound oligoureas and to
further delineate the requirements for helix formation (e.g.,
relationship between 2.5-helix formation and the structure
of side chains and primary sequence). The influence of the
surrounding environment, that is, the solvent, on 2.5-helix
population was also investigated. In the case of hexaurea
2.5a, although helix formation was maximized in a low
polar environment (pyridine), significant helix population
was retained in both protic and polar aprotic media
(MeCN>MeOH>DMSO). The low resolution of the spec-
trum in D2O precluded detailed insight of the structure of
2.5a in water. According to estimated Dd values, uncapped
hexaurea 2.5a is likely to be only partially folded in aqueous
environment, thus suggesting that capping and/or longer
chain length are required to increase helix propensity. This


is confirmed by early CD inves-
tigations of antibacterial oli-
goureas. Significant helix popu-
lation was retained in hepes
buffer saline (HBS) pH 7.4 for
longer N-capped oligomers
(e.g., nonamers).[7] Such amphi-
philic cationic oligoureas re-
tained high helix propensity
(similar to what is found in
MeOH) in the presence of neg-
atively charged PC:PG (70:30;
PC=phosphatidylcholine, PG=


phosphatidylglycerol) small uni-
lamellar vesicles (SUV) and are
fully bactericidal. Overall, this
suggests that despite modest
helicity in water, the helical
folding propensity can be in-
creased significantly in biomo-
lecular recognition events. Al-
though helicity in water is in-
trinsically weaker than in other
polar and apolar solvents, sever-
al strategies inspired by work
on a- and b-peptides,[1–4,29] to
design oligoureas with a high
level of helicity in aqueous
media are worth being evaluat-
ed in the future. These include:
1) the formation of salt bridges


between overlapping side chains, 2) the maximization of
electrostatic interactions with the helix macrodipole, and 3)
the incorporation of residues with increased backbone pre-
organization.
As exemplified by the analysis of hexaurea 2.5a swollen


in pyridine, HRMAS NMR NOESY experiments allowed
extraction of most medium range (i)�ACHTUNGTRENNUNG(i+2) NOE correla-
tions associated with the 2.5-helical structure. This result
demonstrates that HRMAS NMR analysis of oligoureas is
not limited to qualitative structural description based on the
determination of Dd values but is a powerful technique to
gain detailed structural information on oligoureas by inte-
gration of distance restraints.


Experimental Section


Synthesis of oligoureas immobilized on DEUSS : Assembly of oligo ACHTUNGTRENNUNGureas
1 and 2 was carried out on a 2.5 mmol scale starting from DEUSS 4[16]


and using succinimidyl-2-[(tert-butoxycarbonyl)amino]-2-substituted ethyl
carbamates.[18] For each coupling step, a solution of the appropriate car-
bamate (5 equiv) in DMF (300 mL) and diisopropylethylamine (DIEA;
10 equiv) were added subsequently to the resin. The suspension was
shaken for 2 h at room temperature and a double coupling was per-
formed systematically. At the end of the reaction, the resin was washed
with DMF (6Q300 mL). The Boc group was removed by treatment with
TFA (300 mL, 2Q5 min) and the resin was washed with CH2Cl2, iPrOH,


Figure 7. Representative sets of NOE connectivities observed for 2.5a in [D5]pyridine at 300 K. a) NOESY
plot (tm=300 ms) showing all inter-residue NH(i)/bCHACHTUNGTRENNUNG(i+2) (blue) and N’H(i)/bCH ACHTUNGTRENNUNG(i+2) (pink) (i=1, 2, 3, and
4) as well as some N’H(i)/aCHSi ACHTUNGTRENNUNG(i+2) crosspeaks (green). These i/i+2 NOE connectivities are consistent with
2.5a adopting the canonical 2.5-helical structure of oligoureas. b) The corresponding part of the TOCSY plot
(tm=60 ms) is shown for comparison. c) Part of the NH/NH region of the NOESY plot (tm=300 ms) of 2.5a
recorded at 300 K. All interresidue NH(i)/N’H ACHTUNGTRENNUNG(i+1) NOEs (orange) are observed and were used for sequence
assignment Residues are numbered consecutively from 1 to 6 as displayed in Figure 1.
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and DMF. The final ureas on solid support were washed with CH2Cl2 and
diethyl ether, and dried under vacuum at 50 8C for 12 h.


HRMAS NMR spectroscopy: The identification of amino acid spin sys-
tems and sequential assignment were made by using a combination of
HRMAS TOCSY,[30] NOESY,[31] and HSQC[32] experiments. HRMAS 1D
and 2D NMR spectra were obtained on a Bruker Avance 700 MHz spec-
trometer equipped with for 4 mm 1H/13C/15N/2H HRMAS gradient probe
or on a Bruker DSX 500 MHz spectrometer equipped with for 4 mm
HXMAS4 (1H/X, X tuned to 2H) or with for HXY (1H/X/Y, X tuned to
13C and Y tuned to 2H) probe. The samples (3–5 mg) were packed into a
4 mm HRMAS rotor and solvents were added to the resin directly inside
the rotor. Samples were spun at 6–7 kHz. The spectra were acquired at
300 K and referenced to the peak of the solvent. All 2D homonuclear
spectra were recorded in pure phase mode by using the States-TPPI
method. Homonuclear spectra were recorded with 2048 data points in t2
and 256 or 512 increments in t1. Typically 8 or 32 scans per increment
were accumulated. A spectral width of 5482.46 Hz was used for the
proton. TOCSY data were recorded with a DIPSI2[33] sequence of 60 ms.
Through-space dipolar connectivities were obtained from NOESY spec-
tra by using mixing times from 300 ms. All 2D heteronuclear spectra
were recorded in the pure phase mode by using the States-TPPI or Echo-
Antiecho TPPI method. 1H-13C HSQC spectra were recorded with 1024
or 2048 data points in t2 and 256 or 512 increments in t1. The number of
scans accumulated for 1H-13C HSQC were 32 or 44. Sweep widths for 1H
and 13C dimensions were 5482.46 Hz and 12722 Hz, respectively. The
samples were swollen in [D5]pyridine, [D6]DMSO, CD3CN, CD3OD and
D2O.
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Introduction


One of the most significant recent highlights in the field of
supramolecular polymer chemistry is the development of
folded helical structures, which are important modules in
the engineering of functional nano-sized objects, such as
nanotubes, nanowires, and chiral materials.[1] In most cases,
however, the supramolecular interactions lead to the forma-
tion of polymeric strands that fold into single helical confor-
mations.[2] Because only a few supramolecular polymers
have been reported to form infinite double-stranded heli-
ces,[3] the development of supramolecular double helices
structurally comparable to those of DNA is a challenging
topic of current research. Double-stranded helical structures


can be constructed by the complexation of two oligomeric li-
gands twisted around metal ions,[4] attractive p–p interac-
tions between two single strands,[5] and complementary in-
teractions between two different strands.[6]


Previous publications from our laboratory have shown
that extended polymeric chains formed from complexation
between bent-shaped ligands and silver cations with a linear
coordination geometry can give rise to a helical secondary
structure depending on the size of the counter anion.[7] In
addition, these helical polymers showed the dynamic confor-
mational change from the nonfluorescent compressed state
to the fluorescent stretched state, triggered by tempera-
ture.[8] One can envision that the coordination geometry of
the metal center has influence on the secondary structure of
coordination polymers.[9] With this in mind, we have pre-
pared coordination polymers based on PdII and CuII ions,
which are known to adopt a square-planar coordination ge-
ACHTUNGTRENNUNGometry.[9a,10]


In this article, we present the formation of a double-
stranded helical structure from coordination polymers,
driven by interstranded metal–ligand dimeric interactions.
The coordination polymers are based on PdII (1) and CuII


(2) metal ions, prepared from complexation of a conforma-
tionally flexible, meta-linked bispyridine ligand containing a
flexible dendritic side group and a corresponding transition
metal. The polymer based on PdII self-assembles into an un-


Abstract: Self-assembling coordination
polymers based on PdII and CuII metal
ions were prepared from complexation
of a bent-shaped bispyridine ligand and
a corresponding transition metal. These
coordination polymers were observed
to self-assemble into supramolecular
structures that differ significantly de-
pending on the coordination geometry
of the metal center. The polymer based
on PdII self-assembles into a layer
structure formed by bridging bispyri-


dine ligands connected in a trans-posi-
tion of the square-planar coordination
geometry of metal center. In contrast,
the polymer based on CuII adopts a
double-helical conformation with regu-
lar grooves, driven by interstranded,
copper–chloride dimeric interaction.


The double-stranded helical organiza-
tion is further confirmed by structure
optimization from density functional
theory with aromatic framework, show-
ing that the optimized double-helical
structure is energetically favorable and
consistent with the experimental re-
sults. These results demonstrate that
weak metal–ligand bridging interac-
tions can provide a useful strategy to
construct stable double-stranded helical
nanotubes.
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folded zigzag conformation that organizes into a layered
structure. In contrast, the polymer based on CuII adopts a
double-helical conformation that organizes into a two-di-
mensional lattice, even though the coordination geometry of
Cu complex is an essentially similar square-planar structure
to that of Pd complex.


Results and Discussion


Synthesis and characterization : The synthesis of a bispyri-
dine ligand containing a dendritic side chain started with a
stepwise fashion according to the procedures described pre-


viously.[7] The resulting ligand
was treated with [PdCl2-
ACHTUNGTRENNUNG(PhCN)2] or CuCl2 to afford the
PdII (1) or CuII (2) coordination
polymers, respectively. They
were characterized by 1H and
13C NMR spectroscopy, elemen-
tal analysis, and matrix-assisted
laser desorption ionization
time-of-flight (MALDI-TOF)
mass spectrometry and were
shown to be in full agreement
with the structures presented.


Both polymers were birefrin-
gent waxy solids that are readi-
ly soluble in common organic


solvents such as CH2Cl2, THF, EtOH and water. The solid-
state structures of the polymers were investigated by X-ray
scattering. Small-angle X-ray scattering (SAXS) measure-
ments of 1 showed several sharp reflections corresponding
to a 1D lamellar structure with in-plane 2D order with a
layer thickness of 3.6 nm (Figure 1, top). This structural
identification was further confirmed by transmission elec-
tron microscopy (TEM) experiments that showed dark or-
ganized aromatic layers with a lattice dimension of approxi-
mately 4 nm (Figure 1, bottom). The lamellar structure with
this dimension indicates that the coordination polymer back-
bone of 1 adopts an unfolded zigzag conformation that or-
ganizes into a layered structure (Figure 2). Bridging bispyri-
dine ligands connected in the trans-position of the square-
planar coordination geometry of PdII generates unfolded po-
lymer chains.[9a,11]


In great contrast to polymer 1, CuII coordination polymer
2 self-assembles into a 2D oblique columnar structure with
lattice constants of a=4.9 nm, b=4.2 nm and g=1228, as
identified by SAXS patterns (Figure 3, top). The evidence
for the formation of the 2D oblique columnar structure was
also provided by a TEM image that shows a 2D array of
dark domains in a matrix of light aliphatic segments with di-
mensions of 4 and 5 nm, which is consistent with the results
obtained from the SAXS (Figure 3, bottom). Another inter-
esting point to be noted is the presence of two sharp reflec-
tions at the wide angles, corresponding to d-spacings of 0.88
and 0.55 nm, respectively (Figure 3, top inset). Additional


information on the structural dimensionality of 2 was ob-
tained by 2D X-ray diffraction with a sheared sample exhib-
iting macroscopic orientation. As shown in Figure 4, the re-
flections at wide angles were diffracted at an angle of 708
with respect to the SAXS scattering, indicative of the pres-
ence of a periodicity together with an additional order along
the direction of the column axis.


To further corroborate the structural features of the coor-
dination polymer, extended X-ray absorption fine structure
(EXAFS) experiments were performed with 2 at ambient
temperature. As shown in Figure 5, the profile revealed sev-
eral peaks at 2.2, 3.5, and 4.4 J, that can be indexed as
Cu(1)�Cl(1), Cl(1)�Cu(2), and Cu(1)�Cu(2) scatterings, re-
spectively. In particular, the Cu�Cu distance at 4.4 J was
also identified by the WAXS pattern.[12] All of these scatter-
ing peaks are consistent with the values for the pseudo-


Figure 1. Top: X-ray diffraction pattern of 1. Bottom: TEM image of an
ultramicrotomed film of 1 revealing layered structures of alternating
light-colored dendritic, and dark aromatic layers.


Figure 2. Schematic representation for the formation of the lamellar
structure of 1.
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square-planar, chloro-bridged dimers formed through weak
axial coordination to one copper center by a chloride ligand
located at the adjacent copper atom.[13] It is worth noting
that, considering the Cl(1)�Cu(2) distance (0.35 nm) togeth-
er with the WAXS peak at 0.88 nm associated with a pitch,
an additional X-ray diffraction peak at 0.55 nm can be de-
scribed as the width of a groove along the direction of
column axis. From the lattice constants and the density, the
number of repeating units per pitch was calculated to be
4.2 units.[7a,14] Considering the interstrand, copper–chloride
dimeric interactions, this calculated number indicates that
the columns are based on double-stranded helical chains.


On the basis of the results described thus far, it can be
concluded that the CuII coordination polymer chains adopt a
double-stranded helical conformation with a regular pitch of
0.94 nm (deduced from 0.88 nm/sin 708) together with a
groove of 0.55 nm in width (Figure 6). Subsequently, the


double-stranded helices self-organize into a 2D oblique col-
umnar structure. These results show how the complexation
of the bent-shaped bispyridine ligand with a CuII metal ion
and a pseudo-square-planar coordination geometry could
lead to folded double-stranded helical polymers through
complementary dimeric interactions. Considering that in the
absence of the metal–chloride bridging interactions com-
pound 1 self-assembles into a layered structure consisting of
an unfolded zigzag conformation, the dimeric association
through metal–chloride bridging interactions in the CuII co-
ordination polymer seems to be essential for the formation
of a double-stranded helical structure. Indeed, inspection of
CPK models revealed that a cisoid double-helical conforma-
tion of two polymer chains maximizes these dimeric interac-
tions (see Figure S4 in the Supporting Information).


In an effort to provide further evidence for the key influ-
ence of the dimeric association on the formation of a
double-helical structure, we synthesized homologous CuII


complex 3 containing a methyl group on the ortho-position
of pyridyl unit that is expected to prevent the copper–chlo-


Figure 3. Top: X-ray diffraction patterns of 2. Bottom: TEM image of ul-
tramicrotomed film of 2 revealing 2D oblique columnar array of aromatic
core.


Figure 4. 2D X-ray diffraction patterns of 2. The inset image shows the
2D small angle X-ray diffraction pattern.


Figure 5. EXAFS profile of 2 and the peak assignments.


Figure 6. Schematic representation of the double-stranded helical struc-
ture of 2.
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ride dimeric association due to steric crowding (Figure 7).[15]


In contrast to 2, the resulting coordination polymer showed
to self-assemble into a layered structure (Figure 7 and


Figure 8, bottom), suggesting that the coordination geome-
try of CuII consists of a separated square-planar structure.
Furthermore, the EXAFS profile showed no peak corre-


sponding to a Cu(1)�Cl(2) scattering at 3.5 J (Figure 8,
top). These results further support that the double-helical
conformation is attributed to the metal–chloride bridging di-
meric association.


Computational structure modeling : To provide further infor-
mation on the formation of a double-stranded helical organ-
ization, computational modeling was performed with model


complex 4.[16] It should be noted that, similar to 2, the model
complex exhibited the three strong reflections at the wide
angles, corresponding to helical pitch of 0.88, groove width
of 0.55, and p–p stacking distance of 0.35 nm, respectively,
demonstrating that model complex 4 also adopt a double-
helical conformation with the same dimensions as those of 2
(Figure 9). Structural modeling was performed by density


functional theory (DFT) by using SIESTA (Spanish Initia-
tive for Electronic Simulation of Thousands of Atoms).[17]


To mimic periodic structure, the computation unit cell was
chosen to contain two turns of double-stranded helix com-
posed of eight monomers with 296 atoms. Atom-centered
and strictly confined numerical functions were used as a
basis set for solving the Kohn–Sham equations.[18] Norm-
conserving pseudopotentials were constructed within im-
proved Troullier-Martins scheme.[19] The electron configura-
tions of used pseudopotentials with pseudoionization radii
are given in Table 1 (given in Bohr). We used a double-z


basis set for all atoms except Cu and Cl. While double-z po-
larization orbitals were used for both Cu and Cl, relativistic
effects were taken into account only for Cu. The exchange-
correlation was treated in GGA-PBE.[20] We performed a
full optimization of the double-stranded helical structure by
means of conjugate gradients allowing unit cell variation.
The optimized structure is consistent with the double-strand-
ed helical conformation predicted experimentally as shown
in Figure 10. Table 2 shows that the geometric parameters
for the double-helical system obtained from our simulations
are in good agreement with the experimental profiles. In
particular, the Cu(1)�Cl(2) dimeric interaction distance was
reproduced excellently as well as the Cu(2)�Cu(1)’ groove
with respect to the values obtained from the X-ray diffrac-
tion pattern given in Figure 9.


Figure 7. Molecular structure and X-ray diffraction patterns of 3.


Figure 8. Top: EXAFS profile of 3 and the peak assignments. Bottom:
TEM image of ultramicrotomed film of 3 revealing layered structures of
alternating light dendritic, and dark aromatic layers.


Figure 9. Molecular structure and X-ray diffraction pattern of 4.


Table 1. Pseudoionization radii used for pseudopotentials.


Atom Pseudoionization radius [Bohr]


Cu 4s1 (2.05) 4p0 (2.30) 3d10 (2.05) 4f0 (2.05)
Cl 3s2 (1.74) 3p5 (1.74) 3d0 (1.74) 4f0 (1.74)
C 2s2 (1.25) 2p2


ACHTUNGTRENNUNG(1.25)
N 2s2 (1.24) 2p3


ACHTUNGTRENNUNG(1.24)
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Conclusion


A bent-shaped bipyridine ligand containing a dendritic ali-
phatic side chain has been synthesized and forms complexes
with PdII and CuII through a self-assembly process. These
complexes were observed to self-assemble into ordered
structures that differ significantly depending on the coordi-
nation geometry of the metal center in the solid state. The
polymer based on PdII self-assembles into layer structure
formed by bridging bispyridine ligands connected in a trans-
position of the square-planar coordination geometry of
metal center. In contrast, the polymer based on CuII adopts
double-helical conformations with regular grooves along the
helical axis, through the metal–chloride dimeric interactions.
These notable conformations are attributed to the pseudo-
square-planar chloro-bridged dimers formed through weak
axial coordination to one copper center by a chloride ligand
located at the adjacent copper atom. It is also notable that
the double-stranded helices self-organize into a 2D colum-
nar structure in the bulk state. These results represent a
unique example that weak metal–ligand bridging interac-
tions can provide a useful strategy to construct stable
double-stranded helical nanotubes.


Experimental Section


Materials : NaH (60%), and p-toluenesulfonyl chloride (98%) from TCI
and Tokyo Kasei were used as received. 3-Ethynylpyridine (98%) from
Aldrich was used as received. Unless otherwise indicated, all starting ma-
terials were obtained from commercial suppliers (Aldrich, Lancaster,
TCI, etc.) and were used without purification. Dichloromethane and
ethyl acetate were distilled before use. Flash chromatography was carried
out with Silica Gel 60 (230–400 mesh) from EM Science. Dry triethyl-


ACHTUNGTRENNUNGamine was obtained by vacuum transfer from calcium hydride. Dry THF
was obtained by vacuum transfer from sodium and benzophenone.


Techniques : 1H NMR spectra were recorded in CDCl3 on a Bruker AM
250 spectrometer. The purity of the products was checked by thin-layer
chromatography (TLC; Merck, silica gel 60); visualization was achieved
with UV light and iodine vapor. A Nikon optical polarized microscopy
(magnification: 100) equipped with a Mettler FP 82 hot-stage and a Met-
tler FP 90 central processor was used to observe the thermal transitions
and to analyze anisotropic texture. Microanalyses were performed with a
Perkin Elmer 240 elemental analyzer at Organic Research Center,
Sogang University. X-ray scattering measurements were performed in
transmission mode with synchrotron radiation at the 3C2 and 10C1 X-ray
beam line at the Pohang Accelerator Laboratory (Korea). The scattered
X-rays were detected on imaging plates for better 2D-XRD resolution.
The orientationally ordered domain of complex 2 was obtained by shear-
ing the sample on a kapton film. The long axis of resulting columns was
aligned in the direction of shear. To reduce air-scattering, a vaccum
chamber made of kapton film was placed between sample and detector.
Extended X-ray absorption fine structure (EXAFS) spectra were per-
formed at the 7C1 beam line at the Pohang Accelerator Laboratory
(Korea). MALDI-TOF mass spectra were performed on Perceptive Bio-
systems Voyager-DE STR by using a 2,5-dihydroxy benzoic acid matrix.
The transmission electron microscope (TEM) was performed at 120 kV
using JEOL-JEM 2010. Ultrathin sectioning of specimens was performed
by cryoultramicrotomy using a RMC PowerTome-XL. Before the ultra-
thin sectioning, the samples were aligned by annealing at 80 8C for 10 h.
Thin sections of the specimen were transferred to a carbon-coated
copper grid. Compounds were synthesized according to the procedure de-
scribed Scheme S1 and S2 in the Supporting Information and then puri-
fied by silica gel column chromatography and preperative HPLC (Japan
Analytical Instrument). CPK models were computed with Materials
Studio Modeling 3.0 (Accelrys Inc.) software.
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Introduction


The past few years have witnessed[1] a surge in the use of
the CuI-catalyzed Huisgen[2] 1,3-dipolar cycloadditions[3] be-
tween alkynes and azides in the synthesis of mechanically
interlocked compounds.[4] The convergent “click chemistry”
approach[5] is an attractive one because it affords catenanes
and [n]rotaxanes in high yields.[2] The power of this synthetic
approach lies in the fact that we can now prepare higher
order [n]rotaxanes,[4c,d] and “unstable” [2]rotaxanes[4a] that
were previously unattainable. Moreover, the introduction of
1,2,3-triazole rings into the dumbbell-shaped component of
bistable [2]rotaxanes,[6] does not alter the kinetics or ther-
modynamics of the switching process.[4g] This fact is a crucial


one because mechanically interlocked compounds of this
type are destined to be incorporated into the next genera-
tion of molecular machines.[7,8] Herein, we report the tem-
plate-directed synthesis[9] of a bistable, tripodal [4]rotaxane,
1·12PF6, which incorporates cyclobis(paraquat-p-phenyl-
ene)[10] (CBPQT4+) as the p-electron-deficient rings, and tet-
rathiafulvalene (TTF) and 1,5-dioxynaphthalene (DNP)
units located on all three legs of the tripodal dumbbell 2 as
the pairs of p-electron-rich recognition sites.[6]


These two compounds were prepared with the aim of in-
vestigating the effect of bringing three bistable [2]rotaxanes
and their three dumbbell components into close contact
with each other. These covalently linked entities can be
looked upon as models at the molecular level of the supra-
molecular counterparts that exist in 1) Langmuir monolay-
ers,[11] 2) self-assembled monolayers,[12] and 3) molecular-
switch tunnel junctions[13] in memory devices, all composed
of some kind of bistable [2]rotaxane or its dumbbell precur-
sor. In the context of these condensed phases, the impor-
tance of the investigations reported herein is evident in so
far as the chemical and electrochemical properties reveal
evidence of emergent phenomena,[14] namely, the observa-
tion that in both 112+ and 2 the TTFC+ radical cation dimer-
izes.[15] Whereas, in the case of 112+ , only the radical cation
dimer (TTFC+)2 can be detected, in the case of 2, both
(TTFC+)2 and the mixed-valence dimer [(TTF)2]C


+ have been
identified.
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Results and Discussion


The tetrahydropyranyl (THP)-protected acyclic polyether 3
(see the Supporting Information), which incorporates both
TTF and DNP units,[4g] allows the synthesis of rotaxanes
with different stoppers to be performed by using click
chemistry. Compound 3 was tosylated (tosylchloride (TsCl)/
4-dimethylaminopyridine (DMAP)/Et3N/CH2Cl2) to give 4
in a yield of 85% (see the Supporting Information). Alkyl-
ACHTUNGTRENNUNGation (Cs2CO3/DMF) of 1,1,1-tris(4-hydroxyphenyl)ethane
(5) with 4, followed by deprotection (HCl/MeOH/CH2Cl2)
afforded the tripodal triol 6 in a yield of 52% (Scheme 1a;
for further information see the Supporting Information).
Tosyl ACHTUNGTRENNUNGation of 6, followed by reaction of the tritosylate with
NaN3 in DMF at 80 oC for one day gave the triazide 7
(54%). When 7 was mixed with CBPQT·4PF6 (3.1 equiv) in
DMF, an intense green color was generated immediately, in-
dicating the formation of [7�3CBPQT]·12PF6. This [4]pseu-
dorotaxane was stirred for two days in the presence of


1) the propargyl ether 8 (3.3 equiv; see the Supporting Infor-
mation) carrying a 2,6-diisopropylphenyl stopper and 2) a
catalytic amount of CuSO4·5H2O with ascorbic acid as an in
situ reductant. Chromatographic purification (SiO2: 1% w/v
NH4PF6/Me2CO) of the crude product from the reaction
mixture afforded 1·12PF6 as a green solid in a yield of 40%.
Electrospray ionization mass spectroscopy (ESI-MS) re-
vealed peaks at m/z 1951.7, 1427.7, 1113.2, 903.4, and 753.5,
which correspond to the loss of three, four, five, six, and
seven PF6


� counterions, respectively. Following the same
procedure in the absence of CBPQT·4PF6, provided the
model tripodal dumbbell 2 (65%) as a yellow oil.
The 1H NMR spectrum (Figure S1a in the Supporting In-


formation) of 1·12PF6 in CD3CN recorded at RT is compli-
cated by 1) the presence of multiple isomers stemming from
the cis/trans isomerism of the TTF units and 2) the dynamic
processes associated with the CBPQT4+ ring.[10b] Heating
the sample to 350 K yields a much simpler spectrum (Fig-
ACHTUNGTRENNUNGure S1b in the Supporting Information) in which the charac-
teristic signals of bistable [2]rotaxanes can be observed.
COSY Experiments, conducted at both RT and high temper-
ature, indicate the presence in solution of predominantly
ACHTUNGTRENNUNG(>90%) a single translational isomer, namely, the one in
which the CBPQT4+ ring encircles the TTF unit.[6c] This
conclusion is based on the absence of any high-field DNP
resonances.
The mechanical switching of 112+ and the electrochemical


response of 2 were studied by using cyclic voltammetry
(CV), differential pulse voltammetry (DPV), and UV/Vis
spectroelectrochemistry (SEC). Chemical oxidation was also
used to monitor the electronic transitions in the near-IR
(NIR) region.
In typical SEC measurements[6] of bistable [2]rotaxanes,


the band centered around 840 nm in the ground state, which
originates from the charge-transfer (CT) interaction be-
tween the TTF and CBPQT4+ units,[10b,6b] starts bleaching as
the voltage is raised and new absorption bands emerge at
lmax=445 and 595 nm that correspond to the TTFC+ radical
cation. This behavior is not evident in the case of 1·12PF6.
When the voltage is raised, the band at 840 nm, instead of
bleaching, undergoes a hypsochromic shift (lmax=820 nm;
Figure 1). Moreover, four absorption bands, centered at
lmax=595, 527, 445, and 405 nm, start to grow in their rela-
tive intensities. A similar kind of behavior is observed for 2
(Figure S2 in the Supporting Information), except that a
new absorption band centered at lmax=790 nm started to
emerge as the potential was raised, that is, a process is hap-
pening that is independent of the CBPQT4+ rings.
The additional bands (lmax=820/790, 527, and 405 nm)


are, in fact, characteristic[15e,f] of radical cation dimer
(TTFC+)2 formation (Scheme 1b) in both 1·12PF6 and 2.[16]


Overall, the spectra reflect the presence of a mixture of the
TTFC+ radical cation monomer (lmax=595 and 445 nm) and
the (TTFC+)2 dimer in solution at room temperature.[17] This
mixture is very stable in air and shows no appreciable spec-
tral decay over a period of one day at RT. When the applied
potential is increased above +0.80 V, the absorption bands


Scheme 1. a) Template-directed synthesis of the bistable [4]rotaxane
1·12PF6 and the synthesis of its tripodal dumbbell precursor 2. b) A sche-
matic representation of the products resulting from oxidation (Ox=


chemical and/or by SEC) of 1·12PF6 and 2 in argon-purged MeCN/
CH2Cl2 (1:1) at 298 K. The different TTFC+ radical cation dimers are indi-
cated by using different highlights, light pink for the radical cation dimer
(TTFC+)2 and light green for the mixed-valence dimer [(TTF)2]C


+ .
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of the TTFC+ radical cation on its own, and as the dimer,
begin to bleach and a new peak (lmax=380 nm) emerges
(Figure 1 and Figure S2 in the Supporting Information) for
the TTF2+ dication. In 1·12PF6, a small absorption peak at
530 nm, associated with the CT band between DNP and the
CBPQT4+ ring, can also be detected. When the applied po-
tential is switched off, the spectrum gradually changes back
to its original form, in keeping with the fully reversible
nature of the electrochemical reaction.
The chemical oxidation of 2 with Fe ACHTUNGTRENNUNG(ClO4)3 led to the ob-


servation (Figure 2) of a new broad absorption band (lmax=


1870 nm) in the NIR region.[18] This band is characteristic of


another type of dimer,[15e] that is, the mixed-valence dimer
[(TTF)2]C


+ , which is also stable over a long period of time at
RT, between the TTFC+ radical cation and a neutral TTF
unit (Scheme 1). When 1·12PF6 was titrated with Fe ACHTUNGTRENNUNG(ClO4)3
(Figure S3 in the Supporting Information) only the absorp-
tion bands of the TTFC+ radical cation monomer and dimer
(TTFC+)2 were observed. This observation can be attributed
to the fact that most of the TTF units are encircled by
CBPQT4+ rings in 112+ . Only a small fraction of TTF units
in 112+ are “free”[19] and so the chances of forming the
mixed-valence dimer [(TTF)2]C


+ are low.[20] This situation is
consistent with the results obtained by NMR spectroscopy,
which indicates that most of the TTF units are encircled by
CBPQT4+ rings.
The electrochemical behavior of 1·12PF6, as suggested by


CV measurements (Figure 3), is similar to that reported pre-
viously for TTF/DNP bistable [2]rotaxanes,[6] which indi-
cates that the dimerization of TTF does not affect the
switching process. The only difference is in the first oxida-
tion peak for the TTF unit. It is usually observed[4g,7c] near
+0.5 V for free TTF, and now is shifted to around
+0.3 V[16c] as a result of the formation of the radical cation
dimers.


DPV shows (Figure 4) the small peak in the CV trace
more clearly as a peak with a maximum at +0.30 V. The
first substantial TTF oxidation peak is shifted to higher po-
tential and overlaps (Figure 3) with the second one. In DPV,
the peak maxima for the first and second oxidations were
located (Figure 4) at +0.66 and +0.73 V,[21] respectively. In
the cathodic scan, two well-separated CV peaks are ob-
served that correspond to the reduction of the TTFC+ radical
cation and the TTF2+ dication. The positions of these peaks
are consistent with those for free TTF units, which indicates
that the CBPQT4+ ring remains on the DNP unit during the


Figure 1. The changes in the UV/Vis spectrum during the SEC measure-
ments conducted on 1·12PF6. The applied potential changes from E=0
to 0.9 V. All data were recorded at 0.25 mVs�1 in argon-purged MeCN/
CH2Cl2 (1:1) at 298 K. The concentrations of the sample and supporting
electrolyte were 0.5 mm and 0.1m, respectively. The UV/Vis spectra re-
corded at different applied potentials (E) are differentiated by the use of
four different colors, namely, black, green, red, and blue.


Figure 2. The change in the UV/Vis-NIR spectrum during the titration of
2 with Fe ACHTUNGTRENNUNG(ClO4)3. All data were recorded in argon-purged MeCN/CH2Cl2
(1:1) at 298 K. The concentrations of the sample and oxidant were 5.1
and 30.0 mm, respectively. The UV/Vis-NIR spectra recorded at different
equivalents of Fe ACHTUNGTRENNUNG(ClO4)3 are differentiated by the use of five different
colors, namely, black, green, red, brown, and blue.


Figure 3. CV of 1·12PF6. The cyclic voltammogram was recorded at
200 mVs�1 in argon-purged MeCN/CH2Cl2 (1:1) at 298 K. The concentra-
tions of the sample and the supporting electrolyte were 0.5 mm and 0.1m,
respectively. The peak at around +0.3 V is ascribed to the oxidation of
free TTF to the TTFC+ radical cation monomer and dimers. A schematic
representation of the radical cation dimer (TTFC+)2 is shown.
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process. The CV peak of the TTFC+ radical cation is broad-
ened as a result of the presence of a mixture of the TTFC+


radical cation as both a monomer and a dimer. The CV and
DPV measurements carried out on 2 reveal (Figures S4 and
S5 in the Supporting Information) the formation of the radi-
cal cation monomer TTFC+ and dimer with a peak maximum
of +0.30 V.[22]


Conclusion


The existence in solution of only the radical cation dimer
(TTFC+)2 of tetrathiafulvalene in the bistable tripodal [4]ro-
taxane, and of the mixed-valence dimer [(TTF)2]C


+ as well
as (TTFC+)2 in its tripodal dumbbell precursor, are not insig-
nificant observations, given the fact that neither dimer has
so far been observed[6] in analogous bistable [2]rotaxanes or
their precursor dumbbell compounds in solution. Note that,
although they are rare,[23] both types of radical cation dimers
occur at room temperature in solution in the case of other
tethered molecules.[16] Our observations reported herein,
coupled with those already present in the literature, beg the
very important question from the point of view of fabricat-
ing devices with molecular monolayers (and multilayers) of
bistable [2]rotaxanes containing tetrathiafulvalene units.
What is happening in these condensed phases? Could it be
that the radical cation and/or mixed-valence dimers of TTF
are present when these condensed phases are oxidized? It is
certainly a scenario not beyond the realms of possibility and
will have to be considered as a serious possibility when in-
vestigating devices fabricated from bistable [2]rotaxanes
containing tetrathiafulvalene units.


Experimental Section


General : All reagents and starting materials were purchased from Al-
drich and used without further purification. CBPQT·4PF6,


[10c] 5-(2-(2-(tet-
rahydro-2H-pyran-2-yloxy)ethoxy)ethoxynaphthalene-1-ol (S1),[6c] and
the monotosylated tetrathiafulvalene derivative (S3)[6d] were prepared ac-
cording to literature procedures. Thin-layer chromatography (TLC) was
performed on silica gel 60 F254 (E. Merck). Column chromatography
was carried out on silica gel 60F (Merck 9385, 0.040–0.063 mm). Deuter-
ated solvents (Cambridge Isotope Laboratories) for NMR spectroscopic
analyses were used as received. NMR spectra were recorded on Bruker
Avance 500 and 600 spectrometers, with working frequencies of 500.13
and 600.13 MHz for 1H nuclei, and 125.70 and 150.90 MHz for 13C nuclei,
respectively. Chemical shifts are quoted in ppm relative to tetramethylsi-
lane with the residual solvent peak as a reference standard. Low-resolu-
tion ESI mass spectra were measured on an IonSpec FT-ICR mass spec-
trometer. GC-MS spectra were recorded on a Shimadzu GCMS-QP2010S
Spectrometer. High-resolution mass spectra were measured either on an
Applied Biosystems Voyager DE-PRO MALDI TOF mass spectrometer
(HR-TOF), or on a Finnigan LCQ ion-trap mass spectrometer (HR-
ESI).


Electrochemical and SEC experiments were carried out at room temper-
ature in argon-purged solutions in MeCN/CH2Cl2 (1:1) with a Princeton
Applied Research 263 A Multipurpose instrument interfaced to a PC.
CV experiments were performed by using a glassy carbon working elec-
trode (0.018 cm2, Cypress Systems). Its surface was polished routinely
with 0.05 mm alumina-water slurry on a felt surface immediately before
use. The counter electrode was a Pt coil and the reference electrode was
a standard calomel electrode (SCE). The concentration of the sample
and supporting electrolyte (tetrabutylammonium hexafluorophosphate
(TBA·PF6)) were 0.5 mm and 0.1m, respectively. The scan rate was set to
200 mVs�1. In the DPV experiment, the pulse height, pulse width, step
height, and step time were set to 50 mV, 50 ms, 5 mV, 500 ms, respective-
ly. The peak top potentials for the overlapped peaks were determined by
using the curve-fitting operation of the IGOR Pro software (Version
5.04B, Wavemetrix).


Spectroelectrochemical experiments were carried out in a custom-built
optically transparent thin-layer electrochemical (OTTLE) cell with an
optical path of 1 mm by using a Pt grid as working electrode, a Pt wire as
counter electrode and a Ag wire pseudoreference electrode. Experimen-
tal errors: potential values, �10 mV; absorption maxima, �2 nm. The
scan rate was set to 0.25 mVs�1 and the UV/Vis spectra were recorded
every 2 min.


The near-IR measurements were carried on a Shimadzu UV/Vis-NIR
scanning spectrophotometer by using a cell with an optical path of 1 mm.
The argon-purged solutions (MeCN/CH2Cl2 (1:1)) of the [4]rotaxane
1·12PF6, and dumbbell-shaped component 2 (0.5 and 5.1 mm, respective-
ly) were titrated with Fe ACHTUNGTRENNUNG(ClO4)3 (30 mm) at RT. The UV/Vis-NIR spectra
were recorded after each addition of Fe ACHTUNGTRENNUNG(ClO4)3.


Synthesis of 3 : A solution of S1 (62 mg, 0.18 mmol; see the Supporting
Information),[6c] S2 (100 mg, 0.17 mmol; see the Supporting Informa-
tion),[6d] K2CO3 (92 mg, 0.68 mmol), and [18]crown-6 (5 mg) in dry
MeCN (30 mL) was heated under reflux for 16 h. After cooling to RT,
the reaction mixture was filtered and the residue was washed with MeCN
(5 mL). The combined organic solution was concentrated in vacuo to
obtain the crude THP-protected compound as a yellow oil, which was ex-
tracted with CH2Cl2 (3O20 mL) and dried (MgSO4). After removal of
the solvent, the residue was purified by column chromatography (SiO2:
CH2Cl2/EtOH 99:1) to give 3 as a yellow oil (113 mg, 88%). 1H NMR
(500 MHz, CD2Cl2): d=7.86 (d, J=7.5 Hz, 2H), 7.36 (t, J=7.8 Hz, 2H),
6.87 (d, J=7.5 Hz, 2H), 6.24, 6.22, 6.20, 6.19 (4Os, 2H; TTF), 4.61 (t, J=


2.7 Hz, 1H), 4.29–4.24 (m, 8H), 3.97–3.55 (m, 20H), 2.23 (t, J=2.7 Hz,
1H), 1.75–0.88 ppm (m, 7H); 13C NMR (125 MHz, CD2Cl2): d=154.8,
154.7, 135.1, 135.0, 134.9, 134.8, 127.1, 127.0, 125.6, 125.5, 116.8, 116.7,
116.7, 116.6, 114.8, 114.7, 111.0, 110.7, 106.1, 106.0, 99.3, 72.8, 71.3, 71.2,
70.6, 70.2, 70.1, 69.9 (O2), 69.8, 68.6, 68.5 (O2), 68.4 (O2), 67.1, 62.5, 62.0,
31.0, 25.9, 19.9 ppm;[24] HRMS (HR-TOF): m/z calcd for C35H46O10S4:
754.1974; found: 754.1967.


Figure 4. DPV results of 1·12PF6. The data were recorded in argon-
purged MeCN/CH2Cl2 (1:1) at 298 K. The peak at around +0.3 V is ascri-
bed to the oxidation of free TTF to the TTFC+ radical cation monomer
and dimers. A schematic representation of the radical cation dimer
(TTFC+)2 is shown.
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Synthesis of 4 : A solution of TsCl (37 mg, 0.20 mmol) in CH2Cl2 (2 mL)
was added dropwise with stirring to a solution of 3 (100 mg, 0.13 mmol),
Et3N (0.05 mL, 0.39 mmol), and DMAP (5 mg) in CH2Cl2 (20 mL) at
0 8C. The reaction mixture was then stirred for 16 h at RT. After removal
of the solvent, the residue was purified by column chromatography
(SiO2: CH2Cl2/EtOH 99:1) to give the tosylate 4 as a yellow oil (100 mg,
85%). 1H NMR (500 MHz, CD2Cl2): d=7.91 (dd, J=8.4, 4.7 Hz, 2H),
7.36 (d, J=8.4 Hz, 2H), 7.44–7.38 (m, 4H), 6.91 (d, J=7.7 Hz, 2H), 6.24
(s, 2H), 4.67 (t, J=3.5 Hz, 1H), 4.33 (m, 6H), 4.25 (br s, 2H), 4.16 (m,
2H), 4.00 (m, 4H), 3.86–3.46 (m, 15H), 2.43 (s, 3H), 1.79–1.48 ppm (m,
7H); 13C NMR (125 MHz, CD2Cl2): d=154.8, 154.7, 145.5, 135.1, 135.0,
134.9, 134.8, 133.3, 130.3, 128.3, 127.1 (O2), 125.6, 125.5, 116.8, 116.7
(O2), 116.6, 114.8, 114.7, 110.9 (O2), 110.7, 106.1, 106.0, 99.3, 71.3, 71.2,
71.0, 70.2, 70.1, 69.9, 69.8, 69.7, 69.0, 68.6 (O2), 68.5 (O3), 68.4, 67.1, 62.5,
31.0, 25.9, 21.8, 19.9 ppm;[24] HRMS (HR-TOF): m/z calcd for
C42H52O12S5: 908.2062; found: 908.2056.


Synthesis of 6 : A solution of 4 (2.04 g, 2.24 mmol), compound 5 (0.21 mg,
6.7 mmol), and CsCO3 (4.38 g, 13.44 mmol) in dry DMF (50 mL) was
heated at 80 8C for 1 d. After cooling to RT, the reaction mixture was fil-
tered and the residue was washed with MeCN (20 mL). The combined or-
ganic solution was concentrated in vacuo to obtain the crude THP-pro-
tected compound as a yellow oil, which was redissolved in MeOH/
CH2Cl2 (1:1, 100 mL). A concentrated aqueous solution of HCl (0.5 mL)
was added and the reaction mixture was stirred at RT for 1 h. A 1n


aqueous solution of NaOH (100 mL) was added to the reaction mixture,
which was extracted with CH2Cl2 (3O100 mL) and dried (MgSO4). After
removal of the solvent, the residue was purified by column chromatogra-
phy (SiO2: CH2Cl2/EtOH 99:1) to give the triol 6 as a yellow oil (879 mg,
52%). 1H NMR (500 MHz, CD2Cl2): d=7.84 (t, J=8.0 Hz, 6H), 7.36 (t,
J=8.0 Hz, 6H), 6.97 (d, J=8.0 Hz, 6H), 6.86 (d, J=7.9 Hz, 6H), 6.78 (d,
J=7.9 Hz, 6H), 6.24, 6.22, 6.20, 6.19 (4Os, 6H; TTF), 4.27 (m, 24H), 4.06
(m, 6H), 3.95 (m, 12H), 3.78–3.58 (m, 42H), 2.07 ppm (s, 3H); 13C NMR
(125 MHz, CD2Cl2): d=156.7, 154.2, 154.1, 152.4, 143.1, 134.5 (O2), 134.4
(O2), 129.4, 126.5 (O2), 125.1, 125.0, 116.2, 116.1 (O2), 116.0, 114.3, 114.1,
113.5, 105.6, 72.6, 70.7, 70.5, 69.6, 69.5 (O2), 69.3 (O2), 68.0 (br s), 67.9,
67.8, 67.3, 61.5, 50.9, 29.9 ppm;[24] MS (ESI): m/z calcd for C110H126O27S12:
2262.51; found: 2262.35.


Synthesis of S3 : A solution of TsCl (118 mg, 0.60 mmol) in CH2Cl2
(2 mL) was added dropwise with stirring to a solution of 6 (234 mg,
0.10 mmol), Et3N (0.13 mL, 0.90 mmol), and DMAP (10 mg) in CH2Cl2
(20 mL) at 0 8C. The reaction mixture was then stirred for 16 h at RT.
After removal of the solvent, the residue was purified by column chroma-
tography (SiO2: CH2Cl2/EtOH 99:1) to give the tritosylate S3 as a yellow
oil (231 mg, 85%). 1H NMR (500 MHz, CD2Cl2): d =7.88 (d, J=8.5 Hz,
3H), 7.82 (d, J=8.5 Hz, 3H), 7.77 (d, J=8.0 Hz, 6H), 7.40 (m, 6H), 7.29
(d, J=8.0 Hz, 6H), 7.01 (d, J=8.5 Hz, 6H), 6.88 (d, J=7.5 Hz, 3H),
6.85–6.81 (m, 9H), 6.23, 6.22, 6.21, 6.19 (4Os, 6H; TTF), 4.28 (m, 16H),
4.20 (m, 12H), 4.08 (m, 6H), 3.97 (m, 6H), 3.91 (m, 6H), 3.78 (m, 18H),
3.67–3.61 (m, 20H), 2.10 ppm (s, 3H); 13C NMR (125 MHz, CD2Cl2): d=


157.1, 154.7, 154.6, 145.4, 142.3, 135.0, 134.9 (O3), 133.2, 130.2, 129.9,
129.8, 128.1, 127.0, 126.9, 125.6, 125.5, 116.7, 116.6 (O2), 116.5, 114.8,
114.6, 114.1, 113.9, 110.7, 106.0 (O2), 71.2, 70.9, 70.1 (O2), 70.0, 69.9, 69.8
(O2), 69.2, 68.3, 68.2, 50.9, 30.9, 21.7 ppm;[24] MS (ESI): m/z calcd for
C131H144O33S15: 2724.5400; found: 2724.5120.


Synthesis of 7: A solution of tritosylate S3 (230 mg, 0.08 mmol) and NaN3


(82 mg, 1.2 mmol) in dry DMF (20 mL) was heated at 80 8C for 2 d. After
removal of the solvent, the residue was dissolved in CH2Cl2 (50 mL) and
then washed with a saturated aqueous solution of NH4Cl (2O30 mL), fol-
lowed by a saturated aqueous solution of K2CO3 (30 mL) and then finally
dried (MgSO4). The crude product, obtained after the removal of the sol-
vent, was purified by column chromatography (SiO2: CH2Cl2/EtOH 99:1)
to give the triazide 7 as a yellow oil (124 mg, 63%). 1H NMR (500 MHz,
CD2Cl2): d=7.85 (d, J=8.4 Hz, 6H), 7.37 (t, J=7.7 Hz, 6H), 6.99 (d, J=


8.0 Hz, 6H), 6.89 (d, J=8.0 Hz, 6H), 6.80 (d, J=8.4 Hz, 6H), 6.22, 6.21,
6.20, 6.19 (4Os, 6H; TTF), 4.27 (m, 24H), 4.08 (m, 6H), 3.99 (m, 12H),
3.81–3.61 (m, 36H), 3.43 (m, 6H), 2.09 ppm (s, 3H); 13C NMR (125 MHz,
CD2Cl2): d=157.1, 154.7, 154.6, 142.3, 135.0 (O2), 134.9 (O2), 129.9, 127.0
(O2), 125.6, 116.7, 116.6 (O2), 116.5, 114.8 (O2), 114.7, 113.9, 110.8, 110.7,


106.0 (O2), 71.2, 70.9, 70.6, 70.1, 70.0 (O2), 69.8, 69.7, 68.5 (O2), 68.4,
68.3, 67.7, 51.2, 50.9 ppm;[24] MS (ESI): m/z calcd for C110H123N9O24S12:
2337.53; found: 2337.37.


Synthesis of 8 : A solution of 2,6-diisopropylphenol (0.48 mL, 2.7 mmol),
propargyl bromide (1.2 mL, 8.1 mmol), and K2CO3 (1.1 g, 8.1 mmol) in
dry DMF (10 mL) was heated at 80 8C for 1 d. After removal of the sol-
vent, the residue was extracted with CH2Cl2 (3O20 mL) and dried
(MgSO4). After removal of the solvent, the residue was purified by
column chromatography (SiO2: hexane/EtOH 97:3) to give 8 as yellow
oil (50 mg, 86%). 1H NMR (500 MHz, CDCl3): d=7.12 (br s, 3H), 3.40,
(m, 2H), 2.57 (s, 2H), 1.25 ppm (d, J=6.8 Hz, 9H); 13C NMR (125 MHz,
CD2Cl2): d =153.0, 142.2, 125.5, 124.4, 79.5, 75.4, 62.2, 26.9. 24.4 ppm; MS
(GC-MS): m/z (%): 216 , (20%) [M+], 173 (100), 159 (65), 135 (95), 107
(95), 91 (55), 43 (65).


Synthesis of 1·12PF6 : The triazide 7 (50 mg, 0.021 mmol), CBPQT·4PF6


(74 mg, 0.066 mmol), and the propargyl ether 8 (15 mg, 0.069 mmol) were
dissolved in DMF (0.5 mL) at RT to afford a deep green solution. Stock
solutions of CuSO4·5H2O in DMF (20 mL, 0.006mm) and ascorbic acid in
DMF (20 mL, 0.012mm) were added. The solution was stirred at RT for
48 h. The crude product, obtained after the removal of the solvent, was
purified by column chromatography (SiO2: Me2CO followed by a 1%
w/v NH4PF6 solution in Me2CO). The green compound present in this
salt solution was concentrated to a small volume and the pure product
was precipitated from this concentrate by adding an excess of cold water.
The bistable tripodal [4]rotaxane 1·12PF6 was isolated as a green solid
(52 mg, 40%). M.p. 140 8C (dec); 1H NMR (500 MHz, CD3CN): d=9.31–
9.11 (m, 24H), 8.53–8.32 (m, 6H), 8.20–8.00 (m, 18H), 7.09–7.54 (m,
24H), 7.48–7.40 (m, 4H), 7.22 (m, 2H), 7.14–7.10 (m, 6H), 6.91–6.71 (m,
8H), 6.64 (br s, 5H), 6.50–6.40 (m, 3H), 6.33 (s, 1H), 6.28–6.19 (m, 4H),
6.14–6.03 (m, 4H), 5.99–5.93 (m, 4H), 5.82–5.80 (m, 4H), 5.72–5.68 (m,
4H), 4.95–4.85 (m, 6H), 4.56 (br s, 4H), 4.56–4.21 (m, 14H), 4.21–3.79
(m, 60), 3.45 (m, 6H), 3.15 (4H), 2.22 (s, 3H), 1.17–1.13 ppm (m, 36);
MS (ESI): m/z : 1950 [M�3PF6]


3+ , 1427 [M�4PF6]4+ , 1113 [M�5PF6]
5+ ,


903 [M�6PF6]
6+ , 753 [M�7PF6]


7+ ; HRMS (HR-ESI): m/z calcd for
C263H279F54N21O27P9S12: 1950.4843; found: 1950.4875 [M�3PF6]


3+ .


Synthesis of 2 : The triazide 7 (50 mg, 0.021 mmol) and the propargyl
ether 8 (15 mg, 0.069 mmol) were dissolved in DMF (1.0 mL) at RT.
Stock solutions of CuSO4·5H2O in DMF (100 mL, 0.006m) and ascorbic
acid in DMF (100 mL, 0.012m) were added. The solution was stirred at
RT for 2 d. After removal of the solvent, the residue was extracted with
CH2Cl2 (3O10 mL) and dried (MgSO4). After removal of the solvent, the
residue was purified by column chromatography (SiO2: CH2Cl2/EtOH
98:2) to give 2 as a yellow oil (40.6 mg, 65%). 1H NMR (600 MHz,
CD2Cl2): d=7.88 (d, J=8.5 Hz, 2H), 7.84 (s, 1H), 7.81 (d, J=8.5 Hz,
2H), 7.38 (m, 6H), 7.14 (s, 9H), 7.00 (d, J=8.0 Hz, 6H), 6.89 (d, J=


7.0 Hz, 6H), 6.83 (d, J=7.0 Hz, 6H), 6.25, 6.24, 6.23, 6.21 (4Os, 6H;
TTF), 4.86 (s, 6H), 4.65 (t, J=4.8 Hz, 6H), 4.29 (m, 21H), 4.15–4.06 (m,
12H), 3.99 (m, 13H), 3.81–3.61 (m, 32H), 3.38 (m, 6H), 2.11 ppm (s,
3H); 13C NMR (150 MHz, CD2Cl2): d=157.2, 154.7, 154.6, 153.3, 144.6,
142.3, 135.0, 134.9, 129.9, 127.0, 126.9, 125.6, 125.5, 125.2, 124.4, 124.1,
116.7, 116.6 (O2), 116.5, 114.9, 114.5, 113.9, 110.7, 106.0 (O2), 71.2, 71.0,
70.2, 70.1, 70.0, 69.9, 69.8, 68.5, 68.4, 68.3, 68.2 (O2), 67.8, 50.8, 30.0, 26.9,
24.1 ppm; MS (MALDI-TOF): m/z calcd for C153H181N9O27S12: 2985.9872;
found: 2985.9567.
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[18] The absorptions bands of the (TTFC+)2 dimer of 2 are also observed
(lmax=820, 527) in Figure 2, which indicates that both species exist
in solution at RT. The absorption bands of the TTFC+ radical cation
monomer were observed (lmax=595, and 445) when the appropriate
equivalents of oxidant were added to 2. The appearance of the radi-
cal cation monomer absorptions was accompanied by the bleaching
of the mixed-valence dimer [(TTF)2]C


+ absorption band.
[19] These free TTF units originate from the translational isomer


ACHTUNGTRENNUNG(<10%) in which the CBPQT4+ ring encircles the DNP unit.
[20] Another important point is the fact that the free TTF units will be


oxidized before the encircled ones (see text and ref. [7b]), a situa-
tion that will lower the chances even more of getting mixed-valence
dimers.


[21] a) M. Asakawa, P. R. Ashton, V. Balzani, A. Credi, G. Mattersteig,
O. A. Matthews, M. Montalti, N. Spencer, J. F. Stoddart, M. Venturi,
Chem. Eur. J. 1997, 3, 1992–1996; b) V. Balzani, A. Credi, G. Mat-
tersteig, O. A. Matthews, F. M. Raymo, J. F. Stoddart, M. Venturi,
A. J. P. White, D. J. Williams, J. Org. Chem. 2000, 65, 1924–1936;


c) R. Ballardini, V. Balzani, A. Di Fabio, M. T. Gandolfi, J. Becher,
J. Lau, M. B. Nielsen, J. F. Stoddart, New J. Chem. 2001, 25, 293–
298.


[22] Moreover, both spectra show a minor oxidation peak at +0.5 V that
could be attributed to the further oxidation of the various radical
cationic TTFC+ species present in solution.


[23] The fact that TTFC+ radical cations do dimerize in the tripodal [4]ro-
taxane 112+ , even though the molecule incorporates 12 positive
charges, indicates that even an accumulation of so much charge—
perhaps because it is shielded internally by counterions and sol-
vent—does not prevent, in an appreciable amount, communication
occurring between TTFC+ radical cations. Clearly what has been
demonstrated to occur intramolecularly to 112+ could easily be hap-
pening in condensed phases of tetracationic bistable [2]rotaxanes.


[24] Some of the signals in the 13C NMR spectrum are doubled up be-
cause of the cis/trans isomerism.
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Gold-Nanorod-Based Sensing of Sequence Specific HIV-1 Virus DNA by
Using Hyper-Rayleigh Scattering Spectroscopy
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Paresh Chandra Ray*[a]


Introduction


Infectious diseases remain the leading killers of human
beings worldwide, and function to destabilize societies in
Africa, Asia, and the Middle East. Acquired immunodefi-
ciency syndrome (AIDS), a degenerative disease of the
immune system, is caused by the human immunodeficiency
virus (HIV). The current statistics for global HIV/AIDS are
staggering, as an estimated 40 million people worldwide are
ailing with HIV/AIDS. Diagnosis of the HIV infection is
commonly based on the detection of antibodies to HIV, but
generation of specific HIV antibodies usually occurs 3–8
weeks after the infectious contact and 5–10 days after the
onset of symptoms associated with early infection. Despite
infection of nearly 40 million individuals worldwide with
HIV, fewer than 1000 cases have been diagnosed in the first
month of infection, primarily because of the lack of a specif-
ic and recognizable acute retroviral syndrome. There is need
for a direct DNA-based test that detects the presence of the
HIV viral sequence. The nanoscience revolution that sprout-
ed throughout the 1990s is having great impact in current


and future DNA detection technology around the world.[1–12]


The increasing availability of nanostructures with highly
controlled optical properties in the nanometer size range
has created widespread interest in their use in biotechnolog-
ical systems for diagnostic application and biological imag-
ing. Nanosurface fluorescence energy transfer (NSET)[13–16]


and surface enhanced Raman spectroscopy (SERS) [17–20]


have been shown to be highly promising technologies to
detect DNA present at very low concentrations. However,
these assays identify a specific sequence through hybridiza-
tion of an immobilized probe to the target analyte after the
latter has been modified with a covalently linked label such
as a fluorescent or Raman tag. Necessity of tagging makes it
difficult to use SERS and fluorescence resonance energy
transfer (FRET) techniques as biosensors for real life. Diag-
nosis of an oligonucleotide sequence by using unmodified
DNA remains attractive due to the simple sample prepara-
tion, low DNA assay cost, and the elimination of potential
artifacts from modification. Driven by the need, we demon-
strate for the first time that second-order nonlinear optical
(NLO) properties[21–27] of gold nanorods can be used for
screening HIV DNA without any modification, with excel-
lent sensitivity (100 pm) and selectivity (single base-pair mis-
match).
Gold nanosystems have created widespread interest in


their use in biotechnological systems for diagnostic applica-
tions and biological imaging because of their shape and size-
dependent optical properties, the origin of which is localized
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surface plasmon resonance (LSPR) and ease of bioconju-
gation and potential noncytotoxicity.[1–7] Conjugates of gold
nanoparticles with oligonucleotides are of great current in-
terest,[1–20] because of the potential use of the programmabil-
ity of DNA base pairing to organize nanocrystals in space
and the multiple ways of providing a signature for the detec-
tion of a precise DNA sequence. After a pioneering work
by Mirkin et al.[28] several groups[1–20] including our
group[6,14,16] are working in this area using different methods.
The absorption spectra of rod-shaped gold nanoparticles,
known as gold nanorods, exhibits two surface plasmon ab-
sorption bands.[8–12] A strong, long-wavelength band in the
near-infrared region is due to the longitudinal oscillation of
the conduction band electrons, and a weak, short-wave-
length band around 520 nm is due to the transverse elec-
tronic oscillations. The longitudinal absorption band is very
sensitive to the aspect ratio and by increasing the aspect
ratio (length divided by width), the longitudinal absorption
maximum shifts to longer wavelength with an increase in
the absorption intensity. Because of the enhanced surface
electric field, upon surface plasmon excitation the gold
nanorods absorb and will be able to scatter electromagnetic
radiation strongly. This unique optical property of gold
nanorods opens up fascinating applications in biological and
chemical sensors. Gold nanorods should provide several ad-
vantages over spherical gold nanoparticles for biological
sensing: 1) the LSPR properties of gold nanorods can be
tuned by adjusting their aspect ratio from the visible to the
NIR region and 2) the longitudinal absorption band is ex-
tremely sensitive to changes in the dielectric properties of
the surroundings, including solvents, adsorbates, and the in-
terparticle distance of the gold nanorods. In this manuscript,
we reported extremely high second-order nonlinear optical
properties (NLO) of gold nanorods due to the presence of
multipole moments from the size and retardation effects.
NLO properties have been monitored by using the hyper-
Rayleigh scattering (HRS) technique.[6,21–27] Using these en-
hanced, sensitive, and tunable optical scattering properties,
we have shown that with the HRS technique,[6,21–27] which
has emerged over the past decade as a powerful method to
determine the microscopic nonlinear optical (NLO) proper-
ties of species in solution, we can achieve detection of HIV
DNA with excellent sensitivity (100 pm) and selectivity
(single base-pair mismatch).


Experimental Section


Synthesis and characterization of gold nanorods : Gold nanorods were
synthesized by using a seed-mediated, surfactant-assisted growth method
in a two-step procedure.[8–12,29–34] Colloidal gold seeds (�1.5 nm diameter)
were first prepared by mixing aqueous solutions of hexadecylcetyltri-
ACHTUNGTRENNUNGmethylammonium bromide (CTAB, 0.1m, 4.75 mL) and hydrogen
tetrachloroaurate ACHTUNGTRENNUNG(III) hydrate (0.01m,.2 mL). An aqueous solution of
sodium borohydride (0.01m, .6 mL) was then added. These colloidal gold
seeds were then injected into an aqueous growth solution of CTAB
(0.1m, 4.75 mL), silver nitrate (0.01m, varying amounts of silver between
20 and 120 mL depending on desired nanorod aspect ratio), hydrogen


tetrachloroaurate ACHTUNGTRENNUNG(III) hydrate (0.01m, 0.2 mL), and ascorbic acid (0.1m,
.032 mL). The nanorods were purified by several cycles of suspension in
ultrapure water, followed by centrifugation. They were isolated in the
precipitate, and excess CTAB was removed in the supernatant. The nano-
rods were characterized by TEM and absorption spectroscopy (as shown
in Figure 1).


Preparation of DNA gold nanorod conjugates : The nanorods prepared
by above methods were capped with a bilayer of cetyltrimethylammoni-
um bromide (CTAB), which is positively charged. The positively charged


Figure 1. Top: Extinction profile of Au nanorods with aspect ratios from
2.5 to 5.7. The strong long wavelength band in the near-infrared region
(lLPR=600–950 nm) is due to the longitudinal oscillation of the conduc-
tion band electrons. The short wavelength peak (l � 520 nm) is from the
nanorodsH transverse plasmon mode. Below: TEM images of nanorods of
average aspect ratios (s) �2.5 (middle) and 3.3 (bottom); bars represent
20 nm.
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surface of the nanorods was changed to a negatively charged surface by
exposing the nanoparticles to poly(styrenesulfonate) (PSS) polyelectro-
lyte solution. The extra PSS in solution was separated by centrifuging the
rod solution at 8000 rpm, and the pellet was redispersed in N-(2-hydroxy-
ACHTUNGTRENNUNGethyl)piperazine-N’-2-ethanesulfonic acid (HEPES) solution. The PSS-
capped nanorods were then mixed with probe DNA solution that was di-
luted in buffer and allowed to react for 20 min. The probe DNA was
probably bound to the PSS-coated nanorods by a mechanism similar to
that used for binding DNA to nanospheres, that is, by electrostatic physi-
sorption interaction.[14,16, 35, 6] Direct evidence for the preferential interac-
tion between dye-tagged ssDNA and gold nanoparticles is illustrated in
Figure 2. Our experimental data showed quenching of the dye photolumi-
nescence from dye-tagged ssDNA and enhancement of resonant Raman


scattering from the dye. Fluorescence emitted from AlexaFluor 647
(AF647)-modified ssDNA (AF647–5’-AGAAGATATTTGGAATAA-
CATGACCTGGATGCA-3’) was quenched more than 95% by gold
nanorod as shown in Figure 2 (top). The fluorescence spectra were re-
corded by using our NSET Probe as previously reported.[14,16, 35] From sur-
face-enhanced resonant Raman scattering (SERRS) measurements sever-
al orders of magnitude signal enhancement were observed (as shown in
Figure 2, bottom) from rhodamine 6G (Rh6G)-tagged ssDNA (Rh6G
�5’-AGAAGATATTTGGAATAACATGACCTGGATGCA-3’) ad-
sorbed on gold nanorods. The Raman modes at 234, 253, 273, and
371 cm�1 are N-C-C bending modes of ethylamine group of the Rh6G
ring and the strong Raman modes at 613, 777, 1182, 1347, and 1366 cm�1


are due to C-C-C ring in-plane bending, C�H out-of-plane bending, C�C
stretching, and C�N strectching, respectively. Details of SERS measure-
ments have been reported recently.[36]


Since certain regions of the gag gene, such as p24, are highly conserved
among human immunodeficiency virus (HIV) isolates, many therapeutic
strategies have been directed at gag-gene targets. We therefore used a
segment of HIV gag-gene sequence as a target DNA. To demonstrate
that HRS assay can be used for HIV-DNA detection, we initially used a
partial sequence of the HIV-1 gag gene, 5’-AGAAGATATTTGGAA-
TAACATGACCTGGATGCA-3’, as the probe. Then to understand the
capability of our HRS assay for longer DNA sequences we used 86, 115
and 142 base pair (bp) fragments from the gag region. Oligonucleotides
with different chain lengths, and its complement and noncomplement
(one and two base pair mismatch), were purchased from the Midland
Certified Reagent Company. Hybridization of the probe and the target
was conducted for 5 min in phosphate buffer solution with 0.3m NaCl for
few minutes at room temperature. An aliquot of the hybridization solu-
tion was added to the gold nanorod solution (1 mL). Phosphate buffer
(1 mL) was added immediately to the same solution.


Hyper-Rayleigh scattering (HRS) spectrosocpy : The HRS technique is
based on light scattering. The intensity of the Rayleigh scattering is line-
arly dependent on the number density and the impinging laser intensity,
and quadratically on the linear polarizability a. The HRS or nonlinear
light scattering can be observed from fluctuations in symmetry, caused by
rotational fluctuations. This is a second-harmonic-generation experiment
in which the light is scattered in all directions rather than as a narrow co-
herent beam. The technique can be easily applied to study a very wide
range of materials, because electrostatic fields and phase matching are
not required.[6, 21–26,37–40] Other advantages are that the polarization analy-
sis gives information about the tensor properties, and spectral analysis of
the scattered light gives information about the dynamics. We monitored
the second-order NLO properties using the HRS technique. Scattering
by a fundamental laser beam can be detected at the second harmonic
wavelength. This is a second-harmonic-generation experiment in which
the light is scattered in all directions rather than as a narrow coherent
beam. For the HRS experiment, we used a mode-locked Ti:sapphire
laser, delivering at fundamental wavelength of 860 nm with a pulse dura-
tion of about 150 fs at a repetition rate of 80 MHz. We performed TEM
data (as shown in Figure 1, bottom) before and after exposure of about
5 min to the laser and we did not note any photothermal damage of gold
nanorods within our HRS data colleting time. After passing through a
low-pass filter, a fundamental beam of about 100 mW was focused into
quartz cell containing the aqueous solutions of the metallic particles. The
HRS light was separated from its linear counterpart by a 3 nm bandwidth
interference filter and a mono ACHTUNGTRENNUNGchromator and then detected with a cooled
photomultiplier tube (PMT), and the pulses were counted with a photon
counter. The fundamental input beam was linearly polarized, and the
input angle of polarization was selected with a rotating half-wave plate.
In all experiments reported, the polarization state of the harmonic light
was vertical. Gold nanorods are known to possess strong two-photon lu-
minescence (TPL).[19,41] To avoid TPL contributions from HRS signal, we
used the following steps: 1) We used gold nanorods of aspect ratios 2.5
and 2.7, the lmax of which was 200 nm away from the excitation wave-
length. Our experiments indicate that in case of 860 nm excitation, TPL
signal can be observed for nanorods with aspect ratio between 3.3–5.2. 2)
We used a 3 nm interference filter in front of PMT, to make sure that
only second-harmonic signal is collected by PMT.


Results and Discussion


NLO properties of gold nanorods and evidence for multi-
poles : To understand whether the two-photon scattering in-
tensity at 430 nm light is due to second-harmonic genera-
tion, we performed power-dependent as well as concentra-
tion -dependent studies. Figure 3 shows the output signal in-


Figure 2. Top: Fluorescence emitted from from AlexaFluor 647 (AF647)
modified to ssDNA (AF647–5’-AGAAGATATTTGGAATAACAT-
GACCTGGATGCA-3’) was quenched by more than 95% by gold nano-
rods. Upon hybridization, the double-stranded (ds)-DNA is no longer ab-
sorbed onto the gold nanorods and the fluorescence of the dye persists.
Bottom: Surface-enhanced resonant Raman scattering (SERRS) from
rhodamine6G-tagged ssDNA (Rh6G �5’-AGAAGATATTTGGAA-
TAACATGACCTGGATGCA-3’) with and without gold nanorods.
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tensities at 430 nm from ss-DNA absorbed gold nanoparti-
cles at different powers of 860 nm incident light. A linear
nature of the plot implies that the doubled light is indeed
due to the HRS signal.
Figure 4 shows log ACHTUNGTRENNUNG(I2w) versus log(Iw) plot. A linear


nature of the plot with slope 1.92 also supports that the


HRS signal is due to the second-harmonic light. The intensi-
ty IHRS of the hyper-Rayleigh signal from an aqueous solu-
tion of gold nanorods can be expressed as Equation (1) in
which G is a geometric factor, Nw and Nnano the number of
water molecules and gold nanorods per unit volume, bW and
bnano are the quadratic hyperpolarizabilities of a single water
molecule and a single gold nanorod, e2w is the molar extinc-
tion coefficient of the gold nanorod at 2w, l is the path
length, and Iw the fundamental intensity. The exponential
factor accounts for the losses through absorption at the har-
monic frequency.


IHRS ¼ GhNwb2
wþNnanob


2
nanoiI2we�Nnanoe2w l ð1Þ


To extract absolute values of the hyperpolarizabilities, the
normalized intensities were normalized again with para-ni-
troaniline (pNA) in methanol. By using bw=0.56K10�30 esu,
as reported in the literature, we have found out bnano=3.8K
10�24 esu for 80 nm gold nanorod and 4.2K10�24 esu for
DNA adsorbed gold nanorod, which is about 3–4 orders of
magnitude higher than the b values reported for the best


available molecular chromophores[21–27,37] and 1–2 orders of
magnitude higher than the b value reported for gold nano-
particles.[6,22,38,39] This higher b value for nanorods with re-
spect to nanosphere can be due to several facts and these
are 1) The presence of {110} facets, which is not present in
nanospheres, is known to give rise to strong absorption ener-
gies; 2) the surface electromagnetic field of rods is the high-
est relative to other shapes due to the rodHs high curvatures
(called “the lightning rod” effect[40]); 3) the presence of mul-
tipoles; and 4) possibility of single-photon resonance en-
hancement. The optical responses of particles that are small
compared to the wavelength can be described usually in the
framework of electric-dipole approximation. However, when
the particle size approaches the wavelength, the dipolar pic-
ture may no longer provide a complete description, and
higher multipolar interactions should be considered. Multi-
poles can arise by two different ways: 1) from the light–
matter interaction Hamiltonian, corresponding to micro-
scopic multipole moments, and 2) according to MieHs scatter-
ing theory.[41] Standard MieHs theory is based on dipolar in-
teractions, and multipoles arise from the size and retarda-
tion effects. Since there is a center of inversion in the nano-
rod, the HRS intensity arising from gold nanorod cannot be
due to electric dipole contribution. At the microscopic scale,
the breaking of the centrosymmetry is required for the har-
monic generation process at the surface of the particle. Con-
sidering the size of a nanorod, the approximation that as-
sumes that the electromagnetic fields are spatially constant
over the volume of the particle is not suitable anymore.
Higher orders of the electromagnetic fieldHs spatial expan-
sion must be incorporated into the description. As a result,
the total nonlinear polarization consists of different contri-
butions, such as multipolar radiation of the harmonic energy
of the excited dipole and possibly of higher multipoles. The
HRS intensity therefore also consists of several contribu-
tions. The first one is the electric-dipole approximation,
which may arise due to the defects in nanorods. This contri-
bution is actually identical to the one observed for any non-
centrosymmetric pointlike objects, such as efficient rodlike
push–pull molecules. This electric dipole nature presents
two lobes oriented along the 0–1808 axis. The second contri-
bution is multipolar contribution like electric quadrupole
contribution. This contribution is very important when the
size of the particle is no longer negligible when compared to
the wavelength.
This contribution pattern shows four lobes (as shown in


Figure 5) oriented on the 45, 135, 225, and 3158 axes when
the vertically polarized harmonic output is considered.
Figure 5 demonstrates the polar plots of the HRS intensity
vertically polarized as a function of the angle of polarization
of the fundamental incoming beam for two types of gold
particles: 1) 20 nm diameter gold nanosphere, 2) 120K45 nm
gold nanorods. Our experimental results show clearly four-
lobe pattern for gold nanorods and two-lobe pattern for
gold nanospheres. So our experimental results show that the
origin of the very high HRS light is due to the presence of
both dipolar and quadrupolar contributions. For our gold


Figure 3. Power dependence of HRS intensity at different concentration
of gold nanorods.


Figure 4. Excitation power dependence of the detected HRS signal from
gold nanorod solution (excitation wavelength was 860 nm).
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nanoparticle, the ratio between the length of the particles
and the wavelength of the fundamental beam is only 3/17,
which is too large to neglect the retardation effect. This
four-lobe pattern is not regular as demonstrated by the size
inequality between the lobes. In particular, the lobes at 45
and 2258 are larger than those collected at 135 and 3158.
These deviations from the perfect polar plot are due to the
retardation effects of the electromagnetic fields.


Sequence specific HIV-1 gag gene DNA diagnostics :
Figure 6 shows how the HRS intensity varies after the addi-
tion of target DNA into probe HIV-1 gag-gene DNA (5’-
AGAAGATATTTGGAATAACATGACCTGGATGCA-3’)
(400 pm). We observed a very distinct HRS intensity change
after hybridization even at the concentration of 100 pico-
molar probe ss-DNA. The HRS intensity changes only 10%
when we added the target DNA with one base-pair mis-
match with respect to probe DNA (as shown in Figure 6).
Our detection is based on the fact that double- and single-
stranded oligonucleotides have different electrostatic prop-


erties as shown in Scheme 1. When DNA is adsorbed onto
the nanorod, due to conformationally flexible backbone of a
single-stranded DNA, a favorable conformation for the ad-
sorbed oligonucleotides is an archlike structure, in which


both the 3’- and 5’-ends are attached to the particle. Since
the ds-DNA cannot uncoil sufficiently like ss-DNA to
expose its bases toward the gold nanorods, repulsion be-
tween the charged phosphate backbone of ds-DNA and neg-
atively charged ions from the gold nanorods surface domi-
nates the electrostatic interaction, which does not allow ds-
DNA to adsorb onto gold nanorods.
The fact that dye-tagged ssDNA adsorbs onto the gold,


whereas dsDNA does not adsorb, can be seen through the
effects of adding complementary DNA to solutions contain-
ing dye-tagged ssDNA adsorbed onto gold nanorods. Upon
hybridization, the double-strand (ds) DNA is no longer ad-
sorbed onto the gold nanorods and the fluorescence of the
attached dye persists (as shown in Figure 2, top).
As soon as the ds-DNA separated from gold nanorod, a


second effect, aggregation of gold nanorod has been ob-
served as evidenced by TEM image (Figure 7), which has
been further confirmed by absorption spectroscopic studies
(Figure 8, top). This is due to the screening effect of the salt,
which minimizes electrostatic repulsion between the oligo-


Figure 5. Polar plot of the HRS intensity as a function of the incoming
fundamental beam polarization angle from aqueous suspensions of 20 nm
gold spherical colloids (top) and 120K45 nm gold nanorods (bottom).


Figure 6. Plot of HRS intensity change versus target DNA {exact comple-
mentary of HIV-1 gag gene DNA (5’-AGAAGATATTTGGAATAA-
CATGACCTGGATGCA-3’ and one base pair mismatch} concentration
at the picomolar level.


Scheme 1. Schematic representation of the gold-nanorod-based DNA hy-
bridization process.
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nucleotide-modified particles, allowing more hybridization
events to take place, leading to more linked particles and
hence larger damping of the surface plasmon absorption of
Au nanorod surfaces. We also note that though the HRS in-
tensity changes by an order of 17 even at the concentration
of 100 pm probe DNA, the visible color changes (as shown
in Figure 8, bottom) can be observed only after the addition
of 10 nm complementary DNA, which indicates that our
HRS assay is about two orders of magnitude more sensitive
that the usual colorimetric technique.
After hybridization, the HRS intensity change can be due


to several factors


1) Since aggregation takes place after hybridization, the
nanorod loses the center of symmetry and, as a result,
one can expect significant amount of electric-dipole con-
tribution to the HRS intensity. Since electric dipole con-
tributes several times higher than that of multipolar mo-
ments, we expect the HRS intensity to increase with ag-
gregation.


2) When target DNA with complementary sequence is
added to the probe DNA, a clear colorimetric change is
observed due to the aggregation as shown in Figure 8


(top, absorption maximum changes from 697 to 950 nm).
A two-level model that has been extensively used for
donor–acceptor NLO chromophores can be used to ex-
plain the difference of first-order nonlinearity due to the
change in color of nanorods. According to the two-state
model,[42] Equation (2) can be written in which meg is the


btwo state ¼
3m2


egDmeg


E2
eg


w2
eg


ð1�4w2=w2
egÞðw2


eg�w2Þ
ð2Þ


transition dipole moment between the ground state jgi
and the charge-transfer excited state jei, Dmeg is the dif-
ference in dipole moment, and Eeg is the transition
energy. As the color changes, the lmax changes from 697
to 950 nm, b should change significantly and as a result
HRS intensity changes.


3) The single photon resonance enhancement factor is
much larger for nanorod aggregates due to the closeness
of lmax to the fundamental wavelength at 860 nm. This
resonance enhancement should increase HRS intensity.


4) Since size increases significantly with aggregation, the
HRS intensity should increase with the increase in parti-
cle size.


To understand how the HRS intensity increases with ag-
gregation, we have performed HRS experiment on a pure
gold nanorod solution with and without addition of NaCl.


Figure 8. Top: Absorption profile of DNA coated Au nanorods before
and after hybridization with different concentrations of probe DNA.
Bottom: Colorimetric change upon addition of 10 nm (left), 100 pm


(middle), and 0 pm (right) probe DNA.


Figure 7. TEM images of nanorods before (top) and after (bottom) hy-
bridization.
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Figure 9 shows how the HRS intensity increases with in-
creasing NaCl concentration. Our experiment indicates that
the HRS intensity is enhanced by a factor of 35 with respect
to the HRS signal of the pure gold nanorod solution, then
slightly decreases and finally saturates at a higher NaCl con-
centration. The enhancement factor is about the same for
pure gold nanorods and DNA adsorbed gold nanorods after
hybridization.


For genomic analysis, it is desirable to detect specific se-
quences on much longer HIV DNA targets. To examine
ability of our assays to quantify naturally occurring nucleic
acid sequences, the HIV gag gene was used as a model
system. Complementary DNA sequences matching a region
found within the nucleocapsid portion of the HIV gag gene
were tagged with gold nanorods and used as a probe.
Fragments containing 86, 115, 142, and 185 bp from the


gag region of HIV-1 DNA was used as target. Figure 10 rep-
resents the results of proof-of-principle experiments for de-
tecting matches to sequences on long targets; the only limi-
tation is that the hybridization process is slow due to the
slow adsorption process of long ss-DNA sequences on gold
nanoparticles. Although large portions of the target remain


single stranded and will presumably have the electrostatic
properties of ss-DNA, we have no difficulty using the assay
to determine whether these long targets contain sequences
complementary to our short, dye-tagged probes. Thus, our
technique is most practical when short, dye-tagged probes
ACHTUNGTRENNUNG(�45 mers) are used.


Conclusion


In conclusion, in this manuscript, we have demonstrated for
the first time a label free, highly sensitive and sequence-spe-
cific HRS assay for HIV gag gene, DNA sequence recogni-
tion in 100 picomolar level. For a 145-mer oligonucletide
probe, a 100 pm solution of target DNA can be detected
with excellent discrimination against single-base mismatches.
We provide experimental evidence for higher multipolar
contribution to NLO response of gold nanorods. Our HRS
assay have several advantages: 1) one can use unmodified
protein and DNA to probe them in solution by the HRS
technique, 2) it can be two orders of magnitude more sensi-
tive than the usual colorimetric technique, and 3) single
base-pair mismatches are easily detected. Our experimental
results reported here open up a new possibility of rapid,
easy, and reliable diagnosis of single-base-mismatch HIV-1
virus DNA by measuring the HRS intensity from DNA-
modified gold nanorods. The methods and principles pre-
sented here can be applied to in-vitro-selected aptamers for
recognizing a wide range of analytes such as small organic
molecules and divalent cations. These nanorod-based HRS
probes offer unique advantages and capabilities that are not
available from traditional molecular systems. It is probably
possible to improve the HRS intensity by several orders of
magnitudes by choosing proper materials and detection sys-
tems.
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The Mystery of Perpendicular Fivefold Axes and the Fourth Dimension in
Intermetallic Structures


Robert F. Berger, Stephen Lee,* Jeffreys Johnson, Ben Nebgen, Fernando Sha, and
Jiaqi Xu[a]


Introduction


Consider the enigma of complex intermetallic crystal struc-
tures, thermodynamically stable atomic arrangements with
hundreds or even thousands of atoms within the unit cell.
Characteristic examples are Li21Si5, Mg44Rh7, and Al69Ta39,
compounds that crystallize in the F4̄3m space group, with
large numbers in their stoichiometric ratios and correspond-
ingly large unit cells. Is there some pattern to these complex
crystal structures that eludes the casual observer, but which
can explain essential features of their structures?


In this paper we will uncover one such pattern. The start-
ing point will be diffraction. We shall find that the diffrac-
tion patterns of the above structures contain a pseudo-ten-
fold symmetry with an attached paradox. The mystery will
not be that tenfold diffraction symmetry is incompatible
with crystalline symmetry; that peculiarity has already been
explored in the context of quasicrystal approximants.[1] The
paradox we refer to is a simpler one.
The compounds Li21Si5, Mg44Rh7, and Al69Ta39 all adopt


cubic crystal structures with pseudo-fivefold symmetry along
the [110] direction. In cubic symmetry, the [110] direction
has five other symmetry-equivalent directions. These com-
pounds therefore have pseudo-fivefold symmetry axes along
[110], [11̄0], [011], [01 1̄], [101], and [10 1̄]: three pairs of
perpendicular pseudo-fivefold axes. The paradox is that no
three-dimensional point group contains a single pair of per-
pendicular fivefold symmetry axes, let alone three such
pairs.
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Abstract: The structures of eight relat-
ed known intermetallic structure types
are the impetus to this paper: Li21Si5,
Mg44Rh7, Zn13 ACHTUNGTRENNUNG(Fe,Ni)2, Mg6Pd, Na6Tl,
Zn91Ir11, Li13Na29Ba19, and Al69Ta39. All
belong to the F4̄3m space group, have
roughly 400 atoms in their cubic unit
cells, are built up at least partially from
the g-brass structure, and exhibit
pseudo-tenfold symmetric diffraction
patterns. These pseudo-tenfold axes lie
in the h110i directions, and thus pres-
ent a paradox. The h110i set is com-
prised of three pairs of perpendicular
directions. Yet no 3D point group con-
tains a single pair of perpendicular fi-
vefold axes (by FriedelFs Law, a five-
fold axis leads to a tenfold diffraction
pattern). The current work seeks to re-


solve this paradox. Its resolution is
based on the largest of all 4D Platonic
solids, the 600-cell. We first review the
600-cell, building an intuition discus-
sing 4D polyhedroids (4D polytopes).
We then show that the positions of
common atoms in the F4̄3m structures
lie close to the positions of vertices in a
3D projection of the 600-cell. For this
purpose, we develop a projection
method that we call intermediate pro-
jection. The introduction of the 600-
cell resolves the above paradox. This


4D Platonic solid contains numerous
orthogonal fivefold rotations. The six
fivefold directions that are best pre-
served after projection prove to lie
along the h110i directions of the F4̄3m
structures. Finally, this paper shows
that at certain ideal projected cluster
sizes related to one another by the
golden mean (t= (1+


p
5)/2), construc-


tive interference leading to tenfold dif-
fraction patterns is optimized. It is
these optimal values that predominate
in actual F4̄3m structures. Explicit
comparison of experimental cluster
sizes and theoretically derived cluster
sizes shows a clear correspondence,
both for isolated and crystalline pairs
of projected 600-cells.


Keywords: higher dimension ·
intermetallic phases · polytopes ·
solid-state structures · X-ray
diffraction
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The solution to this paradox is simple yet unexpected.
While there are no three-dimensional (3D) point groups
with perpendicular fivefold symmetries, there are four-di-
mensional (4D) point groups with orthogonal fivefold sym-
metries. The common atomic sites of these F4̄3m structures
prove to be connected to one such 4D point group. We will
show that the common atomic sites of Li21Si5, Mg44Rh7, and
Al69Ta39 lie at the 3D-projected points of a very symmetrical
4D object. It is this 4D object that has exact orthogonal five-
fold symmetries. Of course, these fivefold symmetry opera-
tions are no longer exact once projected into 3D space;
however, after projection, enough of their fivefold symmetry
is retained that a pseudo-tenfold symmetric diffraction pat-
tern (tenfold due to the pseudo-fivefold symmetry coupled
with FriedelFs Law[2]) is observed even in three dimensions.
This paper therefore begins with the observation of


pseudo-tenfold diffraction symmetry in the aforementioned
crystal structures. It then examines those atoms in these
crystal structures principally responsible for the observed
pseudo-tenfold diffraction symmetry.
At this point we begin our analysis of 4D objects. We will


show that 4D objects can be understood through 3D images
of them, in much the same way that ordinary two-dimen-
sional (2D) images are used to understand 3D solids. We
will therefore consider 3D images of a particular 4D
object—an object with perpendicular fivefold symmetry. We
show that this object, once projected into 3D space, retains
a pseudo-tenfold diffraction symmetry.
We find that at certain ideal configurations and sizes,


these diffraction images are optimal. Connecting these
mathematical ideas to the actual reality of the true Li21Si5,
Mg44Rh7, and Al69Ta39 crystal structures, we find that the
atoms of these crystal structures lie near sites of the project-
ed 4D object, and therefore exhibit pseudo-tenfold diffrac-
tion symmetry. At the same time, they have interatomic dis-
tances that optimize constructive interference in their dif-
fraction patterns.
The story we create builds upon the observations of


others. While the types of structures we describe—interme-
tallic crystal structures with regions consisting entirely of
close-packed, slightly distorted tetrahedra—have a rich his-
tory of efforts to catalogue and systematize their geome-
tries,[3–9] we will mention only the observations most directly
relevant to this paper. First among these was the realization
by Samson and co-workers[10–13] that large cubic intermetallic
structures such as NaCd2 and Cd3Cu4 contain a pseudo-five-
fold symmetry perpendicular to their crystallographic h110i
directions. This same pseudo-fivefold symmetry was later
observed by Khare and co-workers[14] for the g-brass struc-
ture, and it was pointed out that the axes were inconsistent
with those in known quasicrystals and quasicrystal approx-
imants.1 Later came the observation by Nyman, Andersson,
Hyde, and others[17,18,19] that the g-brass structure, among
other tetrahedrally close-packed structures, is one in which


the edge-capped stella quadrangula plays a central role. (We
review the edge-capped stella quadrangula later in this
paper for readers unfamiliar with it.) And finally, there is
the more recent work of Sadoc and Mosseri,[20,21] who recog-
nized that the fundamental clusters of structures such as
Cr3Si, a-Mn, and g-brass bear a clear relationship with the
4D Platonic solid, the 600-cell. All of these observations are
fundamentally connected and, as we hope to show for the
Li21Si5, Mg44Rh7, and Al69Ta39 structures, tell different as-
pects of a single unified story.


Results and Discussion


Large F4̄3m intermetallic structures


Description of their structures : Seven structure types listed
in PearsonFs Handbook of Crystallographic Data for Inter-
metallic Compounds[22] in the space group F4̄3m contain ap-
proximately 400 atoms in their unit cells. Compounds for
which X-ray single crystal data sets have been recorded and
solved include Li21Si5,


[23, 24] Zn21Pt5,
[25,26] Cu41Sn11,


[27, 28]


Mg44Rh7,
[29] Zn39Fe11,


[30] Mg44Ir7,
[31] Zn13 ACHTUNGTRENNUNG(Fe,Ni)2,


[32] Mg6Pd,
[13]


Mg29Ir4,
[33] Na6Tl,


[12] Zn91Ir11,
[34] Li13Na29Ba19,


[35] and
Al69Ta39.


[36] To varying degrees, these structure types are all
based on a simpler parent structure, g-brass.[37] In this paper
we will restrict our attention to the above 13 solved crystal
structures. (Of a total of 15 known to us, these 13 bear the
simplest connection to the g-brass structure.) We review the
essential features of this simpler structure first.
The g-brass structure is illustrated in Figure 1a. The struc-


ture is a cubic I-centered arrangement of the 26-atom clus-
ter shown in this figure, a cluster composed of four distinct
sites: IT (inner tetrahedron), OT (outer tetrahedron), OH
(octahedron), and CO (cuboctahedron). In accord with the
I-centering condition, there are two of these 26-atom clus-
ters per cubic unit cell.


Figure 1. Two atomic clusters common to the F4̄3m intermetallic struc-
tures: a) the 26-atom g-brass cluster and b) the 29-atom a-Mn cluster.
Clusters are shown as nested polyhedra, with each crystallographic site
represented by a color (inner tetrahedron (IT) or cluster center (CC):
yellow; outer tetrahedron (OT): orange; octahedron (OH) or truncated
tetrahedron (TT): red; and cuboctahedron (CO): purple).


1 Although there are differences between the h110i and h1t0i directions,
Dong and others[15,16] have analyzed the relationships between g-brasses
and approximants of icosahedral and decagonal quasicrystals.
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The simplest of the large unit-celled F4̄3m structures,
Li21Si5, Zn21Pt5, and Cu41Sn11, are 2P2P2 ordered super-
structures of g-brass. The a, b, and c axes of these crystals
are each twice as long as the corresponding axis length in g-
brass; these crystalsF unit cells therefore have eight times
the volume of g-brass. Instead of two 26-atom clusters per
unit cell, there are 16.
All of these structures are F-centered, which requires


each cluster to have three translationally equivalent clusters,
and hence these 16 clusters can be reduced to four transla-
tionally inequivalent ones. In the space group F4̄3m, these
four clusters are also not related by any point-group opera-
tion. They are all crystallographically unique.
Specifying the atomic site positions (and the atom types)


of these four clusters identifies these structures. In Figure 2,


we show the four crystallographically inequivalent clusters
of Li21Si5. The four clusters lie inside a single primitive unit
cell. As this picture further shows, the four inequivalent
clusters lie in a cubic cell at (0,0,0), (14,


1
4,
1
4), (


1
2,
1
2,
1
2), and (


3
4,
3
4,
3
4).


We will refer to these four clusters as the Z, Q, H, and T
clusters, the clusters being at zero, a quarter, a half, and
three-quarters of the cell dimension, respectively.
As Figure 2 shows, differences exist between the four clus-


ters: in Li21Si5, the Si atoms occupy different positions in the
different clusters (for the Z and Q clusters the Si atoms lie
on the OT sites, while for the H and T clusters they lie on
the OH sites).2 However, in the F4̄3m family of structures,
clusters can differ to an even greater extent. Clusters can
have radically different atomic sites. One such different clus-
ter is illustrated in Figure 1b. This cluster, found in Zn91Ir11,
does not have any atoms at either the IT or OH sites, but in-
stead has atoms at the center of the cluster (CC) and in a
truncated tetrahedron (TT). This new cluster type is gener-
ally referred to as an a-Mn cluster, due to its similarity to
the principal constituent cluster of that structure type.[38]


Other cluster types with descriptive names such as Ti2Ni,
bcc, and fcc (so named because of clear connections to these
parent structures) also exist.3 However, all cluster types are
composed of just the six aforementioned types of atomic
sites (CC, IT, OT, OH, TT, and CO). There are always four
crystallographically inequivalent clusters located at Z, Q, H,
and T. All sites can therefore comfortably be labeled with a
three-letter designation: for example, HTT would refer to a
truncated tetrahedral site centered at (12,


1
2,
1
2). In this article,


these three-letter designations will prove more useful than
the traditional names based on descriptive names such as a-
Mn or Ti2Ni.
In this paper, we will consider eight structure types (as we


shall see, our definition of structure type will be slightly dif-
ferent from the standard definition). We will consider only
those structures that are traditionally considered to contain
a g-brass cluster. This includes 13 of the 15 F4̄3m 2P2P2
compounds known to us for which a single-crystal structure
has been solved.4


Pseudo-tenfold diffraction along the [1 1̄0] direction : In
Figure 3, we show single-crystal X-ray diffraction images[42]


for two of the F4̄3m family of structures, Zn39Fe11 and
Na29Li13Ba19. (We have chosen these two structures as they
are the two structures where pseudo-tenfold symmetry is
strongest, but as the Supporting Information illustrates,
pseudo-tenfold diffraction is present in the remaining mem-
bers of the family.) In Figure 3, we show reflections orthogo-
nal to the [1 1̄0] direction. We show only the most intense
peaks.
The diffraction images of Figure 3 exhibit a pseudo-ten-


fold symmetry. Diffraction spots appear in two distinct rings.
For the inner ring, strong reflections include 660, 555, and
228; for the outer ring, they include 10100, 888, and 3313.
These hkl indices belong to an understandable general pat-
tern related to the Fibonacci sequence.
Recall in the Fibonacci sequence (1, 1, 2, 3, 5, 8, 13,…),


each number is the sum of the two previous numbers of the
sequence. Let us call a given Fibonacci sequence number hi,
the numbers preceding and following this number then
being hi�1. Consider now the set of hkl reflections,
(2hi,2hi,0), (hi+1,hi+1,hi+1), and (hi�1,hi�1,hi+2) (we use
commas and parentheses here for the sake of clarity). The
rings of peaks previously mentioned then correspond to the
sets in which hi are 3 and 5, respectively. (For example for
hi=3, these peaks correspond to (2hi,2hi,0)=660, (hi+1,hi+


1,hi+1)=555, and (hi�1,hi�1,hi+2)=228.) The connection to
the Fibonacci sequence will prove to run deeper than the


Figure 2. The four crystallographically inequivalent g-brass clusters in
Li21Si5 (Li: red; Si: blue), shown in both the primitive unit cell (black)
and the cubic unit cell (cyan). The clusters are centered in the cubic cell
at Z (0,0,0), Q (14,


1
4,
1
4), H (


1
2,
1
2,
1
2), and T (


3
4,
3
4,
3
4).


2 In addition, there is an interesting variation among the orientations of
the various clusters in Li21Si5. As careful examination of Figure 2
shows, the orientation of the inner tetrahedron of the H cluster is in-
verted with respect to the orientations of the Z, Q, and T clusters.


3 These alternate names are important in their own right. We have re-
cently shown, for example, that the Ti2Ni cluster plays a fundamental
role in understanding quantum calculations on the Mg44Rh7 struc-
ture.[39]


4 The remaining two structures, Zn20.44Mo
[40] and Cd45Sm11,


[41] contain
clusters based on the body-centered cubic (bcc) structure. While the
ideas of this paper can be applied to the remaining two structures
(recall that g-brass is itself a defect bcc structure), the inclusion of
these structures would require several multipage excursions, of a length
suited perhaps for another full article.
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above observations, but in order to appreciate these connec-
tions we will need a number of additional concepts.
How is it that different structure types with differing


atomic positions can all exhibit pseudo-fivefold symmetry?
A suggestive clue to the answer to this question is given in
Table 1, which lists relative intensities of the six most intense
symmetry-inequivalent diffraction peaks of Zn39Fe11 and


Na29Li13Ba19. These peaks belong to the two previously dis-
cussed rings of pseudo-tenfold diffraction. As this table
shows, peaks within a given ring are not uniform in intensity.


This lack of uniformity provides a measure of the incom-
pleteness of the tenfold symmetry.
In this same table, we also give the calculated intensities


using only those atomic positions shared across the full
family of F4̄3m structures (there are 12 such positions). Re-
stricting the diffraction pattern to these common atoms im-
proves the uniformity in diffraction intensities: it also im-
proves overall pseudo-tenfold symmetry. Not shown, but
equally true, is that this restriction improves the diffraction
symmetry of the full family of F4̄3m structures. We there-
fore conclude that the origin of the pseudo-tenfold symme-
try lies in the common atoms.
Trying to understand the common atoms brings us to the


heart of this paper. It is a heart that involves geometrical
concepts of a sort not familiar to most of us. The very per-
pendicularity of the pseudo-fivefold axes, coupled with the
absence of any 3D point group with perpendicular fivefold
axes, forces unusual geometrical concepts upon us.
We shall see that the key idea will be the introduction of


a fictitious fourth dimension. This fourth dimension will
have a number of concrete uses. It will allow us to create
perpendicular fivefold axes that perfectly align with the
h110i directions of these crystals. It will also allow us to
create a continuous array of perfectly regular face-sharing
tetrahedra, a geometrical array which many of us know
cannot be achieved in three dimensions.


Four-dimensional (4D) Platonic solids


Projected views of three-dimensional (3D) Platonic solids :
The 4D geometry we will use is connected to 4D Platonic
solids. Such 4D Platonic solids may seem at first a forbid-
ding topic, but as we hope to show, many of the same tricks
used to understand 3D Platonic solids can be applied to 4D
Platonic solids. In particular, we note that much of our un-
derstanding of 3D objects is based on 2D pictures of them.
We have trained ourselves to look at these 2D pictures and
convert them in our minds into 3D solids. In exactly the
same way, in this article we will consider 3D images of 4D
solids and use our minds to turn these 3D images into repre-
sentations of a true 4D object.
We begin by considering ordinary 3D Platonic solids, 3D


polyhedra in which all vertices, edges, and faces are identi-
cal. In this article, we consider four of the five 3D Platonic
solids: the tetrahedron, the octahedron, the dodecahedron,
and the icosahedron. These Platonic solids are illustrated in
Figure 4. The tetrahedron is of Td point-group symmetry,
the octahedron of Oh symmetry, and the dodecahedron and
icosahedron of Ih symmetry. Furthermore, the dodecahedron
and icosahedron are duals of each other: atoms placed at
the center of the faces of one polyhedron lie at the vertices
of the other polyhedron.
We begin our account by carefully considering the views


of these Platonic solids along their symmetry axes. (As we
shall see, 4D Platonic solids are also most clearly viewed
down their symmetry axes.) In Figure 5, we show the octahe-
dron down its fourfold axis and the dodecahedron down its


Figure 3. Simulated single-crystal X-ray diffraction patterns of a) Zn39Fe11
and b) Na29Li13Ba19, viewed in the [1 1̄ 0] direction. Only the brightest
peaks are shown: they exhibit a striking pseudo-tenfold symmetry. As all
the strongest reflections are normal to the h110i directions, this figure re-
veals all the most intense peaks of these structures. See Table 1.


Table 1. Strongest X-ray reflection intensities. Diffraction data calculated
by Cerius2[42] for CuKa radiation for 2q ranging from 0 to 1108. The
Li13Na29Ba19 16 16 0 reflection is among the most intense peaks. It corre-
sponds to the third ring in which hi=8. See text.


Zn39Fe11 Li13Na29Ba19
Reflection All


atoms
Common
sites


Reflection All
atoms


Common
sites


6 6 0 100 100 6 6 0 79 94
5 5 5 40 50 5 5 5 52 58
2 2 8 54 65 2 2 8 55 61
10 10 0 67 84 10 10 0 100 100
8 8 8 58 72 8 8 8 78 88
3 3 13 22 33 3 3 13 59 71
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five-, three-, and twofold axes. Each of these views will
teach us general principles useful in understanding 4D
solids.
We begin with the octahedron. The octahedron is com-


posed of six vertices and eight faces, but only five of its ver-
tices and four of its faces are visible in Figure 5. The reason
is evident; upon projection into the plane of the picture,
half of the polyhedron is obscured by the other half.
We may view this missing half from two very different


viewpoints. If we are to view Figure 5a as a picture of a real
3D octahedron, we then assume that the other half of the
octahedron is hidden from view, but actually exists as the
underside of the polyhedron. Equally relevant, however, is
another more 2D perspective. Imagine that Figure 5a actual-
ly represents a true 2D object (a 2D object created by pro-
jecting the 3D octahedron into the 2D space). From this
viewpoint, only one-half of the 3D octahedron has been suc-
cessfully projected into 2D space. The other half cannot be
successfully projected as this would force vertices to be pro-


jected into the interior of the first half. If vertices are to
become atoms, such a mapping would place atoms at chemi-
cally unreasonable distances with respect to other atoms.
A similar distinction will take place with 3D projections


of a 4D Platonic solid. In some cases, vertices will be pres-
ent, but hidden by the upper side of the 3D polyhedron. In
other cases, some atoms will not be projected, as such pro-
jection would place the new atoms into the interior volume
already occupied by other projected atoms. In this paper, we
will refer to the former as vertices (or atoms) hidden from
view, and the latter as atoms in the shadow of other atoms.
Further important features can be extracted from the


three views of the dodecahedron. We begin with the fivefold
view, Figure 5b. Just 15 of the vertices and six of the faces of
the dodecahedron can be seen in this view. Of the six visible
pentagons, only the central pentagon appears perfectly regu-
lar, while the remaining five take on a somewhat com-
pressed shape (although in the 3D polyhedron, they are just
as regular as the central pentagon).
The compressed aspect of the outer pentagons has two


components to it. First, the projected area of the com-
pressed pentagons is smaller than that of the central penta-
gon. Second, the edges of the polyhedron that lie at the
sharpest angle with respect to the plane of the picture are
somewhat shorter in appearance. Both components will
later prove important in understanding 4D Platonic solids.
The threefold view of the dodecahedron, Figure 5c, tells a


similar story. Only six of the pentagonal faces are visible,
the central three of which take on a distinctly more regular
appearance than the outer three, the outer three pentagons
having both significantly less area and (as some of the outer
pentagonsF edges are fairly perpendicular to the plane of the
picture) significantly shortened edge lengths.
Of especial interest is the dodecahedron viewed down the


twofold axis, Figure 5d. At first glance only four of the pen-
tagonal faces can be seen, the central two of which take on
the most regular appearance. In this view, however, there
are four additional pentagonal faces that lie at the periphery
of the projected view. These additional four pentagons are
exactly orthogonal to the plane of the paper. The projected
area of these pentagons is exactly zero; these four perpen-
dicular polygons take on the appearance of line segments.
(For the sake of clarity, one of these orthogonal pentagons
is shown in red in Figure 5d.)
In this view, there are four additional faces that lie com-


pletely hidden by the visible faces. The number of hidden
faces exactly equals the number of visible faces. This equali-
ty is not an accident. A dodecahedron has inversion symme-
try. Upon inversion, the visible faces switch places with the
hidden faces. The four peripheral faces that appeared as
simple line segments in Figure 5d are equally pertinent here.
The centers of the four peripheral faces lie exactly halfway
between the visible and the hidden faces. If we were to use
the terminology of a sphere, the four visible faces lie in one
hemisphere, the four hidden faces in the other hemisphere,
and the center of the four peripheral faces lie exactly on the
equator.


Figure 4. Four of the five 3D Platonic solids: the a) tetrahedron, b) octa-
hedron, c) dodecahedron, and d) icosahedron.


Figure 5. Various 3D polyhedra viewed down their symmetry axes. a) An
octahedron viewed down its fourfold axis, and a dodecahedron viewed
down its b) fivefold, c) threefold, and d) twofold axes (with a pentagonal
face that appears as a line segment shown in red).
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We see finally one additional point that will later prove
useful in understanding 4D solids. Whenever the direction
of the projection is perpendicular (i.e. , normal) to a given
face, the given face preserves its symmetry upon projection.
Thus, the fivefold view of the dodecahedron in Figure 5 is
exactly normal to the central pentagonal face of the projec-
tion. It is therefore only in this fivefold view that the pen-
tagonal symmetry of the original dodecahedron is perfectly
preserved.


Identical vertices, edges, faces, and polyhedra : Before giving
actual 3D images of 4D solids, we need to make some gen-
eral observations about 4D Platonic solids. Our observations
begin with lower-dimensional Platonic solids: regular poly-
gons and regular polyhedra. Regular polygons are 2D ob-
jects with identical vertices (which are 0D) and identical
edges (which are 1D). For 3D regular polyhedra, there is
the additional requirement of identical faces (which are
2D). The salient point here is that in moving from 2D poly-
gons to 3D polyhedra, we have added just one new compo-
nent to our geometric description, the face, and that this
new component is of one higher dimension than the highest
dimension of the remaining components (the vertices and
the edges).
It should therefore not be surprising that 4D Platonic


solids will consist of identical vertices (0D), edges (1D),
faces (2D), and polyhedra (3D). The polyhedra which are
the constituent parts of a 4D solid are traditionally referred
to as cells. (The 4D solids themselves are called 4D poly-
topes or polyhedroids.[43,44]) There are just six 4D Platonic
solids,[45,46] of which three will be discussed in this article.
We may approach our understanding of 4D Platonic


solids in a second, we hope, intuitive manner. Again, intu-
ition needs to be based on our understanding of lower-di-
mensional Platonic solids. A 2D Platonic solid, a regular
polygon, is composed of vertex-sharing (vertices are 0D)
line segments (lines are 1D) that are each canted with re-
spect to each other and which wrap together around an area
(an area is 2D). A 3D Platonic solid is composed of edge-
sharing (edges are 1D) polygons (polygons are 2D) that are
canted with respect to each other and which wrap together
around a volume (a volume is 3D). By analogy, we infer a
4D Platonic solid is composed of face-sharing (faces are 2D)
polyhedra (polyhedra are 3D) that are canted with respect
to each other and which wrap around a (fictitious) hypervo-
lume (the hypervolume being 4D).


The 16-cell : The eight points (�1,0,0,0), (0,�1,0,0), (0,0,�
1,0), and (0,0,0,�1) prove to be the vertices of one of the
six 4D Platonic solids. Each of these points can be thought
of as a 4D vector. Distances between pairs of vertices are
therefore readily calculable. Each vertex has six nearest
neighbors (for simplicity we shall say nearest-neighbor verti-
ces are bonded to one another): for example, the point
(1,0,0,0) has the six points (0,�1,0,0), (0,0,�1,0), and
(0,0,0,�1) at a distance of p2 away from it. As there are
eight vertices, six bonds per vertex, and each bond is shared


by two vertices, there are 24 bonds (24= (8P6)/2) in this
polyhedroid (4D solid).
Both vertices of a pair of nearest neighbors (e.g., (1,0,0,0)


and (0,1,0,0)) are mutually bonded to exactly four other ver-
tices (in this case, (0,0,�1,0) and (0,0,0,�1)). As each of
these last four vertices is bonded to both of the originally
bonded atoms, there are therefore four triangles of bonded
atoms. The original bond lies simultaneously on four trian-
gular faces. As there are 24 bonds, four triangles that share
a common bond, and as a triangle is always composed of
three bonds, there are 32 triangular faces (32= (24P4)/3) in
this polyhedroid.
Consider one triangle of bonded atoms (e.g., (1,0,0,0),


(0,1,0,0), and (0,0,1,0)). There prove to be exactly two verti-
ces that are bonded to all three vertices of a bonded trian-
gle. In the current example, the pair of vertices at (0,0,0,�
1) are both bonded to all three vertices of the triangle.
Either of these last vertices, together with the initial triangle
of bonded vertices, forms a tetrahedron. There are therefore
exactly two tetrahedra that share a common triangular face.
As there are 32 triangular faces, two tetrahedra that share a
common face, and as a tetrahedron always has four faces,
there are 16 tetrahedra (16= (32P2)/4) in this polyhedroid.
It will also prove useful to know the number of tetrahedra


that share a common vertex. To calculate this number, we
note that (the number of vertices)P(the number of tetrahe-
dra which share a given vertex)/(the number of vertices per
tetrahedron)= the number of tetrahedra in the polyhedroid.
There are eight vertices in the polyhedroid, four vertices per
tetrahedron, and 16 tetrahedra in the 4D solid. Applying the
above formula we find 8Pn/4=16, in which n equals the
number of tetrahedra that share a common vertex. We
therefore find that the number of tetrahedra which share a
common vertex is eight.
In summary, every vertex is shared by eight tetrahedra,


every bond is shared by four triangles, and every face is
shared by two tetrahedra. In addition, the number of verti-
ces is eight, edges (or bonds) 24, faces (or triangles) 32, and
cells (or tetrahedra) 16. These last numbers obey the 4D
Euler relation:[46] (number of vertices)�(number of edges)+
(number of faces)�(number of polyhedra)=0, as 8�24+


32�16=0. All vertices, edges, faces, and polyhedra (cells)
are identical. The object described above is therefore a 4D
Platonic solid. It is commonly referred to as the 16-cell, as it
is composed of 16 tetrahedral cells.


Three-dimensional (3D) projections of the 16-cell : We now
show our first picture of the 16-cell. Our picture will be a
3D projection of this 4D polyhedroid. Our picture perforce
will be two-dimensional (2D) in nature, but unlike many lit-
erature pictures, will be based on standard 3D crystal graph-
ics packages. Chemists are so experienced at viewing the
output of 3D crystal graphics packages, we will be able to
consider these pictures as being 3D in nature. (As a further
aid, we include stereograms of some of these same pictures
in the Supporting Information.) It will therefore be easy to
envision these pictures as representing 3D-projected solids,
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and furthermore to recognize that the projected vertices and
edges could be seen as actual atomic site positions and
bonds.
To create a 3D-projected image of the 4D 16-cell, we


need to decide upon the direction (or view) of the projec-
tion. We will use the symmetry of the 16-cell coupled with
insights based on 2D projections of 3D solids to guide our
choice. Consider again the fivefold view of the dodecahe-
dron, Figure 5b. We can think of this view as emanating
from the choice of the central pentagonal face of this figure.
As this pentagon is 2D, exactly one dimension less than the
complete dodecahedron, this face is normal to a unique per-
pendicular axis. As Figure 5 shows, if we choose a projected
view that is along this perpendicular axis, the fivefold sym-
metry remains perfectly preserved even after projection.
We use this same technique for the 16-cell. In this case,


we need to consider not just a central 2D face, but a central
3D cell (polyhedron). In 4D space, there will be a unique di-
rection perpendicular to the 3D space defined by this cell.
We can choose this direction as the direction of projection.
We will therefore choose one of 16 tetrahedra in the 16-cell
to be the central cell, and choose the direction of projection
to be perpendicular to this tetrahedron. By analogy to the
preserved fivefold symmetry of the dodecahedron in Fig-
ure 5b, this projected 3D image of the 4D 16-cell will pre-
serve the symmetry of the central tetrahedron.
In Figure 6, we show this projected view. We choose for


this illustration a view that places the central tetrahedron


along its threefold axis, Figure 6a. Recall that each triangu-
lar face of the 16-cell is shared by two tetrahedra. Thus each
of the triangular faces must belong to a second tetrahedron
besides the central tetrahedron. These second tetrahedra
can be seen by placing an additional capping atom on each
of the triangular faces of the initial tetrahedron.
One of the triangular faces of the central tetrahedron is


hidden from view by the other triangles. Down the threefold


view, its capping atom will not be visible; however, the three
remaining capping atoms will be visible and are shown in
Figure 6b. Each of these capping atoms taken together with
their neighboring triangle of bonded vertices forms an addi-
tional requisite tetrahedron. These tetrahedra are somewhat
compressed (this is especially clear in the stereograms in the
Supporting Information). We can understand this compres-
sion in light of our earlier observation, that as one proceeds
away from the center of the projection, faces and cells often
become more and more compressed.
The four central tetrahedral atoms together with the four


capping atoms make a total of eight atoms. As described in
the last section, there are exactly eight atoms in the 16-cell.
We have therefore considered all the vertices of this polyhe-
droid; however, we have not as yet considered all the tetra-
hedral cells.
Additional tetrahedra can be found betwixt the seven visi-


ble vertices of Figure 6b. There are four such tetrahedra.
Three of these new tetrahedra emanate from a pair of
atoms of the central tetrahedron coupled with a pair of the
capping atoms (these new tetrahedra are edge-sharing with
respect to the central tetrahedron), Figure 6c. A final tetra-
hedron is formed by a central tetrahedral atom (the one at
the center of the picture) together with all three of the visi-
ble capping atoms, Figure 6d. All these additional tetrahedra
are compressed after 3D projection.
There are therefore eight tetrahedra to be found in


Figure 6 (8=1+3+3+1). All eight of these tetrahedra
have the central atom of the threefold projection as one of
their constituent atoms. We recall from the last section that
every vertex is shared by exactly eight tetrahedra. Figure 6
therefore illustrates all the tetrahedra that share the central
atom of the threefold projection.
There are of course 16 tetrahedra in the 16-cell. Only


eight of its tetrahedra are seen in Figure 6. The reason for
this can be traced to the lone capping atom that lies hidden
from view by the other atoms. As this lone atom is also
shared by eight tetrahedra, there must be eight tetrahedra
not visible in Figure 6. These eight missing tetrahedra, to-
gether with the eight tetrahedra which we have previously
described, account for all 16 tetrahedra of this polyhedroid.


The projected 120-cell : We now consider 4D Platonic solids
that contain fivefold symmetry. It may come as no surprise
that such polyhedroids are 4D analogues of the dodecahe-
dron and the icosahedron. We begin with a 4D Platonic
solid that contains dodecahedral cells. The actual coordi-
nates of this solid are given in the Supporting Information.
Here we will simply describe a 3D projection of this polyhe-
droid. As the polyhedroid we are about to describe is com-
posed of 120 identical dodecahedra, it is traditionally re-
ferred to as the 120-cell.
Recall that in making a projection, we need to choose a


direction of projection. We choose this direction in the can-
onical way, by designating one of the dodecahedra of the
120-cell the central one, and finding the direction perpendic-
ular to this dodecahedron. This projection, as well as the 3D


Figure 6. A Td 3D projection of the 16-cell. a) The central tetrahedral
cell. Central tetrahedron with b) face-sharing, c) edge-sharing, and d)
vertex-sharing tetrahedra highlighted in cyan. Central tetrahedral verti-
ces: black; capping tetrahedral vertices: red spheres. Capping vertices are
slightly displaced for the sake of clarity (see Appendix).
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coordinates it generates, are given in the Supporting Infor-
mation. In this section, we will just give a descriptive view
of the projected solid.
In Figure 7a, we illustrate (in green) the centrally project-


ed dodecahedron viewed down a fivefold axis. In the 120-
cell, each of the pentagonal faces of this dodecahedron is


capped by another dodecahedron.5 As there are 12 penta-
gons in a given dodecahedron, the central dodecahedron is
capped by 12 additional dodecahedra. These 12 additional
dodecahedra are partially illustrated in Figure 7b (11 of the


12 dodecahedra are visible, and are illustrated in gray, cyan,
and blue).
There are numerous exposed pentagonal faces among the


11 visible dodecahedra of Figure 7b. In the 120-cell, there
are capping dodecahedra on each of these pentagonal faces.
To create this next shell of dodecahedra, we observe that
there are two types of symmetry-inequivalent exposed pen-
tagons in Figure 7b. Most exposed, and sitting directly
above one of the pentagonal faces of the central dodecahe-
dron, are 12 pentagons, all perfectly regular in appearance.
One of these pentagons lies at the center of Figure 7b. We
will place new exposed dodecahedra so that they perfectly
cap these 12 regular pentagons.
There is, however, a second type of less exposed pentago-


nal face, which sits in the indentations of the illustrated clus-
ter. These indented pentagonal faces appear in groups of
three. One such grouping has been placed in the center of
the view in Figure 7c. These threefold groupings of pentago-
nal faces provide the underside of a new set of dodecahedra.
As there are 20 such indentations, there will be 20 new in-
dented dodecahedra.
The vertices belonging to these two additional types of


dodecahedra are shown in Figure 7d–e. For the sake of clari-
ty, we have grouped these vertices as a spherical framework,
while retaining the form of the 13 central dodecahedra as
opaque polyhedra. In Figure 7d, we orient the figure along
the fivefold axis. In the center of this figure, one of the new
exposed dodecahedra can be seen. In Figure 7e, we rotate
the perspective so that one of the indented dodecahedra lies
at the center.
In Figure 7f, we illustrate these new dodecahedra by turn-


ing the indented dodecahedra into opaque objects (in
yellow, orange, and purple, with no two adjacent indented
dodecahedra being the same color). This figure illustrates
not just the so-called indented dodecahedra, but, as indent-
ed dodecahedra share faces with the so-called exposed do-
decahedra, the exposed dodecahedra as well. As this figure
shows, both exposed and indented dodecahedra are signifi-
cantly compressed after 3D projection (stereograms are
given in the Supporting Information).
Even more interesting is yet a fourth view of the project-


ed solid, Figure 7g. In this perspective, we rotate the poly-
hedron of Figure 7f so that four coplanar pentagons lie at
the center of the picture. The appearance of these four pen-
tagons should be directly compared with the four pentagons
visible in the twofold view of an ordinary 3D dodecahedron,
Figure 5d. Comparison shows that these four pentagons are
identical in appearance. As we shall see, this identical ap-
pearance is not accidental. Rather, dodecahedra from the
4D 120-cell polyhedroid have become so compressed under
projection into the 3D world that they have become abso-
lutely flat, and have been reduced to being just four copla-
nar pentagons in appearance.
It turns out there are 30 of these absolutely flat dodecahe-


dra, each lying directly above one of the bonds of the cen-
tral dodecahedron. At this point we have described 75 do-
decahedra: the one central one, its 12 nearest neighbors, the


Figure 7. An Ih 3D projection of half of the 120-cell, a 4D polyhedroid.
From center outward, a) a central dodecahedral cell (green), b) fivefold
and c) threefold views of the 12 dodecahedral cells that are face-sharing
to the central cell (gray, cyan, and blue), d) fivefold and e) threefold
views outlining a layer of 32 dodecahedral cells that are face-sharing to
the central 13 cells (red mesh), f) a view of the 32 cells with one cell type
opaque (orange, yellow, and purple), and g) a twofold view of f) with one
of the equatorial layer of 30 completely flattened dodecahedral cells
highlighted in thick red cylinders.


5 As mentioned previously, each face in a polyhedroid is always shared
by two and only two polyhedra. This is analogous to the 3D case, in
which each edge of a polyhedron is always shared by two and only two
faces.
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12 exposed dodecahedra, the 20 indented ones, and the 30
completely flat dodecahedra (75=1+12+12+20+30). As
the name of the 120-cell implies, there are 45 remaining do-
decahedra (45=120–75).
These remaining dodecahedra turn out to all lie in the


shadow of the 75 other dodecahedra. Recall that cells in the
shadow of other cells are polyhedra that, were they to be
projected, would lie in the volumes already occupied by
other polyhedra. The twofold 2D projection of the 3D do-
decahedron is relevant here. In this earlier case, four of the
12 2D pentagonal faces are visible, four of the 2D faces
have been reduced to 1D line segments, and four of the 2D
faces lie in the shadow of the other faces.
Something very similar occurs in the projected 120-cell.


Of the 120 3D dodecahedra, 45 of the dodecahedra project
nicely (though are at times somewhat compressed) into 3D
space, 30 of the dodecahedra project into 2D coplanar pen-
tagons, and 45 of the dodecahedra lie in the shadow of the
other dodecahedra.
Let us call a 4D sphere a spheroid. This spheroid can be


divided into two equally sized hemispheroids. These hemi-
spheroids, like the initial spheroid, are 4D in nature in just
the same way that hemispheres, like spheres, are 3D. In our
example, 45 dodecahedra lie in one hemispheroid and are
projected into 3D space, 45 dodecahedra lie in the other
hemispheroid (in the shadow of the first) and are not pro-
jected, and 30 dodecahedra lie between the two hemisphe-
roids.
Recalling that the abutting points between the two 3D


hemispheres of a sphere form a 2D circle, the equator, the
points abutting these two 4D hemispheroids will also have a
well-defined shape. Instead of an equatorial circle, this
shape is an equatorial sphere. The centers of the 30 flat do-
decahedra lie on this equatorial sphere.
This terminology helps us further understand the pictures


in Figure 7d–g. In these pictures, the outermost vertices
appear to lie on a sphere. This sphere is near the equatorial
sphere to which the previous paragraph refers. This is impor-
tant. In any 3D projection of a 4D polyhedroid, we need not
consider any further cells once we reach the equatorial
sphere; all further cells will lie in the shadow of the other
cells, and cells which lie on the equatorial sphere are readily
identified because they are always flat.


The 600-cell : We now turn to the 600-cell, the 4D Platonic
solid with the greatest number of cells, and the polyhedroid
that is most relevant to the current paper. 600 is a daunting
number. Fortunately, there is a simple relation between the
600-cell and the 120-cell: the two are duals of each other.
The 600-cell and the 120-cell therefore lie in the same rela-
tion to one another as do the icosahedron and dodecahe-
dron. In 3D, two polyhedra are duals of each other if the
points at the centers of the faces of one polyhedron lie at
the vertices of the other polyhedron.
Something analogous will happen for dual polyhedroids:


the points at the centers of the cells of one polyhedroid lie
at the vertices of the other polyhedroid. Thus, the dual of


the 120-cell has a vertex at the center of each of the 120
cells of the 120-cell. The dual of the 120-cell has exactly 120
vertices.
As each cell of the 120-cell has 12 neighboring cells (see


previous section), each vertex in the dual of the 120-cell will
have 12 neighboring vertices. These vertices respect the
original Ih symmetry of the dodecahedron, and form a per-
fect icosahedron around the central vertex. Consider any
one of the 20 triangular faces of this icosahedron. Each of
these faces, together with the center of the icosahedron,
forms a tetrahedron (in 3D this tetrahedron is not perfectly
regular, but in 4D it can be perfectly regular). Thus, if each
vertex of the dual of the 120-cell has an icosahedron of ver-
tices around it, each vertex is shared by 20 tetrahedra.
The following equation holds: (number of vertices)P


(number of tetrahedra which share a common vertex)/
(number of vertices per tetrahedron)= (number of cells).
For the dual of the 120-cell, there are 120 vertices, 20 tetra-
hedra which share a common vertex, and 4 vertices per tet-
rahedron. Therefore, the dual of the 120-cell has exactly 600
cells (600=120P20/4). These cells are all tetrahedra.


Projected 600-cell : We now construct a 3D projection of the
600-cell. We choose the canonical direction for projection,
that is, the one orthogonal to the 3D space defined by one
of the cells of the 600-cell.6 As projected images preserve
the symmetry of the projected cell and as the cells of the
600-cell are tetrahedra, this 3D projection will be of Td sym-
metry. Its central tetrahedron is shown in Figure 8a. Follow-
ing standard intermetallic nomenclature, this central tetrahe-
dron is called the inner tetrahedron (IT).
For all polyhedroids, every face is shared by exactly two


polyhedra. In the 600-cell, every triangular face is therefore
shared by two tetrahedra. Each face of the central tetrahe-
dron in Figure 8a is therefore the face of a second tetrahe-
dron. By placing capping vertices on each face, we generate
the four required additional tetrahedra. As Figure 8b shows,
these four capping vertices themselves lie at the corners of a
larger outer tetrahedron, OT. The polyhedron formed from
both the IT and OT sites is referred to as a stella quadrangu-
la, and is shown in Figure 8c.
The exposed triangular faces of the stella quadrangula are


all symmetry-equivalent, and form pairs of edge-sharing
faces. These faces lie in an indented orientation with respect
to each other. Three such pairs of indented faces are shown
in Figure 8c. By 4̄ symmetry, there are three further pairs of


6 There is another relevant direction for projecting the 600-cell. In this
alternate projection, the center of projection is the volume directly sur-
rounding one of the 120 vertices of the 600-cell. Under such a projec-
tion, the 600-cell projects into an Ih 3D object. This 3D object consists
of a central vertex, surrounded by the 12 vertices of an icosahedron,
followed by the 20 vertices of a dodecahedron, followed by 12 vertices
of a larger icosahedron. Finally come 30 vertices of an icosidodecahe-
dron. This icosidodecahedron lies on the equatorial sphere. This collec-
tion of polyhedra is related to the Bergman cluster of quasicrystalline
fame.[1] This alternate projection is deeply relevant to intermetallic
crystal structures, but structures of a type different from the ones dis-
cussed in the current article; see the Supporting Information.
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indented faces that lie on the underside of the figure. We
place six capping vertices, one above each pair of indented
faces. The six new vertices are shown in Figure 8d. As this
figure shows, the new vertices lie in an octahedron and are
therefore called the octahedral sites, OH.
The exposed triangular faces of the IT-OT-OH cluster


(Figure 8e) are all symmetry-equivalent, and again can be
viewed as being composed of indented edge-sharing faces.
Trios of these edge-sharing faces come together in the form
of corrugated rosettes; one such rosette is at the center of
Figure 8e. Above each pair of indented edge-sharing faces
we place a new capping vertex. As there are three such in-
dented edge-sharing faces per rosette, and four rosettes in
total, there are 12 new capping vertices. These capping verti-
ces form a distorted cuboctahedron (Figure 8f), the CO
sites. The capped cluster composed of the IT-OT-OH-CO
sites is an edge-capped stella quadrangula. A view of the
edge-capped stella quadrangula is given in Figure 8g.
However, the construction is not yet finished; there are


three different kinds of exposed triangular faces in the edge-
capped stella quadrangula. These faces are illustrated in Fig-
ure 8g. The most exposed of the three types of faces is
shown in magenta. Slightly less exposed are faces, edge-shar-
ing to the most exposed faces, shown in blue. Finally, there
are pairs of indented edge-sharing faces, shown in cyan.
We cap the most exposed faces, the less exposed faces,


and the pairs of indented faces with new vertices. As there
are four most exposed faces, 12 less exposed faces, and 12
pairs of indented faces, we place 28 (28=4+12+12) new
vertices onto our cluster. These 28 vertices are drawn as a


shell in Figure 8h. In this figure, we show the 28-vertex shell
and the edge-capped stella quadrangula from three different
perspectives: down the most exposed face (left), less ex-
posed face (middle), and indented faces (right). Atoms cap-
ping respectively the most exposed, less exposed, and in-
dented faces are termed OC (for outer capping), MC (for
middle capping), and IC (for inner or indented capping).
The capping atoms together with the faces beneath the cap-
ping vertices form new tetrahedra. These new tetrahedra
are quite compressed. This compression is particularly clear
in the stereograms given in the Supporting Information.
We now come to the last site of the projected 600-cell.


This site proves to lie exactly on the equatorial sphere of
the 600-cell (for this reason, this site will be called EQ). The
EQ site is most easily seen by recalling that every vertex in
the 600-cell lies in the center of an icosahedron, and that
every vertex of an icosahedron has five neighboring vertices
which lie in a pentagon around it.
Examination of Figure 8h shows that the outer shell of 28


atoms has 12 pentagonal faces. Near the center of these
faces, but just below the plane of these faces, lies a CO
atom. We can now envision that this CO atom, together
with the pentagon of atoms above it, forms the underside of
an extraordinarily compressed icosahedron. We place the
EQ atoms at the center of this compressed icosahedron.
These EQ positions are shown in Figure 8i.
Beyond this point, projected vertices lie in the shadow of


the other points and need not be further considered. In sum-
mary, the interior of the projected 600-cell consists of 54 ver-
tices (4IT+4OT+6OH+12CO+12IC+12MC+4OC=


Figure 8. A Td 3D projection of half of the 600-cell, a 4D polyhedroid. a) A central tetrahedral cell consisting of four IT vertices (yellow), b) four OT ver-
tices capping its faces, c) the new triangular faces formed by the capping with OT (orange), d) six OH vertices capping these faces (red), e) the new tri-
angular faces formed by the capping with OH (pink), f) 12 CO vertices capping these faces (purple), g) the three distinct triangular faces formed by the
capping with CO (magenta, blue and cyan), h) 28 OC, MC, and IC vertices capping these faces (green framework), and i) 12 EQ vertices on the equator
of the 600-cell (blue framework).
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54). On the equatorial sphere lie an additional 12 vertices
(EQ). A further 54 sites lie in the shadow of the above sites,
and are not included in the 3D projection (by symmetry, the
number of shadowed sites exactly equals the number of sites
in the interior of the 3D projection). As 120=54+12+54,
we have accounted for all 120 vertices of the 600-cell.
Of the sites discussed, the first 54 of these 120 vertices


will prove most important for the remainder of this paper.
For the sake of convenience, we term the cluster formed by
these 54 vertices the 54-cluster.


The F4̄3m structures : In the previous section of this paper,
we have seen that the 4D Platonic solid composed of stuffed
icosahedra, the 600-cell, can be projected into a 3D space as
a cluster with 54 interior and 12 equatorial vertices. These
interior sites bear the names IT, OT, OH, CO, IC, MC, and
OC. Earlier in the paper, we saw that the atoms of F4̄3m
structures can be specified by three-letter designations, the
first letter specifying the cluster origin and the final two let-
ters the cluster site (CC, IT, OT, OH, TT, or CO). Most im-
portantly, we see that four of the letter designations of the
projected 600-cell are the same as those for F4̄3m cluster
types: IT, OT, OH, and CO. This is not a duplication of sym-
bols: there is a real connection.


Linear, stereographic, and intermediate projection : To ex-
plore the tie between the 4D 600-cell polyhedroid and our
cubic structures, we need a way to exactly specify the 3D lo-
cation of a given vertex of the projected 600-cell. To do so,
we need to carefully examine what we mean by projection.
The projections we are interested in will always be projec-
tions from 4D space to 3D space. However, as we know
from cartography, there are numerous ways of projecting a
sphere onto a plane: no one of these projections is inherent-
ly better than all others. The same will prove true in projec-
ting the 4D spheroids into 3D space.
Scientists are most familiar with two different types of


projection.7 First, they are familiar with linear projection
(see Appendix), but many of us are also familiar with a
second type of projection, stereographic projection.[49] In
Figure 9a,b, we give schematic views of both linear and ster-
eographic projection. As we are most familiar with 2D maps
based on the 3D globe, these schematics illustrate projection
of 3D space to 2D space. As we shall see, these same ideas
can be applied to projecting 4D space to 3D space.
As Figure 9a shows, we can imagine the hemisphere of a


Platonic solid (in this figure, a dodecahedron) to lie on the
surface of a transparent sphere. We place a light source suf-
ficiently far away from this sphere that rays emanating from
this light source are essentially parallel to one another. In
linear projection, we place a plane normal to these rays of
light on the opposite side of the sphere and locate the
shadow of the Platonic solid.


In stereographic projection, we again consider a single
light source, but this time place it directly on the surface of
the sphere (at the point opposite the projected plane), Fig-
ure 9b. In stereographic projection, unlike linear projection,
no vertices, bonds, or faces lie in the shadow of other verti-
ces, bonds, or faces; however, on a simple level, we tend to
view stereographic projection as more distorted than linear
projection.
On the plus side, both linear and stereographic projection


preserve the fivefold axis directly opposite the light source.
In the examples of Figure 9a,b, the point directly opposite
the light source has fivefold symmetry and both the linear
and stereographic projected images retain fivefold symme-
try.
Bond lengths, however, prove an issue. These problems


can be understood with just one look at Figure 9a,b. In ster-
eographic projection, bond lengths can become unreasona-
bly large toward the outside of the projected image. But
linear projection also has issues, as bonds can become un-
reasonably short toward the outside of the projection.
Bonds exactly parallel to the direction of projection have
their lengths collapse to zero.
As neither stereographic nor linear projection is suitable


for preserving bond lengths, and as uniform bond lengths
are something chemists would like to see in any representa-
tion, we will need to consider new forms of projection. We
wish to choose a method of projection that retains the abili-
ty to preserve the symmetry of the central point of the pro-
jection, and which does a superior job in preserving bond
lengths.
This new method of projection must be equally suited to


3D projection onto a 2D plane, as well as 4D projection into


Figure 9. Schematic views of the three types of projection relevant to this
paper: a) linear projection, b) stereographic projection, and c) intermedi-
ate projection. While bonds become unphysically short toward the out-
side of a linear projection and unphysically long toward the outside of a
stereographic projection, bonds can retain reasonably constant lengths
for a hemisphere with intermediate projection.


7 Other types of projection, of course, exist. In the problem of mapping
the 600-cell from 4D to 3D, various techniques have been used, often
requiring the introduction of disclinations.[47,48]
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3D space. In both cases, we wish to preserve the symmetry
at the center of the projection (for the former at the center
of a 2D polygon, and for the latter at the center of a 3D
polyhedron), while at the same time keeping variation in
bond lengths (for the former for bonds in the 2D plane, and
for the latter for bonds in 3D space) to a minimum.
The chemical entities studied in this paper are based on


the 54-cluster of the projected 600-cell. We will therefore
choose a projection that preserves the Td symmetry of the
54-cluster, and which does a reasonable job in keeping bond
lengths constant.
Our proposed projection is a simple one. We place the


light source at a point intermediate between the location for
stereographic projection (where it lies on the sphere or
spheroid) and linear projection (where it lies infinitely far
away), Figure 9c. As bond lengths become too long in ster-
eographic projection and too short in linear projection, we
thus achieve a happy medium. (The distances can never all
be equal, but one can aim for maximum similarity.)
Least squares optimization of bond lengths shows that for


the 54-cluster (a 4D to 3D projection), a light source 1.9
spheroid diameters away from the center of the projection
preserves distances best (see Appendix). In Table 2, we


compare a variety of bond lengths for linear, stereographic,
and this alternate projection. (The choice of the ten distan-
ces given in Table 2 is not a random one: as we shall later
discuss, these ten bond lengths may be used to derive the
ten site parameters on which the 54-cluster is based.) As
this table shows, bond lengths are much more constant with
the new method. We call this projection method intermedi-
ate projection. The formulas and sites corresponding to the
54-cluster are given in the Appendix to this paper.


F4̄3m structures and 54-clusters : With this choice of projec-
tion in hand, we are ready to establish the connection be-
tween the common atoms of the F4̄3m crystal structures and
the 54-cluster derived from the 600-cell. First, let us get our
bearings in the F4̄3m structures. As we have mentioned pre-
viously, this paper considers only those F4̄3m structures


which contain a g-brass cluster. For ease of comparison, we
convert the coordinates of the reported crystal structures so
that these g-brass clusters are centered at the origin.8 These
converted coordinates are given in the Supporting Informa-
tion.
The g-brass cluster consists of IT, OT, OH, and CO


atoms, and by placing this cluster at the origin, these sites
are labeled ZIT, ZOT, ZOH, and ZCO. (Recall that Z, Q,
H, and T refer to clusters centered at zero, a quarter, a half,
and three-quarters along the cell dimension: the Z in these
labels therefore specifies a cluster centered at the origin.)
We now examine the atoms that lie just outside this cluster.
We turn first to the Li21Si5 structure. As Figure 10 shows,
surrounding the g-brass core are three additional Li sites:
QCO, TCO, and TOT sites.


Table 2. Comparison of projected 54-clusters. The IT�IT distance of 2p2
is arbitrarily chosen. It does, however, correspond roughly to bond
lengths of the F4̄3m structures.


Bond Linear [S] Stereographic [S] Intermediate [S]


IT�IT 2.828 2.828 2.828
OT�IT 2.763 2.933 2.847
OH�IT 2.649 3.004 2.820
CO�IT 2.322 3.135 2.692
CO�OT 2.649 3.251 2.915
IC�OT 2.000 3.501 2.610
IC�CO 2.649 3.736 3.094
MC�OH 1.732 3.773 2.496
MC�CO 2.322 3.929 2.921
OC�CO 2.000 4.070 2.709


mean 2.391 3.416 2.793
std. dev. 0.377 0.445 0.172


Figure 10. A 54-cluster in Li21Si5 where nearest neighbors are bonded to
one another, shown a) by atom type (Li: red, Si: blue) and b) comparison
of a) with an intermediate projection of the 54-cluster (experimental sites
in yellow, projected in cyan). Larger 54-clusters in c) Mg44Rh7 and d)
Li21Si5, also compared to intermediate projections.


8 In the F4̄3m space group, the Z, Q, H, and T sites are the 4a, 4b, 4c,
and 4d special sites all with equal Td symmetry. It is therefore possible
to translate the unit cell so that a g-brass cluster centered at any of
these positions is shifted to lie at the origin. In making such a transla-
tion, we must also pay attention to the orientation of the g-brass clus-
ter. As the g-brass cluster is non-centrosymmetric, there are two possi-
ble orientations. The IT atom is located at (x,x,x); we have chosen this
atom to always lie near (.95,.95,.95), rather than (.05,.05,.05).
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In Figure 10a (right), we draw the shell formed by the
three additional sites. This shell has 28 atoms in it. We recall
that the 54-cluster also contains 28 atoms placed in a shell
around a 26 atom core. In Figure 10b, we directly compare
the 54 atoms based on atoms at ZIT, ZOT, ZOH, ZCO,
QCO, TCO, and TOT (shown in yellow) with the intermedi-
ate projected 54-cluster (shown in cyan). As this figure
shows, the projected 54-cluster has vertices near the actual
atomic sites of Li21Si5. The seven aforementioned sites there-
fore correspond to respectively the seven sites of the 54-
cluster: IT, OT, OH, CO, IC, MC, and OC.
In Table 3, we list the atomic positions for the eight F4̄3m


structure types.9 As this table shows, the eight structure
types contain common sites at the seven aforementioned po-


sitions. All F4̄3m structures therefore contain a 54-cluster
centered at the origin. But Table 3 also reveals additional
sites common to all members of the F4̄3m family of struc-
tures. Can these additional common sites also be traced to
54-clusters?
Let us turn to clusters that might be centered at Q. An ex-


amination of Table 3 shows that only one of the eight struc-
ture types has a QIT atom. As an IT atom is an essential in-
gredient of any 54-cluster, at first glance we might conclude


that there could be no common 54-cluster centered at Q,
but we would be wrong.
The absence of QIT atoms does not imply the absence of


a 54-cluster; rather it means that if there is a 54-cluster cen-
tered at Q, its length scale must be different from the length
scale of the common 54-cluster centered at Z. If we are to
examine Q-centered clusters, we must consider larger dis-
tances. We have not far to look. All eight structure types
contain a QOT site. These QOT atoms also lie in a tetrahe-
dron. The QOT atoms are separated from each other by dis-
tances of approximately the golden mean (t= (1+


p
5)/2)


times a typical metal bond length.
We now proceed to search for the remaining six sites of a


54-cluster. We recall that each of these six sites successively
caps triangular faces formed by
more central atoms. In Fig-
ure 10c, we show the cluster
formed from the QOT, TOT,
TOH, HTT, TOT, TCO, and
HOT sites of the Mg44Rh7
system. We compare the cluster
formed from these sites with
the sites of the intermediate
projected 54-cluster. As this
figure shows, there is fair agree-
ment between the crystal coor-
dinates and the mathematically
constructed 54-cluster.10 The
aforementioned sites therefore
can be thought to correspond
to the IT, OT, OH, CO, IC,
MC, and OC sites of a 54-clus-
ter the nearest-neighbor distan-
ces of which are approximately
t times a standard metal bond
length.
Table 3 shows that seven of


the eight structure types have
the above-mentioned suite of
atoms. However, the Li21Si5
structure, instead of containing
the HTT site, has an HOH site.


In Figure 10d, we show the cluster generated from the same
set of atoms, but in which the HTT site has been replaced
with the HOH site. As this figure shows, this replacement in
no way alters the presence of a 54-cluster.
The 54-clusters centered at Q are quite large with respect


to the primitive unit cell. They are sufficiently large that the
HOH atom in the Li21Si5 structure can provide the IC site


Table 3. Atomic sites of F4̄3m structures. Sites common to all structure types are given in italics. See text for
discussion of HOH and HTT. Li21Si5: Li21Si5, Zn21Pt5, and Cu41Sn11; Mg44Rh7: Mg44Rh7, Zn39Fe11, and Mg44Ir7;
Zn13(Fe, Ni)2; Mg6Pd: Mg6Pd and Mg29Ir4; Na6Tl; Zn91Ir11; Li13Na29Ba19; Al69Ta39. Reference [35] reports a
second HTT site in Li13Na29Ba19.


Li21Si5 Mg44Rh7 Zn13(Fe,Ni)2 Mg6Pd Na6Tl Zn91Ir11 Li13Na29Ba19 Al69Ta39


ZIT ZIT ZIT ZIT ZIT ZIT ZIT ZIT
ZOT ZOT ZOT ZOT ZOT ZOT ZOT ZOT
ZOH ZOH ZOH ZOH ZOH ZOH ZOH ZOH
ZCO ZCO ZCO ZCO ZCO ZCO ZCO ZCO


– – – – – – QCC QCC
QIT – – – – – – –
QOT QOT QOT QOT QOT QOT QOT QOT
QOH QOH QOH QOH QOH QOH – –
QCO QCO QCO QCO QCO QCO QCO QCO
– – – – – – QTT QTT


– – HCC HCC HCC HCC HCC HCC
HIT – – – – HIT – –
HOT HOT HOT HOT HOT HOT HOT HOT
HOH HTT HTT HTT HTT HTT HTT HTT
HCO HCO HCO HCO HCO HCO HCO HCO
– – – – – HOH HTT –


– – TCC – – – – TCC
TIT TIT TIT – TIT TIT TIT TIT
TOT TOT TOT TOT TOT TOT TOT TOT
TOH TOH TOH TOH TOH TOH TOH TOH
TCO TCO TCO TCO TCO TCO TCO TCO


9 For this article, we use Table 3 to define structure types. We assume
two compounds which have the same atomic sites in Table 3 belong to
the same structure type. Thus, elemental ordering over the sites is not
taken into account. Actual elemental ordering is given, however, in the
tables in the Supporting Information.


10 Agreement is fair with the exception of the IC site. This is a general
trend. The IC site is typically the site with the greatest disparity be-
tween mathematically constructed and experimentally observed posi-
tions. Recall that the IC site has highly compressed tetrahedra around
it, and that as it caps two different triangular faces of the edge-capped
stella quadrangula beneath it, the atomic site cannot readily move to
decompress these tetrahedra. For these reasons, the tetrahedra around
the IC atoms are the least regular in appearance and therefore, we sus-
pect, the least ideal.
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for two neighboring 54-clusters. By contrast, in the Zn91Ir11
system the HTT atoms are not shared by neighboring clus-
ters. The former systems therefore require half the number
of IC atoms that the latter systems require. There are six
HOH atoms in an octahedron versus 12 HTT atoms in a
truncated tetrahedron. This change from an HTT site to an
HOH site is therefore exactly what is required if two clus-
ters are to share the same IC site.
As the HOH and HTT sites serve the same function, we


consider for the sake of this paper that they are a common
atomic site. We have used this viewpoint in both Tables 1
and 3. We see that there is a common Q-centered 54-cluster
throughout the F4̄3m family. In exactly the same manner,
we can search for other 54-clusters. There are many to be
found, an average of 4.5 clusters per structure type, the full
list of which are given in Table 4. (In Table 4, we portray the
eight structure types with just six groupings, because two
pairs of structure types, Mg6Pd and Zn13ACHTUNGTRENNUNG(Fe,Ni)2, as well as
Na6Tl and Zn91Ir11, have the exact same list of 54-clusters.)
Table 4, in addition to showing the atomic sites of a given


54-cluster, also attempts to give some measure of the aver-
age distances found in each cluster. As each cluster has


many nearest-neighbor distances, and as the atomic sites at
which the atoms lie are at high-symmetry points, some
thought is called for in the calculation of average distances.
In this paper, we consider the following: IT, OT, and OC


atoms lie at (x,x,x) special positions; OH atoms lie at
(x,0,0); and finally, CO, IC, and MC atoms lie (with the
above-mentioned exception of the HOH site) at (x,x,z) posi-
tions. Therefore, one geometric parameter defines the IT,
OT, OH, and OC positions, while two parameters define the
CO, IC, and MC distances. There are a total of ten parame-
ters needed to define the size and shape of a 54-cluster.
We can therefore define any 54-cluster with the appropri-


ate choice of ten nearest-neighbor distances. We choose
these canonical distances by considering links between a
given atom and atoms more centrally located in the cluster.
The ten distances chosen are IT�IT, OT�IT, OH�IT, CO�
IT, CO�OT, IC�OT, IC�CO, MC�OH, MC�CO, and OC�
CO. In this list, the IT�IT distance defines the single param-
eter of the IT position, the OT�IT bond defines the single
parameter of the OT position, and so forth.
We may directly calculate these ten canonical distances


from knowledge of the ten atomic site parameters. Con-
versely, the ten atomic site parameters can be specified from
the ten canonical distances. While atomic site parameters
are the most typical way to represent atomic positions, the
canonical distances are nonetheless of interest. In intermedi-
ate projection, bond lengths are fairly constant across all
bonds in the 54-cluster. When the canonical bond lengths
are close to each other in value, the atoms will therefore
prove to lie particularly near the positions of an intermedi-
ate projected 54-cluster.
In the Supporting Information, we present canonical near-


est-neighbor distances for all 54-clusters found in the F4̄3m
structures. In Table 4, we present a summary of this data. In
particular, we show the ratio of the a-axis cell length divided
by the average of the ten canonical distances. With this
value, we also show the standard deviation among the ten
canonical bond lengths. As Table 4 shows, for all but one of
the myriad of 54-clusters, calculated ratios are in the range
of either 6.4–6.8 or 3.4–3.9. The former range corresponds
to nearest-neighbor distances at ordinary bond lengths, the
latter to the golden mean times that number.
Table 4 also shows that for the former range, the standard


deviation of bond lengths centers around the value of 0.2 S.
This value can be directly compared to the ideal mathemati-
cal variation of 0.17 S (associated with the intermediate
projection method) shown in Table 2. The actual variation
in bond lengths is not much greater than that which is math-
ematically obtainable. For 54-clusters in the 3.4–3.9 range,
the variation in cluster distances is greater, with the smallest
standard deviations near 0.6 S in value. This more than dou-
bling in standard deviations is partially accounted for by the
increase of the actual cluster distances. However, note that
as there is an average of 4.5 54-clusters per structure type,
but only twenty or so atomic parameters per structure type,
uniformly small standard deviations across all cluster sizes
are difficult to achieve.


Table 4. 54-Clusters in F4̄3m structures. Atoms common to all structure
types are in italics (see also Table 3). Unlike Li21Si5, in Cu41Sn11 the small-
er H cluster is not inverted with respect to the other clusters. Therefore,
IT and OT should be HIT and HOT, respectively.


a/d[a] s[b]


[S]
IT OT OH CO IC MC OC


Li21Si5; Zn21Pt5; Cu41Sn11
Z 6.62 0.12 ZIT ZOT ZOH ZCO QCO TCO TOT
Q 6.62 0.20 QIT QOT QOH QCO HCO ZCO ZOT
H 6.42 0.37 HOT HIT HOH HCO QCO TCO TIT
T 6.64 0.15 TIT TOT TOH TCO ZCO HCO HOT
Z 3.70 0.38 ZOT TOT HOH QOH HOT HCO QOT
Q 3.81 0.29 QOT ZOT TOH HOH TOT TCO HOT
H 3.62 0.55 HIT TIT ZOH QOH ZCO ZCO QIT
T 3.70 0.38 TOT HOT QOH ZOH QOT QCO ZOT
Mg44Rh7; Zn39Fe11; Mg44Ir7
Z 6.68 0.18 ZIT ZOT ZOH ZCO QCO TCO TOT
T 6.78 0.20 TIT TOT TOH TCO ZCO HCO HOT
Q 3.78 0.57 QOT ZOT TOH HTT TOT TCO HOT
T 3.77 0.65 TOT HOT QOH ZOH QOT QCO ZOT
Zn13(Fe,Ni)2; Mg6Pd; Mg29Ir4
Z 6.75 0.15 ZIT ZOT ZOH ZCO QCO TCO TOT
Q 3.49 0.96 QOT ZOT TOH HTT TOT TCO HOT
T 3.67 0.69 TOT HOT QOH ZOH QOT QCO ZOT
Na6Tl; Zn91Ir11
Z 6.71 0.16 ZIT ZOT ZOH ZCO QCO TCO TOT
T 6.82 0.14 TIT TOT TOH TCO ZCO HCO HOT
Q 3.63 0.65 QOT ZOT TOH HTT TOT TCO HOT
H 3.79 0.42 HOT QOT ZOH TOH ZOT ZCO TOT
T 3.77 0.72 TOT HOT QOH ZOH HTT QCO ZOT
Li13Na29Ba19
Z 6.77 0.34 ZIT ZOT ZOH ZCO QCO TCO TOT
T 7.77 0.45 TIT TOT TOH TCO ZCO HCO HOT
Q 3.51 0.92 QOT ZOT TOH HTT TOT TCO HOT
H 3.83 0.76 HOT QOT ZOH TOH ZOT ZCO TOT
Al69Ta39
Z 6.75 0.14 ZIT ZOT ZOH ZCO QCO TCO TOT
Q 3.42 0.95 QOT ZOT TOH HTT TOT TCO HOT
H 3.62 0.66 HOT QOT ZOH HCO QTT ZCO TOT


[a] d=average distance. [b] s= standard deviation.
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We present this same data graphically in Figure 11. In this
figure, we plot the ratio of (cell axis length)/(average near-
est-neighbor distance), together with its corresponding stan-
dard deviation for all clusters of all 13 structures belonging
to the eight structure types. This figure shows clearly the


two apparent size ratios: a/(average distance) gives values of
either approximately 4 or 6. One of the primary goals for
the remainder of this paper will be to account for these
most common size ratios.


Diffraction of a single 54-cluster : We have seen there is a re-
lation between the atomic sites in the F4̄3m structures and
the 3D projected image of the 4D 600-cell. We now examine
how the fivefold symmetry operations of the 4D 600-cell are
retained as pseudo-symmetries in its 3D projection.
There are an enormous number of fivefold symmetries in


the full 4D 600-cell. If we recall that every pair of adjacent
vertices (i.e. , every bond) of the 600-cell is bisected by a
pentagonal face of the dual 120-cell, and that each of these
pentagonal faces has fivefold symmetry, we recognize that
every bond in the 600-cell defines a set of fivefold symmetry
operations. Before projection, all bonds have exact fivefold
symmetry.
After 3D projection, different bonds differ in the extent


to which they retain their fivefold symmetry. The bonds
nearest the center of projection retain the most of the origi-
nal fivefold symmetry. (Recall that the symmetry of the
exact center of the projection is perfectly preserved, and
that the further one travels from this center, the more im-
perfect the resultant images usually become.) In the 3D pro-
jection discussed in this paper, we have chosen the center of
the projection to be the center of one of the tetrahedral
cells of the 600-cell. There are six fivefold axes that lie near-
est this center: the six edges of the central tetrahedron. The
fivefold symmetry is best preserved for these six axes.
In Figure 12a, we redraw the 54-cluster so that one of the


six edges of its central tetrahedron is placed at the center of
the image. In Figure 12b, we consider this exact same orien-
tation, but keep only the bonds that appear as pentagons or
decagons in the projected image. It may be seen that 50 of
the 54 atoms lie either at the center of this view or on a pen-
tagon or decagon.


In Figure 12c,d, we show the perpendicular view of the
core atoms, and the individual pentagons. It may be seen
that there are four core atoms (Figure 12c) and five differ-
ent pentagons (Figure 12d). The structure of the so-called
decagon is more complex and is not shown in this figure. It
consists of 21 atoms with an approximate fivefold symme-
try.11


Plane waves and the 54-cluster : We now turn to the diffrac-
tion image of the 54-cluster. As yet, we have not placed the
cluster into a crystalline unit cell. Even so, we can generate
relevant images. Consider the Fourier transform of the 54-
cluster.12


Note that the constant scattering factor for each atom is
taken to be unity.13 To apply this Fourier transform, we need
to explicitly determine the 54 r!j coordinates. We consider


Figure 11. The standard deviation versus mean nearest-neighbor distance
in each experimental occurrence of the 54-cluster among the F4̄3m struc-
tures. Data is based on Table S2 of the Supporting Information.


Figure 12. Features of pseudo-fivefold symmetry in the linear projection
of a 54-cluster. a) A view of the 54-cluster along one of the bonds of its
central tetrahedron, b) the pentagons and the decagon within this unit,
and a perpendicular view of c) the four core atoms, and d) five penta-
gons. From the center outward, sites are shown in yellow, orange, red,
purple, and green. See Figure 8 for site names.


11 The so-called decagon could be viewed as five pentagons with four
defect sites, but we need not enter the full complexity of the decagon,
as our primary interest is the pseudo-tenfold diffraction symmetry
normal to the [110] direction. As readers familiar with diffraction
theory know, in such cases we need only consider the 2D projection of
atoms normal to the desired direction to calculate exact structure fac-
tors.[50] Figure 12b gives an adequate view of this 2D projected struc-
ture.


12 For those accustomed to seeing X-ray diffraction patterns, the use of
Fourier transforms here may seem unorthodox. The Fourier transforms
used in this paper resemble more closely the Fourier transforms used
to study clusters in the gas phase, and can be seen as the analogue of
diffraction patterns without the constraints of a unit cell. As in a dif-
fraction pattern, the k


!
vector corresponds to the direction and fre-


quency of plane waves running through the cluster, and the contours
to the degree to which atoms constructively interfere with the waves.


13 By taking the scattering factor of each atom to be unity, we do not
treat the coloring problem in this paper. We cannot expect the type of
4D to 3D projection in this paper to hold the key to the coloring prob-
lem, as evidenced by the different atomic site preferences in the small
and large 54-clusters throughout this family of structure types. While
the large clusters tend to consist mainly of larger and/or more electro-
negative atoms, the small clusters have no evident occupancy pattern.
Still, we expect that the answer to the coloring problem is closely relat-
ed to this projection method, and we plan to explore this point in our
subsequent work.
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both a linear and an intermediate projected 54-cluster.
Looking ahead to the actual crystal structure, we define an
IT�IT bond to run in the [1 1̄0] direction. We further consid-
er only those k


!
that are orthogonal to this direction. With


these givens, we can calculate the magnitude of Fk
! as a func-


tion of k
!
[Eq. (1)]. This is plotted in Figure 13. (Fig-


ure 13a,b are the diffraction images of linear and intermedi-
ate projected 54-clusters, respectively.)


F
k
! ¼


X54


j¼1
e2pi k
!
� r!j ð1Þ


As this figure shows, there are a few particularly large
peaks in the Fourier transform. Especially towards the
center of this diffraction image, these peaks appear in rings
of ten. Three such possible rings are shown in Figure 13. In
the innermost ring, labeled 4, all 10 reflections are clearly
visible. For the 6-ring, six of the ten peaks are clear for both
the linear and the intermediate projected 54-clusters. The
remaining four additional peaks can also be discerned in the


intermediate projected 54-cluster diffraction pattern. For the
10-ring of the linear projected 54-cluster, only the reflections
along the horizontal axis (the [k1k10] direction) are present.
By contrast, for the intermediate projected 54-cluster, the
10-ring reveals an additional set of four peaks. All of the
above peaks lie at similar orientations along the concentric
rings, orientations which correspond to a pseudo-tenfold dif-
fraction symmetry.
Let us consider real space pictures, based at first just on a


linear projected 54-cluster, which correspond to these major
peaks. In Figure 14a, we show a picture of the 54-cluster


with bonds represented as line segments. In Figure 14b–d,
we show this same cluster, but with all the bonds removed
for visual clarity. In addition, we show plane waves, the re-
ciprocal lattice vectors of which are (k1k̄10), partitioning the
54-cluster into 4, 6, and 10 segments, respectively. (More ex-
actly, the projected 54-cluster OC�OC distance is chosen to
be respectively 4, 6, or 10 times the plane-wave wave-
length.)
It can be seen that there is a correspondence between


these three (k1k̄10) plane waves and the projected 54-cluster.
In all three cases, the vertices of the 54-cluster lie near the
crests of the plane waves. These three wavelengths lead to
excellent intracluster constructive interference, and hence
strong diffraction peaks. In the case in which the projected
54-cluster OC�OC distance is ten times the wavelength
(Figure 14d), constructive interference is nearly ideal.


Figure 13. 2D cross-section of the Fourier transforms of a) a linear pro-
jection and b) an intermediate projection of the 54-cluster viewed along
the [1 1̄ 0] direction. These cross-sections contain points of the form
k1k1k3. IT-IT distances of 2.40 and 2.03 S were assumed in order that the
(k1k1̄0) planes divide the 54-cluster into k1 segments, as in Figure 14.
Both plots are divided into 12 equally spaced contours, in which redder
lines represent greater constructive interference, and bluer lines less.


Figure 14. a) A linear projection of the 54-cluster, shown with an OC�
OC distance equal to b) 4, c) 6, d) 10, e) 10/t, and f) 10/t2 (in which t is
the golden mean) spacings of plane waves whose reciprocal lattice vec-
tors are (k1k1̄0). Diagonal lines represent the crests of the respective
plane waves. The cluster achieves significant constructive interference
with the waves at each of the illustrated sizes.
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Numbers such as 4, 6, and 10 are of interest. In particular,
if we divide these numbers by two, they correspond to inte-
gers in the Fibonacci sequence (1, 1, 2, 3, 5, 8, …). The 54-
cluster has the remarkable property that interatomic spac-
ings are related to the Fibonacci sequence. This remarkable
property can be directly traced to the 600-cell itself.
The Fibonacci sequence is furthermore naturally connect-


ed to the golden mean (t= (1+
p
5)/2): ratios of adjacent


members of the Fibonacci sequence quickly converge to the
golden mean. In Figure 14b,c,e,f, we compare plane waves
for which the cluster is 6 and 4 times the wavelength to
plane waves for which the cluster is 10/t (6.18) and 10/t2


(3.82) times the wavelength, respectively. (We choose ratios
related to 10 because for this integer value, constructive in-
terference is already nearly ideal.) As Figure 14e,f show,
these two non-integer values have excellent constructive in-
terference.


We quantitatively evaluate the relation of the 10/t and 10/t2


wavelengths in the original Figure 13. Recalling that for
plane waves, the wavelength l determines the length of k


!


(l j k!j=1), we directly place onto Figure 13 circles, the radii
of which correspond to the plane waves labeled 10, 10/t,
and 10/t2 in Figure 14. The three rings labeled 10, 6, and 4 in
Figure 13 actually correspond to the 10, 10/t (6.18), and 10/
t2 (3.82) plane waves, respectively, of Figure 14. Re-exami-
nation of Figure 13a shows that the calculated peak maxima
lie almost exactly on the calculated ring positions. (By con-
trast, had we placed plane waves corresponding to wave-
lengths of either 4.00 or 6.00, we would have seen a signifi-
cant misalignment between ring sizes and diffraction peak
maxima.)
In Figure 13b, the illustrated 10-, 6-, and 4-rings were cre-


ated in an identical manner, but for an intermediate project-
ed 54-cluster.14 Comparison of Figure 13a,b shows that ideal
constructive interference depends much more on the values
10, 10/t, and 10/t2 than on the projection method used. It is
these wavelengths and the subtle regularities of the 600-cell,
rather than the projection method, that are responsible for
optimal intracluster constructive interference.
These facts are of central relevance to the paper. In par-


ticular, these results suggest that if one were to have a pair
of 54-clusters of different sizes, but with a size ratio between
clusters of either t or t2, one might have not just optimal in-
tracluster interference, but intercluster interference as well.
In Figure 15, we show two 54-clusters with an intercluster
size ratio of t.
As this figure shows, plane waves can constructively inter-


fere equally well for two different sized 54-clusters, the size
ratio of which is near the golden mean. Such pairs of differ-
ent sized clusters are more fully considered in the penulti-
mate section of this paper. For now, note that different sized
clusters are not just a hypothetical musing. Rather as we
have previously discussed, different sized 54-clusters the


size-ratios of which are near the golden mean are extremely
common in the F4̄3m family of structures.


3D Bravais space groups compatible with the 54-cluster : In
the previous sections of this paper, we found that a single
54-cluster has both Td and pseudo-fivefold symmetry. There
are six pseudo-fivefold axes, each running along one of the
edges of the inner tetrahedron (IT) of the 54-cluster. We
now determine the crystalline symmetry consequences of
the above statements.
First, we assume the symmetry of the actual crystal ema-


nates from the 54-cluster itself: it should be of no higher or
no lower symmetry than the 54-clusterFs Td symmetry. We
therefore require that the highest symmetry site of the crys-
tal is of Td symmetry. There are five space groups which
meet this requirement: P4̄3m, F4̄3m, I4̄3m, Pn̄3m, and
Fd̄3m. Happily, all the cubic structures which we know to
exhibit pseudo-fivefold symmetry along their h110i direc-
tions belong to one of these five space groups. These include
not just the structures that are the primary concern of this
paper, but also the three most complex of all cubic struc-
tures: Cd3Cu4 (F4̄3m),


[11] NaCd2 (Fd̄3m),
[10] and Mg2Al3


(Fd̄3m).[51,52]


The requirement that the highest site symmetry be Td not
only specifies the possible space groups, but also determines
the orientation of the 54-cluster within the cubic unit cell.
For a Td cubic unit cell, the 4̄ axes always run along the
h100i directions, while the threefold axes run in the h111i
directions. The edges of the inner tetrahedron define the m
setting (the third setting, the h110i directions). The edges of
the inner tetrahedron therefore must lie in the h110i direc-
tions.
As the edges of the inner tetrahedron are the best pre-


served pseudo-fivefold symmetry axes of the 54-cluster, the
most clear pseudo-fivefold symmetry axes lie along the six
h110i directions. This is the exact result that we set out to
rationalize at the beginning of this paper. Every indication
is therefore that the construction of the 4D 600-cell and its
projection, the 54-cluster, plays a critical role in the ob-
served pseudo-tenfold diffraction patterns.


Crystalline 54-cluster interference : However, we can go fur-
ther. Let us consider a single crystallographically inequiva-
lent 54-cluster, and let us place it into a cubic unit cell. As


Figure 15. Linear projections of two 54-clusters differing in size by a
factor of t, the golden mean, shown with plane waves, the reciprocal lat-
tice vectors of which are (k1k1̄0). Horizontal lines indicate the crests of
the plane waves. At these particular sizes, the two clusters can simultane-
ously achieve significant constructive interference.


14 In the intermediate 54-cluster, two IC atoms which lie along the [1 1̄ 0]
direction with respect to each other were used to define the 10, 10/t,
and 10/t2 plane-wave wavelengths.
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the crystal structures that inter-
est us are all F-centered, we
make the unit cell F-centered.
We now specify the size of the
cluster relative to the size of
the unit cell. As a measure of
the former, we consider the IT�
IT distance (as the 600-cell is a
Platonic solid, all nearest-neigh-
bor distances are originally the
same, and therefore all nearest-
neighbor distances initially
equal the IT�IT distance). For
the latter, we apply the a-axis
length.
We consider a ratio of a-axis/


IT�IT distances ranging in
value from 3 to 35, and calcu-
late across this range the dif-
fraction pattern. A few of these
results are illustrated in
Figure 16. (Figure 16 top and
bottom are the calculated dif-
fraction patterns for a linear
and an intermediate projected
54-cluster, respectively. The re-
sults presented in this figure
use the same delta-function-like
atomic form factors as were
used for the isolated 54-clus-
ters.) All ratios calculated ex-
hibit a pseudo-tenfold diffraction. Thus, the size ratio is not
a factor in the overall pseudo-fivefold symmetry (this is as
we would expect: the pseudo-fivefold symmetry is a conse-
quence of the finite 4D cluster, and is therefore independent
of 3D cell axis length).
However, even within the constraint of pseudo-fivefold


symmetry, there is an enormous variation in diffraction pat-
terns. We observe two trends. First, at the largest ratios, the
pseudo-tenfold diffraction peaks are distributed over a
number of neighboring hkl reflections, but at smaller ratios,
the pseudo-tenfold diffraction coalesces into single peaks. A
second distinction is also present. As Figure 16 shows, the
most intense peaks shift in their positions.
To aid our understanding of these shifts, we place directly


onto the diffraction images in Figure 16 a constant ring that
corresponds to the 4-diffraction ring previously calculated
(for the isolated 54-cluster). As Figure 16 shows, the actual
diffraction pattern fluctuates with respect to the isolated
cluster ring.
If the diffraction peaks of Figure 16 are not fully in


accord with the Fourier transform of the isolated cluster,
then there must be a less-than-ideal constructive interfer-
ence present in the diffraction pattern. Intra- and interclus-
ter planes must not be fully aligned. Constructive interfer-
ence can only be optimal when the diffraction peaks of
Figure 16 lie on the isolated 54-cluster ring positions.


Examination of data across the full range of calculated
sizes suggests that for some specific size ratios, there is opti-
mal agreement between isolated and crystalline 54-cluster
diffraction patterns. The two best ones are illustrated in Fig-
ure 16b,d. The first is found near a size ratio of six, the
second near the value of four (the specific optimal value
itself shifts somewhat depending on the method of projec-
tion). In both of these cases, intense reflections lie directly
on the illustrated ring.
A simple metric which could quantitatively evaluate what


the naked eye sees would be useful. Such a metric would
need two components. On the one hand, it would measure
the degree to which peaks coalesce. On the other hand, it
would measure the proximity of the coalesced peak to those
that were calculated for the isolated 54-cluster. Interestingly,
as pseudo-tenfold symmetry appears to play an equal role in
all the diffraction images, the desired metric need not mea-
sure tenfold symmetry.
A pithy metric proves cumbersome to find. We develop it


in two steps. First, we consider the 4-ring of the isolated 54-
cluster. Intracluster diffraction is optimal for points along
this ring. We now determine which hkl peaks lie nearest
these optimal values. To do so, we consider the reciprocal
lattice itself. The reciprocal lattice has vertices that corre-
spond to specific hkl, and edges (connections between
neighboring vertices) that might intersect the 4-ring. We


Figure 16. 2D (blue and red) and circular 1D (red) diffraction patterns for linear (top row) and intermediate
(bottom row) projections of the 54-cluster placed in an F-centered cubic cell, illustrating the dependence of
peak sharpness on the relative sizes of the unit cell and the cluster. Unit cell axes of a) 25 (linear) and 20 (in-
termediate), b) 5.9 (linear) and 6.7 (intermediate), c) 4.2 (linear) and 4.8 (intermediate), d) 3.6 (linear) and 4.2
(intermediate) times the IT�IT distance. A ring corresponding to peak maxima of an isolated 54-cluster (4-
ring of Figure 13) is shown as a black circle. For both types of projection, optimal peak sharpness and location
(vis-T-vis the 4-ring) is approximately six (panel b) or four (panel d) times the IT�IT distance.
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consider only those hkl the attached edges of which inter-
sect the 4-ring. The selected hkl are shown in red in
Figure 16.
At the base of each panel of Figure 16, we show the se-


lected diffraction peaks in a separate graph. These graphs
plot the intensities of the selected diffraction peaks as a
function of the angles to which they correspond along the
ring. As these figures show, for all size-ratios, the diffraction
patterns take on a pseudo-tenfold symmetry. There are ten
major peaks distributed symmetrically around the ring (six
of which are given in the basal pictures); each peak has a
number of satellite peaks.
We now establish the first half of the desired metric. We


divide the 1808 graphs into five cohorts of peaks, each corre-
sponding to a 368 range of peaks. We then select the stron-
gest peak in each cohort (its intensity is called I1), and take
its ratio with respect to the second strongest peak (the in-
tensity of which is I2). We calculate the geometric mean of
these ratios. As by symmetry, these five cohorts always con-
sist of just three sorts, we take the geometric mean of just
the three symmetry-inequivalent cohorts. This geometric
mean provides a measure of how peaked any given diffrac-
tion pattern is.
We now consider the actual position of these strongest


five peaks relative to the ring itself. We calculate the dis-
tance between the three distinct most intense peaks and a
set of three points lying on the illustrated ring with ideal
tenfold symmetry, and take the geometric mean of these dis-
tances. We now multiply these two geometric means togeth-
er. This product can be thought of as a measure of the
accord between intra- and intercluster constructive interfer-
ence.
In Figure 17a,b, we plot this product for both a linear and


an intermediate projected 54-cluster. In the case of linear
projection, there are two strong and sharp peaks at size
ratios of 3.9 and 5.8. For intermediate projection, the corre-
sponding values are 4.0 and 6.9. For ease of comparison, we
also replot, in Figure 17c, the data based on the actual crys-
tal structures. As we have previously shown, experimentally
there are two observed size ratios, the first mainly ranging
from 3.5–3.8, the second more sharply peaked at values
around 6.6–6.8.
Both projected clusters and the experimental data agree


that there are two optimal size ratios, one near 4 and the
other near 6. The observed experimental range lies some-
where between the values obtained from the linear and the
intermediate projection methods. Perhaps not too surprising,
in the case of the smaller cluster (the clusters with size
ratios of six), the intermediate projection fares better at
quantitative rationalization. For the smaller cluster, the in-
teratomic distances are metal bonds themselves. Intermedi-
ate projection, with its more constant bond lengths, is there-
fore more reasonable than linear projection (see Table 2).
In some ways, however, the results of Figure 17 appear


surreal. The calculated results are derived solely from geo-
metrical considerations, the mathematical construction of
clusters with optimal constructive fivefold diffraction, while


the experimental results are presumably due to the optimi-
zation of the Schrçdinger equation. The agreement between
theory and experiment is therefore curious.


Fivefold symmetry of multiple 54-clusters : In previous sec-
tions of this paper, we found that only at specific length
scales does the 54-cluster have its most constructive intra-
cluster interference (Figure 14a–c). We have further suggest-
ed that two clusters with different length scales can con-
structively interfere with one another if their length scales
are related by the golden mean (Figure 15).
Crystallographic data for the F4̄3m family of structures


(Figure 17c) bears out these theoretical constructions with
numerous 54-clusters at two predominant length scales. The
length scale of the smaller 54-clusters is dictated by metal
bond lengths; the length scale of the larger clusters is larger
by a factor of roughly the golden mean. Experimental re-
sults are therefore in good agreement with theoretical con-
jecture.
However, this agreement by itself does not rigorously


prove the conjecture. In this penultimate section of the
paper, we explicitly calculate the diffraction pattern of two
distinct clusters within one unit cell. We consider especially
the case in which the two different clusters are centered at
different points, as this seemingly could most easily violate
real-space pseudo-fivefold symmetry.
As we consider here for the first time the diffraction of


two 54-clusters, we must for the first time consider interfer-
ence effects between two clusters not related by translation-
al symmetry. We need to take into account the orientation
of 54-clusters with respect to each other. The 54-cluster ori-


Figure 17. The combined metric (see text) which assesses both the dif-
fraction peak sharpness and peak positions relative to the 4-ring (see
Figure 13) for the a) linear and b) intermediate projections of F-centered
cubic-celled 54-clusters, plotted versus the relative size of the unit cell to
the cluster. c) The frequency of each size of 54-cluster in experimental
crystal structures. The two distinct ranges of theoretically optimal cluster
sizes are matched by experiment.


www.chemeurj.org G 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 3908 – 39303926


S. Lee et al.



www.chemeurj.org





entation is an issue, because this cluster has Td symmetry.
There are two ways to align a tetrahedron with respect to
the symmetry of a cubic unit cell, and therefore two ways to
orient the 54-cluster. Considering the central IT tetrahedron
of the 54-cluster, we can have one of its triangular faces
pointing along either the [111] or [1̄ 1̄ 1̄] direction. We shall
call the former orientation regular (r or R), and the latter
orientation inverted (i or I).
We may then develop the following nomenclature: small


and large Roman letters will signify respectively small- and
large-sized 54-clusters. R would refer to a large-scaled 54-
cluster with the regular orientation. Combining these names
with the Z, Q, H, and T notation, we can generate an effi-
cient naming scheme. Qi for example will specify a small-
scaled 54-cluster with the inverted orientation, centered at
(14,
1
4,
1
4).
In Figure 18a, we consider one regular and one inverted


cluster located at respectively Z and Q. (We choose Z and
Q because, as Table 4 shows, these are the most common
cluster centers.) We calculate the diffraction pattern for cell-


to-cluster size ratios ranging from 3 to 35 using the product
established in the preceding section to assess the diffraction
pattern. As Figure 18a shows, there are a number of optimal
size ratios of the two clusters. The globally optimal ratio is
for one cluster to have a size ratio of six (i.e. , r or i), while
the other has a size-ratio of four (i.e., R or I). The second
most optimal ratio is for both clusters to have size ratios of
four.
The figure shows two identical globally optimal peaks. We


can apply our nomenclature to verify that they should be
identical. The first of the two optimal peaks corresponds to
the pair of 54-clusters Zr·QI, while the second is for two
clusters ZR·Qi. Now consider the effect on the first two
clusters if they are inverted about the point (18,


1
8,
1
8). In this op-


eration, the Z and Q sites switch labels. Furthermore, r and
I convert to i and R, respectively. Thus, Zr·QI becomes
Qi·ZR, and the aforementioned peaks are symmetry-equiva-
lent. (Note Qi·ZR=ZR·Qi.)
We place, directly on the figure, crosses that correspond


to the experimentally determined pairs of clusters. (In addi-
tion to pairs of clusters centered at Z and Q, we also include
pairs of clusters located at Q and H, H and T, or T and Z
sites. We do so because the calculated contour maps are
equally valid for all pairs of neighboring centers.) Agree-
ment between theory and experiment is good. The largest
number of peaks is found at Zr·QI and ZR·Qi. In addition,
there are a few experimentally observed points that lie near
the second most optimal geometry, ZR·QI, and three points
at Zr·Qi (the presence of these last points is the subject of
the last paragraph in this section).
We now turn to the cases of Zr·Qr, Zr·QR, ZR·Qr, and


ZR·QR. We examine these cases in light of our earlier ob-
servations for the Zr·QI peaks. We first note two geometri-
cal issues. First, we observe that one cannot have Zr and ZR
clusters simultaneously in the same crystal structure. This is
because the ZIT atom provides the IT site of the Zr cluster,
but ZOT provides not just the OT site of the Zr cluster but
the IT site of the ZR cluster. In a 54-cluster, the IT tetrahe-
dron has one orientation, while the OT tetrahedron has the
opposite orientation. Thus the ZOT site cannot simultane-
ously be the OT site of a Zr cluster and the IT site of a ZR
cluster.
Second, we note Zr and Zi are not compatible. In Zr, we


would have a regularly oriented IT and therefore an invert-
ed OT, while in Zi we would have an inverted IT and regu-
larly oriented OT. Zr and Zi are not compatible, as an in-
verted (or regular) OT and an inverted (or regular) IT
would lie too close to one another to be simultaneously
present. (For a similar reason, QI and QR are not found to-
gether.)
These two geometrical observations place considerable


constraints on the Zr·Zr, Zr·ZR, ZR·Zr, and ZR·ZR peaks.
As we have seen in Figure 18a, the Zr·QI configuration is
quite common. If the crystal in question has the Zr·QI con-
figuration, then the presence of Zr and QI rules out the pre-
sences of respectively Zi or ZR and Qi or QR. (Qi and QI
can not be simultaneously present for the same reason Zr


Figure 18. Contour plots of the combined metric (see text) which assesses
both diffraction peak sharpness and peak positions relative to the 4-ring
(see Figure 13) for F-centered cubic unit cells containing the intermediate
projections of two 54-clusters centered respectively at Z and Q, a) with
clusters with inverted orientation with respect to each other and b) with
the same orientation. Both plots are divided into seven equally spaced
contours, in which redder lines represent larger values, and bluer lines
smaller values. Crosses indicate experimentally observed arrangements of
pairs of clusters. See text for discussion.
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and ZR can not be simultaneously present.) However ZI
and Qr are compatible with Zr and QI. Since we are at this
point interested in a pair of clusters with the same orienta-
tion, the only admissible possibilities would be Zr·Qr and
ZI·QI. We further note that following inversion, ZI·QI be-
comes ZR·QR.
We therefore expect that as Zr·QI is quite common, the


two most common orientations among Zr·Qr, Zr·QR,
ZR·Qr, and ZR·QR would be Zr·Qr and ZR·QR. The ex-
perimental data of Figure 18b confirm this hypothesis. The
majority of experimental data is for these two cluster pairs,
with a few Zr·QR cluster pairs also present.
The experimental data is therefore compatible with the


theoretical calculations. We end this section, however, with
one caveat. The theoretical calculations do not unambigu-
ously anticipate the experimental results. There is one addi-
tional possibility compatible with theory that is not most
commonly observed. It could have been that Zr·QR (rather
than Zr·QI) was most commonly observed. ZI and Qi are
compatible with Zr·QR. As a consequence, ZI·QR and
Zr·Qi would also have been seen. This second possibility is
what allows for the experimental pairs that lie off the global
maxima of Figure 18.


Conclusions


In this paper, we have shown that the pseudo-fivefold sym-
metries of a number of complex solid-state compounds can
be understood by considering the higher dimensional Pla-
tonic solid, the 600-cell. In the preface to his classic work on
higher dimensional Platonic solids, Regular Polytopes,
H. S. M. Coxeter talks of the dazzling beauty of 4D solids.
He quotes Lobatschewsky, who wrote, “there is no branch
of mathematics, however abstract, which may not some day
be applied to phenomena of the real world.”[46] Solid-state
chemists are blessed that it is in our field in which such daz-
zling and beautiful mathematical constructs as the 600-cell
can take hold.
In some ways it is not an accident. One of the central con-


cerns of solid-state chemists is the filling of space with poly-
hedra. Furthermore, most binary compounds are metals, and
their structures are often built up of tetrahedra. The com-
plexity of many crystal structures is a consequence of these
statements. For, as we know, it is not possible to fill space
solely with regular tetrahedra.
We may think of the intrusion of the 4D 600-cell into


solid-state chemistry as a consequence of the above. Just as
the exterior of a 3D polyhedron is a curved 2D surface, the
exterior of a 4D polyhedroid is a curved 3D volume.15 But
what a volume! Every vertex is in the center of an icosahe-
dron, each icosahedron is composed of 20 perfectly regular


tetrahedra, and all faces of all tetrahedra lie on the face of
an adjacent tetrahedron. Were such an object to exist in or-
dinary 3D space, we would reasonably expect that there
would be numerous phases which would adopt its structure.
Even in curved space, we can imagine (and we hope in this
paper have shown) such a geometrical object is of use.
However, at the same time, we view the 600-cell as just a


point of departure. We suspect its point group and represen-
tations of its point group will also play a significant role in
the understanding of complex intermetallic structures. The
point group of the 600-cell has 14400 elements; its irreduci-
ble representations are of a complexity far beyond those en-
countered in 3D point groups. The utility of the point group
and its representations in simplifying and classifying solu-
tions to the Schrçdinger equation is well known.
The 600-cell is just one of many geometrical objects that


belong to this point group. In a previous paper, we have de-
scribed an edge-capped stella quadrangula, the edges of
which are decorated with new atoms.[39] In an analogous
manner, we can envision decorated 600-cells. However, the
600-cell point group may have more far-reaching consequen-
ces; just as regular quasicrystals have Ih point-group symme-
try,[1] we may envision new quasicrystals that belong to the
600-cell point group.[53] Such further constructs seem worthy
of investigation.


Appendix


Linear projection of the 16-cell : The eight vertices of the 16-cell can be
described in Cartesian coordinates by (�1,0,0,0), (0,�1,0,0), (0,0,�1,0),
and (0,0,0,�1). In 4D, each vertex is distance 1 from the origin, and has
six nearest neighbors at a distance of


p
2. To find the matrix that creates


a linear 3D projection of the 16-cell, we must define the direction of pro-
jection. As discussed earlier in this article, we chose the direction of pro-
jection to be orthogonal to the central tetrahedron (thus preserving the
symmetry of this tetrahedron). We arbitrarily chose the central tetrahe-
dron to have vertices at (1,0,0,0), (0,1,0,0), (0,0,1,0), and (0,0,0,1). We
would like these four points to be projected onto the vertices of a 3D tet-
rahedron, the vertices of which we (again somewhat arbitrarily) place at
(�1,�1,�1), (�1,1,1), (1,�1,1), and (1,1,�1). The desired projection
matrix M16 can now be found by solving the system of linear equations
represented by


The solution to this system of equations is


When the matrix M16 is applied to the 4D coordinates of the eight verti-


ces of the 16-cell, the result is a 3D projection with Td symmetry.
15 Both the 2D exterior surface of the 3D polyhedra and the 3D exterior
volume of a 4D polyhedroid are curved, as the individual exterior ele-
ments (respectively 2D polygons and 3D polyhedra) are canted with
respect to each other so that they can wrap around the respectively 3D
and 4D spaces.
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The attentive reader may notice that this 3D projection of the 16-cell is
actually a cube. Therefore, while our method did not require it, this pro-
jection has Oh symmetry, of which Td is a subgroup. While one of course
does not need four dimensions to generate a cube, this method can be
applied to more complicated 4D polyhedroids for which projection
proves more useful.


Linear projection of the 600-cell : We now use this same method to gener-
ate a 3D projection of the 600-cell with Td symmetry. The 120 vertices of
the 600-cell can be described in Cartesian coordinates by (� 12,�


1
2,�


1
2,�


1
2)


(16 vertices), (0,0,0,�1) (8 vertices), and all even permutations of
1=2 ACHTUNGTRENNUNG(�1,�t,�1t,0) (96 vertices, t is the golden mean). In 4D, each vertex is
distance 1 from the origin, and has twelve nearest neighbors at a distance
of 1t. We arbitrarily chose the central tetrahedron to consist of the four
mutually nearest neighboring vertices at (1,0,0,0), 1=2(t,0,


1
t,1),


1=2(t,1,0,
1
t),


and 1=2(t,
1
t,1,0). We would again like these four points to be projected


onto (�1,�1,�1), (�1,1,1), (1,�1,1), and (1,1,�1) in 3D space. The de-
sired projection matrix M600 can now be found by solving the system of
linear equations represented by


The solution to this system of equations is


Applying this matrix M600 to the 4D coordinates of the 600-cell produces
a 3D projection of the polyhedroid with Td symmetry. The full list of 4D
and 3D coordinates of the 600-cell under this linear projection are given
in the Supporting Information. In the second column of Table 5 are the
3D coordinates of the seven distinct sites in the 54-cluster discussed in
this paper, as projected linearly from the 600-cell.


Stereographic and intermediate projections of the 600-cell : Having al-
ready found the Td linear projection of the 600-cell, we must stretch or
shrink regions of that projection in order to generate the stereographic
and intermediate projections. As with the linear projection, we would
like the vertices (1,0,0,0), 1=2(t,0,


1
t,1),


1=2(t,1,0,
1
t), and


1=2(t,
1
t,1,0) to form a


tetrahedron at the center of these projections. This means positioning the
“light” opposite the center of this tetrahedron, in the direction {�(t+


1,t�1,t�1,t�1)}/(2p2). We define g as the distance from the point on
the 600-cell at the center of the projection to the “light”, in 600-cell di-
ameters. Thus, a stereographic projection corresponds to g=1, the inter-
mediate projection we use in this paper corresponds to g =1.9, and a
linear projection corresponds to g=1. We can now calculate the project-


ed 3D coordinates (b1,b2,b3) of any 4D vertex (a1,a2,a3,a4) for any value of
g.


As a final step, not shown in the above expression, we multiply all the
3D coordinates by a constant such that the IT coordinates are
(�1,�1,�1), (�1,1,1), (1,�1,1), and (1,1,�1), so they can be more easily
compared. In the third and fourth columns of Table 5 are the seven dis-
tinct sites in the 54-cluster, as projected from the 600-cell with g =1 (ster-
eographic) and g=1.9 (intermediate). As expected, the outer layers of
the cluster are more stretched out as the projection moves closer to ster-
eographic.
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A Highly Selective Colorimetric Aqueous Sensor for Mercury
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Introduction


Mercury poisoning remains a significant threat to human
health, yet global mercury emissions continue to rise.[1] In
the United States, nearly 87% of mercury emissions result
from solid waste incineration and the combustion of fossil
fuels.[2] The long atmospheric lifetime of mercury causes
contamination across vast quantities of land and water.[3] To
make the problem worse, bacteria convert elemental and
ionic mercury to methyl mercury, adding this potent neuro-
toxin to the food chain.[4–6] Mercury poisoning causes serious
sensory, motor, and cognitive disorders in human beings.[5]


Knowing the seriousness of this problem, significant
ACHTUNGTRENNUNGresearch efforts have been devoted to improving mercury
ACHTUNGTRENNUNGdetection.[7–9] Current industrial approaches rely on costly,
time-consuming methods like atomic absorption/emission
spectros ACHTUNGTRENNUNGcopy or inductively coupled plasma mass spectrosco-
py, which are not very amenable to portable, convenient
“in-the-field” detection. Therefore, many laboratories have
focused on “colorimetric,”[10–18] redox active,[19,20] and/or
fluorescence[6,9, 19,21–29] chemosensors in the hope of develop-


ing new mercury sensors. Many of these suffer from compet-
ing metal ions, are incompatible with aqueous media, and/or
have slow HgII response times. In all cases, it is critical to se-
lectively detect mercury in the presence of other environ-
mental metals especially PbII and CuII. Recent reports sug-
gested that nitrogen binding sites are a good choice[19] for
the selective recognition of heavy metals such as CdII, PbII,
and HgII.
In this communication, a new colorimetric mercury sensor


is reported based on binding to terpyridine derivatives (1a–
d). It is able to selectively detect HgII ions over a number of
environmentally relevant ions
including CaII, PbII, ZnII, CdII,
NiII, CuII, and others. The re-
sponse time upon exposure to
HgII is instantaneous. By the
“naked eye,” the detection limit
of HgII is 2 ppm (25 mm) in solu-
tion. With a conventional spec-
trometer this detection limit is
increased down to 2 ppb
(25 nm), which is the current
EPA standard for drinking
water.[30] Initially it was surpris-
ing to discover that 1 appears to be a sensitive and selective
colorimetric sensor for HgII; however, as this report shows, 1
is a simple yet effective molecular scaffold to detect HgII.


Abstract: A new colorimetric mercury
sensor is reported based on binding to
terpyridine derivatives. It is able to se-
lectively detect HgII ions over a
number of environmentally relevant
ions including CaII, PbII, ZnII, CdII, NiII,
CuII, and others. The response time
upon exposure to HgII is instantaneous.
By the “naked eye,” the detection limit


of HgII is 2 ppm (25 mm) in solution.
With a spectrometer, this detection
limit is increased down to 2 ppb
(25 nm), which is the current EPA stan-


dard for drinking water. The significant
problem of mercury poisoning requires
new methods of detection that are sen-
sitive and selective. Here we report a
new simple system that takes advant-
age of the unique optical properties
generated by terpyiridine–Hg com-
plexes.
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Results and Discussion


The selectivity of 1a–d (the syntheses of which have been
previously reported[31–34] ; note that the different molecules
have no observable differences in the reported experiments
except for the “dip-stick” analysis, see below, in which the
polymer sample 1d produced more uniform films) for HgII


over a number of environmentally relevant metals ions such
as CaII, BaII, PbII, CoII, CdII, NiII, MgII, ZnII, and CuII was in-
vestigated and the results are shown in Figure 1. The addi-


tion of HgCl2 in water to a solution of 1 in DMSO/water
(1:3.5) caused the immediate appearance of a pink color.
Conversely, addition of the other metals to solutions of 1 re-
sulted in little or no color change, except for CuII which
turned slightly blue as expected. More importantly, the in-
troduction of a tenfold excess of these competing heavy
metals to a solution of 1 did not impact the ability of HgII to
induce the pink color. The pink color only occurs in the
presence of HgII with or without competing metal ions. The
pink color results from binding of HgII to 1 and the absorp-
tion coefficient (e) of HgII–1b is 133 times larger (4K
104 Lmol�1 cm�1) than that of CoII–1b
(0.3K102Lmol�1 cm�1) at 557 nm.
To determine the detection limit, the amount of HgII


added to solutions of 1 was gradually decreased as shown in
Figure 2 (top and middle). By “naked-eye” detection, a
lower limit of 2 ppm, or 25 mm, HgII could be seen in these
solutions (Figure 2, top). To further quantify the detection
limit, a conventional UV/Vis spectrometer was employed to
record the changes in the absorption spectra as shown in
Figure 2 (middle). In this manner, the detection limit could
be extended down to 2 ppb, or 25 nm, which meets current
EPA standards for the maximum allowable level of HgII in
drinking water.[30] The colorimetric response of 1a and 1d
versus the concentration of HgII is shown to be linear and
essentially identical in Figure 2 (bottom).
To gain some insight into the metal chelation between


HgII and 1, isothermal titration calorimetry (ITC) was per-
formed (in triplicate) to evaluate the binding of HgII and an-
other metal, in this case CoII, with terpyridines (Figure 3).
The good solubility of 1c in 1:3.5 DMSO:H2O allows metal–
terpyridine association values to be reported in aqueous sol-
utions rather than organic solvents for the first time.[35] Both


HgII and CoII gave the expected binding ratio near 0.5 metal
ions per terpyridine ligand molecule, illustrating that even at
high metal concentrations, the metal center prefers to have
two terpyridine molecules chelated; this coordination was
further evidenced by the crystal structure published previ-
ously.[36] In contrast, a CuII/terpyridine system can be driven
to a 1-to-1 binding ratio quite easily (Supporting Informa-
tion). Interestingly, from ITC, it appears that terpyridine de-
rivatives do not have an inherent chelating preference for
HgII over CoII evidenced by the similar enthalpy and associ-
ation constants between the two systems (Figure 3). These
results suggest that the selectivity and sensitivity for HgII de-
pends more strongly on the differences in optical properties
than binding strength. Although another mechanism leading
to preferential HgII/terpyridine binding cannot be ruled
out.[37]


Nonionic surfactant was added to the system for two rea-
sons: 1) to see if the DMSO concentration could be reduced
and 2) to determine if the system was sensitive to amphi-
philic impurities. It was determined that only 5% DMSO


Figure 1. The specific color change to pink of 1 is only observed upon ad-
dition of HgII. This color change is also observed in the presence of com-
petitive metal ions, even at tenfold excess. No pink color is observed for
other environmentally relevant bivalent metal ions including CaII, BaII,
PbII, CoII, CdII, NiII, MgII, ZnII, and CuII.


Figure 2. Top: Color change from left to right (as indicated by the arrow)
due to decreasing HgII concentration. The initial volume of HgII was
2000 ppm and the final volume was 2 ppm. Middle: Absorption spectra
of 1 in DMSO/water (1:3.5) with decreasing HgII. Bottom: A plot of
(A�A0) versus Hg


II concentrations for 1a and 1d.
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was needed to make the system completely soluble in water
and the colorimeteric “naked-eye” detection limit remained
unchanged (2 ppm) in the presence of surfactant. In addi-
tion, chelation experiments with EDTA showed that the re-
sponse was reversible. Upon addition of two equivalents of
EDTA, the pink color disappeared. Then addition of one
equivalent of HgII immediately reproduced the pink signal.
This cycle was repeated three times with no observable devi-
ations.
Motivated by the favorable features of this system in solu-


tion, the development of paper strips coated with 1d were
investigated to determine the suitability of a “dip-stick”
method for detecting HgII, similar to that commonly used
for pH measurements. When the litmus strips coated with
1d were introduced into an aqueous solution of HgII ions,
an immediate color change to pink was observed on contact.
Determination of the detection limit for these “dip-sticks”


showed a lower limit of 2 ppb. Figure 4 shows the “stan-
dard” pink colors for known concentrations of HgII in solu-
tion and three experimental “dip-sticks”. The litmus paper
method could detect HgII at different pH values ranging
from 2.5 to 9 demonstrating that the system works over a
wide range of pHs. The development of such a “dipstick”
approach is extremely attractive for “in-the-field” measure-
ments that would not require any additional equipment.


Conclusion


In conclusion, the ability of terpyridine to selectively and
sensitively detect HgII in aqueous environments was demon-
strated. A detection limit of 2ppb, the EPA standard for
drinking water, was obtained using either a spectrophoto-
metric or litmus paper method. The response time is instan-
taneous and the detection limit was achieved even in the
presence of excess metal ion competitors of concern as
drinking water pollutants. Binding data and absorption spec-
troscopy suggested the sensitivity arises from the large dif-
ference in the absorption coefficient for 1-HgII complexes.
Translation of the solution observations to the litmus paper
method could greatly simplify in-field detection of HgII


without the need for special equipment. Despite the simplic-
ity of this system, it has an excellent detection limit and ap-
pears to be very versatile.


Experimental Section


Stock solutions of terpyridine in DMSO or DMF (42 mm) and HgCl2 in
water (63 mm) were made and diluted with water to the desired concen-
trations from 10 mm to 0.16 mm. For analar HgBr2, 0.5m HCl was used to
make stock solutions due to the poor solubility of the salt. Titrations to
find the lower detection limit of HgII were made by keeping the volume
of terpyridine constant and varying the amount of HgII. To demonstrate
the difference in coloration upon chelation with HgII over FeII. See the
supporting information.
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Figure 3. Top: ITC raw data of the titration of 1c with HgII. [1c]initial=
0.15 mm and [HgII]syringe=1.5 mm. Also shown is a table comparing ther-
modynamic binding parameters of 1c with either HgII or CoII. b) Crystal
structure of [Hg ACHTUNGTRENNUNG(terpy)2] (terpy: terpyridine) containing two CF3SO3


�


ions and one acetone molecule reported by Matković-Čalogović et al.[36]


Figure 4. Demonstration of polymer 1d coated “dip-sticks” for three dif-
ferent concentrations of HgII.
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Engineering Nanorafts of Calixarene Polyphosphonates
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Introduction


Cavitand-type molecules contain a hydrophobic pocket, and
whilst they can assemble into large nanometer-scale self-as-
sembled architectures by noncovalent interactions, their
ability to assembly into nanorafts is yet to be realized. This
is despite a plethora of spectacular architectures having
been established for cavitands, including nanocapsules,
which are often based around the Platonic or Archimedean
solids.[1–3] They can also describe complex entities found in
nature such as certain types of protozoa, pollen grains, and
crystals.[4]


Cavitand-type molecules include C-alkylresorcin[4]arenes
and C-alkylpyrogallol[4]arenes, which can form hexameric
capsules with an internal cavity of 1250–1375 *3.[5,6] The
design characteristics of such cavitands is noteworthy in lim-
iting intramolecular hydrogen bonding, leaving some hy-


droxy groups to participate in intermolecular hydrogen
bonding, resulting in interplay of the cavitands, which can
favor the formation of spheroid-like molecular capsules.


Calixarenes are another class of cavitands, which can be
readily sulfonated, but generally it is the sulfonate group
rather than the protonated sulfonic acid group that features
in building complex arrays such as spheroid-like structures
comprising twelve molecules at the vertices of icosahedra or
cuboctahedra.[1,2] These water-soluble calixarenes are also of
interest in relation to their ability to act as catalysts, surfac-
tants, host molecules, and more.[7,8]


Herein we have targeted the corresponding calixarene
with phosphonic acid groups in the p-position relative to the
hydroxy groups at the base of the molecule, that is, p-phos-
phonic acid calix[4]arene, 1 (Scheme 1).


With two acidic hydrogen atoms now associated with each
phosphonic acid functional group there is potential for form-
ing complex arrays involving multiple hydrogen bonding as-
sociated with these groups, along with other inherently weak
interactions such as p-stacking and C�H···p interplay. In
contrast, there is only one acidic hydrogen atom for each
functional group in the analogous sulfonated calixarene, and
thus the calixarene has limited hydrogen-bonding capability.
The lowest oligomer in the calixarene series has four phenol
moieties, for which the calixarene is expected to take on the
usually rigid bowl-shaped conformation associated with four
intramolecular hydrogen bonds involving the phenolic hy-
droxy groups. Higher calixarenes are usually more flexible
and may not necessarily adopt a cone- or bowl-shaped con-
formation.


Keywords: calixarenes · nanostruc-
tures · process intensification ·
self-assembly · supramolecular
chemistry


Abstract: The water-soluble calix[4]arene bearing p-substituted phosphonic acid
groups is accessible in five steps in overall 62% yield, with the hydrogen-bonding
prowess of the acidic groups dominating its self-assembly processes. These include
the formation of 3.0(3) nm and 20(2) nm nanorafts of the calixarene in water using
spinning disc processing, stabilized by acetonitrile, and nanorafts in the gas phase
(�20 molecules). The 20(2) nm particles transform into 3.0(3) nm particles prior
to crystallization into a compact bilayer, whereas crystallization in the presence of
large organic molecules gives an expanded bilayer interposed by layers of water
molecules.
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The synthesis of compound 1 represented a synthetic chal-
lenge, in contrast to the ubiquitous one-step synthesis of the
analogous sulfonic acid,[9] and we have established that 1 is
accessible in five steps from the commercially available cal-
ix[4]arene in 62% overall yield (Scheme 1). Compound 1
indeed assembles into nanorafts using process intensification
rotating surface (PIRS) technology, and into continuous
structures based on bilayer arrangements, some of which are
persistent in the gas phase. It is noteworthy that PIRS is a
new method for fabricating nano-particles for which spin-
ning disc processing (SDP) is rapidly developing;[10–12] the
key components of SDP include a rotating disc with control-
lable speed, and feed jets located slightly off-center from
the disc. SDP generates a thin fluid film (1–200 mm) on a
rapidly rotating disc surface (300–3000 rpm), within which
nano-arrays form (Figure 1),[12] with strong shearing forces
creating turbulence and breaking the surface tension of the
film, making waves and ripples.[11] These waves and ripples
add to the vigor of mixing and ensure extremely short reac-
tion residence time under plug flow conditions, with even
mixing throughout the entire film. SDP is distinctly different
from the well-known spin-coating process, which is the pre-


ferred method for the controlled coating of flat surfaces[13]


(“discs”) rather than being used for fabricating nanomateri-
als, as the application of SDP herein.


Results and Discussion


Multigram quantities of compound 1 were prepared by ini-
tially brominating calix[4]arene (2) using bromine to give
the bromo-calixarene 3 in 87% yield (Scheme 1). Protection
of the lower rim hydroxy groups by acetylation with acetic
anhydride gave the tetra-acetate 4 in 86% yield, and subse-
quent phosphorylation with triethyl phosphite produced the
corresponding phosphonate ester 5 in 84% yield. Deprotec-
tion of the acetyl groups was effected by using potassium
hydroxide, which afforded 6 in quantitative yield. There-
after, de-esterification of the ethoxy groups using bromotri-
methylsilane (BTMS) gave 1, also in quantitative yield.


Compound 1 is moderately soluble in dimethyl sulfoxide
(DMSO), slightly soluble in cold water and alcohols such as
methanol, and insoluble in all other common organic sol-
vents. Slow evaporation of a saturated solution of 1 in meth-
anol/6n HNO3/Cu ACHTUNGTRENNUNG(NO3)2 or water/curcumin afforded color-
less single crystals suitable for X-ray diffraction studies, 1a
and 1b respectively. Copper cations are not incorporated
into structure 1a, but their presence is necessary to effect
crystallization. Changing the cation to rubidium, cesium, or
nickel also gave colorless single crystals with the same unit
cell dimensions, and thus these crystals are also devoid of
metal ions. The overall structure, 1a, is a compact bilayer ar-
rangement with the bilayers linked together by hydrogen
bonding between phosphonic acid groups from different bi-
layers. Crystallization from water in the presence of curcu-
min afforded structure 1b. Changing curcumin to other or-
ganic molecules, such as b-carotene or carborane,[14] also
yielded colorless crystals with the same unit cell dimensions.
In the absence of such organic molecules we were unable to
crystallize 1 from water. The structure of 1b is very similar
to that of 1a, adopting the same bilayer arrangement, albeit
now with the bilayers separated by a layer of water mole-
cules (Figure 2A and B).


Both structures crystallize in the same tetragonal space
group P4/n, the major difference in cell dimensions being as-
sociated with the tetragonal c axis, 11.067(3) and
14.0678(8) * for 1a and 1b, respectively. The tetragonal axis
is normal to the bilayers with the cone-shaped calix[4]arenes
residing on fourfold symmetry axes, and thus the difference
in c axis is associated with the incorporation of a layer of
water molecules for 1b relative to 1a. The a (and b) axes
for the two structures are very similar (12.130(4) and
11.9381(6) * for 1a and 1b, respectively), which reflects the
similarity in packing within the bilayers in the two struc-
tures. In 1a there is inclusion of a disordered methanol mol-
ecule in the cavity of the calixarenes with the methyl group
directed towards the cavity. Similarly, in structure 1b the
cavity of each calixarene takes up a disordered water mole-
cule. In both structures the calixarene adopts a crystallo-


Scheme 1. Synthesis of p-phosphonic acid calix[4]arene. DMF=dimethyl-
formamide, Ac=acetyl, Et=ethyl, Ph=phenyl, THF= tetrahydrofuran
and Me=methyl.


Figure 1. Key features of a spinning disc processor (SDP) used to fabri-
cate 3.0(3) or 20(2) nm particles of compound 1 (inset shows the struc-
ture of a 3 nm particle).
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graphically imposed symmetrical cone conformation. This
contrasts with a partially pinched cone conformation con-
taining an ordered water molecule in the cavity of sulfonat-
ed calix[4]arene, which involves O�H···p interactions.[15] In
both structures the phenolic hydroxy groups at the lower
rim of the calixarene are engaged in a circular hydrogen-
bonded network equally disordered in opposite directions
(O�H···O distance is 1.82 and 1.83 * for 1a and 1b, respec-
tively).


The bilayer arrangements in both structures have calixar-
enes orientated in opposite directions, Figure 2A and B.
Both bilayers involve intricate hydrogen-bonding networks
formed by bridging methanol or water molecules between
phosphonic acid moieties within each bilayer (O�H···OCH3


distances 1.78–2.05 * for 1a, and O�H···OH2 distances 1.67–
1.95 * for 1b) (Figure 3A and B). In addition, methanol
and water embedded in the cavity of both structures inter-
acts with the inner walls of the calixarene via CH···p or
OH···p interactions (short contacts for HOC···centroid and
H2O···centroid are 4.01 * and 4.08 * for 1a and 1b, respec-
tively). The closest distance between phosphorus atoms of
neighboring bilayers is 4.62 * in 1a, whereas it is 6.20 * in
1b where there is no hydrogen bonding between phosphonic
acid groups across different bilayers. In 1a the phosphonic
acids are engaged in a complex hydrogen-bonding array
forming a compact bilayer with a short contact �POH···O=


P(OH)2 of 1.61–1.75 *, whereas in 1b water molecules in
the hydrophilic layer are interposed between bilayers with
OH2···O=P(OH)2 and H2O···HOPO(OH) distances ranging
from 1.88–1.95 and 1.88–2.23 *, respectively (Figure 3A and
B). A subtle difference in the packing of calixarenes within
the bilayers is that in 1a two methylene protons from a
single carbon atom of one calixarene reside close to the face
of an aromatic ring of another calixarene (CH2···p inter-
play), whereas in 1b only one of the hydrogen atoms from
the same methylene group is associated with such an inter-
action.


Crystallization of compound 1 is also possible using SDP
involving a 1m sodium hydroxide solution containing 1 as
the corresponding phosphonate and HCl solution at differ-
ent concentrations (1.0, 1.5, 3.0, and 6.0m). The experiment
involved injecting the alkaline solution of 1 in one feed jet,
and a solution of HCl in the other feed jet at room tempera-
ture (1 mLs�1, grooved disc, 1500 rpm disc rotation) to
ensure an acidic solution upon mixing. The spinning disc
process induces rapid crystallization and is dependent on
the molarity of the acid used, and generally yields micron-
size particles. However, using HCl solutions containing 10%
acetonitrile results in the formation of specifically 3.0(3) or
20(2) nm particles (dynamic light scattering) depending on
the concentration of the acid (Figure 4A and B); the ability
to fabricate nanoparticles of a specific size, and stabilized by
acetonitrile, under process intensification is noteworthy.


In the absence of acetonitrile, increasing the concentra-
tion of HCl induces immediate formation of micron-size
particles which then re-disperse to form smaller particles
upon standing for a few hours, notably 3.0(3) nm for 3m


HCl and 20(2) nm for 1.0m HCl. The presence of acetoni-
trile circumvents the formation of micron size particles, af-
fording stable 3.0(3) and 20(2) nm particles for 3.0m and


Figure 2. A) The compact bilayer organization of 1 in structure 1a.
B) The expanded bilayer organization of 1 in structure 1b.


Figure 3. A) Building block for the assembly of 1a ; B) building block for
the assembly of 1b. (A and B) show the hydrogen bonding involved in
the construction of the bilayers (ball-and-stick for one calixarene unit
with neighboring calixarene fragments represented as sticks; water and
methanol molecules depicted in blue and dashed and dotted lines repre-
sent hydrogen bonds).
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1.0m HCl, respectively (Figure 4A and B). Moreover, the
particle size can also be controlled by varying the speed of
the disc, amongst other parameters. For example, at
2000 rpm disc speed, 80(7) nm particles are formed for 1m


HCl, and the use of acetonitrile as a stabilizing agent in con-
junction with SDP is critical (Figure 4C and D). Acetonitrile


was selected for this purpose
because of its ability to bind in
the cavity of the calixarene on
the surface of the nano-parti-
cles with the polar group direct-
ed to solution space in the same
way as methanol does in 1a.[16]


The X-ray powder diffraction
(XRPD) pattern for the as-syn-
thesized compound 1
(Scheme 1) matches the calcu-
lated powder pattern[17] for the
aforementioned structure 1a
(Figure 5A–C).


Analysis of the peak widths
using the Scherrer equation
gave a particle size of 16–
30 nm, which is comparable to
that of the 20(2) nm particles
formed by SDP. Precipitation of
an aqueous solution of 1 with
excess concentrated HCl pro-
duced a solid with the same
crystal packing as the as-synthe-
sized compound 1 (Figure 5D).
Thus the packing of the calixar-
enes in the as-synthesized prod-
uct is similar to the compact bi-
layer as seen for structure 1a.
Removal of the solvent for the
above-prepared 3.0(3) nm parti-
cles (without acetonitrile) gave
a diffraction pattern with a
dominant peak at 2q=9.08,
which equates to a d-spacing of
1.0 nm, and matches closely the
bilayer spacing in the compact
bilayer of 1a (Figure 5E).


The nanoraft assemblies also
show remarkable stability in
DMSO at room temperature,
contrary to the fact that DMSO
is effectively competing for hy-
drogen bond formation with the
calixarene. Calixarene dimers
have been shown to “denature”
within seconds of addition of a
small percentage of DMSO,
which disrupts the hydrogen-
bonded array holding the dimer
together.[18] Thus our present


system is intriguing, as the nanorafts slowly dissociate over
the course of 36 h into solvated monomeric units (Figure 6).


A fresh deuterated DMSO solution of 1 gives a series of
doublets for the two equivalent aromatic protons split by
the single phosphorus environment in the 1H NMR spec-
trum. Over time the monomer doublet becomes dominant


Figure 4. Volume size distributions of phosphonato-calix[4]arene nanoparticle dispersions. A and B) Various
HCl concentrations at 1500 rpm using SDP without acetonitrile (A) and in the presence of 10% acetonitrile
upon standing over an 18 hour period (B). C and D) 1m HCl at 2000 rpm using SDP without acetonitrile (C)
and in the presence of 10% acetonitrile upon standing over an 18-hour period (D).
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as DMSO breaks up the nanorafts. This is confirmed by
31P NMR spectroscopy, which shows a series of multiplets
around d=7 and 14 ppm that converge to a singlet at d=


14.7 ppm for the monomeric unit. The formation of nano-
rafts does not depend on the concentration or pH of the so-
lution, but surprisingly its formation is sensitive to the pres-
ence of trace amounts of acetonitrile. One plausible explan-
ation for this observation is that the residual acetonitrile in
the as-synthesized solid is orchestrating the nanoraftsO as-
sembly. Acetonitrile has been shown to form a variety of hy-
drogen bonds with phenol in solution,[19] inclusion com-
plexes with calixarenes,[16] and as surfactant stabilizers. Dy-
namic solution studies were attempted to establish the size
of the nanorafts by using 31P NMR diffusion ordered spec-
troscopy (DOSY). However, due to the slow diffusing
nature of the calixarene in DMSO the technique was not
suitable. Compound 1 has solubility limitations except in
protic solvents where nanorafts are not evident.


MALDI-TOF mass spectrometry on 1 provided further
evidence for the compact bilayer packing in the solid state,
showing fragmentation of the bilayer devoid of solvent (Fig-
ure 7A).


The nanorafts were observed only when using an acidic
matrix such as dihydroxybenzoic acid (DHB) and successive


Figure 5. XRPD patterns of compound 1. A) Calculated pattern for 1a ;
B) calculated pattern for 1b ; C) experimental pattern for the as-synthe-
sized solid; D) experimental pattern of the solid obtained by precipita-
tion of an aqueous solution of 1 with concentrated HCl; E) experimental
pattern of the product obtained by SDP using 1.0m HCl. The peaks in
(C) and (D) at 38.5 and 44.58 are background signals from the sample
holder plate.


Figure 6. Expansion of the 1H NMR (left) and 31P NMR (right) of com-
pound 1 between 7.6–7.2 and 16.0–6.0 ppm, respectively. A) 0 h; B) 3 h;
C) 6 h; D) 18 h; E) 36 h. (X corresponds to an impurity).
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peaks out to the 20-mer were obtained. This is consistent
with fragments of the continuous structure in complex 1a
being generated in the gas phase by the laser. These nano-
rafts can be viewed as fragments of the bilayers, with aggre-
gates of four and six molecules of 1 showing particular sta-
bility. Attempts at detecting larger fragments, by increasing
the extraction delay time and decreasing the laser power,
were to no avail. These results are confirmed by ESI mass
spectrometry in water or methanol, which show aggregates
of up to eight molecules, also with no sign of associated sol-
vent molecules (Figure 7B–D). The nature of the structure
of 1a rules out any likelihood of the formation of spheroidal
arrays of calixarenes, such as the Platonic and Archimedean
solids, found in the p-sulfonato-calix[4]arene arrays of 12
calixarenes with all the cavities pointing away from the core
of the arrays.[1,2] In addition there are no magic number sig-
nals in the mass spectrum corresponding to such structures.
There is no evidence for the formation of nanoarrays of the
water-containing complex 1b in the gas phase.


Conclusion


We have established the synthesis of a molecule that re-
markably can be assembled into bilayers and nanorafts in a
controlled way. The stability of the rafts in DMSO, especial-


ly in the presence of a critical concentration of acetonitrile,
is testimony to the stability of the rafts, which are held to-
gether by a multitude of hydrogen bonds. A likely model for
the structure of the rafts is that established in the continu-
ous structure for the compound crystallized from an acidic
solution of methanol in the presence of metal ions.


The ability to self-assemble molecules into nanoarrays
using PIRS technology is, in itself, a new paradigm in self-
assembly, and the findings have implications for the engi-
neering of nanoparticles of a wide range of organic mole-
cules. The findings show that the lowest oligomer of the p-
phosphonic acid calixarenes has a remarkable ability to self-
assemble into bilayers, with the ability to engineer material
with water between bilayers or engineer bilayers devoid of
such water molecules, and possibly the ability to engineer
particles of particular shapes as well as size. The scene is
now set to translate this to the higher phosphonated calixar-
enes.


Experimental Section


General : All starting materials and solvents were obtained from commer-
cial suppliers and used without further purification unless otherwise
noted. Acetonitrile was dried over 4 * molecular sieves for 24 h, and
NiCl2·6H2O was dried at 180 8C in vacuo for 8 h before use. All mois-


Figure 7. Mass spectra of compound 1: A) MALDI-TOF spectrum showing nanoraft assemblies up to the 20-mer in the gas phase; B to D) ESI mass
spectra between 500–2400 m/z (B), 1100–1700 m/z expansion (C), and 1700–2400 m/z expansion (D).
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ture-sensitive reactions were performed under a positive pressure of ni-
trogen. Calix[4]arene was prepared as described previously in the litera-
ture.[20] Bromo-calixarene 3 and the tetra-acetate 4 were prepared by a
modified literature procedure for the corresponding calix[8]arenes.[21]


The phosphonate ester 5 was prepared by a nickel-catalyzed Arbuzov re-
action,[22] and complete deacetylation and de-esterification to give 1 was
accomplished using well-known procedures.[23] All MALDI mass spectra
were recorded by using a Perseptive Voyager DE-RP and all ESI spectra
were recorded on a Thermo Scientific LTQ-FT. A full description of the
methods used can be found in the Supporting Information.


CCDC-649194, CCDC-649195, CCDC-649196, CCDC-649197, CCDC-
649198, CCDC-649199 contain the supplementary crystallographic data
for this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_
request/cif.


5,11,17,23-Tetrabromo-25,26,27,28-tetrahydroxycalix[4]arene (3): Bro-
mine (7.25 mL, 0.14 mol) in DMF (100 mL) was added dropwise with
stirring to a solution of calix[4]arene (10.00 g, 23.58 mmol) in DMF
(400 mL). The solution was stirred for 4 h with a precipitate forming
after about 0.5 h. Methanol (400 mL) was added and the mixture left to
stir for 0.5 h. The precipitate was filtered off and washed with methanol
(3S50 mL) to yield 3 (15.16 g, 87%) as a white solid. 1H NMR
([D6]DMSO, 25 8C, 300 MHz): d=7.35 (s, 8H, ArH), 3.82 ppm (br s, 8H,
ArCH2Ar).


5,11,17,23-Tetrabromo-25,26,27,28-tetraacetoxycalix[4]arene (4): A mix-
ture of 3 (7.32 g, 9.94 mmol) and anhydrous sodium acetate (4.89 g,
59.65 mmol) in acetic anhydride (120 mL) was refluxed for 4 h. After
cooling to room temperature, the solution was slowly quenched with
water (150 mL). The precipitate was filtered off and washed with metha-
nol (3S30 mL) to yield 4 (7.72 g, 86%) as a white solid. Recrystallization
from chloroform yielded X-ray quality single crystals, 4a and 4b, which
were also submitted for microanalysis. m.p. >290 8C (decomp); IR
(KBr): ñ=2919 (w), 1753 (s), 1571 (w), 1458 (m), 1368 (m), 1211 (s),
1179 (s), 873 (m) cm�1; 1H NMR (CDCl3, 25 8C, 600 MHz): d=7.22 (s,
8H, ArH), 3.65 (s, 8H, ArCH2Ar), 1.74 ppm (s, 12H, CH3);


13C NMR
(CDCl3, 25 8C, 151 MHz): d=167.43, 147.24, 134.82, 132.20, 118.67, 37.04,
20.22 ppm; HRMS (FAB): m/z calcd for [C36H28Br4O8 + H]+ 908.8555,
found 908.8518; elemental analysis calcd (%) for C36H28Br4O8: C 47.61,
H 3.11; found: C 47.98, H 3.36. Crystal/refinement details for 4a :
C39H31Br4Cl9O8, Mr=1266.33, F ACHTUNGTRENNUNG(000)=1244 e, triclinic, P1̄ (no. 2), Z=2,
T=153(2) K, a=13.171(2), b=13.487(2), c=15.014(2) *, a=95.498(2),
b=93.609(2), g=114.844(2)8, V=2393.3(6) *3, 1calcd=1.757 gcm�3, sinq/
lmax=0.5953, N ACHTUNGTRENNUNG(unique)=8258, (merged from 16787, Rint=0.0461, Rsig=


0.0634), No (I>2s(I))=6811, R=0.0369, wR2=0.0978 (A,B=0.04, 0.00),
GOF=1.093, jD1max j=1.1(1) e*�3. Crystal/refinement details for 4b :
C73H57Br8Cl3O16, Mr=1935.82, F ACHTUNGTRENNUNG(000)=7632 e, orthorhombic, Ccca (no.
68), Z=8, T=100(2) K, a=18.5752(2), b=35.9383(3), c=22.7037(2) *,
V=15156.1(2) *3, 1calcd=1.697 gcm�3, mCu=6.576 mm�1, sinq/lmax=


0.5878, N ACHTUNGTRENNUNG(unique)=6458 (merged from 85783, Rint=0.0475, Rsig=


0.0158), No (I>2s(I))=6042, R=0.0872, wR2=0.2250 (A,B=0.055,
800.0), GOF=1.033, jD1max j=1.1(1) e*�3.


5,11,17,23-Tetra(diethoxyphosphoryl)-25,26,27,28-tetraacetoxycalix[4]ar-
ene (5): A solution of 4 (5.51 g, 6.10 mmol) and NiCl2 (0.79 g, 6.10 mmol)
in benzonitrile (10 mL) was treated dropwise with P ACHTUNGTRENNUNG(OEt)3 (10.45 mL,
60.96 mmol) under nitrogen at 190 8C. The solution was stirred for 0.5 h
and the volatiles were removed under reduced pressure to leave an
orange residue. The residue was purified by flash chromatography to
yield 5 (5.83 g, 84%) as a light yellow solid. Recrystallization from tolu-
ene or ethyl acetate yielded X-ray quality single crystals 5a and 5b, re-
spectively, which were also submitted for microanalysis. Rf 0.44 (1:4
methanol–ethyl acetate); m.p. 251–253 8C; IR (KBr): ñ=2985 (m), 2911
(m), 1755 (s), 1650 (w), 1464 (m), 1374 (m), 1267 (m), 1020 (s), 970 (s),
796 (w), 609 (m) cm�1; 1H NMR (CDCl3, 25 8C, 500 MHz): d=7.52 (d,
8H, JP-H=13.0 Hz; ArH), 4.20–4.05 (m, 16H, POCH2), 3.79 (s, 8H,
ArCH2Ar), 1.67 (s, 12H, CH3), 1.31 ppm (t, 24H, J=7.0 Hz,
POCH2CH3);


13C NMR (CDCl3, 25 8C, 126 MHz): d =167.31, 151.22 (d,
4JP-C=4.2 Hz), 133.27 (d, 3JP-C=16.2 Hz), 132.72 (d, 2JP-C=10.4 Hz),
126.15 (d, 1JP-C=192.5 Hz), 62.22 (d, 2JP-C=6.0 Hz), 37.24, 20.07,


16.35 ppm (d, 3JP-C=6.4 Hz); 31P NMR (CDCl3, 25 8C, 202 MHz): d=


17.79 ppm; HRMS (FAB) m/z calcd for [C52H68O20P4 + H]+ 1137.3333,
found 1137.3363; elemental analysis calcd (%) for C52H68O20P4 +


1.2H2O: C 53.91, H 6.12; found: C 53.66, H 5.86. Crystal/refinement de-
tails for 5a : C55.50H74O21P4, Mr=1201.03, F ACHTUNGTRENNUNG(000)=2540 e, triclinic, P1̄ (no.
2), Z=4, T=153(2) K, a=13.410(2), b=17.619(2), c=27.760(4) *, a =


103.086(2), b=91.709(2), g=108.046(2)8, V=6038.8(14) *3, 1calcd=


1.321 gcm�3, sinq/lmax=0.5946, N ACHTUNGTRENNUNG(unique)=21084 (merged from 46491,
Rint=0.0386, Rsig=0.0631), No (I>2s(I))=14021, R=0.0689, wR2=


0.1790 (A,B=0.10, 8.52), GOF=1.042, jD1max j=1.4(1) e*�3. Crystal/re-
finement details for 5b : C108H148O44P8, Mr=2398.02, F ACHTUNGTRENNUNG(000)=2536 e, tri-
clinic, P1̄ (no. 2), Z=2, T=153(2) K, a=13.547(2), b=17.641(3), c=


27.463(5) *, a =102.591(2), b=92.803(2), g =109.046(2)8, V=


6003.2(17) *3, 1calcd=1.327 gcm�3, sinq/lmax=0.5964, N ACHTUNGTRENNUNG(unique)=20010
(merged from 37575, Rint=0.0361, Rsig=0.0630), No (I>2s(I))=13894,
R=0.1028, wR2=0.2774 (A,B=0.17,17.15), GOF=1.064, jD1max j=
1.7(1) e*�3.


5,11,17,23-Tetra(diethoxyphosphoryl)-25,26,27,28-tetrahydroxycalix[4]ar-
ene (6): A mixture of 5 (2.50 g, 2.20 mmol) and KOH (1.23 g,
22.00 mmol) in methanol (50 mL), tetrahydrofuran (50 mL) and water
(50 mL) was stirred for 4 h. The solvents were removed under reduced
pressure and the residue treated with dichloromethane (50 mL) and 2n


HCl (50 mL). The organic layer was separated, washed with 2n HCl (1S
25 mL), water (2S25 mL), dried over MgSO4 and evaporated under re-
duced pressure to yield 6 (2.10 g, 99%) as a light yellow solid. Recrystal-
lization from ethyl acetate/hexane yielded a white solid suitable for mi-
croanalysis. m.p. 126–128 8C; IR (KBr): d =3307 (br), 2984 (m), 2906 (m),
1599 (m), 1478 (m), 1392 (w), 1284 (m), 1022 (s), 963 (s), 790 (m) cm�1;
1H NMR (CDCl3, 25 8C, 600 MHz): d=10.27 (br s, 4H, OH), 7.56 (d, 8H,
ArH, JP-H=13.2 Hz), 4.26 (br s, 4H, ArCHHAr), 4.11–4.02 (m, 8H,
POCHHCH3), 4.02–3.94 (m, 8H, POCHHCH3), 3.69 (br s, 4H, ArCH-
HAr), 1.27 ppm (t, 24H, POCH2CH3, J=7.2 Hz); 13C NMR (CDCl3,
25 8C, 151 MHz): d=152.30 (d, 4JP-C=3.6 Hz), 133.38 (d, 2JP-C=10.7 Hz),
127.72 (d, 3JP-C=16.3 Hz), 122.25 (d, 1JP-C=193.9 Hz), 62.09 (d, 2JP-C=


5.6 Hz), 31.42, 16.28 ppm (d, 3JP-C=6.3 Hz); 31P NMR (CDCl3, 25 8C,
202 MHz): d =18.73; HRMS (FAB): m/z calcd for [C44H60O16P4 + 2H]+


970.2988, found 970.2940; elemental analysis calcd (%) for C44H60O16P4


+ 0.35H2O: C 54.20, H 6.27; found: C 53.93, H 5.96.


5,11,17,23-Tetra(dihydroxyphosphoryl)-25,26,27,28-tetrahydroxycalix[4]-
arene (1): Bromotrimethylsilane (4.75 mL, 36.02 mmol) was added to 6
(2.18 g, 2.25 mmol) in dry acetonitrile (50 mL) and the solution was re-
fluxed for 16 h. The volatiles were removed under reduced pressure and
the resulting residue was triturated with acetonitrile (40 mL) and water
(2 mL). The precipitate formed was filtered off and washed with acetoni-
trile (3S20 mL) to yield 1 (1.65 g, 99%) as a white solid. Recrystalliza-
tion from methanol/6n HNO3/Cu ACHTUNGTRENNUNG(NO3)2 or water/curcumin yielded X-ray
quality single crystals 1a and 1b, respectively, which were also submitted
for microanalysis. m.p. 233–235 8C (decomp); IR (KBr): ñ =3174 (br),
2300 (br), 1600 (m), 1473 (m), 1384 (m), 1275 (m), 1133 (s), 983 (s), 885
(m) cm�1; 1H NMR ([D6]DMSO, 25 8C, 500 MHz): d =7.39 (d, 8H, ArH,
JP-H=13.0 Hz), 5.73 (br s, COH/POH, shifts downfield with increasing
[H]+), 3.93 ppm (br s, 8H, ArCH2Ar); 13C NMR ([D6]DMSO, 25 8C,
126 MHz): d=154.03, 131.67 (d, 2JP-C=10.1 Hz), 127.74 (d, 3JP-C=


15.1 Hz), 124.65 (d, 1JP-C=186.1 Hz), 31.09 ppm; 31P NMR ([D6]DMSO,
25 8C, 101 MHz): d=14.74; MS (ESI) m/z calcd for [C28H28O16P4 + H]+


745.04, found 745.04; elemental analysis calcd (%) for C28H28O16P4 +


0.5H2O + CH3OH: C 44.35, H 4.23; found: C 44.04, H 4.61. Crystal/re-
finement details for 1a : C29H33O17.5P4, M=785.43, F ACHTUNGTRENNUNG(000)=814 e, tetrago-
nal, P4/n, Z=2, T=173(2) K, a=12.130(4), c=11.067(3) *, V=


1628.4(7) *3, 1calcd=1.602 gcm�3, sinq/lmax=0.5552, N ACHTUNGTRENNUNG(unique)=1161
(merged from 4657, Rint=0.0615, Rsig=0.0597), No (I>2s(I))=801, R=


0.0960, wR2=0.2116 (A,B=0.09, 18.00), GOF=1.002, jD1max j=
1.0(1) e*�3. Crystal/refinement details for 1b : C28H48O26P4, Mr=924.54,
F ACHTUNGTRENNUNG(000)=968 e, tetragonal, P4/n, Z=2, T=100(2) K, a=11.9381(6), c=


14.0678(8) *, V=2004.92(15) *3, 1calcd=1.531 gcm�3, sinq/lmax=0.5946,
N ACHTUNGTRENNUNG(unique)=1758 (merged from 15584, Rint=0.0891, Rsig=0.0721), No


(I>2s(I))=1492, R=0.1238, wR2=0.2503 (A,B=0.10, 13.40), GOF=


1.185, jD1max j=0.8(1) e*�3.
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Bis(phosphinimine) {Ph2P ACHTUNGTRENNUNG(NSiMe3)}2CH2 and the
Alkali Metals Li, Na, and K
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Introduction


Research concerning geminal organodimetallic compounds
(R2CM2) of the alkali metals can be traced back to the semi-
nal synthesis of dilithiomethane by Ziegler in the mid


1950!s.[1] The ensuing interest in this area was led primarily
by West[2] and Lagow,[3] through investigations of poly-
lithium organometallics prepared either by reaction of unsa-
turated organic compounds with alkyllithiums[4] or by metal-
vapor synthesis.[5] In turn, this work laid the foundation for
the multitude of synthetic uses of geminal organodimetallic
complexes that are known today.[6,7]


Initial attempts to structurally characterize dilithio-
ACHTUNGTRENNUNGmethane were hampered by its instability, poor solubility,
and high reactivity with air and moisture. However, Schleyer
and Pople reported a theoretical analysis of dilithiomethane
in 1976,[8] leading to a series of proposals predicting the pos-
sible oligomeric structures adopted by polylithium com-
pounds.[9] Subsequent advances in synthetic methods[10,11]


ACHTUNGTRENNUNGallowed the structural characterization of Li2CD2 by Stucky
in 1990, using a combination of neutron and X-ray diffrac-


Abstract: The geminal organodimetal-
lic complexes [({Ph2P-
ACHTUNGTRENNUNG(NSiMe3)}2C)2M4], where M4=Na4, 3 ;
Li2Na2, 4 ; LiNa3, 5 ; Li2K2, 6 ; Na2K2, 7,
and Na3K, 8, have been prepared
through a variety of methods including
direct or sequential deprotonation of
the neutral ligand with strong bases
(tBuLi, nBuNa, (Me3Si)2NNa, PhCH2K
or (Me3Si)2NK), transmetalation of the
homometallic derivatives (M4=Li4, 2
or Na4, 3) with tBuONa or tBuOK, and
by cation exchange upon mixing the
homometallic complexes in an arene
solution. Complexes 3–8 have been
characterized by single-crystal X-ray
diffraction and are found to form a ho-
mologous series of dimeric structures
in the solid-state, in accord with the
previously reported structure of 2.
Each complex is composed of a plane
of four metals, M4, in which the ligands


adopt capping positions to form dis-
torted M4C2 octahedral cores. The
metals in homometallic complexes 2
and 3 define an approximate square,
whereas the heterometallic derivatives
4–8 have distinctly rhombic arrange-
ments. The lighter metals in 4–8 inter-
act strongly with the carbanions and
the heavier metals are pushed towards
the periphery of the structures. 1H, 13C,
7Li, 31P, and 29Si multinuclear NMR
spectroscopic studies, cryoscopic meas-
urements, and electrospray ionization-
mass spectroscopic studies are consis-
tent with the dimers being retained in
solution. Dynamic solution behavior
was discovered for Li2Na2 complex 4,


in which all five possible tetrametallic
derivatives Li4, Li3Na, Li2Na2, LiNa3
and Na4 coexist. Density functional
theory (DFT) and natural bond order
(NBO) calculations in association with
natural population analyses (NPA)
reveal significant differences in the
electronic structures of the variously
metalated dianions. The smaller cations
are more effective in localizing the
double negative charge on the carban-
ion (in the form of two lone pairs),
leading to differences in the distribu-
tion of the electron density within the
ligand backbones. In turn, a complex
interplay of hyperconjugation, electro-
statics and metal-ligand interactions is
found to control the resulting electron-
ic structures of the geminal organodi-
metallic complexes.
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tion data of powder samples.[12] These studies showed that
Li2CD2 forms the antifluorite structure known for Li2O


[13]


and Be2C.
[14]


The problematic issues surrounding the structural charac-
terization of dilithiomethane have proven to be representa-
tive of this class of compounds in general. As a result, very
few geminal organodimetallics have been crystallographical-
ly characterized in the solid state. Prior to our recent com-
munication,[15] there were only three structurally character-
ized, homoleptic, geminal organodimetallic compounds con-
taining alkali metals in the literature: the bis(phosphine-
ACHTUNGTRENNUNGimine) [({Ph2P ACHTUNGTRENNUNG(NSiMe3)}2CLi2)2],


[16,17] the nitrile
[{Me3Si(NC)CLi2}12·6Et2O],[18] and the polymer 9,9-dilithio-
fluorene [C13H8Li2·THF]1.


[19] This group of complexes was
recently added to by the report of the bis(thiophosphinoyls)
[({Ph2P(S)}2CLi2·Et2O)2] and [({Ph2P(S)}2CLi2)2·3Et2O].[20] In
addition, there are a handful of mixed-anion complexes that
contain geminal dianionic ligands. To date, these compounds
include the sulfone [{PhSO2ACHTUNGTRENNUNG(Me3Si)CLi2}6·Li2O·10THF],[21]


the sulfoximine [{Ph ACHTUNGTRENNUNG(MeN)SO(Ph)CLi2}4·Li2O·6THF],[22] the
phosphonate [({(MeO)2PO ACHTUNGTRENNUNG(Me3Si)CLi2}3·Me2N)2-
ACHTUNGTRENNUNG·(Li·2TMEDA)2],


[23] the phosphiminine [{Me2P ACHTUNGTRENNUNG(NSiMe3)-
ACHTUNGTRENNUNGCH}6· ACHTUNGTRENNUNG{Me2(Bu)SiO}2·Li14],


[24] and the mixed-metal complex
[{(Me3SiCH2)3Al}2· ACHTUNGTRENNUNG(H2CLi2)].


[25]


All of these crystallographically characterized complexes
contain dilithiated carbanions, and we have been interested
for some time in preparing geminal organodimetallic deriva-
tives of the heavier alkali metals.[26] Such complexes are in-
teresting on several fronts. First, given the lack of direct
data available on their characterization it is reasonable to
question if it is even possible to form geminal organodi-
ACHTUNGTRENNUNGmetallics of the heavier metals. Indeed, their synthesis may
be inhibited by either steric or electronic effects. In this
regard, it is worth noting that caution should be applied
when assuming the formation of geminal dianions simply
based on the analysis of quenched products, owing to the
possible participation of quasi-dianion complexes.[27,28] An-
other appealing feature of studying the heavier alkali metal
derivatives is that most of the theoretical studies to date
have focused upon dilithiated complexes. Hence, little is
known regarding the effects of the countercation (gegenion)
on the electronic structure of the dianions.[29] Finally, from a
synthetic utility perspective, changing the alkali metal cation
is very likely to have significant consequences on the reac-
tivity and selectivity of these reagents, and this type of
metal tuning has not yet been exploited.[6,30]


Our previous attempts at preparing single crystals of
sodium and potassium geminal organodimetallic complexes
by using a variety of heteroatom-substituted methylene li-
gands have proven to be problematic.[26] In particular, the
issue of poor solubility that is well-known for many dilithiat-
ed complexes, is commonly exacerbated for the heavier
alkali metal derivatives. We decided to revisit the use of the
bis(phosphinimine) ligand bis-N-diphenyl-trimethylsilylphos-
phiniminomethane, 1,[31] which was successfully applied to
the synthesis of [({Ph2P ACHTUNGTRENNUNG(NSiMe3)}2CLi2)2], 2, by Cavell and
Stephan.[16,17] This ligand was attractive for our purposes, as


it is known to form geminal dimetallic complexes of not
only Li2, but also of Al2,


[32] Pb2,
[33] Sn2,


[33] Cr2,
[34] Zn2,


[35] and
Li/Rh.[36] In addition, this ligand has been shown to form
stable “C=M” carbenes supported by single metal centers
such as Pt,[37] Ti,[38] Zr,[21,39] Sm,[40] Hf,[41] Mo,[42] Ge,[43,44]


Ca,[45] and Ba.[46]


We recently reported in a preliminary communication the
syntheses of [({Ph2P ACHTUNGTRENNUNG(NSiMe3)}2CNa2)2], 3, and [({Ph2P-
ACHTUNGTRENNUNG(NSiMe3)}2CLiNa)2], 4, the first examples of geminal orga-
nodimetallic compounds containing a heavy alkali metal to
be structurally characterized.[15] In this paper, we outline a
comprehensive study of these complexes and extend this
series through the synthesis of the unsymmetrical Na3Li
complex [({Ph2PACHTUNGTRENNUNG(NSiMe3)}2C)2LiNa3], 5. We also outline the
synthesis and characterization of the first authenticated po-
tassium-containing geminal organodimetallic complexes,
[({Ph2P ACHTUNGTRENNUNG(NSiMe3)}2CLiK)2], 6, [({Ph2PACHTUNGTRENNUNG(NSiMe3)}2CNaK)2], 7,
and [({Ph2P ACHTUNGTRENNUNG(NSiMe3)}2C)2Na3K], 8. We present detailed
solid-state structural comparisons and solution analyses of
this set of compounds. The unexpected synthesis and struc-
tural characterization of the mixed-metal, mixed-anion com-
plex [({Ph2PACHTUNGTRENNUNG(NSiMe3)}2CH) ACHTUNGTRENNUNG{(Me3Si)2N}NaK·tol] , 9, is also
described. Finally, a density functional theory (DFT) compu-
tational study, including natural bond orbital (NBO) analy-
sis, was completed to provide insights into the energetics
and electronic structures of the homo- and heterodimetallic
compounds.


Results and Discussion


Synthesis : The original syntheses of dilithio complex 2 re-
quired either extended reaction times (three days using
PhLi)[16] or application of excess base (15 equivalents and
12 h using MeLi).[17] We found that 2 can be conveniently
prepared in essentially quantitative yield by reaction of two
molar equivalents of tBuLi with the parent ligand 1 in arene
solution at ambient temperature within 1.5 h. The formation
of 2 under these conditions was confirmed by in situ
1H NMR monitoring of a reaction conducted in [D6]benzene
and comparing the spectrum produced with an authentic
sample of crystalline 2. Initial attempts to prepare the di-
ACHTUNGTRENNUNGsodio analogue 3 using either NaH or NaHMDS failed,
giving solely the monosodiated product.[47] Replacement of
these reagents with the very strong base nBuNa proved suc-
cessful.[48] 1H NMR monitoring of the reaction of two molar
equivalents of nBuNa with 1 in [D6]benzene at ambient tem-
perature showed complete conversion to the dianion within
a few minutes (as determined by disappearance of the meth-
ylene/methine triplet).


An alternative strategy to prepare the disodio complex by
transmetalation of 2 with excess tBuONa resulted in the un-
expected preparation of the mixed-metal Li2Na2 complex 4.
Subsequent structural and computational studies of this
system give some insight into the stabilization of 4 towards
further metal exchange (see later). In turn, 4 was also pre-
pared by sequential metalation of the parent ligand 1 by
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using sodium hexamethyldisilazide (NaHMDS) followed by
tBuLi. However, reversing the order of addition of the bases
yielded the monolithiated product. Presumably this is a con-
sequence of the lower basicity of the sodium amide com-
pared with the alkyllithium reagent. Complex 4 can also be
prepared by mixing the homometallic dianions 2 and 3 in
arene solution.


Finally, the Na3Li complex 5 was prepared from the reac-
tion of 1 with nBuNa and tBuLi in a 2:3:1 molar ratio in
ACHTUNGTRENNUNGtoluene solution. This unsymmetrical complex is the major
component of the crystalline material produced, but is co-
crystallized along with both the Na4 complex 3 and Li2Na2
complex 4. A summary of the successful strategies to pre-
pare the sodium-containing complexes is outlined in
Scheme 1.


With this synthetic information in hand we moved on to
attempt the preparation of the potassium derivatives. The
synthesis of the mixed-metal complexes was achieved, al-
though some differences were noted compared with the
Li/Na systems. Similarities include, the preparation of the
Li2K2 complex 6 both by transmetalation of 2 with tBuOK,
as well as by sequential metalation of 1 with KHMDS fol-
lowed by tBuLi (reversing the order again results in monoli-
thiation). Also, the Na2K2 complex 7 was prepared from the
reaction of the Na4 complex 3 with tBuOK. However, efforts
to synthesize 7 by sequential metalation proved more com-
plex than those for 4. Reaction of ligand 1 with NaHMDS
followed by benzylpotassium (BnK) produced the unexpect-
ed mixed-metal, mixed-anion species [({Ph2P-
ACHTUNGTRENNUNG(NSiMe3)}2CH) ACHTUNGTRENNUNG{(Me3Si)2N}NaK·Tol], 9, which contains both
monometalated bis(phosphinimine) and hexamethyldisila-
zide. In contrast, reaction of 1 with KHMDS followed by
nBuNa produced the monopotassiated species.[39b] Clearly,
these efforts to doubly deprotonate 1 are hampered by the
presence of HMDS(H) during the reaction, that is, the
second equivalent of metal base is preferentially reacting
with the free amine instead of the monometalated ligand.
To avoid this issue the monopotassiated complex was pre-
pared by the equimolar reaction of 1 and either K metal,
KHMDS, BnK, or nBuK, followed by crystallization and


isolation as the pure solid. This complex was then re-dis-
solved in fresh toluene and reacted with one molar equiva-
lent of nBuNa to successfully yield the Na2K2 complex 7.


Increasing the molar ratio of nBuNa present in this reac-
tion resulted in the precipitation of the Na3K complex 8.
Hence, partial transmetalation takes place with expulsion of
the more electropositive metal from the dianionic ligand.
Attempts to isolate the dipotassiated complex were ham-
pered by its high reactivity. In situ 1H NMR monitoring of
the reactions of ligand 1 with excess BnK in [D8]thf,
[D6]benzene, and [D8]toluene indicated only monometala-
tion of the ligand. Replacement of BnK with the stronger
base nBuK showed complete disappearance of the methyl-
ene triplet in [D6]benzene, suggesting that the ligand had
been doubly deprotonated. However, an identical reaction
run in protio-benzene was monitored using no-D NMR, and
showed an identical set of resonances, but with the inclusion
of a triplet at �1.8 ppm.[49] Therefore, it is likely that the di-
potassiated complex is indeed formed as a transient species,
which quickly deprotonates the solvent (benzene) to form
the monopotassiated complex. A summary of the successful
strategies to prepare the potassium-containing complexes is
outlined in Scheme 2.


Solid-state structural studies : Single-crystal X-ray analyses
were successfully completed on compounds 3–9. Data for
compound 9 is located in the Supporting Information for
brevity. Although crystallography established that the LiNa3
complex 5 was present, it co-crystallized in almost equimolar
quantities with the Li2Na2 complex 4 and further minor con-
tamination with Na4 complex 3. The Na3K complex 8 was
also found to contain a minor component (�7%) of the
Na2K2 complex 7. The whole-molecule disorder in these


Scheme 1. Synthetic routes to the sodium-containing geminal dimetallics.


Scheme 2. Synthetic routes to the potassium-containing complexes.
i) 2NaHMDS; ii) 2BnK, �Tol; iii) 2KHMDS, �2HMDS(H); iv) 2 tBuLi,
�2 tBuH; v) 2 tBuOK, �2 tBuOLi; vi) 3nBuNa, �2nBuH, �nBuK;
vii) 2nBuNa, �2nBuH; v) 2 tBuOK, �2 tBuONa.
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cases manifests itself most notably as partial-site disorder of
the metal positions. Therefore, discussion of the metrical pa-
rameters involving 5 and 8 should be regarded with due cau-
tion. Nevertheless, the gross structures of all seven geminal
dimetallic compounds 2–8 are not in doubt, and are dis-
played in Figure 1. Table 1, Table 2 and Table 3 summarize a
series of key bond length and angle data for the complexes.


All form “dimers” (with respect to the ligands) in which
the two W-shaped, NPCPN, bis(phosphinimine) ligands lie
in a staggered conformation relative to one another. The
four metals of each complex form a plane within the core of
the structures. This is in contrast with the majority of tetra-
metallic alkali metal complexes, in which the metals normal-
ly adopt a tetrahedral relationship to one another within
cubane frameworks.[50] Looking in more detail at the gross
structures it becomes apparent that there are significant dif-
ferences present as a result of changing the countercations.
Four values are useful in analyzing the distortions within the
complexes: i) the improper N-P-P-N torsion angle can be
used as a guide to the linearity of the backbones, ii) the
angle made between the two P�C�P planes of the separate
ligands indicates their twist from perpendicularity, iii) the in-
ternal M�M�M ring angles show the distortion from square
arrangements, and iv) the N�P�C ACHTUNGTRENNUNG(ipso) angles give an indi-
cation of the tilting of the phenyl rings (Table 3).


The homometallic complexes 2 and 3 are clearly the most
symmetrical structures, and possess approximately octahe-
dral M4C2 cores (Figure 2). They have nearly linear ligand
backbones, which are also almost perfectly perpendicular to
one another. This results in a square arrangement for the


Figure 1. Crystal structures for the geminal organodimetallic compounds 2–8 (the structure of 2 is reproduced from the data collected in ref. [16]). Ther-
mal ellipsoids are drawn at 50% probabilities. Solvents of crystallization and hydrogen atoms have been removed for clarity. Cation-p interactions are
shown as dotted lines in 7 and 8. Only the major component of the structures of 5 and 8 are shown. Li:Yellow, Na:green, K:purple, C:black, P:blue,
N:pink, Si:orange.


Figure 2. Central dianionic carbon-metal octahedral core for each of the
structurally characterized geminal organodimetallic compounds (2–8).
Mean carbon-metal bond lengths are given for the M4 and M1


2M
2
2 com-


plexes, and ranges are given for the M1
3M


2 complexes as these distances
vary more widely.
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metals, with no significant tilting of the phenyl groups. The
heterodimetallic complexes show varying degrees of distor-
tion, owing to the distinct positions adopted by the two
pairs of cations. As seen in Figure 2, the metals within com-
plexes 4–8 adopt planar rhombic arrangements, with the
more acute angles associated with the heavier metals.


The lighter metals form relatively close contacts with the
carbons, whereas the more electropositive metals are
pushed towards the exterior of the structures. Moreover, the
M�C distances in the homo- and heterometallic complexes
vary considerably. Mixing the metals results in the M�C dis-
tances shortening significantly for the lighter metal and
lengthening for the heavier metal. To illustrate, the mean
M�C distances in the homometallic Li4 and Na4 complexes


2 and 3 are 2.394(7) and 2.791(1) Q. In comparison, the
average Li�C and Na�C distances in the Li2Na2 complex 4
are 2.265(2) and 3.112(1) Q. These deviations from the ho-
mometallic complexes are partly a consequence of electro-
static repulsions of the four metals within the M4 planes.
Specifically, movement of the heavier, softer metals away
from the carbanion allows the smaller, harder metals to
move closer to the negatively charged centers. In addition,
the carbanions in the symmetrical heterometallic structures
3, 6 and 7 can be considered as only four coordinate (two
C�P contacts and two C�M contacts), as the larger metals
are now pushed away from the core of the complexes. This
reduction in coordination number also allows closer interac-
tions with the remaining two metal centers. The two inner


Table 1. Selected bond lengths [Q] for 2–8.


C�P P�N N�Si C�Li C�Na C�K N�Li N�Na N�K
Li4 (2)


[a] 1.687(3)
1.694(3)
1.696(3)
1.700(3)


1.621(3)
1.628(3)
1.629(3)
1.632(2)


1.715(3)
1.719(3)
1.724(3)
1.726(3)


2.348(7)
2.348(7)
2.356(6)
2.357(6)
2.417(7)
2.438(7)
2.441(7)
2.451(7)


– – 2.068(7)
2.073(7)
2.086(6)
2.100(6)
2.132(6)
2.143(6)
2.143(6)
2.145(6)


– –


Na4 (3) 1.6881(9)
1.6891(9)
1.6901(9)
1.6937(9)


1.6100(8)
1.6137(8)
1.6167(8)
1.6177(8)


1.6923(8)
1.6981(8)
1.6960(8)
1.7043(8)


– 2.7420(10)
2.7559(10)
2.8503(11)
2.8578(10)
2.7230(10)
2.7346(10)
2.8210(10)
2.8422(11)


– – 2.3234(9)
2.3255(10)
2.3849(9)
2.3941(9)


–


Li2Na2 (4) 1.6752(10)
1.6772(10)
1.6773(11)
1.6778(12)


1.6109(9)
1.6127(9)
1.6159(10)
1.6168(9)


1.6965(10)
1.6960(9)
1.6997(9)
1.7084(10)


2.229(2)
2.259(2)
2.278(2)
2.295(2)


3.0214(11)
3.1152(12)
3.1530(11)
3.1575(12)


– 2.116(2)
2.123(2)
2.134(2)
2.135(2)


2.3925(12)
2.4078(11)
2.4207(10)
2.4403(10)


–


LiNa3 (5) 1.6793(19)
1.6828(19)
1.6833(19)
1.6839(19)


1.6098(16)
1.6144(16)
1.6147(16)
1.6187(16)


1.6968(17)
1.6984(16)
1.6985(17)
1.7018(16)


2.245(6)
2.269(6)
2.287(14)
2.312(14)


2.594(3)
2.595(3)
2.689(18)
2.691(16)
2.870(2)
2.926(2)
3.1656(21)
3.2022(21)


– 2.102(6)
2.117(6)
2.289(15)
2.382(15)


2.042(16)
2.054(16)
2.280(3)
2.302(3)
2.3782(17)
2.3873(18)
2.3892(18)
2.4034(17)


–


Li2K2 (6) 1.6795(15)
1.6828(15)
1.6834(15)
1.6856(14)


1.6051(13)
1.6067(13)
1.6140(12)
1.6137(13)


1.6937(13)
1.6967(12)
1.6979(13)
1.7025(13)


2.221(3)
2.240(3)
2.254(3)
2.277(3)


– 3.3557(15)
3.4234(15)
3.4382(15)
3.5494(15)


2.093(3)
2.095(3)
2.105(3)
2.123(3)


– 2.7816(13)
2.8154(13)
2.8680(12)
2.9013(13)


Na2K2 (7) 1.664(2)
1.667(2)


1.604(4)
1.608(3)


1.685(3)
1.689(3)


– 2.532(4)
2.543(5)


3.8071(30)
3.8101(26)


– 2.420(3)
2.445(3)


2.851(3)
2.868(3)


Na3K (8) 1.6729(15)
1.6834(15)
1.6851(15)
1.6856(15)


1.6055(13)
1.6112(13)
1.6129(13)
1.6231(13)


1.6839(13)
1.6863(13)
1.6972(13)
1.6983(13)


– 2.5015(16)
2.5549(16)
2.6365(16)
2.6945(16)
2.890(2)
3.1192(21)


3.6000(15)
3.9406(16)


– 2.3333(14)
2.3731(15)
2.3750(15)
2.4708(14)


2.8338(14)
2.8683(13)


[a] ref. [17]
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metals are tetracoordinate, binding to two carbanions and to
a nitrogen on each ligand, whereas the outer metals are only
two coordinate, through contacts to a nitrogen on each


ligand. The strong interactions
between the inner two metals
and the carbanions are likely
the reason for the transmetala-
tion reactions ceasing at the
heterometallic constitutions de-
spite the addition of excess
tBuONa or tBuOK.


The adjustment of the
hetero ACHTUNGTRENNUNGmetallic complexes from
square to rhombic arrange-
ments of the metals also affects
the relative positions adopted
by the two bis(phosphinimine)
backbones. In particular, the
deviation of the metal plane
from square leads to narrowing
of the angle made between the
P�C�P planes of the two li-
gands. This is most clearly ob-
served in complexes 6 and 7,
which have the P�C�P planes
intersecting at angles of
74.86(9) and 66.91(6)8 respec-
tively. This pivoting of the li-
gands is required to retain
strong M�N interactions with
the larger pair of metals that
are situated further away from
the carbanions. Indeed, only
relatively small variations of
<0.12 Q are found for the indi-
vidual mean M�N distances be-
tween the homo- and hetero-
metallic complexes. The intro-
duction of two different metals
also leads to twisting of the
ligand backbones. As seen from
Table 3, the N-P-P-N dihedral
angles are <58 for the homo-
metallic complexes 2 and 3, but
reach up to 61.17(34)8 for the
Na2K2 complex 7. These twists
are again a consequence of
maintaining close M�N interac-
tions between the nitrogen cen-
ters of the ligand and the small-
er, more Lewis acidic, metal
cations.


Another clear difference be-
tween the complexes is the ori-
entation of the phenyl rings
(Figure 1). In particular, the
phenyl rings in the potassium-


containing complexes 7 and 8 are folded towards the heavi-
er, two-coordinate, metals on the periphery of the structures
to accommodate cation-p interactions.[51] This is seen in the


Table 2. Selected bond angles [8] for 2–8.


P�C�P C�P�N C�P�C ACHTUNGTRENNUNG(ipso) N�P�CACHTUNGTRENNUNG(ipso) P�N�Si
Li4 (2)


[a] 132.3(2)
132.7(2)


104.14(14)
104.17(13)
104.55(13)
104.69(14)


112.98(15)
113.1(2)
113.27(15)
113.9(2)
114.36(14)
114.0(2)
114.7(2)
114.9(2)


109.78(14)
110.24(14)
110.31(2)
110.34(14)
110.62(10)
110.89(14)
110.94(14)
111.04(14)


131.0(2)
131.9(2)
132.0(2)
132.2(2)


Na4 (3) 128.36(5)
129.76(6)


108.10(4)
108.39(4)
108.42(4)
108.69(4)


112.22(4)
112.75(5)
112.86(4)
112.94(5)
114.18(5)
114.41(5)
114.52(4)
114.66(5)


106.93(4)
108.14(5)
108.24(4)
108.45(4)
108.83(4)
108.85(4)
108.93(4)
109.10(5)


131.77(5)
134.58(5)
134.84(5)
139.89(6)


Li2Na2 (4) 134.33(6)
134.79(6)


106.45(5)
106.54(5)
106.95(5)
107.25(5)


112.65(5)
112.85(5)
113.03(5)
113.65(6)
114.91(5)
115.26(5)
115.79(5)
115.91(5)


108.71(5)
108.92(5)
109.13(5)
109.48(5)
109.76(5)
110.11(5)
110.27(5)
110.30(5)


133.79(6)
133.40(6)
137.99(6)
139.05(6)


LiNa3 (5) 131.27(11)
131.91(12)


106.57(9)
107.06(9)
107.09(9)
107.11(9)


113.08(9)
113.35(9)
113.41(9)
113.75(9)
113.86(9)
113.99(9)


108.43(9)
108.79(8)
108.99(8)
109.45(8)
109.53(9)
109.80(8)
110.23(9)
110.53(9)


131.19(11)
135.17(11)
136.19(11)
136.86(11)


Li2K2 (6) 132.21(9)
133.18(9)


107.44(7)
107.48(7)
107.57(7)
107.81(7)


112.46(7)
113.57(7)
113.61(7)
114.43(7)
114.82(7)
113.90(7)
114.57(7)
116.14(7)


108.49(7)
108.83(7)
109.42(7)
109.89(7)
110.07(7)
110.11(7)
110.90(7)
110.77(7)


132.66(8)
133.43(8)
137.30(8)
139.56(8)


Na2K2 (7) 133.1(3)
134.0(4)


110.5(2)
111.20(19)


111.83(9)
112.95(11)
113.7(3)
117.6(2)


104.71(19)
105.12(15)
105.82(14)
116.9(3)


139.9(2)
140.5(2)


Na3K (8) 131.08(9)
134.75(9)


108.39(7)
109.17(7)
110.31(7)
111.71(7)


113.18(7)
113.19(7)
113.58(7)
113.60(7)
113.97(7)
114.03(7)
114.18(7)
114.26(7)


104.45(7)
105.86(7)
107.17(7)
108.52(7)
108.93(7)
109.08(7)
109.56(7)
112.43(7)


133.68(8)
137.34(8)
139.79(9)
141.28(8)


[a] ref. [17]
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N�P�C ACHTUNGTRENNUNG(ipso) angles, which vary over a wide range for the
heterometallic complexes 7 and 8, and also from the rela-
tively close potassium-phenyl ring contacts (e.g. K�Cipso


3.072(3) and 3.071(3) Q in 7). The unsymmetrical Na3K
complex 8 is interesting as two distinct ligand types are in-
corporated within a single aggregate. One of the ligands has
an approximately planar backbone, whereas the other is sig-
nificantly twisted, with N-P-P-N torsion angles of 9.43(10)
and 48.11(10)8, respectively.


The twisting of the ligand backbones does not significant-
ly affect the C�P, P�N, or N�Si bond lengths. Indeed, the in-
dividual mean bond lengths within the ligands of 2–8 vary
by �0.04 Q. This is a key finding when considering the elec-
tronic structure of the anionic ligands. Also, although only
small differences are found between the bond lengths of the
ligands, it is notable that the Li4 complex 2 and the Na2K2


complex 7 are on each end of the ranges (lightest and heavi-
est set of metal complexes). In particular, the mean C�P,
P�N, and N�Si bond lengths are longer in 2 (1.694(3),
1.628(3), and 1.721(3) Q) and shorter in 7 (1.666(2),
1.606(4), 1.687(3) Q). The structural differences again sug-
gest small, but discernible effects on the bonding depending
upon the type of alkali metal present. This gegenion effect
will be dealt with in more detail in the theoretical section.[52]


Finally, the previous crystallographic characterizations of
the neutral ligand {Ph2PACHTUNGTRENNUNG(NSiMe3)}2CH2


[31] 1, and the mono-
metalated complexes [{Ph2PACHTUNGTRENNUNG(NSiMe3)}2CHLi],[47a] 10, [{Ph2P-
ACHTUNGTRENNUNG(NSiMe3)}2CHNa],[47a] 11 and [{Ph2PACHTUNGTRENNUNG(NSiMe3)}2CHK],[39] 12
allow structural comparisons to be made. The main features
of relevance with respect to the bonding within the ligand
backbones are the mean C�P and P�N bond lengths. The
neutral ligand has the longest C�P and the shortest P�N
bond lengths (1.825(1) and 1.536(2) Q), the monometalated
ligands are intermediate (mean 1.727(4) and 1.586(3) Q),
and the dimetalated are the shortest of the set (mean
1.683(2) and 1.615(2) Q). Therefore, the increase in charge


on the ligand has significant structural consequences beyond
the local bonding environment of the carbanion.


Solution studies : 1H, 13C, 7Li, 29Si, and 31P NMR spectro-
ACHTUNGTRENNUNGscopic data for the dimetalated compounds 2, 3, 4, 6, and 7
as solutions in [D8]toluene are provided in Table 4. With the
exception of Li2Na2 complex 4 (see later), all of the spectra
display a single set of signals at ambient temperature. The
Na4 complex 3 was chosen as a representative sample and
subjected to a 1H NMR spectroscopic variable-temperature
study between 25 and �80 8C. A single set of signals were
present at all temperatures within this range, with the chem-
ical shift positions varying by <0.1 ppm (Figure S2 in the
Supporting Information). In combination, these data are
consistent with a single solution species being present. This
analysis is further supported by cryoscopic measurements of
3 in benzene. Molecular weights of 1269 ACHTUNGTRENNUNG(�16) and 1348-
ACHTUNGTRENNUNG(�13) gmol�1 were determined in 0.0525 and 0.0993m solu-
tions. These values correspond very well with dimeric aggre-
gation (theoretical 1205 gmol�1), as found in the solid state.
Examining the chemical shift values in Table 4 in detail, it
can be seen that only relatively small changes are observed
between the complexes. One point of particular interest is
the location of the 13C signal for the carbanion centers in 3,
6, and 7. This signal could not be located in the previously
characterized Li4 complex 2. This is a common occurrence
for geminal dianions, and was rationalized as a consequence
of signal broadening associated with attachment to lithium
centers.[16,17] We were similarly unable to locate this signal
for 2 or for Li2Na2 complex 4, despite the use of extended
acquisition times and running samples at varying field
strengths. However, this signal could be located for com-
plexes 3, 6, and 7. The chemical-shift positions for these
three signals are similar to the value of d=37.84 ppm found
for the neutral ligand 1, and are shifted downfield compared
with the monometalated complexes 10–12 (d=22.9 ppm,


Table 3. Descriptive metrical parameters [8] within 2–8.


N�P�P�N P�C�P planes
intersect


M�M�M N�P�CACHTUNGTRENNUNG(ipso)
range


Li4 (2)[a] 2.42/2.88 89.51 86.0(3), 86.0(3) 93.8(3), 94.3(2) 109.78(14) �111.04(14)
Na4 (3) 3.24(6)/4.47(7) 89.01(6) 85.91(2), 86.35(2), 86.94(3), 93.51(2) 106.93(4)�109.10(5)
Li2Na2 (4) 14.13(7)/23.02(7) 87.69(4) 57.62(6), 59.07(6) 121.37(7), 121.85(9) 108.71(5)�110.30(5)
LiNa3 (5) 4.47(12)/7.27(12) 88.50(13) 65.92(13), 66.90(13), 103.10(5), 124.07(21) 108.43(9)�110.53(9)
Li2K2 (6) 3.90(9)/10.05(9) 74.86(9) 48.73(6), 50.90(7), 129.71(8), 130.63(8) 108.49(7)�110.77(7)
Na2K2 (7) 56.64(34)/61.17(34) 66.91(6) 52.95(4), 127.05(4) 104.71(19)�116.9(3)
Na3K (8) 9.43(10)/48.11(10) 77.86(8) 57.24(2), 71.84(4), 112.03(3), 116.17(3) 104.45(7)�112.43(7)


[a] ref. [17]


Table 4. Multinuclear NMR data [ppm] for the dimetalated compounds.
1H 13C 7Li 29Si 31P


o-Ph m-, p-Ph SiMe3 C-anion SiMe3


Li4 (2) 7.48 6.96 0.00 not obs. 4.39 – – 14.43
Na4 (3) 7.44 6.90 �0.04 40.99 4.32 – –15.35 7.56
Li2Na2 (4) 7.51 6.96 0.09 not obs. – 0.58 �12.86 14.60
Li2K2 (6) 7.73–7.62 7.10–6.88 0.23 33.50 5.57 0.22 �16.44 6.71
Na2K2 (7) 7.81–7.27 6.96 0.12 38.04 5.50 – �19.94 3.95
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[D6]benzene; 27.5 ppm, [D6]benzene; 22.1 ppm, [D8]thf) re-
spectively).[39a,47b]


The Li2Na2 complex 4 is observed to have more complex
solution behavior than the other dianions. The trimethylsilyl
region of the 1H NMR spectrum of 4 in [D8]toluene clearly
indicated the presence of five distinct signals at d=0.09,
0.05, 0.03, 0.00, and �0.04 ppm. The two signals at d=0.00
and �0.04 ppm are readily assigned as the previously char-
acterized Li4 and Na4 complexes 2 and 3, respectively. It was
presumed that the remaining three signals result from the
Li2Na2, Li3Na, and LiNa3 mixed-metal complexes. In an
effort to confirm this assignment a series of spiking experi-
ments were undertaken. Specifically, 1:1, 3:1, and 1:3 mix-
tures of 2 and 3 were dissolved in [D8]toluene and their
1H NMR spectra recorded. Figure 3 shows each of these


spectra after a few minutes and then again at equilibrium.
Analysis of these spectra clearly establishes the identities of
the Li2Na2, Li3Na, and LiNa3 mixed-metal complexes in so-
lution at d=0.09, 0.05, and 0.03 ppm respectively.


It is evident from the coexistence of all five solution spe-
cies that there is relatively little energetic difference be-
tween them. A further point of note arising from this study
is that the heterometallic complexes may be prepared by
mixing the homometallic precursors. This indicates that a
dynamic exchange of the metals is occurring between the
complexes. Indeed, the spectra were observed to take sever-


al hours or even days to reach an eventual equilibrium dis-
tribution of the complexes, indicating relatively slow ex-
change of the metals.


Electrospray ionization-mass spectrometry (ESI-MS) of
selected dimetalated compounds in THF further support the
formation of dimeric aggregates. All negative-ion mode
spectra of the dimetalated compounds showed the presence
of a mass envelope corresponding to [L2M3]


� (L= {Ph2P-
ACHTUNGTRENNUNG(NSiMe3)}2C


2�) dimers with one metal removed. A typical
spectrum is shown in Figure 4 for the Na4 complex 3. Larger


m/z signals are also observed, owing to the stoichiometric
reactions of the complexes with water, which presumably
occur inside the electrospray chamber. For 3, signals corre-
sponding to the reaction with one and two water molecules
are observed. These species are most likely a result of the
partial hydrolysis products [{L}·{LH}·NaOH·Na2]


� and
[{LH}2· ACHTUNGTRENNUNG{NaOH}2·Na]� . The most abundant signal in most
spectra is the singly-protonated ligand [LH]� at m/z 557.
This again is likely a product of partial hydrolysis of the
highly reactive anions.


It is interesting that a small signal at m/z 579 is found in
the spectrum of 3, which corresponds with the monomer
[{Ph2PACHTUNGTRENNUNG(NSiMe3)}2CNa]� . This indicates that, although the
major species present is the dimer, in accord with the NMR
and cryoscopic studies, the monomer is present in small
amounts in the mass spectrometer.


As expected, the mixed-metal complexes 4, 6, and 7 dis-
play more complex spectra. A section of a typical spectrum
of Li2Na2 complex 4 is shown in Figure 5. Signals corre-
sponding to Li3


� and Li2Na� are present, in addition to the
partial hydrolysis products. Again, the major species present
appear to be dimeric. An interesting feature in the spectra
of the mixed-metal complexes is that the highest m/z signals
contain a pair of lighter metals and a single heavier metal,
that is, Li2Na� in 4. This suggests that the heavier metal ions
are more readily removed from the complexes to produce
the ions in the mass spectrometer. The removal of the heavi-
er ion of the pair is consistent with the solid-state studies, in


Figure 3. In situ 1H NMR spectra of the trimethylsilyl resonances on
mixing: a) 1:1, b) 3:1, and c) 1:3 equivalents of 2 and 3 in [D8]toluene.
The spectra on the left are taken within 15 minutes of mixing, and the
spectra on the right are at equilibrium.


Figure 4. ESI-MS of Na4 complex 3 in THF (negative-ion mode). The in-
dividual solid lines represent the calculated isotopic distributions.
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which these cations are located on the periphery of the mol-
ecules. Also, the more ionic metals would be expected to in-
teract more weakly with the dianions and be more easily re-
moved.


Theoretical studies : A computational investigation was un-
dertaken with three main aims: i) to determine the relative
energies of the homo- and heterometallic complexes, ii) to
assign the electronic structure of the dianions, and iii) to dis-
cern any effects of altering the metal ions present.


Geometry optimizations were carried out at the B3LYP/6-
31G* level of theory on the full molecules [({Ph2P-
ACHTUNGTRENNUNG(NSiMe3)}2C)2M4] (M4=Li4, I ; Na4, II ; K4, III ; Li2Na2, IV;
Li2K2, V; Na2K2, VI ; Li3Na, VII, and LiNa3, VIII). The crys-
tallographic coordinates of the relevant complexes were
used as starting positions. The dipotassio calculation III was
started by using the coordinates of the disodio structure
after replacing the metals. The full molecules were used in
these instances to mimic the experimental structures as com-
pletely as possible. In turn, these calculations should provide
reasonable estimations of the relative energies between the
complexes. The smaller model complexes [({H2P-
ACHTUNGTRENNUNG(NSiH3)}2C)2M4] (M4=Li4, IX ; Na4, X ; K4, XI ; Li2Na2, XII ;
Li2K2, XIII, and Na2K2, XIV) were then geometry optimized
at the B3LYP/6-311G** level of theory, and used for the
natural population analyses (NPA) and natural bond order
(NBO) analyses.


First, the optimized geometries of the full molecules I–VI
correspond well with the appropriate crystal structures
(Tables S1 and S2 in the Supporting Information). The
mean C�M and N�M bond lengths vary by <0.11 Q be-
tween theory and experiment. Similarly, the mean C�P,
P�N, and N�Si bond lengths are very well reproduced, vary-
ing by <0.04 Q compared to the crystal structures. The
mean bond angles within the ligand backbones generally
vary by <38 between theory and experiment. The exception
is the Na4 complex II, in which two of the metals extend out
from the center of the core to form a more rhombic metal


plane, similar to the mixed-metal aggregates. Moreover, this
distortion is relatively minor, with the largest difference
being an increase in the mean N�P�C ACHTUNGTRENNUNG(ipso) angle by 6.28.
Overall, the geometries of the calculated structures compare
very well with the experimental data.


Scheme 3 details the theoretical reaction thermicities on
forming the heterometallic complexes from the homometal-
lic precursors. In all cases the reactions are predicted to be


energetically favorable, in line with the experimental results
from the transmetalation reactions. The reactions involving
the mixed Li and Na complexes are close to being thermo-
neutral, with the largest energy is �3.2 kcalmol�1 for the
conversion of the homometallic complexes I and II to
Li2Na2 complex IV. This is in accord with the NMR investi-
gations, which show the coexistence of all five possible
Li/Na dimeric combinations. In comparison, the formation
of Li2K2 and Na2K2 (V and VI) from the homometallic com-
plexes is predicted to be substantially more exothermic
(�8.9 and �11.4 kcalmol�1). Again, this is reflected in their
NMR data, which indicate the presence of only single heter-
ometallic solution species.


Recent independent theoretical investigations by Klobu-
kowski,[53] MSzailles[20] and Harder[45] have addressed the
electronic structure of bis(phosphinimine)-stabilized geminal
dianions (or the closely related bis(thiophosphinoyl) spe-
cies).[54] Findings of importance are: i) the �2 charge re-
mains largely localized at the central carbanion in the form
of two lone pairs, ii) the individual atomic centers are highly
charged in the form Sid+-Nd�-Pd+-Cd�-Md+ , iii) single
P�C(anion) and P�N bonds are present, and iv) the P�C(anion)


distances decrease and the remaining bond lengths at phos-
phorous increase upon deprotonation of the ligand. The
change in the bond lengths upon deprotonation have been
rationalized as a consequence of either substantial negative
hyperconjugative contributions between the two lone pairs
of the carbanion and the adjacent stabilizing groups, or al-
ternatively through the formation of strong electrostatic in-
teractions on the ligand backbone.[20,45,53,55] Studies thus far
have solely focused on dilithiated complexes. Our variously
metalated systems provide the opportunity to examine the
bonding situation from a unique perspective. The electronic
structures of the model complexes IX–XIV were therefore
geometry optimized (Table 5 and Table 6) and studied using
NPA and NBO analyses (Table 7).


Figure 5. Section of the ESI-MS of Li2Na2 complex 4 in THF (negative-
ion mode). The individual solid lines represent the calculated isotopic
distributions.


Scheme 3. Calculated thermicities of mixed-metal product formation.
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All of the calculations show a consistent pattern with re-
spect to the location of two inequivalent lone pairs at the
carbanion; one sp2 hybridized orbital directed towards the
M4 plane and one pure p orbital perpendicular to the ligand
plane (Figure 6 and Table S3 in the Supporting Informa-


tion). Each nitrogen carries two lone pairs, and the Wiberg
bond indices show single C�P and P�N bonds (Table S4 in
the Supporting Information). This analysis is also consistent
with the general pattern of the natural charges within the
molecules (Table 7, Table S5 and Table S6 in the Supporting
Information). Taking the Na4 calculation X as an example,
the carbanions and nitrogen centers carry high negative
charges of �1.731 and �1.652, whereas the phosphorous
and silicon centers carry positive charges of 1.348 and 1.065


respectively. Overall, this leads
to the Lewis structure shown in
Figure 7.


The main finding is that
varying the metal counter
cation has remarkably little
effect on the metrical parame-
ters of the ligands in IX–XIV
(Table 5 and Table 6). This is
exemplified by the small difference in bond lengths across
the series of ligands, being �0.021 Q. Nevertheless, small
but discernible trends are seen between the metalated com-
plexes. Overall, the bond lengths from Li4 complex IX to K4


complex XI show shortening of the P�N and N�Si bonds by
0.009 and 0.019 and Q, and lengthening of the C�P, P�H
and Si�H bonds by 0.005, 0.010, and 0.007 Q. In all cases,
Na4 complex X has intermediate values, and generally inter-
mediate values are also found for the mixed-metal com-
plexes XII–XIV. These patterns cannot be explained solely
by either a hyperconjugative or an electrostatic bonding
model. Increased hyperconjugative interactions of the carb-
anion lone pairs would be expected to decrease the C�P
bonds, with concomitant lengthening of the P�N and P�H
bonds. Also, the varying differentials in adjacent atomic
charges found from the NPA analyses would be predicted to
result in lengthening of the C�P and P�N bonds, and short-
ening of the P�H and Si�H bonds, on moving from IX–XI.
Clearly, neither isolated bonding model neatly fits the avail-
able data. Another factor to be incorporated when compar-
ing these very small changes in bond lengths is the polariz-
ing effect of the metals. The smaller, more Lewis acidic the
metal ion is, the stronger it will interact with surrounding
electron density. In turn, this leads to a relative lengthening
of the bonds for the ligands involving the lighter metals.
Overall, the observed changes in bond lengths between the
various metalated complexes IX–XIV appear to be a conse-


Table 5. Mean bond lengths [Q] for model complexes IX–XIV.


C�Li C�Na C�K C�P P�N N�Si P�H Si�H N�Li N�Na N�K
ligand – – – 1.835 1.539 1.697 1.422 1.491 – – –
Li4 (IX) 2.385 – – 1.690 1.644 1.728 1.432 1.492 2.079 – –
Na4 (X) – 2.764 – 1.693 1.642 1.721 1.436 1.495 – 2.406 –
K4 (XI) – – 3.198 1.695 1.635 1.709 1.442 1.499 – – 2.766
Li2Na2 ACHTUNGTRENNUNG(XII) 2.305 2.847 – 1.689 1.641 1.724 1.434 1.493 2.107 2.406 –
Li2K2 ACHTUNGTRENNUNG(XIII) 2.280 – 3.271 1.688 1.634 1.716 1.437 1.495 2.102 – 2.794
Na2K2 ACHTUNGTRENNUNG(XIV) – 2.591 3.458 1.689 1.635 1.711 1.439 1.497 – 2.436 2.759


Table 6. Mean bond angles [8] for model complexes IX–XIV.


P�C�P C�P�H C�P�N P�N�Si N�P�H
ligand 112.36 101.61 112.81 151.76 118.67
Li4 (IX) 132.96 117.28 103.45 127.77 110.55
Na4 (X) 125.76 116.11 108.33 126.42 109.22
K4 (XI) 118.89 115.09 111.87 126.93 108.64
Li2Na2 ACHTUNGTRENNUNG(XII) 130.71 116.68 105.65 127.33 110.11
Li2K2 ACHTUNGTRENNUNG(XIII) 129.66 116.27 106.83 128.11 110.16
Na2K2 ACHTUNGTRENNUNG(XIV) 125.30 115.57 109.66 128.51 109.28


Figure 6. View of the sp2 and p lone pairs on one carbanion of Li4 com-
plex IX generated from the NBO analysis.


Figure 7. Localized Lewis
structure of the dianionic
ligand.


Table 7. Mean natural charges on each atom in model complexes IX–XIV.


C P HP N Si HSi Li Na K


ligand �1.033 1.407 �0.068 �1.518 1.109 �0.199 – – –
Li4 (IX) �1.804 1.360 �0.082 �1.665 1.072 �0.192 0.875 – –
Na4 (X) �1.731 1.348 �0.095 �1.652 1.065 �0.198 – 0.890 –
K4 (XI) �1.688 1.350 �0.113 �1.646 1.065 �0.207 – – 0.923
Li2Na2 ACHTUNGTRENNUNG(XII) �1.776 1.361 �0.091 �1.654 1.071 �0.196 0.842 0.920 –
Li2K2 ACHTUNGTRENNUNG(XIII) �1.765 1.368 �0.101 �1.647 1.073 �0.201 0.827 – 0.960
Na2K2 ACHTUNGTRENNUNG(XIV) �1.713 1.365 �0.107 �1.660 1.079 �0.206 – 0.862 0.950
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quence of multiple, competing, and sometimes counteracting
effects.[55]


Analysis of the NPA charges within IX–XIV does show
substantial movement of the electron density depending
upon the metal present. Taking the Li4, Na4, and K4 models
IX–XI as a series, all of the metals have positive charges
near unity, which increase slightly with size (0.875, 0.890,
0.923 in IX, X, and XI respectively). In contrast, the nega-
tive charge on the carbanions decreases as the metals
become larger (�1.804, �1.731, �1.688 in IX, X, and XI, re-
spectively). The alkali metals are well known to localize
charge in monoanions through electrostatic stabilization.[52]


The smaller, more highly polarizing ions are more efficient
at this localization of charge. This additional electron densi-
ty for the heavier metal complexes flows mainly to the four
P�H bonds of the ligands (charges on HP are �0.082,
�0.095, and �0.113 in IX, X, and XI).


The trends in the variation in bond lengths observed in
the model complexes are generally reproduced in the calcu-
lations of the full molecules (Table S1 in the Supporting In-
formation). The Li4 and K4 complexes I and III have distan-
ces on each end of the bond length ranges, with Na4 com-
plex II and the mixed-metal derivatives having intermediate
distances. One notable difference between the model com-
plexes and the calculations of the full molecules is that the
mean C-P distance decreases from 1.713 to 1.686 Q in I and
III (compared with a moderate increase of 0.005 Q from IX
to XI). However, the pattern of decreasing C�P and P�N
bond lengths in association with incorporation of the heavier
metals is consistent with the experimental data, in which Li4
and Na2K2 complexes 2 and 7 represent the two limiting
cases (Table 1). It is likely that the significant changes in
both the sterics and the electronics in the full molecules are
sufficient to reverse some of the trends found for the metri-
cal parameters of the model complexes. In particular, deloc-
alization of the charge into the aromatic rings is likely to
have a substantial effect.


Conclusion


The synthesis and characterization of complexes 3–8 signifi-
cantly expands the class of homo- and heterodimetallic
geminal dianion complexes incorporating the alkali metals.
The synthesis of mixed-metal Li/Na, Li/K and Na/K com-
plexes by using the bis(phosphinimine) ligand demonstrates
its flexibility and general utility for the preparation of novel
types of complexes. This ligand combines two properties
that have emerged to be important for the successful synthe-
sis and stabilization of geminal dianions: adequate residual
acidity of the monometalated complex, and sufficient steric
protection of the resulting metal complex. However, at-
tempts to prepare and isolate the dipotassiated derivative
led to reaction of the presumed intermediate with the sol-
vent media. This suggests that a limitation in stability, likely
arising from the destabilization of the structure, has been
reached for the dianion of this system.


Varying the metal or combination of metals within the
complexes is seen to have subtle consequences on the gross
structures adopted. In particular, although all of the com-
plexes are composed of two W-shaped N-P-C-P-N bis(phos-
phiminine) ligands capping a plane of four metals, the struc-
tures differ in the arrangement of the metals and the rela-
tive positions adopted by the ligands. The mixed-metal com-
plexes are less symmetrical, with a rhombic rather than a
square arrangement of the metals, and with the ligands
skewed rather than perpendicular to each other. Further-
more, the backbones of the ligands in the heterodimetallic
complexes indicate that they may distort from planarity
without undue effects on the local bonding. Therefore, all of
the bonds in the ligand are essentially single bonds, as a res-
onance delocalized structure would require planarity within
the backbone.


The solution NMR, cryoscopic, ESI-MS, and computa-
tional studies all support the retention of dimeric aggrega-
tion, as found in the solid state. The mixed Na/Li complexes
undergo dynamic exchange in solution, where an equilibri-
um mixture containing all five possibilities of metal combi-
nations within dimers is observed, that is, Li4, Na4, Li2Na2,
Li3Na, and LiNa3. Computational studies suggest that there
is little energetic difference between these complexes, allow-
ing all five to co-exist, with the Li2Na2 complex dominating.
No such equilibria are apparent in solutions that contain the
Li2K2 and Na2K2 derivatives, and the computational studies
point to a strong enthalpic preference for the 2:2 mixed-
metal combinations.


Finally, an analysis of the various metalated complexes,
both by experiment and theory, indicates that the electronic
structures of the ligands are only slightly affected by the
type of alkali metal present. This is not to be confused with
the importance of having a metal present. The cations local-
ize the �2 charge on the carbanion (in the form of two lone
pairs), and they are very likely critical in the stabilization of
the dianion. Indeed, this view is supported by our inability
to isolate the dipotassiated complex. In addition, analysis of
this set of complexes has allowed unique insights into the
nature of the bonding present in the dianionic ligand back-
bones. Changing the countercation results in substantial var-
iations in the electron density distributions within the li-
gands in which the lighter metals more effectively localize
the charge at the carbanion. The effects on the remainder of
the ligand may be explained by a subtle interplay of hyper-
conjugative interactions, electrostatics, and the influence of
metal polarization. It also appears that the organic substitu-
ents attached to the backbone of the ligand play an impor-
tant role in the fine tuning of the final electronic structure
of the dianions. Present work is directed towards the charac-
terization of charge-separated geminal dianion intermedi-
ates as a means to gain further understanding of the bonding
within these unusual molecules.


Chem. Eur. J. 2008, 14, 3939 – 3953 I 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 3949


FULL PAPERHomo- and Heterodimetallic Geminal Dianions



www.chemeurj.org





Experimental Section


General Procedures : All operations were carried out by using Schlenk
techniques or inside an argon-filled glove box.[56] All glassware was
flame-dried under vacuum before use. tBuLi (1.7m) was purchased from
Aldrich and stored at 4 8C. Benzylpotassium and nBuNa were synthe-
sized according to literature procedures.[48] tBuONa (Lancaster, 97%),
tBuOK (Fluka, 97%), NaHMDS (Acros, 97%), and KHMDS (Aldrich,
95%) were purchased and used as received. Toluene and hexane were
dried by passage through copper-based catalyst and molecular-sieve col-
umns (Innovative Technology). Anhydrous benzene (Alfa Aesar, 99.8%)
was purchased and stored over 4 Q molecular sieves. Deuterated solvents
were purchased from Cambridge Isotope Laboratories, and were dried
by storage over 4 Q molecular sieves. The 1H, 7Li, 13C, 29Si, and 31P NMR
spectra were recorded on Varian-300/500 or Bruker Avance-800 spec-
trometers at 25 8C. The 1H and 13C NMR spectra were referenced inter-
nally to the residual signals of the deuterated solvents. The 7Li, 29Si, and
31P spectra were referenced to external samples of 1m LiCl in D2O, 1m


TMS in [D8]toluene, and 1m H3PO4 in D2O set at 0 ppm. IR spectra were
recorded by means of a Nicolet Avatar 360 FTIR spectrophotometer
through KBr plates as Nujol mulls. Melting points were recorded by
means of a Meltemp apparatus. Elemental analyses were performed by
Midwest Microlab, LLD, but proved problematic owing to the high air-
and moisture-sensitivity of the samples and also as a consequence of the
partial removal of solvents of crystallization upon isolation. Mass spectra
were recorded on a Micromass Quatro triple LC quadrupole mass spec-
trometer.


X-ray Crystallography : Single crystals were examined under Infineum
V8512 oil. The datum crystal was affixed to either a thin glass fiber atop
a tapered copper mounting pin or Mitegen mounting loop and trans-
ferred to the 100 K nitrogen stream of a Bruker APEX II diffractometer
equipped with an Oxford Cryosystems 700 series low-temperature appa-


ratus. Cell parameters were determined using reflections harvested from
three sets of 12U0.58 w scans. The orientation matrix derived from this
was transferred to COSMO[57] to determine the optimum data collection
strategy requiring a minimum of 4-fold redundancy. Cell parameters
were refined by using reflections harvested from the data collection with
I>10s(I). All data were corrected for Lorentz and polarization effects,
and runs were scaled by using SADABS.[58] Table 8 lists the key crystallo-
graphic parameters for 3–9.The structures were solved from partial data-
sets by using the Autostructure option in APEX 2.[57] This option em-
ploys an iterative application of the direct methods, Patterson synthesis,
and dual-space routines of SHELXTL[59] followed by several iterative
cycles of least squares refinement. Hydrogen thermal parameters were
set to 1.2U the equivalent isotropic U of the parent atom, 1.5U for
methyl hydrogens. Final refinement was performed against all data har-
vested from data collection. Details on individual refinements, including
descriptions of disorder, can be found in the cif files CCDC (4), 670729
(5) 670726 (6) 670728 (7) 670727 (8) and 670730 (9). These data can be
obtained free of charge from The Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data_request/cif.


Computational details : The Gaussian 03 series of programs was used for
the calculations.[60] Geometry optimizations of the full molecules I–XIV
were performed by using density functional theory with the B3LYP func-
tional[61] and the standard polarized split-valence, 6-31G*, basis set.[62] No
symmetry constraints were imposed and the molecules were allowed to
freely optimize by using related crystal structure data as starting geome-
tries. The geometries of the model complexes IX–XIV were geometry
optimized with a more flexible basis set[63] at the B3LYP/6-311G** level
of theory,[62] and used for the natural bond order (NBO)[64] and natural
population analyses (NPA).[65] These geometries were verified as true
minima by using frequency analyses.


ACHTUNGTRENNUNG[({Ph2P ACHTUNGTRENNUNG(NSiMe3)}2CNa2)2], 3 : The phosphinimine (0.559 g, 1.0 mmol) was
placed inside a nitrogen-filled Schlenk tube and dissolved on the addition
of 10 mL of dry benzene. The solid base nBuNa (0.168 g, 2.10 mmol) was


Table 8. Selected crystal data for 3–9.


3 4 5 6 7 8 9


formula C74H88N4Na4-
P4Si4


C74H88Li2N4Na2-
P4Si4


C74H88Li1.36N4-
Na2.64P4Si4


C74H88K2Li2-
N4P4Si4


C31H39KN2-
NaP2Si2


C76H92K1.07N4-
Na2.93P4Si4


C44H65KN3-
NaP2Si4


Fw 1361.68 1329.58 1339.86 1361.8 619.85 1406.97 872.38
T [K] 100(2) 100(2) 100(2) 100(2) 100 (2) 100(2) 123(2)
crystal system triclinic triclinic triclinic triclinic monoclinic triclinic triclinic
space group P 1̄ P 1̄ P 1̄ P 1̄ C2/c P 1̄ P 1̄
a [Q] 12.3275(2) 14.5700(6) 12.0869(5) 10.9579(6) 14.2301(6) 11.9692(4) 11.0168(9)
b [Q] 17.0832(3) 14.5952(6) 17.0782(6) 13.3605(7) 26.6172(11) 13.8278(4) 11.7602(10)
c [Q] 19.6578(4) 18.6933(8) 19.6111(7) 25.2938(14) 19.2254(8) 25.4664(8) 22.3520(18)
a [8] 101.4513(10) 91.530(3) 99.917(2) 92.877(3) 90 78.8325(18) 103.276(5)
b [8] 103.1949(10) 105.048(2) 103.382(2) 97.879(3) 94.873(2) 78.8605(17) 90.130(4)
g [8] 103.7451(10) 104.295(2) 103.497(2) 90.874(3) 90 71.1639(18) 117.058(5)
V [Q3] 3772.64(12) 3702.4(3) 3718.4(2) 3662.6(3) 7255.6(5) 3874.7(2) 2490.9(4)
Z 2 2 2 2 4 2 2
1 [Mgm�3] 1.199 1.193 1.197 1.235 1.205 1.206 1.163
m (MoKa) [mm�1] 0.229 0.222 0.224 0.326 0.338 0.276 0.308
crystal size [mm�1] 0.25


U0.25
U0.15


0.29
U0.28
U0.22


0.49
U0.31
U0.20


0.27
U0.08
U0.08


0.35
U0.26
U0.16


0.32
U0.10
U0.10


0.43
U0.41
U0.25


Tmax/Tmin 0.97/0.94 0.95/0.94 0.96/0.90 0.97/0.92 0.91/0.95 0.97/0.98 0.88/0.34
q range [8] 1.10–31.50 1.13–0.94 1.110–24.96 0.81–28.39 1.53–25.62 1.57–28.56 0.94–26.35
refln. coll. 241599 300720 65640 90391 47237 103530 25514
ind. refln. 24877 38148 12944 18333 6695 19258 14843
R(nt) 0.0343 0.0512 0.0266 0.0434 0.0328 0.0372 0.0591
obs. refln.
ACHTUNGTRENNUNG[I>2s(I)]


21266 24855 10930 14788 5061 15339 12610


GOF on F2 1.04 1.057 1.081 1.011 1.021 1.037 1.497
R1,wR2 [I>2s(I)] 0.0324, 0.0848 0.0404, 0.0929 0.0355, 0.0891 0.0356, 0.0820 0.0568, 0.1455 0.0382, 0.0888 0.0673, 0.1767
R1, wR2 (all data) 0.0408, 0.0921 0.0878, 0.1195 0.0463, 0.1010 0.0501, 0.0892 0.0858, 0.1827 0.0549, 0.0966 0.0863, 0.1988
largest peak/hole
ACHTUNGTRENNUNG[eQ�3]


0.566/�0.394 0.863/�0.592 0.738/�0.437 0.468/�0.305 1.057/�1.184 0.787/�0.702 0.680/�0.589
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added slowly to the solution through a solids addition tube at ambient
temperature. The mixture was stirred for 30 min until complete dissolu-
tion occurred. The volume of the solution was reduced in vacuo until pre-
cipitation ensued. The mixture was then heated to afford a clear yellow
solution. Cooling to ambient temperature resulted in the formation of
yellow crystals (isolated yield: 0.414 g, 69%). The resulting compound
was highly air-sensitive and required manipulation inside an argon-filled
glove box. The crystals decomposed without melting above 200 8C. The
complex crystallizes with two benzene molecules per dimer, as deter-
mined by X-ray crystallography. These molecules are partially removed
on evacuation. 1H NMR (500 MHz, [D8]toluene, 25 8C): d=7.44 (m,
16H; o-H), 6.90 (m, 24H; m-, p-H), �0.04 ppm (s, 36H; CH3Si);
13C{1H} NMR (200 MHz, [D8]toluene, 25 8C): d=142.42 (m, i-C), 130.05
(t, o-C), 128.49 (s, p-C), 127.70 (s, m-C), 40.99 (t, J1PC=89.9 Hz, CNa2P2),
4.32 ppm (s, CH3Si);


31P{1H} NMR (121 MHz, [D8]toluene, 25 8C): d=


7.56 ppm; 29Si NMR (99 MHz, [D8]toluene, 25 8C): d=�15.35 (t, J2P-Si=
8.5 Hz); IR (Nujol mull): ñ=1303(w), 1256(m), 1242(m), 1159(w),
1104(m), 1085(m), 1028(w), 976(w), 849(m), 827(m), 742(m), 721(m),
696(m), 672(w), 645(w), 593(w), 557(w), 534(w), 510(w) cm�1.


ACHTUNGTRENNUNG[({Ph2P ACHTUNGTRENNUNG(NSiMe3)}2CLiNa)2], 4 : The phosphinimine (0.559 g, 1.0 mmol)
was dissolved in dry benzene (10 mL), and tBuLi (1.70m, 1.24 mL,
2.1 mmol) was then added slowly to the solution at ambient temperature.
The resulting yellow mixture was stirred for 1.5 h (the formation of dili-
thio 1 was confirmed by in situ 1H NMR studies). tBuONa (0.211 g,
2.2 mmol) was then added slowly to the mixture through a solids addition
tube. The volume of the solution was reduced in vacuo until precipitation
ensued. The mixture was then heated to afford a clear yellow solution.
Cooling to ambient temperature resulted in the formation of pale yellow
crystals (isolated yield: 0.303 g, 52%). The resulting compound was
highly air-sensitive and required manipulation inside an argon-filled
glove box. The crystals decomposed without melting above 200 8C. The
complex crystallizes with two benzene molecules per dimer, as deter-
mined by X-ray crystallography. These molecules are partially removed
on evacuation. NMR analyses were complicated because of the co-exis-
tence of multiple solution species. Thus, only the major signals discerni-
ble for 4 are given. 1H NMR (500 MHz, [D8]toluene, 25 8C): d =7.51 (m,
16H; o-H, Ph), 6.96 (m, 24H; m-, p-H, Ph), 0.09 ppm (s, 36H; CH3Si);
13C{1H} NMR not assigned due to multiple broad overlapping signals;
31P{1H} NMR (121 MHz, [D8]toluene, 25 8C): d=14.60 ppm; 29Si NMR
(99 MHz, [D8]toluene, 25 8C): d=�12.86 ppm (t, J2P-Si=7.73 Hz);
7Li NMR (194 MHz, [D8]toluene, 25 8C): d=0.58 ppm; IR (Nujol mull):
ñ=1304(w), 1258(w), 1243(w), 1199(w), 1174(w), 1107(m), 1084(m),
1026(w), 848(m), 828(m), 759(w), 740(w), 724(w), 702(w), 645(w),
592(w), 536(w), 507(w) cm�1.


ACHTUNGTRENNUNG[({Ph2P ACHTUNGTRENNUNG(NSiMe3)}2C)2LiNa3], 5 : The phosphinimine (0.559 g, 1.0 mmol)
was dissolved in dry benzene (10 mL ) and nBuNa (0.120 g, 1.5 mmol)
was then added slowly to the solution at ambient temperature through a
solids addition tube. The resulting yellow mixture was stirred for 30 min.
tBuLi (1.70m, 0.294 mL, 0.5 mmol) was then added slowly to the mixture.
The volume of the solution was reduced in vacuo until precipitation
ensued. The mixture was then heated to afford a clear orange solution.
Cooling to ambient temperature resulted in the formation of yellow crys-
tals. The resulting compound was highly air-sensitive and required manip-
ulation inside an argon-filled glove box. The complex crystallizes with
two benzene molecules per dimer, as determined by X-ray crystallogra-
phy. Further analytical analyses were complicated owing to the co-crys-
tallization of 5 with 3 and 4, and also as multiple species are established
in solution. Spiking experiments in [D8]toluene determined the character-
istic 1H NMR Me3Si signal to be located at d=0.03 ppm.


ACHTUNGTRENNUNG[({Ph2P ACHTUNGTRENNUNG(NSiMe3)}2CLiK)2], 6 : The phosphinimine (0.559 g, 1.0 mmol)
was dissolved in dry benzene (10 mL ) and tBuLi (1.70m, 1.24 mL,
2.1 mmol) was then added slowly to the solution at ambient temperature.
The resulting yellow mixture was stirred for 1.5 h. tBuOK (0.247 g,
2.2 mmol) was then added slowly to the mixture through a solids addition
tube. The volume of the solution was reduced in vacuo until precipitation
ensued. The mixture was then heated to afford a clear red-orange solu-
tion. Cooling to ambient temperature resulted in the formation of yellow
crystals (isolated yield: 0.175 g, 29%). The resulting compound was


highly air-sensitive and required manipulation inside an argon-filled
glove box. The crystals decomposed without melting above 200 8C.
1H NMR (300 MHz, [D8]toluene, 25 8C): d=7.73–7.62 (br s, 16H; o-H,
Ph), 7.10–6.88 (br s, 24H; m-, p-H, Ph), 0.23 ppm (s, 36H; CH3Si);
13C{1H} NMR (75.43 MHz, [D8]toluene, 25 8C): d=143.31 (m, i-C), 131.41
(br s, o-C), 128.50 (s, p-C), 127.48, 126.96 (t, m-C), 5.57 ppm (s, CH3Si);
31P{1H} NMR (121 MHz, [D8]toluene, 25 8C): d=6.71 ppm; 29Si NMR
(99 MHz, [D8]toluene, 25 8C): d=�16.44 ppm (t, J2P-Si=9.33 Hz);
7Li NMR (194 MHz, [D8]toluene, 25 8C): d =0.22; IR (Nujol mull): ñ=


1304(w), 1253(m), 1242(m), 1206(m), 1174(w), 1118(s), 1086(s), 1027(w),
974(w), 850(s), 825(s), 756(m), 741(m), 725(s), 701(s), 674(w), 646(m),
619(w), 589(m), 535(s), 508(m) cm�1.


ACHTUNGTRENNUNG[{({Ph2P ACHTUNGTRENNUNG(NSiMe3)}2C)NaK}2], 7: The phosphinimine (0.559 g, 1.0 mmol)
was dissolved in dry benzene (10 mL) and nBuNa (0.168 g, 2.1 mmol)
was then added slowly to the solution through a solids addition tube at
ambient temperature. The resulting yellow mixture was stirred for 30 min
(the formation of disodio 3 was confirmed by in situ 1H NMR studies).
tBuOK (0.247 g, 2.2 mmol) was then added slowly to the mixture through
a solids addition tube. The volume of the solution was reduced in vacuo
until precipitation ensued. The mixture was then heated to afford a clear
red-orange solution. Cooling to ambient temperature resulted in the for-
mation of yellow crystals (isolated yield: 0.182 g, 29.4%). The resulting
compound was highly air-sensitive and required manipulation inside an
argon-filled glove box. The crystals decomposed without melting above
180 8C. The complex crystallizes with two benzene molecules per dimer,
as determined by X-ray crystallography. 1H NMR (300 MHz, [D8]toluene,
25 8C): d=7.81–7.27 (br s, 16H; o-H, Ph), 6.96 (m, 24H; m-, p-H, Ph),
0.12 ppm (s, 36H; CH3Si);


13C{1H} NMR (200 MHz, [D8]toluene, 25 8C):
d=145.09 (t, i-C), 127.91 (t, o-C), 131.06 (s, p-C), 127.28 (s, m-C), 38.04
(t, J1PC=106.32 Hz, CNaP2), 5.50 ppm (s, CH3Si);


31P{1H} NMR
(121 MHz, [D8]toluene, 25 8C): d=3.95 ppm; 29Si NMR (99 MHz,
[D8]toluene, 25 8C): d=�19.94 ppm (t, J2P-Si=9.78 Hz); IR (Nujol mull):
ñ=1303(w), 1257(m), 1242(m), 1200(m), 1124(s), 1087(m), 1026(w),
974(w), 848(s), 822(s), 738(m), 722(s), 699(s), 643(w), 529(m),
508(m) cm�1.


ACHTUNGTRENNUNG[({Ph2P ACHTUNGTRENNUNG(NSiMe3)}2C)2Na3K], 8 : The monopotassiated compound 12
(0.597 g, 1.0 mmol) was dissolved in dry benzene (10 mL) and nBuNa
(0.120 g, 1.5 mmol) was then added slowly to the solution through a
solids addition tube at ambient temperature. The resulting yellow mix-
ture was stirred for 30 min. The volume of the solution was reduced in
vacuo until precipitation ensued. The mixture was then heated to afford
a clear red-orange solution. Cooling to ambient temperature resulted in
the formation of yellow crystals. The resulting compound was highly air-
sensitive and required manipulation inside an argon-filled glove box. The
complex crystallizes with two benzene molecules per dimer, as deter-
mined by X-ray crystallography.


ACHTUNGTRENNUNG[{Ph2P ACHTUNGTRENNUNG(NSiMe3)}2CH}ACHTUNGTRENNUNG{(Me3Si)2N}NaK·Tol], 9 : The phosphinimine
(0.559 g, 1.0 mmol) was dissolved in dry toluene (10 mL) and NaHMDS
(0.202 g, 1.1 mmol) was then added slowly to the solution through a
solids addition tube at ambient temperature. The resulting colorless mix-
ture was stirred for 1 h. BnK (0.143 g, 1.1 mmol) was then added slowly
through a solids addition tube. The resulting yellow solution was stirred
for 1 h. The volume of the solution was reduced in vacuo until precipita-
tion ensued. The mixture was then heated to afford a clear yellow solu-
tion. Cooling to ambient temperature resulted in the formation of color-
less crystals. The resulting compound was air-sensitive and required ma-
nipulation inside an argon-filled glove box. 1H NMR (300 MHz,
[D8]toluene, 25 8C): d=7.75 (d, 8H; o-H, Ph), 7.09–6.97 (m, 12H; m-, p-
H, Ph), 1.72 (t, 1H; CHNaP2), 0.092 (s, 18H; CH3Si), 0.088 ppm (s, 18H;
CH3Si);


13C{1H} NMR (200 MHz, [D8]toluene, 25 8C): d=142.77 (d, 1JPC=


95.37 Hz, i-C), 131.32 (t, 2JPC=5.13 Hz, o-C), 129.05 (s, p-C), 127.72 (t,
3JPC=5.50 Hz, m-C), 25.98 (t, J1PC=131.32 Hz, CHNaP2), 7.08 (s, N-
ACHTUNGTRENNUNG(SiMe3)2), 4.74 ppm (s, CH3Si).
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[48] L. Lochmann, J. Pospišil, D. Lim, Tetrahedron Lett. 1966, 7, 257–
262.


[49] T. R. Hoye, A. W. Aspaas, B. M. Eklov, T. D. Ryba, Org. Lett. 2005,
7, 2205–2208.


[50] a) T. Stey, D. Stalke in The Chemistry of Organolithium Compounds
(Eds.: Z. Rappoport, S. Patai) New York, Wiley, 2004, Chapter 2;
b) E. Weiss, Angew. Chem. Int. Ed. Engl. 1993, 32, 1501–1523;
c) Lithium Chemistry, A Theoretical and Experimental Overview
(Eds.: A. M. Sapse, P. v. R. Schleyer) New York, John Wiley & Sons,
1995.


[51] For a discussion on cation-p interactions see: a) J. J. Morris, B. C.
Noll, G. W. Honeyman, C. T. O!Hara, A. R. Kennedy, R. E. Mulvey,
K. W. Henderson, Chem. Eur. J. , 2007, 13, 4418–4432; b) J. B. Ran-


www.chemeurj.org I 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 3939 – 39533952


K. W. Henderson et al.



http://dx.doi.org/10.1002/zaac.19552820136

http://dx.doi.org/10.1002/zaac.19552820136

http://dx.doi.org/10.1002/zaac.19552820136

http://dx.doi.org/10.1002/zaac.19552820136

http://dx.doi.org/10.1021/ja01050a040

http://dx.doi.org/10.1021/ja01050a040

http://dx.doi.org/10.1021/ja01050a040

http://dx.doi.org/10.1021/ja00442a017

http://dx.doi.org/10.1021/ja00442a017

http://dx.doi.org/10.1021/ja00442a017

http://dx.doi.org/10.1021/ja00442a017

http://dx.doi.org/10.1021/ja00785a060

http://dx.doi.org/10.1021/ja00785a060

http://dx.doi.org/10.1021/ja00785a060

http://dx.doi.org/10.1021/ja00785a060

http://dx.doi.org/10.1021/ja00850a046

http://dx.doi.org/10.1021/ja00850a046

http://dx.doi.org/10.1021/ja00850a046

http://dx.doi.org/10.1021/ja00850a046

http://dx.doi.org/10.1021/ja00502a054

http://dx.doi.org/10.1021/ja00502a054

http://dx.doi.org/10.1021/ja00502a054

http://dx.doi.org/10.1021/ja00502a054

http://dx.doi.org/10.1016/S0022-328X(00)84749-X

http://dx.doi.org/10.1016/S0022-328X(00)84749-X

http://dx.doi.org/10.1016/S0022-328X(00)84749-X

http://dx.doi.org/10.1002/ange.19750870902

http://dx.doi.org/10.1002/ange.19750870902

http://dx.doi.org/10.1002/ange.19750870902

http://dx.doi.org/10.1002/anie.197502731

http://dx.doi.org/10.1002/anie.197502731

http://dx.doi.org/10.1002/anie.197502731

http://dx.doi.org/10.1002/anie.197502731

http://dx.doi.org/10.1021/cr9600161

http://dx.doi.org/10.1021/cr9600161

http://dx.doi.org/10.1021/cr9600161

http://dx.doi.org/10.1021/cr990288e

http://dx.doi.org/10.1021/cr990288e

http://dx.doi.org/10.1021/cr990288e

http://dx.doi.org/10.1021/ar000043k

http://dx.doi.org/10.1021/ar000043k

http://dx.doi.org/10.1021/ar000043k

http://dx.doi.org/10.1021/ar000043k

http://dx.doi.org/10.1002/(SICI)1099-0682(200005)2000:5%3C789::AID-EJIC789%3E3.0.CO;2-S

http://dx.doi.org/10.1002/(SICI)1099-0682(200005)2000:5%3C789::AID-EJIC789%3E3.0.CO;2-S

http://dx.doi.org/10.1002/(SICI)1099-0682(200005)2000:5%3C789::AID-EJIC789%3E3.0.CO;2-S

http://dx.doi.org/10.1021/ja00434a001

http://dx.doi.org/10.1021/ja00434a001

http://dx.doi.org/10.1021/ja00434a001

http://dx.doi.org/10.1021/ja00486a075

http://dx.doi.org/10.1021/ja00486a075

http://dx.doi.org/10.1021/ja00486a075

http://dx.doi.org/10.1016/S0022-328X(00)90872-6

http://dx.doi.org/10.1016/S0022-328X(00)90872-6

http://dx.doi.org/10.1016/S0022-328X(00)90872-6

http://dx.doi.org/10.1016/S0022-328X(00)90872-6

http://dx.doi.org/10.1021/ja00332a011

http://dx.doi.org/10.1021/ja00332a011

http://dx.doi.org/10.1021/ja00332a011

http://dx.doi.org/10.1021/ja00332a011

http://dx.doi.org/10.1021/ja00254a004

http://dx.doi.org/10.1021/ja00254a004

http://dx.doi.org/10.1021/ja00254a004

http://dx.doi.org/10.1021/ja00373a052

http://dx.doi.org/10.1021/ja00373a052

http://dx.doi.org/10.1021/ja00373a052

http://dx.doi.org/10.1021/ja00373a052

http://dx.doi.org/10.1021/ic00191a010

http://dx.doi.org/10.1021/ic00191a010

http://dx.doi.org/10.1021/ic00191a010

http://dx.doi.org/10.1021/ja00162a057

http://dx.doi.org/10.1021/ja00162a057

http://dx.doi.org/10.1021/ja00162a057

http://dx.doi.org/10.1021/om0605635

http://dx.doi.org/10.1021/om0605635

http://dx.doi.org/10.1021/om0605635

http://dx.doi.org/10.1021/om0605635

http://dx.doi.org/10.1002/(SICI)1521-3757(19990517)111:10%3C1580::AID-ANGE1580%3E3.0.CO;2-3

http://dx.doi.org/10.1002/(SICI)1521-3757(19990517)111:10%3C1580::AID-ANGE1580%3E3.0.CO;2-3

http://dx.doi.org/10.1002/(SICI)1521-3757(19990517)111:10%3C1580::AID-ANGE1580%3E3.0.CO;2-3

http://dx.doi.org/10.1002/(SICI)1521-3773(19990517)38:10%3C1483::AID-ANIE1483%3E3.0.CO;2-D

http://dx.doi.org/10.1002/(SICI)1521-3773(19990517)38:10%3C1483::AID-ANIE1483%3E3.0.CO;2-D

http://dx.doi.org/10.1002/(SICI)1521-3773(19990517)38:10%3C1483::AID-ANIE1483%3E3.0.CO;2-D

http://dx.doi.org/10.1002/(SICI)1521-3773(19990517)38:10%3C1483::AID-ANIE1483%3E3.0.CO;2-D

http://dx.doi.org/10.1021/ja9839421

http://dx.doi.org/10.1021/ja9839421

http://dx.doi.org/10.1021/ja9839421

http://dx.doi.org/10.1002/cber.19891220714

http://dx.doi.org/10.1002/cber.19891220714

http://dx.doi.org/10.1002/cber.19891220714

http://dx.doi.org/10.1002/cber.19891220714

http://dx.doi.org/10.1002/1521-3757(20021202)114:23%3C4685::AID-ANGE4685%3E3.0.CO;2-Q

http://dx.doi.org/10.1002/1521-3757(20021202)114:23%3C4685::AID-ANGE4685%3E3.0.CO;2-Q

http://dx.doi.org/10.1002/1521-3757(20021202)114:23%3C4685::AID-ANGE4685%3E3.0.CO;2-Q

http://dx.doi.org/10.1002/1521-3773(20021202)41:23%3C4503::AID-ANIE4503%3E3.0.CO;2-5

http://dx.doi.org/10.1002/1521-3773(20021202)41:23%3C4503::AID-ANIE4503%3E3.0.CO;2-5

http://dx.doi.org/10.1002/1521-3773(20021202)41:23%3C4503::AID-ANIE4503%3E3.0.CO;2-5

http://dx.doi.org/10.1021/om060450l

http://dx.doi.org/10.1021/om060450l

http://dx.doi.org/10.1021/om060450l

http://dx.doi.org/10.1021/om060450l

http://dx.doi.org/10.1021/ja00211a054

http://dx.doi.org/10.1021/ja00211a054

http://dx.doi.org/10.1021/ja00211a054

http://dx.doi.org/10.1002/(SICI)1521-3757(19991203)111:23%3C3766::AID-ANGE3766%3E3.0.CO;2-7

http://dx.doi.org/10.1002/(SICI)1521-3757(19991203)111:23%3C3766::AID-ANGE3766%3E3.0.CO;2-7

http://dx.doi.org/10.1002/(SICI)1521-3757(19991203)111:23%3C3766::AID-ANGE3766%3E3.0.CO;2-7

http://dx.doi.org/10.1002/(SICI)1521-3757(19991203)111:23%3C3766::AID-ANGE3766%3E3.0.CO;2-7

http://dx.doi.org/10.1002/(SICI)1521-3773(19991203)38:23%3C3549::AID-ANIE3549%3E3.0.CO;2-D

http://dx.doi.org/10.1002/(SICI)1521-3773(19991203)38:23%3C3549::AID-ANIE3549%3E3.0.CO;2-D

http://dx.doi.org/10.1002/(SICI)1521-3773(19991203)38:23%3C3549::AID-ANIE3549%3E3.0.CO;2-D

http://dx.doi.org/10.1002/(SICI)1521-3757(19990115)111:1/2%3C97::AID-ANGE97%3E3.0.CO;2-1

http://dx.doi.org/10.1002/(SICI)1521-3757(19990115)111:1/2%3C97::AID-ANGE97%3E3.0.CO;2-1

http://dx.doi.org/10.1002/(SICI)1521-3757(19990115)111:1/2%3C97::AID-ANGE97%3E3.0.CO;2-1

http://dx.doi.org/10.1002/(SICI)1521-3757(19990115)111:1/2%3C97::AID-ANGE97%3E3.0.CO;2-1

http://dx.doi.org/10.1002/(SICI)1521-3773(19990115)38:1/2%3C92::AID-ANIE92%3E3.0.CO;2-U

http://dx.doi.org/10.1002/(SICI)1521-3773(19990115)38:1/2%3C92::AID-ANIE92%3E3.0.CO;2-U

http://dx.doi.org/10.1002/(SICI)1521-3773(19990115)38:1/2%3C92::AID-ANIE92%3E3.0.CO;2-U

http://dx.doi.org/10.1002/cber.19911240705

http://dx.doi.org/10.1002/cber.19911240705

http://dx.doi.org/10.1002/cber.19911240705

http://dx.doi.org/10.1039/b007038f

http://dx.doi.org/10.1039/b007038f

http://dx.doi.org/10.1039/b007038f

http://dx.doi.org/10.1021/om0107845

http://dx.doi.org/10.1021/om0107845

http://dx.doi.org/10.1021/om0107845

http://dx.doi.org/10.1021/om0107845

http://dx.doi.org/10.1021/ic026194w

http://dx.doi.org/10.1021/ic026194w

http://dx.doi.org/10.1021/ic026194w

http://dx.doi.org/10.1039/b504730g

http://dx.doi.org/10.1039/b504730g

http://dx.doi.org/10.1039/b504730g

http://dx.doi.org/10.1039/b504730g

http://dx.doi.org/10.1016/S0040-4039(00)84678-X

http://dx.doi.org/10.1016/S0040-4039(00)84678-X

http://dx.doi.org/10.1016/S0040-4039(00)84678-X

http://dx.doi.org/10.1016/S0040-4039(00)84678-X

http://dx.doi.org/10.1002/ange.19891011033

http://dx.doi.org/10.1002/ange.19891011033

http://dx.doi.org/10.1002/ange.19891011033

http://dx.doi.org/10.1002/ange.19891011033

http://dx.doi.org/10.1002/anie.198913921

http://dx.doi.org/10.1002/anie.198913921

http://dx.doi.org/10.1002/anie.198913921

http://dx.doi.org/10.1021/ja00434a001

http://dx.doi.org/10.1021/ja00434a001

http://dx.doi.org/10.1021/ja00434a001

http://dx.doi.org/10.1021/j150665a036

http://dx.doi.org/10.1021/j150665a036

http://dx.doi.org/10.1021/j150665a036

http://dx.doi.org/10.1021/j150665a036

http://dx.doi.org/10.1002/(SICI)1521-3749(199910)625:10%3C1748::AID-ZAAC1748%3E3.0.CO;2-N

http://dx.doi.org/10.1002/(SICI)1521-3749(199910)625:10%3C1748::AID-ZAAC1748%3E3.0.CO;2-N

http://dx.doi.org/10.1002/(SICI)1521-3749(199910)625:10%3C1748::AID-ZAAC1748%3E3.0.CO;2-N

http://dx.doi.org/10.1021/om990486w

http://dx.doi.org/10.1021/om990486w

http://dx.doi.org/10.1021/om990486w

http://dx.doi.org/10.1021/om990486w

http://dx.doi.org/10.1002/1521-3757(20010702)113:13%3C2569::AID-ANGE2569%3E3.0.CO;2-B

http://dx.doi.org/10.1002/1521-3757(20010702)113:13%3C2569::AID-ANGE2569%3E3.0.CO;2-B

http://dx.doi.org/10.1002/1521-3757(20010702)113:13%3C2569::AID-ANGE2569%3E3.0.CO;2-B

http://dx.doi.org/10.1002/1521-3757(20010702)113:13%3C2569::AID-ANGE2569%3E3.0.CO;2-B

http://dx.doi.org/10.1002/1521-3773(20010702)40:13%3C2501::AID-ANIE2501%3E3.0.CO;2-Q

http://dx.doi.org/10.1002/1521-3773(20010702)40:13%3C2501::AID-ANIE2501%3E3.0.CO;2-Q

http://dx.doi.org/10.1002/1521-3773(20010702)40:13%3C2501::AID-ANIE2501%3E3.0.CO;2-Q

http://dx.doi.org/10.1002/ange.200503814

http://dx.doi.org/10.1002/ange.200503814

http://dx.doi.org/10.1002/ange.200503814

http://dx.doi.org/10.1002/anie.200503814

http://dx.doi.org/10.1002/anie.200503814

http://dx.doi.org/10.1002/anie.200503814

http://dx.doi.org/10.1002/anie.200503814

http://dx.doi.org/10.1021/om030003v

http://dx.doi.org/10.1021/om030003v

http://dx.doi.org/10.1021/om030003v

http://dx.doi.org/10.1021/om030003v

http://dx.doi.org/10.1021/ja984087o

http://dx.doi.org/10.1021/ja984087o

http://dx.doi.org/10.1021/ja984087o

http://dx.doi.org/10.1021/ja984087o

http://dx.doi.org/10.1002/1521-3749(200211)628:11%3C2269::AID-ZAAC2269%3E3.0.CO;2-A

http://dx.doi.org/10.1002/1521-3749(200211)628:11%3C2269::AID-ZAAC2269%3E3.0.CO;2-A

http://dx.doi.org/10.1002/1521-3749(200211)628:11%3C2269::AID-ZAAC2269%3E3.0.CO;2-A

http://dx.doi.org/10.1002/1521-3749(200211)628:11%3C2269::AID-ZAAC2269%3E3.0.CO;2-A

http://dx.doi.org/10.1002/1521-3749(200105)627:5%3C877::AID-ZAAC877%3E3.0.CO;2-%23

http://dx.doi.org/10.1002/1521-3749(200105)627:5%3C877::AID-ZAAC877%3E3.0.CO;2-%23

http://dx.doi.org/10.1002/1521-3749(200105)627:5%3C877::AID-ZAAC877%3E3.0.CO;2-%23

http://dx.doi.org/10.1002/1521-3749(200105)627:5%3C877::AID-ZAAC877%3E3.0.CO;2-%23

http://dx.doi.org/10.1021/ja9936114

http://dx.doi.org/10.1021/ja9936114

http://dx.doi.org/10.1021/ja9936114

http://dx.doi.org/10.1021/ja9936114

http://dx.doi.org/10.1039/b210598e

http://dx.doi.org/10.1039/b210598e

http://dx.doi.org/10.1039/b210598e

http://dx.doi.org/10.1039/b210598e

http://dx.doi.org/10.1021/om034071t

http://dx.doi.org/10.1021/om034071t

http://dx.doi.org/10.1021/om034071t

http://dx.doi.org/10.1021/om034071t

http://dx.doi.org/10.1021/ic050969u

http://dx.doi.org/10.1021/ic050969u

http://dx.doi.org/10.1021/ic050969u

http://dx.doi.org/10.1021/ic050969u

http://dx.doi.org/10.1021/ja065000z

http://dx.doi.org/10.1021/ja065000z

http://dx.doi.org/10.1021/ja065000z

http://dx.doi.org/10.1021/ja065000z

http://dx.doi.org/10.1021/om070023n

http://dx.doi.org/10.1021/om070023n

http://dx.doi.org/10.1021/om070023n

http://dx.doi.org/10.1021/om070023n

http://dx.doi.org/10.1021/om700640c

http://dx.doi.org/10.1021/om700640c

http://dx.doi.org/10.1021/om700640c

http://dx.doi.org/10.1016/S0040-4039(00)70224-3

http://dx.doi.org/10.1016/S0040-4039(00)70224-3

http://dx.doi.org/10.1016/S0040-4039(00)70224-3

http://dx.doi.org/10.1021/ol0506011

http://dx.doi.org/10.1021/ol0506011

http://dx.doi.org/10.1021/ol0506011

http://dx.doi.org/10.1021/ol0506011

http://dx.doi.org/10.1002/anie.199315013

http://dx.doi.org/10.1002/anie.199315013

http://dx.doi.org/10.1002/anie.199315013

www.chemeurj.org





dazzo, J. J. Morris, K. W. Henderson, Main Group Chem. 2006, 5,
215–220.


[52] C. Lambert, P. v. R. Schleyer, Angew. Chem. 1994, 106, 1187–1199;
Angew. Chem. Int. Ed. Engl. 1994, 33, 1129–1140.


[53] M. Klobukowski, S. A. Decker, C. C. Lovallo, R. G. Cavell, THEO-
CHEM 2001, 536, 189–194.


[54] For a related study of monometalated iminophosphorane see: N.
Kocher, D. Leusser, A. Murso, D. Stalke, Chem. Eur. J. 2004, 10,
3622–3631.


[55] W. Scherer, P. Sirsch, D. Shorokhov, G. S. McGrady, S. A. Mason,
M. G. Gardiner, Chem. Eur. J. 2002, 8, 2324–2334.


[56] D. F. Shriver, M. A. Drezdzon Manipulation of Air Sensitive Com-
pounds, New York John Wiley and Sons, 1986.


[57] Bruker-Nonius AXS (2005). APEX2 and COSMO. Bruker-Nonius
AXS, Madison, Wisconsin, USA.


[58] G. M. Sheldrick, University of Gçttingen, Gçttingen (Germany),
2004.


[59] G. M. Sheldrick, SHELXTL. Bruker-Nonius AXS, Madison, Wis-
consin, USA, 2001.


[60] Gaussian 03, Revision C.02, M. J. Frisch, G. W. Trucks, H. B. Schle-
gel, G. E. Scuseria, M. A. Robb, J. R. Cheeseman, J. A. Montgomer-
y, Jr., T. Vreven, K. N. Kudin, J. C. Burant, J. M. Millam, S. S. Iyen-
gar, J. Tomasi, V. Barone, B. Mennucci, M. Cossi, G. Scalmani, N.
Rega, G. A. Petersson, H. Nakatsuji, M. Hada, M. Ehara, K.
Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda,
O. Kitao, H. Nakai, M. Klene, X. Li, J. E. Knox, H. P. Hratchian,


J. B. Cross, C. Adamo, J. Jaramillo, R. Gomperts, R. E. Stratmann,
O. Yazyev, A. J. Austin, R. Cammi, C. Pomelli, J. W. Ochterski, P. Y.
Ayala, K. Morokuma, G. A. Voth, P. Salvador, J. J. Dannenberg,
V. G. Zakrzewski, S. Dapprich, A. D. Daniels, M. C. Strain, O.
Farkas, D. K. Malick, A. D. Rabuck, K. Raghavachari, J. B. Fores-
man, J. V. Ortiz, Q. Cui, A. G. Baboul, S. Clifford, J. Cioslowski,
B. B. Stefanov, G. Liu, A. Liashenko, P. Piskorz, I. Komaromi, R. L.
Martin, D. J. Fox, T. Keith, M. A. Al-Laham, C. Y. Peng, A. Na-
nayakkara, M. Challacombe, P. M. W. Gill, B. Johnson, W. Chen,
M. W. Wong, C. Gonzalez, and J. A. Pople, Gaussian, Wallingford
CT, 2004.


[61] A. D. Becke, J. Chem. Phys. 1993, 98, 5648–5652.
[62] a) P. C. Hariharan, J. A. Pople, Theo. Chim. Acta 1973, 28, 213–222;


b) M. M. Francl, W. J. Pietro, W. J. Hehre, J. S. Binkley, D. J. De-
Frees, J. A. Pople, M. S. Gordon, J. Chem. Phys. 1982, 77, 3654–
3665; c) V. A. Rassolov, J. A. Pople, M. A. Ratner, T. L. Windus, J.
Chem. Phys. 1998, 109, 1223–1229.


[63] a) R. Krishnan, J. S. Binkley, R. Seeger, J. A. Pople, J. Chem. Phys.
1980, 72, 650–654; b) J. P. Blaudeau, M. P. McGrath, L. A. Curtiss,
L. Radom, J. Chem. Phys. 1997, 107, 5016–5021.


[64] J. E. Carpenter, F. Weinhold, THEOCHEM 1988,169, 41–62.
[65] a) A. E. Reed, F. Weinhold, J. Chem. Phys. 1983, 78, 4066–4073;


b) A. E. Reed, R. B. Weinstock, F. Weinhold, J. Chem. Phys. 1985,
83, 735–746.


Received: December 14, 2007
Published online: March 20, 2008


Chem. Eur. J. 2008, 14, 3939 – 3953 I 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 3953


FULL PAPERHomo- and Heterodimetallic Geminal Dianions



http://dx.doi.org/10.1080/10241220701511976

http://dx.doi.org/10.1080/10241220701511976

http://dx.doi.org/10.1080/10241220701511976

http://dx.doi.org/10.1080/10241220701511976

http://dx.doi.org/10.1002/ange.19941061104

http://dx.doi.org/10.1002/ange.19941061104

http://dx.doi.org/10.1002/ange.19941061104

http://dx.doi.org/10.1002/anie.199411291

http://dx.doi.org/10.1002/anie.199411291

http://dx.doi.org/10.1002/anie.199411291

http://dx.doi.org/10.1016/S0166-1280(00)00626-6

http://dx.doi.org/10.1016/S0166-1280(00)00626-6

http://dx.doi.org/10.1016/S0166-1280(00)00626-6

http://dx.doi.org/10.1016/S0166-1280(00)00626-6

http://dx.doi.org/10.1002/chem.200400163

http://dx.doi.org/10.1002/chem.200400163

http://dx.doi.org/10.1002/chem.200400163

http://dx.doi.org/10.1002/chem.200400163

http://dx.doi.org/10.1002/1521-3765(20020517)8:10%3C2324::AID-CHEM2324%3E3.0.CO;2-X

http://dx.doi.org/10.1002/1521-3765(20020517)8:10%3C2324::AID-CHEM2324%3E3.0.CO;2-X

http://dx.doi.org/10.1002/1521-3765(20020517)8:10%3C2324::AID-CHEM2324%3E3.0.CO;2-X

http://dx.doi.org/10.1063/1.464913

http://dx.doi.org/10.1063/1.464913

http://dx.doi.org/10.1063/1.464913

http://dx.doi.org/10.1007/BF00533485

http://dx.doi.org/10.1007/BF00533485

http://dx.doi.org/10.1007/BF00533485

http://dx.doi.org/10.1063/1.444267

http://dx.doi.org/10.1063/1.444267

http://dx.doi.org/10.1063/1.444267

http://dx.doi.org/10.1063/1.476673

http://dx.doi.org/10.1063/1.476673

http://dx.doi.org/10.1063/1.476673

http://dx.doi.org/10.1063/1.476673

http://dx.doi.org/10.1063/1.438955

http://dx.doi.org/10.1063/1.438955

http://dx.doi.org/10.1063/1.438955

http://dx.doi.org/10.1063/1.438955

http://dx.doi.org/10.1063/1.474865

http://dx.doi.org/10.1063/1.474865

http://dx.doi.org/10.1063/1.474865

http://dx.doi.org/10.1063/1.445134

http://dx.doi.org/10.1063/1.445134

http://dx.doi.org/10.1063/1.445134

http://dx.doi.org/10.1063/1.449486

http://dx.doi.org/10.1063/1.449486

http://dx.doi.org/10.1063/1.449486

http://dx.doi.org/10.1063/1.449486

www.chemeurj.org






DOI: 10.1002/chem.200701590


Acid-Catalyzed Nucleophilic Aromatic Substitution:
Experimental and Theoretical Exploration of a Multistep Mechanism


M)rten Jacobsson,[a] Jonas Oxgaard,*[b] Carl-Olof Abrahamsson,[a] Per-Ola Norrby,*[c]


William A. Goddard, III,[b] and Ulf Ellervik*[a]


Introduction


Aryl thiols and disulfides are important compounds in or-
ganic, bioorganic, and medicinal chemistry, with applications
such as strong nucleophiles,[1] molecular switches,[2] chemi-
sorption onto metal surfaces,[3] and resin-bound scavengers
for electrophiles.[4] Disulfides have also been used as the
active bond in dynamic combinatorial chemistry,[5] and
sulfur-substituted aromatics are common in medicinal
chemistry.


Aryl thiols can be synthesized in a variety of ways, for ex-
ample, through the Newman–Karnes procedure[6] or by
cleavage of an aryl–alkyl thioether bond by dissolving a
metal reductant in liquid ammonia.[7] The necessary aryl thi-
oethers can in turn be synthesized by the coupling of halides
with thiols[8] or by acid-mediated substitution of a phenolic
hydroxyl group with a thiol.[9] While the synthetic routes
from aryl halides and aryl thiols are straightforward, they
are hampered by the availability of the necessary aryl sub-
strates. As part of an ongoing project aimed at hydroxy-
naphthyl disulfides,[9d] we explored a general synthetic route
in which the first step is the synthesis of an intermediate thi-
oether from the corresponding dihydroxynaphthalenes by
acid-mediated substitution in a nonpolar solvent (i.e., tolu-
ene).
Despite the importance of thioethers, little appears to be


known about nucleophilic aromatic substitution in nonpolar
environments. This is an attractive route due to the availa-
bility of phenolic starting materials, and in our initial studies
we decided to use the reaction of n-propanethiol (PrSH)
and 2-naphthol (1) under acidic conditions (p-toluenesulfon-
ic acid, pTsOH) as a model system (Scheme 1).
From the literature, we found that the mechanism for this


reaction had not been properly investigated. In the first pub-
lished work regarding the reaction, Furman et al.[9a] state
that the mechanism is analogous to that of the Bucherer re-
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action[10] (i.e., the formation of aromatic amines from phe-
nols) and therefore formally proceeds by the formation of a
hemithioketal (Scheme 2). An alternative mechanism in-


volving attack by the thiol on a carbonium ion formed by
the loss of water from the protonated naphthol was also dis-
cussed but rejected by the authors. The formation of the
tautomeric keto form of naphthols under acid catalysis is
well known and has been investigated both experimentally
and theoretically.[11]


The mechanism for the origi-
nal Bucherer reaction has been
much debated. Since the origi-
nal observation of the sulfite-
catalyzed interconversion of
naphthol derivatives and naph-
thylamines by Lepetit in 1896[12]


and further work by Bucher-
er,[10,13] several structures for
the intermediates have been
proposed.[14] Rieche and See-
both studied the Bucherer reac-
tion extensively, and proposed what is now seen as the es-
tablished mechanism with addition of a bisulfite anion to C3
of the keto tautomer of the naphthol.[15] Interestingly, See-
both reports that the sodium sulfonate of 1 (sodium 3-tetra-
lone-1-sulfonate) can be converted into b-naphthyl sul-
fides.[16]


However, all these studies were performed in polar
media, in which the accepted ionic mechanism is clearly fea-
sible. As our synthetic scheme is carried out under nonpolar
conditions, we were concerned that this mechanism might
not be valid. Indeed, preliminary calculations on the cationic
mechanism for this reaction showed that the energies of the
corresponding cations are all >200 kJmol�1 in the nonpolar
solvent used. Herein, we report a combined experimental
and theoretical study of this mechanism.


Results and Discussion


Initial kinetic experiments : Due to the similar spectra of 1
and of the known 2-naphthylpropyl thioether[17] (2) over the
entire UV region, the use of stopped-flow techniques or
other methods based merely on differences in the UV spec-
tra was not feasible. We therefore turned to chromatograph-
ic separation of starting material and product. The starting
concentrations of the reactants (1, PrSH, and pTsOH) were
varied in three separate series of experiments, all performed


at 100 8C. Analytical samples of
the reactions were taken at dif-
ferent times and quenched by
the addition of saturated aque-
ous NaHCO3. Samples of the
organic phases were then dilut-
ed and analyzed by high-perfor-
mance liquid chromatography
(HPLC) with an internal stan-
dard.
After an initial lag phase (5–


10 min), the reactions closely
followed first order in each of
the reactants (naphthol and


thiol). Due to the lag phase, the rate constants were not de-
termined from the initial rate analysis, but rather by fitting
to the linear parts (range optimized by F-tests) of plots of
the integrated form of pseudo-second-order analysis versus
time. The results are summarized in Table 1.


The observed rate constants show some variation in reac-
tion order at high concentrations, but the linearity of the
plots indicates that the reaction order is pure at moderate
concentrations (up to approximately 0.5m). The acid shows
the expected behavior for a catalyst; the reaction rate is lin-
early dependent on the concentration up to at least one
equivalent of acid (0.2m). In summary, under the standard
conditions (0.1–0.4m of all reagents), the reaction is first
order in all three components.


Density functional calculations : To shed further light on the
mechanism for this reaction, we turned to DFT calculations.
The procedure suggested in the literature for a related
mechanism involves the protonation of the naphthol by the
acid (Scheme 3), generating a conjugated cation (3). This


Scheme 2. Formation of a thioether from 1 as proposed by Furman et al.[9a]


Table 1. Concentrations of reactants and observed pseudo-second-order rate constants.[a]


ACHTUNGTRENNUNG[Reactant]0
[m]


Rate constant
(J105)


ACHTUNGTRENNUNG[Reactant]0
[m]


Rate constant
(J105)


ACHTUNGTRENNUNG[Reactant]0
[m]


Rate constant
(J105)


a) Variation of [1]0 b) Variation of [PrSH]0 c) Variation of [pTsOH]0


0.1 14.8 0.4 15.9 0.02 0.6
0.2 15.9 0.8 11.5 0.1 15.9
0.4 15.1 1.2 9.6 0.2 38.2
0.6 14.2 2.4 9.2 0.4 47.2


[a] When held constant [1]0=0.2m, [PrSH]0=0.4m, and [pTsOH]0=0.1m.


Scheme 1. The model system used in this study. a) PrSH, pTsOH, tolu-
ene.
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cation would then be attacked by the sulfur nucleophile,
thus eliminating water and regenerating the acid. An alter-
native to this mechanism would be the protonation of the
more basic OH group (to form 6), which after elimination of
H2O would lead to a highly unlikely aryl cation (7). This
would also undergo attack by PrSH (to give 8) followed by
regeneration of the acid (to give 2).
However, our calculations show that none of the proton-


ated species 3, 6, or 7 is energetically accessible in nonpolar
media, with DH (DG)=214 (215) kJmol�1 for 3, 294
(294) kJmol�1 for 6, and 478 (438) kJmol�1 for 7. Control
calculations on these species in water lead to much more ac-


cessible energies, which sug-
gests that this mechanism is
viable in polar media, but not
under the current conditions.
We also explored other possible
protonated isomers (9–11,
Scheme 4) but, as expected, all
were found to be even higher in
energy than 3 (9 and 10) or un-
stable (11 rearranged to 6 upon
optimization).
Instead, we explored mecha-


nisms that do not involve ex-
plicit protonation of the starting
material (Figure 1). For reasons


of consistency, we elected to keep the catalytic acid associat-
ed with the starting material throughout the calculated
mechanism. In the real system, the neutral acid is expected


Scheme 3. Least likely cationic mechanism in nonpolar media. All energies are given in kJmol�1 and are rela-
tive to the starting materials.


Scheme 4. Structures of 9–11 and calculated energies for 9 and 10. All
values are given in kJmol�1.


Figure 1. Calculated reaction profile: enthalpies in black, free energies in red. All energies are given in kJmol�1 and are relative to the starting materials.
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to rapidly dissociate and reassociate, as the energy of associ-
ation is at best a few kJmol�1. We performed control calcu-
lations on the infinitely separated species for every stable
neutral intermediate, and in no case was the relative energy
difference between the associated and dissociated complexes
more than 20 kJmol�1. In addition, many of these intermedi-
ates are flexible, and as we did not undertake an exhaustive
sampling of the conformational space, it is possible that
lower-energy rotamers exist other than the ones optimized.
However, as all intermediates of the reaction are higher in
energy than the starting materials (1, pTsOH, and PrSH),
the probability of a new global ground state being intro-
duced through rotation around bonds is small and should
not influence the conclusions of this study.
As a direct nucleophilic attack on the relatively electron-


rich p system in 1 is unlikely, we reasoned that the first step
of the reaction should be the acid-catalyzed tautomerization
of 1 to 2(1H)naphthone (14). Before the tautomerization, 1
and pTsOH should form a complex (12) which, with a rela-
tive energy of DH (DG)=1 (15) kJmol�1, is roughly thermo-
neutral with the separated reagents. From 12, a concerted
transition state, 13�, was found for the tautomerization, with
DH�


calcd (DG
�
calcd)=42, (64) kJmol


�1 (Figure 2a). In 13�, the
hydrogen from pTsOH is transferred to the arene, whereas
the hydrogen from the OH group is transferred to one of
the S=O moieties in pTsOH. The result of the tautomeriza-
tion is 14, which is DH (DG)=8 (18) kJmol�1 higher in
energy than 1+pTsOH+PrSH.
From 14, PrSH can conduct a nucleophilic attack on the


relatively positive C=O carbon atom, but only if assisted by


pTsOH in a fairly complicated eight-centered transition
state, 15� (Figure 2b). In 15�, one hydrogen atom is trans-
ferred from pTsOH to the carbonyl oxygen (r ACHTUNGTRENNUNG(O�H)=1.10,
r ACHTUNGTRENNUNG(H�O)=1.64 K), whereas another hydrogen atom is trans-
ferred from the S�H to pTsOH (rACHTUNGTRENNUNG(S�H)=1.53, r ACHTUNGTRENNUNG(H�O)=
1.36 K). The C�S bond is formed (r ACHTUNGTRENNUNG(S�C)=2.25 K), whereas
the C=O bond is broken (r ACHTUNGTRENNUNG(C�O)=1.34 K). The two S�O
bond lengths are similar (1.53 and 1.50 K) and should be
compared to the third (spectator) S=O bond length, which is
1.47 K. The S�OH bond length in free pTsOH is 1.65 K and
the two S�O bonds in 15� are thus clearly conjugated bonds
with approximately 3/2 bond orders.
The energy of 15� is calculated to be DH� (DG�)=79


(116) kJmol�1. The origin of the high-entropy contribution
should be the requirement for three separate species to
come together into an organized ring structure, of a type
seldom observed for organic reactions. Only the relatively
low enthalpy of the transition state allows this structure to
form, and the total DG will rapidly increase with increasing
temperature. The product of 15� is structure 16, which now
has one C�OH and one C�S�nPr group, and a relative
energy of DH (DG)=62 (95) kJmol�1.
Product formation occurs through a three-step mechanism


that forms a very short-lived ion pair. Initially, it was expect-
ed that product formation would occur through a concerted
mechanism analogous to 15�, but all attempts at identifying
such a transition state failed and 16, 2, or transition-state
17� resulted. It is possible that a more exhaustive scan of
the reaction space could eventually lead to a concerted tran-
sition state, but considering that several attempts yielded


Figure 2. Structures of the transition-states 13�, 15�, 17�, and 19� and the tight ion-pair 18. All bond lengths are in K.
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17�, this suggests that 17� is the more favorable of the two
on the DE surface.
The transition state we repeatedly found instead, 17� (Fig-


ure 2c), is conceptually much simpler and can be described
as a protonation of the ROH group to generate free water
and a tight ion pair between a cationic protonated naphtha-
lene species and a tosylate anion (18). 17� features the
transfer of the proton from pTsOH to the OH group
(rACHTUNGTRENNUNG(OpTs�H)=1.71 and r ACHTUNGTRENNUNG(OOH�H)=1.00 K), which causes the
C�O bond to rupture (r ACHTUNGTRENNUNG(C�O)=1.86 K), leading to an
anion on the pTsOH and a cation at the 2-position on the
naphthalene ring. The calculated energy of 17� is DH
(DG)=118 (142) kJmol�1. While within the margin of error,
we believe the calculated vibrational entropy Svib is some-
what high due to an overly rigid transition state in the gas-
phase optimization. In solvent,
we believe that this transition
state should be less rigid (as the
forming charge is more effi-
ciently stabilized), and the
actual Svib should consequently
be somewhat higher.
The product tight ion pair


(18, Figure 2d) features the
H2O group as a bridge between
the relatively positive naphthiol
proton and the tosylate anion.
The energy of 18 is only DH
(DG)=65 (89) kJmol�1, which
indicates a large amount of
charge stabilization. The sepa-
rated ions (treated as
[pTsO:H2O]


�+ [naphthiol]+ ,
[pTsO]�+ [naphthiol:H2O]


+ , and [pTsO]�+ [naphthiol]+ +


H2O showed that separating the ions costs DH (DG)=173
(183) kJmol�1, 176 (176) kJmol�1, and 196 (177) kJmol�1,
respectively, that is, significantly higher energy relative to
18. The cation in 18 is stabilized by both conjugation in the
naphthalene ring and conjugation from the sulfur lone pair.
Indeed, the C�S bond length in 18 is only 1.70 K, which
should be compared with 1.94 K in 16 and 1.78 K in the
naphthyl thiol product. Consequently, this bond should most
likely be considered a C=S double bond, with most of the
charge localized on the sulfur atom.
From 18, a last transition state (19�, Figure 2e) leads to


the products 2, H2O, and pTsOH. Transition-state 19� is
formed by a proton-shuffling mechanism, in which the naph-
tholic proton that coordinated to the H2O in 18 is trans-
ferred to the oxygen (rACHTUNGTRENNUNG(C�H)=1.26 K, rACHTUNGTRENNUNG(H�OOH)=1.44 K),
whereas one of the protons on H2O is transferred to the
pTsO� anion (rACHTUNGTRENNUNG(OOH�H)=0.99 K, r ACHTUNGTRENNUNG(H�OpTs)=1.85 K). The
energy of 19� is only DH (DG)=66 (97) kJmol�1, that is,
only marginally higher than the energy of the tight ion pair
18. Transition-state 19� produces the final products, with a
relative energy of DH (DG)=�7 (�27) kJmol�1. This
energy is consistent with the experimentally observed near-
quantitative conversion of starting materials into product.


The complexity of this mechanism suggests that it might
only work under very select conditions. A more polar sol-
vent might stabilize 18 sufficiently so that the ions can sepa-
rate in solution, which might lead to other products. Also,
15� requires a chelating acid to transfer the proton efficient-
ly, and it is thus predicted that an acid, such as HCl, must
react either through an analogous six-membered transition
state, a stepwise mechanism, or another tight ion pair. Any
of these mechanisms might allow for unwanted side reac-
tions, which is consistent with the experimentally observed
results and indicates that HCl does give a product but the
reaction does not proceed as cleanly as with pTsOH.
Other explored mechanisms include a concerted substitu-


tion of the OH group with pTsOH (Scheme 5) to generate a
naphthyl–tosylate complex, which could then undergo the


reverse substitution with PrSH. We hypothesized that the
energy of this six-membered transition state could compare
favorably to those of the eight-membered transition states
shown above. However, calculations for a model system sug-
gested a barrier for the first step of �232 kJmol�1, and this
mechanism was not further explored.
Calculations on a four-center mechanism for the process


14!16, in which the S�H bond transfers a hydrogen atom
directly to the C=O oxygen atom without the help of
pTsOH, failed to find a feasible transition state. Intriguingly,
several of the attempts ended up identifying a transition
state for the process 12!14 instead, but with a calculated
barrier of 133 kJmol�1. As this process has a barrier of
42 kJmol�1 when using pTsOH as the proton-transfer agent,
and since the desired pathway has a barrier of 79 kJmol�1


when using pTsOH, one could assume that the analogous
PrSH pathway has a prohibitively high barrier. Finally, sev-
eral radical intermediates (analogous to the cationic inter-
mediates 3, 9, 10, and 1), in which either pTsOH or PrSH
acted as the hydrogen-radical donor, were calculated but all
were found to have relative energies of >200 kJmol�1.


Kinetic determination of activation parameters : To support
the proposed mechanism, we decided to determine the acti-


Scheme 5. Explored concerted substitution mechanism. The energy for the first transition state was
�232 kJmol�1.
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vation parameters from an Eyring plot. The model reaction
was performed at 5 8C intervals from 70 to 110 8C and the
rate constants (corrected for the initial concentration of
pTsOH) were calculated as described for the initial kinetic
experiments. An Eyring plot was constructed and a linear
model was fitted to the data (Figure 3). The activation pa-
rameters were then calculated from the data (Table 2).


Conclusion


The mechanism for the acid-catalyzed substitution of phe-
nolic hydroxyl groups with sulfur nucleophiles is distinctive-
ly different in nonpolar solvents (i.e., toluene) compared to
polar solvents. The cationic mechanism, proposed for the re-
action in polar solvents, is clearly not feasible under nonpo-
lar conditions. Instead, the reaction proceeds through a mul-
tistep mechanism in which the acid (pTsOH) mediates the
proton shuffling. From DFT calculations we found a rate-de-
termining transition state, with protonation of the hydroxyl
group to generate free water and a tight ion pair between a
cationic protonated naphthalene species and a tosylate
anion. The kinetic experiments support this mechanism and
show that the reaction, at moderate concentrations, is first
order with respect to 1, PrSH, and pTsOH. The activation
parameters, extracted from an Eyring plot, back up the pro-


posed mechanism. The DH� values are similar (105�9 vs.
118 kJmol�1), whereas the DG� values are somewhat more
disparate (112�18 vs. 142 kJmol�1), which can be explained
by a somewhat overestimated DS� value in the gas-phase
calculations compared to solvent conditions. The reaction
goes to near completion, which is in accordance with the
overall thermodynamics from the calculations.


Experimental Section


General : Toluene was dried by passing it through a column of Al2O3
(neutral, activity grade I). pTsOH was recrystallized from EtOAc. Prepa-
rative chromatography was performed by using silica gel (35–70 mm,
60 K). Analytical HPLC was performed by using a HiCHROM Kromasil
100-5 sil column on a Varian ProStar system running the Varian Star
chromatography workstation v.5 software.


Naphthalene-2-yl ACHTUNGTRENNUNG(propyl)sulfane (2):[17] 2-Napthol (1) (144 mg, 1 mmol),
pTsOH (86 mg, 0.5 mmol), and PrSH (1.1 mL, 12 mmol) were suspended
in toluene (5 mL) and stirred under reflux at 110 8C for 22 h. The solution
was allowed to reach room temperature, washed (saturated aqueous
NaHCO3), dried (MgSO4), filtered, and concentrated. Chromatography
(silica gel, heptane/EtOAc 4:1) gave 2 as a light-yellow oil (184 mg,
91%). The compound purity, determined by 1H NMR spectroscopy and
analytical HPLC, was >99% and all spectral data were consistent with
published results.


Kinetic studies : Kinetic studies were performed by adding 1, p-nitroto-
luene (internal standard), pTsOH, and PrSH (in that order) to toluene.
The suspension was quickly heated to the required temperature. Samples
(0.250 mL) were extracted at 0, 5, 10, 15, 30, 60, 120, 180, and 240 min
and washed with saturated aqueous NaHCO3 (1.5 mL). A sample of the
organic phase (0.050 mL) was diluted with heptane/EtOAc (9:1, 0.90 mL)
and analyzed by HPLC. For higher concentrations of product, the solu-
tion was diluted ten times before analysis. Calibration curves were ac-
quired by analysis of the pure compounds and all integrals were normal-
ized according to the integral of the internal standard. The stability of
the internal standard to the reaction conditions was ascertained by treat-
ing it to the reaction conditions at 80 8C for 20 h followed by another
24 h at 110 8C.


Data handling and kinetic calculations : All data handling, curve fitting,
and statistical analysis was performed in Microsoft Excel 2004 for Mac.


Computational chemistry : All calculations were performed by using the
hybrid DFT functional B3LYP, as implemented by the Jaguar 6.5 pro-
gram package.[18] This DFT functional utilizes the Becke three-parameter
functional[19] (B3) combined with the correlation functional of Lee, Yang,
and Parr[20] (LYP). PopleNs 6-311G**++ basis set[21] was used for all gas-
phase calculations and the same basis set without diffuse functions (6-
311G**) for solvation calculations. Implicit solvent effects of the experi-
mental toluene medium were calculated with the Poisson–Boltzmann
(PBF) continuum approximation[22] by using the parameters S=2.379
and rsolv=2.76174 K. Solvation effects were calculated by adding single-
point solvation energies (free energies) to the energy of the gas-phase ge-
ometries. The solvation energy includes both electrostatic and nonelec-
trostatic interactions and can be thought of as a vertical Gibbs free
energy of solvation. Whereas the solvation energies are technically DG
terms, the DS component is very minor and the entire term can thus also
be used to approximate DE and DH.


Consequently, all enthalpies are reported as DH ACHTUNGTRENNUNG(0 K)=DE + zero-point
energy (ZPE) correction + solvation correction. Free energies are calcu-
lated as DG ACHTUNGTRENNUNG(363 K)=DH ACHTUNGTRENNUNG(363 K)�TDS ACHTUNGTRENNUNG(363 K), in which DH=DE(gas
phase)+DE(solvation correction)+ZPE+DH ACHTUNGTRENNUNG(vib)+3kT*D(n). The last
term, 3kT, is a fixed value for the sum of the rotational and translational
contributions to the enthalpy at 363 K, calculated to be 9.0598 kJmol�1.
The DS terms were calculated by the sum DS ACHTUNGTRENNUNG(vib)+DS(trans/rot)+
DS ACHTUNGTRENNUNG(concn). DS ACHTUNGTRENNUNG(vib) is calculated from a modified Jaguar gas-phase ana-
lytical frequency calculation (see below) by using the harmonic oscillator


Figure 3. Eyring plot for the formation of 2.


Table 2. Activation parameters for the formation of 2.[a]


Parameter Value from Eyring plot
with standard error


Value from DFT calculations


DH� [kJmol�1] 105�9 118
DS� [Jmol�1K] �18�26 �66[b]
DG� [kJmol�1] 112�18 142


[a] DG� is calculated from DH�, and DS� at 363 K. [b] Corrected value,
see the Experimental Section.
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approximation, whereas DS(trans/rot) is given a fixed value of
125.4 Jmol�1 K. The use of 3kT and 125.4 Jmol�1 K for the DH(trans/rot)
and DS(trans/rot) terms, respectively, was made to avoid the values ob-
tained in the gas-phase calculations of thermodynamic properties. For a
solvated reaction, these gas-phase values are substantially inflated,[23] and
accurate values most likely require a full dynamic simulation. As this is
outside the scope of this paper, we elected to use a fixed value reflecting
the experimental value for a pure liquid. For DS ACHTUNGTRENNUNG(vib), we assumed no fre-
quencies below 50 cm�1, as the inertia of a solvent should prevent these
modes from being sufficiently flexible. Consequently, frequency modes
below 50 cm�1 were assigned as S=50 cm�1, and the total DS ACHTUNGTRENNUNG(vib) was
calculated according to the harmonic oscillator approximation. Notably,
even though the treatment of DH(trans/rot), DS(trans/rot), and DS ACHTUNGTRENNUNG(vib)
contains empirical terms, the fixed parameters were assigned before anal-
ysis of the results. Thus, no fitting of parameters was performed to allow
the results to correspond to experimental values. That said, we do expect
the DG errors with this methodology to be quite large, and the actual
values are most likely only qualitatively correct.


All geometries were optimized and evaluated for the correct number of
imaginary frequencies through vibrational frequency calculations by
using the analytic Hessian. Zero imaginary frequencies correspond to a
local minimum, whereas one imaginary frequency corresponds to a tran-
sition structure.
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Multifunctional Fourfold Interpenetrating Diamondoid Network: Gas
Separation and Fabrication of Palladium Nanoparticles


Young Eun Cheon and Myunghyun Paik Suh*[a]


Introduction


Porous coordination polymers (PCPs) with well-defined
channels or cavities have attracted much attention because
of their potential applications as new materials in gas stor-
age,[1–5] molecular adsorption and separation processes,[6–12]


ion exchange,[13,14] and heterogeneous catalysis.[15–17] In par-
ticular, redox-active porous coordination polymers are
useful even though they are extremely rare, because they
can oxidize or reduce certain substrates and include them in
the PCPs.[9,18–20] Previously, we reported that coordination
polymers incorporating NiII macrocyclic complexes pro-
duced small (<5 nm) silver and gold nanoparticles when
they were immersed in AgI and AuIII solutions, respectively,
owing to the redox reactions between the NiII macrocyclic
species incorporated in the coordination polymers and the
metal ions.[18,19] Recently, we have been interested in fabrica-
tion of palladium nanoparticles (PdNPs) in PCPs. PdNPs
may enhance the hydrogen storage capacity of porous coor-
dination polymers[21] and catalyze organic reactions.[22] Fabri-


cation of palladium nanoparticles (1.4�0.1 nm) in MOF-5,
in which the [(h5-C5H5)Pd ACHTUNGTRENNUNG(h3-C3H5)] complex was intro-
duced to the MOF-5 and then reduced with H2 gas, has
been reported.[23] Although the nature of the palladium was
not characterized, palladium infiltration into MOF-5 by in-
clusion of [Pd ACHTUNGTRENNUNG(acac)2] followed by reduction with H2 gas has
also been reported recently.[24]


Here, we report a new fourfold interpenetrating 3D dia-
mondoid network, [{[Ni ACHTUNGTRENNUNG(cyclam)]2ACHTUNGTRENNUNG(mtb)}n]·8nH2O·4nDMF
(1) (MTB4�=methanetetrabenzoate, DMF=dimethylform-
ACHTUNGTRENNUNGamide), which generates 1D channels. Solid 1 exhibits selec-
tive gas sorption properties for H2, CO2, and O2 rather than
N2 and CH4. We have fabricated palladium nanoparticles
(2.0�0.6 nm) in the network at room temperature simply
by immersion of 1 in the PdII solution without precursor
compounds or reducing agents.


Results and Discussion


Preparation and X-ray structure of 1: Our design strategy
was to build a 3D diamondoid network by using methanete-
trabenzoate (MTB4�) as a tetrahedral building block and a
square-planar NiII macrocyclic complex as a linear linker
(Scheme 1). Then, contrary to common coordination poly-
mer frameworks, organic MTB4� units would be located at
the nodes of the diamondoid network and the NiII macrocy-
clic species would link them linearly. The self-assembly of


Abstract: A fourfold interpenetrating
diamondoid network, [{[Ni ACHTUNGTRENNUNG(cyclam)]2-
ACHTUNGTRENNUNG(mtb)}n]·8nH2O·4nDMF (1) (MTB=


methanetetrabenzoate, DMF=dime-
thylformamide), has been assembled
from [NiACHTUNGTRENNUNG(cyclam)]ACHTUNGTRENNUNG[ClO4]2 (cyclam=


1,4,8,11-tetraazacyclotetradecane) and
methanetetrabenzoic acid (H4MTB) in
DMF/H2O (7:3, v/v) in the presence of
triethylamine (TEA). Despite the high-
fold interpenetration, 1 generates 1D


channels that are occupied by water
and DMF guest molecules. Solid 1,
after removal of guest molecules, ex-
hibits selective gas adsorption behavior
for H2, CO2, and O2 rather than N2 and
CH4, suggesting possible applications


in gas separation technologies. In addi-
tion, solid 1 can be applied in the fabri-
cation of small Pd (2.0�0.6 nm) nano-
particles without any extra reducing or
capping agent because a NiII macrocy-
clic species incorporated in 1 reduces
PdII ions to Pd0 on immersion of 1 in
the solution of Pd ACHTUNGTRENNUNG(NO3)2·2H2O in
MeCN at room temperature.
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[Ni ACHTUNGTRENNUNG(cyclam)]2+ and MTB4� in DMF/H2O/TEA (7:3:0.8, by
vol. ; TEA= triethylamine) resulted in [{[Ni ACHTUNGTRENNUNG(cyclam)]2-
ACHTUNGTRENNUNG(mtb)}n]·8nH2O·4nDMF (1). Solid 1 is insoluble in common
solvents such as H2O, MeOH, EtOH, MeCN, DMF, and di-
methylsulfoxide.


The X-ray structure of 1 (Figure 1) shows that each
MTB4� binds four NiIIcyclam complexes in a tetrahedral
fashion with an average core angle of 106.75(25)8, and each
NiII ion is coordinated with two different MTB4� ligands at
the axial sites to display octahedral coordination geometry,
which gives rise to a diamondoid network. The adamanta-
noid cages of the diamondoid network have edge C···C dis-
tances of 17.1 L and maximum pore dimensions of 33.5 L
(Figure 1a). Such large cavities induce fourfold interpenetra-
tion of the network, whose interpenetration vector runs


along the c axis (Figure 1b).
Despite the fourfold interpene-
tration, the structure generates
1D channels along the c axis.
There are some examples in
which open structures result de-
spite the high-fold interpenetra-
tion,[10,25] and they sometimes
provide very robust porous sol-
ids.[25a] The 1D channels are
formed from repeated jar-like
cavities that have a narrow en-
trance (2.05M2.05 L) and a
wider inside pocket (13.36M


13.36 L). The channels are filled with four DMF and eight
water guest molecules per unit formula of the host, as evi-
denced by the IR as well as the elemental analysis and ther-
mal gravimetric analysis/differential scanning calorimetry
(TGA/DSC) data. The void space in 1 is 31.6%, as estimat-
ed by PLATON.[26]


TGA of 1 reveals a weight loss in two steps, 9.4% at
80 8C and 21.9% at 180 8C, which correspond to eight water
molecules (calcd. 9.95%) and four DMF molecules (calcd.
20.2%), respectively, per formula unit (see the Supporting
Information). The guest-free framework is thermally stable
up to 350 8C. The crystal structure is retained up to 175 8C,
as evidenced by the temperature-dependent X-ray powder
diffraction (XRPD) patterns (see the Supporting Informa-
tion).


When the guest molecules of 1 were exchanged with
EtOH and then heated at 60 8C under vacuum for 24 h, des-
olvated solid 1’ resulted which had a very broad XRPD pat-
tern. However, when 1’ was exposed to DMF/H2O vapor
(10:0.7, v/v) at 38 8C for five days, the resolvated solid (1’’)
was generated with the same XRPD pattern as 1. There are
many frameworks that collapse upon removal of guest mole-
cules, but restore the original structure on exposure to the
vapor of the guest.[7,10, 27]


Selective gas sorption properties : Gas sorption was mea-
sured for desolvated solid 1’ with N2, H2, O2, CH4, and CO2


gases. The samples for gas sorption experiments were pre-
pared by exchange of the guest molecules of 1 with EtOH
followed by removal of the EtOH. Solid 1’ does not adsorb
N2 and CH4 gases. However, it adsorbs H2, CO2, and O2


gases to show Type I isotherms, characteristic of micropo-
rous material (Figure 2a). The selective sorption of H2, CO2,
and O2 rather than N2 and CH4 gases may be attributed to
the smaller kinetic diameters of H2, CO2, and O2 than those
of N2 and CH4 (H2, 2.8; CO2, 3.3; O2, 3.46; N2, 3.64; CH4,
3.8 L).[28] The selective sorption of CO2 rather than N2 gas
can also be attributed to the significant quadrupole moment
of CO2 (�1.4M10�39 Cm2), which induces specific interac-
tions with the host framework.[29]


Solid 1’ adsorbs H2 gas up to 0.7 wt.% at 77 K and 1 atm
(78.75 cm3g�1 at STP, 3.6 H2 molecules per formula unit). At
77 K and 40 bar, it adsorbs H2 gas up to 1.25 wt.% (Fig-


Scheme 1. Design strategy for framework 1.


Figure 1. The X-ray crystal structure of 1. a) An adamantanoid cage.
b) Fourfold interpenetrating mode of diamondoid networks. c) View of
the ab plane, showing that the fourfold interpenetrating networks gener-
ate 1D channels (effective window size 2.05M2.05 L). Surface view seen
from the ac plane (green: inside of pore; pale gray: pore surface).
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ure 2b). This H2 adsorption capacity is much inferior to that
of the MOF that we previously reported (1.9 wt.%[1a] and
2.87 wt.%[1c] at 77 K and 1 atm).


Solid 1’ also adsorbs O2 gas up to 3.6 wt.% at 77 K and
0.19 atm (25.13 cm3g�1 at STP, 1.1 O2 molecules per formula
unit). Since the saturation vapor pressure of O2 is 147.8 torr
at 77 K, we could not measure the O2 sorption at higher
pressures than 0.19 atm.


Solid 1’ adsorbs CO2 gas up to 11.2 wt.% (2.53 mmolg�1,
56.78 cm3g�1 at STP) at 195 K and 1 atm (Figure 2a). The
BET surface area and pore volume, 141.2 m2g�1 (Langmuir
surface area 154.2 m2g�1) and 0.055 cm3g�1 respectively,
were estimated from the CO2 sorption data because 1’ does
not adsorb N2 gas. The gas sorption isotherms show hystere-
sis between the adsorption–desorption curves, which must
be attributed to the intercrystalline voids.[30,31]


Although sorption capacities for H2, CO2, and O2 are not
so great as those of other MOFs, the selective gas sorption
behavior of 1’ suggests that the present solid can be applied
in gas separation processes: for example, for the separation
of N2 and O2 from air, a process currently performed on a
scale of billions of tons per year in the US alone, as well as


for the H2 enrichment of the N2/H2 exhaust mixture result-
ing from ammonia synthesis.


Fabrication of small palladium nanoparticles : The NiII aza-
macrocyclic complex coordinating anionic ligands at the
axial sites can be oxidized to NiIII species by the appropriate
oxidizing agents.[32,33] Therefore, the coordination polymers
that incorporate NiII macrocyclic species can be redox-active
and react with certain metal ions. Previously we reported
the reactions of redox-active coordination polymers incorpo-
rating NiII macrocyclic species with AgI and AuIII ions to
produce Ag0 and Au0 nanoparticles, respectively.[18,19] In this
study, we tried the reaction of 1 with PdII ions. The standard
reduction potential in water for PdII to Pd0 (+0.987 V versus
SHE) is more positive than that (+0.799 V) of AgI to Ag0.


When pale purple solid 1 was immersed in a solution of
Pd ACHTUNGTRENNUNG(NO3)2·2H2O (1.0M10�2


m) in MeCN at room temperature
for 5 min, it turned yellow immediately. The high-resolution
transmission electron microscope (HRTEM) image of the
yellow solid showed the formation of Pd0 nanoparticles, di-
ameter 2.0�0.6 nm (Figure 3). Even when the solid was im-


mersed for 16 h, the size and shape of the nanoparticles did
not change. Although the solution of Pd ACHTUNGTRENNUNG(NO3)2 in MeCN
alone spontaneously produces nanoparticles, they have a
wide size distribution (20–25 nm) and are much bigger than
those produced from the reaction with 1 (see the Supporting
Information). In general, the size, shape, and crystallinity of
the nanoparticles depend on the concentration and counter-
anions of the metal ions, the temperature, and the type of
solvent.[34,35] To investigate these effects, our experiments
were conducted under various conditions (PdII concentra-
tion, 1.0M10�3–1.0M10�1


m ; counteranion, nitrate and ace-
tate; temperature, room temperature to 82 8C; solvent,
MeCN and acetone). The results (see the Supporting Infor-
mation) indicated that these conditions did not affect the
size of the nanoparticles significantly.


The electron paramagnetic resonance (EPR) spectrum
(Figure 4) of the resulting solid shows anisotropic signals at
g?=2.175 and gk=2.016, which are indicative of the tetrag-
onally distorted NiIII species,[18,19, 32,33] and a peak at g=1.992
for Pd0 nanoparticles. The bulk metallic state of Pd0 is not
EPR-active, but the small Pd0 particles show a broad con-


Figure 2. Selective gas sorption of 1’. a) N2 (blue), H2 (red), and O2


(green) measured at 77 K; CO2 (black) and CH4 (brown) at 195 K.
Po(N2)=760 torr. Filled shapes: adsorption; open shapes: desorption.
b) H2 gas sorption isotherm at high pressure.


Figure 3. HRTEM images of Pd0 nanoparticles formed by immersion of
solid 1 in a solution of Pd ACHTUNGTRENNUNG(NO3)2 in MeCN (1.0M10�2


m) at room temper-
ature: a) for 5 min (2.0�0.6 nm nanoparticles); b) for 16 h.
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duction electron paramagnetic resonance (CEPR).[36] When
the metal particles are sufficiently small, a narrowing of the
CEPR line results because the average electronic energy
level spacing becomes greater than the Zeeman energy and
the spin relaxation processes are quenched by quantum size
effects.[36]


The IR spectrum shows a peak at 1379 cm�1 that corre-
sponds to free NO3


� anions. Since the host solid becomes
positively charged because of the oxidation of NiII macrocy-
clic species incorporated in the host solid to NiIII species, it
includes NO3


� as the counteranions. The elemental analysis
data indicate that Pd2ACHTUNGTRENNUNG(mtb) salt was formed and mixed with
the nanocomposite, owing to the partial dissociation of 1 in
the PdACHTUNGTRENNUNG(NO3)2 solution, as noted in the Experimental Sec-
tion. The inductively coupled plasma (ICP) results and the
elemental analysis data indicate that a stoichiometric
amount (Pd0/NiIII =1:2) of palladium nanoparticles was
formed from the reaction between NiII macrocyclic species
of 1 and PdII ions.


X-ray photoelectron spectroscopy (XPS) and energy-dis-
persive X-ray spectroscopy (EDS) data indicate that PdII,
Pd0, and NiIII coexist in the solid (Figure 4 and in the Sup-
porting Information). In the XPS traces, the 2p3/2 and 2p1/2


peaks for NiIII appear at 855.7 and 873 eV, respectively,


which are similar to the values previously reported.[18,19] The
3d5/2 and 3d3/2 peaks of PdII appear at 337.6 and 342.7 eV
and those of Pd0 appear at 336.2 and 341.5 eV. These values
are coincident with the reported values for PdII (337.8 and
343.3 eV) and Pd0 (335.0 and 341.1 eV).[37] The peaks for
PdII in XPS must be attributed to Pd2 ACHTUNGTRENNUNG(mtb) that is mixed
with the Pd0 nanocomposite.


When hydrogen gas was passed over the nanocomposite
at room temperature for 1 h, the XPS lines of PdII moved to
the lower binding energy regions (335.7 eV for 3d5/2,
341.1 eV for 3d3/2), indicating that Pd2ACHTUNGTRENNUNG(mtb) was converted
to Pd0. After the hydrogen gas was passed over them, the
nanoparticles became bigger and the lattice fringes become
more distinct in the HRTEM images (see the Supporting In-
formation).


The XRPD patterns (Figure 5) indicate that even after
the formation of Pd0 nanoparticles, the peaks corresponding
to the (001), (200), and (201) planes of 1 are retained al-


though many peaks are significantly broadened. This means
that the fourfold interpenetrating 3D diamondoid structure
generating 1D channels is maintained even after the net-
work oxidation, introduction of NO3


� anions, and formation
of Pd0 nanoparticles that are bigger than the channel aper-
tures. We suggest the mechanism for the formation of the
Pd0 nanoparticles is such that PdII ions are introduced to the
1D channels of 1 and react with the NiII species incorporat-


Figure 4. Spectra of the solid (powder sample) isolated after 1 was im-
mersed in a solution of Pd ACHTUNGTRENNUNG(NO3)2·2H2O in MeCN (1.0M10�2


m) for 5 min.
a) EPR spectrum measured at 173 K. g?=2.175 and gk=2.016 for NiIII ;
g=1.992 for Pd0. b) X-ray photoelectron spectrum. Resolved peaks for
PdII (337.6 and 342.7 eV) in blue and Pd0 (336.2 and 341.5 eV) in red.


Figure 5. XRPD patterns for a) the original host framework 1; b) guest-
exchanged solid of 1 with EtOH; c) desolvated solid 1’; d) solid isolated
after immersion of 1 in a solution of Pd ACHTUNGTRENNUNG(NO3)2·2H2O in MeCN (1.0M
10�2


m) for 5 min; e) solid isolated after immersion of 1 in a solution of
Pd ACHTUNGTRENNUNG(NO3)2·2H2O in MeCN (1.0M10�2


m) for 16 h; and f) host-free palladi-
um nanoparticles capped with PVP.
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ed in the host to form Pd0 atoms, which diffuse to the sur-
face of the solid to grow into nanoparticles. Previously, we
reported that metal ions or complexes were included in the
pores of the coordination polymers, and the host–guest bind-
ing constants and amounts of included metal ions depended
on the size and nature of the complexes.[6,38] We also re-
vealed that the redox-active bilayer open framework reacted
with I2 to produce a positively charged network that includ-
ed I3


� anions in the channels in a single-crystal to single-
crystal manner.[9] These results support the proposition that
PdII metal ions and NO3


� ions included in the channels react
with the host solid. The palladium peaks in these XRPD
patterns are extremely weak, probably because the Pd0 par-
ticles are too small and scarce compared with the host solid.
Another research group also has reported that nanoparticles
of Pd0 (1.4 nm), Cu0 (3–4 nm), and Au0 (5–20 nm) were pro-
duced when metal precursor complexes were introduced to
the 3D channels of MOF-5 with a pore size of 0.8 nm and
then reduced with H2 gas. The XRPD patterns indicated
that the MOF-5 framework was retained even after the for-
mation of nanoparticles 2–25 times bigger than the channel
apertures.[23]


Host-free palladium nanocrystals capped with poly(N-
vinyl-3-pyrrolidone) (PVP) were isolated by treatment of
the Pd–host nanocomposite with H2SO4 (1.0M10�2


m) in the
presence of PVP. The HRTEM image of the isolated solid
indicated that 15–20 nm Pd0 nanoparticles were formed (see
the Supporting Information). The XRPD pattern (see the
Supporting Information) exhibited intense peaks at 2q=


40.1, 46.7, 68.4, 82.2, and 86.98, which were similar to the re-
ported values (40, 46, 68, 82, and 868) for the crystalline
Pd0.[39] The palladium dimension, which was estimated by
the Scherrer equation[40] from the peak width at 2q=40.18
(Figure 5), was approximately 15 nm, coincident with the
size shown in the HRTEM images (see the Supporting In-
formation).


Increased hydrogen adsorption by palladium infiltration
into MOF-5 has been reported recently, although the nature
of palladium was not characterized.[24] In this case, the [Pd-
ACHTUNGTRENNUNG(acac)2] complex was included in MOF-5 followed by reduc-
tion with H2 gas. By immersion of 1 in the solution of Pd in
MeCN (1.6M10�3


m, 8.5 mL) for 30 min, we loaded 1.0 wt.%
of palladium nanoparticles into the host, and tested whether
the PdNPs enhanced the H2 adsorption capacity of 1. How-
ever, PdNPs(1.0 wt.%)@1 did not adsorb H2 gas, contrary to
our expectation. This must be attributed to the inclusion of
NO3


� anions that block the free space of the host solid.


Conclusion


We have assembled a new fourfold interpenetrating dia-
mondoid network, [{[Ni ACHTUNGTRENNUNG(cyclam)]2ACHTUNGTRENNUNG(mtb)}n]·8nH2O·4nDMF
(1). Despite of the high-fold interpenetration, 1 generates
1D channels. The desolvated solid of 1 exhibits selective gas
sorption properties for H2, CO2, and O2 rather than N2 and
CH4 gases. These selective gas sorption properties can be


applied to the separation of N2 and O2 from air as well as to
H2 enrichment from the N2/H2 mixture resulting from am-
monia synthesis. Solid 1 can be also applied in the fabrica-
tion of small Pd nanoparticles (�2.0�0.6 nm) at room tem-
perature simply on immersion in a solution of PdACHTUNGTRENNUNG(NO3)2 in
MeCN at room temperature. Further studies on the applica-
tion of the present palladium nanocomposite solid are under
way.


Experimental Section


General methods : All chemicals and solvents used in the syntheses were
of reagent grade and were used without further purification. MTB[41] and
[Ni ACHTUNGTRENNUNG(cyclam)] ACHTUNGTRENNUNG[ClO4]2


[42] were prepared according to the methods previous-
ly reported. Infrared spectra were recorded with a Perkin–Elmer Spec-
trum One FT-IR spectrophotometer. UV/Vis diffuse reflectance spectra
were recorded on a Perkin–Elmer Lambda 35 UV/Vis spectrophotome-
ter. The elemental analyses and ICP-atomic emission spectroscopy were
performed by the analytical laboratory in Seoul National University.
TGA and DSC were performed under N2 at a scan rate of 5 8C min�1


using TA Instruments TGA Q50 and DSC Q10, respectively. XRPD data
were recorded on a Mac Science M18XHF-22 diffractometer at 50 kV
and 100 mA for CuKa (l=1.54050 L) with a scan speed of 58 min�1 and
a 2q step size of 0.028. EPR spectra were recorded by using a JEOL JES-
TE200. X-ray photoelectron spectra were measured by using a Sigma
Probe. HRTEM images were obtained by means of a JEOL 300 kV elec-
tron microscope.


Preparation of [{[Ni ACHTUNGTRENNUNG(cyclam)]2 ACHTUNGTRENNUNG(mtb)}n]·8nH2O·4nDMF (1): Methanete-
trabenzoic acid (H4MTB) (30 mg, 0.064 mmol) dissolved in a DMF/
water/TEA mixture (2 mL:3 mL:0.08 mL) was added carefully over a so-
lution of [Ni ACHTUNGTRENNUNG(cyclam)] ACHTUNGTRENNUNG[ClO4]2 (60 mg, 0.130 mmol) in DMF (5 mL). The
solutions were allowed to diffuse into each other at room temperature
for several days. Pale purple crystals were formed, which were filtered
off, washed with a DMF/water mixture, and dried briefly in air. Yield:
105 mg, 56%; FT-IR (KBr pellet): ñ=3411 (O�H), 3256 (N�H), 2925,
2862 (C�H), 1666 (O�C=O of DMF), 1592, 1546 cm�1 (O�C=O); UV/
Vis (diffuse reflectance spectrum): lmax=513 nm; elemental analysis
calcd (%) for Ni2C61H108N12O20: C 50.63, H 7.52, N 11.62; found: C 50.80,
H 7.46, N 11.64.


Preparation of [{[Ni ACHTUNGTRENNUNG(cyclam)]2 ACHTUNGTRENNUNG(mtb)}n]·3nEtOH (1’): Pulverized solid 1
was immersed in EtOH (20 mL) at room temperature for 12 h. The solid
was filtered and immersed in EtOH (20 mL) for another 12 h, filtered
again and dried at 60 8C under vacuum for 24 h. FT-IR (Nujol mull): ñ=


3278 (N�H), 1576, 1553 cm�1 (O�C=O); UV/Vis (diffuse reflectance
spectrum): lmax =517 nm; elemental analysis calcd (%) for
Ni2C55H82N8O11: C 57.51, H 7.20, N 9.76; found: C 57.67, H 5.92, N 9.67.


Preparation of [{[Ni ACHTUNGTRENNUNG(cyclam)]2 ACHTUNGTRENNUNG(mtb)}n]·8nH2O·4nDMF (1’’): Solid 1’ was
exposed to the vapor of DMF/H2O (10:0.7, v/v) at 38 8C for 5 days. FT-
IR (KBr pellet): ñ=3400 (O�H), 3248 (N�H), 2925, 2862 (C�H), 1667
(O�C=O of DMF), 1595, 1549 cm�1 (O�C=O); UV/Vis (diffuse reflec-
tance spectrum): lmax =521 nm; elemental analysis calcd (%) for
Ni2C61H108N12O20: C 50.63, H 7.52, N 11.62; found: C 49.21, H 6.49, N
11.45.


Preparation of palladium nanocomposite : Pulverized solid 1 (144.0 mg,
0.1 mmol) was immersed in a solution of Pd ACHTUNGTRENNUNG(NO3)2·2H2O (1.0M10�2


m,
0.1 mmol) in MeCN (10 mL) for 5 min–16 h at room temperature. The
resulting yellow solid was filtered, washed with MeCN, and dried briefly
in air. Analysis calcd for the solid isolated after 5 min of immersion:
[{[NiII ACHTUNGTRENNUNG(cyclam)]2 ACHTUNGTRENNUNG(mtb)}0.4]· ACHTUNGTRENNUNG[{[NiIII ACHTUNGTRENNUNG(cyclam)]2 ACHTUNGTRENNUNG(mtb)}0.6] ACHTUNGTRENNUNG(NO3)1.2·0.6Pd0·
0.2Pd2 ACHTUNGTRENNUNG(mtb)·H2O; FT-IR (KBr pellet): ñ=3401 (O�H), 3234 (N�H),
2944, 2862 (C�H), 1591, 1544 (O�C=O), 1379 cm�1


ACHTUNGTRENNUNG(NO3); UV/Vis (dif-
fuse reflectance spectrum): lmax =378 nm; elemental analysis calcd (%)
for Ni2C54.8H69.2N9.2O14.2Pd: C 50.33, H 5.33, N 9.85; found: C 50.86, H
5.13, N 9.67; ICP data (in HCl): concentration ratio (ppm/ppm) Pd/Ni=
36.7:40.0; molar ratio Pd/Ni=0.51. To investigate the effect of PdII con-
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centration on the size of the palladium nanoparticles, similar experiments
were performed with different concentrations of Pd ACHTUNGTRENNUNG(NO3)2·2H2O (1.0M
10�3


m and 1.0M10�1
m in MeCN). To determine the effect of temperature,


the experiments were also performed at 82 8C. To explore the effect of
solvent, similar experiments were performed in a solution of Pd-
ACHTUNGTRENNUNG(NO3)2·2H2O in acetone (1.0M10�3


m) at room temperature. To find the
effect of the anion of the PdII salt, the experiments were also performed
with Pd ACHTUNGTRENNUNG(OAc)2 (1.0M10�2


m) in THF and in toluene. The results are sum-
marized in the Supporting Information.


Preparation of host–free palladium nanoparticles : Solid 1 was immersed
in a solution of Pd ACHTUNGTRENNUNG(NO3)2·2H2O in MeCN (1.0M10�2


m, 10 mL) for 5 min,
and then filtered. The nanocomposite solid (0.144 g) was refluxed for 2 h
in EtOH/H2O (1:1, v/v, 10 mL) in the presence of PVP and H2SO4


(1 mL). The solution turned yellow as the host framework was dissociat-
ed into the building blocks. Pd ACHTUNGTRENNUNG(pvp) nanoparticles were precipitated by
the addition of diethyl ether, and isolated by filtration.


Low-pressure gas sorption studies : A measured amount of solid 1’ was in-
troduced into a Quantachrome Autosorb-1 gas sorption apparatus, and
then evacuated at 60 8C and 10�5 torr to remove all guest molecules. Gas
sorption isotherms for N2, H2, and O2 were monitored at 77 K, and those
for CO2 and CH4 were measured at 195 K at each equilibrium pressure
by the static volumetric method.


High-pressure gas sorption study : A measured amount of solid 1’ was in-
troduced into a Rubotherm MSB (magnetic suspension balance) appara-
tus, and then evacuated at 60 8C under vacuum to remove all guest mole-
cules. The data were corrected for the buoyancy of the system, sample,
and adsorbate. The sample density used in the buoyancy corrections was
determined from He isotherm up to 100 bar at 298 K. The gas sorption
isotherm for H2 was monitored at 77 K at equilibrium pressure up to
50 bar by the gravimetric method.


X-ray crystallography : The diffraction data were collected at 100 K with
synchrotron radiation (l =0.76000 L) on a 6BX Bruker Proteum 300
CCD detector with a platinum-coated double-crystal monochromator at
Pohang Accelerator Laboratory (PAL), Pohang, Republic of Korea. The
crystal was coated with Paraton oil to prevent loss of guest molecules.
Proteum 2 (version 1.0.22)[43] was used for data collection, cell refine-
ment, and reduction. The data were corrected for absorption. The crystal
structure was solved by direct methods,[44] and refined by full-matrix
least-squares refinement using the SHELXL-97 computer program.[45]


The positions of all non-hydrogen atoms were refined with anisotropic
displacement factors. The hydrogen atoms were positioned geometrically
and refined using a riding model. The density of the disordered guest
molecule was flattened by using the SQUEEZE option of PLATON.[46]


The crystallographic data and selected bond distances and angles are
summarized in the Supporting Information, Tables S1 and S2.


CCDC 662982 (1) contains the supplementary crystallographic data for
this paper. These data can be obtained free of charge from The Cam-
bridgeCrystallographic Data Centre via www.ccdc.cam.ac.uk/data_
request/cif.
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Automated Solid-Phase Synthesis of Protected Oligosaccharides Containing
b-Mannosidic Linkages


Jeroen D. C. Cod(e,[b] Lenz Krçck,[a] Bastien Castagner,[a] and Peter H. Seeberger*[a]


Introduction


Well-defined oligosaccharides are indispensable tools for
glycobiology. However, the synthesis of complex carbohy-
drates still presents a significant challenge.[1] Automated
solid-phase oligosaccharide synthesis[2] has the potential to
greatly accelerate the routine preparation of carbohydrates.
Although a variety of oligosaccharides have been synthe-
sized in an automated manner,[3–6] some glycosidic linkages
have not been accessed yet using this solid-phase strategy.
Methods for the stereoselective construction of all types of
glycosidic linkages within the automation framework are
crucial to developing a general method for the rapid synthe-
sis of carbohydrates. b-Mannosidic linkages are frequently


encountered in biologically important carbohydrate motifs
such as N-glycans.


Tremendous progress concerning the solution-phase syn-
thesis of b-mannosides has been made.[7] After many “indi-
rect” methods such intramolecular aglycon delivery[8] and
tethering[9] had been developed to overcome the challenges
associated with b-mannoside formation, a more versatile,
“direct” method was introduced by Crich and co-workers.
This approach relies on the use of 4,6-O-benzylidene pro-
tected mannosyl sulfoxides or thiomannosides.[10] This modi-
fication of the sulfoxide method[11] utilizes a mannosyl build-
ing block (A, Scheme 1) that is pre-activated by trifluorome-
thanesulfonic anhydride (Tf2O) to provide the a-mannosyl
triflate E.[11] The incoming nucleophile displaces the anome-
ric triflate in an SN2-like manner to provide the b-mannosi-
dic product (b-F). Crich et al. observed that the a-mannosi-
dic product was preferentially formed when the building
block and nucleophile were mixed prior to activation, so
pre-activation of the building block was found to be neces-
sary for b-selectivity.


Subsequent to this breakthrough, modifications of this
general approach with different types of anomeric leaving
group have been introduced, including carboxybenzyl (CB)
mannosides,[12] mannosyl pentenoates,[13] phosphites[14] and
trichloroacetimidates.[15] In contrast to the Crich system, no
adverse effect on the diastereoselectivity were seen when
these building blocks were premixed prior to activation.


Abstract: For automated oligosaccha-
ACHTUNGTRENNUNGride synthesis to impact glycobiology,
synthetic access to most carbohydrates
has to become efficient and routine.
Methods to install “difficult” glycosidic
linkages have to be established and in-
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saccharides containing the challenging
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mannoside building blocks proved ef-
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to moderate selectivities. [(Triisopro-
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Two approaches to the solid-phase synthesis of b-manno-
sides have been reported thus far.[17] These methods make
the construction of larger oligosaccharides on the solid sup-
port difficult because they either use the donor-bound ap-
proach or result in the cleavage of the b-mannoside from
the resin during coupling. Here, we report the first automat-
ed solid-phase assembly of oligosaccharides containing the
challenging b-mannosidic linkage via the advantageous ac-
ceptor bound approach.


Results and Discussion


An ideal building block for automated b-mannosylation
should be suitable for large-scale preparation, shelf-stable
and allow for elongation to larger oligosaccharides. For ease
of automation, no pre-activation of the building block
should be necessary, its activation should be mild and
should not generate electrophiles that are incompatible with
our linker olefin.


The Crich method would be ideally suited for automation
for a number of reasons. First, the method accommodates a
broad range of nucleophiles, and 4,6-O-benzylidene manno-
syl sulfoxides are readily available. Second, the activation
conditions are very mild, even when used in large excess as
it is often the case under the solid-phase paradigm. Howev-
er, mannoside pre-activation at low temperature (typically
�78 to �60 8C) presents a significant technical challenge in
an automated setting. Furthermore, manipulation of the in-
termediate triflate is undesirable as it is both thermally and
hydrolytically labile. Inspired by recent examples demon-
strating the use of different types of 4,6-O-benzylidene man-
nosyl building blocks[12–15] without pre-activation, we rein-
vestigated the mannosyl sulfoxides in a “non pre-activation”
protocol.


The pre-activation protocol was discovered in the Crich
laboratory during experiments that employed diethyl ether
as the solvent.[10] We reasoned that diethyl ether, a well-


known participating solvent,[18] could play a decisive role in
these condensations leading to the undesired formation of
the a-product via b-etherate C (Scheme 1). Therefore, we
changed the solvent to dichloromethane for our “non pre-
activation” process. Indeed, when mannosyl sulfoxide 1 was
dissolved in dichloromethane together with nucleophiles
such as 2, 4, 6 and 9, cooled to �78 8C and then treated with
0.5 equivalents of Tf2O,[11,19a] the b-linked products were
formed in moderate yield, but excellent diastereoselectivity
(Table 1). However, several side products were observed.


Importantly, acceptor-derived phenyl sulfinic ester 8 and 11
were formed in substantial amounts during couplings involv-
ing glucose 6 and glucuronic acid 9. The generation of ac-
ceptor-derived side products is highly undesirable on resin
as it directly reduces the overall yield. Furthermore, activa-
tion of phenyl sulfoxides generates the very electrophilic
phenylsulfenyl triflate (PhSOTf, G, Scheme 1) that can react
with the octenediol linker system commonly employed for
solid-phase assembly. Thus, we abandoned the sulfoxides as
possible b-mannosylating agents for automated solid-phase
synthesis and shifted our attention to the investigation of
carboxybenzyl glycosides.


The carboxybenzyl glycosides (e.g. 12) were introduced as
mannosylating agents[12,16] by the Kim laboratory and can be
activated using Tf2O in combination with a non-nucleophilic
base such as di-tert-butylmethylpyridine (DTBMP) to access
anomeric a-triflates E (Scheme 1), with phthalide as an
inert by-product.


b-Mannosylations using carboxybenzyl glycoside 12 and
the nucleophiles 4, 6 and 13 were performed in solution to
adjust the reaction parameters to suit an automated solid-
phase protocol (Table 2). Increase of the reaction tempera-
ture from �60 to �30 8C and shortening the reaction time to
2 h did not influence the selectivity of the coupling (Table 2,
entries 2 and 3). Changing the solvent from CH2Cl2 to tolu-


Scheme 1. Solvent effects in b-mannosylations following a “pre-activa-
tion” and “non pre-activation” protocol.


Table 1. b-Mannosylations using sulfoxide 1 in CH2Cl2 by a “non pre-ac-
tivation” protocol.


Entry Nucleophile Product(s) Yield [%][a] Selectivity
ACHTUNGTRENNUNG(a/b)


1 2 3 58 b


2 4 5 63 b


3 6 7 (8) 50 (31) 1:13[b]


4 9 10 (11) 50 (30) b


[a] Isolated product. [b] Based on LCMS analysis of the crude reaction
mixture.
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ene, a mimic for the polystyrene resin environment during
solid-phase assembly (Entry 4), did not affect the diastereo-
selectivity, but resulted in increased self-condensation of the
carboxylic acid 12.[16]


Encouraged by these glycosylations, we adopted the
aforementioned conditions to the automated solid-phase
synthesis of a series of di- and trisaccharides (Table 3). The


reactions were conducted using
two coupling cycles of five
equivalents each of carboxyl
mannoside and Tf2O, and 15
equivalents of DTBMP, that
were added to the cooled reac-
tion chamber as a solution in
CH2Cl2.


[20] The carboxybenzyl
building blocks 12 performed
well on the automated synthe-
sizer. After one coupling cycle,
approximately 80% conversion
was achieved. Repeating this
coupling cycle led to near quan-
titative conversion, as judged


by LCMS analysis of the crude reaction mixture after cleav-
age from the resin.


Diastereomeric ratios were usually better than 3:1 in
favor of the desired b-anomer when secondary nucleophiles
were employed. Stereoselectivity as high as 9:1 in the case
of the primary C6 position of glucosamine was observed
(Table 3, entry 4). In contrast to solution phase syntheses,
the stereoselectivity eroded when toluene was used as a sol-
vent (Table 3, entry 2). The glycosylation selectivities of
building block 12 are lower on solid-support than in solu-
tion, but since all mixtures could be separated by column
chromatography or preparative HPLC, access to pure carbo-
hydrates in good overall yields was possible. A representa-
tive coupling cycle for the automated b-mannosylation of
compound 19 is summarized in Table 4.


After conditions to install b-mannosides on solid support
had been established, the synthesis of oligosaccharides by
elongation at the C3 hydroxyl was explored.[21] The choice
of protecting groups for the C3 position of b-mannosylation
agents is limited. Acyl groups have been shown to efficiently
participate in the condensation reaction of the benzylidene
mannoside building blocks to provide the undesired a-
linked saccharides,[22,10e] and allyl, p-methoxybenzyl or naph-
thylmethyl ethers require deprotection conditions that are


Table 2. b-Mannosylations using carboxybenzyl mannoside 12.


Entry Conditions Nucleophile Product(s) Yield [%][a] Selectivity (a/b)


1 CH2Cl2, �60 8C to RT, overnight 4 5 81 b[b]


2 CH2Cl2, �60 8C to RT, overnight 6 7 85 1:10[c]


3 CH2Cl2, �30 8C (2 h) 6 7 – 1:10[c]


4 toluene, �30 8C (2 h) 6 7 – 1:11[c]


5 CH2Cl2, �60 8C to RT, overnight 13 14 82 1:4.5[c]


[a] Isolated product. [b] Based on NMR of isolated product. [c] Based on LCMS analysis of the crude reaction
mixture.


Table 3. Automated b-mannosylations using carboxybenzyl mannoside
12.


Entry Nucleophile Cleaved
product[a]


Yield [%] Selectivity (a/b)[b]


1 15 16 77[c] 1:3.5
2 15 16 – 1:2.5[d]


3 17 18 – 1:3.5
4 19 20 47[c]


ACHTUNGTRENNUNG(3 steps)
1:9


5 21 22 38[e]


ACHTUNGTRENNUNG(6 steps)
1:3.7


[a] Products were cleaved from the resin by transesterification (NaOMe
in CH2Cl2/MeOH) or cross-metathesis (the Grubbs 1st generation cata-
lyst, CH2=CH2). [b] Based on LCMS analysis of the crude reaction mix-
ture. [c] Based on a/b mixture. [d] Toluene was used as a solvent.
[e] Based on pure b anomer.


Table 4. Coupling cycle for glycosylation of compound 19.


Step Function Reagents t
[min]


1 wash THF 5
2 wash CH2Cl2 10
3 glycosylation 5 equiv building block 12, 5 equiv Tf2O,


15 equiv DTBMP, CH2Cl2, �30 8C
120


4 wash CH2Cl2, �30 8C 10
5 glycosylation 5 equiv building block 12, 5 equiv Tf2O,


15 equiv DTBMP, CH2Cl2, �30 8C
120


6 wash CH2Cl2, �30 8C 5
7 wash 20% piperidine, DMF 2
8 wash CH2Cl2 5
9 wash alternating CH2Cl2 and methanol 18
10 wash CH2Cl2 5
11 wash THF 5
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incompatible with the solid-phase format. Silyl ethers are at-
tractive protecting groups as they are orthogonal to most
other protecting groups employed during oligosaccharide as-
sembly and are readily cleaved. However, silyl ethers are
sterically demanding and can erode the selectivity of the b-
mannosylation reactions.[23,24] To retain the attractive fea-
tures of silyl ethers, but reduce the steric bulk, we employed
the [(triisopropylsilyl)oxy]methyl (Tom) ether that is rou-
tinely used for RNA synthesis.[25]


Various building blocks were prepared to evaluate the
C3-O-Tom protecting group in solution phase glycosylations
(Scheme 2). The regioselective alkylation of the 2,3-O-stan-
nylidene of diol 23 with triisopropylsilyloxymethyl chloride
(Tom-Cl) afforded Tom-protected mannose 24. Benzylation,
and subsequent allyl cleavage gave mannose 27. Placement
of the Tom group on carboxybenzyl mannoside 28 proceed-
ed uneventfully[26] before benzylation of the C2-hydroxyl
and generation of the carboxylic acid furnished mannosyl
building block 31.


The 3-O-Tom-protected mannose building block per-
formed well in the construction of b-mannosidic linkages in
solution (Table 5). The Tom protecting group is compared
to other C3 protecting groups. (Table 5, entries 1–3). The
previously published 3-O-tert-butyldimethylsilyl ether build-
ing block 33 caused complete loss of selectivity when com-
pared to the 3-O-benzyl ether in 32.[23b] However, when the
oxymethyl bridged silyl ether building block 31 was used,
the desired b-linked product was formed with excellent se-
lectivity (Table 5, entry 3). The 3-O-Tom protected carboxy-
benzyl mannoside 31 gave good results with other nucleo-
philes (Table 5, entries 4–6) using the “non-pre-activation”
protocol. The condensation with glucosamine-derived nucle-
ophile 39 (Table 5, entry 7) also proceeded in good selectivi-


ty and yield. Investigation of the fluoride mediated depro-
tection of the Tom-ketal on allyl mannoside 25 (Scheme 2)
revealed that 1.5 equivalents of tetrabutylammonium fluo-
ride in wet THF sufficed to cleave the Tom group within
five minutes in solution. Cleavage under buffered condi-
tions, in the presence of two equivalents acetic acid, re-
quired 3.5 h. The Tom protecting group thus proved a good
alternative as C3 protecting group in b-mannosylations,
giving excellent selectivities and deprotection conditions or-
thogonal to typical carbohydrate synthesis.


With this information in hand, CB-mannoside building
block 31 was used for the automated synthesis of a series of
b-mannosides (Table 6). We were gratified to find that the
selectivities of couplings involving building block 31 general-
ly increased compared to the 3-O-benzyl mannoside 12
counterpart. Coupling of 31 and nucleophile 17 gave prod-
uct in 1:6.5 a/b selectivity (Table 6, entry 1) compared to
1:3.5 obtained with building block 12 (Table 3, entry 3). The
selectivity for nucleophile 21 increased from 1:3.7 (Table 3,
entry 5) to 1:6.5 (Table 6, entry 3). Tom-cleavage at the tri-
saccharide stage of the automated synthesis using five equiv-
alents of TBAF in THF required 15 min and was repeated
once.[27] Trisaccharide 45 was isolated in 41% yield over


Scheme 2. Synthesis of the C3-O-Tom protected mannosyl building
blocks 27 and 31. a) Bu2SnCl2, DIPEA, ClCH2CH2Cl, then Tom-Cl, 24 :
91%, 29 : 85%; b) BnBr, NaH, DMF, 25 : quant., 30 : 96%; c) PdCl2,
HOAc, H2O, NaOAc, EtOAc, 74%; d) H2, Pd/C, EtOAc, MeOH, 96%;
e) TBAF, THF (94%) or TBAF, HOAc, THF (88%).


Table 5. Condensations of C3-O-Tom protected mannosides.


Entry Building
block[a]


Nucleophile Product Yield [%] Selectivity
ACHTUNGTRENNUNG(a/b)


1 32 4 5 81[b] (b)
2 33 4 34 92[b] 2:3
3 27 4 35 90 (b)
4 31 4 35 81 (b)
5 31 9 36 73 1:15[c]


6 31 37 38 94 1:9[d]


7 31 39 40 85 1:7[c]


[a] Coupling conditions for dehydrative condensations: 1-OH mannosides
(1.5 equiv) were pre-activated using Ph2SO (3 equiv) and Tf2O
(1.5 equiv) in the presence of TTBP (5 equiv) at �40 8C to �25 8C over
1.5 h. The nucleophile was added and the mixture stirred overnight while
warming to room temperature before the reaction was quenched by the
addition of triethylamine. Condensation of the CB-mannosides were ac-
complished with the described “non pre-activation” protocol. [b] Taken
from ref. [23b]. [c] Determined by LCMS analysis. [d] Determined by
NMR analysis.
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seven steps. For couplings involving glucosamine nucleo-
phile 19 the selectivity decreased from 1:9 to 1:5.


To demonstrate that multiple b-mannosidic linkages can
be installed in the same molecule, trisaccharide 52 was as-
sembled in solution (Scheme 3) and by automated solid-
phase synthesis (Scheme 4). Using the automated synthesiz-
er, octenediol-functionalized resin 46 was treated with man-
nosyl trichloroacetimidate 47 followed by sodium methoxide
mediated acetate removal. Coupling of Tom-protected CB-
mannoside building block 31 was followed by cleavage of
the Tom group by subjecting the resin manually to TBAF
(2Q5 equiv, 15 min each) in THF. Final mannosylation using
dibenzyl mannoside building block 12 by automation gave
the immobilized trisaccharide. Cleavage of the oligosaccha-
ACHTUNGTRENNUNGride product from the resin by cross-metathesis was ach-
ieved using the Grubbs first generation pre-catalyst under
an ethylene atmosphere. Trimannoside 52 was isolated in
50% yield (over six steps) as a mixture of anomers with the
desired anomer as the major product (8:1:1.3 in favor of the
desired product (Figure 1)). This result compares favorably
to the solution-phase synthesis (37!52, 55% over three


steps). Pure trisaccharide 52, containing the two desired b-
mannosidic linkages was isolated using preparative HPLC.


Conclusion


We report the development of synthetic protocols for the in-
corporation of b-mannosidic linkages by automated solid-
phase synthesis using stable CB glycosides. The formation of
the challenging b-mannosidic bond was achieved for the
first time by automated solid-phase synthesis. The Tom
ether group served as an efficient protecting group to mask
the C3 position of mannose, allowing for stereoselective
coupling and mild, orthogonal deprotection. The Tom group
should prove valuable as a sterically minimally intrusive
protecting group in oligosaccharide synthesis. The scope of
oligosaccharide structures accessible by automated solid-


phase synthesis using this b-
mannosylation technique has
been increased significantly.
Currently, we are applying this
methodology to prepare a
series of N-linked oligosaccha-
ACHTUNGTRENNUNGrides.


Table 6. Automated solid-phase b-mannosylations using C3-O-Tom pro-
tected carboxybenzyl mannoside 31.


Entry Nucleophile Cleaved
product[a]


Yield [%] Selectivity
ACHTUNGTRENNUNG(a/b)


1 17 42 51[c] (4 steps) ACHTUNGTRENNUNG(1:6.5)[f]


2 19 44 58[e] (3 steps) ACHTUNGTRENNUNG(1:5)[f]


3 21 45 41[d] (7 steps) ACHTUNGTRENNUNG(1:6.5)[b]


[a] Products were cleaved from the resin by cross-metathesis (the Grubbs
1st generation catalyst, CH2=CH2). [b] Based on LCMS analysis of the
crude reaction mixture. [c] After TBAF-mediated deprotection of the
Tom group. [d] Based on pure b anomer. [e] Based on a/b mixture.
[f] Determined by LCMS analysis of the crude Tom-deprotected disac-
charide.


Figure 1. Crude HPLC trace. Product 52 (tR=8.4 min) and its anomers (tR=8.8 and 9.1 min).


Scheme 3. Synthesis of trimannoside 52 in solution. a) Tf2O, DTBMP,
CH2Cl2, �30 8C, 94% (a/b 1:9); b) TBAF, THF, 79%; c) Tf2O, DTBMP,
CH2Cl2, �30 8C, 74% (a/b 1:15).


Scheme 4. Synthesis of trimannoside 52 on solid support. a) 47
(4.5 equiv), TMSOTf (0.5 equiv), toluene, CH2Cl2, 15 min, repeated once;
b) NaOMe (10 equiv), MeOH, CH2Cl2, 0 min, repeated once; c) building
block (5 equiv), Tf2O (5 equiv), DTBMP (15 equiv), CH2Cl2, �30 8C, 2 h,
repeated once; d) TBAF (5 equiv), THF, 20 min, repeated once; e) the
Grubbs 1st generation catalyst, ethylene atmosphere, CH2Cl2, overnight,
50% from resin 46 (of a mixture of anomers (8:1.3:1 in favor of the de-
sired product 52).
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Experimental Section


All chemicals used were reagent grade and used as supplied. Tf2O was
purified by drying over P2O5 for 4 h, followed by distillation. All reac-
tions were performed in oven-dried glassware under an inert argon at-
mosphere unless noted otherwise. Reagent grade dichloromethane
(CH2Cl2), was passed through activated neutral alumina column prior to
use. Triethylamine was distilled over CaH2 and stored over KOH. Analyt-
ical thin-layer chromatography (TLC) was performed on Merck silica gel
60 F254 plates (0.25 mm). Compounds were visualized by UV irradiation
or dipping the plate in a cerium sulfate/ammonium molybdate solution.
Flash column chromatography was carried out using forced flow of the
indicated solvent on Fluka Kieselgel 60 (230–400 mesh). LCMS analysis
was performed on an Agilent 1100 Series LC/MSD instrument on a
Waters Symmetry C18 5 mm column (3.9Q150 mm), using solvent systems
A (20% isopropanol and 0.1% TFA in H2O) and B (20% isopropanol
and 0.1% TFA in acetonitrile), at a flow rate of 1 mLmin�1.1H and 13C
and NMR spectra were recorded on a Varian Mercury 300 (300 and
75 MHz, respectively), spectrometer in CDCl3 unless specified otherwise,
with chemical shifts referenced to internal standards CDCl3 (7.26 ppm
1H, 77.0 ppm 13C). High-resolution mass spectral (HRMS) analyses were
performed by the MS-service at the Laboratory for Organic Chemistry at
ETH Zurich. ESI-MS and MALDI-MS were run on an IonSpec Ultra in-
strument. The automated synthesis was performed on an ABI 431 A pep-
tide synthesizer with a custom-made jacketed glass reaction vessel. IR
spectra were recorded on a Perkin–Elmer 1600 FTIR spectrometer. Opti-
cal rotations were measured at room temperature using a Perkin Elmer
241 polarimeter. Recycling HPLC system (GPC: LC-9101 Japan Analyti-
cal Industry Co. Ltd., JAIGEL-2H and 2.5H, mobile phase: CHCl3) was
used for size exclusion chromatography. Preparative HPLC was per-
formed using a Waters 1525 pump and Waters 2487 detector on a Waters
Sunfire prep C8 reversed-phase column (10Q150 mm). The stereochemis-
try of b-mannosides was confirmed by the characteristic chemical shift of
H5.[10c]


General procedure A : Condensations by using S-phenyl 2,3-di-O-benzyl-
4,6-O-benzylidene-1-deoxy-1-thia-a-d-mannopyranoside sulfoxide (1): A
mixture of 1 (1.25 equiv), acceptor (2, 4, 6 or 9 ; 1.0 equiv, �0.15 mmol,
0.04m) and di-tert-butylmethylpyridine (DTBMP, 2.5 equiv) in CH2Cl2
was stirred over freshly activated powdered molecular sieves for 30 min
and cooled to �78 8C. Trifluoromethanesulfonic anhydride (Tf2O,
0.65 equiv) was added and the reaction mixture was allowed to very
slowly warm to room temperature overnight. The reaction was quenched
by the addition of triethylamine (�5 equiv), filtered over Celite in a mix-
ture of aqueous Na2S2O3 (1m) and saturated aqueous NaHCO3. The
layers were separated, and the aqueous phase was extracted with di-
chloromethane. The combined organic phases were washed with saturat-
ed aqueous NaCl, dried (NaSO4) and concentrated. The crude product
was purified by flash silica gel column chromatography (EtOAc in hex-
anes or toluene) to provide the title compound.


General procedure B : Condensations by using carboxybenzyl donors : A
mixture of 12[12] (1.25 equiv), acceptor (4, 6 or 13 ; 1.0 equiv, �0.12 mmol,
0.04m) and di-tert-butylmethylpyridine (DTBMP, 3.0 equiv) in CH2Cl2
was stirred over freshly activated powdered molecular sieves for 30 min
and cooled to �60 8C. Trifluoromethanesulfonic anhydride (Tf2O,
1.25 equiv) was added and the reaction mixture was allowed to very
slowly warm to room temperature overnight. The reaction was quenched
by the addition of triethylamine (�5 equiv), filtered over Celite and con-
centrated. The crude product was purified by flash silica gel column chro-
matography (EtOAc in hexanes or toluene) to provide the title com-
pound.


Allyl 4,6-O-benzylidene-3-O-(triisopropylsilyloxymethyl)-a-d-mannopyr-
anoside (24): Allyl mannoside 23 (3.08 g, 10.0 mmol) in 1,2-dichloro-
ethane (40 mL), was treated with dibutyltindichloride (3.04 g, 10.0 mmol)
and N,N-diisopropylethylamine (6.3 mL, 36 mmol), until all starting ma-
terial was dissolved, and the resulting solution was stirred for an addi-
tional 1.5 h, after which the mixture was brought to 80 8C. Triisopropylsi-
lyloxymethylchloride[25] (2.9 g, 13 mmol) was added and the reaction mix-
ture was stirred for 15 min, after which it was cooled to RT. The mixture


was diluted with CH2Cl2 (150 mL) and washed with saturated aqueous
NaHCO3 (100 mL). The water layer was extracted three times with
CH2Cl2, after which the organic layers were combined, filtered over
Celite, dried (MgSO4) and concentrated. The crude product was purified
by flash silica gel column chromatography (cyclohexane/EtOAc 2:1) to
give the pure title compound as a yellow oil (34.51 g, 9.1 mmol, 91%).
Rf=0.60 (hexanes/EtOAc 2:1); [a]20D =++74.1 (c=1.0 in CHCl3);


1H NMR
(300 MHz, CDCl3): d =7.59–7.34 (m, 5H), 5.98–5.84 (m, 1H), 5.57 (s,
1H), 5.36–5.19 (m, 2H), 5.17 (d, 1H, J=4.8 Hz), 5.05 (d, 1H, J=5.1 Hz),
4.94 (d, 1H, J=1.2 Hz), 4.29–3.81 (m, 8H), 2.97 (d, 1H, J=1.5 Hz),
1.15 ppm (m, 21H); 13C NMR (75 MHz, CDCl3): d =138.3, 137.6, 133.5,
128.8, 128.3, 128.0, 127.8, 127.6, 126.1, 116.9, 101.6, 98.7, 90.1, 78.8, 78.2,
73.8, 73.3, 68.8, 67.9, 64.3, 17.9, 12.0 ppm; IR: ñ =2944, 1464, 1044 cm�1;
HR-MS: m/z : calcd for C26H42O7Si+Na+ : 517.2598; found: 517.2583.


Allyl 2-O-benzyl-4,6-O-benzylidene-3-O-(triisopropylsilyloxymethyl)-a-
d-mannopyranoside (25): Allyl mannoside 24 (3.42 g, 6.90 mmol) and
benzyl bromide (1.07 mL, 8.97 mmol) were dissolved in DMF (30 mL)
and cooled to 0 8C. Sodium hydride (317 mg, 7.94 mmol, 60% in mineral
oil) was added in small portions. The mixture was allowed to reach room
temperature and stirred for 1 h. Methanol (0.5 mL) was added to quench
the reaction, after which the mixture was diluted with diethyl ether and
washed with water. The aqueous phase was extracted three times with di-
ethyl ether and the combined organic layers were dried (MgSO4), filtered
and concentrated. Purification by flash silica gel chromatography (0% to
10% EtOAc in hexanes) yielded 25 as a colorless oil (4.03 g, 6.90 mmol,
100%). Rf=0.65 (hexanes/EtOAc 3:1); [a]20D =++54.3 (c=1.0 in CHCl3);
1H NMR (300 MHz, CDCl3): d =7.59–7.34 (m, 10H), 5.98–5.84 (m, 1H),
5.66 (s, 1H), 5.35–5.17 (m, 4H), 4.98 (d, 1H, J=12.0 Hz), 4.91 (d, 1H,
J=1.2 Hz), 4.78 (d, 1H, J=12.0 Hz), 4.41 (dd, 1H, J=3.3, 10.2 Hz),
4.32–4.24 (m, 2H), 4.21 (m, 1H), 3.92 (m, 4H), 1.15 ppm (m, 21H);
13C NMR (75 MHz, CDCl3): d=138.6, 137.9, 133.8, 129.1, 128.6, 128.4,
128.1, 127.9, 126.4, 117.2, 101.9, 99.0, 90.4, 79.0, 78.5, 74.1, 73.6, 69.1, 68.2,
64.6, 18.2, 12.3 ppm; IR: ñ =2943, 1463, 1044 cm�1; HR-MS: m/z : calcd
for C33H48O7Si+Na+ : 607.3067; found: 607.3049.


2-O-Benzyl-4,6-O-benzylidene-3-O-(triisopropylsilyloxymethyl)-a-d-man-
nopyranoside (27): Allyl mannoside 25 (507 mg, 0.969 mmol) was dis-
solved in EtOAc (6 mL). Aqueous acetic acid (90%, 20 mL) was added,
followed by NaOAc (476 mg, 5.80 mmol) and PdCl2 (258 mg, 1.46 mmol)
and the mixture was stirred overnight. After filtration over Celite, the
mixture was diluted with EtOAc and washed with water. The aqueous
phase was extracted once with EtOAc and the combined organic layers
were washed with saturated aqueous NaHCO3 until they reached neutral
pH. The aqueous phase was extracted three times with EtOAc. The com-
bined organic layers were dried (MgSO4), filtered and concentrated. Pu-
rification by flash column chromatography (0!17.5% EtOAc in hex-
anes) gave the title compound as a colorless oil (389 mg, 0.714 mmol,
74%). Rf=0.45 (hexanes/EtOAc 3:1); major isomer: 1H NMR (300 MHz,
CDCl3): d=7.53–7.30 (m, 10H), 5.61 (s, 1H), 5.12 (m, 3H), 4.89 (d, 1H,
J=12.0 Hz), 4.69 (d, 1H, J=12.0 Hz), 4.35 (1H, m), 4.02–4.62 (m, 4H),
3.82–3.92 (m, 2H), 3.46 (br s, 1H), 1.10 ppm (m, 21H); 13C NMR
(75 MHz, CDCl3): d=138.3, 137.5, 128.7, 128.3, 128.2, 128.0, 127.8, 127.5,
126.12, 126.06, 101.6, 94.0, 90.1, 78.8, 78.3, 73.7, 72.9, 68.8, 64.1, 17.8,
11.9 ppm; IR: ñ =2944, 1464, 1095 cm�1; HR-MS: m/z : calcd for
C30H44O7Si+Na+ : 567.2754; found: 567.2737.


4,6-Benzyloxycarbonylbenzyl-O-benzylidene-3-O-(triisopropylsilyloxy-
methyl)-a-d-mannopyranoside (29): Benzyloxycarbonylbenzyl-4,6-O-ben-
zylidene-a-d-mannopyranoside (28)[12] (2.10 g, 4.27 mmol) in 1,2-dichloro-
ethane (22 mL), was treated with dibutyltindichloride (1.43 g, 4.70 mmol)
and DIPEA (2.97 mL, 17.1 mmol), until all starting material was dis-
solved, and the resulting solution was stirred for an additional 2 h. Triiso-
propylsilyloxymethylchloride[25] (1.05 mL, �4.7 mmol) was added and the
reaction mixture was stirred overnight. The mixture was diluted with
CH2Cl2 (150 mL) and washed with saturated aqueous NaHCO3 (100 mL).
The water layer was extracted three times with CH2Cl2, after which the
organic layers were combined, washed with aqueous saturated NaCl,
dried over MgSO4 and concentrated. The crude product was purified by
flash silica gel column chromatography (0!15% EtOAc in hexanes) to
give the pure title compound as a colorless oil (2.27 g, 3.34 mmol, 79%).
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Rf=0.45 (hexanes/EtOAc 3:1); [a]20D =++70.9 (c=1.0 in CHCl3);
1H NMR


(300 MHz, CDCl3): d =8.07 (m, 1H), 7.68 (m, 1H), 7.59–7.36 (m, 12H),
5.61 (s, 1H), 5.37 (s, 2H), 5.25–5.21 (m, 2H), 5.13–5.08 (m, 2H), 5.01 (d,
1H, J=14.4 Hz), 4.31–4.23 (m, 3H), 4.13 (t, 1H, J=9.0 Hz), 3.98 (m,
1H), 3.88 (t, 1H, J=9.9 Hz), 2.99 (br s, 1H), 1.11 ppm (m, 21H);
13C NMR (75 MHz, CDCl3): d=166.2, 139.6, 137.3, 135.6, 130.5, 128.7,
128.4, 128.1, 128.0, 127.9, 127.7, 127.2, 127.0, 126.0, 101.8, 99.8, 89.9, 77.8,
74.6, 70.9, 68.8, 67.4, 66.7, 63.7, 17.9, 11.9 ppm; IR: ñ=2934, 1713, 1256,
1046 cm�1; HR-MS: m/z : calcd for C30H50O9SiNa+ : 701.3116; found:
701.3102.


Benzyloxycarbonylbenzyl-2-O-benzyl-4,6-O-benzylidene-3-O-(triisopro-
pylsilyloxymethyl)-a-d-mannopyranoside (30): Mannopyranoside 29
(4.55 g, 6.70 mmol) and benzyl bromide (1.03 mL, 8.66 mmol) were dis-
solved in DMF (35 mL) and cooled to 0 8C. Sodium hydride (308 mg,
7.70 mmol, 60% in mineral oil) was added in small portions. The mixture
was allowed to reach room temperature and stirred for 1.25 h. Saturated
aqueous NH4Cl was added to quench the reaction, after which the mix-
ture was diluted with diethyl ether and washed with water. The aqueous
phase was extracted three times with diethyl ether and the combined or-
ganic layers were dried (MgSO4), filtered and concentrated. Purification
by flash silica gel chromatography (0!10% EtOAc in hexanes) yielded
30 (4.97 g, 96%). Rf=0.45 (hexanes/EtOAc 3:1); [a]20D =++68.8 (c=1.0 in
CHCl3);


1H NMR (300 MHz, CDCl3): d=8.03 (d, 1H, J=8.1 Hz), 7.59–
7.36 (m, 19), 5.59 (s, 1H), 5.31 (s, 2H), 5.16–5.09 (m, 3H), 5.87–4.95 (m,
3H), 4.72 (d, 1H, J=11.7 Hz), 4.38 (dd, 1H, J=3.3, 9.9 Hz), 4.22 (d,
2H), 4.00 (m, 1H), 3.88 (m, 2H), 1.13 ppm (m, 21H); 13C NMR
(75 MHz, CDCl3): d=177.7, 140.3, 138.5, 137.9, 136.0, 132.7, 130.9, 129.0,
128.9, 128.5, 128.4, 128.3, 128.1, 127.9, 127.8, 127.3, 127.2, 126.4, 101.8,
99.5, 90.3, 79.0, 78.3, 73.9, 73.5, 69.0, 67.6, 66.9, 64.8, 18.1, 12.2 ppm; IR:
ñ=2933, 1713, 1256, 1041 cm�1; HR-MS: m/z : calcd for C45H56O9SiNa+


791.3591; found: 791.3586.


Carbonylbenzyl 2-O-benzyl-4,6-O-benzylidene-3-O-(triisopropylsilyloxy-
methyl)-a-d-mannopyranoside (31): Mannopyranoside 30 (1.0 g,
1.30 mmol) and NH4OAc (300 mg, 3.9 mmol) were dissolved in EtOAc/
methanol 1:4 (50 mL). The mixture was degassed three times and then
Pd/C (94 mg) was added. The suspension was degassed once more. H2


was bubbled through the mixture for 1 min, after which the solution was
stirred for 2 h under an H2 atmosphere. The catalyst was filtered off and
the solvents were evaporated in vacuo. The crude product was purified
by flash silica gel column chromatography (30!80% EtOAc in hexanes,
containing 1% AcOH) to provide the title compound as a white foam
(869 mg, 1.28 mmol, 98%). Rf=0.50 (hexanes/EtOAc 1:1, 5% AcOH);
[a]20D =++66.1 (c=1.0 in CHCl3);


1H NMR (300 MHz, CDCl3): d=10.6
(br s, 1H), 8.12 (d, 1H, J=7.5 Hz), 7.59–7.36 (m, 14), 5.61 (s, 1H), 5.22–
5.13 (m, 3H), 5.02–4.89 (m, 3H), 4.74 (d, 1H, J=12.0 Hz), 4.43 (dd, 1H,
J=3.0, 10.2 Hz), 4.27 (d, 2H), 4.05 (m, 1H), 3.91 (m, 2H), 1.12 ppm (m,
21H); 13C NMR (75 MHz, CDCl3): d=172.7, 140.9, 138.5, 137.8, 133.5,
131.8, 129.0, 128.6, 128.3, 128.0, 127.9, 127.4, 127.3, 126.4, 101.8, 99.5,
90.3, 79.0, 78.4, 74.0, 73.4, 69.0, 67.7, 64.9, 18.1, 12.2 ppm; IR: ñ =2944,
1713, 1046 cm�1; HR-MS: m/z : calcd for C38H50O9SiNa+ : 701.3116;
found: 701.3104.


n-Pentenyl 3,6-di-O-benzyl-4-O-[2-O-benzyl-4,6-O-benzylidene-3-O-tri-
ACHTUNGTRENNUNGisopropyl-silyloxymethyl-b-d-mannopyranosyl]-2-O-pivaloyl-a-d-manno-
pyranoside (38): Using general procedure B, 38 was prepared on a
0.096 mmol (acceptor glycoside) scale in 94% yield (a/b 1:9). [a]20D =�1.5
(c=0.5 in CHCl3);


1H NMR (300 MHz, CDCl3): d=7.43–7.27 (m, 20H),
5.83 (m, 1H), 5.44 (s, 1H), 5.36 (m, 1H), 5.10–4.98 (m, 4H), 4.88–4.78
(m, 3H), 4.73–4.63 (m, 4H), 4.48 (d, 1H, J=11.7 Hz), 4.22 (t, 1H, J=


9.6 Hz), 4.03–3.68 (m, 9H), 3.57 (t, 1H, J=9.9 Hz), 3.46 (m, 1H), 3.03
(m, 1H), 2.15 (m, 2H), 1.72 (m, 2H), 1.20 (s, 9H), 1.08 ppm (s, 21H);
13C NMR (75 MHz, CDCl3): d=177.4, 138.7, 138.6, 138.2, 137.8, 137.5,
128.7, 128.2, 128.0, 127.4, 127.3, 127.1, 126.1, 115.0, 101.5, 101.3, 97.7,
89.5, 78.5, 78.4, 78.1, 75.6, 75.2, 73.3, 71.5, 71.1, 69.0, 68.9, 68.5, 67.3, 39.0,
30.4, 28.7, 27.2, 12.2, 12.1 ppm; IR: ñ=2943, 2871, 1730, 1456, 1093 cm�1;
HR-MS: m/z : calcd for C60H82O13Si+Na+ 1061.542; found: 1061.542.


n-Pentenyl 3,6-di-O-benzyl-4-O-[2-O-benzyl-4,6-O-benzylidene-b-d-man-
nopyranosyl]-2-O-pivaloyl-a-d-mannopyranoside (42): Mannopyranoside
38 (85 mg, 0.085 mmol) was dissolved in THF (1 mL), after which TBAF


(1m in THF, 0.1 mL) was added. The mixture was stirred for 10 min after
which the mixture was diluted with EtOAc and washed with water and a
saturated aqueous solution of NaCl. The organic phase was dried over
MgSO4, and concentrated. Flash silica gel column chromatography (5!
20% EtOAc in hexanes) gave the title compound (55 mg, 0.064 mmol,
79%). Rs=0.50 (hexanes/EtOAc 2:1); [a]20D =�11.1 (c=0.5 in CHCl3);
1H NMR (300 MHz, CDCl3): d=7.43–7.27 (m, 20H), 5.83 (m, 1H), 5.41
(s, 1H), 5.37 (m, 1H), 5.10–4.97 (m, 2H), 4.93 (d, 1H, J=11.7 Hz), 4.84
(d, 1H, J=2.1 Hz), 4.75 (d, 1H, J=12.0 Hz), 4.67 (s, 2H), 4.61–4.55 (m,
3H), 4.48 (d, 1H, J=12.07 Hz), 4.23 (t, 1H, J=9.6 Hz), 3.87–3.65 (m,
6H), 3.59–3.42 (m, 3H), 2.95 (m, 1H), 2.34 (br s, 1H), 2.14 (m, 2H), 1.73
(m, 2H), 1.22 ppm (s, 9H); 13C NMR (75 MHz, CDCl3): d =177.3, 138.4,
138.04, 137.95, 137.7, 137.1, 128.9, 128.3, 128.1, 128.0, 127.8, 127.7, 127.4,
127.2, 126.8, 126.1, 115.0, 101.8, 101.3, 97.7, 79.1, 78.9, 75.6, 75.4, 74.9,
73.3, 71.3, 70.9, 70.8, 68.7, 68.6, 68.3, 67.3, 66.7, 39.0, 30.3, 28.6, 27.2 ppm;
IR: ñ =3054, 1729, 1421, 695 cm�1; HR-MS: m/z : calcd for
C50H60O12+Na+ : 875.3983; found: 875.3988.


n-Pentenyl 3,6-di-O-benzyl-4-O-[2-O-benzyl-4,6-O-benzylidene-3-O-(2,3-
di-O-benzyl-4,6-O-benzylidene-b-d-mannopyranosyl)-b-d-mannopyrano-
syl]-2-O-pivaloyl-a-d-mannopyranoside (52): Using general procedure B,
52 was prepared on a 0.053 mmol (acceptor glycoside) scale. LCMS anal-
ysis (85% B in A: 2 min; linear gradient to 95% B in A in 30 min) of
the reaction mixture revealed the a/b ratio to be 12:1; b-52 : tR=


4.83 min; a-52 ; tR=5.85 min. Flash silica gel column chromatography
(0!25% EtOAc in hexanes) gave the title compound (50 mg,
0.039 mmol, 74%). Rf=0.60 (hexanes/EtOAc 2:1); [a]20D =�44.0 (c=1.0
in CHCl3);


1H NMR (300 MHz, CDCl3): d=7.50–7.10 (m, 35H), 5.81 (m,
1H), 5.51 (s, 1H), 5.49 (s, 1H), 5.37 (dd, 1H, J=1.8, 3.0 Hz), 4.97–5.07
(m, 2H), 4.88 (d, 1H, J=11.7 Hz), 4.80–4.84 (m, 2H), 4.74 (s, 1H), 4.70
(s, 1H), 4.54–4.67 (m, 7H), 4.48 (d, 1H, J=12.0 Hz), 4.25 (t, 1H, J=


9.6 Hz), 3.95–4.18 (m, 5H), 3.61–3.90 (m, 9H), 3.46 (m, 1H), 3.27 (dd,
1H, J=3.0, 9.6 Hz), 3.10 (m, 2H), 2.13 (m, 2H), 1.70 (m, 2H), 1.20 ppm
(s, 9H); 13C NMR (75 MHz, CDCl3): d=177.4, 138.5, 138.4, 138.2, 138.12,
138.07, 137.7, 137.4, 137.3, 128.8, 128.7, 128.26, 128.21, 128.1, 128.0, 127.9,
127.64, 127.56, 127.4, 127.34, 127.27, 127.2, 126.1, 125.9, 115.0, 101.6,
101.2, 101.1, 97.8, 97.7, 78.4, 77.2, 75.6, 75.0, 74.7, 74.6, 74.5, 74.2, 73.4,
72.0, 71.2, 71.1, 69.2, 68.5, 68.4, 67.7, 67.39, 67.33, 39.0, 30.3, 28.7,
27.2 ppm; IR: ñ=2672, 1730, 1453, 1091 cm�1; HR-MS: m/z : calcd for
C77H87O17+Na+ : 1305.576; found: 1305.576.


General procedure for the automated solid-phase synthesis of b-manno-
side-containing oligosaccharides


Automated module A : The resin is washed with CH2Cl2 for 15 s followed
by hexanes for 10 s; repeated six times.


Automated module B : The resin is washed six times with CH2Cl2 for 15 s
each.


Automated module C : The building block (5 equiv, 0.125 mmol) and
DTBMP (15 equiv, 0.375 mmol) in CH2Cl2 (2.5 mL) is delivered to the
reaction vessel containing the resin. The mixture is allowed to cool for
3 min (with vortex for 30 s followed by standing for 30 s). Tf2O (5 equiv,
0.125 mmol, in 0.5 mL CH2Cl2) is added to the reaction vessel with
vortex. The reaction mixture is then left for 120 min (with vortex for 30 s
followed by standing for 30 s). After that time, the solution is drained
and the resin is washed once with CH2Cl2.


Automated module D : The resin is washed six times with THF for 15 s
each.


Automated module E : The resin is washed six times with MeOH/CH2Cl2
1:9 for 15 s each.


Automated module F : The resin is washed is treated with TBAF (5 equiv,
0.125 mmol) in 1.6 mL THF for 15 min (with vortex for 30 s followed by
standing for 30 s). After that time, the solution is drained and the resin is
washed once with THF; repeated once.


Automated module G : The resin is treated with 1.5 mL 20% piperidine/
DMF for 35 s, then washed once with CH2Cl2.


Automated module H : The resin is washed with CH2Cl2 for 15 sec fol-
lowed by MeOH for 15 s; repeated six times.


Automated module I : The resin is washed six times with acetic acid (0.2m


in THF) for 15 s each.
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Automated module J : The resin is washed six times with DMF for 15 s
each.


Automated module K : The resin is submitted to piperidine (20% v/v in
DMF, 2 mL) for 5 min (with vortex for 30 s, followed by standing for
30 s). After that time, the solution is drained and the resin is submitted
to the same conditions twice.


n-Pentenyl 3,6-di-O-benzyl-4-O-[2-O-benzyl-4,6-O-benzylidene-3-O-(2,3-
di-O-benzyl-4,6-O-benzylidene-b-d-mannopyranosyl)-b-d-mannopyrano-
syl]-2-O-pivaloyl-a-d-mannopyranoside (52): Resin 46 (0.22 mmolg�1,
113 mg, 0.025 mmol) was loaded in the reaction vessel of the synthesizer.
Modules D, A, B were performed. The resin was glycosylated twice with
building block 47 (4.5 equiv, 0.112 mmol) in toluene (2 mL) and TMSOTf
(0.5 equiv, 0.012 mmol in 0.5 mL CH2Cl2) for 15 min with one module B
in between. Modules B, D, B, were performed. The acetate protecting
group was removed by treating the resin twice with NaOMe (10 equiv,
0.25 mmol) in MeOH (0.4 mL) and CH2Cl2 (3.5 mL) for 30 min. Modules
E, D, I, D, A, B, D, A and B were executed. The reaction vessel was
cooled to �30 8C. Module C was then performed twice with building
block 31 with two modules B in between. The resin was subjected to
module B and G. The reaction vessel was warmed to room temperature,
and modules B, H, and B were performed. The resin was then treated
twice manually with TBAF (5 equiv, 0.125 mmol) in THF (1.5 mL) for
20 min each, before washing with THF and CH2Cl2 several times. The
resin was charged in the synthesizer reaction vessel. Module D, A, and B
were performed. The reaction vessel was then cooled to �30 8C. Module
C was performed twice with building block 12 with two modules B in be-
tween. The resin was subjected to module B and G. The reaction vessel
was warmed to room temperature, and modules B, H, and B were per-
formed. The resin was charged in a 10 mL round-bottom flask and swell-
ed with CH2Cl2 (2 mL) under an atmosphere of argon. The Grubbs 1st
generation catalyst (2 mg) was added and the flask was put under ethyl-
ene atmosphere and stirred overnight. The resin was washed eight times
with CH2Cl2. The resulting solution was filtered through a pipette
column with 3 cm silica, eluting with ethyl acetate. The eluted solution
was concentrated under vacuum. The crude residue was purified by
column chromatography to afford the title compound 52 (16 mg,
12.5 mmol, 50% yield from resin 46) as a mixture of anomers. Anomeri-
cally pure 52 was obtained by preparative HPLC. The spectroscopic data
of this compound was in perfect agreements with the compound prepared
in solution.
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Photo Gel–Sol/Sol–Gel Transition and Its Patterning of a Supramolecular
Hydrogel as Stimuli-Responsive Biomaterials
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Introduction


For advances in nanobiotechnology and nanomedicine, so-
phisticated devices[1] and materials[2] capable of manipulat-
ing the function, activity, or mobility of biomacromolecules
such as DNA, proteins, organelles, and cells are crucial. To
develop such intelligent biodevices, the bottom-up approach
is now considered to be complimentary to the top-down ap-
proach, so their rational combination should be promising.
Among the bottom-up approaches for well-organized struc-
tures and functions, a supramolecular strategy in which mo-
lecular self-assembly based on weak noncovalent interac-
tions is effectively utilized seems promising. For example,
supramolecular hydrogels[3] are attractive biomaterials not
only because they can entrap various biomolecules without
denaturation, but also because they form hierarchical molec-
ular assemblies in which flexible nanofibers with high aspect
ratio are constructed into 3D fiber networks with sizes rang-
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Abstract: In a focused library of glyco-
lipid-based hydrogelators bearing fu-
maric amide as a trans–cis photoswitch-
ing module, several new photorespon-
sive supramolecular hydrogelators
were discovered, the gel–sol/sol–gel
transition of which was pseudo-reversi-
bly induced by light. Studying the opti-
mal hydrogel by NMR spectroscopy
and various microscopy techniques
showed that the trans–cis photoisomeri-
zation of the double bond of the fuma-
ric amide unit effectively caused assem-
bly or disassembly of the self-assem-
bled supramolecular fibers to yield the
macroscopic hydrogel or the corre-
sponding sol, respectively. The entan-
glement of the supramolecular fibers
produced nanomeshes, the void space


of which was roughly evaluated to be
250 nm based on confocal laser scan-
ning microscopy observations of the
size-dependent Brownian motion of
nanobeads embedded in the supra-
molecular hydrogel. It was clearly
shown that such nanomeshes become a
physical obstacle that captures submi-
cro- to micrometer-sized substrates
such as beads or bacteria. By exploiting
the photoresponsive property of the
supramolecular nanomeshes, we suc-
ceeded in off/on switching of bacterial
movement and rotary motion of bead-


tethered F1-ATPase, a biomolecular
motor protein, in the supramolecular
hydrogel. Furthermore, by using the
photolithographic technique, gel–sol
photopatterning was successfully con-
ducted to produce sol spots within the
gel matrix. The fabricated gel–sol pat-
tern not only allowed regulation of
bacterial motility in a limited area, but
also off/on switching of F1-ATPase
rotary motion at the single-molecule
level. These results demonstrated that
the photoresponsive supramolecular
hydrogel and the resulting nanomeshes
may provide unique biomaterials for
the spatiotemporal manipulation of
various biomolecules and live bacteria.


Keywords: gels · immobilization ·
photochemistry · self-assembly ·
supramolecular chemistry
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ing from submicrometer to hundreds of micrometers and fi-
nally to macroscopic hydrogels with millimeter size.[4,5,10d]


This hierarchy provides the valuable characteristic that
subtle structural changes in the constituent elements can di-
rectly influence the macroscopic properties of the supra-
molecular materials. Due to such benefits, a growing
number of intelligent supramolecular hydrogels that respond
to thermal,[3] pH,[6] enzyme[7] and other stimuli[8] have re-
cently emerged. In these examples, a stimulus-responsive
module was incorporated into a
small molecule as an element of
the corresponding supramole-
cule to induce a macroscopic
change in the self-assembled
hydrogel.
Among these stimuli, light is


unique in that remote input in a
spatially and temporally con-
trolled manner is readily ac-
complished. Thus, photostimuli
are expected to be highly
useful, especially for the fabri-
cation of supramolecular mate-
rials.[9] However, photorespon-
sive supramolecular hydro-
gels[10] are poorly developed in
comparison to the many exam-
ples of photodriven molecular
machines and molecular switch-
ing.[11] We now describe a strat-
egy that couples partially ra-
tional design with a focused
combinatorial library and pro-
vides a powerful method for
the discovery of novel photo-
responsive supramolecular hy-
drogels. In addition to conven-
tional structural analysis, the
mesh size of the formed supra-
molecular fibers was examined
in terms of substrate release
and direct observation of the
Brownian motion of nanobeads
embedded in the hydrogel, both
of which were found to be pho-
toregulated. By exploiting the
photoinduced gel-to-sol phase
transition of the supramolecular
hydrogel, photo gel–sol pattern-
ing was also successfully accom-
plished, and thus rotational
movement of the microbead-
tethered F1-ATPase, a biologi-
cal motor protein, and bacterial
motility were spatially and tem-
porally controlled.


Results and Discussion


Molecular design and synthesis : We recently reported a de-
tailed structural analysis of glycolipid-based supramolecular
hydrogel 1 (Figure 1a), which suggested that well-developed
hydrogen-bonding (H-B) networks in the spacer region co-
operatively contribute to stabilization of the supramolecular
gel fibers, together with van der Waals packing of the tail
modules and water-mediated intermolecular hydrogen-bond-


Figure 1. Structure of glycolipid-based supramolecular hydrogelators. a) Chemical structure of hydrogelator 1
and molecular packing of gel fibers of 1. b) A small library for screening photoresponsive hydrogelators. Hy-
drophilic sugar-head (column) and hydrophobic lipid-tail (rows) modules were altered. The gelation test re-
sults were classified into transparent gel, opaque gel, precipitate, and homogenous solution, as shown in the
table. c) Scheme of trans/cis photoisomerization of 2 and a schematic illustration of the pseudoreversible gel–
sol transition of hydrogel 2 induced by UV/Vis irradiation.
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ing linking the saccharide heads.[4a] On the basis of these
structural features, we decided to incorporate a photoswitch-
ing module into the spacer unit of the gelator in order to
induce disassembly and/or assembly of the central hydro-
gen-bonding network. The subtle change caused by isomeri-
zation of the module in the assembled element was expected
to induce the macroscopic gel–sol and/or sol–gel transition
of the supramolecular hydrogel. In practice, with retention
of the other structural modules, the succinic amide spacer of
gelator 1 was replaced with fu-
maric amide as a photorespon-
sive module which can undergo
photoisomerization to the
maleic amide. It seemed rea-
sonable to assume that the H-B
network is retained in the trans
conformation (fumaric amide)
without any strain because of
the structural similarity to the
succinic amide, whereas it may
be partially disrupted in the cis
conformation (maleic amide).
Unfortunately, however, the
simple replacement of succinic
amide with fumaric amide led
to loss of gelation capability.
Thus, we prepared a small com-
binatorial library of relevant
derivatives by changing other
modules, such as the sugar head
and the hydrophobic tail, from
which several low molecular
weight hydrogelators were dis-
covered (Figure 1b). Molecules
consisting of a GalNAc head
and cyclohexyl tails or a Gal
head and methylcyclopentyl
tails formed stable and trans-
parent hydrogels. Among the
molecules bearing a urea unit
between the spacer module and
the sugar head, we found that
Glc-urea/methylcyclohexyl and
Glc-urea/n-hexyl formed stable
hydrogels. In particular, gelator
2 (Figure 1c) displayed superior
hydrogelation properties, in
that a transparent hydrogel
formed at a low concentration
(0.05 wt% of the critical gela-
tion concentration). Figure 2b
shows the dependence of the
storage (G’) and loss (G’’)
moduli of hydrogel 2 on the an-
gular frequency (w), as mea-
sured by a rheometer. The ap-
pearance of a plateau for G’


and G’’ at 100–0.10 rads�1 clearly indicated that the hydro-
gelator 2 forms a rheologically stable gel.


Photoinduced gel-to-sol and/or sol-to-gel transition : As
shown in Figure 2a, UV irradiation of the hydrogel of 2 pro-
duced a fluid sol state with a concurrent increase in trans-
parency. Based on dynamic viscoelasticity measurements on
the fluid sol (Figure 2b), we found that G’ at 0.10 rads�1


became 105-fold smaller than in the initial gel state and both


Figure 2. Pseudoreversible photo gel–sol transition of hydrogel 2. a) Photographs of hydrogel 2 before and
after UV or Vis (Br2) irradiation. b) Dynamic viscoelastic properties of hydrogel 2, the sol after UV irradiation
of gel 2, and the reconstructed gel 2 after Vis (Br2) irradiation to give the sol. G’ (*: before UV, &: after UV,
~: after Vis), G’’ (*: before UV, &: after UV, ~: after Vis). c) Enlarged 1H NMR spectra of i) the gel state of 2,
ii) the sol state after UV irradiation for 30 min, and iii) the regelated sample after Vis (Br2) irradiation for
10 min. d) TEM and SEM (inset) images of i) gel 2 before UV irradiation, ii) sol state after UV irradiation of
the gel, and iii) reconstructed gel after Vis (Br2) irradiation of the sol. e) 3D CLSM fluorescence images of hy-
drogel 2 stained with a hydrophobic fluorescent rhodamine dye ([C18-Rho]=25 mm, excitation wavelength
543 nm). Hydrogel 2 before (i) and after UV irradiation (ii). See the Supporting Information for color version
of Figure 2e.
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G’ and G’’ drastically decreased in dependence on the angu-
lar frequency. This rheological behavior showed that a typi-
cal gel–sol phase transition occurred on UV irradiation. The
1H NMR studies on the sol state indicated that 89% of the
fumaric (trans) form was converted to the maleic (cis) form
(Figure 2c). The gel-to-sol transition is dependent on the
trans/cis isomerization ratio, and a threshold content of at
least 50% of the cis form is needed for the gel–sol transition
(see Figure S1 in the Supporting Information). Transmission
and scanning electron microscopy (TEM, SEM) provided in-
sight into the morphology of the self-assembled gel fibers
(Figure 2d). In the gel state, many fibers having a length
greater than 10 mm and a width of less than 20 nm are en-
tangled in a manner similar to other supramolecular hydro-
gels (see Figure S2 in the Supporting Information), whereas
only spherical aggregates such as vesicles, instead of the en-
tangled fibers, were observed in the sol state (Figure 2d). It
is reasonably assumed that such spherical aggregates are not
capable of entangling each other, so that a loss of cross-link-
ing points essential for gel formation resulted in the destruc-
tion of the macroscopic hydrogel. Confocal laser scanning
microscopy (CLSM) observations directly produced a 3D
image of the hydrogel (see Figure 2e and see Figure S3 in
the Supporting Information). For this method, we did not
need to dry the gel sample; instead, the gel-fiber domain
was stained with a fluorescent and hydrophobic rhodamine
probe (octadecyl rhodamine B chloride: C18-Rho) in the wet
gel state. Depth profiling clearly revealed the well-entangled
3D network (so-called supramolecular mesh) of fibers in the
gel state, whereas the fibrous network disappeared after the
photoirradiation. Powder X-ray diffraction (XRD) measure-
ments on the gel showed two main peaks at 2.158 (41 L)
and 20.78 (4.3 L; see Figure S4 in the Supporting Informa-
tion), the pattern of which is almost identical to that of suc-
cinic-amide-type gelator 1.[4a] Based on previous studies, the
small-angle peak is assigned to the tilted bimolecular length
of 2, and the wide-angle peak corresponds to the packed
thickness of the cyclohexyl ring. On the other hand, signifi-
cant broadening of these two peaks in the sample prepared
from the sol state suggests that the regular packing structure
is significantly disturbed by the photoinduced trans-to-cis
conformational change.
Interestingly, reconstruction of the hydrogel from the sol


state prepared by visible-light irradiation was successful.
Visible-light irradiation of the fluid sol of 2 afforded the
stable hydrogel in the presence of a small amount of bro-
mine. The rheological behavior of the reconstructed hydro-
gel was similar to that of the initial gel state (Figure 2b),
that is, both G’ and G’’ showed a plateau versus angular fre-
quency, and G’ at 0.10 rads�1 was almost 105 greater than in
the sol state. This gel-to-sol and sol-to gel cycle was repeat-
ed several times. 1H NMR spectroscopy confirmed that cis
(maleic amide) to trans (fumaric amide) isomerization oc-
curred in 100% yield without any serious side reactions
(Figure 2c). Morphological studies by TEM and SEM
showed regeneration of well-developed fibrous networks
that are indistinguishable from the original (Figure 2d).


These results suggest that the cis-to-trans photoisomeriza-
tion repaired the tight packing of self-assembled 2, so that
the regenerated long fibers facilitated formation of the hy-
drogel. Thus, macroscopic gel–sol and sol–gel transition are
pseudo-reversibly photocontrolled by the molecular-level
conformational change in the present supramolecular hydro-
gel (Figure 1c).


Photocontrolled substrate release by photoresponsive hy-
drogel : The supramolecular fibrous network of the gel is ca-
pable of immobilizing various substrates. Using the photo-
responsive gel–sol transition of hydrogel 2, we next attempt-
ed photocontrolled substrate release. Water-soluble vita-
min B12 (B12) entrapped in supramolecular hydrogel 2 was
slowly released from the gel into the bulk aqueous solution
over a period longer than 10 h (7.8% of the embedded B12


was released in the initial 3 h; Figure 3a). On the other


hand, rapid release of B12 took place on UV-induced gel-to-
sol transition (almost 100% in 10 min). Similarly, glucose-
binding protein Con A, as well as nanobeads with diameters
of 100 or 250 nm, which were entrapped in gel 2 were re-
leased by photoinduced gel-to-sol transition with almost the
same efficiency as B12 (Figure 3b).
Interestingly, the rate of substrate release without UV


light depends on the substrate size. For vitamin B12, which is
about 2.5 nm in diameter, 7.8% was released in the first 3 h,
whereas both Con A (10.5 nm diameter) and the 100 nm
beads showed only about 2.6% release in 3 h. Release was
almost completely suppressed (about 0% in 3 h) in the case
of the 250 nm beads. These results indicate that the present


Figure 3. Release of biomolecules and microbeads by photoresponsive
gel–sol transition. a) Photocontrolled release of vitamin B12 from hydro-
gel 2. Time courses of release ratio [%] of vitamin B12 from gel to bulk
solution without or with UV irradiation [filled black circles: spontaneous
release; filled gray circles: phototriggered release (irradiation at 1.5 h)].
b) Release ratio [%] of vitamin B12, FITC-ConA, and 100 and 250 nm flu-
orescent beads from hydrogel 2 without or with UV irradiation. See the
Supporting Information for color version of Figure 3a.
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supramolecular hydrogel can act as a barrier against the re-
lease of substrates of various sizes with efficiencies that
depend on substrate size, and the barrier capability can be
photomodulated regardless of substrate size.


Evaluation of the size of meshes composed of photorespon-
sive hydrogel : A CLSM study on the Brownian motion of
fluorescent nanobeads in the gel matrix gave further insights
into understanding how the supramolecular hydrogel can
entrap these substrates in the inner space.[12] We can directly
observe the motion of fluorescent beads by CLSM. In the
case of beads with a diameter of 100 nm, smooth diffusion
occurred inside hydrogel 2 (0.10 wt%), so that a static
image was difficult to obtain (Figure 4a). In contrast, all the
beads with a diameter of 250 nm stopped in the gel matrix
(Figure 4b). Perfect stopping was also observed for 500 and
1000 nm beads (see Figure 4c and Figure S5 in the Support-
ing Information). Thus, we achieved 3D spatial fixation of
these beads in the CLSM image. Moving or stopping of the


Brownian motion of the nanobeads showed a critical thresh-
old bead size. This suggests that the present supramolecular
hydrogel formed nanomeshes with relatively homogeneous
void spaces of between 100 and 250 nm, which are strong
enough to function as a physical obstacle to trap the beads.
As shown Figure 4c, by increasing the gelator concentration
to 0.30 wt%, the motion of even the 100 nm beads is per-
fectly stopped. Below the critical gelation concentration
(cgc) of 0.035 wt% (sol state), on the other hand, no beads
of any size stopped, probably due to the insufficient devel-
opment or entanglement of the fibers to form well-devel-
oped meshes. Between 0.05 (cgc) and 0.20 wt%, the thresh-
old (100–250 nm) was not substantially affected. These re-
sults imply that the mesh size of the supramolecular hydro-
gel was dependent on gelator concentration.
It is also noteworthy that the present method is much sim-


pler and more general for directly evaluating the mesh size
of intact hydrogels without drying than the method using
nanobead-tethered F1-ATPase that was recently reported by
us.[13]


Off/on switching of bacterial movement and rotation of F1-
ATPase motor by means of photoresponsive supramolecular
nanomeshes : Like the nanobeads, the movement of living E.
coli. bacteria (EGFP-BL21) can be photocontrolled by the
supramolecular meshes, because their size is within the mi-
crometer range, slightly larger than the 250 nm beads. For
the direct detection of both the bacteria and the gel fibers,
green fluorescent bacteria overexpressing enhanced green
fluorescent protein (EGFP) and red fluorescent fibers
stained with C18-Rho were used. Using the CLSM method
we observed free movement of the bacteria in the sol state
of 2 in a flow-cell chamber and stopping of the movement
by the gel formation, similar to the nanobeads (Figure 5a–
c). On the other hand, bacterial movement restarted togeth-
er with disappearance of the gel meshes after UV irradiation
of the gel matrix for 30 s. Careful CLSM observations of
bacteria embedded in hydrogel 2 showed that many bacteria
were entangled within the supramolecular meshes (Fig-
ure 5a), and this suggests that the gel-fiber meshes can act
as an efficient physical obstacle against bacterial movement
(Figure 5d).
In addition to bacteria, photoinduced off/on switching of


enzymatic motion was successfully conducted when the
nanobeads were attached to the enzyme. In a proof-of-con-
cept experiment, we examined the motion of F1-ATPase, an
enzyme-based molecular motor, by microscopy. After tether-
ing submicrometer-beads (normally 0.73 mm in diameter) to
F1-ATPase, we observed the rotary motion of the microbe-
ad-appended F1-ATPase by following the motion of the
beads at the single-molecule level.[13,14] The rotary motion of
the microbead-tethered F1-ATPase stopped concurrently
with gel formation in the cell chamber after infusion of the
sol state of 2 (see Figure S6 in the Supporting Information).
Interestingly, after 1.5–3.5 min of UV irradiation by a low-
pressure Hg lamp, F1-ATPase rotation restarted along with
the photoinduced gel-to-sol transition of 2 (see Figure S6 in


Figure 4. Time-dependent CLSM images for the analysis of Brownian
motion of hydrophilic microbeads in hydrogel 2 (0.10 wt% in ion-ex-
changed water). a) 100 and b) 250 nm beads stained by rhodamine dye.
c) Summary of the Brownian motions of 100–1000 nm beads in hydrogel
2. ON and OFF mean starting and stopping of Brownian motion of the
microbeads, respectively. See Supporting Information for color version of
Figure 4a,b.
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the Supporting Information). This observation indicates that
the light-responsive supramolecular hydrogel can perform
off/on switching of the motor protein (Figure 5d).


Photo gel–sol patterning of the supramolecular hydrogel :
The phototriggered gel–sol transition provided us with a
unique method for photopatterning of the hydrogel. Using
an appropriate photomask, we photoirradiated limited areas


of supramolecular hydrogel pre-
pared in a quartz cell. Typical
examples are shown in Fig-
ure 6a. The photoirradiated
area of the gel gradually turned
into transparent sol due to the
gel-to-sol phase transition. The
sol areas produced by a 10 min
of UV irradiation were more
fluid and less viscous than the
original gel, so that the sol area
was replaced with an aqueous
solution containing vitamin B12


(Figure 6b).
Smaller photo gel–sol pat-


terns were prepared by direct
irradiation with the focal laser
light (266 nm, see Figure S7 in
the Supporting Information). A
sol spot surrounded by gel was
produced by spot irradiation
with the laser light (<50 mm di-
ameter) in the flow-cell cham-
ber (Figure 6c). The fluidity of
the photogenerated sol in the
small space (40–50 mm in diam-
eter) was evaluated by means
of the Brownian motion of fluo-
rescent microbeads. The Brow-
nian motion of the microbeads
in the solution phase and the
sol phase of 2 stopped concur-
rently with gel formation. After
laser irradiation for 0.125–
0.25 s, motion of the seven mi-
crobeads in the focused spot re-
started, whereas other beads
outside the area of the laser
beam never restarted moving.
The motional velocity of the re-
started beads was almost identi-
cal to that of beads in an aque-
ous solution (Figure 6d), that is,
the area in the laser spot turned
into the sol state. By laterally
shifting the laser spot, we pre-
pared various gel–sol patterns
such as a dot pattern, continu-
ous flow pathway, or characters


(Figure 6e). In the photoprepared dot pattern, we confirmed
that the distance sufficient to maintain two independent sol
spots was less than 10 mm (Figure 6c), that is, a supramolec-
ular gel wall 10 mm in width acts as a barrier between the
sol areas.


Off/on switching of biomolecule movement by photorespon-
sive nanomesh in a restricted small area : By using the


Figure 5. Off/on switching of E. coli (BL21). Bacterial movement and rotation of microbead-tethered F1-
ATPase were controlled by using the photoresponsive supramolecular meshes of 2. a) CLSM observation of E.
coli. (BL21) overexpressing EGFP in hydrogel 2 stained with C18-Rho before (top) and after (bottom) UV ir-
radiation. Insets in the bottom panel show images during UV irradiation. b) Movement locus of the bacteria
for 126 s before gelation (left), after gelation (middle), and for 177 s after UV irradiation (right). c) Time
courses of the accumulated migration distances of four representative bacteria in photoswitching experiments.
UV irradiation for 30 s resulted in the two dotted lines for each bacterium. [gelator 2]=0.15 wt%. d) Sche-
matic illustration of on/off switching of bacterial motion and rotation of microbead-tethered F1-ATPase by en-
tanglement in the photoresponsive supramolecular hydrogel fibers (nanomesh).
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above-mentioned gel–sol patterning in a flow-cell chamber,
bacterial motion was spatially restricted to the sol spot pro-
duced by light. After all the bacteria were entrapped in
supramolecular hydrogel 2, irradiation with the focused
laser spot 0.25 s yielded a sol 40 mm in diameter. As shown
in Figure 7a, the bacteria in the sol spot started moving
again, whereas bacteria in the gel area that was not in the
laser spot did not move. When a continuous sol pathway


was fabricated within the gel
matrix by photo gel–sol pat-
terning, we found that all the
bacteria moved within the con-
tinuous path (Figure 7b). Im-
portantly, no bacteria moved
across the gel matrix, that is,
the gel wall consisting of entan-
gled gel meshes clearly acted as
a barrier against bacterial
movement.
In a similar manner, we


switched the rotary motion of
F1-ATPase in a small restricted
area of the photoresponsive hy-
drogel mesh of 2 using focused
laser light. After stopping F1-
ATPase motion for more than
5 min in the hydrogel matrix,
laser-light irradiation was per-
formed for 2 s (1 s per shot, M2)
in a focused area (10–20 mm di-
ameter). Within two seconds,
the F1-ATPase located in the
photoirradiated spot started ro-
tating again (see Movie S1 in
the Supporting Information),
whereas the other F1-ATPases
out of the laser spot remained
stopped (Figure 7c).[15]


Conclusion


We have prepared biocompat-
ible and photoresponsive supra-
molecular hydrogels based on
partial rational design coupled
with a combinatorial-library
method. The sol state was pro-
duced within the gel matrix by
using focused UV light with a
spatial resolution of 1 mm to
10 mm. We also found that the
hydrogel is comprised of supra-
molecular meshes with void
spaces of between 100 and
250 nm which can entrap nano-
beads, microbead-tethered F1-


ATPase, and bacteria and suppress their movement through
physical blocking by the gel meshes. The photo gel-to-sol
phase transition induced the deformation of the supramolec-
ular nanomeshes, so that the rotation of microbead-tethered
F1-ATPase and bacterial motion were restarted in a spatially
and temporally regulated manner. The present photorespon-
sive supramolecular hydrogel is promising as a unique bio-
material that can actively operate functions and spatially lo-


Figure 6. Photo gel–sol patterning of hydrogel 2. a) Photographs of gel–sol patterning on the millimeter scale
with man-made photomasks. b) Gel in which the photogenerated sol domains were replaced with vitamin B12


solution. [Hydrogel 2]=0.20 wt%, prepared in a quartz cell with light path length of 2 mm, ion-exchanged
water). Irradiation for 10 min with xenon lamp. c) Photo gel–sol patterning on the micrometer scale. The
dotted sol domains in hydrogel 2 with immobilized 250 nm fluorescent beads were fabricated with focused
laser light (266 nm). The lines show Brownian motion of microbeads in the fabricated sol area at the bottom
(z=0 mm) and top (z�100 mm) surfaces. d) Comparison of mean velocities of the Brownian motion of beads
in the sol domain and in the aqueous solution. e) Various photo gel–sol patterns prepared with the focused
laser. i) Dots, ii) lines, and iii) character patterns “IH” was fabricated in hydrogel 2 with focused 266 nm laser
light. See Supporting Information for color version of this figure.
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calize bioactive molecules such as vitamins, proteins/en-
zymes, and live bacteria.


Experimental Section


General : All gelators in this paper were synthesized according to
Scheme S1 in the Supporting Information by our previously reported syn-
thetic method.[16] Reagents for gelator synthesis were obtained from
Kishida Chemical, Watanabe Chemical Industries, Wako, or TCI (Japan).


A mutant a3b3g subcomplex (a-C193S, b-His-10 at N-terminus, g-S107C/
I210C) from a thermophilic Bacillus PS3 (referred to as F1-ATPase) was
expressed and purified as described elsewhere.[17] Streptavidin-coated
magnetic beads (Seradyn; normally 0.73 mm) were sonicated to disperse
them in a suspension and lightly centrifuged as described.[18]


Gelation tests : Synthesized glycolipid-based compounds were homoge-
nously dispersed with ion-exchanged water (0.05–2.0 wt%) by heating,
and then left at rest for 12 h at room temperature. Gelation ability of
each compound was checked visually by the vial-inversion method and
then classified into four phase states: transparent gel, opaque gel, precipi-
tate, and homogenous solution.


Photoirradiation conditions for bulk gel–sol/sol–gel transition : Hydrogel
2 (0.10–0.25 wt%, ion-exchanged water) prepared in a quartz cell (light
path length 2 mm) was irradiated with UV light from a xenon lamp
(USHIO, Optical Modulex, SX-UI500XQ) for at least 10 min below
15 8C. In the sol–gel transition of 2, visible-light irradiation of the above-
prepared sol containing a small amount of bromine was performed with
a xenon lamp equipped with two filters (wavelength cutoffs >290 and
>350 nm) for at least 10 min below 15 8C. This pseudo-photoreversible
phenomenon could be repeated several times.


Dynamic viscoelasticity measurements : Dynamic viscoelasticities of hy-
drogel 2 (0.20 wt%) before and after UV irradiation with a xenon lamp
for 1 h and of the reconstructed hydrogel after visible-light irradiation of
the sol for 30 min in the presence of a small amount of bromine were
measured with a plate–plate rheology instrument (DynAlyser DAR-100,
Reologica). The measurement conditions were as follows: angular fre-
quency range: 100–0.1 rads�1; strain: 2% for the gel and the reconstruct-
ed gel sample and 0.5% for the sol sample (after UV irradiation to give
gel 2); parallel plate, 4 cm in diameter; gap distance: 1.2 mm; measure-
ment temperature: 24 8C.


Phase diagram for photoresponsive gel–sol transition : Hydrogel 2
(0.20 wt%, D2O) was irradiated with UV light from a xenon lamp for ir-
radiation times 0, 1, 3, 5, 7, 10, 20, and 30 min at 15 8C. The percentage
gel:sol volume ratio of each sample was estimated by measuring the sol
volume with a syringe and calculated as [gel volume/(gel volume+ sol
volume)]M100 (horizontal axis). Photoisomerization ratios of fumaric
(trans) and maleic (cis) amide forms were estimated from the integrals of
their peaks in 1H NMR spectra (JEOL-JNM-EX400, 400 MHz) of each
sample, to which CD3OD was added (CD3OD/D2O 1/1 v/v) to prepare
homogenous dispersed solutions. These ratios were calculated as (fuma-
ric)/(fumaric+maleic)M100 (vertical axis). Each experiment was per-
formed three times, and averages and error bar were calculated and plot-
ted. In addition, byproducts were not observed in the 1H NMR spectra.


TEM and SEM observations : Carbon-coated copper grids were dipped
into hydrogel 2, the sol after gelling by UV irradiation with a xenon lamp
for 30 min, or the reconstructed hydrogel 2, which was prepared by visi-
ble-light irradiation of the sol in the presence of a small amount of bro-
mine for 10 min with a xenon lamp attached with UV cut filters. They
were dried under reduced pressure for 24 h at room temperature. TEM
samples were stained with a 2 wt% aqueous solution of uranyl acetate.
TEM observations were carried out with a JEOL JEM-2010 apparatus
under 120 kV accelerating voltage. For SEM observation, the samples
were coated by platinum vapor deposition (30 s). SEM images were ob-
tained by using a Hitachi S-5000 with an acceleration voltage of 25 kV.
[Hydrogelator 2]=0.20 wt% (in ion-exchanged water).


CLSM observations : Hydrogel 2 and the sol after UV irradiation with a
low-pressure Hg lamp for 1.5–3.5 min, stained with hydrophobic fluores-
cent dye (15 mm octadecyl rhodamine B chloride, Molecular Probes),
were observed with an Olympus FV1000, IX81 confocal laser scanning
microscope. [Hydrogelator 2]=0.10 wt% (in ion-exchanged water). The
excitation wavelength was 543 nm.


Observation of Brownian motion of microbeads in hydrogel 2 : Heat-dis-
persed gelator 2 in ion-exchanged water containing 100, 250 nm fluores-
cent beads or 500, 1000 nm beads (Micromer-red F, POL) were dropped
onto petri dish and left at rest for 3 h at room temperature. These sam-
ples were monitored by CLSM (Olympus FV1000) at an excitation laser
wavelength of 543 nm in real time. Objective lens: M100. [Hydrogel 2]=
0.10 wt% (in ion-exchanged water).


Figure 7. Off/on switching of bacterial movement and F1-ATPase rotation
in a spatially limited area. a) Time courses of the accumulated migration
distances of five distinct bacteria before and after UV irradiation with fo-
cused 266 nm laser light (diameter of ca. 40 mm, see inset). b) Bacterial
movement in the sol flow path fabricated with focused laser light
(266 nm). c) Time courses of accumulated numbers of rotations of F1-
ATPase molecules inside (solid line) and outside (dotted line) the laser-
irradiated area (diameter of 10–20 mm).
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Release of biomolecules and microbeads from hydrogel 2 : Ion-exchanged
water (400 mL) was added to hydrogel 2 (150 mL, 0.10 wt%) containing
vitamin B12, FITC-ConA (tetramer), or 100 or 250 nm fluorescent beads
in a quartz cell. The overlying solution was monitored with a UV/Vis ab-
sorption spectrometer (Shimadzu UV-2550) in real time for 0–3 h. The
time course of vitamin B12 (0.20 mm) release was monitored by means of
the absorption at 550 nm before UV irradiation, and at 410 nm after UV
irradiation (410 nm was an isosbestic point of vitamin B12 in aqueous so-
lution before and after UV irradiation). The time course of FITC-ConA
(0.14–0.27 mg/mL) release was monitored by means of the absorption at
492.5 nm before UV irradiation, and 421 nm after UV irradiation
(421 nm was an isosbestic point of FITC-ConA in aqueous solution
before and after UV irradiation). The time courses of release of monodis-
perse 100 or 250 nm fluorescent beads (micromer-red F, POL) were
traced by means of the transmittance at 400 nm. In addition, we checked
that the solubility of hydrogelator 2 in bulk solution was less than
1 vol% of gel over 5 h. Each experiment was repeated three times, and
averages and error bars were calculated and plotted.


Observation of bacteria entrapped in hydrogel : A flow-cell chamber for
observing bacterial movement was constructed from two uncoated glass
plates (Matsunami; top 18M18 mm, bottom 24M32 mm) sandwiching two
parallel strips of greasy paper as spacers.[14e] Escherichia coli BL21 (DE3)
(Novagen) bacteria were suspended in the sol state of gelator 2
(0.15 wt%, ion-exchanged water) and immediately put into a flow cham-
ber. We observed the movement of bacteria with a microscope by using
the differential interference contrast (DIC) method and analyzed the
locus and the accumulated distances of bacterial movement every 3 s
(software Move-tr/2D 7.0, Library). To induce the photo gel–sol transi-
tion, a low-pressure mercury-vapor lamp (Ushio, UL0-6DQ) was located
approximately 5 mm above the flow chamber and used to irradiate for
30 s. For the experiments with UV irradiation in limited areas, 266 nm
laser light focused with an objective lens (100M) was used for 0.25 s.


Observation of regulated F1-ATPase rotation in hydrogel : Two parallel
strips of greasy paper were placed on the Ni-patterned glass plate, and a
quartz plate (10 mmM10 mm, 1 mm thick) was put on the strips to form a
flow chamber.[14e] F1-ATPase was immobilized on the glass plates in a
flow chamber and modified with magnetic beads (normally 0.73 mm in di-
ameter) according to the method reported previously.[14e] All rotation
assays were started by infusion of heat-dispersed gelator 2 (0.06–
0.15 wt%) in MOPS buffer (50 mm 3-(N-morpholino)propanesulfonic
acid/KOH (pH 7.1), 50 mm KCl) supplemented with 2 mm of Mg-ATP,
and the rotating beads were observed as bright-field images at the single-
molecule level. Video images were recorded and analyzed with custom
software, and the accumulated numbers of revolutions were plotted
every 0.033 s.[14e] In the UV irradiation experiments, a low-pressure mer-
cury vapor lamp (Ushio, UL0-6DQ) was located approximately 5 mm
above the flow chamber and used to irradiate for 1.5–3.5 min. For the ex-
periments with UV irradiation in limited areas, 266 nm laser light focused
with an objective lens (100M) was used for 2 s (1 s per shot, M2).


Photo gel–sol patterning on the microscale : Hydrogel 2 (0.10 wt%, ion-
exchanged water) containing 250 nm of fluorescent beads for visualiza-
tion of the gel–sol pattern was prepared in a flow cell. By using a focused
laser (266 nm, 0.125–0.25 s per shot), various line and character patterns
were fabricated by connecting patterns of dots. At the bottom surface
region of the flow cell, a sol domain of less than 50 mm in diameter was
formed, whereas in the upper surface region of the flow cell a sol domain
of less than 50� (5–10) mm in diameter was confirmed by the Brownian
motion of microbeads. The accumulated distances of Brownian motion of
microbeads in the sol domain were analyzed with software (Move-tr/2D
7.0, Library).
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Introduction


Immobilization of catalytically active species, or even almost
inactive species, on solid materials enables not only the gen-
eration of recoverable and reusable catalysts but also re-
markable catalytic performances compared with their homo-
geneous precursors before the immobilization owing to
unique environments of the surfaces. Many reasons have
been reported for the positive effects of immobilization: for
example, the increasing stability of active structures by site
isolation at surfaces, the creation of new geometric and elec-
tronic structures by surfaces, and the enhancement of sub-
strate density around active sites by high surface polarities.[1]


In addition to the increasing activity of the immobilized spe-
cies, cooperative catalysis of the support surfaces with the
immobilized species is another advantage of the use of sup-
ports.[2] The generation of multicatalytic functions on a solid


surface realizes one-pot catalytic reaction sequences and
double catalytic activation in a single reaction step for the
improvement of the reaction rate and selectivity.[2,3]


Acid–base dual-activation catalysis has received much at-
tention for highly efficient nucleophilic reactions, including
carbon–carbon bond-forming reactions.[4] In base-catalyzed
carbon–carbon couplings, nucleophilic precursors are acti-
vated by basic catalysts to generate nucleophiles by abstrac-
tion of their acidic parts, such as acyl groups and a-hydrogen
atoms, and then, the nucleophiles attack electrophiles. On
the other hand, decreasing the levels of the lowest-unoccu-
pied molecular orbital (LUMO) of the electrophiles can be
readily achieved by coordination activation of Brønsted or
Lewis acidic catalysts. On the basis of these facts, it is ex-
pected that an ideal pathway for the carbon–carbon bond-
forming reactions is dual activation of both the electrophiles
and nucleophiles by acidic and basic functions of catalysts,
respectively. Many types of homogeneous reaction systems
with acid–base dual-activation have been developed, but
with these homogeneous reagents, recovery and reuse of
both acidic and basic catalysts are industrially problematic.
In addition, strongly acidic and basic species in a single reac-
tor induces neutralization immediately, thus affording inac-
tive salts.


Abstract: Acid–base bifunctional heter-
ogeneous catalysts were prepared by
the reaction of an acidic silica–alumina
(SA) surface with silane-coupling re-
agents possessing amino functional
groups. The obtained SA-supported
amines (SA–NR2) were characterized
by solid-state 13C and 29Si NMR spec-
troscopy, FT-IR spectroscopy, and ele-
mental analysis. The solid-state NMR
spectra revealed that the amines were
immobilized by acid–base interactions
at the SA surface. The interactions be-
tween the surface acidic sites and the
immobilized basic amines were weaker


than the interactions between the SA
and free amines. The catalytic perform-
ances of the SA–NR2 catalysts for vari-
ous carbon–carbon bond-forming reac-
tions, such as cyano-ethoxycarbonyla-
tion, the Michael reaction, and the
nitro-aldol reaction, were investigated
and compared with those of homoge-
neous and other heterogeneous cata-
lysts. The SA–NR2 catalysts showed


much higher catalytic activities for the
carbon–carbon bond-forming reactions
than heterogeneous amine catalysts
using other supports, such as SiO2 and
Al2O3. On the other hand, homogene-
ous amines hardly promoted these re-
actions under similar reaction condi-
tions, and the catalytic behavior of SA–
NR2 was also different from that of
MgO, which was employed as a typical
heterogeneous base. An acid–base
dual-activation mechanism for the
carbon–carbon bond-forming reactions
is proposed.
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A possible solution to these problems is the utilization of
heterogeneous catalysts that possess both acidic and basic
functions on their surfaces. The immobilization of incompat-
ible catalytic species on different solid supports has over-
come the problem of neutralization and enabled acid–base
one-pot reaction sequences.[5] A few examples of the genera-
tion of both acidic and basic functions on the same solid sur-
face have been reported for the dual activation of electro-
philes and nucleophiles.[6–9] Although primary alkylamines
as basic immobilized groups and many types of acidic
groups, such as, hydrogen-bonding urea,[6] sulfonic and car-
boxylic acids,[7] and surface silanols,[8] were found to have
cocatalytic functions, these catalytic systems faced several
problems, such as low catalytic activity due to weak acidity,
significantly limited application in organic reactions, and
complicated catalyst preparations.


Alternatively, we recently reported a new strategy for the
design of acid–base bifunctional catalyst surfaces:[2] 1) the
utilization of strong solid acids as supports for increased cat-
alytic activity, 2) the immobilization of tertiary amines on
these supports for the expansion of applicable catalytic reac-
tions, and 3) the use of silane-coupling reactions between
the amine reagents and acidic solid supports to simplify the
catalyst preparation. Herein, we report detailed studies on
the synthesis and characterization of amorphous silica–alu-
mina-supported amine catalysts and their application to var-
ious catalytic organic reactions, such as cyano-ethoxycarbo-
nylation, the Michael reaction, and the nitro-aldol reaction
[Eqs. (1)–(3)].[10] We also present plausible mechanisms for
the amine immobilization and acid–base bifunctional cata-
lytic reactions.


Results and Discussion


Preparation and characterization of the catalysts : The amine
catalysts supported on silica–alumina (SA) were prepared
by a silane-coupling reaction mode. SA was heated at 120 8C
under vacuum for 3 h, followed by reaction with silane-cou-
pling reagents containing amine functional groups. A terti-
ary amine group was immobilized by reaction of SA (Nikki
Chemical Co.; SiO2 66.5, Al2O3 25.1%; 380 m2g�1) with a so-
lution of 3-(diethylamino)propyltrimethoxysilane (DAPS) in
toluene under reflux for 24 h. The reaction mixture was fil-
tered, washed with dichloromethane, and dried under re-


duced pressure, thus affording the SA-supported amine cat-
alyst (SA–NEt2) as a white–yellow powder. Elemental anal-
ysis (%) of SA–NEt2 revealed C 8.40, H 2.16, N 1.27, and
the C/N ratio of 7.7:1 of SA–NEt2 indicated a release of one
or two methoxy groups in DAPS.


The IR spectra of SA–NEt2 showed absorption bands
characteristic of the parent DAPS (n ACHTUNGTRENNUNG(C�H)=2990–2850, ds-
ACHTUNGTRENNUNG(CH2)=1370–1480, and 1 ACHTUNGTRENNUNG(CH2)=765 cm�1).[11] Figure 1C


shows a solid-state 13C CP/MAS NMR spectrum of SA–
NEt2, with signals at d=4.0–13.0, 19.6, 43.0–53.0, and
55.6 ppm, assignable, respectively, to the carbon atom next
to the silicon and terminal carbon atoms of the amino
group, the central carbon atom in the propyl chain, the
carbon atom in the methoxy groups and next to the nitrogen
atom in the ethyl groups, and the carbon atom next to the
nitrogen atom in the propyl chain. These signal positions are
similar to those of the parent DAPS (Figure 1A) and a
SiO2-supported amine catalyst SiO–NEt2 (Figure 1B). These
IR and 13C NMR spectroscopic data demonstrate that the
main structure of the DAPS skeleton is retained in SA–
NEt2. In the 29Si MAS NMR spectrum of SA–NEt2 (Fig-
ure 2D), the Q sites were observed at around d=�100 ppm
and new signals appeared at d=�48 and �56 ppm, which
are assignable to T1 and T2 organosilica species, respectively
(Tm=RSi ACHTUNGTRENNUNG(OSi)mACHTUNGTRENNUNG(OMe)3�m, m=1, 2).[12] As a consequence,
the amino group was immobilized on the SA surface by a
condensation reaction between the surface silanol groups of
SA and the methoxy groups of DAPS to form a covalent Si-
O-Si linkage while maintaining the tertiary amine skeleton
of DAPS. Other solid-supported tertiary amines (support–
NEt2) were synthesized and characterized by using the same
procedures. n-Octyl groups were also immobilized on SA by


Figure 1. A) 13C NMR spectra of DAPS in CDCl3 (the signals around d=


77 ppm are assignable to TMS as the internal standard). Solid-state 13C
CP/MAS NMR spectra of B) SiO2–NEt2 and C) SA–NEt2.
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reaction of n-octyltrimethoxysilane with SA in a similar pro-
cedure (SA–octyl).


The SA-supported primary amine catalyst (SA–NH2) was
also synthesized by modification of the SA surface with 3-
aminopropyltriethoxysilane in solution with toluene under
reflux conditions. The result of the elemental analysis (%)
of SA–NH2 was C 6.41, H 1.99, N 1.57. The IR spectra of
SA–NH2 showed peaks assignable to 3-aminopropyltriethox-
ysilane (n ACHTUNGTRENNUNG(C�H)=2980–2880 and ds ACHTUNGTRENNUNG(CH2)=1450–
1480 cm�1).[13] The solid-state 13C CP/MAS NMR spectro-
scopic analysis showed the retention of the primary amine
structure (Figure 3): d=10.0, 16.5, 21.0–27.0, 44.3, and
57.7 ppm, assignable, respectively, to the carbon atom next
to the silicon atom, the terminal carbon atom in the ethoxy
groups, the central carbon atom of the propyl chain, the
carbon atom next to the nitrogen atom, and the carbon
atoms next to the oxygen atoms. The T sites were also ob-
served in the solid-state 29Si MAS NMR spectra of SA–NH2


(Figure 3C). These results suggest that the primary amine
groups were immobilized on the SA surface by the forma-
tion of the Si-O-Si covalent bonds, similar to the above terti-
ary amine groups.


The acid density of the SA and SA–NEt2 surfaces was de-
termined from the amount of adsorbed 4-dimethylaminopyr-
idine (DMAP) in the liquid phase. After the amine immobi-
lization onto the SA surface, the amount of acidic sites did
not change significantly (see Table 1, entry 1 vs. 3). On the
other hand, the acid density of SA decreased with the im-
mobilization of n-octyltrimethylsilane.


Interaction between the amines and acidic sites : The IR
spectra for SA–NEt2, NEt3 adsorbed on SA, and DAPS are
shown in Figure 4, and the peak positions are listed in
Table 2. In the case of NEt3 adsorbed on a SA surface, the
N�H stretching vibrations of the protonated amines were
observed at ñ=2804, 2746, 2689, and 2497 cm�1 (Table 2),[14]


whereas these peaks were definitely not observed for the
immobilized catalyst SA–NEt2. These results suggest that
the interaction between the immobilized NEt2 groups and
the acidic sites on the SA surface is much weaker than the
direct interaction between the free amines and the acidic
sites on the SA surface.


We also recorded solid-state 13C NMR spectra to examine
the surface acid–base interactions between the acidic sites of
SA and the immobilized tertiary amine groups. It is well
known that the 13C NMR signal of the terminal carbon atom
of the ethyl amino group shifts upfield through the interac-
tion between the acidic species and the nitrogen atom.
Figure 5 shows the 13C NMR signals assignable to the termi-
nal carbon atom of the free or immobilized diethyl amino
groups. The signals of immobilized amines on Al2O3, SiO2,
and SA shifted upfield (d=11.0, 10.0, and 9.4 ppm, respec-
tively; Figures 5B–D) relative to the signal of DAPS in solu-
tion (d=11.9 ppm; Figure 5A). The larger shift for SA–
NEt2 than those for Al2O3–NEt2 and SiO2–NEt2 may be de-


Figure 2. Solid-state 29Si MAS NMR spectra for A) SiO2–NH2, B) SiO2–
NEt2, C) SA–NH2, and D) SA–NEt2.


Figure 3. A) 13C NMR spectra of aminopropyltriethoxysilane in CDCl3
(the signals around d=77 ppm are assignable to TMS as the internal
standard). Solid-state 13C CP/MAS NMR spectra for B) SiO2–NH2 and
C) SA–NH2.


Table 1. Amount of DMAP adsorbed on functionalized SA.


Entry Solid Amount of adsorbed DMAP
[mmolg�1]


1 SA–NEt2 2.25
2 SA-octyl 1.78
3 SA 2.30
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rived from the stronger Brønsted acidity of the SA surface.
The signals from mixtures of SA and free DAPS or triethyl-
amine appeared more upfield than that for SA–NEt2. For
example, the signal for triethylamine (NEt3) adsorbed on
the SA surface showed the largest upfield shift (from d=


11.8 (free NEt3) to 7.5 ppm; Figure 5F). This outcome is in
agreement with the above IR results: a weak acid–base in-
teraction with the immobilized SA–NEt2.


Proposed mechanism for amine immobilization : The SA
surface was treated with a solution of DAPS in toluene for
5 min at room temperature, followed by filtration. The ob-
tained solid (SA+DAPS) was subjected to solid-state 13C
and 29Si NMR spectroscopic analysis. A 13C NMR peak as-
signable to the terminal carbon atom of adsorbed DAPS
was observed at around d=8.0 ppm (Figure 5E), which indi-
cates that the acid–base interactions are stronger than those
in SA–NEt2 after complete immobilization under reflux for
24 h (d=9.4 ppm; Figure 5D). Figure 6 shows the 29Si NMR
spectra for the Tm sites in SA–NEt2 and SA+DAPS, in
which the 29Si NMR spectra are noisy as a result of the
small amount of the Tm sites at the surface. In the case of
SA+DAPS, the T1 site was observed at d=�49 ppm as a


main signal (Figure 6B), whereas the majority of sites in
SA–NEt2 were T2 sites (Figure 6 A). From these results, the
mechanism for amine immobilization on the SA surface is
proposed to be as follows (Scheme 1): i) the nitrogen atom
of free DAPS interacts with the strong Brønsted acid on the
SA surface, ii) one Si�OMe bond of DAPS reacts with the
surface Si�OH species near the strongly acidic site to form
a covalent Si-O-Si ACHTUNGTRENNUNG(surface) bond, and iii) another Si�OMe
species further reacts with a neighboring Si�OH bond on
heating, thus resulting in decreased acid–base interactions
between the strongly acidic site and the nitrogen atom. The
formation of a T2 silicon species with two covalent Si-O-Si-
ACHTUNGTRENNUNG(surface) bonds tends to increase the distance between the
amine group and the acidic site, which induces a decrease in
the acid–base interactions. The silane-coupling reaction of
the Brønsted acid with the alkoxysilane, which maintains
the quantity of strongly acidic sites (Table 1), is prevented
from proceeding by these acid–base interactions. In the
solid-state 29Si NMR spectra of SA–octyl, the formation of
not only T2 but also T3 sites was observed in the absence of
basic amino groups (Figure 6C), which suggests that the al-
koxysilane groups randomly reacted with two or three sur-
face hydroxy groups, including the strongly acidic sites. The
ability of the acid–base to coexist on the SA–NR2 surface


Figure 4. IR spectra of A) SA–NEt2, B) NEt3 adsorbed on SA, and
C) DAPS. These spectra were recorded at room temperature in a trans-
mission mode. The solid samples were pressed into a disk with KBr.


Table 2. IR vibration absorptions of SA–NEt2, triethylamine adsorbed
on SA, DAPS, triethylamine, and triethylamine hydrochloride.


Sample n ACHTUNGTRENNUNG(C�H) [cm�1] n ACHTUNGTRENNUNG(N�H) [cm�1]


SA–NEt2 2986, 2954, 2855 (negligible)
SA+NEt3 2996, 2963 2804, 2746, 2693, 2497
DAPS 2974, 2946, 2843 –
NEt3


[a] 2971, 2936, 2798 –
NEt3·HCl[a] 3000, 2976, 2938 2803, 2739, 2678, 2492


[a] Data from ref. [14]


Figure 5. A) 13C NMR spectra of DAPS in CDCl3. Solid-state 13C CP/
MAS NMR spectra for B) Al2O3–NEt2, C) SiO2–NEt2, D) SA–NEt2,
E) SA treated with a solution of DAPS in toluene for 5 min at room tem-
perature (SA+DAPS), and F) triethylamine adsorbed at the terminal
carbon atoms of the amino groups on the SA surface.
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without neutralization tempted us to envisage that SA–NR2


could act as a heterogeneous acid–base bifunctional catalyst
for efficient organic syntheses.


Catalysis of the amine-immobilized solid acid : Cyanohydrins
are important building blocks in synthetic organic chemis-
try,[15] and they have been synthesized by the cyanation of
carbonyl compounds with HCN or trimethysilyl cyanide.[16]


However, HCN and trimethylsilyl cyanide are toxic, unsta-
ble, and expensive; hence, the use of alternative cyanation
reagents is desirable. Recently, one-pot catalytic cyanation/
O-protection with cyanoformic esters has been investigated
as a novel synthetic pathway.[17] Although several examples
of the cyanation/O-protection reactions by homogenous
acid–base bifunctional catalysts have been demonstrated,[17c–-


f, i] heterogeneous catalysts for the cyanation reaction have
not yet been reported. We found that our heterogeneous
acid–base bifunctional catalysts were active towards cyana-
tion/O-protection with a cyanoformic ester as a cyanation
regent.


First, the cyano-ethoxycarbonylation of benzaldehyde
(1a) with ethyl cyanoformate (2a) was studied in the pres-
ence of heterogeneous and homogeneous catalysts (Table 3).


Among the amine-immobilized
catalysts, the SA-supported ter-
tiary amine catalyst showed the
highest performance to afford
cyanophenylmethyl ethyl car-
bonate (3aa) in an excellent
yield (Table 3, entry 1). A de-
crease in the Al content in SA
induced a decrease in the activi-
ty of the cyanation reaction
(Table 3, entry 2). Other solid-


Figure 6. Solid-state 29Si MAS NMR spectra of Tm sites. A) SA–NEt2,
B) SA treated with a solution of DAPS in toluene for 5 min at room tem-
perature (SA+DAPS), and C) SA–octyl.


Scheme 1. Proposed mechanism for amine immobilization on the SA surface. i) Interaction between the nitro-
gen atom of free DAPS with a Brønsted acid, ii) formation of a covalent Si-O-Si ACHTUNGTRENNUNG(surface) bond, and iii) de-
creased acid–base interactions between the strongly acidic site and the nitrogen atom as a result of another
Si�OMe species reacting with a neighboring Si�OH bond.


Table 3. Cyano-ethoxycarbonylation using various catalysts.[a]


Entry Catalyst Yield [%][b]


1 SA–NEt2 95
2[c] SA–NEt2 57
3 SiO2–NEt2 17
4 Al2O3–NEt2 16
5 H-USY–NEt2 3
6 SA–NH2 trace
7[d,e] Et3N+SA 70
8[d,f] Et3N+p-TsOH·H2O trace
9[d] Et3N 1


10[g] DAPS 1
11[e] SA trace
12[e] SiO2 trace
13[e] Al2O3 trace
14[e] MgO trace
15 none trace


[a] Reagents and conditions: catalyst (0.034 mmol of amine), 1a
(0.5 mmol), 2a (1.0 mmol), toluene (5 mL), room temperature, 1 h.
[b] Determined by GC, based on 1a. [c] SA (SiO2: 82.5; Al2O3: 12.6%)
was used as a support. [d] Triethylamine (0.034 mmol). [e] Catalyst
(0.038 g). [f] p-TsOH (0.034 mmol). [g] DAPS (0.034 mmol).
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supported tertiary amine catalysts, such as SiO2–NEt2 and
Al2O3–NEt2, were much less active (Table 3, entries 3–5).
These results suggest that the stronger surface acidic sites of
SA play a pivotal role in the promotion of cyano-ethoxycar-
bonylation. Interestingly, the reaction scarcely proceeded
with either homogeneous amines (Table 3, entries 9 and 10)
or acidic solid supports (Table 3, entries 11–13). The mixture
of triethylamine and SA showed catalytic activity, but the
product yield was lower than for SA–NEt2 under the same
reaction conditions (Table 3, entry 7). When the acidic sup-
port SA was replaced by para-toluenesulfonic acid (p-
TsOH) in a homogeneous system, the reaction did not occur
(Table 3, entry 8). A poor result was obtained with MgO as
a typical heterogeneous base (Table 3, entry 9). These re-
sults suggest that both the acidic and basic functions on the
surface are highly efficient for the promotion of cyano-
ethoxycarbonylation.


The high performances of the SA–NEt2 catalyst for the
cyano-ethoxycarbonylation of various carbonyl compounds
are shown in Table 4. Both electron-rich and electron-defi-
cient benzaldehydes acted as good substrates, thus giving
the corresponding O-protected cyanohydrin derivatives in
excellent yields (Table 4, entries 1–5). An allylic aldehyde,
such as cinnamaldehyde, also underwent a reaction with 2a
in the presence of SA–NEt2 (Table 4, entry 6). A sulfur het-
eroatom did not affect the reaction rate: the cyanation reac-
tion of 2-thiophenecarboxyaldehyde took place readily
(Table 4, entry 8). Notably, many types of aliphatic alde-


hydes, such as acyclic, branched, and cyclic aldehydes, un-
derwent a reaction with 2a, affording excellent yields of the
corresponding products (Table 4, entries 9–11). To extend
the scope of the carbonyl substrates, the use of ketones was
also examined. Cyanoformic ester 2a underwent a reaction
with cyclohexenone to afford the corresponding product in
88% yield after a prolonged reaction time (Table 4,
entry 12). To the best of our knowledge, this report is the
first of a one-pot cyano/O-protection of carbonyl com-
pounds with cyanoformic ester using a heterogeneous cata-
lyst.


After the first run of the cyano-ethoxycarbonylation reac-
tion was completed, the SA–NEt2 catalyst was separated
from the reaction mixture and was reusable with retention
of the high catalytic activity and selectivity (Table 4,
entry 2). The 1H NMR spectroscopic analysis of the filtrate
showed no leaching of the immobilized amine compounds,
and the elemental analysis of the recovered catalyst also in-
dicated no decrease in the amount of the amino group.
These facts rule out any contribution of the amines to the
carbon–carbon bond-forming reaction by leaching into the
reaction solution.


This amine-immobilized solid acid catalyst was applicable
to the Michael reaction of nitrile compounds 4 with elec-
tron-deficient alkenes 5 (Table 5). The SA–NEt2 catalyst
showed the highest catalytic activity for the Michael reac-
tion of ethyl 2-cyanopropionate (4a) with ethyl acrylate
(5a) to afford 2-cyano-2-methyl glutaric acid diethyl ester in
94% yield (Table 5, entry 1). The reaction did not proceed
in the case of the SA-supported primary amine (SA–NH2;
Table 5, entry 3). Other solid supports, such as SiO2, were
less active (Table 5, entry 2), and neither triethylamine nor
SA promoted the desired addition reaction (Table 5, en-


Table 4. Cyano-ethoxycarbonylation using SA–NEt2.
[a]


Entry Carbonyl Time [h] Conversion [%][b] Yield [%][b]


1 R=H 1a 1 >99 98
2 R=H 1a 1 >99 97[c]


3 R=Cl 1b 3 >99 99
4 R=Me 1c 1 >99 99
5 R=OMe 1d 3 >99 98


6 1e 2 >99 91


7 1 f 1 >99 99


8 1g 1 >99 98


9 1h 1 >99 99


10 1I 1 >99 92


11 1j 1 >99 99


12 1k 48 90 88


[a] Reagents and conditions: 1 (0.5 mmol), 2a (0.6 mmol), toluene
(1 mL), SA–NEt2 (0.038 g; N: 0.034 mmol), room temperature. [b] Deter-
mined by GC and 1H NMR spectroscopic analysis, based on 1. [c] Reuse
experiment.


Table 5. Michael reaction of a-substituted ethyl cyanoacetates with elec-
tron-deficient alkenes.[a]


Entry Catalyst R3 EWG Yield [%][b]


1 SA–NEt2 Me (4a) CO2Et (5a) 94
2 SiO2--NEt2 Me CO2Et 9
3 SA–NH2 Me CO2Et trace
4[c,d] Et3N+SA Me CO2Et 5
5[c] Et3N Me CO2Et 3
6[c] SA Me CO2Et 1
7[e,f] SA–NEt2 Ph (4b) CO2Me (5b) 99
8[e,f] SA–NEt2 Ph CO2Me 99[g]


9[e,f] SA–NEt2 Ph CO2Me 94[h]


10[e] SA–NEt2 Me CN (5c) 95
11[e,f] SA–NEt2 Me CN 66
12[e,f] Et3N Me CN 17


[a] Reagents and conditions: catalyst (0.09 mmol of amine), 4 (1.0 mmol),
5 (3 mmol), toluene (1 mL), 90 8C, 24 h. [b]Determined by GC and
1H NMR spectroscopic analysis, based on 4. [c]Triethylamine
(0.09 mmol). [d] Catalyst (0.05 g). [e]Catalyst (0.045 mmol of amine);
60 8C. [f] Reaction time: 3 h. [g] Second reuse experiment. [h] Fourth
reuse experiment. EWG=electron-withdrawing group.
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tries 5 and 6). In addition, the reaction scarcely proceeded
in the presence of the mixture of triethylamine and SA
(Table 5, entry 4). Notably, the SA–NEt2-catalyzed reaction
of ethyl phenylcyanoacetate (4b) with methyl acrylate (5b)
successfully proceeded to give 2-cyano-2-phenyl glutaric
acid 1-ethyl-5-methyl ester, which is a highly useful inter-
mediate for glutarimide synthesis (Table 5, entry 7).[18] The
SA–NEt2 catalyst was reusable at least four times with re-
tention of its high catalytic activity and selectivity in the Mi-
chael reaction (Table 5, entries 8 and 9). In addition, SA–
NEt2 showed higher catalytic activity for the reaction of 4a
with acrylonitrile (5c ; Table 5, entries 10 and 11) than the
homogeneous amine (Table 5, entry 12).


It is noteworthy that the SA–NEt2 catalyst also showed
excellent performance for the bis-substitution reaction of
ethyl cyanoacetate (4c) with methyl vinyl ketone (5d), thus
producing 5-carboethoxy-5-cyano-2,8-nonanedione (6 cd) in
90% yield within 30 minutes (Table 6, entry 1). A SiO2-sup-


ported tertiary amine catalyst also gave 6 cd in a moderate
yield of 43% (Table 6, entry 2). Neither triethylamine nor
SA produced 6 cd (Table 6, entries 5 and 6), whereas the
mixture of triethylamine and SA gave a 66% yield of 6 cd
(Table 6, entry 4). A typical heterogeneous base of MgO
also gave the corresponding product (Table 6, entry 8), but
the catalytic activity was lower than for the same weight of
SA–NEt2. Generally, strong bases or transition-metal cata-
lysts are needed for the 1,4-addition of nitrile compounds to
electron-deficient alkenes.[19] However, these reaction sys-
tems present difficulty in their handling as a result of mois-
ture sensitivity and deactivation by air containing carbon di-
oxide. The present SA–NEt2 catalyst can solve these prob-
lems because of the use of the simple and stable alkylamines
immobilized on the stable SA as a heterogeneous catalyst,
which contributes to environmentally friendly organic syn-
theses.


The condensation reaction of nitroalkanes with carbonyl
compounds, namely, the nitro-aldol reaction, is one of the
most powerful procedures for the production of a,b-unsatu-


rated nitro compounds, which are important building blocks
in the synthesis of pharmaceutical products.[20] The a-hydro-
gen atom of a nitroalkane can be abstracted by strong bases
owing to its acidity, but the selective production of a nitroal-
kene using conventional strong bases is generally difficult
because the side reaction of a conjugate addition of the ni-
troalkane to the carbon–carbon double bond of the nitroal-
kene occurs to give a bis ACHTUNGTRENNUNG(nitro) compound.[21] Because of
the highly useful nature of nitroalkenes, the nitro-aldol reac-
tion of nitroalkanes with aldehydes was also investigated
(Table 7).[22] The SA–NH2 catalyst gave a quantitative yield


of b-nitrostyrene from 1a and nitromethane (7a ; Table 7,
entry 1). The homogeneous primary amine was much less
active (Table 7, entry 5) and the low catalytic activity was
not improved by the addition of SA (Table 7, entry 3). Nota-
bly, the reaction hardly proceeded using SA–NEt2 instead of
SA–NH2 (Table 7, entry 2). In the case of the SA–NH2-cata-
lyzed reaction of 7a with 1a, the turnover number (TON)
based on the amine reached up to 330. This value is signifi-
cantly higher than that of the previously reported amine cat-
alysts: MCM-41-supported amine (TON=37),[22c] aminopro-
pylsilica (TON=17),[22d] and a silica-supported urea–amine
bifunctional catalyst (TON=125).[6] The SA–NH2 catalyst
was found to be applicable to the nitro-aldol reaction of
other aldehydes with nitroalkanes. The reaction of aliphatic
aldehydes, such as cyclohexanecarboxyaldehyde (1 j) and n-
octylaldehyde (1h), produced the corresponding nitroal-
kenes in excellent yields (Table 7, entries 8 and 9). Nitro-
ethane (7b) also acted as a good donor substrate (Table 7,
entry 10). After the nitro-aldol reaction of 7a with 1a, the
recovered SA–NH2 catalyst was washed with toluene and re-
usable under the same reaction conditions: the first and


Table 6. Michael reaction of 4c with 5d using various catalysts.[a]


Entry Catalyst Conversion [%][b] Yield [%][b]


1 SA–NEt2 >99 90
2 SiO2–NEt2 83 43
3 SA–NH2 <1 <1
4[c,d] Et3N+SA 90 66
5[c] Et3N <1 <1
6[d] SA <1 <1
7[d] SiO2 <1 <1
8[d] MgO 82 52
9 None <1 <1


[a] Catalyst (0.091 mmol of amine), 5d (1.5 mmol), 4c (0.5 mmol), tolu-
ene (1 mL), 60 8C, 30 min. [b]Determined by GC, based on 4c. [c]Trie-
thylamine (0.091 mmol). [d]Catalyst (0.1 g).


Table 7. Nitro-aldol reaction of aldehydes with nitroalkanes using various
catalysts.[a]


Entry Catalyst R1 R4 Time
[h]


Yield
[%][b]


1 SA–NH2 Ph (1a) H (7a) 6 99 (97)[c]


2 SA–NEt2 Ph H 6 <1
3[d,e] n-hexylamine+SA Ph H 6 12
4[d,f] n-hexylamine+


p-TsOH·H2O
Ph H 6 <1


5[d] n-hexylamine Ph H 6 13
6[e] SA Ph H 6 <1
7[e,f] none Ph H 6 <1
8[g] SA–NH2 c-hexyl (1j) H 2 88
9[g] SA–NH2 n-octyl (1h) H 2 88


10[g] SA–NH2 Ph Me (7b) 4 90


[a] Reagents and conditions: catalyst (0.015 mmol of amine), 1
(5.0 mmol), 7 (2 mL), 100 8C. [b] Determined by GC, based on 1.
[c] Fourth reuse experiment. [d] n-Hexylamine (0.015 mmol). [e]Catalyst
(0.0145 g). [f] p-TsOH acid (0.015 mmol). [g] Aldehyde (1 mmol); SA–
NH2 (0.056 mmol).
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second runs afforded product yields of 99 and 97%, respec-
tively.


Proposed catalytic reaction mechanism : Table 8 shows the
effect of solvents on the performances of the catalysts, and
the dielectric constant values e of the solvents as a criterion


of polarity are also listed. Toluene was the most effective
solvent among the solvents for the Michael reaction of 4c
with 2-cyclohexen-1-one (5e ; Table 8, entry 2), whereas di-
methyl sulfoxide (DMSO) and N,N-dimethylformamide
(DMF) were substantially less active (Table 8, entries 4 and
5). n-Heptane allowed an excellent conversion of 4c to be
obtained, but the selectivity was low (Table 8, entry 1).
These results suggest that nonpolar solvents with low dielec-
tric constants are good media for the Michael reaction and
that polar and electron-donating solvents with higher dielec-
tric constants resulted in lower reaction rates. On the other
hand, a polar solvent, DMF, gave a good result relative to
toluene when MgO, as a typical heterogeneous base, was
used as a catalyst for the Michael reaction (Table 8, entry 6
vs. 7).


From these contrary results, it is reasonable to conclude
that the Brønsted acidic sites on the SA surface, which can
be deactivated by electron-donating solvents, play a crucial
role in the catalytic mechanism of SA–NEt2.


[23] After the
treatment of SA–NEt2 with 2a, the n(CN) peak for 2a ap-
peared at 2221 cm�1 (Figure 7B),[24] which is lower than that
for free 2a (2247 cm�1; Figure 7D). The shifted n(CN) ab-
sorption band disappeared on treatment with 1a, accompa-
nied with the production of 3aa (Figure 7A). This peak shift
was not observed when the SA surface was treated with 2a
(Figure 7C). These results indicate that the nucleophilic CN
species forms through interaction with the surface tertiary
amine group. As consequence, we proposed a reaction
mechanism for the SA–NEt2-catalyzed reactions involving
the dual activation of the donor and acceptor substrates at
the basic amine site and the neighboring Brønsted acidic


site on the SA surface, respectively (Scheme 2). The initial
rate of the triethylamine-catalyzed cyanation of 1a with 2a
is first-order with respect to the concentration of 1a and
zero-order with respect to the concentration of 2a, thus indi-
cating that the rate-determining step is the carbon–carbon
bond-forming step. On the other hand, the initial reaction
kinetics in the SA–NR2-catalyzed reaction shows zero-order
dependence with respect to both 1a and 2a. It is suggested


Table 8. Solvent effect on the Michael reaction.[a]


Entry Catalyst Solvent
(dielectric constant (e))


Conversion
[%][b]


Yield
[%][b]


1 SA–NEt2 n-heptane ACHTUNGTRENNUNG(1.9) >99 32
2 SA–NEt2 toluene ACHTUNGTRENNUNG(2.4) 88 64
3 SA–NEt2 Et2O ACHTUNGTRENNUNG(4.2) 86 56
4 SA–NEt2 DMSO ACHTUNGTRENNUNG(47.2) 20 20
5 SA–NEt2 DMF ACHTUNGTRENNUNG(36.7) 8 <1
6 MgO toluene ACHTUNGTRENNUNG(2.4) 33 33
7 MgO DMF ACHTUNGTRENNUNG(36.7) 58 46


[a] Reagents and conditions: catalyst (0.1 g), 5e (0.75 mmol), 4c
(0.5 mmol), solvent (1 mL), 60 8C, 3 h. [b]Determined by 1H NMR spec-
troscopic analysis, based on 4c.


Figure 7. IR spectra of A) SA–NEt2 +2a after treatment with 1a, B) SA–
NEt2 +2a, C) SA+2a, and D) free 2a. These spectra were measured at
room temperature in transmission mode. The solid samples were pressed
into a disk with KBr.


Scheme 2. Reaction mechanism for SA–NEt2-catalyzed reactions involv-
ing dual activation of the donor (i) and acceptor (ii) substrates on the SA
surface.


www.chemeurj.org E 2008 Wiley-VCH Verlag GmbH& Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 4017 – 40274024


Y. Iwasawa et al.



www.chemeurj.org





that the electron-withdrawing activation of a carbonyl com-
pound by surface acidic sites is a new and very fast reaction
step.


Table 7 and several previous reports[22b] show the substan-
tially low catalytic activity of tertiary amine catalysts for the
nitro-aldol reaction relative to primary amine catalysts in
spite of the larger electron-donating effect of tertiary amine
groups as a result of alkyl moieties. To determine the reac-
tion intermediate, IR spectra of the SA–NH2 catalyst after
treatment with a solution of 1a in toluene were recorded
(Figure 8). New peaks appeared at 1650 and 1457 cm�1,


which are assignable to the C=N stretching and C�C vibra-
tion modes in a benzylimine species, respectively
(Figure 8).[25] From these results and previously reported
data, the reaction mechanism for the SA–NH2-catalyzed
nitro-aldol reaction is proposed in Scheme 3: 1) an aldehyde
is activated by a surface acidic site and the immobilized
NH2 group attacks the carbonyl carbon atom in the alde-
hyde, 2) a dehydration reaction occurs so that a surface


imine species forms, and a nitroalkane moiety reacts with
the activated imine to afford the nitroalkene product.


Conclusion


Silica–alumina was used as a support for basic amines in the
development of acid–base bifunctional catalysts (SA–NEt2
and SA–NH2) in carbon–carbon bond-forming reactions for
the first time. The amine-immobilization process on the SA
surface was examined by solid-state NMR spectroscopic
analysis, which revealed a weak acid–base interaction be-
tween the amine and the acidic site of SA–NEt2. The coexis-
tence of both a moderately acidic site and an amine base at
the same solid surface without neutralization realized the
acid–base bifunctional catalyst with a high performance: the
SA–NR2 surface was found to be an extremely active heter-
ogeneous catalyst for carbon–carbon bond-forming reac-
tions, such as cyano-ethoxycarbonylation, the Michael reac-
tion, and the nitro-aldol reaction. Refinement of multifunc-
tional solid surfaces may achieve highly efficient organic
synthesis including brand new reactions.


Experimental Section


General : 1H and 13C NMR spectra were recorded on a JNM-AL400 spec-
trometer at 400 MHz using CDCl3 as the solvent and trimethylsilane
(TMS) as an internal standard. Solid state 13C and 29Si MAS NMR spec-
tra (MAS rate: 4 kHz) were recorded on a Chemagnetics CMX-300 spec-
trometer operating at 75.5 and 59.7 MHz, respectively. 13C MAS NMR
spectra with cross polarization (CP) were acquired at a contact time of
5.0 ms. 29Si NMR spectra were measured by a single-pulse detection
method with hydrogen decoupling (pulse duration: 1.5 ms, rotor-spin rate:
4 kHz, delay time: 15 (13C) and 20 s (29Si). Hexamethylbenzene (13C: d=


17.17 and 176.46 ppm) and TMS (29Si: d=0 ppm) were used as external
standards for the calibration of the chemical shifts. The accumulation
numbers were fixed at about 20000 (13C) and 10000 (29Si). The IR spectra
were recorded on a JASCO FTIR-410 spectrometer. Analytical GLC and
GLC–MS were carried out on a Shimadzu GC-2010 machine with a
flame ionization detector equipped using a silicon SE-30 column.


Unless otherwise noted, the materials were purchased from Wako Pure
Chemicals (Tokyo Kasei Co.) and Aldrich Inc. and were used after ap-
propriate purification. Amorphous silica–alumina (SA) N633HN (SiO2,
66.5; Al2O3, 25.1%; 380 m2g�1) was purchased from Nikki Chemical Co.
SA containing a lower Al content (N633 L; SiO2, 82.5; Al2O3, 12.6%;
429 m2g�1) was also obtained from Nikki Chemical Co. Silica (Aerosil
300; 300 m2g�1), alumina (g-Al2O3; Soekawa Chemicals), and H-USY
(Tosoh Co. HSZ-330HUA; Si/Al=3.17:1; 626 m2g�1) were used as sup-


ports. The products were confirmed by
comparison with reported mass spec-
trometric and NMR spectroscopic
data.


Preparation of the SA–NEt2 surface :
SA was pretreated at 393 K for 3 h
under vacuum. SA (1.0 g) was added
to a solution of 3-(diethylamino)-
propyl trimethoxysilane (2 mmol) in
toluene (20 mL). The reaction mixture
was heated to reflux for 24 h. The sol-
vent was removed by filtration, and
the obtained functionalized SA was
washed with dichloromethane, fol-


Figure 8. IR spectra for A) SA, B) SA–NH2, and C) SA–NH2 treated
with benzaldehyde. These spectra were measured at room temperature in
transmission mode. The solid samples were pressed into a disk with KBr.


Scheme 3. Reaction mechanism for the SA–NH2-catalyzed nitro-aldol reaction. i) Attack on the carbonyl
carbon atom by the immobilized NH2 group and ii) a dehydration reaction followed by the formation of the ni-
troalkene product.
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lowed by drying under vacuum. Elemental analysis (%) of SA–NEt2: C
8.40, H 2.16, N 1.27. Other supported amines (support–NR2) were also
prepared by using similar procedures. Elemental analysis (%) for SA–
NH2: C 6.41, H 1.99, N 1.57; SA ACHTUNGTRENNUNG(lower Al)–NEt2: C 8.49, H 2.08, N 1.17;
SiO2–NEt2: C 6.58, H 1.42, N 0.99; Al2O3–NEt2: C 4.07, H 1.26, N 0.54;
H-USY–NEt2: C 7.38, H 2.19, N 0.63.


Cyano-ethoxycarbonylation using the SA–NEt2 surface : SA–NEt2
(0.038 g, 0.034 mmol), toluene (5 mL), ethyl cyanoformate (1.0 mmol),
and benzaldehyde (0.5 mmol) were placed in a pyrex glass reactor. The
resulting mixture was vigorously stirred at room temperature under N2,
and the catalyst was separated by filtration after 1 h. GC analysis of the
filtrate showed 95% yield of the addition product.


Michael reaction using the SA–NEt2 surface : SA–NEt2 (0.1 g,
0.091 mmol), toluene (1 mL), ethyl cyanoacetate (0.5 mmol), and methyl
vinyl ketone (1.5 mmol) were placed in a pyrex glass reactor. The result-
ing mixture was vigorously stirred at 60 8C, and the catalyst was separated
by filtration after 30 min. GC analysis of the filtrate showed a quantita-
tive conversion of ethyl cyanoacetate and 90% yield of the bisaddition
product.


Nitro-aldol reaction using the SA–NH2 surface : SA–NH2 (0.0135 g,
0.015 mmol), nitromethane (2 mL), and benzaldehyde (5.0 mmol) were
placed in a pyrex glass reactor. The resulting mixture was vigorously
stirred at 100 8C, and the catalyst was separated by filtration after 6 h.
GC analysis of the filtrate showed 99% yield of the b-nitrostyrene prod-
uct.


IR spectroscopic analysis : After exposure of the SA, SA–NEt2, and SA–
NH2 surfaces to the substrates in toluene, the solid catalysts were filtered,
dried under atmospheric pressure, and pressed into a disk with KBr.
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Frequency-Dependent Alternating-Current Scanning Electrochemical
Microscopy (4D AC-SECM) for Local Visualisation of Corrosion Sites


Kathrin Eckhard,[a] Thomas Erichsen,[a] Martin Stratmann,[b] and
Wolfgang Schuhmann*[a]


Introduction


Since its introduction in 1989, scanning electrochemical mi-
croscopy (SECM)[1] has matured to become a ubiquitous
tool in local surface analysis.[2,3] In recent years, localised
corrosion phenomena have been the subject of increasing at-
tention.[4–7] A number of SECM detection schemes involve
the measurement of Faraday currents, as, for example, in
amperometric feedback mode,[8] generator–collector mode,[9]


or redox competition mode,[10] among others. Some modes,
however, do not depend on the occurrence of redox reac-
tions and hence are possible to perform without the addition
of a freely diffusing redox mediator. Therefore, they may be
used to probe samples without unavoidably influencing


them at the same time through the Nernst potential at the
sample/electrolyte interface. Examples include local potenti-
ometry[11] and alternating-current scanning electrochemical
microscopy (AC-SECM). The latter provides analytical sig-
nals that are dependent on the tip-to-sample separation,
which is a prerequisite for local microscopy. This feature can
be used for precise vertical positioning of SECM tips for
amperometric,[12] enzymatic,[13] or potentiometric[14] sensors.
The AC signal has been further utilised to establish a con-
stant distance control in SECM,[15] although it should be
noted that this is only applicable on electrochemically ho-
mogeneous sample surfaces.[16] Furthermore, the alternating
current response may be successfully used to monitor varia-
tions in the local electrochemical activity of a sample.[17–21]


While electrically insulating samples invariably lead to a
negative feedback response during z approaches, electrically
conducting samples may cause either negative feedback,[15,22]


positive feedback,[13,17,20] or both, depending on the experi-
mental conditions.[23, 24]


AC-SECM has also been coupled to current-independent
distance-control devices, as in piezo–piezo shear force posi-
tioning[22,25] and AFM.[24,26] Since the signal is influenced by
the local admittance of the solution, it has also been utilised
to image ion flux through membrane pores.[27, 28] The concept
of AC-SECM resembles that of local electrochemical impe-


Abstract: For a better understanding of
the initiation of localised corrosion,
there is a need for analytical tools that
are capable of imaging corrosion pits
and precursor sites with high spatial
resolution and sensitivity. The lateral
electrochemical contrast in alternating-
current scanning electrochemical mi-
croscopy (AC-SECM) has been found
to be highly dependent on the frequen-
cy of the applied alternating voltage. In
order to be able to obtain data with op-
timum contrast and high resolution, the


AC frequency is swept in a full spec-
trum at each point in space instead of
performing spatially resolved measure-
ments at one fixed perturbation fre-
quency. In doing so, four-dimensional
data sets are acquired (4D AC-SECM).
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ing surfaces. Corrosion precursor sites
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coatings, as well as an actively corrod-
ing pit on 304 stainless steel, have been
successfully visualised. Since the lateral
electrochemical contrast in these
images varies with the perturbation fre-
quency, the proposed approach consti-
tutes an indispensable tool for obtain-
ing optimum electrochemical contrast.


Keywords: analytical methods ·
corrosion · impedance · scanning
probe microscopy · surface analysis


[a] Dr. K. Eckhard, Dr. T. Erichsen, Prof. Dr. W. Schuhmann
Analytische Chemie—Elektroanalytik und Sensorik
Ruhr-Universit?t Bochum
Universit?tsstrasse 150, 44780 Bochum (Germany)
Fax: (+49)234-32-14683
E-mail : wolfgang.schuhmann@rub.de


[b] Prof. Dr. M. Stratmann
Max-Planck-Institut fDr Eisenforschung
Max-Planck-Strasse 1, 40237 DDsseldorf (Germany)


Supporting information for this article is available on the WWW
under http://www.chemeurj.org/ or from the author.


E 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 3968 – 39763968







dance mapping (LEIM),[29,30] as both approaches implement
a type of local microscopy based on the detection of alter-
nating current signals at one single frequency. LEIM is per-
formed in a five-electrode arrangement with a platinised
twin-tip akin to that used in local electrochemical impe-
dance spectroscopy (LEIS). In LEIS, full impedance spectra
are recorded exclusively at the sites of interest; lateral scan-
ning is only conducted at one frequency. In contrast to LEIS
or LEIM, in AC-SECM conventionally designed ultrami-
croelectrodes (UME) are employed, enabling straightfor-
ward adoption of the technique and good prospects for im-
proved resolution by miniaturisation of the probe.[25] Thus,
based on our previous developments with respect to the
generation of four-dimensional data sets in SECM,[10,31] we
now demonstrate the implementation of frequency scans at
each x,y position of the scanning electrochemical micro-
scope. In this paper, an instrument is introduced that com-
bines the detailed information of frequency spectroscopy
with the spatial resolution of local microscopy.


Results and Discussion


The dependences of the positive feedback[23,24] and of the
lateral electrochemical contrast[24] on the perturbation fre-
quency in AC-SECM have been described previously. The
threshold frequency for positive feedback behaviour to
occur over conductive samples varies with specific experi-
mental conditions, such as the nature of the sample, the
ionic strength of the electrolyte, and the active diameter of


the SECM tip. This has obvious consequences for the quali-
ty of lateral imaging in AC-SECM. An arbitrarily chosen
frequency might conceal features in the local distribution of
electroactivity. Similarly, recording full-frequency spectra
before scanning at only a few spots could miss the point of
interest on unknown sample surfaces. It follows that the way
to proceed is to combine the advantages of spatially re-
solved activity mapping with automated sweeps in the per-
turbation frequency in order to obtain the optimum electro-
chemical contrast.
Therefore, based on an existing AC-SECM instrument,


the concept that is outlined schematically in Scheme 1 has
been realised.[17] At each point in space, the applied fre-
quency is changed through the digital communication be-
tween the PC and lock-in amplifier (LIA) according to user-
defined parameters. It can be swept from low to high values
or vice versa in either linear or logarithmic increments.


The required sampling times for each current value are in-
versely proportional to the perturbation frequency. The time
needed to record a full spectrum depends on the frequencies
and the number of increments, and for a spectrum of 50 fre-
quencies between 100 Hz and 100000 Hz takes about 8 s at
each point in space. The resulting alternating current re-
sponse is acquired digitally as a function of the applied fre-
quency. Thereby, spectra proportional to the complex admit-
tance are obtained and stored together with the coordinates
of the tip position.
An experimental example of such a spectrum is shown in


Figure 1A (squares). It was recorded with a 10 mm diameter
UME in bulk solution (c=1 mm NaClO4) in the frequency
range from 273 Hz to 96.485 kHz with a perturbation ampli-
tude of 0.1 V. At first, the current magnitude rises with in-
creasing frequency, then reaches a maximum, before decay-
ing once more. Considering the simplest equivalent circuit
for an electrochemical cell in the absence of any redox me-
diator, that is, a resistor and a capacitor in series, the experi-


Abstract in German: Um die Entstehung lokaler Korrosions-
ph�nomene untersuchen zu kçnnen, bedarf es ortsauflçsend-
er Methoden, die beispielsweise Lochfraß oder Korrosions-
vorstufen mit hoher lateraler Auflçsung visualisieren kçnnen.
Bei der Abbildung lokaler elektrochemischer Aktivit�t mittels
wechselstrombasierter elektrochemischer Rastermikroskopie
(AC-SECM) ist der Kontrast in hohem Maße abh�ngig von
der gew�hlten Anregungsfrequenz. Um den Informationsge-
halt der erhaltenen Bilder zu erhçhen und optimalen elektro-
chemischen Kontrast zu erzielen, wird vorgeschlagen, an
jedem Punkt des Rastergitters, ein komplettes Frequenzspek-
trum aufzunehmen, anstatt die Oberfl�che mit einer einzigen,
willk4rlich gew�hlten Anregungsfrequenz abzurastern. Da-
durch werden vierdimensionale Datens�tze erhalten (4D AC-
SECM). Wir berichten hier 4ber den Aufbau des neu ent-
wickelte Instrumentes, seine Funktionsweise und 4ber erste
Ergebnisse zur Abbildung korrodierender Oberfl�chen. Kor-
rosionsvorstufen und Defekte in organischen Schutzschichten
konnten ebenso erfolgreich visualisiert werden wie ein Korro-
sionsherd auf einer 304 Edelstahl-Oberfl�che. Die hier vor-
gestellte Herangehensweise garantiert die Erfassung des opti-
malen elektrochemischen Kontrastes und damit eine hohe
Auflçsung bei der Visualisierung korrodierender Oberfl�-
chen.


Scheme 1. Schematic outline of the experiment. The ultramicroelectrode
is scanned in the x and y directions across a sample. Communication with
the computer (PC) is achieved through a serial port of the digital lock-in
amplifier (LIA). The lateral distribution of the current magnitude R (as
well as the phase shift and real and imaginary parts of the alternating cur-
rent response) is acquired as a function of frequency, resulting in four-di-
mensional data sets.
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mental data are at variance with what one might expect. At
low frequencies, the double layer represented by the capaci-
tor dominates the overall cell impedance and hence the cur-
rent response signal is small. Since the impedance of the ca-
pacitance is inversely proportional to the frequency, the cur-
rent initially increases with rising perturbation frequency.
Beyond a characteristic threshold frequency, the capacitor
should no longer contribute to the overall cell impe-
dance.[23,24] In that case, the overall cell impedance would be
expected to remain constant, given that the resistor is inde-
pendent of the frequency. The observed decay in current
magnitude for higher frequencies up to 100 kHz is caused
by inevitable stray capacitances. For this reason, Ervin
et al.[27] decided to work at frequencies lower than 1.5 kHz
to exclude influences by wires and electrical connections. In
high-frequency regions, the effective bandwidth of the cur-
rent follower or potentiostat can also become the limiting
factor. Diakowski et al.[23] therefore calibrated their instru-
mentation for each current range of the current follower
with known resistors for each frequency. The resulting math-
ematical corrections were small for low frequencies, but
became significant at high frequencies.
In order to investigate the influences of the vertical tip


position and the nature of the underlying sample, frequency
spectra were recorded over samples of glass (Figure 1A)
and gold (Figure 1B), respectively. For both samples, the
SECM tip was positioned once at the near-field distance
(circles) and once in bulk solution (squares).
The data recorded over glass display a significant decrease


of the current magnitude compared to the bulk solution
signal when the electrode tip is positioned near the sample


surface. This is due to the blocking nature of the insulating
glass sample, which leads to a negative-feedback-type re-
sponse during z approach. The SECM tip and sample at a
small separation from one another form a highly resistive
thin-layer cell.[32] The impedance of the tip increases as the
electrolyte film trapped between tip and sample becomes
thinner. Thus, the inversely proportional alternating current
magnitude decreases. Hence, at each frequency, the magni-
tude of the current at tip positions close to the surface (cir-
cles; Figure 1A) is smaller than that in the bulk solution
(squares; Figure 1A). At a given frequency, the absolute dif-
ference between the bulk spectrum and the spectrum ob-
tained with the tip positioned close to the gold surface is
much smaller (Figure 1B). Moreover, the two spectra inter-
sect, so that at higher frequencies the current magnitudes at
the surface are in fact larger than those in bulk solution.
This corresponds to a positive-feedback-type response over
electrically conducting surfaces.
The developed instrument was utilised to obtain z-ap-


proach curves while simultaneously changing the perturba-
tion frequency at each spatial position automatically. For in-
stance, during one individual z-approach experiment, 34 z-
approach curves at different perturbation frequencies were
obtained, a small selection of which are displayed in
Figure 2. Figure 2A shows the current magnitude during z
approach towards an SiO2 surface, while Figure 2B shows
the corresponding data on approaching an Au surface. As
can be deduced from Figure 2, insulating samples result in
purely negative feedback approach curves for all perturba-
tion frequencies, while conducting samples also allow posi-
tive feedback responses. The conducting substrate offers an
alternative pathway for the alternating current, so that the
highly resistive thin-layer electrolyte can be partially circum-
vented. At high perturbation frequencies, the overall cell
impedance even decreases, resulting in an increase in the
current magnitude close to the sample surface. This flip
from negative feedback to positive feedback approach
curves over conducting sites has been described previous-
ly.[23,24]


In the case of insulating sample surfaces (Figure 2A), the
perturbation frequency has a gradual effect on the shape of
the z-approach curve. Compared to the bulk solution results,
the current magnitude signal alters most drastically upon ap-
proaching at frequencies between about 6 and 13 kHz.
Smaller changes in the relative signal are seen at both
higher and lower frequencies. However, there is still a quali-
tative difference to be revealed by this experiment. Compar-
ing the approach curves obtained at 1352 or 2754 Hz with
that obtained at 33.199 kHz (Figure 2A), it becomes obvious
that very high frequencies show a much larger near-field dis-
tance. At high frequencies such as 33.199 kHz, the shape of
the approach curve is rather flat, but the interaction with
the surface extends several tens of micrometers into the so-
lution. Therefore, high-frequency measurements ought to be
less sensitive to changes in surface topography. The ap-
proach at 1352 Hz, however, decreases within a mere 15 mm
(the electrode diameter was 25 mm). Nonetheless, as already


Figure 1. Frequency spectra from 96485 to 273 Hz recorded over samples
of SiO2 (A) and Au (B) with the SECM tip positioned close to the
sample surface (*/*) and in bulk solution (&/&); c =1 mm NaClO4, d=


10 mm, Vpp=100 mV.
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expected from Figure 1, all z-approach curves towards an in-
sulating surface result in negative feedback behaviour. On
the contrary, in the case of a conducting sample, the direc-
tion of the feedback response changes with frequency (Fig-
ure 2B). Low frequencies cause negative feedback, while
high frequencies lead to positive feedback responses.
The detection scheme in AC-SECM depends on measur-


ing the resistance at the tip. However, this resistance can be
masked by the impedance of the electrode capacitance in
the case of small diameter tips, high ionic strength, or low
voltage perturbation frequencies. If the frequency exceeds
the time constant of the electrochemical cell, the contribu-
tion of the double-layer capacitance to the overall cell impe-
dance of this series RC circuit is suppressed. Hence, high
perturbation frequencies lead to a positive feedback re-
sponse in the z-approach curve (Figure 2B). Thus, the abso-
lute difference between the bulk and surface signals for the
Au sample (Figure 1B, solid line) naturally displays two
maxima corresponding to negative and positive feedback re-
sponses, respectively. It is interesting to note here that the
point of zero crossing coincides with the maximum in the
absolute difference between the spectra obtained in bulk so-
lution and directly recorded at the insulating glass substrate
(Figure 1A, solid line). In Figure 3, curves of the absolute
signal drop during z approach are plotted as a function of


frequency. Here, the magnitudes of the current and the
phase shift with the tip located in close proximity to the
sample surface have been subtracted from the correspond-
ing bulk signals. Depending on the applied frequency and
the nature of the sample, the magnitude of the signal drop
varies greatly. A pronounced signal drop in the near field is
desired in scanning probe microscopy to guarantee high-
contrast imaging results. However, if the near-field interac-
tion is potentially extinguished under certain parameters, it
is difficult to identify a single perturbation frequency suita-
ble for imaging. The maximum signal drop in the current
magnitude for approaching an SiO2 surface under the given
conditions occurs at around 8 kHz (Figure 3, solid line).


Accordingly, the differences in the magnitudes of the signals
recorded over an insulator (solid line) and a conductor
(dashed line) are large in this frequency range. This kind of
distinct difference in signals over insulating and conducting
parts of a sample is essential for imaging the local electro-
chemical surface properties. However, this frequency range
of roughly 8 kHz would not have been chosen if the lateral
scan had been started over a conducting surface area. At
this perturbation frequency, the curves of the current magni-
tude upon z approach towards an Au surface change under
the given conditions from a negative to a positive feedback
response. Therefore, the absolute difference in magnitude of
the bulk and surface signals is about zero at 8 kHz
(Figure 3, dashed line). The frequency at which the feedback
response flips from negative to positive changes with the
nature and size of the conducting sample, the diameter of
the electrode tip, and the ionic strength of the electrolyte
(data not shown).
Recording single z approach curves with low vertical con-


trast over conductors (e.g., f=8 kHz on Au) disguises the
high lateral electrochemical contrast that could be achieved
at this perturbation frequency. Obviously, the frequency for
optimum imaging contrast cannot be determined before-


Figure 2. Approach curves towards SiO2 (A) and Au (B) surfaces. At
each point in space, the frequency was swept automatically from 273 Hz
to 96485 Hz in 33 increments; c=1 mm NaClO4, d =10 mm, Vpp=100 mV.
A selection of the resulting current approach curves is plotted for the fre-
quencies indicated.


Figure 3. Absolute signal drop during AC-SECM z-approach curves; c=


1 mm NaClO4, d=10 mm, Vpp=100 mV. Displayed are the differences in
current magnitude (black) and phase shift (grey) as a function of the per-
turbation frequency of the applied voltage when approaching glass (solid
and dashed lines) and gold (dash-dotted and dotted lines) surfaces. A
negative absolute signal drop indicates positive feedback response during
the z approach.
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hand for unknown samples. This is especially the case since
the phase shift as well as the real and imaginary parts of the
alternating current response also display maxima for the
signal change during the z approach and the lateral electro-
chemical contrast at different perturbation frequencies. The
phase shifts in the differences between the surface and bulk
signals are plotted in Figure 3. The differences obtained
over Au (dotted line) and over SiO2 (dot-dash line) intersect
at about 18 kHz. A map of the local phase shift at this per-
turbation cannot reveal the distribution of electrochemical
surface activity. Thus, for optimum lateral contrast, it is vital
to perform scans at various perturbation frequencies.[24]


In recognition of this fact, the improved AC-SECM in-
strument with automatic recording of full-frequency spectra
was utilised to scan the surface of a lacquered tin plate as
used in the food packaging industry. It was a low-carbon
steel galvanised with tin and subsequently covered with a 9–
15 mm layer of epoxyphenolic varnish. The insulating poly-
mer layer had deliberately been damaged prior to the ex-
periment in order to expose the underlying metal and, thus,
to create sites with increased electrochemical activity. Later-
al scans across a sample surface result in 3D maps of the
electrochemical surface activity distribution. Since the per-
turbation frequency is digitally altered at each point of the
scanning grid, surface activity images are automatically ac-
quired for multiple frequencies during one single SECM
measurement. The resulting four-dimensional data set can
be displayed as a movie consisting of several single 3D
images as a function of perturbation frequency (please refer
to the Supporting Information). Excerpts of these movies
are shown in Figure 4.
A circular defect of about 220 mm in diameter, which had


been introduced by punching the polymer coating with a
needle, was imaged by means of 4D AC-SECM and the
result is displayed in Figure 4A. At a perturbation frequency
of 273 Hz, the influence of the defect in the coating on the
local values of the AC magnitude is seen to extend much
further in the x and y directions than the actual size of the
defect. This can be attributed to capacitive components,
which dominate the signal at this frequency. Defects in pro-
tective coatings can lead to dissolution of the underlying tin
substrate, thus resulting in a point source from which ions
are released into solution, which, in turn, changes the local
ionic strength. With increasing perturbation frequency, the
visualised defect becomes more confined (Figure 4A). At
high frequencies, the predominant contribution to the over-
all cell impedance is the local impedance of the sample sur-
face. The field lines are able to enter the conducting sample
and travel within it with virtually no resistance, finally exit-
ing the sample at a remote place closer to the counter elec-
trode. Therefore, under the given experimental conditions,
for perturbation frequencies > 8 kHz, locations with re-
moved and intact organic coating can clearly be distinguish-
ed with high spatial resolution. In a second experiment,
shown in Figure 4B, larger defects were introduced in the or-
ganic layer of a similar sample. Using a scalpel, three paral-
lel scratches were generated perpendicular to the x-scanning


direction. At a perturbation frequency of 273 Hz, the signal-
to-noise ratio is low and only two scratches are visible (Fig-
ure 4B). At 793 Hz, the third defect in the organic layer be-
comes apparent on the right-hand-side of the image. It is,
however, small and displays substantial cross-talk to the
scratch in the centre. The images obtained at 2.754 and
8.005 kHz are less noisy and clearly reveal the three defects
in the coating. Nonetheless, the current magnitude at tip po-
sitions over the intact layer is still influenced by the neigh-
bouring defects. At higher frequencies, this cross-talk of the
surface features is further suppressed. At 33.199 kHz, the
signal-to-noise ratio is large and the current magnitude be-
tween the defects declines to a background value. The sur-
face area that is probed at high perturbation frequencies is
much more confined than that at lower frequencies, at
which capacitive contributions also contribute to the overall
signal. For this reason, the scratches appear to be much
broader in the images at f<1 kHz. An additional reason for
the flat background in the images obtained at high frequen-
cies (f=8.005 kHz and 33.199 kHz) is the minimised influ-
ence of topographic features. As became apparent from the
set of z approach curves in Figure 2A, higher perturbation
frequencies result in approach curves with smaller slopes
and an increased near-field distance.
For experimental situations like those in Figure 4A,B, that


is, a sample surface with mainly insulating areas (organic
layer) and local defects (scratches), which are small com-
pared to the size of the sample but large compared to the
electrochemically active size of the tip (25 mm), high pertur-
bation frequencies are obviously beneficial. The images
become less susceptible to topographic influences, show con-
fined electroactive features at their actual size, and display a
high signal-to-noise ratio. These improvements are due to a
minimised contribution of the capacitive impedance at
higher frequencies. Beyond a certain threshold frequency,
the capacitance of the electrode tip is permeable to the al-
ternating current. In this case, the tip resistance is the domi-
nant contribution to the overall impedance of the system,
which guarantees optimal electrochemical contrast. This
holds true even though the use of high frequencies invaria-
bly gives rise to current leaks and stray capacitances (see
Figure 1). Despite these features, the lateral electrochemical
contrast is significantly improved by choosing high frequen-
cies (Figure 4).
Other experimental designs, however, include a more


complex interplay of parameters. On a large (1 cm2) stain-
less steel (304 SS) surface, a corrosion pit was initiated using
the direct mode of SECM.[33] The sample was mechanically
polished in subsequent steps with sandpaper and alumina
paste down to a grain size of 1 mm. The configuration is out-
lined on the left-hand-side of Scheme 2. Here, the SECM tip
serves as the counter electrode, while the sample (working
electrode) is polarised anodically. Since the counter elec-
trode is smaller than the working electrode by several
orders of magnitude, it becomes limiting for the current.
Thus, the anodic breakdown of the passive layer on the steel
working electrode occurs predominantly in the vicinity of
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Figure 4. 4D AC-SECM measurements on a lacquered tin plate; dtip=25 mm, c =1 mm KClO4, Vpp=100 mV, f =0.273 kHz ! 33.199 kHz in 27 logarith-
mic increments. For the animated movie data, refer to the Supporting Information. From top to bottom: 0.273, 0.793, 2.754 kHz, 8.005, 33.199 kHz.
A) pinhole, scan area=1000 mmK1000 mm; B) scan area=2000 mmK80 mm.
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the SECM tip. Knowing the relative position of the actively
induced corrosion spot, it can subsequently be visualised by
means of 4D AC-SECM.
The same area had been scanned in the AC-SECM mode


(Scheme 2, right) before inducing corrosion to ensure that
the surface had originally been electrochemically homogene-
ous (data not shown). The outcome of the subsequent scan
is displayed in Figure 5. The spot is located in the centre of
the image. At voltage perturbations of 0.501 kHz and
0.987 kHz, the corrosion pit appears as an area of higher
current magnitude, represented in white in the false colour
image. A frequency of 6.387 kHz caused the current magni-
tude to decrease over the corrosion spot.
Due to this inversion, the spot is less distinguishable from


the background at intermediate frequencies (cf. the images
obtained at 1.643 kHz and 2.307 kHz in Figure 5). Interest-
ingly, frequencies that led to the best electrochemical con-
trast in the experiments presented in Figure 4A,B (f>
20 kHz) do not reveal the corrosion pit at all (cf. the image
obtained at 20.949 kHz in Figure 5). This is due to the size
of the conducting surface area of the sample. Figure 6 shows
a simplified equivalent circuit taking into consideration the
properties of the sample. Rsol is the solution resistance,
which changes with the absolute z distance between the tip
and the sample surface. This fact underlies the origin of the
near-field response and is, therefore, a prerequisite for suc-
cessful application of the technique as scanning microscopy.
RT and CT are the resistance and capacitance of the tip, re-
spectively, while RS and CS denote the resistance and capaci-
tance of the sample. RS’ and CS’ are the resistance and capac-
itance of the sample at the specific area that is covered by
the glass shield of the tip. It can therefore be presumed that
the ratio of insulating glass to active electrode size (RG
value) of the tip will influence the outcome of the measure-
ment. Similar equivalent circuits have been proposed previ-
ously.[19] The local information on the sample is derived
from local variations in RS’ and its relationship with Rsol. The
current can either flow through the solution or via the
sample.


Since the sample presents a
large metallic surface (1 cm2)
compared to the lacquered tin-
plate, it also has a large capaci-
tance (CS and CS’). The impe-
dance Z(CS) is inversely pro-
portional to the capacitance
and very low for large sample
surfaces. Thus, above a certain
threshold frequency, the capaci-
tive pathway through the
sample can completely short-
cut the working and counter
electrodes. Thereby, the local
information on the surface re-
sistance (RS’) at the position of


the SECM tip is lost. Therefore, in this experiment, lower
frequencies yield the best lateral electrochemical contrast
(Figure 5). When imaging unknown samples, there is no pos-
sibility of determining the frequency for optimum contrast
in the electrochemical image prior to the lateral scan. The
AC perturbation frequency should be high in order to short-
cut the capacitance of the tip, but at the same time it must


Scheme 2. Schematic outline of the experiment. Use of the electrode arrangement in direct mode (left) was
followed by an AC-SECM measurement (right). Direct mode: linear sweep at #=1 mVs�1 from 0 mV to
1200 mV vs Ag/AgCl in 1 mm KClO4. AC-SECM: see Figure 5.


Figure 5. 4D AC-SECM measurements on a 1 cm2 sample of 304 stainless
steel. The surface had been polished down to 1 mm and subsequently ano-
dised in direct mode SECM (see Scheme 2). Scan area=750 mmK
600 mm, dtip=25 mm, c =1 mm KClO4 (fresh), Vpp=100 mV, f=0.501 kHz
! 96.485 kHz in 31 logarithmic increments. 3D maps of this data set are
displayed for f=0.501 kHz, 0.987 kHz, 1.643 kHz (left) and 2.307 kHz,
6.387 kHz, 20.949 kHz (right).
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not be so high as to short-cut the capacitance of large con-
ducting sample surfaces. Since the ultimate aim of this work
is to investigate unknown structures, the optimum frequency
for doing so will always be inherently unknown. The experi-
mental design suggested in this contribution provides an ele-
gant way to circumvent this by collecting data at various fre-
quencies during one single scan.


Conclusion


In view of the frequency dependence of the lateral electro-
chemical contrast in AC-SECM imaging, a technique is sug-
gested to systematically deal with and take advantage of this
phenomenon. The introduced scanning electrochemical mi-
croscopy instrument automatically collects frequency spectra
at each point in space. This impedance-based procedure
gains access to data of high electrochemical content with
high spatial resolution. Misinterpretation caused by arbitra-
rily chosen frequencies for the lateral imaging is methodical-
ly avoided. The optimal parameters for imaging are depen-
dent on the geometry and size of the electrode tip, the ionic
strength of the solution, and, in the case of conducting sites,
also on the size and nature of the sample. The introduced
four-dimensional method of frequency-dependent AC-
SECM thus represents a straightforward tool for lateral
imaging of surface activity at optimal electrochemical con-
trast. Future work will include the combination of 4D AC-
SECM with shear-force based distance control as well as
converting the data into complex impedances.


Experimental Section


General : Potassium perchlorate was purchased from Riedel-de-Haen
(Seelze, Germany) and was used as received. Solutions were prepared
with deionised triply-distilled water. Electrodes were fabricated accord-
ing to a protocol described previously.[34]


Instrumentation : The instrument was adapted based on the scanning
electrochemical microscope employed in ref. [17]. Briefly, it consisted of
a step-motor-driven x,y,z stage (Owis GmbH, Staufen, Germany) with a
resolution of 0.625 mm per half step and 48 nm per microstep. A PAR
273A potentiostat (Ametek, Oak Ridge, USA) with a bandwidth of
100 kHz was used. The voltage input of the potentiostat was connected
to the oscillator output of a lock-in amplifier, while the current output


went to the signal input of the latter. In contrast to the earlier work pub-
lished in refs. [17,18, 22,35], the read-out of phase-sensitive detection was
achieved via the serial port using an EG&G 7280 digital lock-in amplifier
(Ametek, Oak Ridge, USA) rather than through an analogue-to-digital
converter. Hence, the applied frequency was not selected manually via
the front panel menu, but digitally via the serial port of the lock-in ampli-
fier. This enabled the frequency to be changed remotely by the computer
during the course of an AC-SECM measurement. The in-house written
control software in Visual Basic 3.0 (Microsoft, Unterschleißheim, Ger-
many) was adapted accordingly.
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Introduction


Heme oxygenase (HO) constitutes a much studied and ubiq-
uitous enzyme class active in biological heme degradation.[1]


HO cleaves the porphyrin macrocycle of iron protoporphyr-
in IX in a multistep redox reaction regiospecifically at the
a position.[2] The iron ACHTUNGTRENNUNG(III) complex of biliverdin IXa (BV-
IXa), which is usually designated as the primary product of
HO action, irreversibly releases the iron ion first after a
one-electron reduction as iron(II), followed by the free-base
biliverdin.[3–5] Nature uses the iron ion and carbon monox-


ide, released in this complicated transformation from heme
to BV-IXa, for a number of different functions. In cyano-
bacteria and higher plants, BV-IXa is the general precursor
for several essential light-harvesting pigments, while iron re-
utilization and cellular signaling are major functions of HO
in mammals. Some bacterial pathogens express HO to ac-
quire iron by breaking down the heme of their host. Earlier
attempts to prepare iron complexes of BV-IXa or related
bilin model ligands in vitro have either failed or led to un-
satisfactory results.[6–9] The reported observations, therefore,
support the biologically important lability and the distinct
inclination of such complexes to lose the iron ion spontane-
ously.


In 2004, the first stable iron biliverdin model 1 was report-
ed (Scheme 1).[10] The well-characterized 1 forms during an
oxidative ring-opening reaction from a verdoheme precursor
and constitutes a one-electron oxidized model of the natu-
rally occurring complex. To the best of our knowledge, 1 is
so far the only exception from the rule that iron complexes
of open-chain tetrapyrrolic ligands are too reactive to be in-
vestigated in more detail. The situation is special for iron, as
similar complexes of other 3d transition metals, such as Zn,
Cu, Ni, Co, or Mn, are more readily available and relatively
stable (though still reactive) in solution.[11–25]


Abstract: A unique series of
halogenidoironACHTUNGTRENNUNG(III) complexes of the
open-chain tetrapyrrolic ligand 2,2’-bi-
dipyrrin (bpd) ([FeX ACHTUNGTRENNUNG(bdp)] X=F, Cl,
Br, I) was prepared from simple pyrrol-
ic and bipyrrolic precursors and iron
chloride by a one-pot condensation/
metalation strategy, followed by salt
metathesis with CsF, LiBr, or NaI.
Crystallographic analysis revealed that
in all cases the 2,2’-bidipyrrin ligand is
forced to reside in a helical conforma-
tion when bound to the iron atom.
Whereas the extremely sensitive fluori-
do derivative was isolated as a CsF


adduct and forms 1D polymeric chains
in the solid state, the more stable chlor-
ido, bromido, and iodido derivatives
crystallize as discrete monomeric mole-
cules with a distorted pentacoordinate
iron ACHTUNGTRENNUNG(III) ion in an intermediate spin
ground state. Magnetic susceptibility
measurements and Mçssbauer data of
the compounds are in agreement with
this interpretation. In solution, howev-
er, all the compounds are pentacoordi-


nate with the iron atom in the high-
spin (S=5/2) state and dynamic with
respect to helix inversion. In the pres-
ence of air, the iron chelates react step-
wise with the nucleophiles methanol
and imidazolate at the tetrapyrrole ter-
minal a,w-positions, presumably
through the hexacoordinate species
[Fe ACHTUNGTRENNUNG(bdp) ACHTUNGTRENNUNG(MeOH)2]


+ and [Fe(im)2-
ACHTUNGTRENNUNG(bdp)]� , respectively. The successive in-
crease of strain at these positions re-
sults in increasingly labile intermedi-
ates that spontaneously release the
iron ion from the mono- or disubstitut-
ed tetrapyrrole ligands.
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To study the decomposition process of an intrinsically un-
stable species, a stable model compound is required that can
be chemically modified in such a way that the lability in-
creases. We assumed that the intramolecular repulsion of
the oxygen termini of bilindione compounds adds signifi-
cantly to the observed lability of FeBV-IXa and its models.
For a more stable model compound, we have, thus, thought
to remove the central CH bridge and exchange the oxygen
for hydrogen atoms. By implementing these measures, we
designed the preparatively readily accessible 2,2’-bidipyrrin
(H2ACHTUNGTRENNUNG(bdp)) with two reactive termini.[26–28] A substitution of
hydrogen atoms for any other group at these positions
would directly enhance the intramolecular repulsion and,
therefore, the lability in complexes of such tetrapyrroles.
2,2’-Bidipyrrin compounds have been explored before as ni-
trogen-containing ligands in a number of mono- and dinu-
clear transition-metal chelates,[17,20,22, 24,25, 29,30] and the pro-
pensity of the terminal positions for chemical transforma-
tions has occasionally been documented.[31–34] Stable iron
chelates, such as 2, can indeed be obtained from these li-
gands (Scheme 1), and we report herein the preparation,
structure, spectroscopic analysis, and biomimetic reactivity
of a unique series of iron 2,2’-bidipyrrin complexes [FeX-
ACHTUNGTRENNUNG(bdp)] (X=F, Cl, Br, I).


Results and Discussion


Synthesis and analytical results of [FeX ACHTUNGTRENNUNG(bdp)] complexes 2
and 5–7: All initial attempts to prepare iron chelate com-
plexes of 2,2’-bidipyrrin ligands by the reaction of the latter
with simple iron(II) or ironACHTUNGTRENNUNG(III) precursors failed for unclear
reasons and did not yield a trace of product. In general, no
reaction could be observed at all during these attempts
except for an unspecific decomposition of the tetrapyrrole,
which was observed over largely extended reaction times.
The synthesis of the chloride complex 2 was finally achieved
accidentally by a multistep one-pot reaction comprising ini-
tial condensation of dialdehyde 3 and pyrrole 4 with POCl3,
followed by basification with triethylamine and metalation
using a FeCl2/FeCl3 mixture in ethereal solution under aero-
bic conditions. A dark residue was obtained after suitable
aqueous work-up, and repeated crystallization from n-
hexane yielded the title compound as a dark powder with a
metallic sheen in a reproduced yield of 42% (Scheme 2).
Further investigations revealed that the in situ preparation


of the bidipyrrin ligand, the addition of the preformed
ligand to the metal precursor solution (and not vice versa)
immediately after basification, the exact amount of excess
triethylamine used in this step, and the presence of iron ions
in both the +2 and +3 oxidation states are essential for the
formation of the product. In addition, the choice of the sol-
vent (dioxane versus THF) is critical for the isolation of suf-
ficiently pure material from the reaction mixture. Several re-
crystallization processes finally produced 2 in analytical
purity.


As a result of the sensitivity of 2 in solution, the exchange
of the chloride ligand against another halide ligand poses a
special challenge and requires the application of optimized
protocols for each case. The best reagents for this issue are
the organosoluble salts CsF, LiBr, and NaI, which cleanly
yield the desired complexes 5–7 upon treatment in large
excess. The fluoride derivative 5 is too labile for aqueous
work-up but can be crystallized directly from the reaction
mixture as a CsF adduct. Except for the extremely sensitive
5, all new complexes gave correct combustion analyses. Ad-
ditional analysis of 2, 5, and 6 by high-resolution mass spec-
trometry (HRMS) confirmed the presence of one (2, 6) or
two halide ligands (5 ; detected in negative-ion mode). For
the iodido derivative 7, however, only the [FeACHTUNGTRENNUNG(bdp)]+ frag-
ment could be identified with this method.


Scheme 1. Iron bilindione 1[10] and [FeCl ACHTUNGTRENNUNG(bdp)] (2).


Scheme 2. Preparation of [FeCl ACHTUNGTRENNUNG(bdp)] (2) from simple pyrrolic precursors
3 and 4, and salt metathesis to yield products 5–7. a) CH2Cl2, POCl3, then
NEt3, dioxane, FeCl2·4H2O, FeCl3 (42%); b) CsF, CH2Cl2, 2-propanol
(19%); c) LiBr, CH2Cl2, 2-propanol (94%); d) NaI, acetone (80%).
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Solid-state properties : The complexes [FeCl ACHTUNGTRENNUNG(bdp)] (2),
[FeBr ACHTUNGTRENNUNG(bdp)] (6), and [FeIACHTUNGTRENNUNG(bdp)] (7) form well-developed
crystals by slow evaporation of solutions of dichlorome-
thane/n-hexane. Complexes 6 and 7 crystallize isomorphous-
ly in the triclinic system, whereas the chlorido derivative 2
displays a different packing pattern and orders in a mono-
clinic system. None of the crystals contain solvent molecules.
Details of the X-ray diffraction studies are given in Table 1.
Figure 1 and Figure 2 summarize the molecular structures of
2, 6, and 7.


Despite the differences in the packing pattern, the molec-
ular structures of 2, 6, and 7 are very similar and not signifi-
cantly altered by any sort of packing effect. The special met-
rics and conformation of these molecules will be explained


by the structure of 6. For the sake of comparison, the molec-
ular data for 2, 6, and 7 are summarized in Table 2. The re-
sults from the X-ray crystallographic analysis of 6 reveal the
presence of mononuclear entities in the solid state. The co-
ordination of the iron atom in 6 is best described as distort-
ed trigonal bipyramidal with N1 and N3 in axial positions
and N2, N4, and Br in equatorial positions. The Fe�N bond
lengths of 1.885–1.981 P are shorter than those of halogeni-
doiron–porphyrinoids (1.99–2.07 P),[35,36] with the equatorial
bonds of each of the chemically equivalent pairs N1,N4 and
N2,N3 being noticeably longer than the axial counterparts.
In addition, the bromido ligand is bound to the iron atom at
a distance of 2.4623 P, which is larger than typically ob-
served for iron–porphyrinoid complexes (2.33–2.41 P). The
same tendency is apparent for the chlorido and iodido deriv-
atives, which show Fe�X bond lengths of 2.3093 and


Table 1. Crystal data and structure refinement of [FeX ACHTUNGTRENNUNG(bdp)] complexes 2 and 5–7 and for substituted 2,2’-bidipyrrins 10 and 12.


2 5·CsF 6 7 10 12


formula C34H44ClFeN4 C38.64H53.93Cl7.36Cs F2FeN4O0.32 C34H44BrFeN4 C34H44IFeN4 C36H50N4O2 C40H50N8


Mr 600.03 1067.24 644.49 691.48 570.80 642.88
crystal system monoclinic triclinic triclinic triclinic triclinic triclinic
space group C2/c P1̄ P1̄ P1̄ P1̄ P1̄
a [P] 26.094(5) 8.398(3) 9.571(1) 9.6743(12) 4.7642(8) 8.791(9)
b [P] 10.135(5) 13.334(4) 12.764(2) 12.6755(17) 13.025(2) 11.162(9)
c [P] 24.501(5) 22.276(7) 13.828(2) 14.1221(16) 13.045(3) 18.593(16)
a [8] 90 94.13(3) 94.097(14) 94.690(15) 88.29(2) 74.26(10)
b [8] 99.749(5) 97.72(2) 106.215(14) 104.053(14) 87.61(2) 9.97(11)
g [8] 90 105.65(2) 98.408(14) 99.440(15) 87.65(2) 85.37(10)
Z 8 2 2 2 1 2
1calcd [g cm�3] 1.248 1.507 1.343 1.397 1.173 1.220
radiation MoKa MoKa MoKa MoKa MoKa MoKa


T [K] 193(2) 193(2) 193(2) 193(2) 193(2) 193(2)
V range [8] 2.11–26.06 2.31–25.44 2.11–26.14 2.08–26.06 2.18–26.01 1.90–26.05
measured
reflections


31269 22253 15925 16506 7914 17281


independent
reflections[a]


3732 5886 4050 4120 1639 6378


absorption
coefficients


0.584 1.536 1.756 1.426 0.073 0.074


structure
solution[b]


direct direct direct Patterson direct direct


R1[c] 0.0889 0.0603 0.0613 0.0665 0.0499 0.0599
wR2[d] 0.1308 0.1680 0.0814 0.0874 0.1201 0.1730


[a] I>2s(I). [b] All structures were solved using SHELXS Program for Crystal Structure Determination[87] and refined with SHELXL Program for Crys-
tal Structure Refinement.[88] [c] R1=� j jFo j� jFc j j /� jFo j . [d] wR2= {�[wACHTUNGTRENNUNG(Fo


2�Fc
2)2]/�[w ACHTUNGTRENNUNG(Fo


2)2]}1/2.


Figure 2. Molecular structure of [FeBrACHTUNGTRENNUNG(bdp)] (6) with assignment of the
{C4N} planes (left, P1–P4) and view of the distorted trigonal-bipyramidal
coordination polyhedron of the iron center (right).


Figure 1. Molecular structures of [FeCl ACHTUNGTRENNUNG(bdp)] (2), [FeBr ACHTUNGTRENNUNG(bdp)] (6), and
[FeI ACHTUNGTRENNUNG(bdp)] (7): views of the uneven helical distortion of the tetrapyrrolic
ligands.
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2.6686 P, respectively, compared to 2.19–2.25 and 2.55–
2.62 P for analogous porphyrinoids. The Fe�N and Fe�Cl
bond lengths observed for 2 are, however, similar to those
reported for the chloridoiron complex of tetraazaporphyr-
in,[37] which is reported to contain a S=3/2 iron ACHTUNGTRENNUNG(III) ion in
square-pyramidal coordination, and the bond lengths of the
coordination polyhedron of the iodido derivative 7 are remi-
niscent of those found for an iodido iron porphycene in a
S=3/2 spin state with a tiny amount of S=5/2 admixture.[36]


The characteristic helicity and the intramolecular strain of
metal chelates of open-chain tetrapyrroles is clearly present
in 6, as quantified by the dihedral angle N1-N2-N3-N4 of
18.428, albeit less pronounced than in the known pentacoor-
dinate chloridoiron complex 1 of the oxidized a,w-dioxobilin
ligand (26.438).[10] A striking feature of the ligand conforma-
tion in all three molecules is the fact that one dipyrrin subu-
nit P1,P2 is almost planar, while the other two {C4N} rings
are increasingly bent away from this plane. This observation
can be quantified by the dihedral angles between the mean-
square planes of the four pyrrole rings P1–P4, which devel-
op from P1�P2 1.458 over P2�P3 14.438 to P3�P4 22.808 for
6. The intramolecular steric strain is, thus, unevenly distrib-
uted over the tetrapyrrole ligand backbone of these penta-
coordinate species and mainly compensated for by the en-
hanced displacement of one of the terminal {C4N} rings.


The crystallographic determination of the fluorido com-
plex 5 (Table 1) reveals a six-coordinate ironACHTUNGTRENNUNG(III) ion.[38] The
asymmetric unit contains a [FeF2ACHTUNGTRENNUNG(bdp)]� ion, a Cs+ counter-
ion, and four disordered solvent molecules (dichlorome-
thane and 2-propanol). Two such assemblies are connected
by a center of inversion and form the unit cell. The ironACHTUNGTRENNUNG(III)
ion is bound by four nitrogen and two fluorine atoms in a
distorted-octahedral geometry, with the fluorine donors oc-
cupying the axial positions at lengths of 1.926 and 1.912 P
(Figure 3). The nitrogen donors are asymmetrically bonded
so that the inner Fe�N2 and Fe�N3 bonds are shorter than
the outer bonds and that only two of the N-Fe-N angles are


found at about 908. In addition, the F1-Fe-F2 angle of about
1648 also clearly deviates from the ideal 1808 of an octahe-
dron. The Fe�N bonds of 2.080(4)-2.109(4) P are signifi-
cantly longer than those found for 2, 6, or 7 and point to-
wards a high-spin configuration at the ironACHTUNGTRENNUNG(III) ion in 5·CsF.
In addition, the helical distortion of the bidipyrrin backbone
is more uniform than before and clearly decreased, as evi-
dent from the torsion angle N1-N2-N3-N4 of only 10.188.


In the crystal of 5·CsF, the ionic [FeF2ACHTUNGTRENNUNG(bdp)]� complex
units are connected to each other by cesium cations and
form 1D polymeric chains in the a direction. The coordina-
tion sphere of the cesium ion is saturated by two fluorine
donors, two chlorine atoms from cocrystallized dichlorome-
thane, and two pyrrole rings of the complex ions, each of
which is bonded in a (CNC)-h3 mode. Two polymeric strands
in antiparallel orientation extend through each unit cell, and
two additional, disordered solvent molecules (dichlorome-
thane and/or 2-propanol) stabilize the arrangement by the
occupation of open clefts between the strands.


SQUID and Mçssbauer investigations were carried out on
microcrystalline samples of 2, 6, and 7 (Table 3). The coordi-


Table 2. Selected bond lengths [P] and angles [8] for 2, 6, and 7.


2 6 7


Fe�N1 1.947(3) 1.940(3) 1.942(4)
Fe�N2 1.897(3) 1.893(3) 1.894(3)
Fe�N3 1.896(3) 1.885(3) 1.884(3)
Fe�N4 1.978(3) 1.981(3) 1.967(3)
Fe�X 2.3093(12) 2.4623(6) 2.6686(8)
N1-Fe-N2 89.68(11) 89.96(11) 90.16(14)
N1-Fe-N3 166.26(11) 167.45(11) 168.05(15)
N1-Fe-N4 97.79(11) 97.72(11) 97.75(14)
N1-Fe-X 95.11(8) 94.33(7) 94.61(11)
N2-Fe-N3 79.31(12) 79.69(11) 79.93(14)
N2-Fe-N4 145.37(12) 145.01(10) 147.32(14)
N2-Fe-X 110.04(8) 113.04(7) 110.46(10)
N3-Fe-N4 86.97(12) 87.01(11) 87.30(13)
N3-Fe-X 96.37(9) 96.24(8) 95.11(11)
N4-Fe-X 102.93(8) 100.40(8) 100.49(11)
aP1�P2[a] 3.77 1.45 1.64
aP2�P3[a] 8.74 14.43 13.32
aP3�P4[a] 24.44 22.80 20.99


[a] P1–P4 designate the mean-square planes of the {C4N} rings at N1–N4.


Figure 3. Results from the XRD study on [CsACHTUNGTRENNUNG{(bdp)FeF2}] (5·CsF).
a) View in the crystallographic b direction: polymeric strands and dis-
tance between mean-square planes of the neighboring {FeN4} subunits
(the hydrogen atoms and solvent molecules have been removed for clari-
ty). b) Top view of the [FeF2 ACHTUNGTRENNUNG(bdp)]� complex ion. c) Coordination envi-
ronment of the Cs+ ion. Selected bond lengths [P], distances [P], and
angles [8]: Fe�N1 2.106(4), Fe�N2 2.082(4), Fe�N3 2.080(4), Fe�N4
2.109(4), Fe�F1 1.926(3), Fe�F2 1.912(3), Cs�N1’ 3.395(4), Cs�N4
3.409(4), Cs�F1 2.947(3), Cs�F2 3.017(3); F1-Fe-F2 164.14(12), F1-Cs-F2
174.13(8), Fe-F1-Cs 115.40(12), Fe-F2-Cs 119.41(13).
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nation polymer 5·CsF was not introduced in this study be-
cause of the extreme hydrolytic sensitivity and unknown
purity of the bulk compound. The pentacoordinate com-
plexes 2, 6, and 7 are characterized by magnetic moments of
3.77, 3.79, and 3.69 mB, respectively, at 70 K, and the suscept-
ibility measurements prove effective Curie–Weiss behavior
up to about 150 K, as expected for isolated mononuclear
transition-metal complexes. Above this temperature, howev-
er, the magnetic moments grow increasingly as shown for
the most pronounced case [FeClACHTUNGTRENNUNG(bdp)] (2) in Figure 4. Mçss-


bauer data for 2, 6, and 7 obtained at 298 K reveal one
signal at 0.16, 0.15, and 0.14 mms�1 with large quadrupole
splitting values of 3.08, 3.35, and 3.50 mms�1, respectively,
and a low-temperature determination carried out on the
chlorido derivative 2 shows that the quadrupole splitting
DEQ reaches 3.29 mms�1 at 70 K. The Mçssbauer parame-
ters, and in particular the large values for the quadrupole
splitting DEQ, strongly suggest that the ironACHTUNGTRENNUNG(III) ions display
a S=3/2 intermediate spin ground state in the solid
state.[39–49] The same conclusion can be drawn from the effec-
tive magnetic moments of 2, 6, and 7 at 70 K, which are
close to the spin-only value for a S=3/2 system of 3.88 mB.


[50]


The results fit nicely with the observed Fe�N bond lengths,
which are clearly decreased with respect to high-spin iron-
ACHTUNGTRENNUNG(III) porphyrinoids.[35]


Concerning the question of 3d electron configuration and
bond lengths, an interesting comparison can be made with
formally related chloridoiron–corroles[51–53] and the respec-
tive 2,2’-bidipyrrin 2. For the latter, the equatorial Fe�N and
Fe�Cl bonds are longer than in the macrocyclic counter-
parts, while the axial Fe�N bond lengths are rather similar
for both systems. This observation points to the difference
in the coordination polyhedron. In general, a depopulated
3dz2 orbital should be expected for the open-chain com-
pound 2, while a depopulated 3dx2�y2 orbital is the rule for
the macrocyclic iron chelates with square-pyramidal coordi-
nation. The assumed large amount of orbital mixing for the
unsymmetric 2, however, is expected to complicate this
simple picture significantly.[54]


The increase in the magnetic moment with temperature
has occasionally been observed in natural and artificial iron
porphyrinoids and is usually explained by the Maltempo
model, that is, by a spin admixed state of S=3/2,5/2 for this
class of coordination compound.[55] In the cases described
herein, however, the susceptibility data cannot be fitted with
satisfying results using the Maltempo model, mainly as a
result of the presence of an additional inflection point in the
experimental cmolT versus T curve. A better description is
derived from a simple S=3/2/S=5/2 spin-crossover scenario.
Good fits were obtained using a simplified spin-equilibrium
model without cooperativity and assuming spin-only cases
with Curie–Weiss behavior for both the ground and excited
states (Figure 4; for 6 and 7 see the Supporting Informa-
tion).


Such a spin equilibrium is not necessarily in contrast with
the observation of only one quadrupole doublet in the ambi-
ent temperature Mçssbauer spectra. In principle, the phe-
nomenon can be explained by taking into account a spin–
flop relaxation that is fast on the timescale of the Mçssbauer
experiment. Similar cases have occasionally been discussed
in the past for other spin-crossover processes,[56–59] and very
recently a related case has been reported for an azidoiron–
porphycene complex.[60] For a more detailed investigation
into the spin dynamics of this class of bilinoid complex,
however, additional measurements and derivatives will be
necessary.


Behavior in solution : In the macrocyclic iron–porphyrinoid
complexes, the electronic structure of the central metal
atom is governed by the conformation of the tetrapyrrole
and does not change significantly upon grinding or dissolv-
ing the crystals, although exceptions are known.[61] Open-
chain tetrapyrrolic ligands on the other hand are much more
flexible and may well be able to alter their conformation
upon dissolution and with this the metal–ligand interaction
and electronic structure. In addition, the conformational
lock of the terminal hydrogen atoms of the bdp ligand could
be overcome and allow the interconversion of the helices in
solution, so that dynamic compounds result. Another aspect
is the questionable stability of the hexacoordinate [FeF2-
ACHTUNGTRENNUNG(bdp)]� ion, which can be expected to decompose in solu-
tion. Initial experiments were undertaken by X-band elec-


Table 3. Molecular magnetic moments and Mçssbauer data for 2, 6, and
7.


2 6 7


meff
70 K [mB] 3.77 3.79 3.69


meff
350 K [mB] 4.32 4.02 3.89


dFe
298 K 0.16 (0.24)[a] 0.15 0.14


DEQ
298 K 3.08 (3.29)[a] 3.35 3.50


[a] Measured at 70 K.


Figure 4. SQUID measurement of 2 : cmolT versus T with fit (spin-equilib-
rium model; fitting parameters: m(3/2) =3.88 mB; q(3/2) =�4.5 K; m(5/2) =


5.92 mB; q(5/2) =�1.0 K; Ta =760 K; DH=�7.6 kJmol�1), and plot of 1/cmol


versus T with Curie–Weiss fit (inset)).
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tron paramagnetic resonance (EPR) spectroscopy. The re-
sults for 2 and 5·CsF are shown in Figure 5, and the data for
all compounds are summarized in Table 4.


The X-band EPR spectrum of [FeCl ACHTUNGTRENNUNG(bdp)] 2 measured in
frozen dichloromethane at 4 K (Figure 5) shows a strongly
rhombic and broadened signal with fitted values of g1 =7.01,
g2 =4.89, and g3 =1.93. These values are expected for a non-
axial iron ACHTUNGTRENNUNG(III) complex in the high-spin (S=5/2) state with-
out any visible S=3/2 contamination.[63–67] Except for small
differences in the g value and zero field splitting (zfs) rhom-
bicity, the spectra of the bromido and iodido homologues 6
and 7 are identical and also show no sign of any intermedi-
ate spin admixture. The relatively broad absorptions of the
compounds point to an unsymmetric, distorted geometry of
the compounds in solution. An EPR spectrum of the fluori-
do complex 5 could be obtained in frozen dichloromethane
saturated with CsF at 30 K (Figure 5, top trace). Even under
these conditions, a mixture of different components is evi-
dent. The spectrum could not be fitted; however, the g val-
ues obtained directly from the measurements (Table 4) ac-
count for the presence of at least two high-spin ironACHTUNGTRENNUNG(III)


compounds, presumably the [FeF2 ACHTUNGTRENNUNG(bdp)]� ion and the penta-
coordinate [FeF ACHTUNGTRENNUNG(bdp)] (5). As a result of the extremely high
propensity of 5 to hydrolytic decay, however, additional con-
tributions from the partially hydrolyzed material cannot be
excluded in this case.


The transition from the C2-symmetric hexacoordinate
[FeF2ACHTUNGTRENNUNG(bdp)]� ion to a pentacoordinate [FeFACHTUNGTRENNUNG(bdp)] complex
(5) with CS symmetry can be monitored by using time-re-
solved 1H NMR spectroscopic analysis in CD2Cl2 at ambient
temperature. As shown in the upper trace in Figure 6, a


spectrum taken immediately after dissolution of 5·CsF con-
tains two distinct groups of signals in the region d=70–
10 ppm. Eight rather sharp signals appear low field between
d=70 and 35 ppm, which belong to the diastereotopic pro-
tons of four methylene groups in the pentacoordinate com-
pound 5. In addition, four broad signals are detected in the
range d=45–10 ppm, which disappear upon standing for two
hours (second trace) and are, therefore, designated to the
protons of four methylene groups of the C2-symmetric
[FeF2ACHTUNGTRENNUNG(bdp)]� ion. The remaining broad signals at d=32 and
21 ppm stem from the meso- and a-situated protons of 5, re-
spectively.


From a phenomenological point of view, the 1H NMR
spectra of 2, 6, and 7 (traces 3–5 in Figure 6) are very similar
to the above-described spectrum of 5, although the former
display signals with smaller line-widths as no ligand-ex-
change process with excess halide anions can occur. The
symmetry of the spectra indicates that the helix-inversion
process is rapid on the timescale of the experiment. A varia-
ble-temperature (VT) NMR study undertaken on the chlori-
do derivative 2 shows neither a helix-inversion nor spin-
transition process down to 190 K. The only visible effect is a
continuous spread of the spectra with decreasing tempera-
ture, which unravels typical Curie behavior of the complex
in solution between 290 and 190 K (see the Supporting In-
formation). A very fast helix inversion is, however, more


Figure 5. Top: X-band EPR spectra of 5·CsF in frozen CH2Cl2 saturated
with CsF at 30 K and 2 in frozen CH2Cl2 at 4 K (9.2250 GHz; 80 mW/
34 dB, modulation frequency: 25.0 kHz, modulation amplitude: 1.00 mT).
Center: experimental (exp) spectrum of 2. Bottom: simulated (sim) spec-
trum (Easyspin-2.5.1[62]).


Table 4. Estimated (5·CsF) and simulated (2, 6, and 7) g values and
rhombicity from EPR measurements.


5·CsF 2 6 7


g1 7.62 7.01 6.75 6.74
g2 4.21 4.89 5.18 5.20
g3 1.86 1.93 1.96 1.96
E [D] � �0.0097 �0.0090 �0.0094


Figure 6. 1H NMR spectra of the new iron chelates (400 MHz, CD2Cl2).
Trace 1: spectrum of 5·CsF directly after dissolution; trace 2: spectrum of
5·CsF after 2 h in solution; trace 3: spectrum of [FeCl ACHTUNGTRENNUNG(bdp)] (2); trace 4:
spectrum of [FeBr ACHTUNGTRENNUNG(bdp)] (6); trace 5: spectrum of [FeI ACHTUNGTRENNUNG(bdp)] (7). The res-
onance lines of the meso and a protons are marked by arrows and aster-
isks, respectively.
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probable than the assumption
of a planar tetrapyrrole ligand
in solution, since the high-spin
compound 5·CsF also maintains
a pronounced helical conforma-
tion despite elongated Fe�N
bonds.


The signal of the meso-situat-
ed hydrogen atom shifts to
lower field with increasing size
of the halide ligand. This be-
havior is a well-established fea-
ture of octaalkylporphyrins,
albeit the signals are typically
observed to be high field be-
tween d=�40 and �60 ppm for
these compounds if a non-coor-
dinating solvent is used.[68,69]


The large deviation of the shifts
indicates significant differences
in the interactions of metal d
electrons with the s and p orbitals of the ligand, presumably
originating from the helical conformation of the open-chain
tetrapyrrole, and significant differences in the Fe···H distan-
ces. Notwithstanding this behavior, all the methylene and
methyl group signals are observed in a range known for
macrocyclic analogues throughout. A particularly strong in-
fluence of the axial ligand was observed for the shift of the
signal for the terminal a-hydrogen atom. X-ray diffraction
(XRD) studies prove that these hydrogen atoms are located
only 3.113/3.255, 3.125/3.230, and 3.147/3.228 P (for 2, 6,
and 7, respectively) away from the paramagnetic iron center
(as opposed to distances of about 4.5 P for Fe···Hmeso), so
that an additional pseudocontact contribution might contrib-
ute to this peculiarity.[69] In contrast to the results in the
solid state, the combined EPR and NMR spectroscopic stud-
ies thus suggest high-spin states for all species 2 and 5–7 in
solution. The insufficient comparability of these new data
with those of the intensely investigated macrocyclic iron–
porphyrinoids does, however, leave a number of open ques-
tions that we are currently attempting to answer in our labo-
ratories.


The optical spectrum of 2 is unlike those spectra of the
macrocyclic iron–porphyrinoids and displays the typical,
broadened habitus in the UV/Vis region known for other
bilins and bilin analogues (Figure 7).[70] As an interesting
feature, additional bands were detected in the NIR region at
1200 and 1402 nm with molar extinctions of 420 and
540 Lmol�1 cm�1, respectively. Such low-energy bands are
unknown for ironACHTUNGTRENNUNG(III) porphyrins and indicate easily accessi-
ble ligand–metal charge transfer (LMCT) states in 2.


Reactivity studies : From studies on related transition-metal
complexes of bilin and bilindione ligands, it is well estab-
lished that the central metal ion and the terminal a,w posi-
tions of the tetrapyrrole compete for the most reactive sites
in such molecules.[18, 19,71] The reactivity of the terminal


ligand positions has long and often been employed for
metal-templated macrocyclization reactions in the synthesis
of porphyrins,[72] corrins,[73–75] corroles,[76] and other porphyri-
noids[77–79] from transition-metal bilinoids. In the case of the
related verdoheme derivatives, several nucleophilic ring-
opening reactions have been described to occur at this posi-
tion with a range of nucleophiles.[80–84] For [FeCl ACHTUNGTRENNUNG(bdp)] (2), it
can be expected that the iron ion is the most reactive site
from a kinetic point of view, but that the thermodynamically
stable products should result from the attack at the tetrapyr-
role a,w positions. Both reaction channels have been investi-
gated with different nucleophiles (Scheme 3).


The action of a dilute solution of sodium hydroxide on 2
results in the expected formation of the dinuclear m-oxido
derivative 8, which was isolated and characterized analyti-
cally (HRMS, elemental analysis) and spectroscopically
(1H NMR and Mçssbauer spectroscopy) as a slightly para-
magnetic compound with two antiferromagnetically coupled
high-spin iron ACHTUNGTRENNUNG(III) ions. The treatment of a solution of 2 in
dichloromethane with methanol, on the other hand, produ-
ces the demetalated species 9 and 10, respectively, as the
only isolated products. In addition to crystallographic deter-
mination of the molecular structure of 10 (Table 1; Figure 8,
top), both new 2,2’-bidipyrrins were identified unambiguous-
ly by conventional techniques. The formation of both the
mono- and disubstituted products 9 and 10 and the result of
the control experiments, namely, free-base 2,2’-bidipyrrin
does not undergo such a reaction in the presence of free
iron ACHTUNGTRENNUNG(III) ions and methanol, point to a stepwise oxidative
substitution process in the iron complex, followed by a
strain-induced demetalation as proposed for FeBV-IXa.


Another question in this context arises from the expecta-
tion that methanol should replace the chlorido ligand from 2
and form a strongly solvated, hexacoordinate intermediate
[Fe ACHTUNGTRENNUNG(bdp) ACHTUNGTRENNUNG(MeOH)2]


+ , as in 5·CsF, prior to any ligand-substi-
tution reaction. This intermediate, however, could not be


Figure 7. Electronic absorption spectra of 2 (CH2Cl2, 298 K). Large: UV/Vis spectrum; inset: NIR region.
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isolated nor unambiguously observed by spectroscopic
means. On the other hand, decomposition studies of 5·CsF


gave no hint of any fluorinated tetrapyrrole in the product
mixture. Therefore, the action of stronger axial donors
(phosphanes, N-heterocycles, thiolates, C-nucleophiles, and
so forth) was investigated with 2. In most cases, these ex-
periments led to the fast and unselective decomposition of
the starting material, which is reasonable when taking into
account the general sensitivity of open-chain oligopyrroles
against bases. This problem was overcome by the reaction of
the m-oxido dimer 8 with an excess of N-trimethylsilylimida-
zole in pentane, thus resulting in the selective precipitation
of a ionic [Fe ACHTUNGTRENNUNG(bdp)(im)2]


� compound with an unknown
counterion. In solution, this compound is extremely sensitive
to dissociation and concomitant decay. The presence of a
six-coordinate low-spin ironACHTUNGTRENNUNG(III) ion, however, and the dis-
sociation of one imidazolate ligand to form pentacoordinate
[Fe ACHTUNGTRENNUNG(bdp)(im)] (Scheme 3) is strongly suggested by EPR and
NMR spectroscopic data (see the Supporting Information).
If the compound is dissolved in dichloromethane and stirred
for 30 min, the complete decomposition and formation of
two major products 11 and 12 is observed. This result is sup-
ported by spectroscopic analysis and crystallographic studies
of 12 (Figure 8, bottom) and parallels the findings with the
nucleophile MeOH.


Conclusion


In summary, we have achieved the preparation of a unique
set of halogenidoironACHTUNGTRENNUNG(III) compounds with an open-chain
tetrapyrrole ligand by decreasing the repulsive interactions
between the termini of such bilinoids. These complexes are
sufficiently stable for in-depth spectroscopic and structural
characterization both in solution and the solid state. In solu-
tion, the iron ACHTUNGTRENNUNG(III) ions reside in a high-spin configuration as
expected from related porphyrinoid compounds. The situa-
tion is different in the solid state, however, as the all avail-
able data from XRD, SQUID, and Mçssbauer measure-
ments correspond to the presence of an S=3/2 intermediate
spin ground state, despite the unusual and strongly unsym-
metric coordination of the ironACHTUNGTRENNUNG(III) ion. In addition, the
compounds display a spin dynamic in the solid state and CT
transitions in solution, as shown by NIR spectroscopic anal-
ysis. Both findings differ from what is usually found for iron
porphyrins. There is an intriguing possibility that such excit-
ed CT states play a supporting role for the observed reactiv-
ity of our novel complexes and that similar states may be
key to explaining the extreme lability of FeBV-IXa outside
the protein pocket. We will focus on this point and the ex-
ploitation of the high reactivity of these compounds in fur-
ther investigations.


Experimental Section


The solvents were dried according to standard procedures and saturated
with argon. All the reagents were purchased from commercial sources
and used as received, if not stated otherwise. Diformyltetraethylbipyrrole


Scheme 3. Reactivity of [FeCl ACHTUNGTRENNUNG(bdp)] (2) with different nucleophiles.
a) Dilute NaOH, CH2Cl2, air; b) MeOH, CH2Cl2, air; c) N-trimethylsilyl-
ACHTUNGTRENNUNGimidazole, pentane, air.


Figure 8. Selected views of the molecular structures of 10 and 12 (carbon-
bound hydrogen atoms are removed for clarity; ellipsoids set at 50%
probability).
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(3) and diethylpyrrole (4) were prepared following previously reported
procedures.[85,86] The NMR spectra were obtained on a Bruker AMX 400
spectrometer. The chemical shifts (d) are given in ppm relative to residu-
al protio solvent resonances (1H spectra). The mass spectra were record-
ed on a Finnigan 90 MAT (EI, FAB), Finnigan-MAT 95S (ESI), or
Bruker Biflex IV (MALDI-TOF) instruments, and the m/z values are
given for the most abundant isotopes only. The UV/Vis data were collect-
ed on a Shimadzu UV-1601 PC spectrophotometer. The NIR spectra
were obtained using a Varian Cary 5000 instrument. SQUID measure-
ments were performed on a Quantum Design MPMS R2 magnetometer.
The X-band EPR spectra were recorded on a Bruker ESP-300 instru-
ment. Mçssbauer spectra were recorded on a conventional spectrometer
equipped with a cryostat unit CF 500 (Oxford Instruments, UK). The
isomer shift values are quoted relative to a-Fe.


Chlorido-(3,3’,4,4’,8,8’,9,9’-octaethyl-2,2’-bidipyrrinato)iron ACHTUNGTRENNUNG(III) (2): 3,4-
Diethylpyrrole (2 ; 100 mg, 0.81 mmol) was treated under nitrogen with a
solution of 3,3’,4,4’-tetraethyl-5,5’-diformyl-2,2’-bipyrrole (1; 100 mg,
0.33 mmol) in dichloromethane (15 mL) and POCl3 (0.25 mL,
2.72 mmol), whereupon the reaction mixture changed from yellow to
violet. The reaction mixture was stirred at ambient temperature for
20 min until blue-green. Triethylamine (2.0 mL) was added in air, and the
resulting solution was immediately treated with a suspension of
FeCl2·4H2O and FeCl3 in dry dioxane (3 mL) and additional dioxane
(80 mL) until the reaction mixture changed to brown. Dichloromethane
(150 mL) and aqueous ammonia (2 molL�1, 50 mL) were then added
quickly and the reaction mixture shaken until the organic layer became
orange-brown. The organic layer was separated, dried with sodium sul-
fate, filtered, and the solvent removed in vacuo. The pure product was
obtained from the residue by several quick recrystallization steps from
dichloromethane/n-hexane and dichloromethane/2-propanol, in which the
compound was dissolved first and then the dichloromethane was re-
moved at 400 mbar. After washing with n-hexane and drying in high
vacuo, the title compound was obtained as a violet-black, microcrystalline
solid (84 mg, 42%). 1H NMR (CD2Cl2, 20 8C): d=77.18 (br s, 2H), 54.23
(br s, 2H), 47.13 (br s, 2H), 44.74 (br s, 2H), 43.65 (br s, 2H), 41.73 (br s,
2H), 36.92 (br s, 2H), 33.97 (br s, 2H), 30.79 (br s, 2H), 5.84 (br s, 6H),
4.94 (br s, 6H), 4.64 (br s, 6H), 3.43 ppm (br s, 6H); the broad signal for
the a protons was obscured by the methyl group signals; UV/Vis/NIR
(CH2Cl2): lmax (e)=388 (39800), 812 (7430), 1202 (450), 1404 nm
(530 mol�1m3cm�1); HRMS (MALDI-TOF): m/z 599.2605 calcd for [M]+


: 599.2604; elemental analysis calcd (%) for C34H44N4ClFe (600.04): C
68.06, H 7.39, N 9.34; found: C 67.85, H 7.27, N 8.96.


Fluorido-(3,3’,4,4’,8,8’,9,9’-octaethyl-2,2’-bidipyrrinato)iron ACHTUNGTRENNUNG(III) (5)·CsF :
Prepared from chlorido complex 3 (100 mg, 0.17 mmol) in dry dichloro-
methane (4 mL) by treatment with cesium fluoride in dry 2-propanol
(3 mL), layering with pentane and crystallization at �30 8C as dark
purple crystals (19.0 mg, 19%). 1H NMR (CD2Cl2, 25 8C): signals for the
CsF adduct at d=40.66 (br s, 4H), 34.98 (br s, 4H), 20.37 (br s, 4H), 12.24
(br s, 4H), 2.59 ppm (br s, 24H); signals for the pentacoordinate complex
at d =66.99 (br s, 2H), 62.66 (br s, 2H), 61.71 (br s, 2H), 55.12 (br s, 2H),
53.99 (br s, 2H), 49.72 (br s, 2H), 36.79 (br s, 2H), 35.66 (br s, 2H), 30.83
(br s, 2H), 6.88 (br s, 6H), 6.45 (br s, 6H), 5.49 (br s, 6H), 4.50 ppm (br s,
6H); the broad signals for the other a and meso protons are hidden;
HRMS (ESI): m/z 602.2878 calcd for [M+F]�: 602.2863.


Bromido-(3,3’,4,4’,8,8’,9,9’-octaethyl-2,2’-bidipyrrinato)iron ACHTUNGTRENNUNG(III) (6): A
mixture of chlorido complex 3 (100 mg, 0.17 mmol) and LiBr (1.10 g,
12.7 mmol) was treated with dichloromethane (5 mL) and 2-propanol
(15 mL) and heated under inert conditions until all the solids were dis-
solved. The red-brown solution was stirred over night at ambient temper-
ature and reduced in vacuo to a fifth of the volume, whereupon the prod-
uct crystallized as a dark solid. The solid was filtered, washed several
times with 2-propanol, and then dissolved in dichloromethane. To
remove traces of LiBr, this solution was washed with water (2U50 mL),
dried with sodium sulfate, treated with n-hexane (10 mL), and evaporat-
ed to dryness on a rotatory evaporator. Washing the residue with hexane
and drying in high vacuo yielded 5 in analytic purity (101 mg, 94%).
1H NMR (CD2Cl2, 20 8C): d=82.35 (br s, 2H), 54.71 (br s, 2H), 49.15 (br s,
2H), 45.82 (br s, 2H), 39.27 (br s, 2H), 38.87 (br s, 2H), 38.46 (br s, 2H),


33.64 (br s, 2H), 29.31 (br s, 2H), 5.80 (br s, 6H), 4.72 (br s, 6H), 4.47 (br s,
6H), 3.24 (br s, 6H), �14.04 ppm (br s, 2H); UV/Vis (CH2Cl2): lmax =386,
806 nm; HRMS (MALDI-TOF): m/z 643.2099 calcd for [M]+ : 643.2137;
elemental analysis calcd (%) for C34H44N4BrFe (644.49): C 63.36, H 6.88,
N 8.69; found: C 63.31, H 7.01, N 8.43.


Iodido-(3,3’,4,4’,8,8’,9,9’-octaethyl-2,2’-bidipyrrinato)iron ACHTUNGTRENNUNG(III) (7): A mix-
ture of chlorido complex 3 (100 mg, 0.17 mmol) and NaI (1.10 g,
7.3 mmol) was treated with acetone (15 mL) and heated under inert con-
ditions until all the solids dissolved. The red-brown solution was stirred
for 3 h at ambient temperature, filtered, and reduced in vacuo to dryness.
The solid was redissolved in dichloromethane, filtered, and washed with
water (2U50 mL). After drying with sodium sulfate, this solution was
treated with n-hexane (10 mL) and evaporated to dryness on the rotatory
evaporator. Washing the residue with hexane and drying in high vacuo
yielded 6 in analytic purity (94 mg, 80%). 1H NMR (CD2Cl2, 20 8C): d=


87.88 (br s, 2H), 59.59 (br s, 2H), 54.48 (br s, 2H), 50.82 (br s, 2H), 40.39
(br s, 2H), 40.09 (br s, 2H), 38.68 (br s, 2H), 34.63 (br s, 2H), 30.76 (br s,
2H), 6.28 (br s, 6H), 5.13 (br s, 6H), 4.67 (br s, 6H), 3.55 (br s, 6H),
�20.09 ppm (br s, 2H); UV/Vis (CH2Cl2): lmax =387, 816 nm; HRMS
(MALDI-TOF): m/z 564.2923 calcd for [M�I]+ : 564.2915; elemental
analysis calcd (%) for C34H44N4IFe (691.49): C 59.06, H 6.41, N 8.10;
found: C 58.69, H 6.33, N 7.79.


m-Oxido ACHTUNGTRENNUNG[bis(3,3’,4,4’,8,8’,9,9’-octaethyl-2,2’-bidipyrrinato)iron ACHTUNGTRENNUNG(III)] (8): A
solution of [FeClACHTUNGTRENNUNG(bdp)] (2 ; 100 mg, 0.17 mmol) in dichloromethane
(100 mL) was shaken with a solution of NaOH (1 molL�1, 100 mL). The
organic layer was dried with sodium sulfate and the solvent removed to
leave 8 as a microcrystalline solid (96 mg, 99%). 1H NMR (CD2Cl2,
20 8C): d=11.90 (br s, 4H), 8.05 (br s, 4H), 7.98/6.03 (brAB, 8H), 7.14/
6.14 (brAB, 8H), 5.17/4.66 (brAB, 8H), 5.09/4.28 (brAB, 8H), 1.49 (br s,
12H), 1.35 (br s, 24H), 1.28 ppm (br s, 12H); UV/Vis (CH2Cl2): lmax =


375 sh, 399, 446 sh, 733, 798 nm; Mçssbauer: (a-Fe, RT): diso =


0.26 mms�1, DEQ=0.83 mms�1; HRMS (ESI): m/z 1145.5873 calcd for
[M+H]+ : 1145.5853; elemental analysis calcd (%) for C68H88N8Fe2O
(1145.17): C 71.32, H 7.75, N 9.78; found: C 70.96, H 7.73, N 9.44.


3,3’,4,4’,8,8’,9,9’-Octaethyl-10-methoxy-2,2’-bidipyrrin (9) and
3,3’,4,4’,8,8’,9,9’-octaethyl-10,10’-methoxy-2,2’-bidipyrrin (10): A solution
of 2 (100 mg, 0.17 mmol) in methanol (100 mL) was stirred in air for
1 week. The solvent was evaporated and the residue subjected to chroma-
tography on alumina (activity II) with n-hexane/dichloromethane as the
eluant (1:1) to obtain 10 as the major pink band with strong red fluores-
cence (38.8 mg, 40%) and 9 as a smaller purple band with weak red fluo-
rescence (3.8 mg, 4%).


9 : 1H NMR (C6D6, 20 8C): d=11.91 (br s, 1H, NH), 6.99 (s, 1H, meso-H),
6.87 (s, 1H, meso-H), 6.72 (s, 1H, term-H), 3.84 (s, 3H, OCH3), 3.26 (q,
2H, J=7.4 Hz, CH2), 2.86 (q, 2H, J=7.5 Hz, CH2), 2.68 (q, 2H, J=


7.6 Hz, CH2), 2.63 (q, 2H, J=7.6 Hz, CH2), 2.53 (q, 2H, J=7.6 Hz, CH2),
2.48 (q, 2H, J=7.5 Hz, CH2), 2.40 (q, 2H, J=7.6 Hz, CH2), 2.38 (q, 2H,
J=7.5 Hz, CH2), 1.62 (t, 3H, J=7.4 Hz, CH3), 1.26 (t, 3H, J=7.5 Hz,
CH3), 1.24 (t, 3H, J=7.6 Hz, CH3), 1.22 (t, 3H, J=7.6 Hz, CH3), 1.21 (t,
3H, J=7.5 Hz, CH3), 1.19 (t, 3H, J=7.6 Hz, CH3), 1.16 (t, 3H, J=


7.5 Hz, CH3), 1.12 ppm (t, 3H, J=7.6 Hz, CH3);
13C NMR (C6D6, 20 8C):


d=175.0, 156.6, 147.6, 147.5, 146.0, 144.9, 135.0, 134.1, 132.5, 131.3, 130.2,
130.0, 129.9, 128.9, 127.5, 126.2, 115.6, 110.5, 55.3, 19.7, 19.6, 18.6, 18.1,
17.7, 17.4 (2C), 17.5, 17.3, 17.1, 16.7 (2C), 16.0, 15,6, 15.2, 14.5 ppm;
HRMS (MALDI-TOF): m/z 540.3834 calcd for [M]+ : 540.3828.


10 : 1H NMR (C6D6, 20 8C): d =11.85 (br s, 2H, NH), 6.75 (s, 2H, meso-
H), 3.80 (s, 6H, OCH3), 2.90 (q, 4H, J=7.5 Hz, CH2), 2.67 (q, 4H, J=


7.6 Hz, CH2), 2.42 (q, 4H, J=7.6 Hz, CH2), 2.38 (q, 4H, J=7.5 Hz, CH2),
1.30 (t, 6H, J=7.5 Hz, CH3), 1.26 (t, 6H, J=7.6 Hz, CH3), 1.18 (t, 6H,
J=7.5 Hz, CH3), 1.12 ppm (t, 6H, J=7.6 Hz, CH3);


13C NMR (C6D6,
20 8C): d=174.3, 147.3, 143.8, 131.8, 128.6, 127.3, 126.9, 124.6, 110.7, 55.2,
18.6, 18.1, 18.0, 17.5, 17.4, 16.8, 16.5, 14.5 ppm; HRMS (ESI): m/
z 570.3928 calcd for [M]+ : 540.3930.


Reaction of [{Fe ACHTUNGTRENNUNG(bdp)}2O] (8) with trimethylsilylimidazole and decompo-
sition to 11 and 12 : The m-oxido derivative 8 (18 mg, 0.016 mmol) was
dissolved in pentane (10 mL) and treated with trimethylsilylimidazole
(10 mL) for 10 min. A fine, dark precipitate containing the ionic [Fe-
ACHTUNGTRENNUNG(bdp)(im)2]


� complex formed and was filtered, carefully washed with sev-
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eral aliquots of dry pentane, and dried in high vacuo to yield 20 mg of
the crude product. MS (ESI): m/z 701 [M+H]+ , 632 [M�im+H]+ , 564
[M�2 im]+ .


The dark solid from the above preparation was dissolved in dichlorome-
thane (10 mL) and stirred at ambient temperature for 30 min. During
this time, a color change from brown to brown-green, green, and finally
petrol blue was observed. Purification by column chromatography of the
resulting mixture on alumina III with n-hexane/dichloromethane (4:1)
yields 11 and 12 in a blue and turquoise band, respectively, as the only
nonpolymeric products in 18 and 35% yield, respectively.


11: 1H NMR (CD2Cl2, 20 8C): d=11.79 (br s, 2H, NH), 8.06, 7.51, 7.17 (s,
3H, Im-H), 7.02 (s, 1H, term-H), 6.93, 6.84 (s, 2H, meso-H), 2.97 (q, J=


7.4 Hz, 2H, CH2), 2.82 (q, J=7.4 Hz, 2H, CH2), 2.74 (q, J=7.5 Hz, 2H,
CH2), 2.71–2.60 (m, 6H, CH2), 2.57 (q, J=7.5 Hz, 2H, CH2), 2.49 (q, J=


7.5 Hz, 2H, CH2), 1.35 (t, J=7.4 Hz, 3H, CH3), 1.28–1.17 (m, 15H, CH3),
1.09 (t, J=7.4 Hz, 3H, CH3), 1.02 ppm (t, J=7.6 Hz, 3H, CH3);


13C NMR
(CD2Cl2, 20 8C): d =157.5, 154.3, 149.6, 146.3, 146.2, 143.9, 137.6, 135.8,
134.4, 133.6, 131.3, 130.5, 129.5, 128.8, 128.2, 136.2, 129.7, 118.0, 128.3,
117.7, 116.9, 19.2, 19.0, 18.2, 18.1, 17.8, 17.7, 17.4, 17.2, 17.0, 16.9, 16.7,
15.2, 15.1, 14.7, 14.6 ppm; HRMS (ESI): m/z 577.4010 calcd for [M+1]+ :
577.4013.


12 : 1H NMR (CD2Cl2, 20 8C): d=11.69 (br s, 2H, NH), 8.04, 7.58, 7.14 (s,
3H, Im-H), 6.91, (s, 2H, meso-H), 2.81 (q, J=7.2 Hz, 4H, CH2), 2.70 (q,
J=7.4 Hz, 4H, CH2), 2.67 (q, J=7.4 Hz, 4H, CH2), 2.56 (q, J=7.4 Hz,
4H, CH2), 1.24 (t, J=7.5 Hz, 6H, CH3), 1.23 (t, J=7.6 Hz, 6H, CH3),
1.09 (t, J=7.5 Hz, 6H, CH3) 1.07 ppm (t, J=7.5 Hz, 6H, CH3);


13C NMR
(CD2Cl2, 20 8C): d =157.2, 149.6, 143.7, 138.1, 136.4, 130.3, 130.0, 129.7,
128.7, 127.1, 118.2, 117.7, 18.6, 18.4, 18.1, 17.8, 17.4, 17.2, 15.7, 14.9 ppm;
HRMS (ESI): m/z 643.4235 calcd for [M+Na]+ : 643.4231.


X-ray crystallographic study of 2, 5–7, 10, and 12 : Suitable crystals of the
complexes 2, 6, 7, 10, and 12 were obtained by layering concentrated sol-
utions of the compounds in dichloromethane with n-hexane and allowing
slow diffusion below room temperature. A crystal of 5·CsF grew as the
solvate from the reaction mixture at �40 8C. Data was recorded on a
Stoe IPDS-1 instrument. The crystallographic data and experimental de-
tails are given in Table 1. CCDC-669457, CCDC-669458, CCDC-669459,
CCDC-669460, CCDC-669461, CCDC-669462 contain the supplementary
crystallographic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.
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[9] R. Koerner, L. Latos- Grażyński, A. L. Balch, J. Am. Chem. Soc.
1998, 120, 9246–9255.


[10] K. T. Nguyen, S. P. Rath, L. Latos- Grażyński, M. M. Olmstead,
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Complexation of l-Lactate with Boronic Acids: A Solution and Holographic
Analysis


Felicity K. Sartain,[a, b] Xiaoping Yang,[a] and Christopher R. Lowe*[a]


Introduction


Boronic acids are known to form complexes with bidentate
compounds in aqueous solution.[1,2] The reaction tends to be
rapid and reversible, and has resulted in boronates being uti-
lised as affinity ligands for the separation of carbohydrates,
as well as recognition ligands in saccharide sensors.[3] Boro-
nates have also been shown to bind o-diphenols, o-hydroxy
acids, dicarboxylic acids and a-hydroxy acids,[4–9] but of late
less research has focussed on these reactions.


l-Lactate is a key metabolite, the detection of which is
important across a number of disciplines, including clinical
diagnostics[10,11] and sports medicine.[12,13] The integration of
boronic acids into polymers has been reported previously[14]


and more recently a hydrogel was generated that enabled
the holographic determination of l-lactate.[15] Although it
was demonstrated that the response towards l-lactate was
fully reversible under physiological conditions, the sensor
was found to respond to other small metabolites that could
potentially interfere with eventual in vivo determination of
l-lactate. The concentration of pyruvate, galactose and fruc-


tose in blood is <0.1 mm,[16,17] thus it is unlikely that these
compounds will interfere significantly with the l-lactate
reading. Glucose, however, is present in significantly higher
concentrations (�5 mm


[18]), hence it is probable that this
would be the primary interferent if this holographic sensor
were to be used on a physiological sample. It has been dem-
onstrated that this selectivity problem can be overcome
simply by adjusting the composition of the hydrogel, which
in turn can alter the sensitivity of the 3-acrylamide phenyl
boronic acid (3-APB) holographic sensor for l-lactate over
glucose[15] or vice versa.[19] However, this approach merely
masks the interference problem. Through gaining a more
thorough understanding of the reactions involved it is antici-
pated that this issue can be resolved, thus enabling the de-
velopment of a selective receptor for L-lactate.


The main difference between these two bidentate chela-
tors is that one is a diol and the other is an acid anion at
physiological pH. Furthermore, glucose is a more rigid mol-
ecule and considerably less acidic, and such characteristics
are believed to be of mechanistic significance.[7] Thus, glu-
cose and l-lactate cannot be treated as comparable ligands.


Previous holographic studies[15] showed that a stable
signal was gained much quicker following addition of any
concentration of l-lactate than after addition of the same
concentration of glucose, for example, the response of the
holographic sensors to 2 mm lactate (t90% =9 min) compared
to 2 mm glucose (t90% =31.5 min). In general, the chemically
induced kinetics of a hydrogel-based sensor are dependent
on the systemic free energy of a hydrogel matrix and the af-
finity of a receptor. In this instance, because the sensor re-
sponds to both glucose and l-lactate, it is believed that the
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difference in the rate of response of these two molecules to
the sensor is most likely due to differences in their binding-
site structures. Because l-lactate and glucose have funda-
mentally different chemistries, it is likely that they bind to
boronic acid through different mechanisms, and the mecha-
nism of a reaction can significantly affect the rate of reac-
tion.[20]


A considerable amount of research has been conducted to
elucidate the mechanism by which diols (such as glucose)
bind to boronic acids.[1–3,21] It has been proposed that the
mechanism of binding of a diol to a boronic acid proceeds
via an associative transition state, by which proton transfer
from the incoming ligand to the leaving hydroxyl from the
boron occurs, with two water molecules being produced.[21]


In each case it is the B�O bonds that are broken, not the
C�O bonds.[22] Glucose is thought to behave in this manner,
with most researchers believing that the reaction occurs
more readily with the tetrahedral form of the boronate.[1,7, 23]


Conversely, the reaction between a-hydroxy acids, such as
l-lactate, and boronic acids has not been so closely investi-
gated. Pizer and co-workers[5,6] have specifically analysed
the reaction between l-lactate and phenylboronic acid and
boric acid, respectively. They suggest that the mechanism by
which l-lactate binds to the boronate centre occurs through
attack of the hydroxyl oxygen on the boron, and this associ-
ation orients the carboxylate properly for chelation, with the
loss of a hydroxyl.[6] This mechanism is similar to that deter-
mined for glucose, yet it is apparent[5–8] that l-lactate prefer-
entially binds to the trigonal boronic acid conformer.


In later work by Pizer et al. ,[21] it was intimated that the
mechanism by which these two analytes bind is indeed dif-
ferent; however, this has not been proven conclusively.
Thus, by conducting further analysis into the binding reac-
tion between l-lactate and three boronate ligands, utilising
multinuclear NMR techniques and the holographic data
gained, it was anticipated that the mechanism of binding be-
tween l-lactate and boronic acids could be confirmed.


This paper reports the investigation into the reaction be-
tween the l-lactate and three boronic acid receptors, in par-
ticular with respect to the mechanism of binding of l-lactate
compared to that observed with glucose.


Results


Solution analysis of the reaction of l-lactate with 2-, 3- and
4-APB utilising 11B/1H NMR spectroscopy and the pH-de-
pression method : It is suggested that the reaction between a
boronic acid and an a-hydroxy acid occurs preferentially
with the trigonal form of the boronate,[5,6] but it is also im-
plied that the reaction can occur with the tetrahedral form,
albeit at a slower rate.[4] At pH 7.4 the three boronate recep-
tors have been shown to adopt different conformations at
the boron centre,[14,24] 3- and 4-APB are predominantly
trigonal whereas 2-APB adopts a zwitterionic tetrahedral
form. Previous studies have shown that 11B NMR spectros-
copy is a suitable analytical tool for the determination of


boronate species,[20,23] and more information concerning the
identity of boronate compounds can be obtained by employ-
ing this technique, rather than the traditional solution titra-
tion methods. Thus, by utilising multinuclear NMR spectros-
copy to monitor the reaction between each of these recep-
tors and l-lactate in aqueous solution it is possible to dem-
onstrate whether a binding reaction occurs and a complex
between the receptor and analyte is formed.


Solutions of each boronate were made up in D2O and pD
adjusted to about 7.4, and l-lactate solutions were prepared
in each of the boronate solutions. The l-lactate solution was
added to each boronate solution in turn and the reactions
monitored by using 11B/1H NMR spectroscopy and the pH-
depression method. The pH-depression method measures
the increase in acidity as the diol is added to the boronic
acid and is used to determine complex formation upon the
assumption that the boronate ester is far more acidic than
the boronic acid.[1]


As l-lactate was added to the solutions of 3- and 4-APB,
respectively, it was apparent that a new species was formed,
as indicated by the resonance at d=�10.00 ppm, which is
indicative of the generation of the tetrahedral boronate–l-
lactate complex. Two peaks are present for the majority of
the experiment, this shows that the boronate ester is stable
and that species exchange is slow on the 11B NMR timescale.
The positive chemical shift of the other signals (d=


�10 ppm) indicates that trigonal species are present
(Figure 1). In each case there is a marginal upfield shift of


these resonances, which implies that the boronic acid equi-
librium is moving very slowly towards the tetrahedral spe-
cies. This slight shift in the equilibrium may be due to the
change in pD, which overall increased by only about 0.3 of a
pD unit as the experiments progressed.


The addition of l-lactate did not affect the 11B NMR spec-
trum of 2-APB at all, as only one peak at d=�13.46 ppm
was observed throughout (Figure 1). Again a change in pD
was recorded that was comparable to that seen with 3- and
4-APB, with an overall increase to pD�7.54. 1H and
11B NMR spectroscopy have been shown to be suitable ana-


Figure 1. Comparison of 11B NMR peak shifts upon addition of l-lactate
to solutions of 10 mm 2-APB (^), 3-APB (^) and 4-APB (L) prepared in
D2O and pD adjusted to 7.0, at room temperature.
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lytical tools for the determina-
tion of various borate spe-
cies,[20,23, 29,30] and thus it is
thought that any conclusions
drawn from these experiments
should rely mostly on the re-
sults gained from these two
techniques. This is not to say
that the fluctuations in pD
should be ignored: Instead, the
changes can be viewed as pro-
viding a pD monitor during
the addition rather than as def-
inite proof of complex forma-
tion.


Ultimately, these solution
assays have demonstrated that
the response observed previ-
ously with the holographic sen-
sors[15] reflects what is ob-
served in solution, with l-lac-
tate binding to 3- and 4-APB but apparently not to 2-APB.


Solution assays with 2-APB and glucose and l-lactate, re-
spectively : A comparison of the reaction between 2-APB
and l-lactate and glucose, respectively, in solution was per-
formed and monitored by 1H/11B NMR spectroscopy. This
would determine whether or not it was possible for glucose
to bind to 2-APB, as it had become apparent that l-lactate
did not. Because the reaction between glucose and a boronic
acid is thought to occur more readily with the tetrahedral
form,[1,7,22] it was assumed that this analyte would be able to
bind to the zwitterionic tetrahedral 2-APB receptor.


A 2-APB solution (�20 mm) in D2O was made up and
pD adjusted to about 7.7. Subsequently 11B and 1H NMR
spectra were recorded to compare the difference between 2-
APB alone (control) and in the presence of about one
equivalent of glucose. At room
temperature no change in
either spectrum was observed;
however, when the tempera-
ture was raised to 50 8C, the
peak at d=�13.46 ppm in the
11B NMR spectrum became
sharper, and shifted slightly
downfield, but also an addi-
tional smaller peak was ob-
served at d=�9.95 ppm. Com-
parable changes were also
noted in the 1H NMR spec-
trum (Figure 2). The additional
resonances observed at 50 8C
in the 1H NMR spectrum and
the peak at d=�9.95 ppm in
the 11B NMR spectrum further
indicate that glucose forms a
complex with 2-APB at 50 8C.


The experiment was then repeated with l-lactate (�1
equivalent). Interestingly, the increase in temperature
caused the resonances to shift downfield slightly, but no ad-
ditional peaks were observed in the 1H NMR spectrum, indi-
cating that no complexation had occurred. Furthermore,
there was no change in the peak observed in the 11B NMR
spectrum in response to increasing temperature. Again this
suggests that l-lactate does not bind with 2-APB (Figure 3).


These results suggested that heating the 2-APB complex
to 50 8C affected the ability of the monomer to bind glucose,
but still prevented l-lactate from chelating. A plausible ex-
planation is that in aqueous conditions 2-APB may self-asso-
ciate to form a trimer that is dissociated on heating to 50 8C,
releasing the hydroxyl groups that are then free to react
with glucose (Scheme 1). It has also been observed[24] that
there are very strong hydrogen bonds between the OH


Figure 3. a) Comparison of 1H NMR spectra recorded for �20 mm 2-APB in D2O (pD adjusted to �7.7) in
the absence of l-lactate, with 2–3 mg l-lactate at room temperature and with l-lactate at 50 8C. b) Comparison
of 11B NMR spectra recorded for 2-APB (�20 mm) in D2O (pD adjusted to �7.7) in the absence of l-lactate,
with l-lactate at room temperature and with l-lactate at 50 8C.


Figure 2. a) Comparison of 1H NMR spectra recorded for �20 mm 2-APB in D2O (pD adjusted to �7.7) in
the absence of glucose, with 2–3 mg glucose at room temperature and with glucose at 50 8C. b) Comparison of
11B NMR spectra recorded for �20 mm 2-APB in D2O (pD adjusted to �7.7) in the absence of glucose, with
glucose at room temperature and with glucose at 50 8C.
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groups of 2-APB, which may partly explain why 2-APB
binds only weakly to glucose relative to the “trimer.” How-
ever, further experimental studies are necessary to confirm
which of these hypotheses is most probable.


Response of the 2-APB holographic sensor to l-lactate and
glucose, respectively : A 20 mol% 2-APB holographic sensor
was made and subsequently its response to l-lactate and glu-
cose, respectively, was monitored. It was found that l-lactate
did not induce a response, however, the addition of 12 mm


glucose resulted in a contraction of about 30 nm.[24] These
holographic experiments further demonstrate that glucose
and l-lactate behave differently towards the 2-APB mono-
mer. It is apparent that l-lactate is unable to chelate with
the zwitterionic tetrahedral form of 2-APB, whereas glucose
can. This lack of binding between l-lactate and 2-APB indi-
cates that this analyte does not bind to a boronate centre
through the same mechanism as glucose.


Two-dimensional NMR analysis of the species generated
from reaction of l-lactate with 2-, 3- and 4-APB : This analy-
sis aimed to confirm that l-lactate bound to the trigonal
form of a boronic acid, thereby generating the tetrahedral
ester complex. In an attempt to elucidate the complex struc-
tures for the boronate ester generated upon reaction of each
of the boronic acid receptors with l-lactate, a series of 1H
and 11B NMR spectra were recorded for each of the boro-
nates investigated in the presence and absence of l-lactate
in dimethyl sulfoxide ([D6]DMSO). [D6]DMSO was used to
eliminate any pH effects in an attempt to simplify the
system and also enables OH peaks to be identified. For each
receptor, three sets of 1H and 11B NMR spectra were ana-
lysed; initially the receptor alone was in solution, then l-lac-
tate was added in a 1:1 molar ratio, and finally the solution
mixture was analysed after a D2O shake. Figure 4 summaris-
es the results obtained. (Spectra are shown in Supporting In-
formation).


It was assumed that the quasi-tetrahedral form of 2-APB
was observed in the 11B NMR spectra, as a broad peak was
recorded at d=�4.97 ppm, whereas with 3- and 4-APB a
broad signal was recorded at d�11 ppm, which is indicative
of a trigonal conformation. In the 1H NMR spectra, the first
noticeable difference between the three compounds was
that the OH peaks from 2-APB were not observed, howev-


er, it is not always possible to
detect the OH resonances even
if they are run on a broad
scale. Upon the addition of l-
lactate to the 2-APB solution a
clear upfield shift was observed
in the 11B NMR spectrum
(from d=�4.97 ppm to d=


�10.17 ppm) and changes in
the resonances were also ob-
served in the 1H NMR spec-
trum, indicating that in neutral
non-aqueous solvent l-lactate


can bind to 2-APB. It is suggested that under these condi-
tions the complex generated is similar to that observed with
methanol,[31] in which the hydroxyl group binds to the boron
centre[23] (Scheme 2).


Scheme 1. Proposed trimer of 2-APB at room temperature which dissociates on heating to 50 8C.


Figure 4. Summary of NMR results obtained in [D6]DMSO. The proton
splitting for the “free” receptors are given in parentheses and the reso-
nances recorded from the 11B NMR analysis are tabulated below each
boronate molecule.
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A comparison of the resonances gained from each 1H and
11B NMR spectrum for the complex formation of l-lactate
with 2-APB to those obtained with l-lactate and 3- and 4-
APB, respectively, was made. It was apparent that the reso-
nances that dominated in the 2-APB–l-lactate reaction were
different to those noted with l-lactate and 3- and 4-APB, re-
spectively. The behaviour of 3-APB and 4-APB was similar:
both were initially in the trigonal form and upon the addi-
tion of L-lactate there was a switch to a tetrahedral form.
Furthermore, new peaks appeared in the 1H NMR spectrum
after l-lactate addition, and thus it was apparent that a com-
plex had formed. After the D2O shake, a mixture of boro-
nate species was observed, and similar resonances (�10.5–
6 ppm) in the 1H NMR spectra were affected.


It was difficult to distinguish from this one-dimensional
data which peaks belonged to which species, and thus a
series of two-dimensional NMR spectral analyses were con-
ducted with only 3-APB and l-lactate, as it was assumed
that 4-APB would behave in the same fashion.


The COSY spectrum revealed that there were four differ-
ent species of l-lactate present in the solution. One was con-
firmed to be “free” l-lactate (d=1.13 ppm, d=3.62 ppm).
The most prominent peaks (d=1.19 ppm, d=4.03 ppm)
were indicative of the “complexed” l-lactate. The triplet
peak at d=1.32 ppm was found to couple to the two small
quartet peaks at d=4.26 ppm and d=4.20 ppm; because the
triplet was coupled to both quartet peaks it is assumed that
the triplet is in fact a result of the overlap of two doublet
peaks, and hence it is believed that there are two separate
species of l-lactate present. What exactly these latter two
species are is unclear, but from the HMBC and HMQC re-
sults it is apparent that they are independent of the “free”
and “complexed” l-lactate species that were considered to
be the most significant in these analyses. Furthermore, after
the D2O shake, these peaks could barely be distinguished,
and thus it may be that these species are an artefact of
working in [D6]DMSO. Interestingly, these peaks have simi-
lar shifts and splittings to those observed in the 2-APB–L-
lactate 1H NMR spectrum. This may suggest that the com-
plex formed between 2-APB and l-lactate can also be


formed with 3- and 4-APB; however, for the latter cases this
type of complex does not predominate and is also destabi-
lised upon the addition of D2O.


Considering all of the information collected it became ap-
parent that l-lactate binds well to the trigonal form of 3-
and 4-APB to produce the 1:1 complex shown in Scheme 3.
The formation of this complex with other similar boronic
acids is also suggested in the literature.[6,8]


Discussion


It is apparent from this work that l-lactate binds to 3- and
4-APB, but not to 2-APB in aqueous solution. Considering
just 2- and 3-APB, the difference in the structure at pH 7.4
is that 3-APB predominantly has a trigonal conformation,
whereas 2-APB is thought to adopt a zwitterionic tetrahe-
dral form. The reason for the lack of binding to 2-APB is
unclear, but it may be due to an electrostatic repulsion be-
tween the ligand and the analyte. After all, at pH 7.4, l-lac-
tate is primarily in its acid anion form, and the boron atom
in 2-APB carries a negative charge due to the interaction
between itself and the carbonyl oxygen. Thus, when l-lac-
tate and 2-APB are in solution, it is feasible that there will
be repulsion between the two, potentially preventing l-lac-
tate from binding. However, it has been demonstrated[4] that
complex formation can occur between acid anions and a tet-
rahedral boronate conformer, and only the rate of reaction
is slower than that recorded with the equivalent fully pro-
tonated form.


Previously, Pizer et al.,[5,6] postulated that the mechanism
by which a-hydroxy acids reacted with either the trigonal or
tetrahedral conformer of a boronate was through initial
attack on the boron atom by the hydroxyl oxygen, followed
by ring closure via the carboxyl. Hence, the slower rate ob-
served with the acid anions was attributed to electrostatic
repulsion between the leaving, negatively charged hydroxyl
and the incoming anionic donor. If this mechanism is cor-
rect, then it seems likely that l-lactate would react with 2-
APB to form a cyclic boronate ester, only more slowly than
that observed with 3-APB. Because no binding was observed
in either the aqueous solution or holographic assays, it im-
plies that this mechanism is not correct, and thus l-lactate
must be binding by an alternative mechanism.


Scheme 2. Structure of the complex formed between 2-APB and l-lactate
in [D6]DMSO.


Scheme 3. Structure of the complex formed between 3- or 4-APB and l-
lactate.
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Boronic acids are both Broønsted acids and weak Lewis
acids.[31] This means that they are able to donate a proton
from an incoming ligand and also accept a lone pair of elec-
trons. Although only weak Lewis acids, it is evident from
pKa titration curves that, for the boronic acids investigated,
this is a significant part of their chemistry. The strong inter-
action seen in 2-APB, in which the lone pair of electrons
from the carbonyl oxygen is donated to the boron, is also
justified if the boron is considered as a Lewis acid.


In this instance, in which the acid anion is dominant, it
seems feasible that the mechanism of binding will begin by
nucleophilic attack on the boron atom by the more acidic
carboxyl group, followed by ring closure via the less acidic
hydroxyl group (Scheme 4). This hypothesis has also been


suggested in more recent work by Pizer and Tihal,[19] and
the proposed mechanism provides an explanation as to why
no binding is observed with 2-APB in water.


The zwitterionic structure adopted by 2-APB gives the
boron atom a negative charge, which will not only experi-
ence charge repulsion on encountering another anion, but
also renders it a weaker Lewis acid, making attack by the
carboxylate unfavourable. Additionally, the boron centre is
bound to three atoms, with a fourth binding orbital involved
in a strong interaction with the carbonyl oxygen, which
leaves little room for nucleo-
philic attack to occur.


If the proposed mechanism
is correct, then this represents
a potential way forward to de-
velop a boronic acid ligand
that is able to distinguish be-
tween bidentate chelators that
have two equivalent hydroxyls
or which “lack protons of ap-
preciable acidity” (e.g., glu-
cose), and those that are bi-
functional (e.g., l-lactate). The
mechanism by which glucose is
thought to bind is via an asso-
ciative transition state with the
loss of two water molecules[18] .
In this case, two hydroxyls are
required on the boron atom to


enable the boronate–ester formation. For a bifunctional or
acid anion it is thought that only one hydroxy group is re-
quired on the boron atom to stabilise the boronate–ester
complex, as the initial nucleophilic attack occurs directly on
the boron centre. Therefore, by using a boronic acid that
has only one hydroxyl bound to the boron centre it is
thought that some selectivity can be introduced.


To test this hypothesis a simple assay was performed
using a solution of (5-amino-2-hydroxymethylphenyl)boron-
ic acid HCl dehydrate (5A2HMPBA), and the response of
the addition of glucose and l-lactate, respectively, was moni-
tored by 11B NMR spectroscopy. The solution of
5A2HMPBA (in D2O) resulted in a resonance at d=


13.33 ppm, which implied that the boron was predominantly
in a trigonal, and therefore,
neutral state. Addition of
about 2–3 mg of glucose to the
solution resulted in very little
change being observed—an
upfield shift of 0.14 ppm—
which indicated, as expected,
that glucose did not bind to
5A2HMPBA. However, when
2–3 mg sodium l-lactate was
added to a fresh 5A2HMPBA
solution the spectrum recorded
showed a strong, sharp peak at
d=�5.44 ppm and a weak,


broad peak at d=13.11 ppm (Figure 5). This result indicated
that l-lactate was not only able to bind to 5A2HMPBA, but
that a stable, negatively charged tetrahedral complex was
also generated. This result does appear to demonstrate that
the proposed l-lactate binding mechanism is indeed correct,
and an overall charge change occurs when 5A2HMPBA
binds to l-lactate in solution. Thus, if this response can be
induced when a similar boronic acid receptor is incorporated
into a hydrogel upon the addition of l-lactate then it is fea-
sible that a selective holographic response can be observed.


Scheme 4. Proposed mechanism of binding for l-lactate with a boronic acid (3-APB).


Figure 5. Comparison of 11B NMR spectra recorded for 5A2HMPBA (�30 mm in D2O) alone, and subse-
quently with glucose (�2–3 mg) and l-lactate (�2–3 mg), respectively. The addition of l-lactate induced a
clear shift in the 11B signal from d=13.33 ppm to d =�5.44 ppm, which indicates a conformational change oc-
curred at the boron centre. This shift was not observed upon the addition of glucose.
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Conclusion


The combined analysis of solution and holographic data ob-
tained from the experiments shows that the zwitterionic tet-
rahedral 2-APB receptor was able to bind glucose but not l-
lactate in both aqueous solution and within the hologram.
By considering this difference, and analysing the reaction of
l-lactate with 2- and 3-APB, respectively, it became appar-
ent that the binding mechanism of l-lactate was different to
that of glucose.


Consequently, the hypothesis that l-lactate binds to the
trigonal form of 3-APB by means of nucleophilic attack on
the boron atom by the more acidic carboxyl group followed
by ring closure with the less acidic hydroxyl was proposed,
and a simple solution assay has demonstrated that this
mechanism is indeed correct and an overall charge change
occurs upon addition of l-lactate. If this can be realised in a
hologram, then it may be possible to generate a selective
holographic sensor for l-lactate. Currently work is focused
on designing a novel boronic acid-based receptor that can
be incorporated into a suitable hydrogel to achieve this aim.


Experimental Section


Materials : All chemicals were of analytical grade unless otherwise stated.
Acrylamide, acryloyl chloride, 1,1’-diethyl-2,2’-cyanine iodide (QBS pho-
tosensitising dye), 2,2’-dimethoxy-2-phenyl acetophenone (DMPA), di-
methyl sulfoxide (DMSO), N,N’-methylene-bis-acrylamide (electrophore-
sis grade), phosphorous pentoxide, potassium bromide, silver nitrate (1m,
volumetric standard), sodium hydroxide and sodium l-lactate were pur-
chased from Sigma–Aldrich Chemical Company. 3-Aminophenylboronic
acid monohydrate was purchased from Avocado Research Chemicals and
glucose was purchased from ICN Biomedicals. 2-Aminophenylboronic
acid hydrochloride, 4-aminophenylboronic acid and (5-amino-2-hydroxy-
methylphenyl)boronic acid HCl dehydrate were purchased from Combi-
Blocks and phosphate buffered saline (PBS) tablets were purchased from
Oxoid. Deuterium oxide (D2O), sodium deuteroxide (NaOD),
[D6]dimethyl sulfoxide ([D6]DMSO) and deuterium chloride (DCl) were
purchased from Goss Scientific.


Equipment : Microscope slides (Super Premium, 1–1.2 mm thick, Low
Iron) were purchased from BDH (Merck). Aluminised 100-mm polyester
film (grade MET401) was purchased from HiFi Industrial Film. UV expo-
sure unit (�350 nm, model no. 555–279), was purchased from RS compo-
nents. A micro PerpHect pH electrode and bench-top meter were pur-
chased from Orion.


Instrumentation : A frequency-doubled Nd:YAG laser (350 mJ, 532 nm,
Brilliant B) was used in the hologram recording and subsequently ana-
lysed by using a LOT-ORIEL MS127i Model 77480 imaging spectrograph
in single-channel mode with a 256L1024 pixel InstaSpec IV CCD detec-
tor, processing software and a tungsten halogen light source. Spectrome-
ter calibration was achieved by using a spectral Calibration Lamp (37–
4405) purchased from Ealing Electro Optics. The NMR analysis was car-
ried out by using either a JNM-LA 400 MHz from Jeol, or a Bruker
DRX-500 (500 MHz).


Syntheses of 2-, 3- and 4-acrylamidophenyl boronic acids (2-, 3-, 4-APB):
The syntheses of 2-APB,[24] 3-APB[25] and 4-APB[15] have been reported
previously. For each compound the 1H NMR 13C NMR, 11B NMR and
MS data obtained was consistent with that published.


Synthesis of 2-APB polymer films : The 2-APB hydrogels were produced
by UV-initiated co-polymerisation. Appropriate quantities of the mono-
mers were dissolved in 2% (w/v) DMPA in DMSO at a ratio 1:2.21 (w/v)
of the monomers to solvent. Glucose was also added (4:1 (w/w) ratio glu-


cose:2-APB) to the solution, which was then heated for 30 min at 50 8C
to encourage the dissolution of 2-APB. A 100 mL aliquot of the polymer
mixture was pipetted onto the aluminium side of an aluminium/plastic re-
flective sheet and a silanised glass slide was placed on top of the solution.
The slides were then left exposed to UV light for 1 h. The polymerised
films were subsequently submerged in deionised water, peeled off from
the aluminium sheet and washed in some fresh deionised water. Any
excess polymer material on the edges of the slide was removed using a
scalpel blade.


Hologram construction : The polymer films initially had to be photosensi-
tised by introducing a silver halide emulsion into the polymer matrix.
The technique used was based on the principle of the diffusion method
described by Blyth et al.[26] For these 2-APB acrylamide-based copoly-
mers the procedure described previously[15,24] was used. All of this work
was carried out under safe red lighting.


Monitoring the holographic response : The holograms were interrogated
by using an in-house-built reflection spectrophotometer as described by
Mayes et al.[27] A piece of hologram was cut from the whole slide (
�8 mm wide) and placed in a 4 mL plastic cuvette with the polymer side
facing inward. PBS buffer (1 mL, pH 7.4, buffer concentration 10 mm,
ionic strength 160 mm) was added, the cuvette was covered and left to
stir at a constant rate with a magnetic microflea/stirrer arrangement. The
set-up was left at 30 8C to allow the system to reach equilibrium, subse-
quently a 0.1m solution of sodium lactate was made up in PBS buffer,
20 mL of this solution was added to the cuvette and the system left to
equilibrate. This process was repeated with a 0.1 m solution of glucose.


NMR analysis : Each sample (2–5 mg) was taken and dissolved in about
0.5 mL of a suitable NMR solvent. A 5 mm quartz tube (Wilmad �528-
pp) was used for all runs of 11B NMR and referenced externally to
B(OH)3 in D2O, d =1.40 ppm. The 1D analysis was carried out using the
JNM-LA 400 MHz, and the COSY, NOESY, HMBC and HMQC spectra
were run using the Bruker DRX-500 (500 MHz).


pH-Depression method for following binding of lactate to the boronate
ligands : Solutions of 10-mm 3-APB prepared in D2O (pD adjusted with
NaOD), 20 mm and 200 mm sodium lactate solutions prepared in the
10 mm 3-APB solution were made up. Initially, 300 mL of 3-APB solution
was analysed by 11B and 1H NMR spectroscopy using the JNM-LA
400 MHz, and on removal, the pD of the sample was determined and re-
corded. The pD was calculated using pD=pH*+0.4,[28] in which pH* was
the direct value measured by the pH meter that had been calibrated with
standard aqueous buffer solutions. This process was repeated for subse-
quent samples whereby a specific amount of either of the lactate solu-
tions was added to this first sample in order to follow the binding of lac-
tate to 3-APB in solution. This experiment was carried out at pD�7.4
and repeated in triplicate for 2-, 3- and 4-APB.
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(CMRP) of Vinyl Acetate with Cobalt ACHTUNGTRENNUNG(III) Adducts as Initiators
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Introduction


The last few decades have witnessed a huge research effort
devoted to techniques able to control the radical polymeri-
zation of a variety of monomers.[1] The possible macromo-
lecular engineering of the parent polymers under non-de-
manding conditions was the basic incentive. Three main
techniques of controlled radical polymerization (CRP) have
emerged: atom-transfer radical polymerization (ATRP),[2,3]


reversible addition–fragmentation chain transfer
(RAFT),[4–8] and stable free-radical polymerization
(SFRP).[9–12] Other systems must also be mentioned,[13–18]


with special emphasis on the so-called “organometallic radi-
cal polymerization” (OMRP).[19] In this context, cobalt com-
plexes[20–25] proved highly efficient in mediating the radical
polymerization of vinyl monomers, particularly of “nucleo-
philic” monomers, the radical polymerization of which is not
prone to control. For instance, the CRP of vinyl acetate
(VAc) was made possible with the assistance of bis(acetyl-
acetonato)cobalt(II), not only in bulk[26] but also in suspen-
sion[27] and miniemulsion.[28] This technique, known as
cobalt-mediated radical polymerization (CMRP), allows
poly(vinyl acetate) (PVAc) and poly(vinyl alcohol) (PVOH,
merely upon hydrolysis) to be synthesized with a predeter-
mined molecular weight, and to be constitutive components
of block copolymers, which are very difficult to obtain by
other techniques.[29–32] Well-defined statistical copoly-
mers[33,34] could also be prepared and fullerene was success-
fully grafted by PVAc and PVOH.[35]


Until recently, CMRP was explained by a reversible ter-
mination mechanism based on the homolytic cleavage of the
terminal Co�C bond.[26] However, recent studies proposed
that a degenerative chain transfer would operate, at least
under certain conditions.[23–25,36] This proposal was supported
by the persistent control of the VAc polymerization in the
presence of a rather large excess of azo initiator with respect
to the cobalt complex, which is typical of a degenerative
chain-transfer mechanism.[36] According to the same study,


Abstract: Over the past few years,
cobalt-mediated radical polymerization
(CMRP) has proved efficient in con-
trolling the radical polymerization of
very reactive monomers, such as vinyl
acetate (VAc). However, the reason
for this success and the intimate mech-
anism remained basically speculative.
Herein, two mechanisms are shown to
coexist : the reversible termination of
the growing poly(vinyl acetate) chains
by the CoACHTUNGTRENNUNG(acac)2 complex (acac: acetyl-


acetonato), and a degenerative chain-
transfer process. The importance of
one contribution over the other strong-
ly depends on the polymerization con-
ditions, including complexation of
cobalt by ligands, such as water and
pyridine. This significant progress in


the CMRP mechanism relies on the
isolation and characterization of the
very first cobalt adducts formed in the
polymerization medium and their use
as CMRP initiators. The structure pro-
posed for these adducts was supported
by DFT calculations. Beyond the con-
trol of the VAc polymerization, which
is the best ever achieved by CMRP, ex-
tension to other monomers and sub-
stantial progress in macromolecular en-
gineering are now realistic forecasts.


Keywords: cobalt · density func-
tional calculations · polymerization ·
radical reactions · vinyl acetate


[a] Dr. A. Debuigne, Prof. R. J@rAme, Dr. C. Detrembleur
Center for Education and Research on Macromolecules
University of LiDge
Sart-Tilman, B6a, 4000 LiDge (Belgium)
Fax: (+32)4-366-3497
E-mail : christophe.detrembleur@ulg.ac.be


[b] Dr. Y. Champouret, Prof. R. Poli
Laboratoire de Chimie de Coordination
UPR CNRS 8241 li@e par convention H l’Universit@ Paul Sabatier
et H l’Institut National Polytechnique de Toulouse
205 Route de Narbonne, 31077 Toulouse (France)
Fax: (+33)561-553-003
E-mail : poli@lcc-toulouse.fr


I 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 4046 – 40594046







amino derivatives known for coordination to cobalt com-
plexes, such as pyridine, enhanced the reversible termination
of the chains.
There is, therefore, a need for an in-depth mechanistic


analysis of the CMRP of VAc, which is a prerequisite for
further progress in the field. A basic question to be ad-
dressed is the structure of the moiety that caps the propa-
gating chains in the dormant state. In this respect, the syn-
thesis of a model compound that is able to initiate the poly-
merization and to mediate it is of utmost importance. A
cobalt adduct would be a reasonable starting point, in a sim-
ilar manner to alkoxyamines which have proved to be effec-
tive initiators and mediators in the SFRP mechanism,[12] al-
though a free-radical initiator and a nitroxide were original-
ly needed to promote this type of controlled polymeri-
zation.[9] As the synthesis of cobalt adducts by classical or-
ganometallic reactions is a problem, an excess of cobalt(II)
acetylacetonate (Co ACHTUNGTRENNUNG(acac)2) was reacted with radicals gener-
ated in the CMRP of VAc. The cobalt species accordingly
formed were isolated and characterized with the purpose of
collecting a single cobalt adduct. In addition to this synthetic
effort, the structure and energy of single model compounds
were also investigated by computational tools (DFT stud-
ies). Both the experimental observations and the DFT calcu-
lations could be unified by quite a consistent mechanism
that properly accounts for the effect of the Co ligation on
the level of control and kinetics of the VAc polymerization.


Results and Discussion


Synthesis and recovery of cobaltACHTUNGTRENNUNG(III) adducts : As previously
reported, radical polymerization of VAc falls under control
when mediated by CoACHTUNGTRENNUNG(acac)2. The ability of this cobalt com-
plex to react with VAc-type radicals and to deactivate them
temporarily is the basis of the so-called CMRP. Although
the polymerization of VAc initiated by 2,2’-azobis(4-me-
thoxy-2,4-dimethylvaleronitrile) (V-70) at 30 8C is controlled
in the presence of Co ACHTUNGTRENNUNG(acac)2, an induction period of several
hours is observed and assumed to be the time needed to
generate radicals and convert most of the CoII complex into
alkyl cobaltACHTUNGTRENNUNG(III) derivatives as result of the trapping of the
growing PVAc oligomers.[26,37]


Consistently, the induction period should be suppressed
by initiating the CMRP of VAc by a model alkyl cobaltACHTUNGTRENNUNG(III)
complex. However, alkyl adducts of CoACHTUNGTRENNUNG(acac)2 have not
been reported in the scientific literature. Nevertheless, a few
alkyl cobaltACHTUNGTRENNUNG(III) species, mostly
model compounds of vitamin
B12,[38,39] are well known and
have been extensively stud-
ied.[40–43] These systems typically
feature a planar tetradentate
ligand, such as a porphyrin or a
Schiff base, which mimics the
natural enzyme, an axial alkyl
ligand, and an additional axial


base trans to the alkyl group which completes the octahedral
coordination of CoIII. Although a limited number of five-co-
ordinate [CoR(L4)] complexes exists,


[44] pentacoordination is
not a typical occurrence in CoIII coordination chemistry, be-
cause of the strong ligand field stabilization energy provided
by the octahedral coordination for a low-spin d6 system.[45] It
is clear that the synthesis of an alkyl cobalt ACHTUNGTRENNUNG(III) complex
supported by hard-donor ligands, such as acac, is expected
to be a difficult task as a result of the sensitivity of the
cobalt species to oxygen and temperature (the Co�C bond
is quite labile, as assessed by the ability to carry out the
polymerization close to room temperature).
Different synthetic strategies were envisioned for the


preparation of a model [Co ACHTUNGTRENNUNG(acac)2ACHTUNGTRENNUNG{-CH ACHTUNGTRENNUNG(CH3) ACHTUNGTRENNUNG(OCOCH3)}]
compound, including one-electron oxidative addition of
CH3CH ACHTUNGTRENNUNG(OOCCH3)Br to Co ACHTUNGTRENNUNG(acac)2, generation of
CH3COOCH ACHTUNGTRENNUNG(CH3)C radicals from CH3CH ACHTUNGTRENNUNG(OOCCH3)Br and
Sn2Bu6 or Cu


I complexes in the presence of CoACHTUNGTRENNUNG(acac)2, and
addition of CH3CH ACHTUNGTRENNUNG(OOCCH3)Br to a reduced form of Co-
ACHTUNGTRENNUNG(acac)2, but none of these strategies met with success. We
therefore turned to the same method used to initiate the
polymerization, namely radical generation from V-70, fol-
lowed by addition of these radicals to the VAc monomer
and subsequent trapping with Co ACHTUNGTRENNUNG(acac)2. The reaction was
carried out with an excess of Co ACHTUNGTRENNUNG(acac)2 with respect to V-70,
in order to collect low-molecular-weight cobalt adducts
(Scheme 1). Actually, the reaction was stopped before the
end of the induction period.
After several hours of reaction at 30 8C, no significant in-


crease in viscosity was observed and the monomer conver-
sion, measured gravimetrically, was close to zero, in agree-
ment with a low polymer content, if any. V-70 residues were
eliminated by elution of the crude reaction mixture through
silica under an inert atmosphere. Moreover, two fractions
were collected with appropriate eluants (see the Experimen-
tal Section) and identified as cobalt derivatives by inductive-
ly coupled plasma (ICP) mass spectrometry: a minor green
compound 1 and a more abundant pink derivative 2. Forma-
tion of two different cobalt species during the induction
period was unexpected. Their nature, handling, and ability
to initiate and control the polymerization of VAc were sys-
tematically investigated.
For reasons that will become apparent after examining


the probable structure of product 1, the above reaction was
repeated in the absence of monomer. This procedure led to
a final mixture that was worked up in the same way as the
mixture leading to the product fractions 1 and 2 above


Scheme 1. General strategy for the formation of low-molecular-weight cobalt adducts by CMRP (reaction
time< induction period).
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(chromatography on a silica column with CH2Cl2/EtOAc). A
green fraction, the color and elution properties of which are
analogous to those of product 1, was collected, whereas no
pink fraction similar to product 2 was obtained in this case.


Characterization of the cobaltACHTUNGTRENNUNG(III) adducts


IR characterization : Besides the difference in color and solu-
bility properties (elution through silica), compounds 1 and 2
also differ in their IR properties, as shown in Figure 1. Most
notable is the presence of a strong and sharp band centered
at 2017 cm�1 in the spectrum of product 1, whereas this
band is nearly absent in the spectrum of product 2. Con-
versely, 2 shows a strong band centered at 1738 cm�1, where-
as this band is very small in the spectrum of 1. The latter ab-
sorption is clearly attributable to an ester function of VAc
monomer units, suggesting that product 2 might be the ex-
pected CoIII-capped PVAc oligomer (Scheme 1). On the
other hand, product 1 does not seem to contain monomer
units (the small residual band at 1738 cm�1 in this product
could result from the partial migration of 2 under the elu-
tion conditions of 1). It is for this reason that the reaction
between Co ACHTUNGTRENNUNG(acac)2 and V-70 was repeated in the absence of
monomer, leading also to the isolation of compound 1, as
supported by IR spectroscopy (Figure 1). Note that a car-
bonyl absorption band at 1738 cm�1 is completely absent in
this case. Thus, product 1 appears to be a byproduct of the
CMRP initiating system: V-70 produces primary radicals
(R0) and these are either intercepted by monomer molecules
and then terminated by Co ACHTUNGTRENNUNG(acac)2, leading to the pink [Co-
ACHTUNGTRENNUNG(acac)2ACHTUNGTRENNUNG{(VOAc)nR0}] oligomers 2, or directly react with Co-
ACHTUNGTRENNUNG(acac)2, leading to the green product 1.


It is reasonable to ask now what the probable structure is
for this green material 1. The absorption at 2017 cm�1 is sig-
nificantly red-shifted from that of a terminal nitrile group
(typically in the range 2260–2240 cm�1 and is only slightly
red-shifted when conjugated with other organic p systems,
for example, 2240–2215 cm�1 for C=C�C=N and Ar�C=N
compounds).[46] The hypothesis of an addition of the primary
radical to Co ACHTUNGTRENNUNG(acac)2 via the carbon atom does not appear
reasonable, because on the one hand the CN vibration
would not be significantly shifted from that of typical nitrile
compounds, and on the other hand, the C�Co bond is not
expected to be sufficiently strong (see DFT calculations
below). An alternative hypothesis is the addition of the pri-
mary radical to Co ACHTUNGTRENNUNG(acac)2 through the N atom, given that
conjugation brings a significant spin density on the N atom,
to form a ketiminato ligand (see Scheme 2). A very limited


number of ketiminato complexes has been previously de-
scribed, and these exhibit significantly red-shifted C–N
stretching vibrations relative to free nitrile functionalities,
for example, [IrCp* ACHTUNGTRENNUNG(N=C=CPh2)(Ph)ACHTUNGTRENNUNG(PMe3)] (nCN=


2098 cm�1; Cp: cyclopentadienyl)[47] and [Ru ACHTUNGTRENNUNG(dmpe)2(H)ACHTUNGTRENNUNG(N=


C=CHAr) (Ar=Ph, nCN=2120 cm�1; Ar=p-C6H4CF3, nCN=


2134 cm�1; dmpe: 1,2-bis(dimethylphosphino)ethane).[48,49]


Independent efforts at crystallizing this product in the
form of single crystals suitable for an X-ray diffraction study
did not meet with success. The compound appears rather un-
stable, as it is a thermal source of radicals (see below).
During numerous attempts to grow single crystals, mixtures
of microcrystalline powder and green crystals were system-
atically obtained. One of the green crystals, of sufficient
quality for an X-ray investigation, turned out to correspond
to compound Co ACHTUNGTRENNUNG(acac)3.


[50] The white powder exhibited the
typical C–N vibration of terminal nitriles (nCN=2240 cm�1).
Further information on this decomposition process was ob-
tained by NMR spectroscopy (see below).


DFT investigation of the green ketiminato byproduct : As we
were not able to isolate and fully characterize the ketimina-
to species shown in Scheme 2, that is, the likely candidate
for the main product obtained from V-70 and CoACHTUNGTRENNUNG(acac)2 as
well as the minor product when the same reaction is carried


Figure 1. IR spectra of green cobalt adduct 1 (g) and pink cobalt
adduct 2 (c) collected when the reaction between V-70 and Co ACHTUNGTRENNUNG(acac)2
was carried out in the presence of VAc. IR spectrum of adduct 1 formed
by reaction of V-70 and Co ACHTUNGTRENNUNG(acac)2 without VAc (a). The cobalt ad-
ducts were dissolved in CH2Cl2 and solvent-cast on a NaCl disk before
IR spectroscopic analysis.


Scheme 2. Hypothesis for the generation and nature of the green product
1.


www.chemeurj.org I 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 4046 – 40594048


R. Poli, C. Detrembleur et al.



www.chemeurj.org





out in the presence of VAc (product 1), we decided to ex-
plore its structure and energy by computational tools. The
calculations were carried out by using the simpler
(CH3)CH(CN) radical in the interests of computational
speed.
Qualitatively, one could argue that after formation of the


Co�N s bond, leading to a formally 16-electron [CoACHTUNGTRENNUNG(acac)2-
ACHTUNGTRENNUNG{N=C=C ACHTUNGTRENNUNG(CH3)2}] complex, the residual lone pair available
on the N atom could interact with an empty Co d orbital
and yield a stable five-coordinate complex. This would be
an example of the so-called p-stabilized unsaturation.[51]


Under the above assumption, the optimization was started
from the most reasonable geometry, namely a trigonal bipyr-
amid with the p-donor ligand in the equatorial plane and
oriented in such a way as to form the p bond with the (xy,
x2�y2) set.[52] However, to our surprise, the geometry dra-
matically rearranged and eventually optimized to a square
pyramid with the ketiminato ligand located in one of the
equatorial positions (Figure 2). Moreover, this structure is


endothermic by 20.0 kcalmol�1 relative to the separated Co-
ACHTUNGTRENNUNG(acac)2 and C ACHTUNGTRENNUNG(CH3)2CN species, but the calculated C=N fre-
quency would seem in rather good agreement with the ex-
perimental value shown in Figure 1. Indeed, the calculation
yields 2101 cm�1, versus 2305 cm�1 for the C-bonded isomer
and 2363 cm�1 for the (CH3)2(CN)C�N=N�C(CN) ACHTUNGTRENNUNG(CH3)2
model of V-70. Against expectations, the optimized Co-N-C
angle is very much smaller than 1808 (133.48), clearly indi-
cating that no Co–N p interaction is established. Rather, it
appears that the N lone pair is still fully localized on the
N atoms and ready to establish a s bond with a second
metal atom.
The above result suggested to us that this mononuclear


structure would probably gain in stability by forming a
Lewis acid–base dimer. In other words, the N atom of this
molecule could donate its lone pair to the Co atom of a
second identical molecule, the N atom of which would
donate its own lone pair to the Co atom of the first mole-
cule. Indeed, this dinuclear model smoothly optimized to
the geometry shown in Figure 2. The system is now exother-
mic by 9.4 kcalmol�1 relative to two CoACHTUNGTRENNUNG(acac)2 units and two


radicals. Furthermore, the calculated C=N frequencies
(2117.5 and 2117.8 cm�1) are once again in line with the ex-
perimental value.


NMR characterization : Confirming the conclusions drawn in
the IR section, the NMR spectrum of product 1 exhibits far
too many resonances, thus indicating that this product is a
complex mixture of different compounds. After the first
chromatographic separation, the NMR spectrum (CDCl3)
exhibits resonances at the expected chemical shift for the
acac ligand (singlets at d=5.52 and 2.17 ppm) and for the
organic groups of R0 (signals at d=3.18 (s), 2.59 (d), 2.19
(d), 1.70 (s), 1.27 (s), and 1.21 (s) ppm), but the spectrum
changed and simplified after successive chromatographic pu-
rifications. The green fraction contains fewer of the resonan-
ces of the organic R0 fragment and only shows the acac
ligand resonances, consistent with the quantitative formation
of a diamagnetic CoIII species. The white powder mentioned
in the IR section was consistent with the simple product of
primary radical coupling, R0–R0. These results suggest that
the ketiminato species suffers from a variety of complex de-
composition processes. The detailed mechanism of its de-
composition was not further investigated.
The pink cobalt adduct 2 was analyzed by NMR spectros-


copy before and after substitution of the Co ACHTUNGTRENNUNG(acac)2 chain-
end by tetramethylpiperdinyloxy free radical (TEMPO;
product 2’). TEMPO is indeed a very efficient scavenger of
the PVAc radicals generated by cleavage of the PVAc�Co
bond.[53] In this study, adduct 2, assumed to be a very low-
molecular-weight PVAc derivative, was reacted with
TEMPO. Comparison of the 1H NMR spectra of 2 and 2’
(Figure 3) confirms the success of the cobalt–TEMPO ex-
change. The common signals of the two compounds are
those of the a end group (V-70 fragment; signals e and f be-
tween d=1.0 and 1.5 ppm, and signal d characteristic of
-OCH3 at d=3.16 ppm) and of the VAc units, the penulti-
mate unit excluded (signal a corresponding to CHOAc be-
tween d=4.8 and 5.2 ppm, and signal b corresponding to
CH2, mixed with other signals between d=2.0 and 1.7 ppm).
The signals of the PVAc final unit and those of the chain
end attached to such a unit differ as expected. For the sake
of clarity, those of compound 2’ are described first. The pro-
tons corresponding to TEMPO can be observed between
d=1.0 and 1.5 ppm (signals i and j in Figure 3b). Moreover,
signal h, corresponding to the CHOAc proton in the final
VAc unit, linked to the TEMPO, is shifted downfield to d=


6.2 ppm. The latter signal, on the other hand, is absent in
the spectrum of 2 and is replaced by a resonance at d=


2.5 ppm. This spectacular upfield shift is related to the re-
placement of the electronegative O atom with the electro-
positive Co atom. The rather large width of resonance h in
both spectra is due to the expected presence of several con-
tributing species. Firstly, the dyad made up of the two last
monomer units may be of r or m type. The r dyad has a CH2


group with equivalent H atoms, giving rise to a triplet, while
the CH2 group of the m dyad has diastereotopic H atoms,
giving rise to a doublet of doublets. Radical polymerization


Figure 2. DFT-optimized geometries of mononuclear (left) and dinuclear
(right) [Co ACHTUNGTRENNUNG(acac)2 ACHTUNGTRENNUNG{N=C=C ACHTUNGTRENNUNG(CH3)2}].
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is nonstereospecific and the two dyads are expected in an
approximately 1:1 ratio. Secondly, the number of distinct
species is further doubled by an additional diastereomeric
relationship resulting from the chirality of the cobalt center
(see below).
It is now interesting to observe that the acac ligands of


the CoACHTUNGTRENNUNG(acac)2 chain-end are not equivalent, with the two
main i resonances for the CH groups observed at d=5.5 and
5.3 ppm. This suggests a cis arrangement for the two acac
groups in a pseudo-octahedral arrangement, rendering the
Co center chiral. The slight splitting observed for the i reso-
nances may be attributed to the presence of two different
diastereoisomers, differing from the relative configurations
of the Co atom and Co-bonded C atom, as mentioned
above. The corresponding CH3 resonances (j) overlap with
other resonances in the d=2.0 to 1.4 ppm region. This bond-
ing picture is fully supported by DFT calculations, which are
described in a later section. The average number of VAc
units in the pink cobalt adduct 2 is close to four, as calculat-


ed from the intensity of the proton resonances typical of the
VAc units and the chain ends, respectively. In conclusion,
compound 2 is a very low-molecular-weight cobalt adduct
formed by the rapid trapping of the growing PVAc chains
by Co ACHTUNGTRENNUNG(acac)2, as suggested in Scheme 1.


UV/Vis characterization : The green cobalt adduct 1 and the
pink derivative 2 were also discriminated by UV/vis spec-
troscopy under an inert atmosphere (Figure 4). An absorp-
tion maximum was observed at l=592 nm for the minor
product 1 and at l=516 nm for compound 2.


Moreover, the absorption profiles changed when these
cobalt complexes were handled under different conditions.
For example, the pink compound 2 turned green when not
purified under an inert atmosphere, whereas the coloration
of compound 1 did not change. The sensitivity of the low-
molecular-weight PVAc–CoIII ACHTUNGTRENNUNG(acac)2 compound 2 to oxygen
was confirmed by the continuous change of the UV/vis spec-
trum upon exposure to air (Figure 5), together with a color
change from pink to green. After one hour, the UV/vis
curve no longer changed, consistent with the complete con-
version of the pink compound 2 into a green product 3. The
latter compound is, however, different from the minor green


Figure 3. 1H NMR spectrum for the low-molecular-weight cobalt adduct
2 : a) untreated; b) after treatment with TEMPO (2’). Solvent: CDCl3.


Figure 4. UV/vis spectra for the green compound 1 (a, lmax=592 nm)
and pink compound 2 (c, lmax=516 and 613 nm) in degassed CH2Cl2.


Figure 5. Evolution of the UV/vis spectrum of the pink compound 2
(broad full line, lmax=516 nm) in degassed CH2Cl2 when exposed to air.
Spectra were collected every 5 min for 60 min until the color turned
green (compound 3, broad dashed line, lmax=599 nm).
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product 1, the lmax of compound 3 being l=599 nm instead
of l=592 nm for compound 1 (Figure 5).
The UV/vis spectrum of compound 2 does not change


upon addition of distilled and degassed water as long as the
sample is maintained under an inert atmosphere (Figure 6).


In contrast, upon exposure to air, the pink solution 2 turns
green, as previously observed. It is thus clear that oxidation
is basically responsible for the conversion of the low-molec-
ular-weight cobalt adduct 2 into the green compound 3, and
not coordination of water (air moisture) onto cobalt with
formation of a six-coordinate cobalt chain end [CoACHTUNGTRENNUNG(acac)2-
ACHTUNGTRENNUNG(H2O) ACHTUNGTRENNUNG(PVAc)]. A likely first step of the chemical transfor-


mation responsible for the color change is the insertion of a
dioxygen molecule into the Co�C bond, to yield an alkylper-
oxo complex, which then may evolve to other products. A
characteristic example of this oxidation process was report-
ed elsewhere, including the X-ray analysis of the alkylper-
oxo product.[54]


Polymerization of VAc initiated by the cobaltACHTUNGTRENNUNG(III) adducts :
A key question to address is the ability of the isolated Co
adducts 1–3 to initiate the CMRP of VAc and, in the case of
success, to control it. This study should allow determination
of whether or not the initiation of CMRP takes place ac-
cording to a degenerative chain-transfer mechanism or by
simple cleavage of the cobalt–carbon bond and release of
the initiating radical (Scheme 3).
Radical polymerization of VAc was carried out with com-


pounds 1–3 and the data are reported in Table 1. When per-
formed at 30 8C in the presence of the green product 1, the
polymerization of VAc is rather fast (10% conversion per
hour) although uncontrolled (Table 1, entry 1). Indeed, the
molar mass is much higher than expected in the case of con-
trol, and it does not increase with monomer conversion
beyond 20%. The polydispersity of PVAc was also high
(�2). That the initiator efficiency is low is not surprising in
the light of the thermal decomposition process revealed by
the above-described spectroscopic studies. The complexity
of the decomposition reaction, which releases CoIII products
together with CoACHTUNGTRENNUNG(acac)2, also accounts for the poor control
of the process. Nevertheless, compound 1 is able to form pri-
mary radicals under mild conditions but their actual struc-
tures are unknown.


Figure 6. Evolution of the UV/vis spectrum of the pink cobalt adduct 2 in
a degassed acetone/water mixture (9.5:0.5; c), a) t=0, b) t=20, c) t=
40 min under an inert atmosphere, before exposure to air for 4 min be-
tween each scan (a) at d) t=60 and e) t=100 min.


Scheme 3. Possible mechanisms of reversible termination and degenerative chain transfer in the CMRP of VAc initiated by a model cobalt adduct.
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In contrast, the polymerization of VAc conducted with
the pink cobalt adduct 2 is very slow and controlled
(Table 1, entry 2). Indeed, the monomer conversion is only
11% after 7 h, whereas the molar mass increases regularly
with monomer conversion. There is a rather good agreement
between the experimental and theoretical molar masses, and
the polydispersity is low along the polymerization (�1.1–
1.2). Thus, it appears that the alkyl cobalt complex 2 is a re-
alistic model for the PVAc–Co ACHTUNGTRENNUNG(acac)2 dormant chains. The
initiation of the polymerization and the slow consumption
of VAc in the presence of the purified compound 2 are ac-
counted for by the homolytic cleavage of the C�Co bond
and the occurrence of a reversible termination process
(pathway a, Scheme 3). However, for the time being, it
cannot be excluded that a propagating chain, released by
the reversible termination mechanism, is involved in a de-
generative chain-transfer process.
The kinetics of the polymerizations carried out with the


cobalt adducts 1 and 2 are compared in Figure 7, which
clearly emphasizes a much higher polymerization rate in the
case of complex 1.


Polymerization of VAc initiated by the pink alkyl cobalt
complex 2 in the presence of additives


Addition of V-70 : It was recently suggested that bulk CMRP
of VAc proceeds by a degenerative chain-transfer mecha-
nism (pathway b, Scheme 3) when conducted in the presence
of V-70. To give credit to this proposal, the VAc polymeri-
zation was initiated by adduct 2 in the presence of V-70
(Table 2). As expected, the addition of V-70 to the polymeri-
zation medium dramatically increases the polymerization
rate (entries 1 and 2 in Table 2). Mn,SEC increases regularly
with the monomer conversion, as expected for a controlled
process. Nevertheless, the polydispersity also increases with


the progress of polymerization, which indicates that the con-
trol is not ideal. All in all, these observations support the
notion that a degenerative chain-transfer process contributes
to the polymerization in the presence of additional azo ini-
tiator.


Addition of pyridine : Another way to speed up CMRP
while maintaining the polymerization control consists of
adding electron-donating compounds, such as pyridine.[36]


Indeed, it was reported that bulk CMRP of VAc initiated by
V-70 in the presence of Co ACHTUNGTRENNUNG(acac)2 was faster and that the in-
duction period disappeared in the presence of pyridine,
which is able to coordinate the cobalt complex. It was sug-
gested that this ligand changes the polymerization mecha-
nism from a degenerative chain transfer to a reversible ter-
mination process. In this work, a small amount of pyridine
was added to adduct 2. As expected, the polymerization was
three times faster when conducted in the presence of a stoi-
chiometric amount of pyridine with respect to the cobalt
complex (Table 3 and Figure 8a).


Table 1. CMRP of VAc initiated by different cobalt adducts.[a]


Entry t
[h]


Conversion
[%]


Mn,SEC
[b]


[gmol�1]
Mn,th


[c]


[gmol�1]
Mw/
Mn


[d]


1 1 12.5 32200 3980 2.25
2 25.6 50400 8600 1.88
3 33.7 54800 11300 1.84
4 40.0 55600 13200 1.89


2 1 3.0 907 620 1.20
2 4.4 1120 902 1.24
4 7.9 2180 1620 1.07
6 9.3 2860 1900 1.07
7 11.3 3400 2320 1.07


3 24 – – – –


[a] Bulk polymerization at 30 8C. 1) Green compound 1 (0.140 mmol)/
VAc (54.0 mmol); 2) pink compound 2 (0.227 mmol)/VAc (54.0 mmol);
3) green compound 3 (0.227 mmol; resulting from exposure of 2 to air for
16 h)/VAc (54.0 mmol). [b] The number-average molecular weight deter-
mined by size-exclusion chromatography (Mn,SEC) in THF with a polystyr-
ene (PS) calibration. [c] Theoretical molar mass calculated from the
[VAc]/[Co] ratio and conversion. The cobalt concentration was deter-
mined by ICP. [d]Mw: weight-average molecular weight.


Figure 7. Time dependence of ln[M]0/[M] (M: monomer) for VAc poly-
merization initiated by compound 1 (~) and compound 2 (*); Table 1,
entries 1 and 2, respectively.


Table 2. CMRP of VAc initiated by the pink cobalt adduct 2 in the pres-
ence of V-70 at 40 8C.[a]


t [h] Conversion [%] Mn,SEC
[b] [gmol�1] Mn,th


[c] [gmol�1] Mw/Mn


1 1 3.7 – – –
2 4.0 7800 10000 1.10
3 6.6 16600 16600 1.05
4 8.4 20100 21100 1.07
5 9.9 23800 24900 1.08


2 1 8 16600 20100 1.11
2 16 32300 40200 1.14
3 33 63500 83000 1.25
4 49 78000 123100 1.31
5 55 94700 138200 1.43


[a] At 40 8C. Adduct 2, 0.0185 mmol (determined by ICP). 1) VAc,
54.0 mmol; 2) VAc (54.0 mmol)/V-70 (0.02 mmol); [Co]/ ACHTUNGTRENNUNG[V-70]=0.925.
[b]Mn,SEC in THF with a PS calibration. [c] Calculated from the [VAc]/
[Co] ratio and conversion. The cobalt concentration was determined by
ICP.
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The power law in Equation (1) was investigated:


ln½M�0=½M� ¼ ð3kp=2ÞðK½P-X�0=3ktÞ1=3 t2=3 ð1Þ


in which kp and kt are the rate constants of propagation and
termination, respectively, K is the equilibrium constant be-
tween the active and the dormant species, and P-X stands
for the polymeric dormant species end-capped by the con-
trol agent X.
This power law was experimentally observed for polymer-


izations directly initiated by alkoxyamines, in the absence of


conventional radical initiator and free nitroxide.[55–57] In a
similar manner to alkoxyamines, adduct 2 releases both the
initiating radical and the controlling agent (Co ACHTUNGTRENNUNG(acac)2).
Therefore, it is not surprising to observe a linear 2/3 order
dependence of ln[M]0/[M] on time for the polymerization
carried out with this compound. This observation is addi-
tional evidence that a reversible-termination mechanism op-
erates in the controlled process.
Under these conditions, the polydispersity remains very


low (1.10) and the molar mass increases with the monomer
conversion. The clear shift of the size-exclusion chromato-
grams towards shorter elution times when the monomer
conversion increases is shown in Figure 9.


Addition of water : Ligation of Co ACHTUNGTRENNUNG(acac)2 by water molecules
was also previously suggested. Therefore, adduct 2 was used
in conjunction with water in the CMRP of VAc. The addi-
tion of water has a beneficial effect on the polymerization
kinetics (compare Table 1, entry 2 and Table 4). Indeed,
after 7 h, the monomer conversion increases from 11 to
52% upon addition of water. Figure 10a is another illustra-
tion of this strong kinetic effect.


Table 3. CMRP of VAc initiated by the pink cobalt adduct 2 in the pres-
ence of pyridine.[a]


t [h] Conversion [%] Mn,SEC
[b] [gmol�1] Mn,th


[c] [gmol�1] Mw/Mn


1 9 3140 1950 1.06
3 18 5500 3700 1.06
5 25 7100 5100 1.07
7 29 8600 6000 1.07
24 54 15400 11100 1.09
30 61 17000 12300 1.10


[a] Bulk polymerization at 30 8C. Adduct 2 (0.227 mmol)/VAc
(54.0 mmol)/pyridine (18 mg, 0.229 mmol). [b]Mn,SEC in THF with a PS
calibration. [c] Calculated from the [VAc]/[Co] ratio and conversion. The
cobalt concentration was determined by ICP.


Figure 8. a) First- and b) 2/3-order dependence of ln[M]0/[M] on time for
VAc polymerization initiated by compound 2 with (~) and without (*)
pyridine; Table 3 and entry 2 of Table 1, respectively.


Figure 9. Evolution of size-exclusion chromatograms with time for VAc
polymerization initiated at 30 8C by adduct 2 in the presence of a stoi-
chiometric amount of pyridine (Table 3).


Table 4. CMRP of VAc initiated by the pink cobalt adduct 2 in the pres-
ence of water.[a]


t [h] Conversion [%] Mn,SEC
[b] [gmol�1] Mn,th


[c] [gmol�1] Mw/Mn


1 19 4900 3900 1.11
2 29 6700 5900 1.10
3 36 7800 7400 1.08
4 41 8900 8300 1.07
5 45 9700 9200 1.07
7 52 11700 10600 1.06
24 97 19300 19800 1.12


[a] Bulk polymerization at 30 8C. Compound 2 (0.227 mmol)/VAc
(54.0 mmol)/H2O (2.22 mmol). [b]Mn,SEC in THF with a PS calibration.
[c] Calculated from the [VAc]/[Co] ratio and monomer conversion. The
cobalt concentration was determined by ICP.
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Moreover, the experimental data reported in Table 4
agree with a controlled polymerization as assessed by the
linear relationships between Mn and the monomer conver-
sion (Figure 10b) and between ln[M]0/[M] and t2/3 (Fig-
ure 10a). This 2/3-order linear dependence gives credit to a
controlled polymerization that proceeds by a reversible ter-
mination mechanism in the presence of water.[58–60] Further-
more, the polydispersity is very low (�1.1) and the molar
masses are very close to the theoretical values, even at mo-
nomer conversions as high as 97%. The excellent level of
control imparted to the VAc polymerization by water is
nicely illustrated by the shift of the size-exclusion chromato-
grams towards shorter elution times (Figure 11).
At constant [H2O]/[2] ratio, the PVAc molar mass is con-


trolled as expected by the [VAc]/[2] ratio (see Figure 12).
Note that PVAc with a molar mass as high as
160000 gmol�1 and a low polydispersity (1.3) can be pre-
pared in a controlled manner. The level of control is, there-
fore, higher when conducted with the cobalt model com-
pound 2 than with a combination of CoACHTUNGTRENNUNG(acac)2 and V-70.


Impact of water on the course of the CMRP of VAc : The
effect of water on the CMRP of VAc discussed above was
an incentive to revise the discussion of previously reported
experiments of CMRP in suspension[27] and miniemulsion.[28]


When carried out by these techniques rather than in bulk,
the VAc polymerization was typically much faster while re-
maining under control. This effect was tentatively explained
by the diffusion of the control agent (Co ACHTUNGTRENNUNG(acac)2) from the
monomer droplets to the aqueous phase, which shifted the
equilibrium between active and dormant species towards the
active ones. Although this compartmentalization effect
cannot be precluded, the ability of water to coordinate the
cobalt complex must be taken into account. In this respect,


Figure 10. a) 2/3-order time dependence of ln[M]0/[M] for VAc polymeri-
zation initiated by the adduct 2 with (~) and without (*) water (Table 4
and entry 2 in Table 1, respectively). b) Dependence of the molar mass
(*) and molar mass distribution (*) for VAc polymerization initiated by
adduct 2 in the presence of water (Table 4). c is the theoretical predic-
tion based on the [VAc]/[Co] ratio.


Figure 11. Evolution of the size-exclusion chromatograms of PVAc with
the polymerization time. This polymerization was initiated by adduct 2
added with water at 30 8C (Table 4).


Figure 12. Dependence of the molar mass (filled symbols) and molar
mass distribution (empty symbols) on monomer conversion for VAc poly-
merization initiated by adduct 2 in the presence of water, at different
[VAc]/[Co] ratios. c corresponds to the theoretical molar masses calcu-
lated from the [VAc]/[Co] ratios and VAc conversions. Conditions: 40 8C,
adduct 2 (0.0185 mmol), H2O (2.22 mmol), VAc (*: 27.0, ~: 54.0, &:
108.0 mmol).
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a series of experiments was carried out to discriminate these
two effects (Figure 13).


Right after the induction period, as soon as the bulk
CMRP of VAc started, the reaction medium was split into
three parts. The first one was merely maintained at 30 8C.
The dry VAc of the second portion was evaporated and re-
placed by VAc saturated with water. A large volume of
water (VVAc/VH2O=4) was added to the third fraction, which
phase-separated immediately. The significantly faster poly-
merization when water-saturated VAc was substituted for
dry VAc has to be accounted for by water coordination to
the cobalt complex. This kinetic benefit was, however, much
smaller than the one observed when the experiment was car-
ried out with a large amount of water, which mimics the sus-
pension/miniemulsion conditions. Only an equilibrium dis-
placement in favor of the active species, triggered by diffu-
sion of CoACHTUNGTRENNUNG(acac)2 to the aqueous phase, can explain the am-
plification of the kinetic effect. In all three cases, the VAc
polymerization fits a controlled pattern as assessed by the
linear dependence of Mn on the monomer conversion and
the rather low polydispersity (1.15–1.3; Figure 14). The
much more important discrepancy between theoretical and
experimental molar masses observed for the biphasic system
is more likely a consequence of the compartmentalization
effect, as was observed for CMRP in aqueous dispersed
media.


Theoretical investigations into the nature of the organome-
tallic chain end in the dormant species : Our attempts to
generate, isolate, and characterize a model compound of the
PVAc–Co ACHTUNGTRENNUNG(acac)2 “unimer” have so far been unsuccessful, as
detailed in a previous section. For this reason, we turned to
a computational study of the [CoACHTUNGTRENNUNG(acac)2ACHTUNGTRENNUNG{-CH ACHTUNGTRENNUNG(CH3)-
ACHTUNGTRENNUNG(OCOCH3)}] unimer model. The question is whether this
compound would be sufficiently stable relative to the sepa-
rated CH3CH ACHTUNGTRENNUNG(OOCCH3) and CoACHTUNGTRENNUNG(acac)2 species and whether


it adopts a five- or six-coordinate geometry. When the poly-
merization is carried out in the presence of additional bases
(L), such as water or pyridine, and the reaction follows a re-
versible termination mechanism (see above), one molecule
of the base probably adds to the Co center in the dormant
species to afford a [Co ACHTUNGTRENNUNG(acac)2(L) ACHTUNGTRENNUNG(PVAc)] chain end. Howev-
er, in the absence of added bases, that is, when the polymeri-
zation follows most probably a degenerate transfer mecha-
nism, the structure of the cobalt chain end is less certain. In
a recently published study, some of us reported DFT calcu-
lations on a model CH3–Co ACHTUNGTRENNUNG(acac)2 system.


[36] The system
was found to be most stable in a square pyramidal geometry
with the CH3 group in the axial position and with a spin sin-
glet configuration, its enthalpy value being �14.55 kcalmol�1
relative to the separated CH3 radical and Co ACHTUNGTRENNUNG(acac)2 (which
adopts a tetrahedral coordination geometry with a spin
quartet ground state). That is, the bond dissociation enthal-
py BDE ACHTUNGTRENNUNG(Co�CH3)=14.55 kcalmol


�1. Furthermore, axial co-
ordination of ligands such as pyridine, NH3, or H2O further
stabilized the system by an additional 9–13 kcalmol�1.
In the present study, we wish to address the nature of the


dormant species CH3CH(X)–Co ACHTUNGTRENNUNG(acac)2, not only when X=


OOCCH3, the model of the PVAc–Co ACHTUNGTRENNUNG(acac)2 unimer, but
also when X=COOCH3 and OCH3, to model growing
poly(methyl acrylate) (PMA) and poly(vinyl methyl ether)
(PVME) chains, respectively. The PMA model was selected
because it was previously reported that CoACHTUNGTRENNUNG(acac)2 is ineffec-
tive in controlling the polymerization of methyl acrylate
(MA).[26] The other model (PVME) is of interest because
previously published DFT calculations showed that its
bonds with halides[58] and dithiocarboxylates[59] are nearly as
strong as those established by the PVAc model. Finally, we
also modeled an R–Co ACHTUNGTRENNUNG(acac)2 compound with R=C-
ACHTUNGTRENNUNG(CH3)2CN as a simpler model (in the interests of computa-
tional time) of the primary radical generated from V-70, to


Figure 13. Plot of ln([M]0/[M]) versus time t for VAc polymerization in
the presence of CoACHTUNGTRENNUNG(acac)2 at 30 8C. Conditions: 21 h of pre-reaction,
[VAc]/[Co ACHTUNGTRENNUNG(acac)2]/ ACHTUNGTRENNUNG[V-70]=540:1:3 then (*) no water added, (~) water-
saturated VAc (&), or biphasic system: VVAc/VH2O=4.


Figure 14. Dependence of the molar mass (filled symbols) and molar
mass distribution (empty symbols) on monomer conversion for VAc poly-
merization in the presence of Co ACHTUNGTRENNUNG(acac)2 at 30 8C. Conditions: 21 h of pre-
reaction, [VAc]/[Co ACHTUNGTRENNUNG(acac)2]/ ACHTUNGTRENNUNG[V-70]=540:1:3 then (*/*) no water added
(f=0.82), (~/~) water-saturated VAc (f=0.78), or (&/&) two-phase
system: VVAc/VH2O=4 (f=0.46); f = Mn,th/Mn,SEC.
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assess the possibility that CoACHTUNGTRENNUNG(acac)2 could directly trap this
radical.
All R–Co ACHTUNGTRENNUNG(acac)2 systems give similar optimized geome-


tries to that previously reported with R=CH3 (see
Figure 15). The BDE ACHTUNGTRENNUNG(Co�R) energies are reported in


Table 5, together with the Co�C bond lengths. As expected,
all systems show weaker Co�C bonds than the previously
reported methyl compound. The BDE decreases when X
varies in the order OMe>OOCCH3, but all these values are
still positive. On the other hand, the PMA unimer model
yields a negative value. This result is in good agreement
with the experimental observation that the MA polymeri-


zation cannot be controlled in the presence of Co ACHTUNGTRENNUNG(acac)2,
that is, this compound is not a good spin trap for the PMA
growing radical chain. The model of the V-70 primary radi-
cal also gives a negative BDE. This is expected from the
highly stabilized nature of the resulting radical (tertiary
carbon atom, conjugation with the CN group), and illus-
trates the principle that the primary radicals are not likely
to be trapped by CoACHTUNGTRENNUNG(acac)2 with formation of Co�C bonds.
Rather, they are trapped by formation of Co�N bonds (see
above). Note that cobalt porphyrin complexes are capable
of controlling the polymerization of MA,[20] suggesting that
the Co�R bonds are stronger in the presence of a porphyrin
ancillary ligand. A theoretical investigation of ancillary
ligand effects on the Co�R BDE, however, is beyond the
scope of the present work. From Table 5, it can be seen that
the optimized Co�C bond length does not correlate in a
simple way with the Co�C homolytic bond strength. For in-
stance, whereas the bond is expectedly longer for the
weaker bond (with C ACHTUNGTRENNUNG(CH3)2(CN)) and shorter for the stron-
ger bond (with CH3), the system with CH ACHTUNGTRENNUNG(CH3)OCH3 also
shows a rather long bond. Although one may invoke the dif-
ferent contribution of steric, polar, and resonance effects in
determining strength on one side and length on the other,
the way in which these effects operate is not obvious to
deduce from these limited data.
We also investigated the possibility that the carbonyl


group of the acetate substituent fills the sixth coordination
position at CoIII, yielding a more stable octahedral complex,
[Co ACHTUNGTRENNUNG(acac)2ACHTUNGTRENNUNG{(k


2 :C,O)-CH ACHTUNGTRENNUNG(CH3)ACHTUNGTRENNUNG(COOCH3)}], as the NMR
spectroscopic study suggests that this may be the structure
adopted by the chain end in the dormant state. Indeed, for-
mation of the five-membered ring stabilizes the X=


OOCCH3 system by over six additional kcalmol
�1. The opti-


mized geometry is also shown in Figure 15. Note that the
CoACHTUNGTRENNUNG(acac)2 geometry has rearranged to make two mutually
cis coordination sites available for the alkyl group chelation.
An analogous stabilization is not possible for the X=


COOMe system, because this would lead to a strained four-
membered ring. Indeed, we find that the local minimum for
such a [Co ACHTUNGTRENNUNG(acac)2ACHTUNGTRENNUNG{(k


2 :C,O)-CH ACHTUNGTRENNUNG(CH3) ACHTUNGTRENNUNG(COOCH3)}] model
system has a higher energy than the (k1:C) minimum shown
in Figure 15. To conclude, DFT calculations support the sug-
gestion that the PVAc–Co ACHTUNGTRENNUNG(acac)2 dormant chain in the VAc
CMRP (occurring via degenerative transfer in the absence
of added Lewis base) contains a six-coordinate CoIII center
in which the growing PVAc chain adopts a chelating coordi-
nation mode, as represented in Figures 3a and 15.


Conclusion


We have reported for the first time the isolation of low-mo-
lecular-weight cobalt adducts formed at the very early stage
of the CMRP of VAc. A combination of spectroscopic stud-
ies, DFT calculations, and polymerization tests allowed us to
understand how the Co ACHTUNGTRENNUNG(acac)2/V-70 pair initiates and con-
trols this radical polymerization (Scheme 4).


Figure 15. DFT-optimized geometries of the model compounds R–Co-
ACHTUNGTRENNUNG(acac)2.


Table 5. Co�R bond dissociation enthalpies and relevant optimized geo-
metrical parameters for the R–Co ACHTUNGTRENNUNG(acac)2 molecules.


R Co�R BDE
[kcalmol�1]


Co�R distance [V]


CH3
[a] 14.55 1.921


CH ACHTUNGTRENNUNG(CH3)OCH3 8.45 1.987
CH ACHTUNGTRENNUNG(CH3)OOCCH3 5.73 1.957
CH ACHTUNGTRENNUNG(CH3)OOCCH3 (k


2 :C,O) 11.92 1.997
CH ACHTUNGTRENNUNG(CH3)COOCH3 �1.50 1.983
C ACHTUNGTRENNUNG(CH3)2CN �5.52 2.007


[a] From reference [36].
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Briefly, two cobalt adducts are formed in the polymeri-
zation medium during the induction period, namely, a minor
green compound identified as a ketiminatocobalt dimer
complex prone to decomposition and a major pink deriva-
tive that is an oligomer, end-capped by CoACHTUNGTRENNUNG(acac)2 containing
an average of four VAc units (Scheme 4). According to
DFT calculations, the carbonyl group of the terminal VAc
unit of the pink derivative is coordinated to cobalt, which
stabilizes the complex. In contrast to the green compound,
the pink PVAc–Co ACHTUNGTRENNUNG(acac)2 oligomer is a very efficient
CMRP initiator and the VAc polymerization is then very
slow. However, the addition of V-70 to the polymerization
medium increases the polymerization rate while maintaining
reasonable control, which supports the idea that the system
is then dominated by a degenerative chain-transfer mecha-
nism. Moreover, a dramatic increase in the polymerization
rate can also be triggered by ligating Co with pyridine or
water. Parallel to this favorable kinetic effect, the best con-
trol ever achieved of the polymerization of VAc is observed.
In this case, the CMRP process proceeds through a reversi-
ble-termination mechanism. The role of the Lewis base is to
saturate the free coordination site left available by CoIII�C
bond rupture, as previously established.[36] The CoII species
is energetically stabilized and the radical formation equilib-
rium is shifted to the right.
Finally, it is clear now that water plays a key role whenev-


er CMRP is carried out in aqueous dispersed media. The in-


depth analysis of the CMRP mechanism reported in this
work is the best lever possible for CMRP to contribute ef-
fectively to the macromolecular engineering of usually re-
luctant polymers.


Experimental Section


Materials : VAc (>99%, Acros) was dried over calcium hydride, de-
gassed by several freeze–thaw cycles, distilled under reduced pressure,
and stored under argon. Ethyl acetate (EtOAc) and dichloromethane
(CH2Cl2) were dried over molecular sieves and degassed by bubbling
argon for 30 min. V-70 (Wakko), Co ACHTUNGTRENNUNG(acac)2 (>98%, Acros), TEMPO
(98%, Aldrich), and pyridine (Aldrich, > 99%) were used as received.


Characterization : 1H NMR spectra were recorded with a Bruker AM 250
spectrometer (250 MHz) in deuterated chloroform. IR spectra were re-
corded with a Perkin–Elmer FTIR instrument in the 4000 to 600 cm�1


range. Low-molecular-weight cobalt adducts were dissolved in CH2Cl2
and solvent-cast on a NaCl disk before IR spectroscopic analysis. Induc-
tively coupled plasma mass spectrometry (ICP-MS) was carried out with
an Elan DRC-e Perkin–Elmer SCIEX spectrometer. Samples were pre-
pared as follows: the cobalt adduct stock solution (1 mL) in CH2Cl2 was
allowed to evaporate, the residue was treated with HNO3 (1 mL, 65%)
at 60 8C for 2 h, and the reaction mixture was diluted with twice-distilled
water (250 mL). UV/vis spectra were recorded with a Hewlett–Pack-
ard 8453 spectrophotometer, by using the pure solvent as a reference.
Size-exclusion chromatography (SEC) of PVAc was carried out in THF
(flow rate: 1 mLmin�1) at 40 8C with a Waters 600 liquid chromatograph
equipped with a 410 refractive index detector and styragel HR columns
(four columns HP PL gel 5 mm, 105, 104, 103, and 102 V).


Scheme 4. Summary of the CMRP-initiating system.
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Synthesis and recovery of cobalt ACHTUNGTRENNUNG(III) adducts 1 and 2 : Co ACHTUNGTRENNUNG(acac)2 (10 g,
39 mmol) and V-70 (9.25 g, 31 mmol) were added to a round-bottomed
flask capped by a three-way stopcock and purged by three vacuum–argon
cycles. After the addition of degassed VAc (75 mL, 813 mmol), the reac-
tion mixture was heated at 30 8C with stirring for 70 h. The medium re-
mained pink throughout the polymerization, and no increase in viscosity
was observed. The residual monomer was then evaporated under reduced
pressure at room temperature, and the residue was placed under argon
before being dissolved (or at least dispersed) in dry and degassed
CH2Cl2. The solution was then transferred with a cannula to the top of a
silica-gel column prepared as follows. A column, equipped with a three-
way stopcock at the top and a 1 L flask at the bottom, was filled with
silica, with the assistance of CH2Cl2 eluant. The column was placed under
argon and eluted with dry, degassed CH2Cl2 (1 L) before the crude reac-
tion product was deposited for chromatographic separation, while avoid-
ing any exposure to air. After the elimination of V-70 residue with
CH2Cl2, a green fraction was collected with CH2Cl2/EtOAc (85:15) as
eluant. Finally, a pink fraction was eluted with EtOAc. The two fractions
were evaporated to dryness, and the collected green cobalt adduct 1 and
pink cobalt adduct 2 were stored at �20 8C under argon before stock sol-
utions were prepared for analysis. Adducts 1 and 2 were dissolved, re-
spectively, in 4 and 10 mL of degassed CH2Cl2. The cobalt concentration
of these solutions was measured by ICP ([Co(1)]=1.40W10�1m and
[Co(2)]=2.27W10�1m).


Synthesis of cobalt complex 1 in the absence of VAc : CoACHTUNGTRENNUNG(acac)2 (5.00 g,
20.0 mmol) and V-70 (4.60 g, 15.5 mmol) were added to a round-bot-
tomed flask capped by a three-way stopcock and purged by three
vacuum–argon cycles. After addition of degassed and distilled anisole
(50.0 mL, 46.7 g, 542 mmol), the reaction mixture was heated at 30 8C
under stirring for 120 h. The solvent was then evaporated under reduced
pressure at 30 8C and the crude mixture was eluted through silica gel
under an inert atmosphere as aforementioned. After elimination of V-70
by elution with degassed CH2Cl2, a green compound 1 was recovered
with CH2Cl2/EtOAc (85:15) as eluant. No pink compound was collected
by elution with EtOAc. This fraction was evaporated to dryness under re-
duced pressure and analyzed by IR, NMR, and UV spectroscopy.


Reaction of pink cobalt adduct 2 with TEMPO : Under an inert atmos-
phere, adduct 2 (0.33 mmol, estimated by ICP) and a tenfold molar
excess of TEMPO (500 mg, 3.2 mmol) were dissolved in absolute ethanol
(20 mL), previously degassed by bubbling of argon through for 20 min.
The solution was then heated at 50 8C for 24 h. Upon cooling to room
temperature, the released Co ACHTUNGTRENNUNG(acac)2 crystallized and was eliminated by
filtration. After solvent evaporation under reduced pressure at 72 8C, the
reaction mixture was analyzed by 1H NMR spectroscopy with CDCl3.


VAc polymerization initiated by the cobalt ACHTUNGTRENNUNG(III) adducts : Pink cobalt
adduct 2 solution (1 mL, [Co]=2.27W10�1m, 0.227 mmol) was added to a
round-bottomed flask capped by a three-way stopcock, purged by three
vacuum–argon cycles, and evaporated to dryness under reduced pressure.
Again under an argon atmosphere, degassed VAc (5 mL, 4.67 g,
54.2 mmol) was added and the reaction mixture was heated at 30 8C
under stirring. Samples were regularly collected and both the monomer
conversion (gravimetry) and the molecular weight of PVAc (SEC) were
determined. Prior to analyses, a tiny amount of TEMPO was added to
each sample to prevent post-coupling reactions. The same experiment
was repeated with the green compound 1 and the green low-molecular-
weight adduct 3, collected after exposure of the pink compound 2 to air
(see the Results and Discussion).


VAc polymerization initiated by cobalt ACHTUNGTRENNUNG(III) adduct 2 in the presence of
additives : Pink cobalt adduct 2 solution (1 mL, [Co]=2.27W10�1m,
0.227 mmol) was added to a round-bottomed flask capped by a three-way
stopcock, purged by three vacuum–argon cycles, and evaporated to dry-
ness under reduced pressure. Again under an argon atmosphere, de-
gassed VAc (5 mL, 4.67 g, 54.2 mmol) was added, followed by V-70
(0.02 mmol), pyridine (0.229 mmol), or water (2.20 mmol), and the reac-
tion mixture was heated at 30 8C whilst stirring. Samples were regularly
collected from the polymerization medium to monitor both the monomer
conversion (gravimetry) and the molecular weight of PVAc (SEC).


General recipe for the CMRP of VAc added with water at the end of the
induction period : Co ACHTUNGTRENNUNG(acac)2 (81 mg, 0.3 mmol) and V-70 (270 mg,
0.9 mmol) were added to a round-bottomed flask capped by a three-way
stopcock and purged by three vacuum–argon cycles. After the addition of
degassed VAc (15 mL, 14.04 g, 162 mmol), the reaction mixture was
heated at 30 8C whilst stirring. After the induction period of 21 h, the mo-
nomer conversion was estimated at 4% (gravimetry) and the pink poly-
merization medium was divided into three 4 mL parts (0.08 mmol of Co-
ACHTUNGTRENNUNG(acac)2, 43.2 mmol of VAc). The first part was evaporated to dryness
under vacuum at room temperature and then added with VAc (4 mL),
previously saturated with water. The second portion was merely added
with twice-distilled and degassed water (1 mL, VVAc/VH2O=4). Polymeri-
zation was kept running in the last fraction, which was therefore a refer-
ence. In all cases, polymerization was conducted at 30 8C under an inert
atmosphere. Samples were regularly withdrawn and both the monomer
conversion (gravimetry) and the molecular weight of PVAc (SEC) were
determined.


Computational details : All geometry optimizations were performed by
using the B3LYP three-parameter hybrid density functional method of
Becke,[60] as implemented in the Gaussian 03 suite of programs.[61] The
basis functions consisted of the standard 6-31G** for all light atoms (H,
C, N, O) plus the LANL2DZ function, which included the Hay and Wadt
effective core potentials,[62] for Co. The latter basis set was, however, aug-
mented with an f polarization function (a=0.8) to obtain a balanced
basis set and to improve the angular flexibility of the metal functions. All
geometry optimizations were carried out without any symmetry con-
straint, and all final geometries were characterized as local minima of the
potential energy surface by verifying that all second derivatives of the
energy were positive. The unrestricted formulation was used for open-
shell molecules. The mean value of the spin of the first-order electron
wave function, which is not an exact eigenstate of S2 for unrestricted cal-
culations on open-shell systems, was considered to identify unambiguous-
ly the spin state. The value of <S2> at convergence was very close to
the expected value of 0.75 for the radical species, indicating minor spin
contamination. All energies were corrected for zero-point vibrational
energy and for thermal energy to obtain the BDEs at 298 K. The stan-
dard approximations for estimating these corrections were used (ideal
gas, rigid rotor, and harmonic oscillator) as implemented in Gaussian 03.
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Introduction


One of the major challenges to mankind in the 21st century
is the realization of renewable and sustainable energy sour-
ces. The use of dihydrogen, H2, in particular for automotive
purposes, is one of the most promising approaches. To facili-
tate this it is mandatory to develop new strategies for safe
storage and to find efficient solutions to H2 combustion, in-
cluding fuel cell technology. From a chemical point of view,
success in this field will depend on an accurate and funda-
mental understanding of all aspects of the properties and re-
activity of H2 itself, in particular how the molecule responds
to different atomic and molecular environments. In this re-
spect, identifying new structural motifs that either can be di-
rectly embedded in storage or combustion devices, or inspire
development of new materials, will be of interest. Herein we


present a new type of structural motif, E-H-H-E, in which
dihydrogen bridges two main group elements, forming a
central symmetrical arrangement, which represents a wide
range of H�H bonding depending on the element in ques-
tion. Before describing our findings in more detail, it will be
useful to review briefly what is already known about the
various types of binding between two hydrogen atoms, rang-
ing from the weak polar dihydrogen bond to the strong non-
polar covalent bond found in the H2 molecule.


The concept of the dipolar dihydrogen bond was intro-
duced in 1995,[1] but the existence of a weak interaction be-
tween oppositely charged hydrogen atoms in the form of
H(d+)···H(d�) had been indicated long before that. Already
in 1934, Zakariassen and Mooney[2] inferred a close contact
between the two types of hydrogen in crystals of ammonium
hypophosphite. In a 1964 paper Burg[3] reported shifts in in-
frared (IR) absorption lines of amine borides, an effect that
does not show up in the spectra of the analogous phosphine
borides. The full significance of this observation as being
due to an intermolecular (B)�H···H�(N) interaction was
noted in a 1968 paper by Brown et al.[4] applying somewhat
more informative IR techniques. An early example of an in-
tramolecular H(d+)···H(d�) interaction was reported in a
paper from 1990 by Stevens et al.[5] on crystals of cis-
[IrH(OH)ACHTUNGTRENNUNG(PMe3)4]PF6. Close H···H contacts (1.75–2.20 =)
have been inferred from studies of various inorganic hy-


Abstract: The electronic structures and
bonding patterns for a new class of rad-
ical cations, [HnE-H-H-EHn]


+ (EHn =


element hydride, E=element of
Groups 15–18), have been investigated
by applying quantum-chemical meth-
ods. All structures investigated give
rise to symmetric potential energy min-
imum structures. We envisage clear pe-
riodic trends. The H�H bond length is
shorter for elements toward the bottom
of the periodic table of elements, and a


short H�H bond corresponds to accu-
mulation of electron density in the cen-
tral H�H region. All [HnE-H-H-EHn]


+


of Groups 15–17 are thermodynamical-
ly unstable towards loss of either H2 or
H. The barriers for these dissociations


are rather low. The Group 18 conge-
ners, except E=Xe, appear to be
global minima of the respective poten-
tial energy surfaces. The findings are
discussed in terms of H2 bond activa-
tion, and a general mechanistic scheme
for the standard reduction process 2H+


+ 2e� ! H2 is given. Finally, it is pro-
posed that some of the symmetric radi-
cal cations are likely to be observed in
mass spectrometric or matrix isolation
experiments.


Keywords: gas phase ion chemistry ·
H–H bond activation · mass
spectrometry · matrix isolation ·
quantum-chemical methods


[a] Prof. Dr. E. Uggerud
Senter for teoretisk og beregningsbasert kjemi (CTCC)
Kjemisk institutt, Universitetet i Oslo
Postboks 1033 Blindern, 0315 Oslo (Norway)
Fax: (+47)22-85-5441
E-mail : einar.uggerud@kjemi.uio.no


[b] Dr. A. Krapp, Prof. Dr. G. Frenking
Fachbereich Chemie, Phillipps-UniversitFt Marburg
Hans-Meerwein-Strasse, 35032 Marburg (Germany)
E-mail : frenking@chemie.uni-marburg.de


G 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 4028 – 40384028







drides, and an account that sums up the most important re-
sults published up to 1996 can be found in reference [6]. A
recent (2001) review summarizes most of the literature re-
lated to this thought-provoking concept.[7]


Quantum-chemical calculations support the notion of a di-
polar dihydrogen bond, as described above. Grabowski[8]


studied complexes of the type HnA�H···H�F. The interac-
tion becomes stronger the more electropositive is the ele-
ment A. However, a detailed quantum chemical analysis of
complexes of the type Li�H···H�X and Na�H···H�X (X=


halide) by Hugas et al.[9] revealed that when the H�X bond
becomes sufficiently polar, the dihydrogen bonded structure
no longer corresponds to a potential minimum, but collapses
spontaneously into LiX + H2 and NaX + H2, respectively,
precluding stable molecules of these types with H···H con-
tacts shorter than 1.6 =. In addition to having an electrostat-
ic component, analysis of the interaction energy components
and one-electron density transfer of dipolar dihydrogen
bonds has shown that non-electrostatic effects are responsi-
ble for bond elongation and shortening.[10]


Following the discoveries of H3O
� and NH4


�, in 1986
Cremer and Kraka[11] studied interactions between the hy-
dride ion and some simple molecules. Their MP2/6–31++


GACHTUNGTRENNUNG(d,p) calculations suggested the existence of two forms of
these complexes, HnA�H···H� and HnA


�···H2, separated by
a barrier for the interconnecting proton transfer. The short-
est H···H distance reported was for F�H···H� (1.15 =). It is
also known that even electrically neutral radical sites may
act as hydrogen bond acceptors.[12]


Starting from the dihydrogen molecule, H2, there are sev-
eral ways in which H�H bond activation can be accom-
plished. Both cationic centers and transition-metal centers
are capable of this. For example, addition of H2 to the
methyl cation leads to the highly fluxional CH5


+ molecule.
At its potential energy minimum this molecule has a H�H
bond length that is 0.2 = longer than that in H2 itself.


[13]


Some transition metals form dihydride complexes and
some 2h-H2 complexes, and some form both, while there is
strong evidence in favor of intermediate forms between
these extremes.[14] H2 bond activation can even be achieved
without transition metals.[15] Very recently, Welch et al.[16] re-
ported reversible dihydrogen activation using a phosphine-
borane system. It is interesting to notice the resemblance
between this system and the dihydrogen bonds discussed
above. Similar dipolar H2 activation is even believed to
occur in metal-free hydrogenases.[17]


A novel mode of dihydrogen bonding was recently report-
ed by Rauk and Armstrong in a computational study.[18] De-
spite the fact that neither HCl nor HBr have positive values
of their electron affinities, they are both able to bind an
electron in their dimeric forms, [X-H-H-X]� (X=Cl, Br).
By adapting this symmetric bonding arrangement the dimers
become thermodynamically stable. In addition, the authors
noted a considerable lengthening of the X�H bond and cor-
respondingly short H�H contacts (0.98 = and 0.92 =).[18]


These are indeed noticeable features, and we observed the
same phenomenon while sidetracking from work with one-


electron reduction processes in water clusters and multiply
protonated peptides. From our own quantum chemical cal-
culations of analogous systems it turned out that HCl and
HBr are the only neutral hydrides of rows 2, 3, and 4 of the
periodic table capable of this type of bonding, meaning that
although minimum energy structures of this kind can also be
located for dimeric anions [Hn�1E-H-H-EHn�1]


� (EHn =PH3,
AsH3, H2S, H2Se, HF) they are thermodynamically unstable
towards dissociation into the constituent monomers plus an
electron, while for EHn =NH3, H2O, there is no significant
H�H bond.[19]


However, these endeavours led us to discover a new class
of molecules, radical cations, also dimeric, and isoelectronic
with the anions described above. In this paper we report the
structures and properties of molecules of the type [HnE-H-
H-EHn]


+ . In contrast to their anionic counterparts, the cat-
ions constitute potential energy minima for all elements E
belonging to Groups 15–18. As will become evident, their
geometrical and electronic structures show clear periodic
trends, and these trends can easily be understood from
simple bond analyses. Furthermore, and probably of greatest
significance, the periodic variations in binding illustrate a
continuous spectrum of H2 activation ranging from nonpolar
covalent H�H to weak nonpolar H···H dihydrogen bonding.


Results and Discussion


All [HnE-H-H-EHn]
+ molecules listed in Table 1 and shown


in Figure 1 adopt centrosymmetrical minimum energy struc-
tures. On the basis of experience[18,19] with the quantum
chemical description of the isolectronic anions [Hn�1E-H-H-
EHn�1]


� , we expected UMP2/6–311+GACHTUNGTRENNUNG(d,p) to provide ac-
curate geometries and electronic structures also for the cat-
ions, since the cations, in contrast to the anions, are strongly
electron binding in the sense that the highest (singly) occu-
pied orbital always has an energy of �0.32 Hartrees or less.


However, we found it safe to check this assumption by
performing additional CCSD(T)/def2�TZVPP calculations
for the Group 18 molecules. The noble gas compounds were
chosen because they have the weakest interaction between
the element E and the central H2 moiety and thereby were
assumed to be most vulnerable to deficiencies in the wave
function. Besides, they all belong to a computationally fa-
vorable molecular point group (D1h). As one can see from
Table 1 and Figure 1, the two levels of theory provide results
that agree very well. In addition, we also wanted to assure
ourselves that using one-determinant based wave functions
was adequate. The UMP2 calculations for H2S-H-H-SH2


+


and H2Se-H-H-SeH2
+ gave slightly spin-contaminated wave


functions from the UMP2 calculations with values of sACHTUNGTRENNUNG(s+1)
of 0.78 and 0.79, respectively. These two cations were
chosen as candidates for CASSCF calculations together with
the anion Br-H-H-Br�. We found no instance in which the
CI coefficient of the anticipated ground state configuration
amounted to less than 0.97.
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The analogy between the present dimeric radical cations
and the aforementioned Br-H-H-Br� and Cl-H-H-Cl� sys-
tems is clear from an inspection of the bond distances. For
example, the H�H bond distances for these molecules are
0.94 and 0.96 =, respectively, which are close to the values
for KrHHKr+ (0.94 =) and ArHHAr+ (1.00 =). In analogy
with the anions, we may consider the [HnE-H-H-EHn]


+


dimer to be composed of two HnE�H+ molecules plus an
electron. In that sense we observe, as for the hydrogen


halide dimer anions,[18] a significant lengthening of the cen-
trally pointing E�H bond in going from the monomer
Hn+1E


+ to the electron-bound dimer [HnE-H-H-EHn]
+ , see


columns 4–7 of Table 1. For all E except E=N and E=He,
the lengthening is between 27 and 43%. In the nitrogen
containing species the centrally pointing E�H bond is only
6% longer, whereas for E=He we observe a dramatic bond
elongation of 61%. We note that such lengthening is charac-
teristic for any acid forming a hydrogen bond towards any
base, A�H···B. The degree of proton transfer in such cases
depends on the acidity of A and the basicity of B. This pic-
ture is consistent with the observation that only the stron-
gest acids, HCl and HBr, are able to give stabilized anionic
dimers.


In concert with the E�H bond elongation of the centrally
pointing E�H bond found for all [HnE-H-H-EHn]


+ , we ob-
serve a complementary shortening of r(HH), the contact be-
tween the two bridging hydrogens (see Figure 1 and
Table 1). This contact becomes shorter in going down the
periodic table, but with no general trend left/right, except
for the second row elements (N–Ne) for which r(HH) de-
creases from left to right. With the exception only of E=N,
the H�H distances are much shorter than what is typical for
polar dihydrogen bonds (see the Introduction). We also note
the wide variation in this parameter, r(HH), ranging from
0.84 to 2.17 =.


It is tempting to cite the harmonic vibrational frequencies
corresponding to the symmetrical H�H stretching motion of
the central moiety as a measure for the character of the H�
H interaction. But as seen from the data in Table 1, there is
no clear correlation between this quantity and the other
properties listed in Tables 1–3, for example r(HH). The
reason is simple. While the atoms in free H2 (u(HH)=


4533 cm�1) and H2
+ (u(HH)=3299 cm�1) move in simple


harmonic patterns, vibrations in [HnE-H-H-EHn]
+ represent


heavily coupled motion. It is evident from the normal coor-
dinate analysis that no sharp distinction can be made be-
tween the contribution from the E�H bond and the H�H


Table 1. Geometric structure data for [HnE-H-H-EHn]
+ . (E=N, P, As, O, S, Se, F, Cl, Br, He, Ne, Ar, Kr, Xe). Bond lengths r in =, vibrational frequen-


cies u in cm�1. MP2 stands for MP2/6–311+GACHTUNGTRENNUNG(d,p) (for HnE=Xe it means MP2/def2-TZVPP), and CCSD(T) stands for CCSD(T)/def2-TZVPP.


HnE Point group r8(EH)[a] r8(EH)[b] r(EH)[c] r(HH) u(HH)
MP2 MP2 CCSD(T) MP2 CCSD(T) MP2 CCSD(T) MP2 CCSD(T)


H3N D3d 1.01 1.02 – 1.08 – 2.17 – 2225 –
H3P D3d 1.41 1.39 – 1.85 – 0.94 – 1881 –
H3As C2 1.51 1.48 – 2.01 – 0.88 – 2349 –
H2O C2 0.96 0.98 – 1.25 – 1.17 – 1680 –
H2S C2 1.33 1.35 – 1.82 – 0.90 – 2176 –
H2Se C2h 1.46 1.47 – 2.04 – 0.84 – 2794 –
HF C2 0.92 0.96 – 1.27 – 1.08 – 2134 –
HCl C2 1.27 1.30 – 1.68 – 0.95 – 2094 –
HBr C2 1.41 1.44 – 1.88 – 0.89 – 2376 –
He D1h – 0.79 0.78 1.27 1.24 1.05 1.06 2398 2339
Ne D1h – 0.99 0.99 1.42 1.38 1.05 1.06 2398 2371
Ar D1h – 1.28 1.28 1.63 1.64 1.00 1.00 2285 2277
Kr D1h – 1.42 1.42 1.81 1.81 0.94 0.94 2326 2334
Xe D1h – 1.60 1.60 2.03 2.05 0.86 0.86 2641 2640


[a] The bond length between E and H in HnE. [b] The central bond length between E and H in Hn+1E
+ . [c] The E�H bond length in [HnE-H-H-EHn]


+ .


Figure 1. Optimized geometries (MP2/6–311+G ACHTUNGTRENNUNG(d,p) and CCSD(T)/def2-
TZVPP) of [HnE-H-H-EHn]


+ . Distances in =, angles in degrees. The
point group symmetry is given below each structure.
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bond itself in the symmetrical stretching of the central H�H
bond. The complex mechanical entanglement between these
two bond stretching modes wipes out any simple physico-
chemical relationship between frequencies/force constants
and related molecular properties.


It is interesting to compare the equilibrium H�H bond
distances of the [HnE-H-H-EHn]


+ systems with the corre-
sponding values in H2 (0.74 = at MP2/6–311+GACHTUNGTRENNUNG(d,p)) and
H2


+ (1.05 = at MP2/6–311+GACHTUNGTRENNUNG(d,p)). The majority of the
radical cations have H�H distances between these two pro-
totypes. This observation points to an alternative description
of the [HnE-H-H-EHn]


+ systems: instead of electron bond
dimers (2 N HnE�H+ + e�) one may regard them as being
composed of a H2


+ molecule that is stabilized by two HnE
moieties. Before working out a detailed bonding scheme for
the [HnE-H-H-EHn]


+ systems we concentrate on the ques-
tion of whether such systems are likely to be observed ex-
perimentally.


Since all [HnE-H-H-EHn]
+ moieties correspond to local


minima on their respective potential energy surfaces the
prospect of experimental observation appears good provided
they have sufficient thermochemical and kinetic stability. To
assess this question we performed a series of calculations.
We have identified the two most favorable decomposition
pathways to be loss of H2 and loss of H, as illustrated in
Equations (1) and (2).


½HnE-H-H-EHn�þ ! E2H2n
þ þ H2 DE0ðH2 lossÞ ð1Þ


½HnE-H-H-EHn�þ ! HnE
: : :H: : :EHn


þ þ H DE0ðH lossÞ
ð2Þ


For all second-row elements E except Ne the structure of
E2H2n


+ is a dihydrogen bonded dimer between EHn+1
+ and


EHn�1 (see Figure 2). The heavier congeners prefer struc-
tures with a weak E�E bond. This is in agreement with Dre-
wello et al., who find for E=S that forming an S�S bond
gives a more stable arrangement for the dimer than forming
a hydrogen bond.[20]


All noble gases form quite stable dimer radical cations,
E2


+ , by similar binding arrangements. The general trend in
the DE0 data (column 5, Table 2), shows that dehydrogena-
tion according to Equation (3) becomes thermochemically
more advantageous the further one moves in the periodic
table. For the second row analogues (N–Ne) plus all noble
gases except Xe, the reaction is thermoneutral or endother-
mic. Dissociation via the alternative H loss route to give the
proton bound dimer [Eq. (4)], shows the opposite periodic
trend. With the exception of N–Ne plus Cl, all dimers are
stable toward this dissociation. This means that the noble
gases in terms of thermochemical stability show most overall
promise as candidates for experimental observation.


Although a given radical cation dimer is thermochemical-
ly unstable from these considerations, it may still be amena-
ble to observation provided the corresponding energy barri-
er (DE0


�) is sufficiently high. We therefore localized the


transition structures for the dissociation reactions, applying
the systematic approach described in the Methods section.


Figure 3 depicts the transition structures for loss of H2


and H (except the noble gas compounds). For all cases, even
for the most exothermic ones, the calculations showed there
is a noticeable barrier towards H2 loss (Table 2). We do,
however, realize that in most cases (H2O and NH3 are clear
exceptions) the barrier is probably too small to trap the
dimer for an extended period of time at room temperature.
Moreover, taking the atomic motions corresponding to the
respective transition vectors into account (mostly hydrogen
movements) tunnelling will effectively lower the activation
energy below the listed activation energy values DE0


�. For
the noble gases, the found transition structures turned out
not to connect to the loosely bounded intermediate E2


+ ···H2


as for the other Groups 15–17. Instead, the connected prod-
uct is E···EH2


+ (Figure 4). In order to make this distinction
in the mechanism we have termed this dissociation alterna-


Figure 2. Optimized geometries (MP2/6–311+G ACHTUNGTRENNUNG(d,p)) for the products of
H2 loss E2H2n


+ (E=N, P, As, O, S, Se, F, Cl, Br). Distances in =.
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tive “rearr” in Table 2. The dimers are both thermochemi-
cally and kinetically stable towards this rearrangement
mechanism (except for Xe which is only kinetically stable).
The transition structures for H loss also give definite values
for DE0


+ but also in this case some of the barriers may be
sufficient for long-time trapping under thermal conditions.
Unfortunately, the trends in barrier heights for H and H2


are opposite. The two species H3N-H-H-NH3
+ and H2O-H-


H-OH2
+ , which both were found to be kinetically stable to-


wards H2 loss, have barriers for H loss of only 22 and
13 kJmol�1, respectively. We must therefore conclude that
the species that are thermochemically unstable, are most
likely to be kinetically unstable too. This leaves us with the
radical cations derived from the noble gases as being most
easily accessible for straightforward structural or spectro-
scopic observation.


How can we rationalize the structures and stabilities of
the [HnE-H-H-EH]+ systems? Are they electron-bound
dimers of two HnE


+ units or should they be described as ad-
ducts between H2


+ and two HnE moieties? Can we under-
stand which factors govern the fine tuning of the H···H inter-
action? We will address these questions by analyzing the en-
ergetics and the charge distributions by means of a charge
decomposition method and in terms of frontier orbital argu-
ments.


The geometrical data lead us to two different perspectives
for understanding the bonding patterns in [HnE-H-H-EHn]


+


in general: from the first perspective two EHn units stabilize


a H2
+ moiety, and from the


second an electron binds two
HnEH


+ units. Starting with the
notion that the present mole-
cules may be regarded as a
combination of two cations (e.g.
two ammonium ions) with an
electron, we define the associat-
ed energy of reaction, given in
Equation (3).


2HnEH
þ þ e� !


½HnE-H-H-EHn�þ �Eea


ð3Þ


Equivalently, we identify the
reverse reaction as a dissocia-
tive second ionization of HnE-
H-H-EHn


+ . From this latter
consideration we may under-
stand the increase in Eea from
left to right in the periodic
table as a reflection of the
matching increase in the ioniza-
tion energy (IE) of the central
element. There is, however, no
similar trend upon moving
downwards within one group.


We may understand this lack of
correlation as resulting from the fact that a strong central di-
hydrogen bond is formed, a tendency that is enhanced upon
moving downwards and which is also reflected in the de-
creasing H�H bond length r(HH) (Table 1). In particular
the very high Eea value for E=He for example, can be ra-
tionalized when taking into account that the H�H bond
length r(HH) in He-H-H-He+ matches the value for free
H2


+ (1.05 =), whereas the He�H bond is noticeably elon-
gated by 61% compared to He�H+ . We note that the Eea


value for He-H-H-He+ of 1240 kJmol�1 is rather close to
the total energy of H2


+ itself (2 H+ + e� ! H2
+ E=


1579 kJmol�1 at MP2/6–311+GACHTUNGTRENNUNG(d,p)).
Alternatively, as stated above, one may analyze the elec-


tronic structure in view of an association between two neu-
tral molecules and a central H2


+ molecule, as shown in
Equation (4).


2HnE þ H2
þ ! ½HnE-H-H-EHn�þ �Ecom ð4Þ


Table 2 shows how this quantity reflects the properties of
the element hydrides, EHn. This becomes even more appar-
ent by plotting Ecom against the proton affinity (PA), which
reveals a good linear correlation (Figure 5).


Proton affinity is a measure of a moleculeSs ability to bind
a proton. Upon binding the proton, electron density is do-
nated from HnE into the region of bond formation
HnE�H+ . Among other factors, ionization energy and mo-
lecular polarizability are important in determining the char-


Table 2. Energy data for [HnE-H-H-EHn]
+ in kJmol�1 including the zero point vibrational contribution. MP2/


6–311+G ACHTUNGTRENNUNG(d,p) data unless otherwise indicated. CCSD(T)/def2-TZVPP values are given in parentheses.[a]


HnE Eea
[b] Ecom


[c] PA[d] DE0 H2


loss[f]
DE0


� H2


loss[h]
DE0


rearr[i]
DE0


�


rearr[j]
DE0 H
loss[k]


DE0
� H


loss[l]


H3N 515 664 854 0 132 �58 22
H3P 560 597 785 �63 38 12 35
H3As 611 575 763 �80 21 33 56
H2O 684 501 689 56 74 �86 13
H2S 677 549 708 �59 41 26 61
H2Se 709 576 715 �80 27 52 91
HF 895 296 486 179 – �68 6
HCl 813 383 563 �1 – �5 41
HBr 821 401 586 �45 46 27 –
He 1240


ACHTUNGTRENNUNG(1235)
28
(23)


177[e] 686
ACHTUNGTRENNUNG(679)


1 1 52
(53)


–


Ne 1207
ACHTUNGTRENNUNG(1198)


35
(55)


199[e] 522
ACHTUNGTRENNUNG(507)


1 1 36
(33)


–


Ar 991
ACHTUNGTRENNUNG(1003)


190
ACHTUNGTRENNUNG(209)


369[e] 112
ACHTUNGTRENNUNG(107)


24 25 2
(15)


–


Kr 973
ACHTUNGTRENNUNG(976)


249
ACHTUNGTRENNUNG(278)


424[e] 24
(25)


42 45 21
(37)


–


Xe 936[g]


ACHTUNGTRENNUNG(936)
353[g]


ACHTUNGTRENNUNG(376)
500[e] �36[g]


ACHTUNGTRENNUNG(�37)
�36[g] 45[g] 55[g]


(71)
n.c.


[a] No entry means does not apply, hyphen means not found, and n.c. means not calculated. [b] Gain in energy
for 2 HnEH


+ + e� ! [HnE-H-H-EHn]
+ . [c] Gain in energy for 2 HnE + H2


+ ! [HnE-H-H-EHn]
+ . [d] Proton


affinity, data from ref. [39]. [e] Data from ref. [40]. [f] Energy of reaction for HnE-H-H-EHn
+ ! E2H2n


+ +


H2. [g] Calculated using the def2-TZVPP basis set. [h] 0 K activation energy for [HnE-H-H-EHn]
+ ! E2H2n


+


+ H2. [i] Energy of reaction for E-H-H-E+ ! E2-H-H+ . [j] 0 K activation energy E-H-H-E+ ! E2-H-H+ .
[k] Energy of reaction for [HnE-H-H-EHn]


+ ! [HnE-H-EHn]
+ + H. [l] 0 K activation energy for [HnE-H-H-


EHn]
+ ! [HnE-H-EHn]


+ + H.
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acteristic periodic variation in PA.[21] The value of PA de-
creases from left to right, while it decreases down Group 15
but increases down Groups 16, 17, and 18, most noticeably
for the latter. Quite similar mechanisms for electron transfer
are evidently in operation during formation of both HnE�
H+ and [HnE-H-H-EHn]


+ . There are, however, two noticea-


ble differences: the total interaction is weaker in the latter
case, despite the fact that there are two HnE molecules in-
volved, and electron density is not only limited to the E�H
region but may enter into or even be removed from the H�
H region as well. These latter abilities are not supported by
a large value of the proton affinity. The example of H3N-H-
H-NH3


+ illustrates this elegantly. The strongest base in our
data set, NH3, has the largest value of Ecom, but also a very
large r(HH) value of 2.17 =. This means that the H2


+ unit
dissociates when it is attached to two NH3 molecules, and
one has to keep in mind that the Ecom value includes the dis-
sociation energy of the H2


+ ion of 266 kJmol�1.
It is interesting that a few systems adopt the [HnE�H···H�


EHn]
+ structure which is best described as a weakly bound


electron-bound dimer of EHn+1
+ , and others show a shorter


but variable central H�H bond in the structural motif
[HnE···H�H···EHn]


+ . In order to come to an understanding
of the underlying bonding patterns we plotted the potential
energy variation upon stretching of the central H�H bond
r(HH) for the Group 15–18 systems [The curves for E=F
and E=S are not shown, since the relaxed scans for large


Figure 3. Transition structures for the loss of a) H2 and b) H.


Figure 4. a) Product and b) transition state structures for the rearrange-
ment reaction of the noble gas compounds E-H-H-E+ ! E···EH2


+ (ex-
emplified for E=Kr). Distances in =, angles in degrees.


Figure 5. The relationship between the negative binding energy for the
association reaction 2HnE + H2


+ ! [HnE-H-H-EHn]
+ (Ecom) and the


proton affinity (PA) of EHn. (Ecom=0.970PA �156; r2=0.993).
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r(HH) lead to structures of completely different topologies
(H loss)] (Figure 6). The shape of the energy curves for E=


P, As, Se, Cl, Br, and the noble gases are very similar to the
curve for an isolated H2


+ system. This similarity shows that
the driving force in these systems is indeed the formation of
a strong covalent H�H bond like in H2


+ . The details of the
dissociation curve (well depth and equilibrium distance) are
moderated by the nature of EHn, as will be discussed below.
The curves for E=O and N differ from the rest, since they
are considerably flatter, reflecting the [HnE�H···H�EHn]


+


character.
In the case of E=N this formulation is completely domi-


nating, since the energy minimum structure has a particular-
ly extended r(HH). However, we note a flattening of the po-
tential energy curve for H3N-H-H-NH3


+ in the range of
r(HH)	1.2 = which reflects the tendency for H�H bond
formation.


The partial charges q for the centrally pointing hydrogen,
q(H), and the element q(E) of the [HnE-H-H-EHn]


+ sys-
tems are given in Table 3. They show absolutely regular
trends, as the partial charges of the central element q(E) in-
crease and the charge of the centrally pointing H atom q(H)
decreases when going down Groups 15–17. More informa-
tive is the comparison of the charge difference between the
central and the terminal hydrogen atoms, Dq(H). It indicates
that there is an upsurge of electron density in the region
around the two central hydrogen atoms at the expense of
the terminal ones. The value of this parameter does not tell
which part of the region between the E atoms (E�H or H�
H) accommodates the surplus electron density, but it is es-


sential that a negative value of Dq(H) is found, irrespective
of the length of the H�H bond. This supports the view that
the radical cations can be regarded as electron-bound
dimers of two HnE�H+ cations. However, the partial charg-
es do not reflect the fundamental change in the bonding sit-
uation upon going from H3N-H-H-NH3


+ to H3P-H-H-PH3
+ .


The plot of the electron density distribution 1(r) along the
E-H-H-E paths (see Figure 7) and the value of 1ACHTUNGTRENNUNG(rcrit) and its
laplacian 521 ACHTUNGTRENNUNG(rcrit) at the central bond critical point rcrit
(Table 3) are more instructive. The magnitude of 1ACHTUNGTRENNUNG(rcrit) is


Figure 6. Change in energy of the [HnE-H-H-EHn]
+ systems (E=N, P, As, O, Se, Cl, Br, He, Ne, Ar, Kr) upon changing the central H�H bond length


r(HH). For comparison the corresponding curve for the H2
+ system is also given. All values on the MP2/6–311+G ACHTUNGTRENNUNG(d,p) level.


Table 3. Calculated (NBO) Partial Charges q(X) of the atoms X and the
one-electron density (1) and its Laplacian (521) at the central bond criti-
cal point rcrit for [HnE-H-H-EHn]


+ at the MP2/6–311+G ACHTUNGTRENNUNG(d,p) level. All
values in atomic units.


HnE q(E)[a] q(H)[b] Dq(H)[c] 1ACHTUNGTRENNUNG(rcrit) 521ACHTUNGTRENNUNG(rcrit)


H3N �0.94 0.16 �0.27 0.02 0.00
H3P 0.39 �0.01 �0.05 0.14 �0.38
H3As 0.43 �0.01 �0.04 0.15 �0.33
H2O �0.79 0.24 �0.29 0.09 �0.18
H2S 0.15 0.02 �0.15 0.16 �0.46
H2Se 0.26 �0.01 �0.12 0.19 �0.61
HF �0.43 0.31 �0.31 0.10 �0.29
HCl 0.09 0.10 �0.21 0.13 �0.37
HBr 0.22 0.05 �0.22 0.17 �0.48
He 0.08 0.42 – 0.09 �0.36
Ne 0.09 0.41 – 0.10 �0.35
Ar 0.29 0.21 – 0.12 �0.34
Kr 0.36 0.14 – 0.14 �0.45


[a] NBO charge for each E. [b] NBO charge for each bridging hydrogen
atom. [c] Charge difference between one central H and one terminal hy-
drogen atom.
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indicative of the extent of bonding. For H2 and H2
+ the


bond critical points are midway between the hydrogen
atoms, and 1 ACHTUNGTRENNUNG(rcrit) is 0.26 a.u. and 0.09. a.u, respectively. Two
features appear. Firstly, for all radical cations except E=N
there is sizeable electron density in the region between the
two central hydrogen nuclei. Secondly, there is good correla-
tion between the value of the electron density at the central
bond critical point and the H�H bond length: the shorter
r(HH) the higher is 1 ACHTUNGTRENNUNG(rcrit). Not unexpectedly, the radical
cations with the lowest 1ACHTUNGTRENNUNG(rcrit), longest r(HH) and shortest


r(EH) (namely HnE=HF, H2O
and NH3) all have significantly
higher electron density in the
E�H region than the others.
This may account for their
highly negative Dq(H) values,
as noted above. It is also worth
noting that, with the exception
of E=N, the Laplacian of the
electron density, 521, always
has a significantly negative
value at the H�H bond critical
point. This is often interpreted
as a signature of a covalent
bond. The corresponding values
for the Laplacian, 521 ACHTUNGTRENNUNG(rcrit), of
H2 and H2


+ are �1.08 a.u. and
�0.36 a.u., showing that in
many cases the central H�H
bond, using this criterion, can
be considered to be between
these two. There is (not shown
here) close resemblance be-
tween the 1(r) distributions for
BrHHBr� and KrHHKr+ and
between ClHHCl� and
ArHHAr+ .


In concluding this section, we
analyze the gliding scales of H�
H and E�H interactions within
[HnE···H-H···EHn]


+ in terms of
orbital interactions. Our analy-
sis represents an a posteriori ra-
tionalization, but contains val-
uable qualitative insight into
the bonding situation. The dis-
cussion is illustrated with the
two orbital diagrams shown in
Figures 8 and 9.


We start from the hypotheti-
cal system [HnE-H-H-EHn]


+


with equal bond length and
nonpolar HnE�H bonds
(Figure 8, middle). The com-
pletely symmetric combination
of the atomic orbitals leads to
the energetically lowest orbital


s1, followed by s2 with one node which is E�H bonding and
H�H antibonding and s3 with two nodes that has H�H
bonding and E�H antibonding character. These three orbi-
tals are occupied by a total of five electrons, whereas the to-
tally antisymmetric orbital s4 remains empty. Through a
shortening of the E�H bond and a lengthening of the H�H
bond (Figure 8 right) the s1 and s2 orbitals become stabi-
lized, whereas s3 and s4 increase in energy. The alternative
distortion (Figure 8, left) with a decreasing H�H bond
length and an increased E�H bond distance stabilizes the s1


Figure 7. Electron density distribution 1(r) along the E-H-H-E paths in [HnE-H-H-EHn]
+ for a) Group 15,


b) Group 16, c) Group 17 and d) Group 18 elements. All values on the MP2/6–311+G ACHTUNGTRENNUNG(d,p) level.
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and the s3 orbitals and destabilizes the s2 and s4 orbitals.
The answer to the question of which of the two distortive
modes a given compound will choose, depends, in our
simple bonding model, mainly on the strength of the HnE�
H and H�H bonds and on the polarity of the HnE�H bond.
If the HnE�H bond is very strong and the HnE group is very
electronegative, distortion toward HnE�H···H�EHn will
result, since the HnE orbitals dominate the low-lying doubly
occupied orbitals s1 and s2 (Figure 8, right). In contrast to
this, a more electropositive HnE and/or a weaker HnE�H
bond can lead to the HnE···H�H···EHn structure (Figure 8
left), since the doubly occupied orbitals are dominated by
the contributions of the central hydrogen atoms. It is not
possible to predict from this simple orbital picture which
structure type will be realized, since there is an intricate in-
terplay between the strength of the HnE�H bonds, the H�H
interaction and the total delocalisation of the electronic
charge. However, the fine tuning of the H�H interaction
can easily be rationalized once the structure type is known.
In Figure 9 we give an orbital interaction diagram for bond-


ing in [HnE···H�H···EHn]
+ which we regard as being com-


posed of H2
+ and two HnE units.


The decisive point for the fine tuning of the H�H interac-
tion is the orbital energy of the EHn s-orbitals sACHTUNGTRENNUNG(E···E) and
s*
ACHTUNGTRENNUNG(E···E) (Figure 9). The higher these orbitals are in energy


the less they contribute to the s1 orbital of [HnE···H�
H···EHn]


+ . This means that the H�H interaction becomes
stronger and more charge will be donated from the HnE
onto the H2


+ moiety. The stabilisation of the H�H bonding
is enhanced by the singly occupied s3 orbital. To a certain
extent these stabilizing effects are counterbalanced by the
H�H antibonding orbital s3 to which the H2


+ fragment orbi-
tals will contribute more the higher the orbitals of HnE are
in energy. This bonding scheme suggests that the H�H bond
has more two-electron character the higher lying are the s-
orbitals of EHn. The orbital energies of the HnE units in-
crease upon moving down the periodic table, in accord with
the decreasing bond length of the H�H bond and the in-
creasing partial charges of the centrally pointing H atoms in
the [HnE···H�H···EHn]


+ systems when going down the
groups.


Conclusion and Perspective


The most pertinent finding of this study is of fundamental
character. The new family of species [HnE-H-H-EHn]


+ com-
prises full variation of H2 activation ranging from purely co-
valent H�H character to the extremely weak H···H interac-
tion. While H2 and H2


+ are the classical textbook examples
of two-electron and one-electron bonds, the present mole-
cules represent a continuous spectrum between two- and
zero-electron bonds. We have described the periodic trends
in binding and electron structure of [HnE-H-H-EHn]


+ in
detail, and (in hindsight) shown how the well-known proper-
ties of the element hydrides, EHn, govern binding. These
trends are rationalized in terms of molecular orbital interac-
tions.


As already mentioned the radical cations formed from the
elements of Groups 15–17 probably do not possess sufficient
thermochemical and kinetic stability in themselves to allow
for isolation in the gas phase. Despite this, we see a poten-
tial for these types of structural motifs (not the actual mole-
cules discussed in this article) as building blocks for solid-
state devices for hydrogen storage. This will of course re-
quire some additional stabilization in the form of cage or
lattice effects. On the other hand, the structures should not
be too stabilized in favor of H2 binding since H2 should be
easily liberated during use. In that respect, both neutral en-
ergetics and low barriers for decomposition are required.
One parameter for the search for practically applicable sys-
tems could be the orbital energies of the s-orbitals of the
EHn units since these influence the bonding situation to a
high degree.


Irrespective of practical application, the species reported
here may be of relevance for describing important redox
processes in aqueous solutions and within living cells. Often


Figure 8. Schematic sketch of the four-center, five-electron s-bonding in
the systems [HnE-H-H-EHn]


+ . In the middle a hypothetical nonpolar
system with equal E�H and H�H bond lengths is drawn. The influence
of the shortening of the central H�H bond for an electropositive E on
the orbital structure is given on the left. The shortening of the E�H bond
for electronegative E is shown on the right.


Figure 9. Schematic orbital interaction diagram for the interaction of H2
+


with two EHn leading to [HnE···H�H···EHn]
+ .


www.chemeurj.org G 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 4028 – 40384036


E. Uggerud, G. Frenking, and A. Krapp



www.chemeurj.org





little is known about the detailed mechanisms associated
with a wide collection of fast reactions usually described by
Equation (5).


2Hþ þ 2 e� ! H2 ð5Þ


Some of the rather vulnerable species reported here for
Groups 15–17 may be short-lived intermediates during such
redox processes. Based upon these considerations, we may
propose a general three-step mechanism to account for reac-
tions of this kind. This mechanism is detailed in Equa-
tion (6a)–(6e), followed by either Equation (6c), or Equa-
tions (6d) and (6e).


HnE�Hþ þ e� ! HnE�H ð6aÞ


HnE�H þ HnE�Hþ ! ½HnE-H-H-EHn�þ ð6bÞ


½HnE-H-H-EHn�þ þ e� ! 2HnE þ H2 ð6cÞ


½HnE-H-H-EHn�þ ! E2H2n
þ þ H2 ð6dÞ


E2H2n
þ þ e� ! 2HnE ð6eÞ


As discussed above, several of the dimers are not very
stable towards H2 loss. In these cases the lifetime of the in-
termediate [HnE-H-H-EHn]


+ may be too short to allow re-
duction by the second electron before dissociation, so the
second electron will then correspond to reduction of the so-
formed E2H2n


+ species, in Equations (6d) and (6e). Very re-
cently, Zubarev and co-workers reported that two hydrogen
atoms, most likely in the form of a H2 molecule, are lost
upon electron capture dissociation of multiply protonated
peptides. This observation may be accounted for by a reac-
tion sequence analogous to Equations (6a), (6b), and (6d).[22]


The more stable E-H-H-EH+ Group 18 compounds are
probably not of great practical value. On the other hand,
they allow direct laboratory observation. Since the helium
and neon congeners are too weakly bonded, the hunt must
be limited to Ar and Kr. Xenon has unfavorable thermo-
chemistry since the H2 rearrangement channel is slightly
exothermic. Conducting ion molecule reactions in a selected
ion flow tube Bedford and Smith demonstrated that it is
possible to form ArH2


+ , by ligand switching from Ar2
+ .[23]


The data of Table 2 indicate that this species, or more pre-
cisely the complex Ar···ArH2


+ , is considerably less strongly
bonded than Ar-H-H-Ar+ . Therefore it should be possible,
at least in principle, to make the latter in the third body sta-
bilized reaction shown in Equation (7).


ArH2
þ þ Ar! Ar-H-H-Arþ ð7Þ


This method appears even more attractive for Kr (and per-
haps also Xe). To this end our own attempts, applying noble
gas/dihydrogen mixtures under chemical ionization condi-
tions, have been unsuccessful. Production of reaction plasma
of the necessary chemical composition has been severely
hampered by the presence of even trace amounts of water.


It could turn out to be more successful to look for the
species in a frozen matrix of any of the same noble gases.
Interstitial hydrogen molecules may then be brought to
binding to matrix atoms subsequent to selective ionization
[Eq. (8)]


Arþ � � �H�H � � �Ar! Ar-H-H-Arþ ð8Þ


It may be favorable to use a noble gas of lower ionization
energy than H2 (Kr or Xe) to avoid bringing too much exci-
tation energy into the reaction region. Radical cation forma-
tion may be monitored by electron spin resonance spectros-
copy. Alternatively, infrared spectroscopy, for example to
record the antisymmetric (E�H)str. combination could be
used. The symmetric (H�H)str. is infrared inactive. There
appear to have been only a few attempts to investigate
chemical reactions initiated by radiation of noble gas/dihy-
drogen matrices.[24, 25]


Methods


All structures (minima and transition structures) were subjected to full
geometry optimization by applying unrestricted Møller–Plesset perturba-
tion theory to second order[26] and a split valence Pople basis function
augmented with polarization and diffuse functions,[27] UMP2/6–311+G-
ACHTUNGTRENNUNG(d,p), using standard cut-off values. For each optimized geometry the
force constant matrix (Hessian) was calculated and checked for the cor-
rect number of negative eigenvalues (0 for minima, 1 for transition struc-
tures), and harmonic vibrational frequencies were derived. Zero point vi-
brational correction to the energy was carried out applying these fre-
quencies without scaling. Two complementary strategies for finding tran-
sition structures were chosen. The first was loosely based on normal coor-
dinate following, starting from the minimum energy structure and
identifying the lowest frequency vibrations corresponding to the out-of-
axis vibrations of the central hydrogens. The second was of more prag-
matic character in that a small set of likely transition structures were
hand-picked to interconnect reactant and product structures. All candi-
date structures were then subjected to geometry optimization during
which the Hessian (force constant matrix) was calculated analytically for
each iterative step. All found transition structures were subjected to in-
trinsic reaction coordinate (IRC) calculation[28] with subsequent optimiza-
tion of the end point geometries to ensure that the found TS connected
the two anticipated minima. All these calculations were done with the
Gaussian03 suite of programs.[29] To validate the use of one-determinant
based wave functions, complete active space calculations[30] using a
double zeta Dunning basis set,[31,32] CASSCF/cc-pVDZ, were performed
for a couple of cases (see preceding text for more details). All dimers of
Group 18 were reoptimized by the use of coupled cluster singles-doubles
theory including a perturbative treatment of the triples amplitudes to-
gether with the Weigend-Ahlrichs all-electron basis,[33] CCSD(T)/def2-
TZVPP, and vibrational frequencies were calculated. For Xe the effective
core potential basis set ECP-28-MDF[34] was used in conjunction with the
def2-TZVPP valence basis set.[33] Both CASSCF and CCSD(T) calcula-
tions were done with programs implemented in the Molpro package.[35]


The MP2/6–311+G ACHTUNGTRENNUNG(d,p) one-electron densities were analyzed using the
AIMPAC program by Bader and co-workers,[36,37] and natural bond orbi-
tal (NBO) charges were obtained using WeinholdSs approach.[38]
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Iron ACHTUNGTRENNUNG(III) Corroles and Porphyrins as Superior Catalysts for the Reactions of
Diazoacetates with Nitrogen- or Sulfur-Containing Nucleophilic Substrates:
Synthetic Uses and ACHTUNGTRENNUNGMechanistic Insights


Iris Aviv and Zeev Gross*[a]


Introduction


The catalytic transfer of a carbene moiety from diazo com-
pounds to organic substrates is a very powerful tool in or-
ganic synthesis used for the production of numerous com-
pounds.[1] One example is the use of quite stable a-diazo
esters (ethyl diazoacetate (EDA) is commercially available)
for the insertion of CRCO2R’ into X�H bonds, in which X=


R3C, R2N, RO, or RS.[2] The N�H insertion reaction is par-
ticularly versatile and leads to the synthesis of a-amino
esters, dipeptides, nitrogen-containing heterocycles, and
other protected a-amino acid derivatives that can be used as
precursors to natural products (Scheme 1).[3]


The first reported catalysts for N�H insertion reactions
were copper bronze[4] and CuCN.[5] These catalysts were
overshadowed by [Rh2ACHTUNGTRENNUNG(OAc)4], developed as a catalyst in


the 1970s by Paulissen et al.[6] However, both the earlier and
the more recently developed copper-, silver-, gold-, and
ruthenium-based catalysts are usually required in amounts
of 1 to 10 mol% and suffer from one or more of the follow-
ing limitations: gradual addition of the diazo compound to
avoid dimerization byproducts, gradual addition of the
amine to avoid catalyst poisoning, long reaction times, and
low-to-moderate chemical yields.[2,7–9]


Decade-long efforts were devoted to the development of
catalysts for enantioselective metal–carbene insertion into
N�H bonds. Chiral auxiliaries served quite well for inducing
rhodium-catalyzed asymmetric intramolecular N�H inser-
tion (optically active proline derivatives were obtained),[10]


but their extension to intermolecular reactions met with
very limited success. Twenty one different chiral RhII cata-
lysts were examined for that purpose in one reaction, but
the highest enantiomeric excess (ee) obtained was 9%.
Even the diastereoselectivity appeared to be low because
the use of chiral amino acid derivatives as substrates result-
ed in diastereomeric excesses (de) of only up to 37%.[11]


Abstract: A thorough mechanistic in-
vestigation has been performed on the
reactions of primary and secondary
amines with diazoacetates, which pro-
ceed uniquely quickly and efficiently
when catalyzed by ironACHTUNGTRENNUNG(III) corroles
and porphyrins. Two major differences
in relation to other metal-based cata-
lysts are that the iron complexes are
not poisoned by excess amine and that
metal–carbene intermediates are appa-
rently not involved in the reaction


pathway. The results instead point to-
wards nitrogen ylide intermediates
formed by nucleophilic attack of the
amines on diazoacetate-coordinated
iron complexes. Nitrogen ylides are
also formed when allyl- and propargyl-
substituted tertiary amines react with


diazoacetates, a scenario that smoothly
leads to 2,3-rearrangement reaction
products with catalytic amounts of the
iron ACHTUNGTRENNUNG(III) complexes. Similar findings
regarding the superiority of the iron-
ACHTUNGTRENNUNG(III) complexes (in terms of catalyst
loading, chemical yields, and reaction
conditions) were obtained with thiols
(S�H insertion) and sulfides (2,3-rear-
rangement reactions), which suggest
similar mechanisms operate in these
cases.
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Scheme 1. Insertion of carbene moieties derived from a-diazoacetates
into amine N�H bonds.
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Better results (up to 45% ee)
were reported by Garcia et al.
who developed an asymmetric
intramolecular N�H insertion
based on chiral RhII cata-
lysts.[12] In a more recent
effort, Jørgensen and co-work-
ers obtained 27% ee with CuI


and 48% ee with an AgI-based
catalyst in the intermolecular
N�H insertion of diazoacetates
into substituted anilines.[7b] The
only really successful example was reported last year by
Zhou and co-workers: copper complexes of chiral spiro bis-
ACHTUNGTRENNUNGoxazolines catalyzed the highly enantioselective intermolec-
ular insertion of ethyl diazopropionate (EDP) into ani-
lines.[13]


The mechanism of metal–carbene insertion reactions into
C�H bonds has been extensively explored with rhodium
acetate as a catalyst and is generally accepted to be a con-
certed process that proceeds through either one of the tran-
sition states proposed by Doyle, Taber, and Nakamura and
their co-workers.[2,14] A concerted mechanism for silver- and
copper-based catalysts postulated from computational
models was also suggested by PKrez and co-workers.[15]


There have also been several mechanistic investigations into
O�H insertion reactions in which both concerted and step-
wise pathways were considered.[2,16] A Hammett plot analy-
sis led Wang and co-workers to conclude the reaction pro-
ceeded through a concerted transition state,[17] whereas Hu
and co-workers found very strong evidence in favor of a
stepwise reaction pathway.[18] Aldehydes and imines were
used as electrophilic trapping agents of the proposed reac-
tion intermediate, an oxonium ylide formed by the nucleo-
philic addition of the alcohol to the metal–carbene. This sce-
nario is of synthetic utility for three-component reactions of
aryl diazoacetates, alcohols, aldehydes, and imines.


One shortcoming, which apparently hampers the develop-
ment of catalysts for enantioselective insertion of diazoace-
tates into N�H bonds, is that surprisingly little is known
about the mechanistic aspects of this reaction. Stepwise re-
action sequences involving ylides and concerted three- or
four-centered transition states have been proposed in the lit-
erature.[1a,2] Investigations focusing on the stereochemical
outcome of the N�H insertion process led Davis et al. to
propose a concerted mechanism,[10] whereas evidence for a
stepwise mechanism involving a nitrogen ylide came from
investigations of three-component experiments with imines
or azodicarboxylates as electrophiles to trap this intermedi-
ACHTUNGTRENNUNGate.[1b,19] Importantly, practically all discussions about metal-
catalyzed reactions of diazoalkanes with compounds that
contain CH, OH, or NH bonds assumed that a metal–car-
bene (M=CRR’, in which M= transition metal, R=H, and
R’=CO2Et in the case of EDA) is formed (usually in the
rate-limiting step) prior to interaction with the substrate.


As part of the large developments in corrole-based appli-
cations,[20] we recently reported that the iron ACHTUNGTRENNUNG(III) complexes


of triarylcorroles and tetraarylporphyrins (Scheme 2) display
unique features with regards to the insertion of diazoace-
tates into the NH bonds of anilines (Scheme 1). Full and
very fast conversion was obtained by simultaneous addition
of equimolar amounts of the substrates to the catalyst
(0.1 mol%) and the selectivity towards activation of the N�
H bond (vs. C=C, CH, and OH bonds) was absolute.[21] We
also reported the success of the same catalysts in a much
more challenging reaction, the activation of the N�H bond
of ammonia (Scheme 1, R1 =R2=H, R=H or CH3). In fact,
the iron complexes appeared to be the first catalysts capable
of inducing the formation of nitrogen-free glycine and ala-
nine esters from ammonia and diazo esters.[22] We now
report a full study of these intriguingly facile transforma-
tions that focused on the following aspects: Identification of
the key reaction intermediate involved in the reactions, and
more importantly, the mechanism of its formation; catalysis
in aqueous solutions with the aid of both biological and bio-
mimetic catalysts; extension of the synthetic utility of the re-
action to nonaromatic amines, carbon-substituted diazoace-
tates, and thiols; and the design of very efficient reaction
conditions for obtaining the 2,3-sigmatropic rearrangement
products from diazoacetates and tertiary amines or sulfides.
All of these reactions were found to proceed faster and with
lower catalyst loadings than in previously reported systems.
We also show that, in contrast with the proposals for other
catalysts, the iron-catalyzed reactions apparently do not pro-
ceed through metal–carbene intermediates.


Results and Discussion


Insertion of the carbene moiety from EDA into amine N�H
bonds : The data presented in Table 1 compares the potency
of iron corroles/porphyrins with other metal complexes in
the catalysis of the reaction of aniline with EDA. The iron-
ACHTUNGTRENNUNG(III) complexes are clearly unmatched by any other catalyst
in terms of the following parameters: catalyst loading
(0.1 mol%), reaction time (min vs. h), reaction conditions
(aerobic and reagents added as a single portion), and chemi-
cal yields of isolated products.


More detailed information is provided in Table 2, which
summarizes the results obtained for the reactions of many
aniline derivatives with EDA (Scheme 3) utilizing specific
iron ACHTUNGTRENNUNG(III) corroles and porphyrins as catalysts.


Scheme 2. Corrole- and porphyrin-based catalysts used in the investigations.
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Despite the very simple re-
action conditions (both re-
agents added as a single por-
tion to an open-to-air solution
of catalyst in nonpurified sol-
vent) and the use of only
0.1 mol% of catalyst, N-aryl-
glycine esters 4a–f were isolat-
ed in very high yields in all
cases. The reactions were also
not limited to primary amines.
The N-(4-chlorophenyl)glycine
ester (4b, obtained from 4-
chloroaniline and EDA) was
efficiently converted into bis-
substituted N,N-bis(4-chloro-
phenyl)glycine ester 12b (en-
tries 14 and 15) and N-methyl-
aniline also provided the ex-
pected product 5 (entries 7 and
12). None of the other com-
plexes, which includes the
most commonly used [Rh2-
ACHTUNGTRENNUNG(OAc)4] (entry 16), catalyzed
the reactions to any significant
extent when applied under the
reaction conditions used with
the iron ACHTUNGTRENNUNG(III) corroles and por-
phyrins. With one order of
magnitude lower amounts of
aniline and 2 mol% rather
than 0.1 mol% of catalyst, rho-
dium corrole 1a was capable
of catalyzing the N�H inser-
tion reaction. The expected
product was obtained within
one hour with high selectivity
(only traces of diethyl maleate
and diethyl fumarate were ob-
tained, entry 17). This demon-
strates that the rhodium cor-
role is capable of catalyzing
the reaction, but that only
quite small amounts of (the
not very basic) aniline can be
used; therefore, catalyst 1a is
not suitable for synthetic use.
Iron salen and ruthenium cor-
role did not catalyze the reac-
tion even under these less de-
manding reaction conditions
(entries 18 and 19). The superi-
ority of the iron complexes as
catalysts for NH insertion re-
actions is very different from
the results obtained for reac-
tions between EDA and ole-


Table 1. Metal-catalyzed reactions of aniline with EDA (at room temperature unless specified differently).


Metal catalyst Aniline/EDA/catalyst Reaction conditions Yield [%] Time Ref.


FeIII corrole or
porphyrin


1000:1000:1 aerobic, added in one portion >92[a] <3 min [b]


ACHTUNGTRENNUNG[Rh2 ACHTUNGTRENNUNG(OAc)4] 1000:1000:1 aerobic, added in one portion <5[c] 1 h [b]


[Fe ACHTUNGTRENNUNG(salen)] 1000:1000:1 aerobic, added in one portion 0 24 h [b]


Ru corrole 1000:1000:1 aerobic, added in one portion 0 24 h [b]


ACHTUNGTRENNUNG[Rh2 ACHTUNGTRENNUNG(OAc)4] no data 80 8C no data [6]
CuI 50:50:1 aerobic, syringe pump 8[a] 20 h [7a]
[Cu ACHTUNGTRENNUNG(acac)2] 20:20:1 anaerobic, ionic liquids, slow


addition of EDA
8[a] 20 h [23b]


AgI 10:10:1 (with EDP) anaerobic, dropwise addition 8[a] 20 h [7b]
AuI 5500:25:1 50% aniline in CH2Cl2 >99[d] 24 h [6b]
RuII porphyrin 100:150:1 (with 4-Me-


aniline)
anaerobic, slow addition of both
reagents


64[c] >5.5 h [8a]


ReVII (MTO) 270:250:1 anaerobic, aniline as solvent, slow
addition of EDA


89 1 h [23b]


[a] Isolated yield. [b] This work. [c] Yield determined by in situ NMR spectroscopy. [d] Yield determined by in
situ GC.


Table 2. Metal-catalyzed reactions of ring-substituted anilines with EDA.[a]


Entry Catalyst Substrate Time Yield [%] Product


1 2a 4-Cl-C6H4NH2 3 min 92 4b
2 2a 3-CN-C6H4NH2 5 min 94 4 f
3 2b 4-Cl-C6H4NH2 3 min 92 4b
4 2b C6H4NH2 3 min 93 4a
5 2b 4-MeO-C6H4NH2 2 min 95 4d
6 2b 4-Me-C6H4NH2 2 min 90 4c
7 2b N-methylaniline 2 min 91 5
8 2b[b] C6H4NH2 6 min 93 4a
9 2c 4-Cl-C6H4NH2 3 min 90 4b
10 3a 4-Cl-C6H4NH2 3 min 94 4b
11 3a 4-CN-C6H4NH2 2 min 97 4e
12 3a N-methylaniline 2 min 96 5
13 3b 4-Cl-C6H4NH2 3 min 95 4b
14 2a[c] 4b 15 min 91 12b
15 3a[c] 4b 3 min 92 12b
16 ACHTUNGTRENNUNG[Rh2ACHTUNGTRENNUNG(OAc)4] 4-Cl-C6H4NH2 1 h (24 h) <5 (25) 4b
17 1a[d] 4-Cl-C6H4NH2 1 h 92 4b
18 [Fe ACHTUNGTRENNUNG(salen)Cl][d] 4-Cl-C6H4NH2 24 h no reaction[e] –
19 [Ru ACHTUNGTRENNUNG(tpfc)NO][d] 4-Cl-C6H4NH2 24 h no reaction –


[a] Catalyst/EDA/substrate 1:1000:1000 with 0.3–0.75 mm catalyst at room temperature in diethyl ether. EDA
and the substrate were added together in one portion and the reported yields are of isolated products. [b] Cat-
alyst/EDA/substrate 1:1000:500. [c] Catalyst/EDA/substrate 1:100:100. [d] Catalyst/EDA/substrate 1:50:100.
[e] There was also no reaction when this reaction was performed in methanol in the presence of iron powder.


Scheme 3. Catalytic insertion of the carbene moiety derived from EDA into amine N�H bonds.
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fins or alcohols.[21,23] In these reactions the iron complexes
are actually much poorer catalysts than [Rh2ACHTUNGTRENNUNG(OAc)4], rhodi-
um corroles, and ruthenium porphyrins.


The poor performance of [Rh2 ACHTUNGTRENNUNG(OAc)4] in the reaction
with amines reflects catalyst poisoning by the substrate,[2]


and a similar effect apparently explains the inefficiency of
1a, [Ru ACHTUNGTRENNUNG(tpfc)(NO)] (tpfc = the 5,10,15-trispentafluorophe-
nylcorrole trianion), and ruthenium porphyrins. Evidence to
prove that coordination of aniline to rhodium (and subse-
quent catalyst poisoning) occurs is given in Figure 1. Addi-


tion of 4-chloroaniline to a solution of the red-colored com-
plex 1a induced a color change to green and the electronic
spectrum changed to one characteristic of bis-amine-coordi-
nated corroles.[24] Similarly, the color of the reaction mixture
immediately changed from brown to green when the sub-
strates were added to the solvated catalyst in reactions in
which the ruthenium corrole was used as the catalyst
(entry 17). In contrast, the electronic spectra of the ironACHTUNGTRENNUNG(III)
complexes were not affected by aniline and the same con-
clusion regarding noncoordination of the two was reached
from NMR spectroscopy investigations. The characteristic b-
pyrrole resonance at d=++80 ppm for the five-coordinated
d5 high-spin complex 2b (6 mm in CDCl3) was not affected
by a 50 molar excess of aniline, which is in contradiction
with the formation of a complex with a different coordina-
tion environment or oxidation state.[25]


The apparent nonpoisoning of the iron corroles and por-
phyrins by aniline derivatives suggests that much more coor-
dinating amines may also be used in this system (Scheme 3,
Table 3). Piperidine, 2-methylpiperidine, and 2-methylindo-
line were indeed functionalized under the same reaction
conditions as those used for anilines to give the correspond-
ing products in isolated yields of 97, 94, and 93%. The reac-
tions were very fast and were completed within a few mi-
nutes (entries 1–3) with 0.1 mol% of 3a as the catalyst. The
use of 1 mol% of the catalyst with morpholine resulted in
the formation of the desired product and the reaction pro-
ceeded much faster with the porphyrins than with the cor-
role (entries 4–6). The use of porphyrin-based catalysts 3a


and 3b to activate the primary amines alanine ethyl ester
and propylamine was also fruitful and the expected products
were obtained in high overall yields (entries 7–9). The bis-
activated product 12a (a tertiary amine) was the main prod-
uct obtained with propylamine as the substrate even when
the amine/EDA ratio was 1:1. This indicates that, in this
case, monosubstituted product 6 (a secondary amine) under-
goes insertion faster than the original substrate, the primary
propylamine.


Use of ethyl diazopropionate and aqueous solutions for pos-
sible enantioselective N�H activation : One extension of the
above results was the use of EDP instead of EDA, the goal
being to develop routes to nonracemic alanine derivatives
(Scheme 4).[13] The results presented in Table 4 show that


the iron complexes are good catalysts for the transformation
of anilines into expected products 13a–d in high yields. Re-
actions in organic solvents were completed within minutes
with the iron porphyrins and corroles (entries 1–6) com-
pared with hours with the rhodium corroles (entries 7 and
8).


The goal of obtaining enantiomerically enriched products
could have been addressed by either preparing iron com-


Figure 1. Electronic spectrum of [Rh ACHTUNGTRENNUNG(tpfc) ACHTUNGTRENNUNG(PPh3)] (1a) in CH2Cl2 (black)
and in the presence of 4-chloroaniline (gray).


Table 3. Metal-catalyzed reactions of nonaromatic amines with EDA.[a]


Entry Catalyst Substrate Time Yield [%] product


1 3a[b] piperidine 7 min 97 7
2 3a[b] 2-methylpiperidine 5 min 94[c] 8
3 3a[b] 2-methylindoline 5 min 93 9
4 2b[d] morpholine 4 h 89[c] 10
5 3a[d] morpholine 5 min 96 10
6 3b[d] morpholine 5 min 95 10
7 3b[d] propylamine 15 min 70


30
12a
6


8 3a[e] propylamine 15 min 95 12a
9 3a[f] alanine ethyl ester 5 min 89 11


[a] EDA and the substrate were added together in one portion into
0.5 mL of catalyst dissolved in diethyl ether and the reported yields are
of isolated products. [c] In CH2Cl2. [b] Catalyst/EDA/substrate
1:1000:1000. [d] Catalyst/EDA/substrate 1:50:50. [e] Catalyst/EDA/sub-
strate 1:1000:500. [f] Catalyst/EDA/substrate 1:100:100.


Scheme 4. Alanine derivatives from the catalytic insertion of the carbene
moiety derived from EDP into anilines. Mb=myoglobin, SA= serum al-
bumin.
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plexes of chiral porphyrins/corroles or by using proteins that
contain natural (heme) or synthetic iron complexes. The
latter approach was adopted despite the fact that it requires
work in aqueous solution, which is challenging for many rea-
sons. The limitation unique to working with diazoacetates is
that they might react with water, especially in the presence
of metal complexes that might catalyze OH insertion reac-
tions. Nevertheless, and in accordance with previous re-
search that showed that the iron-based catalysts display a
very high selectivity towards the activation of NH compared
with OH bonds,[21] aniline did react with EDA at room tem-
perature to form expected product 4a when combined with
0.2 mm of the iron porphyrin containing protein myoglobin
(Mb) in a solution of 10% THF/90% aqueous buffer. The
same reaction, but with EDP instead of EDA (Scheme 4),
worked well when performed at 65 8C. Alanine-related prod-
ucts 13a and 13d were formed in very high yields and in
very short reaction times (Table 4, entries 9 and 10), but as
racemic mixtures (confirmed by HPLC on a chiral station-
ary phase). One obvious reason for the apparent failure of
the protein with regard to chiral induction could be that it
was denatured under the reactions conditions. This hypothe-
sis was disproved by examination of the CD spectrum of Mb
before and after reaction. As there was no change in the
spectrum, the non-enantioselectivity of the process appa-
rently does not reflect damage to the chirality-inducing host
of the prosthetic iron porphyrin. Another attempt to obtain
enantioselective reactions between aniline and EDP took


advantage of the noncovalent conjugates formed between
iron corrole 14 (Scheme 4) and serum albumins, a combina-
tion that has been successfully used for chiral induction in
the sulfoxidation of thioanisoles by H2O2.


[26] This approach
led to high yields when performed at 25 8C in aqueous solu-
tions with 0.1 mol% of 14 (Table 4, entries 11–19). However,
despite the milder reaction conditions, the use of five differ-
ent albumins, and the various pH conditions applied, the
alanine derivative was always obtained as a racemic mix-
ture.


To conclude, we found that Mb and iron corrole conjugat-
ed albumins were capable of catalyzing the reactions of
amines and diazo compounds in aqueous solutions. Howev-
er, the reactions did not lead to enantiomerically enriched
products. As previous success in similar approaches to a dif-
ferent reaction indicates that poor chiral induction by the
protein is unlikely to be the reason for the failure in this
case,[26] a mechanistic reason seemed more likely,[1b,19] and
this aspect has been explored.


Mechanistic investigations addressing the formation of an
ylide intermediate on the pathway to the final product : The
most straightforward indication of the formation of ylide in-
termediates is the trapping of their nucleophilic moiety by
electrophiles, of which diethyl azodicarboxylate (DEAD) is
most commonly used (Scheme 5).[1b]


To check for a possible ylide intermediate (Y in
Scheme 5) in the current case, the reaction between aniline,
EDA, and DEAD was tested with iron catalysts 2b, 3a, and
3b. Equimolar amounts of the three reagents were mixed
and added in a single portion to solutions of the catalyst at
room temperature. The sole product in all cases was 15,
which was fully formed within minutes with iron porphyrins
3a and 3b and within hours with iron corrole 2b. This is
reminiscent of an investigation reported by Hu and co-work-
ers who used rhodium acetate as the catalyst in CH2Cl2 at
reflux under argon with dropwise addition of a dilute EDA
solution over one hour.[1b] To verify the result, the isolated
aniline glycine ester 4a was allowed to interact with DEAD
in the presence of 2b (or 3a). In this case, no reaction oc-
curred even after 18 h. The most important outcome of this
short investigation is that it readily explains the lack of
chiral induction for the reaction of EDP when performed in
the chiral environment provided by proteins (Scheme 4).
Apparently, the lifetime of reaction intermediate Y (R=


CH3 in Scheme 5) is long enough (i.e. , internal nitrogen-to-


Table 4. Metal-catalyzed reactions of anilines with EDP.[a]


Entry Catalyst Substrate Time T
[8C]


Yield
[%]


Solvent


1[a] 3a 4-Cl-C6H4NH2 3 min 25 91 Et2O
2[a] 3a C6H4NH2 4 min 25 93 Et2O
3[a] 3a C6H4NH2 2 min 25 93 CH2Cl2
4[a] 3b C6H4NH2 3 min 25 89 CH2Cl2
5[a] 2b 4-Cl-C6H4NH2 30 min 25 92 Et2O
6[a] 2b C6H4NH2 30 min 25 94 Et2O
7[a] 1a 4-Cl-C6H4NH2 10 h 25 86 CH2Cl2
8[a] 1b 4-Cl-C6H4NH2 10 h 25 89 CH2Cl2
9[b] Mb C6H4NH2 15 min 65 87 THF/


H2O
10[b] Mb 4-CH3O-


C6H4NH2


15 min 65 85 THF/
H2O


11[c] 14/BSA C6H4NH2 5 h 25 85 H2O
[d]


12[c] 14/HSA C6H4NH2 5 h 25 85 H2O
[d]


13[c] 14/RSA C6H4NH2 5 h 25 n.d. H2O
[d]


14[c] 14/PSA C6H4NH2 5 h 25 n.d. H2O
[d]


15[c] 14/SSA C6H4NH2 5 h 25 n.d. H2O
[d]


16[c] 14/BSA C6H4NH2 24 h 4 n.d. H2O
[d]


17[c] 14/BSA C6H4NH2 5 h 25 n.d. H2O
[e]


18[f] 14/BSA C6H4NH2 5 h 25 n.d. H2O
[g]


19[h] 14/BSA C6H4NH2 1 h 25 n.d. H2O
[i]


[a] Catalyst/EDP/substrate 1:100:100 with 0.4–0.5 mm catalyst in 2 mL of
solvent at RT. [b] Mb (5 mg), EDP (0.156 mmol), and amine
(0.156 mmol) in solutions of phosphate buffer (pH 7)/10% THF
(1.5 mL). [c] 14 (0.2 mm)/albumin/aniline/EDP 1:1.5:120:120 in phosphate
buffer, n.d.=not precisely determined (>70 yield), BSA, HSA, RSA,
PSA, and SSA=bovine, human, rat, pig, and sheep serum albumin, re-
spectively. [d] pH 7. [e] pH 5.8. [f] Trizma buffer. [g] pH 9. [h] Acetate
buffer. [i] pH 4.


Scheme 5. Efficient trapping of ylide intermediate Y by DEAD.
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carbon proton transfer is relatively slow) to allow full race-
mization of its negatively charged carbon atom.


Mechanistic investigations into the events leading to the for-
mation of the ylide intermediate : In spite of many other in-
vestigations (mainly on rhodium-based catalysts), it may not
be too surprising that either free (Y) or metal-bound (D) ni-
trogen ylide intermediates are also formed in the current
system (Scheme 6). Many groups have in fact demonstrated


the synthetic utility of three-component reactions that pro-
ceed via oxygen or nitrogen ylides of late transition metals
formed in situ.[1b,18,19,27] There is also one report of a related
case that involves iron porphyrin 3b as the catalyst in a
three-component reaction between aldehyde, phenyldiazo-
methane, and trimethyl phosphite.[28] In all of these investi-
gations, the precursor of the ylide was proposed to be a
metal–carbene formed by the interaction of the diazoalkane
with the metal (B!C in Scheme 6). In fact, a metal–carbene
complex was also the starting point in research that conclud-
ed that ylides are not formed on the pathway that leads to
the final products.[10]


The fact that a metal–carbene intermediate is unlikely in
the current case is illustrated by Scheme 6, which outlines
the plausible elementary steps that lead from the reactants
to the products. Computational data (mainly for M=Rh)
suggests that the rate-limiting step is the formation of a car-
bene intermediate C from B with an activation energy of
about 17 kcalmol�1 followed by its fast reaction with a sub-
strate (EDA, alcohol, olefin, or amine by routes c–f, respec-
tively, in Scheme 6).[14] The activation energy for forming
the iron–carbene intermediate (M=Fe in Scheme 6) is most
likely to be even larger than that for rhodium because the
[Rh2ACHTUNGTRENNUNG(OAc)4]-catalyzed reaction between EDA and olefins is
much faster than that catalyzed by ironACHTUNGTRENNUNG(III) corroles and
porphyrins.[21] On the other hand, the synthetic results ob-
tained for the iron-catalyzed reactions between EDA and
amines seem inconsistent with any proposal that involves


the rate-limiting formation of a metal–carbene intermediate
on the pathway to the ylide and the final products. In partic-
ular, it cannot explain why the reactions of amines are so
much faster than those of other substrates. The most ex-
treme example relates to iron ACHTUNGTRENNUNG(III) porphyrin 3b in which
there was no reaction when 3b and EDA were present in so-
lution for hours, but addition of amine caused the full re-
lease (about 900 catalytic turnovers) of nitrogen gas within
seconds.[22] One could have considered the amines as poten-
tial reducing agents of 3b to the more reactive [FeII


ACHTUNGTRENNUNG(tpp)]
(tpp= tetraphenylporphyrin), but it is known that most
amines used in this work are not capable of doing so (as we
have confirmed for aniline, see above).[29]


To shine some light on the mechanism of N-ylide forma-
tion, the electronic effect on the product-forming step in the
iron corrole/porphyrin catalyzed N�H insertion reactions
was deduced from intermolecular competition experiments
between a series of ring-substituted aniline derivatives and
limiting quantities of EDA (5 mol% relative to the amines;
Scheme 7). N-Substituted glycine ethyl esters 4a–k were the


sole products, which allowed straightforward determination
of the relative reactivities of the substituted anilines from
the observed product ratios. The corresponding Hammett
plot obtained with 2b as the catalyst correlated much better
with s (r2=0.9449 for all data and r2=0.9928 without 4-CN-
aniline) than with s+ (r2=0.8416 for all data and r2=0.8879
without 4-CN-aniline).[30] The same trend held for porphyrin
complex 3a, but both 3-CN- and 4-CN-substituted anilines
did not fit well with the correlation. For a fair comparison
between the results obtained for the corrole and the porphy-
rin iron complexes, the data for both 3-CN- and 4-CN-sub-
stituted anilines were ignored, which led to 1=�1.82 (r2=


0.9912) for the former and 1=�1.53 (r2=0.9741) for the
latter (Figure 2). The smaller value of 1 obtained with 3a
than with 2b is consistent with the experimental observa-
tions that show the porphyrin complex reacts faster than the
corrole. According to the Hammond principle, this should
be reflected in an earlier transition state and a smaller 1


value. The more important information is that the 1 values
of �1.82 and �1.53 are much smaller than those obtained
for the protonation or acylation of anilines for which the re-
ported 1 values are �2.89 and �3.21, respectively.[31] This
implies that although the nucleophilicity of amines is impor-
tant, it is apparently not the only factor contributing to their
reactivity in the current system.


Scheme 6. Plausible steps leading to metal–carbene and nitrogen ylide in-
termediates in the metal-catalyzed reactions of amines with EDA.


Scheme 7. Competitive N�H insertion of EDA into phenyl-substituted
anilines.


www.chemeurj.org D 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 3995 – 40054000


I. Aviv and Z. Gross



www.chemeurj.org





As an additional probe for evaluating the importance of
nucleophilicity, competition reactions between aniline/mor-
pholine and aniline/propylamine were carried out with 2b
and 3a as the catalysts (Scheme 8). Although the difference


in purely nucleophilic reactions is several orders of magni-
tude in favor of the nonaromatic amines,[32] the results from
this work clearly show that there is no pronounced prefer-
ence for the formation of products resulting from the reac-
tions of morpholine or propylamine. In all cases the aniline-
related products were also formed and sometimes even in
preference. The approximately equal reactivity that aniline
and nonaromatic amines displayed in the N�H insertion re-
action adds confidence to the conclusions obtained from the
Hammett plots, that is, that nucleophilicity is not the sole
factor that affects the reactivity of amines towards diazo
compounds under catalysis by iron corrole/porphyrins.


The main clues obtained from the current investigation
with regards to the mechanism of the N�H insertion reac-
tions are the unlikelihood of a metal–carbene intermediate
and the limited importance of the nucleophilicity of the
amine. In fact it is clear that the results cannot be explained
by assuming that an intermediate is formed in an irreversi-
ble reaction (even if not rate limiting) between the metal
and the diazo compound prior to the interaction with the
amines. Accordingly, we have proposed alternative pathways
for the formation of the ylide intermediates from the iron-
catalyzed reaction of amines with EDA.


Proposed mechanism for the formation of nitrogen ylides :
Analysis of the data accumulated so far is shown in
Scheme 6 in which all steps except KA and KB may safely be
assumed to be irreversible reactions. The initial step consists
of the coordination of EDA to the metal center to form
either A or B. Literature data may safely be used to suggest
that the equilibrium leading to A is faster than that leading
to B,[33] and that B is the precursor of metal–carbene inter-
mediate C. In most cases, and in practically all mechanistic
discussions in the literature, the formation of C en route to
the final product is taken for granted. The various mechanis-
tic proposals focus on the step that follows step b, that is,
whether the attack on C is concerted (three- or four-cen-
tered, synchronous or not, etc.) or stepwise via ylide inter-
mediates, such as D (and Y), with amines. However, the evi-
dence against the formation of C in the reaction of EDA
with amines is quite strong for the iron-based catalysts em-
ployed in the current investigations. There is no simple way
to explain why the reaction of amines liberates nitrogen
within seconds, whereas in the absence of amines there is
either no reaction (with iron porphyrin catalyst 3b) or a
very slow one with EDA, alcohols, or olefins (routes c–e).
Although one could argue that the metal coordination of
amines possibly accelerates the formation of C, this option
is particularly unlikely for the ironACHTUNGTRENNUNG(III) porphyrins (and was
ruled out for 3b, see above), which are actually coordina-
tively saturated in intermediate B owing to the chloride
ligand that is trans to the coordinated EDA. The absolute
selectivity for amine-derived products found in the iron-cat-
alyzed competition reactions of amines and olefins with
EDA,[21] a feature not shared by rhodium-based catalysts, is
a further indication that the two systems proceed through
substantially different reaction intermediates.


Based on all of the above, we propose that intermediate
C is not formed in the reaction with amines, although this
pathway is reasonable for other substrates. We note that
even in reactions with somewhat nucleophilic alcohols
(route d of Scheme 6), the overall reaction was very slow
and route c was highly competitive (30% alcohol-derived
product and 70% from EDA coupling).[21] The amines, how-
ever, apparently adopt a lower-energy pathway that is only
available as a result of their greater nucleophilicity relative
to other substrates. One alternative that is consistent with
the very fast emission of nitrogen is the reaction of amines
with EDA activated by either N- or C-coordination to the
iron ACHTUNGTRENNUNG(III) corrole/porphyrin (Scheme 6; routes a and a’ to in-
termediates A and B, respectively). Transition-state struc-
tures proposed for the processes that lead to the ylide inter-
mediates obtained from either A or B are shown in
Scheme 9. They are formed by nucleophilic attack of the
amine on the N2-carrying carbon atom of EDA with a par-
tial hydride-like donation to the iron atom in either a four-
or six-centered fashion. This explains the main findings ob-
tained in the current investigation: the quite non-nucleophil-
ic anilines react very quickly because they are relatively
strong hydride donors, whereas the much more nucleophilic
amines do not react faster than anilines because they are


Figure 2. Hammett plots for the N�H insertion of EDA into para- and
meta-substituted anilines, catalyzed by the iron corrole 2b (squares) and
the iron porphyrin 3a (triangles).


Scheme 8. Competition between aniline and morpholine (top) and pro-
pylamine (bottom).
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weak hydride donors. The relatively low 1 value obtained
for ring-substituted anilines is also consistent with the pro-
posed transition states as the large negative value expected
for nucleophilic attack is reduced by the contribution of a
positive value expected for hydride transfer. In fact, this
proposal might even explain the superiority of porphyrin
relative to iron ACHTUNGTRENNUNG(III) corrole complexes. The reduction poten-
tial of the former is much less negative than that of the
latter,[34] and accordingly, partial hydride transfer is more
significant for the former.


A final test for probing the proposed mechanism was per-
formed by comparing the reactivity of a secondary and a ter-
tiary amine with practically identical nucleophilicity
(Scheme 10). If partial hydride transfer was not important,
the rate of formation of the corresponding ylides should be
very similar. Separate experiments carried out with N-meth-
ylaniline and N-allyl-N-methylaniline showed that the reac-
tion of the former was complete within seconds and with ab-
solute selectivity for the N�H insertion product, whereas
the reaction of the latter was much slower (about 30 min)
and provided a mixture of ylide-derived and EDA-coupled
products. Moreover, when a 1:1 solution of the two amines


was mixed with a limited amount of EDA (30 mol% rela-
tive to the amines), only the product derived from N-meth-
ylaniline was obtained. The advantage of this last result is
that it rules out other possibilities regarding the effect of
aniline, such as changing the reactivity of the metal because
of coordination or reduction. All together, the competition
between the two substrates is indicative of the importance
of NH bonds for facilitating the formation of the ylide inter-
mediates.


Synthetic use of ylides formed in the reactions of allyl- and
propargyl-substituted tertiary amines with EDA : Both iso-
lated and ylides formed in situ are of great synthetic value
in many cases.[2,35] One use relevant to the current case is
the in situ generation of ammonium ylides by metal-cata-
lyzed reactions of diazo compounds with allylic or propar-
gylic amines followed by 2,3-sigmatropic rearrangement to
produce a new C�C bond (Scheme 11). Such reactions with
cobalt-, copper-, rhodium-, and ruthenium-based catalysts
have been previously reported,[2,36] but none with iron com-
plexes. The strong indications for the highly facile formation
of ammonium ylides in the reactions of NH-containing
amines with EDA under catalysis by iron ACHTUNGTRENNUNG(III) complexes of
porphyrins and corroles suggest that these complexes could
have significant added value when used with tertiary
amines.


The above hypothesis was indeed found to be valid
(Scheme 11 and Table 5). The reaction between 16a and
EDA (1:1) in the presence of 2b (0.5 mol%) proceeded
very well. Full and very fast conversion into the 2,3-sigma-
tropic rearrangement product 17a (entry 1, �500 catalytic
turnovers, 96% isolated yield) was obtained within one
minute during which time bubbles of nitrogen gas were


Scheme 9. Possible transition states for the iron corrole/porphyrin cata-
lyzed formation of ylide Y from the reactions of amines with EDA coor-
dinated to the metal through its carbon (B) or nitrogen (A) atom (R’=
H, R’’=CO2Et, L=corrole3� or (chloro)porphyrin3�).


Scheme 10. Reaction products obtained from ylides derived from secon-
dary and tertiary amines.


Scheme 11. Products obtained from ammonium ylides formed in situ.


Table 5. Metal-catalyzed reactions of EDA with tertiary amines that are
suitable for the formation of 2,3-sigmatropic rearrangement products.[a]


Entry Catalyst Substrate Time Yield [%] Product


1 3a 16a 1 min 96 17a
2 3b 16a 24 h 92 17a
3 2b 16a[b] 24 h 91 17a
4 ACHTUNGTRENNUNG[Rh2 ACHTUNGTRENNUNG(OAc)4] 16a 3 d 0 –
5 3a 16b[b] 30 min 52 17b
6 3a 18 1 min 96 19


[a] Catalyst/EDA/substrate 1:500:500 in CH2Cl2 (2 mL) at RT. EDA and
the substrate were added together in one portion. Yields are of isolated
products. [b] 1 mol% of catalyst.
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clearly observed. The same reaction with the more electron-
rich porphyrin and corrole iron complexes also led to 17a in
high yield and selectivity, but in a longer time (entries 2 and
3). On the other hand, the reaction completely failed when
[Rh2ACHTUNGTRENNUNG(OAc)4] was used under otherwise identical reaction
conditions (entry 4). This finding emphasizes the superiority
of the iron-based catalysts because success with [Rh2 ACHTUNGTRENNUNG(OAc)4]
and other previously reported catalysts required the slow
addition of reagents, higher temperatures, or other limiting
reaction conditions.[36] Even the much less nucleophilic N-
allyl-N-methylaniline (16b) was converted into the expected
product when catalyzed by 3a, although the yield was lower
and EDA coupling products were also obtained in this case
(entry 5). The 3a-catalyzed reaction of EDA with N,N-dime-
thylpropargylamine (18, entry 6) was as efficient in terms of
reaction time as that of allylamine to give allenyl-substituted
a-amino ester 19 in an isolated yield of 96%. A comparison
with literature data for the same reaction with other cata-
lysts revealed that the iron porphyrin is superior in all as-
pects of synthetic efficiency. These results are also fully con-
sistent with the mechanistic aspects discussed earlier with
regards to the very fast formation of ylide intermediates
when catalyzed by the iron ACHTUNGTRENNUNG(III) corroles and porphyrins.


S�H insertion reactions and 2,3-sigmatropic rearrangements
in ylides formed by the reactions of sulfides with diazoace-
tates : The above results suggested that the same iron-based
catalysts could be highly useful for the formation of sulfur
ylides in situ, which are of highly significant synthetic
value.[37] The iron ACHTUNGTRENNUNG(III) corrole and porphyrin complexes
were indeed excellent catalysts for the reactions of EDA/
EDP with both thiols and sulfides. The results summarized
in Table 6 (0.1 mol% catalyst) show that both thiophenols
(entries 1–5) and nonaromatic thiols (entries 6 and 7) are
converted very quickly and in very high yields into the ex-
pected S�H insertion products, a-thio ethyl ester derivatives
(Scheme 12).[8,38] The reactions were very fast (see picture in
Scheme 12), and even the less reactive EDP reacted quickly
with thiophenol (entries 8 and 9) to provide 20c.


Although a full mechanistic study was not performed for
this reaction, it apparently proceeds in a similar manner to
the reaction of amines. The reactivity of thiols and amines is
also not very different because the reaction of EDA with
equimolar amounts of thiophenol and aniline provided a
mixture that contained products derived from both reagents.
More important, the iron-catalyzed reactions of EDA with
allyl- and propargyl-substituted sulfides were also very
facile, leading to the expected products in very high yields
within very short reaction times (entries 10–12). In a similar
manner to the observations with amines, the ironACHTUNGTRENNUNG(III) salen
complex was not able to catalyze the reaction (entry 13).
The other end of the reactivity scale is allyl methyl sulfide
(24a ; entry 14), which did undergo the corresponding reac-
tion (to give 25b) even with the much less reactive diazo
compound EDP, a reaction that did not succeed with the
analogous amine 16a.


Conclusion


A detailed mechanistic investigation of the outstandingly
high activity of corrole and porphyrin ironACHTUNGTRENNUNG(III) complexes in
the catalysis of NH-containing amines to amino acid esters
by their reaction with diazoacetates has led to the following
conclusions: Nitrogen ylides are key reaction intermediates,
they are not produced by a reaction pathway that involves
metal–carbenes, and both the nucleophilicity and hydride-
transfer capability of primary and secondary amines are im-
portant aspects involved in the transition states leading to
the ylides. The very fast formation of N-ylides was then ap-
plied to the reactions of tertiary amines that contain either
allyl or propargyl substituents; 2,3-sigmatropic rearrange-
ment products were formed more efficiently when catalyzed
by the ironACHTUNGTRENNUNG(III) complexes than with previously reported
catalysts. Similar findings regarding the superiority of the
iron complexes were obtained with thiols and sulfides, which


Table 6. Metal-catalyzed reactions of EDA/EDP with thiols and sulfides
that are suitable for the formation of 2,3-sigmatropic rearrangement pro-
ducts.[a]


Entry Catalyst Substrates Time Yield [%] Product


1 3a[b] 20a/EDA <1 min 98 20b
2 3b[b] 20a/EDA 1 min 97 20b
3 2a[b] 20a/EDA 2 min 95 20b
4 2b[b] 20a/EDA 1 min 95 20b
5 3a[b] 21a/EDA <1 min 96 21b
6 3a[b] 22a/EDA <1 min 92 22b
7 3a[b] 23a/EDA <1 min 93 23b
8 3a[c] 20a/EDP 2 min 89 20c
9 2b[c] 20a/EDP 2 min 90 20c
10 3a[d] 24a/EDA 1 min 95 25a
11 3a[d] 26/EDA 1 min 94 27
12 2b[d] 24a/EDA 20 min 93 25a
13 [Fe ACHTUNGTRENNUNG(salen)Cl][d] 24a/EDA 24 h 0 –
14 3a[c] 24a/EDP 1 h 91 25b


[a] All reactions were performed in CH2Cl2 (2 mL) at room temperature
and EDA/EDP and the substrate were added together in one portion.
Yields are of isolated products. [b] Catalyst/EDA/substrate 1:1000:1000.
[c] Catalyst/EDP/substrate 1:100:100. [d] Catalyst/EDP/substrate
1:500:500.


Scheme 12. Reactions of diazoacetates with thiols and sulfides. The pic-
ture (demonstrating the intense nitrogen release) was taken 5 s after the
addition of thiophenol and EDA to a solution of catalyst 3a.
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suggests the operation of similar mechanisms in these cases.
Work on using the knowledge acquired in this study to solve
the challenge of turning these reactions into enantioselective
processes is under investigation.


Experimental Section


Chemicals : Standard reagents and solvents (including [Rh2 ACHTUNGTRENNUNG(OAc)4] and
the iron porphyrins) were used as received from commercial sources
without any further purification. EDP and N-allyl-N-methylaniline were
synthesized according to published procedures.[39] The iron and rhodium
corroles were prepared as described in previous publications.[40]


Quantitative reactions of amines with EDA : A solution of EDA and the
substrate (1–1.5 mmol in 0.5 mL diethyl ether) was added in a single por-
tion to a solution of the catalyst (1 mg, 1–1.5 mmol in 1.5 mL diethyl
ether). The 4-Cl, 4-CN, and 3-CN-substituted aniline-derived products
precipitated from the reaction mixture, whereas the products of the other
amines were obtained by evaporating the solvent and by treatment of the
solid material with cold diethyl ether. Reported yields are for isolated
products (0.2–0.3 g); their purities were checked by GC analysis (>99%
for all the products) and identities were confirmed by NMR spectroscopy
analysis (see the Supporting Information) and comparison with previous
reports of the same compounds.


Reaction between EDA and aniline, catalyzed by Mb : Mb (5 mg,
0.2 mmol), EDA (16.4 mL, 0.156 mmol), and aniline (14.2 mL, 0.156 mmol)
were stirred in a solution of THF (10%)/aqueous phosphate buffer
(pH 7, 1.5 mL) at room temperature until all of the EDA was consumed
(5 min). Extraction with diethyl ether provided pure 4a as a white solid
(25 mg, 90% isolated yield). 1H NMR (300 MHz, CDCl3): d =7.17 (t,
2H), 6.72 (t, 1H), 6.57 (d, 2H), 4.20 (q, J=7.2 Hz, 2H), 3.86 (s, 2H),
1.26 ppm (t, J=7.2 Hz, 3H).


Reaction between EDP and aniline, catalyzed by Mb : Mb (5 mg,
0.2 mmol), EDP (20 mg, 0.156 mmol), and aniline (14.2 mL, 0.156 mmol)
were stirred in a solution of THF (10%)/aqueous phosphate buffer
(pH 7, 1.5 mL) and placed in a heating bath at 65 8C until all of the EDP
was consumed (15 min). Extraction with diethyl ether provided pure 13a
as a colorless oil (25.6 mg, 87% isolated yield). 1H NMR (300 MHz,
CDCl3): d=7.16 (t, 2H), 6.73 (t, 1H), 6.59 (d, 2H), 4.17 (q, J=7.2 Hz,
2H), 4.09 (q, J=6.9 Hz, 1H), 1.45 (d, J=6.9 Hz, 3H), 1.23 ppm (t, J=


7.2 Hz, 3H).


Reaction between EDP and aniline, catalyzed by 14/BSA : EDP (3 mg,
23.4 mmol) and aniline (2.1 mL, 23.4 mmol) were added to a small vessel.
A solution of aqueous phosphate buffer (pH 7, 1 mL) containing iron
corrole 14 (0.2 mg) and BSA (20 mg) was then added. The reaction mix-
ture was stirred at room temperature until complete consumption of
EDP was evident by TLC. The solution was extracted with diethyl ether
to provide 13a (3.84 mg, 85% yield). The extracts were concentrated
under a stream of argon and the residue was diluted with HPLC-grade
solvents (hexane/isopropanol 9:1) and analyzed by HPLC for possible en-
antiomeric enrichment. Similar results were obtained when this reaction
was carried out with HSA, PSA, SSA, and RSA as the albumin source
instead of BSA. No enantiomeric excess was observed in any of the reac-
tions.


Procedure for reactions of tertiary amines/sulfides with EDA : A solution
of EDA and the substrate in CH2Cl2 (0.5 mL, 500-fold excess, 0.5–
0.7 mmol, of each relative to the catalyst) was added in a single portion
to a solution of the catalyst (1 mg, 1–1.5 mmol in 1.5 mL CH2Cl2). Report-
ed yields are for isolated products; their purities were checked by GC
analysis (>99% for all the products) and identities were confirmed by
NMR spectroscopy analysis and compared with previous reports of the
same compounds. The colorless oil obtained from the reaction of N,N-di-
methylallylamine with EDA was 17a. 1H NMR (300 MHz, CDCl3): d=


5.72 (m, 1H), 5.04 (m, 2H), 4.14 (q, J=7.2 Hz, 2H), 3.14 (dd, J=8.3,
6.6 Hz, 1H), 2.41 (m, 2H), 2.35 (s, 6H), 1.24 ppm (t, J=7.2 Hz, 3H).


Procedure for the quantitative reaction of thiols with EDA (or EDP): A
solution of EDA and the substrate in CH2Cl2 (0.5 mL, 1000-fold excess,
1–1.5 mmol, of each relative to the catalyst) was added in a single portion
to a solution of the catalyst (1 mg, 1–1.5 mmol, in 1.5 mL CH2Cl2). Re-
ported yields are for isolated products; their purities were checked by
GC analysis (>99% for all the products) and identities were confirmed
by NMR spectroscopy analysis and compared with previous reports of
the same compounds. The colorless oil obtained from the reaction of
thio ACHTUNGTRENNUNGphenol with EDA was 20b. 1H NMR (300 MHz, CDCl3): d=7.39 (m,
2H), 7.26 (m, 3H), 4.15 (q, J=7.2 Hz, 2H), 3.61 (s, 2H), 1.20 ppm (t, J=


7.2 Hz, 3H).
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Tin–Oxo Clusters Based on Aryl Arsonate Anions


Yun-Peng Xie, Jin Yang, Jian-Fang Ma,* Lai-Ping Zhang, Shu-Yan Song, and
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Introduction


In recent years, there has been considerable interest in orga-
notin compounds due to their applications as catalysts in
academia and industry. In addition, organotin compounds
are also interesting with regard to their considerable struc-
tural diversity. Organotin chemistry is experiencing a renais-
sance with the discovery of new rings, cages, and clusters
containing organo oxo tin motifs in general and monoorga-
no oxo tin units in particular.[1] So far, several types of
organo oxo tin clusters, such as ladder,[2a,b] cube,[2c,d] butter-
fly,[2d] drum,[2e] cyclic trimer,[2f] football cage,[3] singly and
doubly oxygen capped,[2d,4] and doubly and triply bridged
ladder,[5] have been prepared, and their structures estab-
lished by single-crystal X-ray diffraction.


Organo oxo tin clusters with phosphorus-based acids such
as [((RSn)2OACHTUNGTRENNUNG{O2P(OH)tBu}4)2] (R=Me, nBu, Bz),[6]


[(Me2Sn2(OH) ACHTUNGTRENNUNG{O2P ACHTUNGTRENNUNG(OPh)2}3ACHTUNGTRENNUNG{O3PACHTUNGTRENNUNG(OPh)})2],
[6a] [{(nBuSn)3ACHTUNGTRENNUNG(m3-


O)(OC6H4-4-X)3}2ACHTUNGTRENNUNG(O3PH)4}] (X=H, Cl, Br, I),[4b,c] [(PhSn)6-
ACHTUNGTRENNUNG(m-OH)2ACHTUNGTRENNUNG(m3-O)2ACHTUNGTRENNUNG(m-OEt)4ACHTUNGTRENNUNG{(ArO)PO3}4] (Ar=2,6-iPr2C6H3),


[1l]


and [Na6ACHTUNGTRENNUNG(CH3OH)2ACHTUNGTRENNUNG(H2O)] ACHTUNGTRENNUNG[{(BzSn)3ACHTUNGTRENNUNG(PhPO3)5ACHTUNGTRENNUNG(m3-O)-
ACHTUNGTRENNUNG(CH3O)}2Bz2Sn]·CH3OH[7b] display various structural motifs.
However, in contrast to the development of organotin com-
pounds of phosphorus-based acids, the chemistry of organo
oxo tin clusters with organo arsonates remains unexplored.
Up to now, diorgano tin phenyl arsonates and substituted
phenyl arsonates have only been studied in the light of IR
and Mçssbauer spectroscopy and X-ray powder diffrac-
tion.[8] Generally, organotin organo arsonate compounds,
particularly those containing dianionic organo arsonate li-
gands, show low solubility due to their oligomeric nature,
and this causes difficulty in obtaining single crystals. To the
best of our knowledge, there have been no reports on the
crystal structures of organotin organo arsonates, and there-
fore elucidating the structural coordination chemistry of or-
ganotin organo arsonates is a challenge in the synthetic
chemistry of organo oxo tin clusters. On the other hand,
cleavage of Sn�C bonds under the influence of strong acids
has long been known and has been used in syntheses involv-
ing organotin compounds.[1j,6b,7,9] Among the various organo-
tin compounds, phenyl derivatives of tin are susceptible to


Abstract: Reactions of Ph3SnOH or
Ph3SnCl with aryl arsonic acids
RAsO3H2, where R=C6H5 (1), 2-
NH2C6H4 (2), 4-NH2C6H4 (3), 2-
NO2C6H4 (4), 3-NO2C6H4 (5), 4-
NO2C6H4 (6), 3-NO2-4-OHC6H3 (7), 2-
ClC6H4 (8) and 2,4-Cl2C6H3 (9), gave
18 Sn–O cluster compounds. These
compounds can be classified into four
types: type A : [{(PhSn)3ACHTUNGTRENNUNG(RAsO3)3ACHTUNGTRENNUNG(m3-
O)(OH)ACHTUNGTRENNUNG(R’O)2}2Sn] (R=C6H5, 2-
NH2C6H4, 4-NH2C6H4, 2-NO2C6H4, 3-
NO2C6H4, 2-ClC6H4, 2,4-Cl2C6H3, and


3-NO2-4-OHC6H3; R’=Me or Et);
type B : [{(PhSn)3ACHTUNGTRENNUNG(RAsO3)2 ACHTUNGTRENNUNG(RAsO3H)-
ACHTUNGTRENNUNG(m3-O) ACHTUNGTRENNUNG(R’O)2}2] (R=4-NO2C6H4, R’=
Me); type C : [{(PhSn)3ACHTUNGTRENNUNG(RAsO3)3 ACHTUNGTRENNUNG(m3-
O) ACHTUNGTRENNUNG(R’O)3}2Sn] (R=2,4-Cl2C6H3, R’=
Me); type D : [{Sn3Cl3 ACHTUNGTRENNUNG(m3-O) ACHTUNGTRENNUNG(R’O)3}2-
ACHTUNGTRENNUNG(RAsO3)4] (R=2-NO2C6H4 and 4-NO2-
C6H4; R’=Me or Et). Structures of


types A and B contain [Sn3 ACHTUNGTRENNUNG(m3-O) ACHTUNGTRENNUNG(m2-
OR’)2] building blocks, while in types C
and D the stannoxane cores are built
from two [Sn3ACHTUNGTRENNUNG(m3-O) ACHTUNGTRENNUNG(m2-OR’)3] building
blocks. The reactions proceeded with
partial or complete dearylation of the
triphenyltin precursor. These various
structural forms are realized by subtle
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syntheses, structures, and structural in-
terrelationship of these organostannox-
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Sn�C bond cleavage. To take advantage of this feature, we
chose to study the reactions of the phenyltin precursors such
as Ph3SnOH, Ph3SnCl, with aryl arsonic acids to determine
if organotin organo arsonate cages/clusters can be obtained
by a solvothermal approach, and also to explore whether
products with new structure types are formed.


Conventionally, organotin clusters have been synthesized
by controlled hydrolysis of organotin halides[10] or by reac-
tion of an appropriate organotin precursor such as
R3SnOSnR3, R3SnOH, (R2SnO)n, or RSn(O)(OH) with a
protic acid such as carboxylic, phosphinic, phosphonic, or
sulfonic acid at room temperature or under reflux.[11] Re-
cently, a solventless methodology for the preparation of
some of these clusters has also been reported.[12] Previously,
we used a solvothermal approach for the preparation of
crystalline organotin clusters.[7] We have now used this new
synthetic route to prepare four types of tin oxo clusters
based on aryl arsonate ligands 1–9, namely, [{(PhSn)3-


ACHTUNGTRENNUNG(RAsO3)3ACHTUNGTRENNUNG(m3-O)(OH) ACHTUNGTRENNUNG(R’O)2}2Sn] (A), [{(PhSn)3(4-NO2-
C6H4AsO3)2 ACHTUNGTRENNUNG(RAsO3H) ACHTUNGTRENNUNG(m3-O) ACHTUNGTRENNUNG(R’O)2}2] (B), [{(PhSn)3(2,4-
Cl2-C6H3AsO3)3ACHTUNGTRENNUNG(m3-O) ACHTUNGTRENNUNG(R’O)3}2Sn] (C) and [{Sn3Cl3ACHTUNGTRENNUNG(m3-O)-
ACHTUNGTRENNUNG(R’O)3}2 ACHTUNGTRENNUNG(RAsO3)4] (D). To our knowledge, compounds of
types A, B, and C are the first examples of such entities in
organotin chemistry. Their crystal structures and a systemat-
ic investigation of the effect of the nature of the aryl arsonic
acids on the structural types are also presented here.


Results and Discussion


Synthesis and procedures : All reactions and the four types
of products A–D are summarized in Scheme 1. We studied
solvothermal reactions of triphenyltin compounds with aryl
arsonic acids. The reactions proceeded with complete or par-
tial dearylation of the triphenyltin compounds, and four
types of tin oxo clusters were obtained. Compounds of type
A were prepared by solvothermal reactions of Ph3SnOH
with RAsO3H2 in 1:1 stoichiometry in methanol or ethanol
at 140 8C. When Ph3SnOH was treated with 2,4-
Cl2C6H3AsO3H2 in methanol, block-shaped crystals of
A(9M) were obtained together with small arrow-shaped
crystals of C(9M). The latter can be manually selected from
the mixture by means of their shape. Compounds A(1M,
1E, 2M, 2E, 3M) can also be obtained by using Ph3SnCl in-
stead of Ph3SnOH. Compound B(6M) can only be prepared
by the reaction of 4-NO2C6H4AsO3H2 with Ph3SnOH in 1:1
molar ratio in methanol. When Ph3SnCl was treated with 2-


Scheme 1. Synthetic routes to compounds A(1M)–D(6E). A–D represent
structure types, and 1–9 aryl arsonate ligands. M (CH3OH) and E
(CH3CH2OH) stand for the solvents used.
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NO2C6H4AsO3H2 in methanol or ethanol (or 4-
NO2C6H4AsO3H2 in ethanol), crystals of D(4M), D(4E), and
D(6E) were obtained.


On exposure to air, crystals of compounds of type A,
B(6M), and C(9M) became opaque within minutes due to
loss of solvent. Since all compounds are insoluble in
common solvents (e.g., THF, C6H6, CH3OH, DMSO and
CH2Cl2), no NMR spectra could be obtained.


Structures of type A : Selected metric parameters for all the
structures are listed in Table S1 in the Supporting Informa-
tion. All compounds of type A are isostructural. For exam-
ple, the X-ray structure of A(1M) consists of discrete neu-
tral clusters, and it has a crystallographic inversion center.
As illustrated in Figure 1a and Scheme 2, A(1M) is com-
posed of two [Sn3ACHTUNGTRENNUNG(m3-O) ACHTUNGTRENNUNG(m2-OMe)2] units connected via hy-
droxyl and phenylarsonic ligands to a central tin atom
(Sn4). The Sn3O3 core of the [Sn3 ACHTUNGTRENNUNG(m3-O) ACHTUNGTRENNUNG(m2-OMe)2] unit is
composed of three tin atoms held together by a m3-oxo
ligand and two m2-alkoxo ligands which bind two adjacent
tin atoms. The unit contains two four-membered Sn2O2


rings. The six atoms of the Sn3O3 core are almost coplanar,
with a largest deviation from the Sn3O3 plane of 0.19 P for
O3. The two Sn3O3 planes are almost parallel to one another
at a distance of 7.30 P.


The six phenylarsonate groups in the molecule form
bridges between three tin atoms. These bridges fall into
three categories. Each of the
two phenylarsonate groups
(As1 and As1’) is arranged
around the outside of one of
the symmetry-related [Sn3ACHTUNGTRENNUNG(m3-
O) ACHTUNGTRENNUNG(m2-OMe)2] units, while As2
and As2’ share two of their
oxygen atoms with one [Sn3ACHTUNGTRENNUNG(m3-
O) ACHTUNGTRENNUNG(m2-OMe)2] unit and their
third oxygen atom with Sn4.
Each of the remaining two phe-
nylarsonate groups (As3 and
As3’) is bound to two tin atoms
and contributes to formation of
the {Sn3As1O4} rings, with its
third oxygen atom coordinated
to Sn4.


Jurkschat et al. and others
have reported a variety of tri-
nuclear organotin oxo clusters
[M ACHTUNGTRENNUNG(OSntBu2)2O·tBu2Sn(OH)2]
(M=Ph2Si, Me2Si, CO, MesB,
Ph2P


+) and [Ph2Si-
ACHTUNGTRENNUNG(OSntBu2)2O·tBu2SnF2] that
adopt a common tricyclic,
almost planar ESn3O3X2 (E=


Si, C, B, P; X=OH, F) structur-
al motif E.[13] Each of these tri-
cyclic structures consists of
fused six-membered Sn2EO3


Figure 1. a) View of A(1M). All H atoms have been omitted for clarity.
The unlabeled atoms are symmetry-related to the labeled atoms. b and
c) Tricyclic structure of A(1M).


Scheme 2. Structures of the various stannoxane cores.
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and four-membered Sn2O2 rings forming a planar ESn3O5


skeleton, with distorted trigonal-bipyramidal coordination at
tin. However, a tricyclic structure containing an As atom
has not hitherto been isolated.


As illustrated in Scheme 2,
the structure of A(1M) can be
described as two tricyclic struc-
tures connected by Sn4. The tri-
cyclic structure of compound
A(1M) consists of fused six-
membered Sn2AsO3 and four-
membered Sn2O2 rings giving
an AsSn3O4 skeleton. In con-
trast to the previously reported
tricyclic structures, the
[AsSn3O3ACHTUNGTRENNUNG(MeO)2] structural
motif of A(1M) is not planar;
the As atom deviates from the
plane defined by AsSn3O5 (Fig-
ure 1b and c).


The tin atoms of the two
[Sn3ACHTUNGTRENNUNG(m3-O) ACHTUNGTRENNUNG(m2-OMe)2] units are
hexacoordinate, are bonded to
one carbon atom and five
oxygen atoms, and have an oc-
tahedral coordination geometry, whereas the Sn4 atom ex-
hibits central MO6 octahedral coordination by two bridging
oxo groups and four oxygen donors from four phenylarso-
nate units.


Electrical neutrality demands the inclusion of two protons
in the molecule of A(1M). Since the positions of the hydro-
gen atoms could not be obtained from the X-ray data, they
were inferred from the geometry of the non-hydrogen
atoms. The logical location for these protons is on the bridg-
ing oxygen atom O13. Therefore, we conclude that O13
atom corresponds to a bridging hydroxy group.


In accordance with the formation of the previously report-
ed structures, A(1M) can be chemically modified at corner
positions of the [Sn3ACHTUNGTRENNUNG(m3-O) ACHTUNGTRENNUNG(m2-OMe)2] units, that is, the
MeO� groups at the corners can be replaced by R’O�


groups (R’=alkyl) by changing the conditions. Based on
this idea, ethanol was used instead of methanol, and A(1E)
was isolated. Compound A(1E) has a very similar structure
to A(1M), and the structural difference is the replacement
of MeO� groups by EtO� groups. The structure of A(1E) is
shown in Figure S1 in the Supporting Information.


Structure of type B : The solvothermal reaction of Ph3SnOH
with 4-NO2C6H4AsO3H2 in methanol at 140 8C for three
days gave B(6M) as orange crystals in 73% yield. The crys-
tal structure of B(6M) has two molecules in the asymmetric
unit (Figure 2a). The X-ray crystallographic study on B(6M)
revealed that the structure consists of discrete neutral clus-
ters. The motif of the molecule contains two [Sn3 ACHTUNGTRENNUNG(m3-O) ACHTUNGTRENNUNG(m2-
OMe)2] units, connected by two 4-NO2C6H4AsO3


2� units
(Figure 2a and Scheme 2). The Sn3O3 core comprises three
tin atoms held together by a m3-O ligand; a further two alk-
oxide groups act as bridging ligands; the m2-oxygen atom of
each alkoxide is bound to two adjacent tin atoms. All tin


atoms are hexacoordinate, bonded to one carbon atom and
five oxygen atoms, and have octahedral coordination geom-
etry.


Compound B(6M) contains two tricyclic structures, each
of which consists of fused six-membered Sn2AsO3 and four-
membered Sn2O2 rings forming a planar AsSn3O4 skeleton.
Like closely related tricyclic structures,[13] the {AsSn3O5}
(As3, Sn1, Sn2, Sn3, O1, O2, O3, O10, O11) structure is
almost planar (Figure 2b), and the largest deviation from
the plane is 0.18 P for Sn2. As3 or As3A contributes to for-
mation of the {AsSn3O5} system by binding to Sn atoms
through its two O atoms, and it employs a third oxygen
atom to coordinate to the other {AsSn3O5} system. There-
fore, the two {AsSn3O5} systems are connected with each
other by the third oxygen atoms of the two 4-nitrophenylars-


Figure 2. a) View of the two molecules of B(6M) present in its asymmetric unit. The unlabeled atoms are sym-
metry-related to the labeled atoms. The phenyl groups on tin atoms are omitted except for the carbon atoms
bonded to tin atoms. b) Tricyclic structure of B(6M).
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onate groups (As3, As3A). The two {AsSn3O5} systems are
almost parallel to each other with a distance between planes
of 3.14 P. Each of the two 4-nitrophenylarsonate (As1,
As1A) groups bridges three tin atoms of the {AsSn3O5}
system. The remaining two 4-nitrophenylarsonate groups
(As2, As2A) form symmetrical bridges between Sn1 and
Sn3 (Sn1’ and Sn3’), whereas the third oxygen atom of each
is not coordinated. The latter oxygen atoms, O9 and O9A,
are protonated. This assignment is based on the fact that the
As2�O9 (or As2A�O9A) bond is longer than the value an-
ticipated for a terminal As=O bond.


Comparison of structures A and B : In structures of type A,
the two [Sn3ACHTUNGTRENNUNG(m3-O) ACHTUNGTRENNUNG(m2-OR’)2] units are connected to each
other by an equator with [Sn(OH)2ACHTUNGTRENNUNG(RAsO3)4] motif, while
the two [Sn3ACHTUNGTRENNUNG(m3-O) ACHTUNGTRENNUNG(m2-OR’)2] units of B are connected to
each other by the arsonate motif (4-NO2C6H4AsO3)2. Thus,
the distances between two [Sn3ACHTUNGTRENNUNG(m3-O) ACHTUNGTRENNUNG(m2-OR’)2] units in A
[for A(1M)] and B are 7.30 and 3.14 P respectively. Struc-
tures A and B both contain double tricyclic units, and two O
atoms of As3 or As3A are bound to Sn atoms and thus con-
tribute to formation of the {AsSn3O5} system, but the coor-
dination of the third oxygen atom is different. The third
oxygen atom of A coordinates to tin atom Sn4, whereas that
of B coordinates to the other {AsSn3O5} system. Clearly, the
third coordinating oxygen atom plays an important role in
formation of the clusters. For B, the {AsSn3O5} structure is
almost planar, and the largest deviation from the plane is
0.18 P for Sn2; whereas for A, the {AsSn3O5} structure is
not planar; the As atom deviates from the plane defined by
AsSn3O5.


Although structures A and B are clearly related to the
previously reported tricyclic structures,[13] there are a
number of significant differences. In comparison with re-
ported type E, the m2-OH or -F groups are replaced by m2-
OR’ groups for A and B. All
three Sn atoms of E show dis-
torted trigonal-bipyramidal con-
figurations, but all tin atoms of
A and B are hexacoordinate
and have octahedral coordina-
tion geometry. The Sn�O bond
lengths in the tricyclic system
also differ (Table 1). Compared
with type E, shorter Sn�O(m3)
and Sn�O(m2) bonds are ob-
served in the four-membered
rings, and longer Sn�O(As)
bonds are found in the six-
membered Sn2AsO3 ring.


Structure of type C : Trinuclear
tin oxo clusters such as {[n-BuS-
n(OH)O2PPh2]3} have been iso-
lated in the reaction of n-butyl-
stannonic acid and diphenyl-
phosphinic acid.[4a] Two units of


the trinuclear tin oxo cluster can be joined to each other in
a face-to-face manner with rearrangement in the phosphi-
nate bridges and Sn�O bonds to afford a drum shape.[2e]


Double trinuclear tin oxo clusters in which two trinuclear
tin oxo clusters are linked in a back-to-back manner by
bridging phosphonate ligands have also been reported.[4b,c]


We now report a heptanuclear tin oxo arsonate cluster,
namely, [{(PhSn)3(2,4-Cl2C6H3AsO3)3ACHTUNGTRENNUNG(m3-O) ACHTUNGTRENNUNG(MeO)3}2Sn]
[C(9M)]. The crystal structure of C(9M) has two molecules
in the asymmetric unit. The motif of the molecule consists
of two [Sn3OACHTUNGTRENNUNG(OMe)3] units and one Sn4+ ion (Figure 3 and
Scheme 2). In the Sn3O4 core, three tin atoms (Sn1, Sn2,
Sn3) are joined together by one O2� ion (O4). A further
three alkoxide groups are involved as bridging ligands; the
m2-O atom of each alkoxide is bound to two adjacent tin


Table 1. Comparison of bond lengths [P] in the core structures of selected tricyclic tin oxo clusters.


Compound Average Average Average Interpole
Sn�O(m3) Sn�O(m2) Sn�O(As) Sn3O3···Sn3O3


A(1M) 2.067(7) 2.120(2) 2.064(9) 7.3035
A(1E) 2.068(7) 2.126(3) 2.076(4) 7.2899
A(2M) 2.058(3) 2.117(3) 2.069(3) 7.2863
A(2E) 2.055(6) 2.122(7) 2.068(7) 7.2360
A(3M) 2.049(6) 2.119(3) 2.061(7) 7.3284
A(4E) 2.069(3) 2.113(2) 2.075(8) 7.1964
A(5M) 2.066(7) 2.117(2) 2.073(2) 7.2576
A(5E) 2.068(3) 2.116(5) 2.082(6) 7.2577
A(7M) 2.069(3) 2.131(2) 2.070(2) 7.2622
A(7E) 2.067(3) 2.120(8) 2.077(2) 7.2745
A(8E) 2.067(4) 2.120(3) 2.071(7) 7.2867
A(9M) 2.063(7) 2.127(8) 2.072(7) 7.3318
A(9E) 2.061(7) 2.121(5) 2.066(4) 7.2899
B(6M)[a] 2.051(3) 2.130(8) 2.090(1) 3.1391


2.051(3) 2.126(8) 2.098(5) 3.2132
ACHTUNGTRENNUNG[Ph2Si ACHTUNGTRENNUNG(OSntBu2)2O·tBu2Sn(OH)2]


[13a] 2.092(2) 2.183(5) 2.019(2)[b]


ACHTUNGTRENNUNG[Me2Si ACHTUNGTRENNUNG(OSntBu2)2O·tBu2Sn(OH)2]
[13b] 2.094(7) 2.190(5) 2.003(6)[b]


ACHTUNGTRENNUNG[Ph2Si ACHTUNGTRENNUNG(OSntBu2)2O·tBu2SnF2]
[13e] 2.090(3) 2.224(8)[c] 1.990(4)[b]


[a] Two crystallographically independent molecules are present. [b] Average Sn�O(Si) distance. [c] Average
Sn�F average distance.


Figure 3. View of the one molecule of C(9M) present in its asymmetric
unit. The unlabeled atoms are symmetry-related to the labeled atoms. All
H atoms have been omitted for clarity.
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atoms. For one [Sn3O ACHTUNGTRENNUNG(OMe)3] unit, each pair of tin atoms is
connected to the Sn4+ ion through one 2,4-dichloropheny-
larsonate group. The two [Sn3OACHTUNGTRENNUNG(OMe)3] units are bound to
the same Sn4+ ion affording a heptanuclear tin oxo arsonate
cluster. All tin atoms in C(9M) have a coordination number
of six, which for atoms Sn1–Sn3 is made up of one phenyl
group and five oxygen atoms, while Sn4 is coordinated by
six oxygen atoms from six 2,4-dichlorophenylarsonate
groups. The average Sn�O(m3) bond length is 2.057(3) P,
whereas the Sn�O(m2) bond length is 2.121(7) P. In compar-
ison, Sn�O distances involving the 2,4-dichlorophenylarso-
nate oxygen atoms are slightly shorter (Table 2).


Comparison of structures A and C : When Ph3SnOH was
treated with 2,4-Cl2PhAsO3H2 in methanol, block-shaped
crystals of A(9M) were obtained together with small arrow-
shaped crystals of C(9M). The two types of heptanuclear tin
oxo arsonate clusters A and C have similar compositions,
but their structures differ in detail. In A, the two [Sn3O-
ACHTUNGTRENNUNG(OR’)2] units are connected to each other by a [Sn(OH)2-
ACHTUNGTRENNUNG(RAsO3)4] motif, while in C the two [Sn3OACHTUNGTRENNUNG(OR’)3] units are
linked to each other by an equator composed with [Sn(2,4-
Cl2-PhAsO3)6] motif. In A, the central Sn atom (Sn4) has an
MO6 octahedral geometry consisting of two bridging oxo
groups and four oxygen donors from four organoarsonate
units, whereas in C Sn4 exhibits an MO6 octahedral geome-
try consisting of six oxygen donors from six organoarsonate
units. In comparison with A, the average Sn�O distances
[Sn�O(m2) and Sn�O(As)] in C are slightly shorter.


Heptanuclear tin–sulfur cluster [({n-BuSnS-
ACHTUNGTRENNUNG(O2PPh2)}3O)2Sn]


[14] (F) and heptanuclear tin phosphonate
cluster [Na6ACHTUNGTRENNUNG(CH3OH)2ACHTUNGTRENNUNG(H2O)] ACHTUNGTRENNUNG[{(BzSn)3ACHTUNGTRENNUNG(PhPO3)5ACHTUNGTRENNUNG(m3-O)-
ACHTUNGTRENNUNG(CH3O)}2Bz2Sn]·CH3OH[7b] (G) have been reported. The
core of F is a double cube connected at the corners occupied
by Sn, and the central Sn atom is bonded to six S atoms.
The trinuclear tin oxo cluster can be considered as an in-
complete cube, one of the vertexes of which remains unoc-


cupied. Thus, the structure of F can be described as a
double trinuclear tin oxo cluster connected by Sn4+ . In G,
the heptanuclear tin cluster is composed of two centrosym-
metrically related tritin subunits and one Bz2Sn


2+ group. For
A, C, and F, the tin atoms result from complete dearylation
and dealkylation reactions, while the Bz2Sn


2+ group of G is
generated by partial debenzylation.


Structures of type D : Reaction of Ph3SnCl with RAsO3H2


(R=2-NO2C6H4, 4-NO2C6H4) in methanol or ethanol afford-
ed hexanuclear tin oxo clusters [{Sn3Cl3ACHTUNGTRENNUNG(m3-O) ACHTUNGTRENNUNG(R’O)3}2-
ACHTUNGTRENNUNG(RAsO3)4], where R=2-NO2C6H4, 4-NO2C6H4; R’=Me, Et.


The structures of type D are
very similar to each other and
are clearly related to that of
[{(n-BuSn)3ACHTUNGTRENNUNG(PhO)3O}2-
ACHTUNGTRENNUNG(O3PH)4];


[4b,c] compounds of
type D show spherical cagelike
architectures. Because of the
similarity of the three struc-
tures, only D(4M) is described
in detail. As shown in Figure 4
and Scheme 2, D(4M) consists
of two tritin motifs in the form
of [Sn3Cl3ACHTUNGTRENNUNG(m3-O) ACHTUNGTRENNUNG(MeO)3O] con-
nected by four 2-
NO2C6H4AsO3


2� ions. In the
tritin subunit, three tin atoms
(Sn1, Sn2, Sn3) are joined to-
gether by one O2� ion (O4).
Furthermore, three alkoxide


groups are involved as bridging ligands; the m2-O atom of
each alkoxide group is bound to two adjacent tin atoms.
Each tin atom of the tritin subunit is further bound to two
oxygen atoms of the 2-nitrophenylarsonate ligands. Each of
the 2-nitrophenylarsonate ligands is involved in a tripodal
bridging coordination mode. All of the tin atoms are sixfold
coordinated by one Cl atom and five O atoms. Interestingly,
complete dearylation of Ph3SnCl occurs in the formation of


Table 2. Comparison of bond lengths [P] in the core structures of tin oxo clusters containing two [Sn3O ACHTUNGTRENNUNG(OR’)3]
units.


Compound Average Average Average Diametrically Interpole
Sn�O(m3) Sn�O(m2) Sn�O(As) opposed As�As O(m3)···O(m3)


C(9M)[a] 2.057(3) 2.121(7) 2.044(2) 7.691(2)
2.059(6) 2.115(3) 2.029(1) 7.724(3)


D(4M) 2.060(3) 2.106(3) 2.028(3) 6.568(1) (As1�As1) 3.482(7)
6.598(1)ACHTUNGTRENNUNG(As2-As2)


D(4E) 2.060(3) 2.113(1) 2.027(5) 6.555(1) (As1�As1) 3.474(8)
6.548(1) (As2�As2)


D(6E) 2.062(7) 2.099(5) 2.034(3) 6.536(1) 3.481 (5)
13[d],[4b] 2.065(3) 2.172(2) 2.072(2)[b] 6.337(1)[c] 3.778(4)
14[a,d],[4c] 2.058(5) 2.172(6) 2.068(6)[b] 6.283(2)[c] 3.813(2)


2.057(5) 2.176(6) 2.064(6)[b] 6.275(3)[c] 3.848(2)
15[a,d],[4c] 2.063(3) 2.177(4) 2.071(4)[b] 6.294(3)[c] 3.805(5)


2.064(4) 2.181(4) 2.073(4)[b] 6.294(4)[c] 3.827(6)
16[d],[4c] 2.062(7) 2.172(7) 2.080(7)[b] 6.274(5)[c] 3.825(9)


[a] Two crystallographically independent molecules are present. [b] Average Sn�O(P) distance. [c] Average
distance between the diametrically opposite phosphorus atoms in the equator.[d] {[(nBuSn)3ACHTUNGTRENNUNG(m3-O)(OC6H4-4-
X)3]2ACHTUNGTRENNUNG(O3PH)4}, where X=H (13), Cl(14), Br (15), and I (16).


Figure 4. View of D(4M). All H atoms have been omitted for clarity.
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compound D(4M) and plays a crucial role in generating the
hexanuclear tin arsonate cluster. In the synthesis of tin oxo
cluster Sn8O4L6 (H2L=1,1’-ferrocenedicarboxylic acid),
complete dealkylation of nBu2SnO was observed.[7a] The
average Sn�O(m3) bond length is 2.060(3) P, whereas the
Sn�O(m2) bond length is 2.106(3) P. In comparison, Sn�O
distances involving the arsonate oxygen atoms are slightly
shorter.


Comparison of structures C and D : Two types of structures
(C and D) have been observed for compounds containing
two [Sn3OACHTUNGTRENNUNG(OR’)3] units. In C, the two [Sn3OACHTUNGTRENNUNG(OR’)3] units
are connected to each other by an equator with [(2,4-Cl2-
PhAsO3)6Sn] motif, whereas in D the two [Sn3OACHTUNGTRENNUNG(OR’)3]
units are connected to each other by an [(2-
NO2C6H4AsO3)4] arsonate motif. The interpole distance (m3-
O···m3-O) in C(9M) is 7.69 P, and in DACHTUNGTRENNUNG(4M–6E) it ranges
from 3.47 for D(4E) to 3.48 P for D(4M); see Table 2.


Although compounds D ACHTUNGTRENNUNG(4M–6E) are similar to the tin
oxo cluster {[(nBuSn)3ACHTUNGTRENNUNG(m3-O)(OC6H4-4-X)3]2ACHTUNGTRENNUNG(O3PH)4}, where
X=H (13), Cl (14), Br (15), and I (16), there are some dif-
ferences.[4b,c] In 13–16, the chlorine atoms of DACHTUNGTRENNUNG(4M–6E) are
replaced by n-butyl groups and the molecules are organo
oxo tin clusters. In the present structures, the chlorine atoms
coordinate to the Sn atoms. Consequently, the distances be-
tween the diametrically opposite phosphorus atoms in 13–16
range from 6.27 to 6.34 P, whereas in DACHTUNGTRENNUNG(4M–6E) the distan-
ces between the diametrically opposite arsenic atoms range
from 6.54 for D(6E) to 6.60 P for D(4M). The interpole dis-
tances (m3O···m3O) in 13–16 range from 3.78 to 3.83 P, but in
DACHTUNGTRENNUNG(4M–6E) they range from 3.47 [D(4E)] to 3.48 P [D(4M)]
(Table 2). Despite the apparent dissimilarities, the Sn�O
cages are structurally quite close.


It is noteworthy that basic [Sn3O ACHTUNGTRENNUNG(OR’)2] units (Sn3O3) are
observed in the molecular structures of type A–D. In A and
B the units take the form of [Sn3O ACHTUNGTRENNUNG(OR’)2ACHTUNGTRENNUNG{O2As(O)R}],
whereas in C and D [Sn3OACHTUNGTRENNUNG(OR’)3] units are present. Inter-
estingly, when the OR’ groups of [Sn3OACHTUNGTRENNUNG(OR’)3] units in C
and D were substituted by [O2As(O)R] moieties, new
[Sn3O ACHTUNGTRENNUNG(OR’)2ACHTUNGTRENNUNG{O2As(O)R}] units were obtained in A and B,
and a change of structure of the tin oxo cores resulted. No-
tably, although partial substitution of OR’ by [O2As(O)R]
occurred during the preparation of 9M (a mixture of A- and
C-type structures was obtained in 9M), the transformation
of tin oxo cores from [Sn3O ACHTUNGTRENNUNG(OR’)3] to [Sn3OACHTUNGTRENNUNG(OR’)2-
ACHTUNGTRENNUNG{O2As(O)R}] was still realized under solvothermal condi-
tions. The Sn3O3 core of A and B comprises three tin atoms
held together by a m3-O atom; a further two alkoxide groups
are involved as bridging ligands; the m2-O atom of each alk-
oxide group is bound to two adjacent tin atoms. Thus, two
four-membered Sn2O2 rings are formed. The six atoms of
the Sn3O3 core are almost coplanar. Although in the nonpla-
nar Sn3O3 core of C and D three tin atoms are also joined
together by one m3-O atom, three alkoxide groups are in-
volved as bridging ligands, and thus the structure of the tin
oxo core is different.


In compounds A(1M)–D(6E), the aryl arsonic acids dis-
play two kinds of coordination modes: I) three oxygen
atoms coordinate to three different metal ions; II) two


oxygen atoms coordinate to two different metal ions, while
the remaining OH group is not coordinated. Generally, simi-
lar forms may be expected when the nine different aryl ar-
sonic acids are used. Indeed, compounds AACHTUNGTRENNUNG(1M–9E) have
similar structures, and compounds D ACHTUNGTRENNUNG(4M–6E) also show sim-
ilar motifs.


However, sometimes changes in the substituents on the
aryl arsonate ligands can result in different structural types.
The influence of substituents on the reactivity of the aryl ar-
sonic acids can be dramatic. For example, the reaction of
Ph3SnOH with 4-NO2C6H4AsO3H2 affords hexanuclear tin
oxo cluster B, whereas the reaction of Ph3SnOH with 2,4-
Cl2C6H3AsO3H2 yields heptanuclear tin oxo cluster C. On
the other hand, sometimes changes in organotin precursors
could result in different structural types. When Ph3SnOH
and 2-NO2C6H4AsO3H2 are used, the compound A(4E) is
obtained. However, when Ph3SnCl and 2-NO2C6H4AsO3H2


are used under the same reaction conditions, complete Sn�
C cleavage results in compounds D(4M) and D(4E).


Under solvothermal reaction conditions, the choice of the
solvent plays an important role. This is demonstrated by the
reactions giving D(6E) in ethanol and B(6M) in methanol,
both of which started with the same mixture of compounds
under the same reaction conditions. The reaction of
Ph3SnOH with 2,4-Cl2C6H3AsO3H2 in methanol affords
C(9M), while the reaction of Ph3SnOH with 2,4-
Cl2C6H3AsO3H2 in ethanol affords A(9E).


Studying the effect of reaction temperature on the forma-
tion of A–D indicated that they are always obtained in the
temperature range of 100–160 8C. Notably, variation of the
temperature (100–160 8C) did not result in a change of struc-
ture type; higher (>160 8C) and lower (<100 8C) tempera-
tures led to lower yields. The cooling rate also did not influ-
ence the structure type, but it has a significant effect on the
quality of the crystals. For example, when the reaction mix-
ture was immediately cooled to room temperature during
the syntheses of types A and C, good quality crystals were
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obtained. Good-quality crystals of types B and D were ob-
tained through by cooling to room temperature at a rate of
10 8Ch�1. Therefore, the cooling method is the key to the
formation of good-quality crystals. Since all the compounds
were prepared with the same filling volume (10 mL), this
may not be a factor that influences formation of the struc-
ture type.


Mass spectrometric studies : ESI-MS has been widely used
to investigate alkyl derivatives of metals.[15, 16] So far, the so-
lution behavior of only few tin oxo clusters has been investi-
gated by ESI-MS.[17] To gain more information on the stabil-
ity of our compounds in solution, we examined them using
ESI-MS. The mass spectra were recorded on a LCQ mass
spectrometer (Finnigan MAT) in negative mode. Taking
A(1M), B(6M), C(9M) and D(4M) as examples, their crys-
tals were dissolved in chloroform. The solutions were then
analyzed by direct infusion at a flow rate of 5 mLmin�. The
ESI-MS of A(1M), B(6M), C(9M), and D(4M) are shown in
Figures S2–S5 in the Supporting Information. The ESI mass
spectrum of B(6M) consists of a single peak covering a wide
isotopic mass distribution (due to the multiplicity of tin iso-
topes) centered at m/z 1400.3, which can be assigned to
[M�2H]2�. Thus, the ESI mass spectrum indicates that the
structure of B(6M) observed in the solid state is still re-
tained in chloroform solution. However, the ESI mass spec-
tra of A(1M), C(9M), and D(4M) show additional peaks
(see Figures S2, S4, and S5 in the Supporting Information)
which can be attributed to several decomposition products.
Therefore, the ESI mass spectra of A(1M), C(9M), and
D(4M) suggest that their structures are relatively unstable
and are easily decomposed in chloroform solution.


Conclusion


Four types of organotin aryl arsonate clusters based on nine
aryl arsonate ligands were synthesized under solvothermal
conditions. Structure types of A–C were found and structur-
ally characterized for the first time in organotin compounds.
The results reveal that solvothermal synthetic approach is
an effective technique for obtaining crystalline organotin
aryl arsonates. Moreover, the aryl arsonic acids and organo-
tin precursors played important roles in the formation of dif-
ferent structural forms of the organotin clusters, and access
to new structural types can be expected by reactions of
other organotin precursors with arsonic acids. Further stud-
ies on the structural interrelationship of these diverse orga-
nostannoxane compounds are in progress.


Experimental Section


Materials : 2-NO2C6H4AsO3H2, 3-NO2C6H4AsO3H2, 2-ClC6H4AsO3H2,
and 2,4-Cl2-C6H3AsO3H2 were prepared by literature methods.[18]


C6H5AsO3H2, 2-NH2C6H4AsO3H2, 4-NH2C6H4AsO3H2, 4-


NO2C6H4AsO3H2, 3-NO2-4-OHC6H3AsO3H2, Ph3SnOH, Ph3SnCl and
other reagents were purchased from commercial sources.


General characterization and physical measurements : Elemental analysis
(C, H, N) was conducted on a Perkin-Elmer 240C elemental analyzer.
FTIR spectra were recorded on KBr pellets in the range 4000–400 cm�1


on a Mattson Alpha-Centauri spectrometer. The mass spectra were re-
corded on a LCQ mass spectrometer (Finnigan MAT) in negative mode.


Synthesis of [(PhSn)3 ACHTUNGTRENNUNG(PhAsO3)3 ACHTUNGTRENNUNG(m3-O)(OH) ACHTUNGTRENNUNG(MeO)2]2Sn [A(1M)]: Meth-
od I: A mixture of Ph3SnOH (0.183 g, 0.5 mmol) and PhAsO3H2 (0.101 g,
0.5 mmol) in methanol (10 mL) was heated in a 15 mL Teflon-lined auto-
clave at 140 8C for 3 h. The mixture was cooled to room temperature, and
the resulting colorless crystals of A(1M) were collected and washed with
methanol. Yield: 0.155 g (81% based on Ph3SnOH).


Method II: A mixture of Ph3SnCl (0.192 g, 0.5 mmol) and PhAsO3H2


(0.101 g, 0.5 mmol) in methanol (10 mL) was heated in a 15 mL Teflon-
lined autoclave at 140 8C for 3 days. The mixture was cooled to room
temperature, and the resulting colorless crystals of A(1M) were collected
and washed with methanol. Yield: 0.101 g (53% based on Ph3SnCl). Ele-
mental analysis (%) calcd for C76H74As6O26Sn7 (Mr=2683.70): C 34.01, H
2.78; found: C 34.08, H 2.69. IR: ñ =3731 (w), 3673 (w), 3624 (w), 3591
(w), 3568 (w), 3052 (w), 2932 (w), 2829 (w), 1515 (w), 1435 (m), 1388
(w), 1096 (m), 1026 (m), 862 (s), 814 (s), 733 (m), 689 (m), 509 (m), 434
(s), 405 (s) cm�1.


Synthesis of [ ACHTUNGTRENNUNG{(PhSn)3ACHTUNGTRENNUNG(PhAsO3)3 ACHTUNGTRENNUNG(m3-O)(OH) ACHTUNGTRENNUNG(EtO)2}2Sn]·H2O·EtOH
[A(1E)]: Method I: A mixture of Ph3SnOH (0.183 g, 0.5 mmol) and
PhAsO3H2 (0.101 g, 0.5 mmol) in ethanol (10 mL) was heated in a 15 mL
Teflon-lined autoclave at 140 8C for 3 days. The mixture was cooled to
room temperature, and the resulting colorless crystals of A(1E) were col-
lected and washed with ethanol. Yield: 0.158 g (79% based on
Ph3SnOH).


Method II: A mixture of Ph3SnCl (0.192 g, 0.5 mmol) and PhAsO3H2


(0.101 g, 0.5 mmol) in ethanol (10 mL) was heated in a 15 mL Teflon-
lined autoclave at 140 8C for 3 days. The mixture was cooled to room
temperature, and the resulting colorless crystals of A(1E) were collected
and washed with ethanol. Yield: 0.146 g (73% based on Ph3SnCl). Ele-
mental analysis (%) calcd for C82H90As6O28Sn7 (Mr=2803.89): C 35.13, H
3.24; found: C 35.08, H 3.39. IR: ñ =3561 (s), 3479 (s), 3415 (s), 3235 (w),
2361 (s), 1639 (m), 1617 (m), 1480 (w), 1436 (w), 1384 (w), 1096 (m),
1049 (m), 990 (w), 868 (m), 814 (s), 731 (m), 690 (m), 648 (m), 450 (s),
433 (s), 402 (s) cm�1.


Synthesis of [(PhSn)3(2-NH2C6H4AsO3)3 ACHTUNGTRENNUNG(m3-O)(OH) ACHTUNGTRENNUNG(MeO)2]2Sn
[A(2M)]: A(2M) was synthesized by procedures similar to those used for
A(1M) (Methods I and II) except that 2-NH2PhAsO3H2 (0.109 g,
0.5 mmol) was used in place of PhAsO3H2. Yield: 0.159 g (80% based on
Ph3SnOH). Elemental analysis (%) calcd for C76H80As6N6O26Sn7 (Mr=


2773.81): C 32.91, H 2.91, N 3.03; found: C 32.85, H 2.83, N 2.94. IR: ñ=


3859 (w), 3742 (w), 3671 (w), 3362 (m), 3061 (w), 2970 (w), 1619 (m),
1482 (m), 1448 (m), 1383 (w), 1315 (m), 1258 (w), 1161 (w), 1082 (w),
1038 (m), 869 (s), 813 (s), 733 (m), 695 (m), 672(m), 511 (m), 445 (s), 404
(m) cm�1.


Synthesis of [{(PhSn)3(2-NH2C6H4AsO3)3ACHTUNGTRENNUNG(m3-O)(OH)ACHTUNGTRENNUNG(EtO)2}2Sn]·2EtOH
[A(2E)]: A(2E) was synthesized by procedures similar to those used for
A(1E) (Methods I and II) except that 2-NH2PhAsO3H2 (0.109 g,
0.5 mmol) was used in place of PhAsO3H2. Yield: 0.173 g (83% based on
Ph3SnOH). Elemental analysis (%) calcd for C84H100As6N6O28Sn7 (Mr=


2922.05): C 34.53, H 3.45, N, 2.88; found: C 34.85, H 3.63, N 2.94. IR: ñ=


3924 (m), 3899 (m), 3860 (m), 3800 (m), 3742 (s), 3673 (m), 3648 (m),
3618 (m), 3590 (s), 3564 (s), 3420 (s), 3061 (w), 2827 (w), 1773 (w), 1741
(w), 1699 (w), 1644 (m), 1620 (m), 1560 (w), 1541 (w), 1515 (w), 1480
(m), 1454 (w), 865 (m), 817 (m), 452 (w), 421 (w), 404 (w) cm�1.


Synthesis of [{(PhSn)3(4-NH2C6H4AsO3)3ACHTUNGTRENNUNG(m3-O)(OH)ACHTUNGTRENNUNG(MeO)2}2Sn]
[A(3M)]: A(3M) was synthesized by procedures similar to those used for
A(1M) (Methods I and II) except that 4-NH2PhAsO3H2 (0.109 g,
0.5 mmol) was used in place of PhAsO3H2. Yield: 0.160 g (81% based on
Ph3SnOH). Elemental analysis (%) calcd for C76H80As6N6O26Sn7 (Mr=


2773.81): C 32.91, H 2.91, N 3.03; found: C 32.85, H 2.83, N 2.94. IR: ñ=


www.chemeurj.org L 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 4093 – 41034100


J.-F. Ma et al.



www.chemeurj.org





3355 (w), 1625 (m), 1595 (m), 1502 (m), 1308 (m), 1097 (m), 1034 (w),
858 (s), 731 (m), 694 (m), 512 (m), 445 (m), 404 (m) cm�1.


Synthesis of [{(PhSn)3(2-NO2C6H4AsO3)3 ACHTUNGTRENNUNG(m3-O)(OH) ACHTUNGTRENNUNG(EtO)2}2Sn]·EtOH
[A(4E)]: A(4E) was synthesized by a procedure similar to that used for
A(1E) (Method I) except that 2-NO2C6H4AsO3H2 (0.123 g, 0.5 mmol)
was used in place of PhAsO3H2. Yield: 0.175 g (80% based on
Ph3SnOH). Elemental analysis (%) calcd for C82H82As6N6O39Sn7 (Mr=


3055.89): C 32.22, H 2.70, N 2.75; found: C 32.45, H 2.83, N 2.94. IR: ñ=


3864 (w), 3738 (m), 3680 (w), 3659 (w), 3615 (w), 3417 (m), 1743 (m),
1688 (m), 1643 (m), 1532 (s), 1429 (m), 1384 (s), 1351 (m), 1121 (m),
1042 (m), 873 (m), 444 (w), 430 (w), 420 (w), 403 (m) cm�1.


Synthesis of [{(PhSn)3(3-NO2C6H4AsO3)3 ACHTUNGTRENNUNG(m3-O)(OH)-
ACHTUNGTRENNUNG(MeO)2}2Sn]·2MeOH [A(5M)]: A(5M) was synthesized by a procedure
similar to that used for A(1M) (Method I) except that 3-
NO2C6H4AsO3H2 (0.123 g, 0.5 mmol) was used in place of PhAsO3H2.
Yield: 0.179 g (83% based on Ph3SnOH). Elemental analysis (%) calcd
for C76H76As6N6O40Sn7 (Mr=3017.80): C 30.25, H 2.54, N 2.78; found: C
30.13, H 2.61, N 2.94. IR: ñ=3860 (w), 3742 (m), 3673 (w), 3649 (w),
3623 (w), 3591 (w), 3567 (w), 1741 (m), 1699 (m), 1679 (w), 1652 (m),
1537 (s), 1456 (m), 1427 (w), 1393 (w), 1348 (m), 1025(w), 830 (m), 731
(m), 671 (m), 651 (m), 515 (m), 452 (s), 421 (s), 403 (s) cm�1.


Synthesis of [{(PhSn)3(3-NO2C6H4AsO3)3 ACHTUNGTRENNUNG(m3-O)(OH) ACHTUNGTRENNUNG(EtO)2}2Sn]·EtOH
[A(5E)]: A(5E) was synthesized by a procedure similar to that used for
A(1E) (Method I) except that 3-NO2C6H4AsO3H2 (0.123 g, 0.5 mmol)
was used in place of PhAsO3H2. Yield: 0.183 g (84% based on
Ph3SnOH). Elemental analysis (%) calcd for C82H82As6N6O39Sn7 (Mr=


3055.89): C 32.22, H 2.70, N 2.75; found: C 32.45, H 2.83, N 2.94. IR: ñ=


3743 (w), 3673 (w), 3649 (w), 3623 (w), 3591 (w), 3564 (w), 3527 (w),
3417 (w), 3064 (w), 2968 (w), 2886 (w), 1536 (s), 1474 (w), 1427 (w), 1349
(m), 1083 (w), 1038 (m), 877 (s), 822 (s), 730 (m), 694 (m), 669 (m), 548
(m), 502 (m), 453 (m), 424 (s), 405 (s) cm�1.


Synthesis of [{(PhSn)3(3-NO2-4-OHC6H3AsO3)3 ACHTUNGTRENNUNG(m3-O)(OH)-
ACHTUNGTRENNUNG(MeO)2}2Sn]·2MeOH [A(7M)]: A(7M) was synthesized by a procedure
similar to that used for A(1M) (Method I) except that 3-NO2-4-OH-
C6H3AsO3H2 (0.131 g, 0.5 mmol) was used in place of PhAsO3H2. Yield:
0.178 g (80% based on Ph3SnOH). Elemental analysis (%) calcd for
C78H76As6N6O46Sn7 (Mr=3113.80): C 30.09, H 2.46, N 2.70; found: C
30.45, H 2.83, N 2.94. IR: ñ=3648 (w), 3622 (w), 3564 (w), 3417 (w),
3248 (w), 1617 (m), 1575 (m), 1536 (m), 1480 (w), 1422 (w), 1321 (m),
1257 (m), 1190 (w), 1153 (w), 1110 (m), 1076 (m), 1042 (w), 830 (s), 734
(m), 693 (m), 672 (m), 546 (m), 502 (m), 451 (s), 426 (s), 404 (s) cm�1.


Synthesis of [{(PhSn)3(3-NO2-4-OHC6H3AsO3)3 ACHTUNGTRENNUNG(m3-O)(OH)-
ACHTUNGTRENNUNG(EtO)2}2Sn]·EtOH [A(7E)]: A(7E) was synthesized by a procedure simi-
lar to that used for A(1E) (Method I) except that 3-NO2-4-OH-
C6H3AsO3H2 (0.131 g, 0.5 mmol) was used in place of PhAsO3H2. Yield:
0.185 g (81% based on Ph3SnOH). Elemental analysis (%) calcd for
C84H88As6N6O46Sn7 (Mr=3197.95): C 31.55, H 2.77, N 2.63; found: C
30.45, H 2.83, N 2.94. IR: ñ =3246 (w), 1617 (s), 1577 (m), 1538 (m), 1481
(m), 1431 (w), 1322 (m), 1256 (m), 1150 (w), 1102 (w), 1076 (m), 1045
(w), 897 (m), 873 (s), 827 (s), 547 (m), 508 (m), 454 (m), 433 (m), 404
(m) cm�1.


Synthesis of [{(PhSn)3(2-ClC6H4AsO3)3 ACHTUNGTRENNUNG(m3-O)(OH) ACHTUNGTRENNUNG(EtO)2}2Sn]·EtOH
[A(8E)]: A(8E) was synthesized by a procedure similar to that used for
A(1E) (Method I) except that 2-ClC6H4AsO3H2 (0.119 g, 0.5 mmol) was
used in place of PhAsO3H2. Yield: 0.184 g (86% based on Ph3SnOH). El-
emental analysis (%) calcd for C82H82As6Cl6O27Sn7 (Mr=2992.53): C
32.91, H 2.76; found: C 32.78, H 2.83. IR: ñ =3859 (w), 3742 (m), 3673
(w), 3649 (w), 3623 (w), 3591 (w), 1741 (w), 1699 (w), 1679 (w), 1652 (w),
1560 (w), 1541 (m), 1515 (m), 1456 (m), 1428 (m), 1390 (w), 1120 (w),
1042 (m), 825 (s), 756 (m), 731 (m), 692 (m), 670 (m), 510 (m), 452 (s),
424 (s), 405 (s) cm�1.


Synthesis of [{(PhSn)3(2,4-Cl2C6H3AsO3)3 ACHTUNGTRENNUNG(m3-O)(OH) ACHTUNGTRENNUNG(MeO)2}2Sn]
[A(9M)]: A(9M) was synthesized by a procedure similar to that used for
A(1M) (Method I) except that 2,4-Cl2C6H3AsO3H2 (0.136 g, 0.5 mmol)
was used in place of PhAsO3H2. Block crystals of A(9M) were obtained
together with crystals of C(9M). Yield: 0.088 g (40% based on
Ph3SnOH). Elemental analysis (%) calcd for C76H62As6Cl12O26Sn7 (Mr=


3097.01): C 29.47, H 2.02; found: C 29.58, H 2.13. IR: ñ =3741 (w), 3673


(w), 3649 (w), 3624 (w), 3591 (w), 3567 (w), 1741 (m), 1651 (w), 1550
(m), 1541 (m), 1515 (w), 1480 (w), 1455 (m), 1429 (m), 1367 (m), 1247
(w), 1143 (m), 1119 (m), 1041 (m), 870 (s), 823 (s), 730 (m), 692 (m), 672
(m), 652 (m), 557 (w), 502 (m), 424 (s), 405 (s) cm�1.


Synthesis of [{(PhSn)3(2,4-Cl2C6H3AsO3)3 ACHTUNGTRENNUNG(m3-O)(OH) ACHTUNGTRENNUNG(EtO)2}2Sn]·EtOH
[A(9E)]: A(9E) was synthesized by a procedure similar to that used for
A(1E) (Method I) except that 2,4-Cl2C6H3AsO3H2 (0.136 g, 0.5 mmol)
was used in place of PhAsO3H2. Yield: 0.183 g (80% based on
Ph3SnOH). Elemental analysis (%) calcd for C82H76As6Cl12O27Sn7 (Mr=


3199.18): C 30.79, H 2.39; found: C 30.68, H 2.23. IR: ñ =3742 (w), 3649
(w), 1550 (m), 1516 (w), 1479 (w), 1455 (m), 1429 (w), 1367 (m), 1120
(w), 1097 (m), 1042 (m), 875 (s), 820 (s), 556 (m), 503 (m), 441 (s), 405
(m) cm�1.


Synthesis of [{(PhSn)3(4-NO2C6H4AsO3)2(4-NO2C6H4AsO3H)ACHTUNGTRENNUNG(m3-O)-
ACHTUNGTRENNUNG(MeO)2}2] [B(6M)]: A mixture of Ph3SnOH (0.183 g, 0.5 mmol) and 4-
NO2C6H4AsO3H2 (0.123 g, 0.5 mmol) in methanol (10 mL) was placed in
a 15 mL Teflon reactor. The mixture was heated at 140 8C for 3 days and
gradually cooled to room temperature at a rate of 10 8Ch�1. Colorless
crystals of B(6M) were obtained. Yield: 0.171 g (73% based on
Ph3SnOH). Elemental analysis (%) calcd for C76H68As6N6O36Sn6 (Mr=


2803.02): C 32.57, H 2.45, N 3.00; found: C 32.45, H 2.83, N 2.94. IR: ñ=


3744 (w), 3649 (w), 3620 (w), 3414 (m), 3101 (w), 3058 (w), 2927 (w),
1648 (w), 1602 (w), 1529 (s), 1480 (w), 1428 (w), 1351 (m), 1088 (m),
1037 (m), 885 (s), 847 (s), 732 (m), 678 (m), 568 (m), 447 (s), 416 (s), 405
(s) cm�1.


Synthesis of [{(PhSn)3(2,4-Cl2C6H3AsO3)3 ACHTUNGTRENNUNG(m3-O)ACHTUNGTRENNUNG(MeO)3}2Sn]·H2O
[C(9M)]: See synthesis of A(9M). Yield: 0.045 g (20% based on
Ph3SnOH). Elemental analysis (%) calcd for C76H68As6Cl12O27Sn7 (Mr=


3143.07): C 29.04, H 2.18; found: C 29.58, H 2.13. IR: ñ =3731 (w), 3671
(w), 3648 (w), 3624 (w), 3591 (w), 3051 (w), 2930 (w), 2827 (w), 1740 (w),
1651 (w), 1550 (m), 1541 (m), 1515 (w), 1480 (w), 1455 (m), 1429 (m),
1367 (m), 1247 (w), 1143 (m), 1119 (m), 1041 (m), 870 (s), 823 (s), 730
(m), 692 (m), 672 (m), 652 (m), 557 (w), 502 (m), 424 (s), 404 (s) cm�1.


Synthesis of [{Sn3Cl3 ACHTUNGTRENNUNG(m3-O)ACHTUNGTRENNUNG(MeO)3}2(2-NO2C6H4AsO3)4] [D(4M)]: A
mixture of Ph3SnCl (0.192 g, 0.5 mmol) and 2-NO2C6H4AsO3H2 (0.123 g,
0.5 mmol) in methanol (10 mL) was placed in a 15 mL Teflon reactor.
The mixture was heated at 140 8C for 3 days and then gradually cooled to
room temperature at a rate of 10 8Ch�1. Colorless crystals of D(4M) were
obtained. Yield: 0.159 g (90% based on Ph3SnCl). Elemental analysis
(%) calcd for C30H34As4Cl6N4O28Sn6 (Mr=2123.13): C 16.97, H 1.61, N
2.64; found: C 17.02, H 1.72, N 2.68. IR: ñ =3924 (m), 3899 (m), 3861
(m), 3799 (m), 3780 (m), 3731 (s), 3673 (m), 3649 (m), 3624 (m), 3592
(m), 3569 (w), 2942 (w), 2840 (w), 1741 (w), 1699 (w), 1541 (s), 1516 (m),
1456 (m), 1345 (m), 822 (m), 674 (m), 452 (m), 420 (m), 404 (m) cm�1.


Synthesis of [{Sn3Cl3ACHTUNGTRENNUNG(m3-O) ACHTUNGTRENNUNG(EtO)3}2(2-NO2C6H4AsO3)4] [D(4E)]: A mix-
ture of Ph3SnCl (0.192 g, 0.5 mmol) and 2-NO2C6H4AsO3H2 (0.123 g,
0.5 mmol) in ethanol (10 mL) was placed in a 15 mL Teflon reactor. The
mixture was heated at 140 8C for 3 days and then gradually cooled to
room temperature at a rate of 10 8Ch�1. Colorless crystals of D(4E) were
obtained. Yield: 0.167 g (91% based on Ph3SnCl). Elemental analysis
(%) calcd for C36H46As4Cl6N4O28Sn6 (Mr=2207.29): C 19.59, H 2.10, N
2.54; found: C 19.52, H 2.20, N 2.62. IR: ñ =3741 (w), 3591 (w), 3416
(m), 3097 (w), 2975 (w), 1627 (w), 1540 (s), 1465 (w), 1351 (m), 1314 (w),
1119 (m), 1025 (w), 849 (s), 733 (m), 675 (m), 462 (s), 420 (s), 405
(m) cm�1.


Synthesis of [{Sn3Cl3 ACHTUNGTRENNUNG(m3-O) ACHTUNGTRENNUNG(EtO)3}2(4-NO2C6H4AsO3)4] [D(6E)]: D(6E)
was synthesized by a procedure similar to that used for D(4E) except
that 4-NO2C6H4AsO3H2 (0.123 g, 0.5 mmol) was used in place of 2-
NO2C6H4AsO3H2. Yield: 0.156 g (85% based on Ph3SnCl). Elemental
analysis (%) calcd for C36H46As4Cl6N4O28Sn6 (Mr=2207.29): C 19.59, H
2.10, N 2.54; found: C 19.72, H 2.22, N 2.65. IR: ñ =3838 (w), 3735 (m),
3417 (m), 3104 (m), 2974 (m), 1647 (w), 1602 (w), 1529 (s), 1354 (m),
1095 (m), 1030 (m), 843 (s), 737 (w), 576 (w), 509 (w), 450 (m), 420 (m),
405 (m) cm�1.


X-ray crystallography : Single-crystal X-ray diffraction data for com-
pounds A(1M), A(1E), and A(7E) were recorded on a Bruker Apex
CCD diffractometer with graphite-monochromated MoKa radiation (l=


0.71073 P) at 293 K. Diffraction data for other compounds were collect-
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ed on a Rigaku RAXIS-RAPID single-crystal diffractometer with MoKa


radiation (l =0.71073 P) at 293 K. Absorption corrections were applied
using multiscan technique.[19] All structures were solved by direct meth-
ods with SHELXS-97[20] and refined by full-matrix least-squares tech-


niques using the SHELXL-97 program[21] within WINGX.[22] The detailed
crystallographic data and structure refinement parameters for the com-
pounds are summarized in Table 3. CCDC-660733, 660734, 660735,
660736, 660737, 660738, 660739, 660740, 660741, 660742, 660743, 660744,


Table 3. Crystal data and structure refinements for A(1M)–D(6E).


A(1M) A(1E) A(2M) A(2E) A(3M) A(4E)


formula C76H74As6O26Sn7 C82H90As6O28Sn7 C76H80As6N6O26Sn7 C84H100As6N6O28Sn7 C76H80As6N6O26Sn7 C82H82As6N6O39Sn7


formula weight 2683.70 2803.89 2773.81 2922.05 2773.81 3055.89
crystal system monoclinic triclinic triclinic triclinic monoclinic triclinic
space group P21/c P1̄ P1̄ P1̄ P21/c P1̄
a [P] 17.038(3) 14.011(4) 11.185(3) 14.016(4) 17.018(3) 13.124(4)
b [P] 20.073(3) 14.611(4) 13.181(5) 14.387(7) 19.448(4) 13.541(4)
c [P] 13.089(3) 15.026(4) 16.417(7) 15.178(5) 14.004(4) 17.080(8)
a [8] 90 91.124(5) 89.310(17) 90.883(15) 90 100.223(13)
b [8] 100.091(4) 109.568(4) 87.809(15) 108.974(12) 102.13(10) 104.020(13)
g [8] 90 112.029 ACHTUNGTRENNUNG(5 72.107(13) 112.549(14) 90 113.924(9)
V [P3) 4407.2(16) 2649.4(13) 2301.7(15) 2638.4(17) 4531 (2) 2558.4(15)
Z 2 1 1 1 2 1
1calcd [g cm


�3] 2.022 1.757 2.001 1.839 2.033 1.983
F ACHTUNGTRENNUNG(000) 2572.0 1354 1334 1418.0 2668 1476
reflns collected/unique 10252/2784 10105/8082 10066/8401 11704/7998 10314/3566 11499/8172
GOF on F2 0.919 1.040 1.052 1.098 0.942 1.047
R1 [I>2s(I)][a] 0.0691 0.0390 0.0421 0.0531 0.0685 0.0555
wR2 [I>2s(I)][b] 0.1354 0.1102 0.1081 0.1362 0.1019 0.1358


A(5M) A(5E) A(7M) A(7E) A(8E) A(9M)


formula C78H76As6N6O40Sn7 C82H82As6N6O39Sn7 C78H76As6N6O46Sn7 C84H88As6N6O46Sn7 C82H82As6Cl6O27Sn7 C76H62As6Cl12O26Sn7


formula weight 3017.80 3055.89 3113.80 3197.95 2992.53 3097.01
crystal system triclinic monoclinic triclinic triclinic triclinic monoclinic
space group P1̄ P21/n P1̄ P1̄ P1̄ P21/n
a [P] 12.728(6) 17.834(5) 13.132(6) 11.943(2) 13.315(4) 13.781(4)
b [P] 14.420(6) 16.010(3) 14.483(8) 14.933(2) 13.450(5) 22.323(6)
c [P] 15.318(6) 18.305(4) 15.078(8) 16.419(3) 16.967(6) 16.705(4)
a [8] 106.335(16) 90 104.967(19) 98.047(2) 98.406(14) 90
b [8] 93.324(18) 91.355(10) 104.778(18) 104.070(2) 106.683(12) 94.540(12)
g [8] 97.639(17) 90 100.715(18) 103.524(2) 113.164(13) 90
V [P3) 2661(2) 5225(2) 2579(2) 2700.9(7) 2557.6(15) 5123(2)
Z 1 2 1 1 1 2
1calcd [g cm


�3] 1.884 1.942 2.005 1.966 1.943 2.008
F ACHTUNGTRENNUNG(000) 1454.0 2952.0 1502.0 1550.0 1440.0 2956.0
reflns collected/unique 12096/7978 11896/9157 11483/7738 10366/8634 11539/8617 11599/6438
GOF on F2 1.062 1.080 1.072 0.964 1.071 1.038
R1 [I>2s(I)][a] 0.0595 0.0396 0.0658 0.0295 0.0463 0.0656
wR2 [I>2s(I)][b] 0.1511 0.1094 0.1643 0.0722 0.1161 0.1528


A(9E) B(6M) C(9M) D(4M) D(4E) D(6E)


formula C82H76As6Cl12O27Sn7 C76H68As6N6O36Sn6 C76H68As6Cl12O27Sn7 C30H34As4Cl6N4O28Sn6 C36H46As4Cl6N4O28Sn6 C36H46As4Cl6N4O28Sn6


formula weight 3199.18 2803.02 3143.07 2123.13 2207.29 2207.29
crystal system monoclinic triclinic triclinic monoclinic orthorhombic monoclinic
space group P21/n P1̄ P1̄ P21/n Pbca C2/c
a [P] 14.780(5) 14.722(4) 13.095(5) 11.560(3) 14.207(4) 30.852(5)
b [P] 21.717(6) 16.789(5) 17.119(5) 20.827(7) 20.711(5) 10.404(5)
c [P] 16.860(5) 21.093(5) 24.170(5) 13.173(4) 21.540(4) 25.099(5)
a [8] 90 94.300(11) 75.041(5) 90 90 90
b [8] 91.431(13) 97.976(11) 79.054(5) 110.342(11) 90 126.751(5)
g [8] 90 111.080(11) 75.885(5) 90 90 90
V [P3) 5410(3) 4773(2) 5030(3) 2973.7(15) 6338(3) 6455(4)
Z 2 2 2 2 4 4
1calcd [g cm


�3] 1.964 1.950 2.075 2.371 2.313 2.271
F ACHTUNGTRENNUNG(000) 3072.0 2704 3008.0 2000.0 4192 4192
reflns collected/
unique


12309/6256 21208/11703 21949/8025 6755/5068 7230/4756 7364/4801


GOF on F2 1.021 1.018 1.026 1.061 1.057 1.054
R1 [I>2s(I)][a] 0.0649 0.0599 0.1038 0.0366 0.0471 0.0419
wR2 [I>2s(I)][b] 0.1319 0.1346 0.2239 0.0853 0.1025 0.1027


[a] R1=� j jFo j� jFc j j /� jFo j . [b] wR2= [�w(F2
o�F2


c)
2/�w(F2


o)
2]1/.
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660745, 660746, 660747, 660748, 660749 and 660750 contain the supple-
mentary crystallographic data for this paper. These data can be obtained
free of charge from the Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.
Eighteen X-ray crystallographic files (CIF), selected bond lengths and
angles, a figure showing the structure of compound A(1E), and ESI-MS
spectra are available as Supporting Information.
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Stepwise Oxidation of the Stannole Dianion


Ryuta Haga, Masaichi Saito,* and Michikazu Yoshioka[a]


This paper is dedicated to Professor Renji Okazaki on the occasion of his 70th birthday


Introduction


The group 14 metallole dianions have received considerable
interest from both synthetic and theoretical points of view
as heavier congeners of the cyclopentadienyl anion, and
play an important role in organic and organometallic
chemistry.[1] The structure of silole and germole dianions has
been discussed extensively, and their aromatic character is
well established.[2,3] The reactions of these dianions, howev-
er, have been mostly limited to those with simple electro-
philes,[2,4] which were often used as trapping reagents, except
a few reports on unique reactions by West et al.[5] as well as
coupling reactions for the formation of oligo- or poly(1,1-
metallole)s.[6]


Very recently, we reported the synthesis of the first stan-
nole dianion and showed that it was aromatic by NMR anal-
ysis, X-ray structural analysis, and theoretical calculations.[7]


We have also reported the oxidation of the stannole anion
to lead to the formation of a tin–tin bond, which is a novel
useful method for the synthesis of bi(1,1-stannole)s.[7b,8] The
results prompted us to investigate on the oxidation of stan-
nole dianion 1 for the formation of oligo- or poly(1,1-stan-
nole)s. The group 14 oligo- or polymetallanes exhibit unique
optical and electronic properties resulting from s-conjuga-


tion along the metal backbone chain.[9] On the other hand,
the group 14 metalloles display low reduction potentials and
a low-lying LUMO energy level (attributed to s*–p* conju-
gation between the s* orbital of the group 14 metal moiety
and the p* orbital of the butadiene moiety) that lead to un-
usual electronic properties.[10] As a result of these properties,
oligo- and poly(1,1-metallole)s are being applied gradually
as electron-transporting materials in organic LEDs[6c] and as
chemical sensors.[6f, 11] Although oxidation of 1,1-dianions of
group 14 metalloles might be useful as a novel, straightfor-
ward method for the synthesis of oligo- and poly(1,1-metal-
lole)s that have metal–metal bonds, no study of systematic,
stepwise oxidation has ever been demonstrated. Very re-
cently, we reported our preliminary results of the synthesis
of bistannole-1,2-dianion 2 by reaction of stannole dianion 1
with an equivalent of oxygen and the reversible redox be-
havior between stannole dianion 1 and bistannole-1,2-di-
ACHTUNGTRENNUNGanion 2 (Scheme 1).[12] We report herein the oxidation of
stannole dianion 1 to a novel terstannole-1,3-dianion. Step-
wise formation of oligo- and poly(1,1-stannole)s by oxida-
tion of stannole dianion 1 is also described.


Abstract: Tin oxidation of stannole di-
anion 1 with 1.3 equivalents of oxygen
gave terstannole-1,3-dianion 3. The
non-aromatic nature of 3 was con-
firmed by X-ray crystallographic analy-
sis. Treatment of 1 with 1,2-dibromo-
ethane (3 equiv) gave poly(1,1-stan-


nole) 4, the formation of which was
proven by reduction of 4 with lithium
to revert to the starting dianion 1. Re-


action of 1 with 1,2-dibromoethane
(3 equiv) in the presence of phenyllithi-
um gave phenyl-capped ter(1,1-stan-
nole) 7. The electronic absorption spec-
tra of newly obtained stannoles were
also measured.


Keywords: anions · oxidation · tin ·
UV/Vis spectroscopy


[a] Dr. R. Haga, Prof. Dr. M. Saito, Prof. Dr. M. Yoshioka
Department of Chemistry
Graduate School of Science and Engineering, Saitama University
Shimo-okubo, Sakura-ku, Saitama-city, Saitama, 338–8570 (Japan)
Fax: (+81)48-858-3698
E-mail : masaichi@chem.saitama-u.ac.jp


Scheme 1. Reversible redox behavior between 1,1-dianion 1 and 1,2-di-
ACHTUNGTRENNUNGanion 2.
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Results and Discussion


Oxidation of stannole dianion to terstannole-1,3-dianion 3
and its structure : The reaction of 1 with 1.3 equivalents of
oxygen in THF yielded a different product. Upon oxidation
of 1 with 1.3 equivalents of oxygen in THF at room temper-
ature, the color of the reaction solution changed from bright
red to dark violet and finally to bright red. The first terstan-
nole-1,3-dianion 3 was isolated as a deep-red powder in
81% yield (Scheme 2). In the 119Sn NMR spectrum, two sig-


nals at d=�61.7 and �145.1 ppm were observed with an in-
tensity ratio of 1:2, resulting from the single central and two
terminal tin atoms, respectively. The signal attributed to the
central tin atom was accompanied by a pair of satellite sig-
nals, 1J(119Sn–119Sn, 117Sn), owing to the terminal Sn nuclei,
whereas that of the terminal tin atom was accompanied by
two sets of satellite signals, 1J(119Sn–119Sn, 117Sn) and
2J(119Sn–117Sn), owing to the central and another terminal Sn
nuclei. In the 13C NMR spectrum, a characteristic lowfield
signal assignable to the a-carbon atom in 3 was observed at
d=178.89 ppm with two tin–carbon coupling constants of
1J ACHTUNGTRENNUNG(C–Sn)=158 Hz and 2J ACHTUNGTRENNUNG(C–Sn)=39 Hz, as was observed in
bistannole-1,2-dianion 2. The 7Li signals were observed at
d=�0.60, and 1.67 ppm (broad), suggesting that the lithium
cations were in an environment similar to that of common
organolithium compounds in solution.[13] Contrary to bistan-
nole-1,2-dianion 2, the oxidation of 1 with 1.3 equivalents of
ferrocenium tetrafluoroborate in THF gave a complex mix-
ture without the formation of terstannole-1,3-dianion 3.


The bright-red crystals of terstannole-1,3-dianion 3 suit-
ACHTUNGTRENNUNGable for X-ray analysis were obtained by recrystallization
from THF/hexane in the presence of 12-crown-4 at �33 8C
in a glovebox. As compound 3 has a plane of symmetry per-
pendicular to the center of the middle stannole ring, a half
moiety of the molecule was refined. Compound 3 has 1:1
disordered two molecules, one of which is shown in
Figure 1. The long Sn�Li distance (�5.7 K) indicates the
absence of significant bonding interaction between the tin
and the lithium atoms, as was observed in bistannole-1,2-di-
ACHTUNGTRENNUNGanion 2. The C�C bond lengths within the middle stannole
ring (the bond distances of C(5)�C(6) and C(6)�C(6)* are
1.356(4) and 1.498(7) K, respectively) are similar to these of
typical stannoles.[14] Bond alternation in the C�C bonds in
the five-membered terminal stannole rings is observed (the


bond distances of C(1)�C(2), C(2)�C(3) and C(3)�C(4) are
1.36(4), 1.473(4) and 1.378(4) K, respectively), indicating
that the terminal stannole rings have considerable diene
character and the negative charges of 1,3-dianion 3 would
localize on both terminal tin atoms, as seen previously in
other group 14 metallole anions.[12,15] Pyramidalization at the
tin center is clearly evident from the angle between the
C4Sn plane and the Sn�Sn bond (1068). The angle between
the terminal stannole ring and the middle stannole rings
through the Sn�Sn bond (808) indicates that the three stan-
nole rings are arranged in an all-gauche conformation along
with the Sn(1)�Sn(2)�Sn(1)* tristannane skeleton. A similar
helical arrangement avoiding repulsion between the silole
rings is found in ter(1,1-tetraphenylsilole).[6c]


Upon treatment of 1,3-dianion 3 with lithium (10 equiv)
in THF for 5 min, the color of the reaction mixture gradual-
ly changed from bright red to dark violet. Progress of the re-
action was monitored by using NMR spectroscopy. Immedi-
ately after the reaction mixture became dark violet, the
1H NMR revealed formation of 1 and 2. After 1 h, the final
color of the reaction mixture was bright red. NMR spectros-
copy revealed quantitative formation of stannole dianion 1
from 3 (Scheme 2). The 1,3-dianion 3 was reduced to the
1,1-dianion 1 via the 1,2-dianion 2.


Mechanism for the oxidation of stannole dianion 1: The
mechanism for the redox reaction between stannole dianion
1, bistannole-1,2-dianion 2 and terstannole-1,3-dianion 3 is
shown in Scheme 3. The initial oxidation step, namely fol-
lowing the addition of 0.5 equivalents of oxygen to 1, is the
formation of a mixture of 1 and 2 (denoted as state a), as
observed by 1H NMR spectroscopy.[12] In the next step, the


Scheme 2. Synthesis of 1,3-dianion 3 from 1,1-dianion 1 and its reduction
to 1,1-dianion 1.


Figure 1. ORTEP drawing of 3 with thermal ellipsoid plots (40% proba-
bility for non-hydrogen atoms). All hydrogen atoms and another disor-
dered molecule are omitted for clarity.
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amount of oxygen affects the final product distribution, al-
though the reason for this selectivity is not clear.[16] Upon
further treatment of 1 in the state a with 0.5 equivalents of
oxygen, 1,1-dianion 1 is oxidized exclusively to form bistan-
nole-1,2-dianion 2. On the other hand, treatment of a mix-
ture of 1 and 2 in the state a with 0.8 equivalents of oxygen
relative to the starting amount of 1, gives terstannole-1,3-
dianion 3 in a very high yield. Reduction of 2 and 3 leads to
the cleavage of an Sn�Sn bond to revert to the 1,1-dianion 1
as the sole product. Hence, the redox reactions between 1, 2
and 3 can be controlled in a reversible fashion.


Synthesis of poly(1,1-stannole): Oxidation of the stannole
dianion 1 leading to the formation of 1,2- and 1,3-dianions, 2
and 3 prompted us to prepare poly(1,1-stannole) from 1. Re-
action of 1 with excess oxygen, however, gave a complex
mixture. Thus, 1,2-dibromoethane was chosen as an oxi-
dant.[17] Treatment of stannole dianion 1 with 1,2-dibromo-
ethane (3 equiv) in ether at room temperature gave a yellow
solution (Scheme 4). After removal of insoluble materials in


dichloromethane by filtration, the filtrate was concentrated
to give a bright-yellow powder. The 1H and 119Sn NMR spec-
tra showed a simple pattern of signals and only one signal
d=�202.32 ppm), respectively, to suggest that only a single
product was formed. It was not possible to observe
13C NMR signals of the product because of its low solubility
in inert solvents (e.g., [D6]benzene and [D8]toluene). Fur-
thermore, the bright-yellow compound was sensitive to air
or moisture and decomposed to a complex mixture in THF.


To gain insight into the structure of the product, reduction
of the product by lithium was carried out (Scheme 4). After
treatment of the bright-yellow compound with excess lithi-
um in ether at room temperature, the reaction solution
became dark red. The stannole dianion 1 was formed nearly
quantitatively, as shown by NMR spectroscopy, indicating
that the compound should have stannole skeletons. Thus,
the bright-yellow compound can be assigned to the first
poly(1,1-stannole) 4, but compound 4 is highly unstable in
solution and poorly characterized.


Synthesis of oligo(1,1-stannole)s : We examined the synthesis
of oligo(1,1-stannole)s by oxidation of the stannole dianion
1 with 1,2-dibromoethane. After addition of phenyllithium
to a solution of 1 in diethyl ether, treatment of the solution
with 1,2-dibromoethane (3 equiv) gave some stannoles
(Scheme 5). The product distribution (Table 1) depended on


the ratio of phenyllithium to stannole dianion 1. Reaction of
1 with 1,2-dibromoethane (3 equiv) in the presence of phe-
nyllithium (2 equiv) gave hexaphenylstannole 5 and bi(1,1-
stannole) 6[7a] in 47 and 1% yields, respectively. In the pres-
ence of 0.67 equivalents of phenyllithium, hexaphenylstan-
nole 5, bi(1,1-stannole) 6[7a] and novel ter(1,1-stannole) 7
were obtained in 5, 24, and 13% yields, respectively. Addi-
tion of 0.5 equivalents of phenyllithium provided bi(1,1-stan-
nole) 6[7a] and ter(1,1-stannole) 7 in 14 and 22% yields, re-
spectively without the formation of 5. 1,2-Dibromoethane
would function as a one-electron oxidant with the stannole
dianion 1 and as a bromination reagent with phenyllithi-
um.[17] The resulting bi- or ter(1,1-stannole)-1,n-dianions
would react with bromobenzene, generated in situ by reac-
tion of phenyllithium with 1,2-dibromoethane to give the
corresponding phenyl-capped bi- or ter(1,1-stannole)s. Al-
though polymeric stannoles seemed to be formed, these
compounds could not be isolated because of their instability.


The ter(1,1-stannole) 7 was characterized by means of 1H,
13C, 119Sn NMR spectroscopy and elemental analysis. In the
119Sn NMR spectrum, two signals were observed at d=


�87.5 and �205.5 ppm with an intensity ratio of 2:1, result-
ing from the two terminal and single central tin atoms, re-
spectively. The signal assignable to the central tin atom was
accompanied by a pair of satellite signals owing to the ter-


Scheme 3. Redox behavior between the three dianions, 1–3.


Scheme 4. Formation of poly(1,1-stannole) 4 by oxidation of 1,1-dianion
1.


Scheme 5. Synthesis of oligo(1,1-stannole)s, 6 and 7.


Table 1. Yields [%] of 5, 6 and 7 in the reactions of 1 with 1,2-dibromo-
ethane (3 equiv and phenyllithium.


PhLi [equiv] 5 6 7


2 47 1 –
2=3 5 24 13
1=2 – 14 22
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minal 119Sn and 117Sn nuclei, whereas the terminal tin atom
signal was accompanied by two sets of satellite signals, a
result of 1J(119Sn–119Sn, 117Sn) and 2J(119Sn–117Sn).


UV/Vis spectra of stannoles, 4–7: UV/Vis absorption spectra
of monostannole 5,[14] oligo- and poly(1,1-stannole)s in tolu-
ene are shown in Figures 2 and 3. The bi- and ter(1,1-stan-


nole)s, 6 and 7, have two absorption maxima at around l=


310 and 370 nm. The latter absorption can be assigned to p–
p* transition of the stannole ring.[18] The former absorption
can be assigned to the transition from sACHTUNGTRENNUNG(Sn�Sn) to p* of the
diene moiety because the corresponding absorption is
absent in monostannole 5 with no tin–tin bond.[18] On the
other hand, the UV/Vis absorption spectrum of poly(1,1-
stannole) 4 displays a large absorption at about l=310 nm.
This large and broad absorption can be assigned to the tran-
sition from s ACHTUNGTRENNUNG(Sn�Sn) to p* of the diene moiety, as was ob-
served in 6 and 7. The absorption maximum assigned to the
sACHTUNGTRENNUNG(Sn�Sn) to p* transition in 4 is also similar to that ob-
served in poly(1,1-tetraphenylsilole)s[6c, f] and poly(1,1-tetra-
phenylgermole).[6f] Contrary to the di- and oligostannoles 6
and 7 and poly(1,1-tetraphenylmetallole)s,[6c, f] the absorption
assigned to the p–p* transition of the stannole ring in 4 is
hidden by the broad band, indicating that the absorption of
the sACHTUNGTRENNUNG(Sn�Sn)–p* transition in 4 is remarkably stronger than


that of the p–p* transition of the stannole ring. Unfortu-
nately, the molecular weight of 4 could not be determined
because of instability to air and moisture, and the e could
not be estimated (Figure 3)


Conclusion


Oxidation of stannole dianion 1 with 1.3 equivalents of
oxygen gave terstannole-1,3-dianion 3. Controlling the
amount of oxygen is essential for clean oxidation of the
stannole dianion 1 to 2 and 3. X-ray structural analysis
showed that the terstannole-1,3-dianion has a non-aromatic
nature, similar to the bistannnole-1,2-dianion.[12] Upon re-
duction, these anions revert to the stannole dianion. The
redox reaction between the stannole dianion 1, bistannole-
1,2-dianion 2 and terstannole-1,3-dianion 3 can be controlled
to be reversible. Furthermore, we succeeded in the synthesis
of novel ter(1,1-stannole) 7 by reaction of stannole dianion
1 with 1,2-dibromoethane in the presence of phenyllithium.
Controlled stepwise synthesis of oligo- and polymeric metal-
loles would allow control over their electronic properties.


Experimental Section


All reactions were carried out under argon atmosphere. THF, diethyl
ether and [D6]benzene used in the synthesis or NMR analyses were dis-
tilled from sodium benzophenone ketyl under an argon atmosphere fol-
lowed by from potassium mirror using trap-to-trap technique. Oxygen
used was dried over activated molecular sieves. 1H (400 MHz), 13C
(101 MHz), 119Sn (149 MHz), and 7Li NMR (156 MHz) spectra were re-
corded on a Bruker DPX-400 or a DRX-400 spectrometer. The nJ ACHTUNGTRENNUNG(C–Sn)
couplings were observed in the 13C NMR spectra as satellite signals. Prep-
arative gel permeation chromatography (GPC) was carried out by means
of a LC-918 (Japan Analytical Ind.) with JAIGEL-1H and �2H columns.
The melting point was determined by means of a Mitamura Riken Kogyo
MEL-TEMP apparatus and is uncorrected. Elemental analysis was car-
ried out at the Microanalytical Laboratry of Molecular Analysis and Life
Science Center, Saitama University.


Reaction of stannole dianion 1 with oxygen (1.3 equiv): Oxygen (1.8 mL,
0.073 mmol, 1 atm, 298.15 K) was added to a solution of stannole dianion
1 (28.6 mg, 0.057 mol) in THF (0.6 mL) and [D6]benzene (0.2 mL). The
resulting bright-red solution was degassed by freeze-pump-thaw cycles
and sealed. In a glovebox, after removal of insoluble materials by filtra-
tion, the filtrate was concentrated. The residue was washed with hexane
to give 1,1’’-dilithio-2,2’,2’’,3,3’,3’’,4,4’,4’’,5,5’,5’’-tetradecaphenyl-1,1’,1’’-
terstannole (3) (22.2 mg, 0.015 mmol, 81%).


Stannole 3 : 1H NMR (THF-[D6]benzene): d =6.45–6.54 (m, 6H), 6.54–
6.65 (m, 6H), 6.65–6.79 (m, 24H), 6.79–6.88 (m, 6H), 6.88–6.99 (m,
12H), 7.05 ppm (d, J ACHTUNGTRENNUNG(H,H)=8 Hz, 6H); 13C NMR (THF-[D6]benzene):
d=121.69 (d), 121.95 (d), 123.54 (d), 123.54 (d), 126.31 (d), 126.48 (d),
126.80 (d), 129.98 (d), 130.89 (d), 132.43 (d), 132.79 (d), 144.77 (s, J-
ACHTUNGTRENNUNG(C,Sn)=22 Hz), 146.13 (s), 147.77 (s, J ACHTUNGTRENNUNG(C,Sn)=25 Hz), 149.06 (s, J-
ACHTUNGTRENNUNG(C,Sn)=216 Hz), 149.15 (s, J ACHTUNGTRENNUNG(C,Sn)=215 Hz), 150.38 (s, J ACHTUNGTRENNUNG(C,Sn)=32 Hz),
166.77 (s, J ACHTUNGTRENNUNG(C,Sn)=20 Hz), 178.89 ppm (s, J ACHTUNGTRENNUNG(C,Sn)=39, 191 Hz);
119Sn NMR (THF-[D6]benzene): d=�61.67 (1J(119Sn,119Sn)=5909 Hz,
1J(119Sn,117Sn)=4732 Hz), �145.12 ppm (1J(119Sn,119Sn)=5909 Hz,
1J(119Sn,117Sn)=4732 Hz, 2J(119Sn,117Sn)=405 Hz); 7Li NMR (THF-
[D6]benzene): d=�0.60, 1.67 ppm (br). The elemental analysis of 3 could
not be carried out because of its extremely high reactivity toward water
and oxygen.


Figure 2. UV/Vis spectra of monostannole 5 (c), distannole 6 (a)
and terstannole 7 (d).


Figure 3. UV/Vis spectrum of poly(1,1-stannole) 4.
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Crystal data of 3 : Crystals suitable for X-ray diffraction were obtained by
recrystallization in a solution of 3 in THF/hexane in the presence of
[12]crown-4 at �33 8C in a glovebox. The crystal was mounted in a glass
capillary. The intensity data were collected at �175 8C on a Bruker
SMART APEX equipped with a CCD area detector with graphite-mono-
chromated MoKa radiation (l=0.71073 K) and graphite monochromater.
Formula C108H108Li2O10Sn3, Fw =1935.96, crystal dimension 0.40N0.30N
0.20 mm, monoclinic, space group C2/c, Z=4, a=21.778(2), b=


16.032(2), c=27.081(3) K, b=101.143(4)8, V =9276.9(18) K3, Dcalcd =


1.386 gcm�3, R1 =0.0438 ([I>2s(I)], 6785 reflections), wR2 =0.0996 (for
all reflections) for 8163 reflections and 1043 parameters, GOF=1.071.
CCDC 645806 (3), contains the supplementary crystallographic data for
this paper. These data can be obtained free of charge from The Cam-
bridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_
request/cif.


Reaction of stannole dianion 1 with ferrocenium tetrafluoroborate
(1.3 equiv): Ferrocenium tetrafluoroborate (37 mg, 0.136 mmol) was
added to a solution of stannole dianion 1 (51 mg, 0.104 mmol) in THF
(2 mL) in a glovebox at room temperature. After filtration of materials
insoluble in THF, a complex mixture (84.5 mg) was obtained.


Reaction of 1,3-dianion 3 with lithium : A mixture of 1,3-dianion 3
(19.7 mg, 0.014 mmol) and lithium (1.0 mg, 0.144 mmol) was placed in
THF (0.5 mL). The resulting suspension was stirred 1 h in a glovebox.
[D6]benzene (0.2 mL) was added to the resultant deep-red solution, and
then the solution was degassed by freeze-pump-thaw cycles and sealed.
The stannole dianion 1 was formed nearly quantitatively, as evidenced by
NMR spectra.


Reaction of stannole dianion 1 with oxygen (excess): Oxygen (excess)
was bubbled through a solution of stannole dianion 1 (80 mg, 0.16 mmol)
in THF (1 mL) at room temperature. After removal of materials insolu-
ble in dichloromethane, a complex mixture (75 mg) was obtained.


Synthesis of poly(1,1-stannole) 4. 1,2-Dibromoethane (0.07 mL,
0.86 mmol) was added to a solution of stannole dianion 1 (196 mg,
0.40 mmol) in diethyl ether (5 mL). The inorganic precipitate was re-
moved by filtration. After the filtrate was concentrated, poly(1,1-stan-
nole) 4 (102 mg) was obtained as bright-yellow powder. Compound 4 was
sensitive to air and moisture. Thus, 4 was stored in a glovebox. The
13C NMR signals of 4 were not observed because of the low solubility of
4 in [D6]benzene. 1H NMR ([D6]benzene): d=6.64–6.76 (m), 6.77–
6.82 ppm (m); 119Sn NMR ([D6]benzene): d=�202.32 ppm.


Reaction of poly(1,1-stannole) 4 with excess lithium : In a glovebox, a
suspension of 4 (33 mg) and lithium (10 mg, 1.44 mmol) in diethyl ether
(2 mL) was stirred overnight. The 1H, 13C, 119Sn, and 7Li NMR spectra of
the reaction mixture revealed quantitative formation of stannole dianion
1.


Reaction of stannole dianion 1 with 1,2-dibromoethane (3 equiv) in the
presence of phenyllithium (2 equiv): 1,2-Dibromoethane (0.04 mL,
0.46 mmol) was added to a solution of stannole dianion 1 (73 mg,
0.15 mmol) and phenyllithium (0.98m in cyclohexane and diethyl ether;
0.3 mL, 0.29 mmol) in diethyl ether (3 mL) at room temperature. After
the mixture was stirred for 3 h the volatile substances were evaporated.
The residue was subjected to GPC (CHCl3) to afford hexaphenylstannole
5 (43 mg, 0.068 mmol, 47%) and bi(1,1-stannole) 6[7a] (0.8 mg,
0.0007 mmol, 1%).


Reaction of stannole dianion 1 with 1,2-dibromoethane (3 equiv) in the
presence of phenyllithium (2/3 equiv): 1,2-Dibromoethane (0.05 mL,
0.58 mmol) was added to a solution of stannole dianion 1 (97 mg,
0.20 mmol) and phenyllithium (0.98m in cyclohexane and diethyl ether;
0.13 mL, 0.13 mmol) in diethyl ether (3 mL), at room temperature. After
the mixture was stirred for 3 h the volatile substances were evaporated.
The residue was subjected to GPC (CHCl3) to afford hexaphenylstannole
5 (5 mg, 0.01 mmol, 5%), bi(1,1-stannole) 6 (23 mg, 0.024 mmol, 24%)
and 1,1’’,2,2’,2’’,3,3’,3’’,4,4’,4’’,5,5’,5’’-tetradecaphenyl-1,1’,1’’-terstannole
(7) (12.4 mg, 0.015 mmol, 13%). 7: m.p. 125 8C (decomp). 1H NMR
([D]chloroform): d =6.50–6.55 (m, 4H), 6.60–6.70 (m, 6H), 6.70–6.77 (m,
10H), 6.77–6.85 (m, 10H), 6.85–6.94 (m, 12H), 6.94–7.03 (m, 18H), 7.03–
7.11 (m, 6H), 7.11–7.20 ppm (m, 4H); 13C NMR ([D]chloroform): d=


125.18 (d), 125.33 (d), 125.68 (d), 125.92 (d), 126.99 (d), 127.41 (d),


127.78 (d), 128.03 (d), 128.26 (d), 128.34 (d), 128.36 (d), 128.62 (d),
128.86 (d), 128.94 (d), 129.40 (d), 129.63 (d), 129.84 (d), 130.00 (d),
130.47 (d), 130.69 (d), 132.93 (s), 135.30 (s), 136.46 (s), 137.20 (d, J-
ACHTUNGTRENNUNG(C,Sn)=9, 47 Hz), 138.58 (s), 140.32 (s, J ACHTUNGTRENNUNG(C,Sn)=97, 102 Hz), 140.66 (s,
J ACHTUNGTRENNUNG(C,Sn)=60, 64 Hz), 141.99 (s, J ACHTUNGTRENNUNG(C,Sn)=46 Hz), 143.27 (s, J ACHTUNGTRENNUNG(C,Sn)=


48 Hz), 146.11 (s, J ACHTUNGTRENNUNG(C,Sn)=21, 34 Hz), 148.33 (s, J ACHTUNGTRENNUNG(C,Sn)=17 Hz), 153.70
(s, J ACHTUNGTRENNUNG(C,Sn)=19 Hz), 153.92 ppm (s, J ACHTUNGTRENNUNG(C,Sn)=80, 83 Hz); 119Sn NMR
([D]chloroform): d=�87.52 (1J(119Sn,119Sn)=1576 Hz, 1J(119Sn,117Sn)=


1446 Hz, 2J(119Sn,117Sn)=499 Hz), �205.51 ppm (1J(119Sn,119Sn)=1576 Hz,
1J(119Sn,117Sn)=1446 Hz); elemental analysis calcd (%) for C96H70Sn3: C
72.99, H 4.47; found: C 72.42, H 4.42.


Reaction of stannole dianion 1 with 1,2-dibromoethane in the presence
of phenyllithium (1/2 equiv): 1,2-Dibromoethane (0.03 mL, 0.37 mmol)
was added to a solution of stannole dianion 1 (67 mg, 0.14 mmol) and
phenyllithium (0.98m in cyclohexane and diethyl ether; 0.07 mL,
0.069 mmol) in diethyl ether (3 mL), at room temperature. After the mix-
ture was stirred for 3 h the volatile substances were evaporated. The resi-
due was subjected to GPC (CHCl3) to afford bi(1,1-stannole) 6 (11 mg,
0.01 mmol, 14%) and ter(1,1-stannole) 7 (16 mg, 0.01 mmol, 22%).
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Theoretical Investigation of Clusters of Phosphorus and Arsenic: Fascination
and Temptation of High Symmetries


Paola Nava and Reinhart Ahlrichs*[a]


Introduction


Highly symmetric molecules, such as the famous icosahedral
species [B12H12]


2�, [Al12H12]
2�, and the fullerene C60, are fas-


cinating to many chemists.[17,21,39] The aesthetic appeal has
motivated the search for further icosahedral clusters or clus-
ter ions, very often led by quantum-chemical investigations.
Notable successes in this respect, when predictions were
confirmed by experiment, include the impressive recent ex-
ample WAu12.


[23,29]


Theoreticians have another reason, besides aesthetics, to
consider highly symmetric molecules: the relatively low
computational requirements. If jG j denotes the order of
the molecular symmetry group G, then CPU times scale as
jG j �1 to jG j �2, provided symmetry exploitation is properly
implemented. Integral evaluation (including quadrature) in
HF, DFT, and MP2, the only ab initio methods routinely ap-
plicable to larger molecules, scales as jG j �1,[6] diagonaliza-
tions roughly as jG j �2, as is obvious from Roothaan7s analy-
sis of the treatment of symmetry.[30] The reduction for


single-point energy and gradient calculations is enhanced in
a geometry optimization due to the smaller number of de-
grees of freedom, giving roughly an additional jG j �1 scal-
ing. Symmetry exploitation thus makes truly impressive
quantum-chemical treatments possible.


Karttunen et al.[19, 20] have recently applied theoretical
methods for Ih-symmetric clusters as large as As500 and P720,
and ring-shaped clusters X10n (X=P, As) with symmetry Dnh


up to X360. Dodecahedral P20 was long ago computed to be
unstable with respect to tetrahedral P4,


[12] more recent work
reaches the same conclusion for fullerene-like clusters Pm,
for m between 14 and 60.[9] Karttunen et al. report larger Ih-
symmetric clusters from P80 up to P720 to be stable with re-
spect to P4. For As, even As20 is found to be lower in energy
than five As4. The largest cohesive energies are reported for
the ring-shaped clusters X10n, which reach a stability maxi-
mum around X180.


The computed stability of ring-shaped structures poses
some questions. The first one concerns the reliability of
computational procedures employed by Karttunen et al. ,
B3LYP and MP2, which have known shortcomings. The
second concerns the basis sets used: to treat all clusters on
the same footing, relatively small basis sets had to be
chosen, which may also affect results. Finally, a large variety
of low-energy structural motifs is known for clusters of
phosphorus from the work of HAser et al.,[4,10, 12] and there
may be other isomers, which are energetically and thermo-
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and B3LYP with extended basis sets.
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one-dimensional polymers X18+12n, each
with 2n�1 isomers of virtually identical
energy, to be more stable than other
structures investigated so far. Further-


more, islands of stability result for ring-
shaped clusters X24n with Dnd symmetry
for n=4 (only for arsenic), 5, 6, and 7.
Phosphorus and arsenic show otherwise
a very similar behavior. An investiga-
tion of basis set effects shows that a
doubly polarized triple zeta valence


basis (TZVPP) is both necessary and
sufficient. In comparison to the reliable
spin component scaled MP2 (SCS-
MP2) procedure, DFT methods under-
estimate and MP2 overestimates the
stability of larger clusters; the discrep-
ancy increases with the number of
atoms. The addition of a long-range
dispersion correction to B3LYP ener-
gies does not rectify the shortcomings
of DFT in comparison with SCS-MP2.


Keywords: ab initio calculations ·
arsenic · main group chemistry ·
phosphorus · structure optimization


[a] Dr. P. Nava, Prof. Dr. R. Ahlrichs
Lehrstuhl fEr Theoretische Chemie
Institut fEr Physikalische Chemie, UniversitAt Karlsruhe (TH)
Kaiserstrasse 12, 76128 Karlsruhe (Germany)
Fax: (+49)721-608-7225
E-mail : reinhart.ahlrichs@chemie.uni-karlsruhe.de


Chem. Eur. J. 2008, 14, 4039 – 4045 I 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 4039


FULL PAPER







dynamically favored over the ring-shaped structures. These
topics will be addressed in the present work.


Computational procedures


We performed DFT calculations with functionals
BP86[2,25,26,35] and B3LYP,[3,22,32, 35] as well as MP2 calculations
as implemented in TURBOMOLE.[1,11,33] In MP2 treatments
we kept core orbitals frozen: a Ne core for P and an Ar
core for As. Preliminary structure optimizations were car-
ried out with BP86 using the small SVP (split valence plus
polarization) basis set,[37] followed by analytical force field
calculations to compute (harmonic) vibrational frequencies,
to establish local minimum character, and to estimate corre-
sponding contributions to the free energy. Final results were
obtained with the larger def2-TZVPP basis set[37] (here de-
noted TZVPP, triple zeta double polarization) for BP86 and
B3LYP, and single-point MP2 calculations at the B3LYP ge-
ometry. Structure optimizations were done on the basis of
redundant internal coordinates.[34] The RI technique (resolu-
tion of the identity) was employed in DFT-BP86 and MP2
treatments with appropriate auxiliary basis sets.[14,36] The
more CPU-demanding calculations for clusters with over 50
atoms were done with parallel implementations for SCF,[5]


B3LYP,[33] and RI-MP2 (module RICC2)[15] on typically
eight processors. A genetic algorithm[31] was employed to
find low-energy structures for P20 and As20. The population
size was 40, the number of children 32. The search was done
with BP86/SVP, the structures located were then refined
with the TZVPP basis in BP86 and B3LYP, followed by
single-point MP2 calculations. The choice of methods was
motivated by the following considerations.


B3LYP and MP2 are proven procedures for the treatment
of closed-shell cases with clear-cut single-reference character
as considered in this work. B3LYP, as with all DFT function-
als, does not account reliably for long-range dispersion inter-
actions,[18,38] and thus tends to underestimate the stability of
larger molecules in comparison to smaller ones. MP2, on the
other hand, includes dispersion interactions in an approxi-
mate way, but it shows a tendency to overestimate these ef-
fects.[7,18] This deficiency is rectified to a large extent by the
“spin component scaled” procedure (SCS-MP2) of
Grimme,[7] which has been shown to be surprisingly accu-
rate, in many cases even close to QCISD(T) and CCSD(T)
results.[7,16] It is thus to be expected that SCS-MP2 is more
accurate than either B3LYP or MP2. Non-hybrid functionals
are typically less accurate for energetics than hybrid func-
tionals. Since we are dealing with relatively simple systems
and since BP86 is about an order of magnitude (or more)
less demanding computationally than B3LYP, we found it
worthwhile to also document BP86 results.


The TZVPP basis was selected since it gives results close
to the basis set limit for SCF and DFT treatments, as shown
in an extensive benchmark study.[37] TZVPP is also the
smallest basis set to yield reasonable reaction energies in
correlated treatments. Although basis set convergence is


here clearly slower than for SCF or DFT, it may be safely
expected that TZVPP is close to the basis set limit for the
reactions considered in this work.[37] We checked this as-
sumption in SCS-MP2 treatments of selected smaller clus-
ters by employing a polarized quadruple zeta valence
(QZVPP) basis.[37]


In the choice of structures we rely heavily on the compre-
hensive theoretical studies by HAser et al.[4,10, 12,13] We found
it worthwhile to check these by an unbiased systematic
search for low-energy isomers. This was accomplished by ap-
plying a genetic algorithm. P20 and As20 are just small
enough for such a procedure to be feasible; they are also
large enough to test HAser7s structural rules and the useful-
ness of the genetic algorithm.


Structures Considered


The first series considered consists of one-dimensional poly-
mers X18+10n, which are depicted for P28 and P78 in Figure 1.
The great stability of these curved C2v-symmetric structures
was discovered by HAser, and they were also treated by
Karttunen et al. for P18 up to P78.


[19] By carrying out a ring
closure[19,20] one gets X10n with Dnh symmetry (Figure 1).
These rings are without strain around X180, as can be infer-
red from corresponding angles of the curved C2v chains,
whereas some strain is inevitable below and above that size.
This probably causes X80 to have the lower symmetry D4d in-
stead of D8h ; Karttunen et al. found C4v, they may have over-


Figure 1. Computed structures of Xn based on the building block (X8X2),
top to bottom: X28, C2v ; X78, C2v ; and X150, D15h.
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looked the higher symmetry.[19] The favorable energy of
these and other rings results from the absence of X8 end
groups, which are relatively high in energy.


A second series of polymers is based on HAser7s R-
ACHTUNGTRENNUNG(P2P10)nP2R compounds,[4] with end groups R=P8 (Figure 2).
(The first members of this and of the preceding series, X18,


are actually identical.) This structural type leads to a helical
geometry (among others, vide infra), and HAser7s prediction
of pronounced stability was confirmed by the preparation of
helical (P2P10)1 embedded in a CuI matrix.[27]The chains
(P2P10)nP2 in fact constitute an entire family. In each
(P2P10P2) unit, the two P2 axes have a torsion angle of rough-
ly 1208, which turns into �1208 in the mirror image of this
moiety. There is even a third possibility with an eclipsed po-
sition of the five-rings, but this is higher in energy by about
55 kJmol�1. In building a polymer chain (P2P10)nP2, one thus
has two choices for each (P2P10P2) link, which yields 2n�1 iso-
mers, since the 2n cases come in pairs of mirror images. In
Figure 2 we show for X66, that is, n=4, the two extreme
cases: the curved Cs structure with alternating and the heli-
cal C2 structure with identical torsional angles. Since all 2n�1


isomers have identical topology within each (P2P10P2)
moiety, they are expected to be very close in energy. The
curved structures can also be closed to a ring by removing
the P8 end groups, as shown in Figure 2 for X120. The con-
struction of small ring-shaped clusters requires a large cur-


vature, which can only be achieved by alternating torsion
angles within (X2X10)2. This leads to the composition X24n


with Dnd symmetry. Larger rings can of course also be ob-
tained from chains with a proper choice of torsion angles.


Ih-symmetric structures were first studied by HAser at al.
for P20,


[12] an extended treatment of larger clusters has re-
cently been carried out by Karttunen et al.,[19] and herein
we treat X20 and X80 for X=P, As (Figure 3). We have fur-


thermore considered other structures proposed by HAser
et al.[4] but these turned out to be higher in energy than
those of the first two series.1 In Figure 4 we present the


Figure 2. Computed structures of Xn based on the building block (X10X2),
top to bottom: X30, C2 ; curved X66, Cs ; helical X66, C2; and X120, D5d.


Figure 3. Computed structure of icosahedral P20 and P80.


Figure 4. Computed structures of low-lying energy isomers of X20.


1 Those structures included, for example, P58, Figure 10d in reference [4],
which is the model compound for Hittorf7s phosphorus.
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structures considered for X20, which were partly obtained by
the genetic algorithm.


For Asm we consider the same structures as for Pm. The
great similarity of Pm and Asm is,[28] not unexpectedly, shown
by the fact that very good starting geometries for a structure
optimization can be obtained by simply scaling cartesian co-
ordinates with the ratio of covalence radii, that is, 1.21:1.10.
This is also demonstrated by the results of the genetic algo-
rithm: starting from the (scaled) structures of Asm for Pm (or
vice versa) did not produce new structural types of low
energy and resulted in the same lowest isomers. The similar-
ity of Pm and Asm greatly facilitates structure optimizations
by starting with Pm, less demanding, and then refining the
scaled structures for Asm.


Discussion


Our calculations are limited to clusters with up to 168
atoms, mainly because of computational demands resulting
from low molecular symmetries in connection with employ-
ing an extended basis set. To give the reader an impression
of the computational demands, we report timings for the
most expensive calculations. The RI-MP2 energy calcula-
tions for As144 (As90) in D6d (C2) symmetry with 6912 (4320)
contractions, 22896 (14310) auxiliaries, and 1080 (675) cor-
related MOs, required 85 h (78 h) on 12 AMD Opteron
2.5 GHz processors. SCF or B3LYP calculations required in
these cases just a few percent of these timings.


Results are discussed on the basis of computed reaction
energies relative to those of tetrahedral X4:


DEðXmÞ ¼
4
m


EðXmÞ�EðX4,TdÞ ð1Þ


Tables 1 and 2 contain DE(Xm) data for X=P and As,
and graphical representations of DE for these cases are
shown in Figures 5 and 6, respectively.


Aspects of methodology: The large spread of B3LYP and
SCS-MP2 results is the most striking feature of the comput-
ed reaction energies. The corresponding deviations are even
larger if one compares the B3LYP results with those from
MP2 calculations, as shown for the results obtained for P120


and As120 with D12h symmetry (Tables 1 and 2). Compared to
the SCS-MP2 method, MP2 overestimates the stability of
P120 by 16.5 kJmol�1 (P4) and that of As120 by 18.8 kJmol�1


(As4); a correspondingly smaller (larger) effect is found for
the smaller (larger) clusters. We consider this an artefact of
MP2, which predicts large clusters to be much too stable.


The considerable spread between DEB3LYP and DESCS-MP2


results is attributable to the fact that DFT does not properly
account for long-range dispersion forces. Following the sug-
gestion by one of the referees, we have also investigated the
semiempirical long-range dispersion correction proposed by
Grimme[8] on top of B3LYP energies: the B3LYP-D proce-
dure. Single-point B3LYP-D/TZVPP energies have been
computed for B3LYP/TZVPP structures, which allow a


direct comparison with SCS-MP2 energies collected in
Tables 1 and 2. A very consistent trend emerges for clusters
with 18 to 66 atoms: B3LYP-D overestimates the stability of
Pn by (14�1) kJmol�1 (P4) and that of Asn by (27�
1) kJmol�1 (As4) relative to the energies calculated by SCS-
MP2. For the small clusters X18, this means that B3LYP-D
has the same error as B3LYP itself (relative to SCS-MP2),
only the sign is reversed. B3LYP-D is clearly not a useful
approximation to SCS-MP2 energies for clusters of P and
As. Since we are dealing with relatively simple reactions,
which involve only closed-shell cases of clear-cut single ref-
erence electronic structures, our findings should be taken as
one more warning not to overestimate the accuracy of com-
putational procedures, which are only proven for benchmark
sets of small molecules.


BP86 is typically inferior to SCS-MP2 and B3LYP for re-
action energies. For the cases considered here, it is closer to
SCS-MP2 than B3LYP, and a useful guide for relative stabil-
ities. As long as a reliable calibration of computational pro-


Table 1. Computed DE data in kJmol�1 (P4) of Pm relative to P4, accord-
ing to Equation (1), at different levels of theory (def2-TZVPP basis set).
G denotes the symmetry group, DF is the computed Helmholtz free
energy contribution at ambient conditions, see text for details.


m G BP86 B3LYP SCS-MP2 SCS-MP2+DF


genetic algorithm, Figure 4
20 C2h �33.1 �21.8 �38.7 4.5
20 C2v �32.1 �21.1 �39.4 3.2
20 C1 �31.3 �19.1 �36.3 6.5
P18+10n C2v, Figure 1
18 C2v �35.5 �24.2 �41.2 �2.2
28 C2v �42.7 �30.2 �52.1 �5.1
38 C2v �46.1 �33.0 �57.1 �7.9
58 C2v �49.6 �35.8 �62.0 �10.6
78 C2v �51.1 �37.1 �64.4 �12.1
118 C2v �52.7 �38.4 �66.8 –
148 C2v �53.3 �38.9 – –
ring-shaped P10n, Figure 1
80 D4d �35.8 �16.9 �51.1 2.3
120 D12h �52.5 �36.3 �68.5


ACHTUNGTRENNUNG(�85.0)[a]
�13.7


150 D15h �55.0 �39.5 �71.0 –
160 D16h �55.3 �40.0 – –
P18+12n, Figure 2
30 C2 �44.2 �31.4 �54.3 �6.6
42 C2 �48.1 �34.6 �59.8 �9.9
66 Cs �51.4 �37.3 �64.7 �12.6
66 C2 �51.5 �37.4 �64.9 �12.8
78 C2 �52.3 �38.1 �66.1 �13.4
90 C2 �53.0 �38.5 �67.3 �13.8
114 Cs �53.8 �39.3 �68.4 �14.9
138 Cs �54.3 �39.7 �69.5[b] –
1[b] – �57.4 �42.2 �73.7 –
ring-shaped P24n Dnd, Figure 2
96 D4d �51.1 �35.1 �67.0 �12.3
120 D5d �56.3 �41.0 �72.5 �17.3
144 D6d �57.1 �42.0 �73.0 –
168 D7d �56.3 �41.3 – –
icosahedral clusters, Figure 3
20 Ih 25.3 36.6 40.8 84.0
80 Ih �7.4 17.3 �25.8 28.1


[a] MP2 value. [b] Extrapolated value for the series P18+12n, according to
Equation (2).
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cedures, either by measurements or by accurate CCSD(T)
results, is lacking, we must conclude that neither of the


methods available to treat systems of this size can predict
DE with the desired accuracy of 1 kJmol�1 (X4). Matters are
not quite that hopeless, however, since differences of DE
are quite similar for clusters of similar size: all procedures
predict virtually the same ordering of DE (Figures 5 and 6).


To conclude this subsection, we comment briefly on basis
set effects. The small SVP basis, results not documented,
consistently overestimates the stability of larger clusters rel-
ative to X4 by 10 to 20 kJmol�1 (X4) in DFT treatments.
This is certainly due to basis set superposition effects. The
consequences of using an SVP basis can be quite dramatic:
Karttunen et al. find P80 (Ih) to be more stable than P4 (Td)
by 6.7 kJmol�1 (P4) with B3LYP, the TZVPP basis predicts
P80 to be unstable by 17 kJmol�1 (P4) (Table 1).2 The short-
comings of SVP-type basis sets have already been pointed
out by HAser et al.[4] For the small systems X4, X18, X28, X30,
and X38 we have carried out SCS-MP2 calculations (at the
B3LYP/TZVPP geometries) with the QZVPP basis.[37] The
results are collected in Table 3. A comparison with results in


Table 1 and Table 2 shows that TZVPP underestimates the
stability of Pm by roughly 4.6 kJmol�1 (P4) and overestimates
the one of Asm by roughly 5.8 kJmol�1 (As4). The deviation
depends on system size m, which would allow us to extrapo-
late QZVPP results for the remaining clusters. A decompo-


Table 2. Computed DE data in kJmol�1 (As4) of Asm relative to As4, ac-
cording to Equation (1), at different levels of theory (def2-TZVPP basis
set). G denotes the symmetry group, DF is the computed Helmholtz free
energy contribution at ambient conditions, see text for details.


m G BP86 B3LYP SCS-MP2 SCS-MP2+DF


genetic algorithm, Figure 4
20 C2h �41.0 �32.6 �58.2 �16.1
20 C2v �37.6 �29.3 �57.0 �15.5
20 C1 �40.4 �31.4 �57.7 �15.8
20 C1 �38.3 �28.5 �55.7 �13.6
As18+10n C2v, Figure 1
18 C2v �42.6 �34.5 �60.1 �18.7
28 C2v �48.7 �39.6 �72.1 �26.3
38 C2v �51.6 �42.0 �77.3 �29.6
58 C2v �54.3 �44.2 �82.8 �32.8
78 C2v �55.7 �45.4 �85.4 �34.4
118 C2v �57.0 �46.4 – –
148 C2v �57.5 �46.9 – –
ring-shaped As10n, Figure 1
80 D4d �48.1 �33.6 �80.5 �28.0
120 D12h �58.5 �46.5 �92.2


ACHTUNGTRENNUNG(�110.0)
�38.9


150 D15h �59.5 �48.2 – –
As18+12n, Figure 2
30 C2 �50.9 �41.4 �75.0 �28.5
42 Cs �54.3 �44.3 �81.3 �32.7
42 C2 �54.3 �44.3 �81.4 �32.6
66 Cs �57.4 �46.9 �87.0 �36.4
66 C2 �57.5 �47.0 �87.1 �36.4
78 C2 �58.3 �47.6 �88.5 �37.3
90 C2 �59.0 �48.2 �89.8 –
114 Cs �59.7 �48.8 �91.4[b] –
1[b] – �63.0 �51.6 �97.2 –
ring-shaped As24n Dnd, Figure 2
96 D4d �59.5 �47.2 �92.7 �39.4
120 D5d �62.7 �51.0 �96.3 �42.7
144 D6d �62.7 �51.3 �96.0 –
icosahedral clusters, Figure 3
20 Ih �7.8 �0.1 �7.8 37.3
80 Ih �34.0 �15.2 �72.5 �19.4


[a] MP2 value. [b] Extrapolated value for the series As18+12n according to
Equation (2).


Figure 5. Fit of reaction energies DE in kJmol�1 (P4) for two families of
clusters Pm from Table 1, as explained in text. Lines obtained from the re-
gression [Eq. (2)], full circles represent computed DE data for P18+12n.


Figure 6. Fit of reaction energies DE in kJmol�1 (As4) for two families of
clusters Asm from Table 2, as explained in text. Lines obtained from the
regression [Eq. (2)], full circles represent computed DE data for As18+12n.


Table 3. Computed SCS-MP2 reaction energies DE in kJmol�1 (X4, X=


P, As) obtained with the QZVPP basis set, nomenclature as in Tables 1
and 2.


m G P As


4 Td 0.0 0.0
18 C2v �45.5 �54.8
28 C2v �56.9 �66.0
30 C2 �59.1 �68.8
38 C2v �62.0 �70.9


2 We have checked the correctness of the B3LYP results given in refer-
ence [19] by employing the basis set used in that work.
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sition of the total SCS-MP2 energy into an SCF and a corre-
lation contribution shows that the latter amounts to about
80% of the deviation between TZVPP and QZVPP.


Computed reaction energies DE : The computed reaction
energies collected in Tables 1 and 2 and shown in Figures 5
and 6, are easily interpreted since BP86, B3LYP, and SCS-
MP2 predict the same energetic order for clusters of compa-
rable size, and Pm and Asm show very similar trends. The re-
markable consistency of computed DE within the series
X18+10n and X18+12n is also reflected by the quality of a re-
gression analysis for the ansatz (2),


DEðXmÞ ¼ aþ b
m


ð2Þ


which leads to an rms of less than 0.2 kJmol�1 (X4). This
permits an extrapolation of DE for larger clusters, as done
in Tables 1 and 2.


Among the open structures, X18+12n is definitely more
stable than the curved isomers X18+10n with C2v symmetry. A
direct comparison is possible for P78: the SCS-MP2 energy
of the C2 structure is 33 kJmol�1 lower than that for the C2v


structure. For As78 the difference is even 60 kJmol�1. The
X18+12n structures are even more stable than the ring-shaped
X10n structures. The isomers of X18+12n are virtually isoener-
getic, as conjectured in the Computational Procedures sec-
tion: values of DE [Eq. (1)] differ by 0.1 kJmol�1 (X4) at
most, as documented in Tables 1 and 2 for X66 with Cs and
C2 symmetry. The helical structures are slightly favored en-
ergetically for all methods in all cases investigated.


The smallest DE values are obtained for the ring-shaped
X24n systems (Dnd), which assume a minimum for P144 and
As120. The smaller and larger structures of this type are
strained, as we checked for P: structure parameters of P66


(Cs) (Figure 2) show virtually perfect angles necessary for a
ring closure. The computed DE value for the most stable
rings is thus expected to be close to that of an infinite chain
(X2X10)1. This is confirmed by the results (Tables 1 and 2):
extrapolated DE values for the chains deviate by
0.9 kJmol�1 (X4) at most from those of the most stable rings.


The icosahedral clusters P20 and P80 are computed to be
considerably less stable than other structures of similar size
for all computational methods applied in this work. P80 (Ih)
is not even stable with respect to 20 P4 (Td) within B3LYP.
The situation is similar for As20 and As80, although the
energy differences with respect to other clusters is consider-
ably smaller than for phosphorus. The known icosahedral
cluster ion [(AsNi12)As20]


3� shows, however, that cages may
be stabilized to yield very interesting compounds.[24]


Finally, the family of isomers X18+12n is outstanding in var-
ious respects: with the exception of ring-shaped X24n struc-
tures As96, X120, X144, and X168, it is the lowest in energy, it
has a large statistical weight of 2n�1, and it permits the con-
struction for large n, which is not possible without strain for
the curved C2v structures X18+10n.


Low-energy structures of P20 and As20: HAser et al.[4]have
mentioned three low-energy structures for P20 with C2h, C2v,
and C1 symmetry. The energetic order is not conclusive
since only very small basis sets have been used. The genetic
algorithm finds the C2h and the C2v structures only after 300
generations. It locates two low-lying C1 structures (Figure 4).
The first C1 structure complies with the description P10P2P8


of HAser et al. For P20, the C2v isomer is only slightly favored
over the C2h isomer for SCS-MP2, both DFT functionals
give the reverse ordering. The C1 structure is 15.6 kJmol�1


higher in energy (corresponding to DE=3.1 kJmol�1 (P4),
Table 1), the C1 isomer is even higher, 30 kJmol�1 above the
C2v structure.


Matters are only slightly different for As20. The C2h


isomer is most stable for all procedures, followed by the C1


structure, which is just 2.2 kJmol�1 higher (SCS-MP2). Even
the C2v and C1 isomers are only marginally less stable (5.8
and 12.6 kJmol�1, SCS-MP2). All four isomers of As20 are
thermodynamically stable with respect to As4, quite differ-
ent from P20.


Effects of vibration and temperature : Thermodynamic equi-
librium depends (in addition to electronic energies) on vi-
brational, rotational, and translational degrees of freedom
and their temperature dependence. These effects are easily
evaluated if one assumes ideal gas behavior and validity of
the harmonic approximation for vibrations, provided har-
monic frequencies are known. We have computed the latter
within BP86/SVP, with the exception of largest clusters, and
evaluated the contribution DF to the Helmholtz free energy
at ambient conditions. The SCS-MP2+ DF entries in
Tables 1 and 2 include DF in addition to SCS-MP2 results of
Equation (1). The small molecules P4 and As4 are clearly fa-
vored by DF, but for the larger clusters we find a very
smooth behavior of DF. The variation of this quantity is cer-
tainly smaller than the probable error of computed energies.
For this reason we refrain from a detailed discussion and
only note the most important effect. The gain in energy
seen for the larger clusters is almost compensated by DF
such that the resulting corrected values show much smaller
variations and indicate reduced thermodynamic stability
than inferred from the electronic term.


Conclusions


We have investigated two families of one-dimensional poly-
mers of phosphorus and arsenic: X18+10n with C2v symmetry
and X18+12n, where the latter constitutes a set of 2n�1 isomers
of almost identical energy. The series X18+12n is definitely
more stable than the series X18+10n, thus confirming a con-
jecture of HAser.[4] From the chains one can further form
ring-shaped structures by deleting X8 end groups and ring
closure, leading to X10n with Dnh


[19] and X24n with Dnd sym-
metry. The rings are more stable than the corresponding
chains in the (approximate) range X120 to X200.


[19,20] The X10n


structures are less stable than the X18+12n chains; the most
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stable compounds found are the Dnd structures As96, X120,
X144, and X168 (and possibly X192, which was not investigat-
ed). All these clusters are markedly more stable than the
icosahedral structures of X20 and X80.


The present results are generally in agreement with those
of Karttunen et al.[19,20] as far as comparison is possible. De-
viations result from differences in basis sets (more extended
in this work) and methods employed (MP2 vs. SCS-MP2).


The clusters mentioned so far were essentially obtained
from motifs first discussed by HAser et al.[4,10] A rigorous
search for low-energy isomers of X20 turned out to be of
little help, since the genetic algorithm required 300 genera-
tions to find the known isomers with C2v and C2h symmetry.
Two low-energy structures with C1 symmetry were located
that are close in energy to the most stable C2h or C2v. There
is an urgent need for procedures to locate low-energy iso-
mers, which are more efficient than either a molecular dy-
namics run with simulated annealing or a genetic algorithm.


Effects of vibrations and temperature favor the small Td


tetramers X4, the corresponding contributions DF cancel to
a large extent the gain in electronic energy seen for the
larger clusters.


Clusters of phosphorus and arsenic have many features in
common, reflecting their close chemical similarity, which has
been rationalized by Pyykkç[28] in terms of partial 3d-screen-
ing. Besides the small tetrahedral compounds X4, there is a
rich zoo of local minima, but the energetically and thermo-
dynamically most stable structures are low-symmetry chains
of the family X18+12n, which are surpassed in stability only
by rings X24n. Both types of clusters do not lead to space-fill-
ing solids, but they should be detectable under suitable con-
ditions.
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2H NMR Studies on Two-Homopolypeptide Lyotropic Enantiodiscriminating
Mesophases: Experimental Quantification of Solute–Fiber Affinities


Philippe Lesot,*[a] Olivier Lafon,[a] Christie Aroulanda,[b] and Ronald Y. Dong[c]


Introduction


Nuclear magnetic resonance (NMR) spectroscopy using ho-
mopolypeptide chiral liquid crystals (CLC) as solvent is a
powerful analytical tool for solving numerous stereochemi-
cal issues.[1–3] These lyotropic chiral oriented media are


formed by organic solutions of polypeptide helices oriented
with their long axes parallel to the static magnetic field Bo


of the NMR magnet (mesophase of positive magnetic sus-
ceptibility anisotropy Dcm). Hitherto, the best enantiorecog-
nition was obtained with poly-g-benzyl-l-glutamate
(PBLG), in which the side chain is �ACHTUNGTRENNUNG(CH2)2CO2CH2C6H5.


[1–3]


When no spectral discrimination occurs in PBLG solutions,
other polypeptides such as poly-e-carbobenzyloxy-l-lysine
(PCBLL) and poly-g-ethyl-l-glutamate (PELG), in which
lateral chains are �


ACHTUNGTRENNUNG(CH2)4NHCO2CH2C6H5 and
�
ACHTUNGTRENNUNG(CH2)2CO2-CH2CH3, respectively, can provide excellent re-


sults due to the chemical differences in the side chain.[4,5]


The key point for NMR in polypeptide CLCs is the ability
of these mesophases to interact differently with enantiomers
or enantiotopic directions in prochiral molecules, and to
orient them on average differently relative to Bo.


[1,2,6] The
orientational behavior of solutes dissolved in these CLCs
can be efficiently monitored by the 2H quadrupolar interac-
tion HQ, which dominates proton-decoupled deuterium (2H-
{1H}) NMR spectra. Assuming axial symmetry for the elec-
tric field gradient along the C�D bond, the quadrupolar
splitting of the deuteron is simply given by Equation (1)[2,7]


Abstract: The analytical potential and
enantioselective properties of lyotropic
mesophases made by mixing two chem-
ically different chiral polypeptides are
described. Here we examine the case
of a mixture of poly-g-benzyl-l-gluta-
mate (PBLG) and poly-e-carbobenzy-
loxy-l-lysine (PCBLL). We demon-
strate that 2H NMR spectroscopy on
these chiral oriented mixtures can dis-
criminate both enantiomers and enan-
tiotopic directions in prochiral mole-
cules. Moreover, in such systems,
degree of enantiodiscrimination, reso-
lution, and sensitivity can be conjointly
optimized by changing the relative pro-
portion of the two polypeptides. There-


fore, these new enantiodiscriminating
media provide a favorable alternative
to single-polypeptide mesophases with
respect to stereochemical applications.
At a more fundamental level, the pres-
ent work points out that solute distri-
bution in the vicinity of each polypep-
tide partly governs the degree of enan-
tiodiscrimination and NMR relaxation
rates. To this end, the experimental
trends of solute NMR observables
(DnQ, T1) versus the fraction of peptide


units of each polymer were analyzed
by using a “mean-field” model derived
from that proposed for mixtures of
thermotropic nematic solvents, and
based on the separation of intermolec-
ular interactions between the solute
and both polypeptides. This approach
allows the relative solute–fiber affini-
ties in these lyotropic systems to be de-
termined. To identify the factors con-
trolling solute–polypeptide affinities,
we investigated various solutes (polar/
apolar, rigid/flexible, achiral/prochiral/
chiral molecules) using 2H NMR at
natural abundance or on isotopically
enriched solutes.
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DnQ ¼
3
2
CQ � SCD where SCD ¼


3 cos2ðqCDÞ � 1
2


� �
ð1Þ


where CQ is the 2H quadrupolar coupling constant, qCD is
the angle between the C�D bond direction and the Bo axis,
and SCD is the order parameter of the C�D direction. The
notation h···i denotes an ensemble average over all orienta-
tions of the C�D bond.


The 2H quadrupolar splitting characterizes the average
orientational ordering SCD of the studied C�D bond. Addi-
tionally, 2H relaxation rates (e.g., Zeeman spin–lattice relax-
ation rates 1/T1Z), which are governed by random fluctua-
tions of HQ, can also provide important data on the way a
solute can reorient or perform internal motions.[8,9] The
equation defining 1/T1Z for a spin-1 nucleus in achiral uniax-
ial nematic phases (D1h symmetry) remains valid for a
chiral uniaxial nematic phase (D1 symmetry) and can be
calculated from the ensemble average of such quantity,
D2*


0,n(t)D
2
0,n(0)�jhD2


0,ni j 2.[8,9] The elements of WignerSs matrix
D2


0,n depend on the orientation of the C�D bond relative to
the B0 axis.


[8,9]


Here we propose a novel alternative for discriminating
between enantiomers or enantiotopic directions. We show
that enantiodiscriminating media can indeed also be pre-
pared by dissolving two chemically different polypeptides in
an organic solvent. So far, mixtures of two polypeptides
were only employed to provide achiral mesophases in which
any enantiodiscrimination disappears (see Figure SI-1 in the
Supporting Information).[4,10] These compensated mixtures,
denoted “PBG” and “PCBL”, are prepared by mixing equal
amounts by weight of polypeptides of the same nature but
with opposite absolute configuration, for example, PBLG
and its enantiomer PBDG, or PCBLL and PCBDL.[4,10] In
these compensated systems, the two enantiomers exchange
rapidly, on the NMR timescale, between the vicinities of l-
and d-polypeptides. This results in identical average magnet-
ic interactions for the enantiomers, and thus no difference in
their 2H NMR spectra can be observed (see Supporting In-
formation).[10]


In this context, it would be pertinent to explore oriented
mixtures made by two polypeptides with the same absolute
configuration but with substantial chemical differences in
their lateral chains. A similar approach was explored for
mixtures of two achiral thermotropic liquid crystals.[11–13]


However, to the best of our knowledge, such a study has
never been reported for chiral lyotropic systems.


In this work, we investigated mixtures of PBLG and
PCBLL dissolved in chloroform. Solute behavior was inves-
tigated in “neat” and mixed mesophases by measuring
DnQ(


2H) and 1/T1Z(
2H). We also briefly describe a model


based on the separation of interaction mechanisms of solute
toward both polypeptides to tentatively explain the
2H NMR results.[11,12] Experimentally, the orientational be-
havior and the dynamics of a prochiral molecule, namely,
1,1-dideuterated benzylic alcohol (bza), was first studied.
Then we focus our attention on the case of apolar and very
polar solutes using natural-abundance 2H NMR (NAD


NMR). As a practical application, the study of a monodeu-
terated chiral molecule, namely, phenethyl alcohol (pha), in
these chiral mesophases is described. This last example illus-
trates the advantage of having a wide range of liquid-crystal-
line phases available as analytical media.


Theoretical Description and Chemical
Interpretation


A mean-field theoretical description of ordering of solute
embedded in a mixture of two thermotropic liquid crystals
has been reported by Emsley et al. and others.[11–13] That de-
scription is, however, concerned with the analysis of mixture
of two achiral thermotropic mesogens of opposite Dcm,
which provides a so-called “magic” mixture in which the
electric field gradient resulting from all the solvent mole-
cules is almost null. Here, the investigated oriented systems
strongly differ from the previous ones, since we explore the
case of lyotropic mixtures, which in addition do not lead to
“magic” mixtures. The mean-field theory is a general ap-
proach and the formalism proposed for mixture of thermo-
tropic mesogens can also be applied to the case of lyotropic
systems. This theoretical description can be found in the lit-
erature, and will not be repeated here.[11–13] However, the
relevant formulas for analyzing the NMR results as well as
the hypotheses specifically needed here are given.


The ensemble average of a solute property A, such as DnQ


or 1/T1Z, is denoted hAimix in a mixture of two polypeptides
(a and b), and hAia or hAib in a mesophase containing only
a single kind of polypeptide a or b. To express hAimix as
function of hAia and hAib, it is necessary to set some specific
assumptions on the polypeptide CLC. First, we consider that
the average of half the distance between the axes of two
neighboring fibers dfiber–fiber/2 is always larger than the range
of intermolecular interactions in the mesophase (hypothe-
sis 1). Indeed, dfiber–fiber is around 7 nm for the investigated
samples (compositions are reported in Table SI-3 in the Sup-
porting Information). Under this condition, we can assume
that: 1) a solute molecule (or a co-solvent molecule) inter-
acts only with a single polypeptide fiber a or b, 2) all solute/
solute, solute/co-solvent, and co-solvent/co-solvent long-
range interactions beyond the distance (dfiber–fiber)/2 as well
as all interactions between fibers are neglected. Second,
contrary to molecules of nonpolymeric thermotropics, such
as N-(4-ethoxybenzylidene)-4’-n-butylaniline (EBBA), the
polypeptide helices are assumed to be infinite molecular ob-
jects (hypothesis 2).[11,12] Thus we can disregard the contribu-
tion to hAii of solute molecules interacting with the ends of
fibers. This assumption is justified since we use long fibers
with a high degree of polymerization (DP>700). Note also
that the surface effects induced by the glass wall of the
NMR tube are not considered.[14]


In the framework of hypotheses 1 and 2, the mesophase
can be described by a periodic hexagonal “box” containing
a finite number of molecules (solute, co-solvent, and poly-
peptide), as shown in Figure 1.[15] The minimal size of the
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box is defined by the maximal range of intermolecular inter-
actions. In accordance with hypothesis 1, we chose a mini-
mal box whose dimensions are equal to the length dfiber–fiber
containing a single fragment of polypeptide a or b at its
center. For a “neat” mesophase (i.e. , containing only a
single kind of polypeptide), the periodic repetition of one
box allows us to describe the whole sample. For a binary
mixture of polypeptides, two boxes must be considered, one
for the polypeptide a (box a) and one for the polypeptide b
(box b).


Suppose Psolute
a (or Psolute


b ) is the probability that a solute is
closer to a-helix a (or b, respectively) than to a-helix b (or
a, respectively). These probabilities depend on the relative
proportion of solute (and co-solvent) within the two boxes,
that is, the molecular distribution of solute around each
fiber. Clearly, this relative proportion depends directly on
the affinity of the solute toward the two polypeptides, which
must be related to the chemical functionality and/or struc-
ture (electronic profile) of the solute, as well as the nature
of side chains in the polypeptides. Two distinct cases of dis-
tribution are considered in the following discussion: 1) iden-
tical distribution of solute in the two boxes (hypothesis 3);
this case corresponds to the “random mixing” defined in ref-
erence [11]; 2) a different solute distribution towards the
fibers and hence an excess of solute in the vicinity of one of
the polypeptides (hypothesis 4).


Under hypothesis 3, three different situations exist. The
first two correspond to the cases of rather apolar solutes
(e.g., alkanes or alkenes) interacting with two polypeptides
whose lateral-chain chemical nature could be regarded as
either similar (e.g., PBLG and PELG) or quite different
(e.g., PBLG and PCBLL). The third situation involves
rather polar molecules (e.g., acids, amines, alcohols, and so
on) interacting with two polypeptides whose lateral chains
have relatively close chemical nature. Indeed even if the
solute is polar, the similar nature of the two polypeptides
should not lead to sufficient differences in the involved in-


termolecular interactions to produce a significant effect on
the solute distribution. Hypothesis 4 applies only to polar
molecules interacting with polypeptides whose chemical
nature and/or polarity of the lateral chains can be consid-
ered as very different. This case could occur in a mixture of
PBLG and PCBLL due to the presence of the NH group in
the PCBLL side chain. Figure 2 sums up all the different
cases described above.


The molecular compositions of boxes a and b are identical
to those of the minimal boxes used to simulate the “neat”
mesophases (a or b) when hypothesis 3 is valid. Further-
more, the solute probability Psolute


a (or Psolute
b , respectively) is


equal to the molar fraction of peptide units a (or b, respec-
tively) xpua =npua /(n


pu
a +npub ) [or xpub =npub /(n


pu
a +npub ), respective-


ly], where npua and npub (expressed in moles) are respectively
the amount of peptide units a and b, that is, npua or b=


ma or b
polypeptide/M


pu
a or b and “pu” stands for “peptide unit”. The use


of the molar fractions of peptide units a and b instead of the
molar fraction of polypeptides is imposed by the fact that
each minimal box contains only a fragment of a-helix and
not the whole polypeptide. Thus, hAimix is simply given by
Equation (2)


hAimix ¼ xpua hAia þ xpua hAib ¼ xpua ðhAia�hAibÞ þ hAib ð2Þ


where xpua +xpub =1. Hypothesis 3 therefore means that the
average value of any solute property should evolve linearly
with xpua . Since no affinity difference for the solute is expect-
ed in the PBG samples, Equation (2) is applicable and a
linear variation of NMR properties with xpua occurs when
PBLG and PBDG polypeptides are mixed. Note that PBLG


Figure 1. A) Depiction of hexagonal lattice of two polypeptide fibers a
and b in the mixed mesophases. The polypeptides are randomly distribut-
ed. B) Description of the hexagonal periodic box associated with poly-
peptide a or b.


Figure 2. Application domains of hypothesis 3 (i.e., the solute would not
be located preferentially near one of polypeptides), and hypothesis 4
(i.e., the solute distribution is different in the two boxes, i.e., an excess of
solute in the vicinity of one of the polypeptides) versus solute polarity
and the chemical nature of the side chains.
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and PBDG polymers of similar DP should be used in order
to prevent the formation of biphasic system (see below). In
addition, as the molar masses of the polypeptide units in
PBLG and PBDG are equal (219 gmol�1), the xpuPBLG and
xpuPBDG percentage fractions are always equal to the weight
fractions of PBLG and PBDG, respectively. This explains
why mixing equal amounts by weight of PBLG and PBDG
gives a compensated achiral oriented system in which no
enantiodiscrimination occurs.


Under hypothesis 4, the probabilities Psolute
a and Psolute


b


differ from xpua and xpub , and so Equation (2) is now invalid.
Instead, the mole fractions in this equation must be replaced
by the corresponding solute probabilities Psolute


a and Psolute
b .


These latter quantities could be expressed as a function of
the molar fractions of solute ka=csolutea,box /(c


solute
a,box +csoluteb,box ) and


kb=csoluteb,box /(c
solute
a,box +csoluteb,box ) in boxes a and b, as well as xpua and


xpub (c is the concentration of solute within each box, see the
demonstration in the Supporting Information). Under the
ideal condition of infinite dilution, which allows solute–
solute interactions to be disregarded (hypothesis 5), one
simply obtains Equation (3).


hAimix ¼
kax


pu
a


ðkaxpua þ kbxpub Þ
hAia þ


kbx
pu
b


ðkaxpua þ kbxpub Þ
hAib ð3Þ


Setting K=ka/kb and x
pu
a =1�xpub gives Equation (4).


hAimix ¼
xpua ðKhAia�hAibÞ þ hAib


ðK�1Þxpua þ 1
ð4Þ


As ka+kb=1, it is easy to calculate molar fractions of solute
from the K parameter: ka=K/(K+1) and kb=1/(K+1).
Equation (4) indicates that in the framework of hypothe-
sis 4, the average value of any solute property will follow a
hyperbolic evolution with maximal deviation from linear
evolution [see Eq. (2)] when xpua =1/(1+


ffiffiffiffi
K
p


). Note that
Equation (4) is strictly identical to Equation (2) when K=1
(i.e., when ka=kb=1/2), which implies that the solute has
the same affinity with both polypeptides (hypothesis 3).


From the viewpoint of molecular dynamics, the difference
in partition of solute molecules can be seen as a difference
in average residence time of the solute in the vicinity of
each polypeptide. From the thermodynamic point of view,
the K parameter can be seen as an equilibrium constant as-
sociated with the partition of the solute molecules between
boxes a and b. Consequently, K reveals quantitative infor-
mation on the relative strength of intermolecular interac-
tions between a solute and the two polypeptides. The quan-
titative aspect of K should help us to classify a series of sol-
utes as a function of their affinity toward polypeptides.


Finally, two remarks can be made. First, for a given hy-
pothesis (3 or 4), any NMR observable of a solute should
lead to the same K value. Second, since the solute distribu-
tion is a property of the whole molecule, it affects in the
same way all molecular local properties, such as quadrupolar
splittings and relaxation times of the different deuterons in
the solute. Consequently, the K parameter can be deter-


mined directly from these local properties without the ne-
cessity of calculating the molecular ordering matrix, which
requires a correct estimation of the 2H CQ values, an accu-
rate molecular geometry, and a sufficient number of aniso-
tropic NMR observables depending on the solute symme-
try.[4,7]


Results and Discussion


NMR study on 1,1-dideuterated benzylic alcohol : The enan-
tiodiscriminating properties of PBLG/PCBLL mixtures dis-
solved in chloroform were examined by 2H-{1H} NMR spec-
troscopy for the prochiral compound 1,1-dideuterated ben-
zylic alcohol (bza). Experiments were performed with sever-
al proportions of the two polypeptides and at three tempera-
tures (270, 300, and 330 K). Such an approach allowed the
validity of the above mean-field model to be tested. We
used polypeptides of similar DP, namely, PBLG with DP=


1352 (Mw�296000 gmol�1) and PCBLL with DP=1100 (Mw


�288000 gmol�1), and 50 mg of bza, that is, a solute concen-
tration of about 10 wt%. Such a value is not common for
thermotropic systems (<2%), but it is standard for lyotropic
PBLG or PCBLL mesophases, particularly in numerous an-
alytical applications (determination of enantiomeric purity
by 13C or 2H NMR spectroscopy at natural abundance).[1,3] It
could be argued that such a concentration of solute is not
compatible with infinite dilution (see Supporting Informa-
tion), because the solute–solute interactions could signifi-
cantly modify the solute distribution and also the K value.
This objection was overruled, since the K parameter ob-
tained from the analysis of NMR data at low solute concen-
tration (1.7 wt%) is identical to values obtained at 10 wt%.
This result indicates that the proposed theoretical approach
is valid for solute concentrations up to 10 wt%. The lyotrop-
ic nature of polypeptide mesophases could contribute to the
absence of concentration effects of the solute.


Analysis of the 2H quadrupolar splittings of bza : We studied
the orientational behavior of bza by analyzing the evolution
of DnQ versus the polypeptide composition of the samples.
This solute is prochiral with Cs symmetry on the NMR time-
scale, and it has enantiotopic C�D directions.


Figure 3 shows 2H-{1H} spectra of bza recorded at 300 K
and various proportions of polypeptides. The PBLG and
PCBLL mesophases and the mixtures of both polypeptides
yield high-resolution NMR spectra showing discrimination
of the enantiotopic C�D directions (at least two visible dou-
blets). As the absolute assignment of stereodescriptors pro-
R and pro-S for each doublet is unknown, notations A and
B are employed on the spectra. The absence of isotropic sig-
nals or even asymmetrical peaks in 2H-{1H} spectra in chiral
mesophases made of both PBLG and PCBLL indicates that
these mixtures of two chemically different polypeptides
form a macroscopically homogeneous and monophasic ori-
ented system with a narrow distribution of the director n
around the magnetic field direction. In addition, since no
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extra resonance line is observed, we can exclude the exis-
tence of slow exchange (on the NMR timescale) between
the solute and the two polypeptides, which would have en-
tailed the presence of two kinds of signals in the spectrum,
one for each polypeptide. This spectral situation is similar to
that observed in PBG mixtures. The substructures observed
for some quadrupolar doublets (spectra a, d, and f in
Figure 3) arise from the 1JCD and 1DCD couplings due to 13C
isotopic enrichment of the methylene group. Other extra
small splittings (three-iso-intense lines) originate from
2H–2H total geminal coupling 2TDD between enantiotopic
deuterons.


Strikingly, the magnitude of enantiodiscrimination varies
with polypeptide composition. Table 1 lists the values and
the signs of DnQ and 1TCD at 300 K. The sign of DnQ is de-
duced from the magnitude of the one-bond 13C–2H dipolar
coupling 1DCD, which can be calculated from the 13C–2H
total spin–spin coupling 1TCD (1TCD= 1JCD+21DCD) measured
on the 2H spectra of bza by assuming 1JCD=++22 Hz.[16] As
the ratio DnQ/


1DCD is independent of SCD and approximately
equal to �80, we can identify the correct solutions for the
magnitude and the sign of 1DCD, and hence deduce the sign
of DnQ.


[16]


Figure 4a shows the trend of quadrupolar splittings for
the outer and inner doublet of bza versus xpuPBLG at 300 K.


Clearly, the variation of DnQ cannot be fitted linearly with
Equation (2). The maximal deviation between experimental
and expected values based on hypothesis 3 is observed for
sample 5 (i.e., xpuPBLG=54.5%) and is equal to 166 and 90 Hz
for the outer and inner doublets, respectively. Such devia-
tions cannot be reasonably explained by wrong preparation
of the sample (inaccuracy in the weights, inhomogeneity of
the mesophase, etc.). Conversely, the experimental data are
correctly fitted by Equation (4) when hAi is DnQ and the
subscripts a and b are replaced by PBLG and PCBLL, thus
giving Equation (5)


hDnQimix ¼
xpu


PBLG
½KðDnQÞPBLG�ðDnQÞPCBLL� þ ðDnQÞPCBLL


ðK�1Þxpu
PBLG
þ 1


ð5Þ


where K=kPBLG/kPCBLL. The K, kPBLG, and kPCBLL parameters
for doublets A and B are listed in Table 2 together with the
K values calculated from fitting the trend of the average
quadrupolar splittings. This latter case would correspond to
the situation in which the mesophase is achiral.


At 300 K, the values of kPBLG and kPCBLL indicate that the
fraction of bza is larger in the vicinity of PCBLL compared
to PBLG (ca. 20% more). This reveals stronger intermolec-
ular affinity between bza and PCBLL compared to bza and
PBLG. In this case, the presence of an NH group in the lat-
eral chains of PCBLL could be the origin of this effect by
either promoting direct hydrogen bonding with the hydroxyl
groups or increasing (compared to PBLG) the negative
charge of the carboxyl group if this group is involved. This
specific interaction could also explain the significant in-
crease of DnQ in the “neat” PCBLL mesophase compared to
the “neat” PBLG mesophase and the change in the sign of
DnA


Q and DnB
Q as well. As discussed below, this will not be ob-


served for rather apolar solutes such as toluene. Note that
the NH group of the a-helix of the polypeptide is not acces-
sible to the solute and cannot be involved in hydrogen
bonding.


In addition, as (DnQ)
A
PBLG< (DnQ)


B
PBLG while (DnQ)


A
PCBLL>


(DnQ)
B
PCBLL, it is possible to determine the exact composition


in mass of polypeptide that produces a sample in which the
quadrupolar splittings for deuterons A and B are equal
((DnQ)


A
mix= (DnQ)


B
mix) and thus the prochiral enantiotopic dis-


crimination is negated. This particular sample could be
called a cryptochiral mixture (CM) because the enantiotopic
discrimination vanishes while the oriented medium is still
chiral, in contrast to the case of PBG mixture, in which no
spectral discrimination is possible. This situation corre-
sponds to equating Equation (5) for the two doublets A and
B to give Equation (6).


xpuPBLGðCMÞ ¼
ðDnQÞAPCBLL�ðDnQÞBPCBLL


K½ðDnQÞAPBLG�ðDnQÞBPBLG��ðDnQÞAPCBLLþ ðDnQÞBPCBLL


ð6Þ


In this example, the DnQ are equal when xpuPBLG=89.1% (i.e. ,
87.2 wt% of PBLG). Graphically, this abscissa corresponds


Figure 3. Evolution of 61.4 MHz 2H{1H} 1D spectra of bza recorded at
300 K with the amount [wt%] of PBLG in the samples. All spectra were
recorded by adding 64 scans. Note that the methylene group of the solute
dissolved in mixtures with 0, 50, and 100% of PBLG is isotopically en-
riched both in 2H and 13C, and hence 2H–13C coupling is visible in spec-
tra a, d, and f. Spectra a and f were filtered by using a Gaussian window
to measure the 2TDD couplings.
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to the crossing point of two curves DnA
Q= f(xpuPBLG) and DnB


Q=


f(xpuPBLG) in Figure 4a. This value is close to xpuPBLG of sample 3
and explains the small spectral enantiodiscrimination ob-
served in Figure 3b.


At 330 K, we obtain high-resolution 2H spectra whatever
the sample, and enantiotopic directions are discriminated re-
gardless of polypeptide composition. As expected at high
temperature, DnQ,


1TCD, and 2TDD splittings are globally
smaller in magnitude than those at room temperature due
to the higher mobility of the solute (see Table 1). However,
as before the variation of DnQ with xpuPBLG can be described
by Equation (5) (see Table 2). Here again the fraction of
solute molecules is larger in the vicinity of PCBLL com-
pared to PBLG (ca. 20% more), in confirmation of the pre-
vious results.


At 270 K, except for sample 5, we also obtained high-res-
olution 2H spectra showing enantiotopic discrimination and
larger splittings due to reduced solute mobility at low tem-
perature (see Table 1). For sample 5 (50% of PBLG and
PCBLL), observation of more 2H resonances than expected
revealed the presence of an inhomogeneous oriented phase.
In fact, low-resolution 2H-{1H} spectra with broad resonan-
ces (>50 Hz) were recorded even at 280 K. This result em-
phasizes the complexity of the phase diagram for lyotropic
systems whose phase stability subtly depends on tempera-
ture, relative concentrations of components, nature of the
co-solvent, DP of polypeptides, and so on. To understand
this unexpected result, we recorded the 2H spectrum of bza
at 300 and then 270 K by using a mixture of PBLG and


PCBLL with lower DPs of 782 and 778, respectively
(sample 8), while keeping the same concentration of poly-
mer and solute. At 300 K, the quadrupolar and dipolar split-
tings (Table 1, entry 8b) are very close to the values mea-
sured for sample 5 at the same temperature (Table 1,
entry 5b), that is, the DP of polypeptide has a rather limited
effect on the molecular orientational ordering of the solute.
Contrary to sample 5, sample 8 remains homogeneous at
270 K, since a high-resolution 2H spectrum is still observed
(Table 1, entry 8a). Note that the values of DnQ measured
on sample 8 will be used for determining the K parameter
during the fit of the experimental data at 270 K. As above,
the variation of quadrupolar splittings with xpuPBLG leads again
to the fraction of solute molecules being larger in the vicini-
ty of PCBLL compared to PBLG (ca. 20% more).


Analysis of data at three temperatures shows that results
are relatively self-consistent. Indeed, whatever the tempera-
ture, it appears that the fraction of solute molecules is larger
around PCBLL fibers compared to PBLG fibers. Experi-
mentally, the variation of K with T for bza seems insignifi-
cant, probably due to the experimental errors in the mea-
surement of quadrupolar splittings as well as the small range
of temperature explored (60 K). With the hypotheses in the
model, the approach proposed can be applied either in an
achiral or chiral mesophase. As a consequence, it is rather
puzzling to obtain different K parameters from DnA


Q and
DnB


Q values (or the average of DnQ) for the three tempera-
tures. Indeed, at a given temperature, such a difference is a
priori not expected for a prochiral molecule, because the K


Table 1. Spectral 2H data for bza recorded at 270, 300, and 330 K


NMR sample w/w
(xpuPBLG/x


pu
PBLG)


[b]
T
[K]


DnA
Q


[Hz]
DnB


Q


[Hz]
jDnQ j
[Hz]


j 2TDD j
[Hz]


1TA
CD


[Hz]


1TB
CD


[Hz]
Tav


1Z


[s][e]


1[a] 0/0 a) 270 0 0 0 0 0 0 0.216
(0/0) b) 300 0 0 0 0 0 0 0.538


c) 330 0 0 0 0 0 0 0.1080
2[a] 100/0 a) 270 643�8 �459�8 184 <LW[c] �39 �34 0.119


(100/0) b) 300 527�4 �345�6 182 3 �36 �31 0.327
c) 330 �357�3 �200�2 157 3 �31 �27 0.775


3 86/14 a) 270 �41�4 �18�3 23 <LW –[d] – 0.98
(88.0/12.0) b) 300 �93�2 �118�2 25 <LW – – 0.283


c) 330 �49�1 �41�1 8 <LW – – 0.689
4 70/30 a) 270 +405�9 +20�7 385 <LW – – 0.86


(73.6/26.4) b) 300 +236�4 +40�3 196 <LW – – 0.243
c) 330 +132�3 +83�3 49 <LW – – 0.662


5[a] 50/50 a) 270 – – – – – –
(54.5/45.5) b) 300 +692�4 +233�4 459 3 +3 +15 0.215


c) 330 +418�2 +230�2 188 <LW +10 +14 0.608
6 25/75 a) 270 +2080�40 +450�20 1630 <LW – – 0.059


(28.5/71.5) b) 300 +1285�20 +540�10 745 <LW – – 0.189
c) 330 +805�15 +446�8 359 <LW – – 0.530


7[a] 0/100 a) 270 +2676�8 +617�6 2059 <LW �30 <LW 0.053
(0/100) b) 300 +1787�6 +728�4 1059 8 �27 <LW 0.166


c) 330 +1127�4 +592�3 535 5 �9 �5 0.500
8[a] 50/50[f] a) 270 +1108�15 +109�10 1009 <LW <LW +17 0.070


(54.5/45.5) b) 300 +718�4 +231�3 487 3 +4 +15 –


[a] Solute enriched in 13C in the methylene group. [b] Weight fractions in PBLG/PCBLL and molar fractions in PBLG/PCBLL peptide units; see also Ta-
ble SI-3 in the Supporting Information. As the peptide units for PBLG (Mpu=219 gmol�1) and PCBLL (Mpu=262 gmol�1) are similar, the w/w and xpu


values are very similar. [c] The 2TDD or 1TCD coupling is less than the linewidth (LW). [d] No experimental data. [e] Averaged values over all separated
components of the doublets. Exponential filtering was used when 2H–2H coupling was observed. [f] Compared to sample 5, sample 8 was prepared with
PBLG and PCBLL with DPs of 782 and 778, respectively.
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values should be strictly identical for all deuterium sites. In
contrast, this assertion could be invalid for enantiomers,
since two independent molecules interact with the two poly-
peptides in this case (see below). Thus, we attribute the dif-
ference in K for the enantiotopic deuterons of bza to experi-
mental errors in the measurement of DnA


Q and DnB
Q. These


experimental errors increase with line broadening, and this
explains the larger difference in K parameters at 270 K. In
fact, as we discuss below, such discrepancies in the K values
associated with nonequivalent deuterium sites in achiral
compounds (where no enantiodiscrimination exists) have
also been found.


Analysis of the 2H relaxation rates of bza : We also exam-
ined the dynamics of bza at 270, 300, and 330 K by deter-
mining T1Z for the pro-R and pro-S deuterons. The measure-
ments were performed with the well-known inversion–re-
covery pulse sequence.[7] As significant differences in T1Z


values for pro-R and pro-S deuterons in prochiral solutes
have never been observed in these polypeptide mesophases,
T1Z values reported in Table 1 correspond to the average of
T1Z values measured for both enantiotopic deuterons. What-
ever the temperature, the values of T1Z in isotropic liquid
are much larger than those measured in CLC, due to re-
duced solute mobility in a mesophase. In addition, the T1Z


values decrease with decreasing temperature due to slowing
down of the molecular dynamics, both in isotropic and ani-
sotropic phases. The trends of 1/T1Z versus xpuPBLG for the
three temperatures are plotted in Figure 4b. As can be seen,
this variation is nonlinear and is only fitted correctly by
using Equation (4) in which hAi is replaced by 1/T1Z and a
and b by PBLG and PCBLL, respectively. The data associat-
ed with the fitting of 1/T1Z are given in Table 2.


Our results show that 1) Equation (4) is applicable what-
ever the observable considered (DnQ or T1Z), 2) the values
of K determined from 1/T1Z are in full agreement with K
values obtained from DnQ within the experimental errors,
and 3) the range of temperature is not large enough to see a
significant change of K as a function of T. The good agree-
ment between the two sets of K parameters seems to vali-
date the theoretical model proposed here.


Analysis of isotopically unmodified molecules : The study on
bza proved that solute distribution strongly influences the
degree of orientation and enantiodiscrimination in PBLG/
PCBLL mesophase. It would therefore be relevant to identi-
fy the factors controlling the solute distribution in such sys-
tems. To assess the importance of polarity for solute distri-
bution, we analyzed the natural-abundance deuterium
(NAD) spectra of toluene (tol) and phenol (phe) dissolved
in PBLG/CHCl3 and PCBLL/CHCl3 phases as well as in a
50/50 (w/w) mixture of these two polypeptides (see Table


Figure 4. Theoretical and experimental evolution of a) DnQ for the outer
and inner doublets of bza with xpuPBLG at 300 K and b) average relaxation
rates 1/T1Z versus xpuPBLG at 270, 300, and 330 K. In a) and b), the continu-
ous lines correspond to the fit of data to Equation (2) when hAi=DnQ


and 1/T1Z, respectively. In b, the y scale is split for a better view. The
dashed lines in a) and b) correspond to the fit of experimental points
with Equation (4) where hAi=DnQ and hAi=1/T1Z, respectively.


Table 2. Values of K, kPBLG, kPCBLL, and c determined from the fit of data
for bza using Equations (4) and (5).


Fitted Eq. Parameters Temperature
data 270 K 300 K 330 K


DnA
Q 5 K[a] 0.71 0.71 0.70


kPBLG/kPCBLL
[b] 41.5/58.5 41.5/58.5 41.2/58.8


c[c] 0.998 0.999 0.998
DnB


Q 5 K[a] 0.54[f] 0.63 0.64
kPBLG/kPCBLL


[b] 35.1/64.9 38.7/61.3 39.0/61.0
c[c] 0.995 0.998 0.999


Dnav
Q
[d] 5 K[a] 0.67 0.68 0.68


kPBLG/kPCBLL
[b] 40.1/59.9 40.5/59.5 40.5/59.5


c[c] 0.998 0.999 0.998
T1Z 4[e] K[a] 0.68 0.71 0.69


kPBLG/kPCBLL
[b] 40.5/59.5 41.5/58.5 40.8/59.2


c[c] 0.998 0.999 0.993


[a] The fit uncertainties lead to an error of �0.02 in the K value.
[b] Both values are given in percent. [c] The c value is the standard devi-
ation for the fit. [d] Average of experimental quadrupolar splittings
(Dnav


Q = (DnA
Q+DnB


Q)/2). [e] Equation (4) where A is replaced by 1/T1Z and
a, b by PBLG, PCBLL. [f] The discrepancy in K values derived from DnA


Q


and DnB
Q splittings at low temperature originates from larger errors in the


measurement of quadrupolar splittings due to the broadened lines.
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SI-3 in the Supporting Information). Natural-abundance
deuterium NMR experiments are advantageous because we
can simultaneously examine all nonequivalent 2H sites in a
molecule without any isotopic labeling.[2,3,17] Besides, record-
ing the proton-coupled 13C spectrum allows the determina-
tion of the magnitude of one-bond 13C–1H couplings, and
also the sign of dipolar couplings, assuming that the 1JCH>0.
Indeed, as the two-order parameters SCH and SCD can be as-
sumed equal, then the ratio jDnQ/


1DCH j lies approximately
in the range 10–13.[16] Here an average value of 12 was
adopted in order to get estimates of the magnitude of 1DCH


in toluene and phenol. Comparing the magnitudes of 1DCH


calculated from DnQ with those of 1DCH obtained from 1TCH


measured on the first-order carbon signals (1DCH=


(1TCH�1JCH)/2) provides the signs of 1DCH, and subsequently
the sign of DnQ.


Although toluene and phenol are neither chiral nor pro-
chiral molecules, these aromatic compounds are good model
solutes. The former is characterized by the lack of reactive,
polar group (aaplication domain of hypothesis 3), whereas
the latter has a hydroxyl group susceptible to forming strong
hydrogen bonds due to activation by the electron-withdraw-
ing properties of the phenyl ring (application domain of hy-
pothesis 4).


For this series of experiments, we used PBLG with DP=


782 and PCBLL with DP=778, that is, average molecular
weights of 171300 and 204000 gmol�1, respectively. The
NAD spectra are presented in Figure 5 and the 2H spectral
data are summarized in Table SI-1 in the Supporting Infor-
mation. While the assignment of doublets for the aromatic
deuteron in para (p) position and the methyl group are
rather trivial, the assignment of quadrupolar components of
meta (m) and ortho (o) aromatic deuterons requires the use
of Q-resolved Fz 2D experiments (see inset of Fig-
ure 5a).[3,18] The presence of a low-intensity doublet cen-
tered at d=7.3 ppm and featured with extra broad compo-
nents and jDnQ j �1800 Hz observed in the PBLG and MIX
phases is assigned to the aromatic deuterons of the side
chains of the polypeptides (Figure 5a). This result was con-
firmed by recording the NAD 1D spectrum of pure PBLG
dissolved in CHCl3. Compared to deuterons in the rigid a-
helix, aromatic deuterons have longer relaxation times due
to the high mobility of the phenyl ring in the side chain.[19]


In the three mesophases, the global feature of the NAD
spectra for the signal of toluene and the co-solvent is very
similar. Examination of all 2H data for toluene shows that
its average molecular orientation is rather similar in the
PBLG and PCBLL mesophases, in spite of the opposite
signs for the splittings of ortho and meta deuterons. In fact,
these are small, and not sufficient to reveal a strong orienta-
tion of the solute in the two different mesophases. The var-
iations of 2H quadrupolar splittings of toluene with xpuPBLG are
shown in Figure 6a, and were fitted by using Equations (2)
and (5). The corresponding best-fit parameters for Equa-
tion (5) are given in Table 3. As expected, the K parameter
is indeed very close to unity, that is, distributions of solute
molecules around both polypeptides are similar.


Comparison of the data for toluene and phenol is interest-
ing. First, the magnitude of DnQ of phenol in the three mes-
ophases is much larger than that of toluene, and this implies
a significant increase in the molecular order parameters.
Second, the magnitude and the sign of the doublets for the
aromatic deuterons of phenol differ in PBLG and PCBLL.
The ratio of the DnQ values in the two mesophases for the
para deuteron of phenol is about 7, while the DnQ values are


Figure 5. 92.1 MHz 2H{1H} spectra at natural abundance of toluene (a)
and phenol (b) dissolved in PBLG (bottom), PCBLL (top), and the MIX
phases (middle) at 300 K. The 1D spectra were recorded by adding 5000
scans. Exponential filtering (LB=2 Hz) was applied. Signals marked by
an asterisk correspond to the methyl group of ethanol that is used for sta-
bilizing the chloroform. The inset displays a zoom of the NAD 2D Q-re-
solved Fz map of toluene showing the assignment of doublets associated
with the ortho and meta aromatic deuterons.
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similar for chloroform. Clearly the experimental data (Fig-
ure 6b) can only be fitted by using Equation (5). The values
of K, kPBLG, and kPCBLL for phenol are also listed in Table 3.
The magnitude of K (ca. 0.5) implies that strong specific in-
teractions occur between this solute and one of the two
polypeptides, namely, PCBLL, since kPCBLL>kPBLG. The K
value found for phenol is much lower than that of benzylic
alcohol and thus indicates stronger affinity towards PCBLL
than bza. The kPCBLL parameter for the three solutes at the
same temperature follows the trend kPCBLL(phe)>
kPCBLL(bza)>kPCBLL(tol). This trend may be related to the
polarity and polarizability properties of solute, since the die-
lectric permittivity constants of bza, tol, and phe at 300 K
(e(phe)=12.4>e(bza)=11.9>e(tol)=2.38) also evolve in
the same sense.[20] In this series of examples, the evolution
of kPCBLL agrees with simple arguments based on the chemi-
cal properties of solutes. Thus, the distribution coefficients
kPBLG and kPCBLL seem to provide reliable indicators to quan-


titatively evaluate and compare the relative strength of
solute–polypeptide interactions.


Applications: analysis of an enantiomer mixture : The devel-
opment of NMR spectroscopy in polypeptide CLCs was ini-
tially motivated by the possibility to spectrally discriminate
the signal of enantiomers, which provides a useful tool for
measuring enantiomeric excess in scalemic mixtures. As a
practical application, we investigated the case of the mono-
deuterated chiral molecule (� )-2-deuterophenethyl alcohol
(pha, see Figure 7). Although the model described above in-
volved a single type of solute, it clearly also applies to the
case of enantiomers. However, the distribution of each en-
antiomer in the mesophase may a priori be different.


Figure 6. Theoretical and experimental evolution of 2H quadrupolar split-
tings for toluene (a) and phenol (b) with xpuPBLG. In both plots, the continu-
ous and dashed lines correspond to the fit of data with Equation (2)
when hAi=DnQ and Equation (5), respectively.


Table 3. Values of K, kPBLG, and kPCBLL for toluene and phenol from data
fitted at 300 K by using Equation (5).


Parameters Solute
toluene phenol


ortho K[a,b] 0.92 0.47
kPBLG/kPCBLL


[c] 47.9/52.1 32.2/67.8
meta K[a,b] 0.97 0.49


kPBLG/kPCBLL
[c] 49.2/50.8 32.9/67.1


para K[a,b] 1.08 0.53
kPBLG/kPCBLL


[c] 51.9/48.1 34.7/65.3
methyl K[a,b] 1.06 –


kPBLG/kPCBLL
[c] 51.5/48.5 –


average for all K[a,b] 1.01 0.50
2H sites kPBLG/kPCBLL


[c] 50.2/49.8 33.4/66.6


[a] As the fit was made for only three experimental points, the c parame-
ter is equal to unity. [b] The fit uncertainties lead to an error of �0.02 in
K values. [c] Value in percent.


Figure 7. 92.1 MHz 2H–{1H} spectrum of monodeuterated phenethyl alco-
hol dissolved in PBLG (DnA


Q=DnB
Q=�586 Hz), PCBLL (DnA


Q/DnB
Q=++


1994/+853 Hz), and MIX mesophases (DnA
Q/DnB


Q=++685 Hz/+130 Hz) at
300 K. The signs of DnQ were determined using the procedure previously
described. The 1D spectra were recorded by adding 64 scans. Exponential
filtering (LB=1 Hz) was applied.
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Figure 7 shows the 92.1 MHz proton-decoupled deuterium
spectrum of pha in PBLG/CHCl3 at 300 K. Surprisingly, no
enantiomeric discrimination is observed in the spectrum, the
linewidth of which is smaller than 3 Hz. This situation arises
when the C�D bonds in both isotopically enriched enantio-
mers fortuitously have the same orientation on average. It
corresponds to a differential ordering effect (DOE) factor
equal to zero.[3] Note that DOE factor is an empirical criteri-
on for evaluating the quality of the deuterium spectral enan-
tiodiscrimination, and so allows simple comparisons between
different 2H spectra or inequivalent 2H sites. Changes in
temperature and/or sample composition (with the same
component) can improve the discrimination, but the result is
never guaranteed. In a more general context, it is prefera-
ble, as indicated in the Introduction, to change the nature of
the polypeptide.[8,9] The results obtained in PCBLL/CHCl3
mesophase are convincing, because a strong spectral dis-
crimination occurs in this system (jDnA


Q j� jDnB
Q j=1141 Hz),


that is, a DOE factor of 0.8. This large discrimination is,
however, accompanied by large magnitudes of quadrupolar
splittings (853 and 1994 Hz) and severe line broadening (17
and 28 Hz). In fact, the line broadening related to the in-
creased splitting reflects a slight deviation from ideally ho-
mogeneous alignment among the solute molecules. This
spectral situation could be unsuitable for analyzing perdeu-
terated molecules due to the large number of deuterium
doublets when high resolution is required. In addition, such
line broadening significantly reduces the signal-to-noise
(S/N) ratio and thus limits the use of NAD NMR for meas-
uring enantiomeric excess. Here the alternative of using a
mixture of two polypeptides is advantageous because one
can favorably expect to combine chiral discrimination for
pha with smaller quadrupolar splittings and linewidths than
those obtained in PCBLL systems. This situation is effec-
tively demonstrated in a 50/50 (w/w) mixture of PBLG and
PCBLL. In this example, the spectral difference (jDnA


Q j� j
DnB


Q j=555 Hz) is indeed reduced by a factor of around two
compared to PCBLL, while the DOE factor is improved
(1.4) and the linewidth are significantly reduced (6 and
9 Hz). From the viewpoint of sensitivity, the benefit of
mixing two polypeptides is clearly seen. Indeed, the S/N
ratio is increased by a factor of about 4.5 for the signals of
the enantiomers A and B, when comparing the S/N ratios in
PCBLL phase ((S/N)A/(S/N)B=220/340) with the mixture
((S/N)A/(S/N)B=1100/1437). This experimental example il-
lustrates the analytical potential of NMR spectroscopy with
a mixture of two polypeptides.


As in the previous analyses, the evolution of quadrupolar
data can be fitted by using Equation (5). The K values for
enantiomers A and B of pha are 0.85 and 0.84, respectively
(see Figure SI-2 in the Supporting Information). This dis-
crepancy cannot be considered as truly significant because
the difference is within experimental errors, mainly due to
the linewidths. Hence, we cannot conclude on a difference
of affinity between enantiomers towards both polypeptides.
Other attempts to detect such effect are currently underway.
Using an averaged K value, we obtained (46�1) and (54�


1)% for kPBLG and kPCBLL, respectively. The K value for pha
is slightly larger than the value obtained for bza (K=0.71)
but remains relatively close. This result is consistent when
considering that the polarities of the two compounds are
rather similar. The small difference could result from the
presence of the methyl group around the stereogenic carbon
atom. Indeed the bulk of this group compared to a single
hydrogen atom, as well as its donor effect, could affect the
strength of the hydrogen bonds toward the PCBLL, and so
reduce the affinity of pha toward the PCBLL.


Analysis of mixtures with a large difference in DP : To
assess the valid domain of hypothesis 2, we studied mixtures
of two polypeptides with a large difference in DP (DP ratio
of ca. 10). We found that such peculiar lyotropic mixtures
form not homogeneous but biphasic systems consisting of
both isotropic and anisotropic domains. For analytical pur-
poses, such a situation is clearly unsuitable and demon-
strates the necessity of using chemically different polypep-
tides with very similar DPs. A complete description of this
study is given in the Supporting Information.


Conclusion


Organic solutions made of the two chemically different
polypeptides PCBLL and PBLG of similar DP do indeed
provide suitable enantioselective ordered media for discrim-
inating between enantiotopic directions in prochiral mole-
cules or enantiomers and hence offer an efficient alternative
to single-polypeptide chiral mesophases. Furthermore, vary-
ing the relative proportions of polypeptides in these novel
CLCs provides a new degree of freedom for optimizing the
NMR parameters relevant to analytical applications, that is,
the magnitude of spectral discrimination, sensitivity, and res-
olution. Finally, these new enantiodiscriminating mesophas-
es are stable over a large range temperature and accommo-
date large amounts of solutes, whatever their polarity or
flexibility. Such stability and versitility are both desirable in
analytical applications.


Besides practical applications, this work provides valuable
insights into enantiodiscrimination mechanisms in polypep-
tide liquid crystals. In particular we have established that
the magnitude of enantiodiscrimination in two-polypeptide
chiral systems strongly depends on the solute distribution
within the mesophase. This molecular distribution can be
characterized by analyzing solute NMR data (DnQ, T1Z) with
respect to the relative proportion of PBLG and PCBLL.
Such a simple method allows the relative affinity of small
solute molecules toward both distinct polypeptides to be
quantified experimentally. In addition, identification of fac-
tors controlling the solute distributions can lead to specific
solute–polypeptide interactions, which play a leading role in
chiral-discrimination mechanisms. The comparison of results
obtained for polar (phenol and benzylic alcohol) and apolar
(toluene) solutes reveals that specific van der Waals interac-
tions and/or hydrogen bonds between solute and polypep-
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tides can strongly modify the solute distribution within the
mixture. In addition, it is noteworthy that the lyotropic
nature of the current solvent systems leads to the absence of
solute concentration effects (up to 10 wt%) on the solute
distribution.


Numerous extensions of this work are possible. First, it
would be interesting to refine our model by taking into ac-
count, for instance, long-range interactions at more than
half the interfiber distance.[12] Second, the investigation of
polar solutes which cannot be involved in hydrogen bonds
could supply valuable information on the contribution of
this specific interaction to the solute distribution and espe-
cially the K parameter. Third, studying mixtures of PBLG
and PELG could quantify the effect of a benzyl group com-
pared to ethylene group in the lateral chains on the K pa-
rameter for polar or apolar solutes. This should provide new
information on the strength of p-stacking interactions be-
tween an aromatic solute and PBLG helices. All these inves-
tigations are currently underway.


Experimental Section


Polypeptides PBLG and PCBLL are commercially available from Sigma
Corp. Preparation of fire-sealed samples was similar to the procedure de-
scribed previously.[1, 3] All samples of benzylic alcohol (1–8) were made
by adding about 50 mg of solute, about 100 mg of polypeptide (neat or
mixture), and about 350 mg of CHCl3. For samples of toluene and phenol
(9–14), we used the same amount of solute and polypeptide, but about
554 mg of CHCl3. For samples of (� )-phenethyl alcohol (15–17), we used
about 10 mg of solute, about 100 mg of polypeptide, and about 540 mg of
CHCl3. For samples 1–7 of bza, the polypeptide DPs were 1352 (PBLG)
and 1100 (PCBLL). For tol, phe, pha, and sample 8 for bza, the polypep-
tide DPs were 782 (PBLG) and 778 (PCBLL). Table SI-3 in the Support-
ing Information summarizes the exact composition of each sample.
CHCl3 was chosen as co-solvent because 1) it is an aprotic and weakly
polar solvent that can dissolve the three solutes investigated here, and
2) it is the best co-solvent for NAD NMR spectroscopy, as it has a high
molecular weight and a single deuterium site.[2,3]


From the point of view of liquid-crystalline properties, the mixture of
polypeptides leads to birefringent NMR samples that are chemically
stable over time (at least more than one year), like the “neat” mesophas-
es. However, preparation of oriented phases formed by two polypeptides
required more attention than for “neat” mesophases. In particular, it is
crucial to obtain highly homogeneous phases in which a statistical distri-
bution of each kind of fibers over the whole sample exists. When this
equilibrium state is not reached, evolution of the molecular ordering of
the solute is possible with time. To limit this effect, sample preparation
must be performed at least 24 h before recording the NMR spectra. The
2H NMR spectra of bza were recorded on a 9.4 T Bruker Avance spec-
trometer equipped with a 5 mm 2H BBO probe. All NAD spectra as well
as the 2H NMR spectra of pha were recorded on a 14.1 T Bruker Avance
II spectrometer equipped with a selective 2H 5 mm cryogenically cooled
probe.[21] The WALTZ-16 pulse sequence was used to decouple protons.
As the gain in sensitivity compared with a standard selective 2H probe is
greater than a factor of 5–6, we can record NAD spectra with a good S/N
ratio in a short time (about 40 min).
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pH-Triggered Dethreading–Rethreading and Switching of Cucurbit ACHTUNGTRENNUNG[6]uril on
Bistable [3]Pseudorotaxanes and [3]Rotaxanes


Dçn-s Tuncel*[a] and Martin Katterle[b]


Introduction


An important consideration in the construction of molecular
devices for nanotechnological applications is the ability to
control the amplitude and speed of motion at the molecular
scale. Mechanically interlocked molecules that possess more
than one recognition site, such as catenanes and rotaxanes,
have great potential in this area.[1] A rotaxane is a molecule
in which a wheel-like component (also known as a ring or


macrocycle) encircles an axle-like component through non-
covalent interactions. To prevent dethreading of the ring
from the axle, bulky stoppers are attached at the ends of the
axle. If the ends of the axle are not blocked by bulky
groups, then the molecule is known as a pseudorotaxane. In
these systems, the ring component can shuttle under an ex-
ternal stimulus (chemical, electrochemical, or photochemi-
cal) from one recognition site to another, and in doing so,
they convert chemical, electrochemical, or photochemical
energy into mechanical energy. To date, many elegantly de-
signed rotaxanes and catenanes have been reported[2] and
bistable [3]rotaxanes, in particular, have great potential to
act as stimuli-responsive artificial molecular muscles if care-
fully designed. However, there are only a few examples in
the literature of rotaxanes that resemble linear artificial mo-
lecular muscles.[3–5] In these systems, the expansion and con-
traction caused by the movements of the ring from one rec-
ognition site to another can be monitored by using spectro-
scopic methods (1H NMR, UV-visible, fluorescence) and
electrochemistry.


Cucurbit[6]uril (CB6) and its homologues (CB5, CB7,
CB8, and CB10) are examples of macrocycles that have


Abstract: A series of water-soluble
[3]rotaxanes-(n+2) and [3]pseudoro-
taxanes-(n+2) with short (propyl, n=


1) and long (dodecyl, n=10) aliphatic
spacers have been prepared in high
yields by a 1,3-dipolar cycloaddition re-
action catalyzed by cucurbit[6]uril
(CB6). The pH-triggered dethreading
and rethreading of CB6 on these pseu-
dorotaxanes was monitored by
1H NMR spectroscopy. A previously
reported [3]rotaxane-12 that is known
to behave as a bistable molecular
switch has two recognition sites for
CB6, that is, the diaminotriazole moiet-
ies and the dodecyl spacer. By chang-
ing the pH of the system, it is possible


to observe more than one state in the
shuttling process. At low pH values
both CB6 units are located on the di-
ACHTUNGTRENNUNGaminotriazole moieties owing to an
ion–dipole interaction, whereas at high
pH values both of the CB6 units are lo-
cated on the hydrophobic dodecyl
spacer. Surprisingly, the CB6 units
shuttle back to their initial state very
slowly after reprotonation of the axle.
Even after eighteen days at room tem-
perature, only about 50% of the CB6


units had relocated back onto the
diaminotri ACHTUNGTRENNUNGazole moieties. The rate con-
stants for the shuttling processes were
measured as a function of temperature
over the range from 313 to 333 K and
the activation parameters (enthalpy,
entropy, and free energy) were calcu-
lated by using the Eyring equation.
The results indicate that this [3]ro-
taxane behaves as a kinetically con-
trolled molecular switch. The switching
properties of [3]rotaxane-3 have also
been studied. However, even under ex-
treme pH conditions this rotaxane has
not shown any switching action, which
confirms that the propyl spacer is too
short to accommodate CB6 units.
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been used in the preparation of rotaxanes, pseudorotaxanes,
polyrotaxanes, and pseudo(polyrotaxanes). Cucurbiturils
have a hydrophobic cavity and two identical hydrophilic car-
bonyl portals.[6–13] CB6 binds well to protonated mono- and
diaminoalkanes as a result of these structural features,
mainly through ion–dipole interactions and the hydrophobic
effect.[8] Moreover, CB6 has been shown to catalyze [3+2]
cycloaddition reactions between suitably functionalized
alkyne and azide groups to give 1,4-disubstituted triazoles,
and a number of rotaxanes and polyrotaxanes have been de-
signed and synthesized by using this catalytic effect.[8–11]


There are also a number of examples of CB6-based bistable
[2]rotaxanes that behave as molecular switches.[12]


The properties of rotaxanes and pseudorotaxanes in other
applications can be best exploited if their synthesis is
straightforward and very efficient. Recently, we presented a
bistable molecular switch prepared by an easy, high yielding
CB6-catalyzed click reaction that confers these prerequi-
sites.[13]


Herein we report the detailed synthesis and characteriza-
tion of a series of [3]rotaxanes and [3]pseudorotaxanes that
have either a long dodecyl or a short propyl aliphatic
spacer. The pH-dependent switching properties of these ro-
taxanes and pseudorotaxanes were investigated by 1H NMR
spectroscopy. The kinetics of the acid-induced movement of
CB6 units in a [3]rotaxane with a dodecyl spacer ([3]rotax-
ane-12) were studied and the rate constants were measured
as a function of temperature in the range 313 to 333 K. Fur-
thermore, the activation parameters (enthalpy, entropy, and
free energy) for the shuttling process were calculated by
using the Eyring equation.


Results and Discussion


Synthesis of [3]pseudorotaxanes and [3]rotaxanes : We de-
signed two types of dialkyne monomers (1 and 2 ; see
Scheme 1) for the synthesis of the corresponding [3]pseudo-
ACHTUNGTRENNUNGrotaxanes and [3]rotaxanes. We know from our previous
work that the nature of the spacer (i.e. , shape, size, and
length) affects the catalytic ability of CB6 during [3+2] cy-
cloaddition reactions.[8–10] Therefore, one should carefully
choose a spacer that has a lower affinity constant for CB6
than prop-2-ynylamine or azidoethylamine. It is known from
the literature that CB6 can form fairly stable host–guest
complexes with diaminoalkanes if the number of methylene
units in the spacer is between three and eight.[8] Accordingly,
we selected propyl and dodecyl alkanes as spacers to meet
this requirement. An additional reason for choosing a dode-
cyl alkane spacer is its ability to accommodate two CB6
units.


Rotaxanes R1 and R2 and pseudorotaxanes P1 and P2
were synthesized in high yields by following procedures de-
scribed in the literature for the synthesis of similar mole-
cules (Scheme 1).[11,13] The products were characterized by
using spectroscopic techniques (1H, 13C NMR, and FTIR)
and elemental analysis.


Characterization by MALDI-TOF mass spectrometry : The
MALDI-TOF mass spectra of R1, R2, P1, and P2 were re-
corded by using 2,4,6-trihydroxyacetophenone (THAP) as
the matrix.


The MALDI-TOF spectrum of R1 (see Figure S1 in the
Supporting Information) has a series of signals. The intense
signal at m/z 2428.38 has been assigned to the molecular ion
of R1 after the loss of all counterions. There is also a signal
at m/z 1431.94, which corresponds to an axle with only one
CB6 unit. This signal is less intense than that of the molecu-
lar ion, which indicates that the energy of the laser used
during sample ionization was high enough to dethread a
CB6 unit from the rotaxane, even though the axle is termi-
nated with bulky stopper groups. The signals at m/z 2464.40,
2596.40, and 2614.35 were assigned to [M�3HCl]+ ,
[M+Na]+ , and [M+K]+ , respectively.


The MALDI-TOF spectrum of P1 (see Figure S2 in the
Supporting Information) has four main signals that have
been assigned to the monosodium adduct of CB6 (m/z
1019.4), an axle that has one CB6 unit (m/z 1318.7), two
CB6 units and one sodium ion (m/z 2015.7), and the molec-
ular ion of P1 after the loss of all of its counterions (m/z
2316.0). The signal at m/z 1319.7 shows that P1 has lost one
CB6 unit, which suggests that dethreading occurs to a great-
er degree in P1 than in R1. This result is justified by the fact
that dethreading of P1 is easier because the axle is not ter-
minated by bulky stopper groups. The signal at m/z 2015.7 is
interesting and was assigned to two CB6 units and one
sodium ion. It is likely that the sodium ion connects the two
CB6 units to form a dimer, and interestingly, this dimer sur-
vives both the ionization and flying processes.


The MALDI-TOF spectrum of P2 (see Figure S3 in the
Supporting Information) has similar features to those ob-
served for P1. However, a distinguishing feature of this
spectrum is the formation of doubly charged molecular ions
(m/z 1221), which is not common in MALDI-TOF mass
spectrometry. In addition, the intensity of the signal for an


Scheme 1. Synthesis of [3]pseudorotaxanes-(n+2) P1 (R=H, n=1) and
P2 (R=H, n=10) and [3]rotaxanes-(n+2) R1 (R= tBu, n=1) and R2
(R= tBu, n=10) from monomers 1 (n=1) and 2 (n=10). Chloride coun-
terions have been omitted for clarity.
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axle with one CB6 unit is greater than the intensity of the
molecular ion of P2, which indicates the dethreading of
some CB6 units during the ionization process.


The MALDI-TOF spectrum of R2[13] (not shown) reveals
small signals that were assigned to an axle of R2 with one
CB6 unit (m/z 1559) and a axle with one CB6 unit and two
potassium ions (m/z 1637). The main signal at m/z 2556 be-
longs to the molecular ion of R2.


1H NMR spectroscopic investigation into the switching of
CB6 units : [3]Rotaxanes R1 and R2 possess two different
recognition sites (the diaminotriazole moieties and the do-
decyl and propyl spacers) and can thereby act as molecular
switches. The driving forces for the shuttling process are
ion–dipole interactions and hydrophobic effects. Usually, the
ion–dipole interactions are much stronger than the hydro-
phobic effects, but if an ion–dipole interaction is disrupted
by treatment with a base, then the hydrophobic effect be-
comes the stronger of the two forces.


Recently, we reported the pH-triggered switching proper-
ties of R2,[13] as illustrated in Scheme 2. This proposed
switching process is supported by the results of 1H NMR
spectroscopy studies (Figure 1). At low pH (state I;
Scheme 2, Figure 1a), the CB6 units have a greater affinity
for the diaminotriazole moieties than for the diaminodode-
camethylene moiety. The interaction between CB6 and di-
ACHTUNGTRENNUNGaminotriazole is mainly an ion–dipole interaction between
the carbonyl groups of the CB6 portals and the NH2


+ ions
adjacent to the dodecyl spacer and the tert-butyl groups. The
CB6 units can be induced to move onto the hydrophobic do-
decyl spacer if the ion–dipole interactions are disrupted by
deprotonation of the ammonium ions. The resulting complex
is stabilized by the hydrophobic effect and by hydrogen
bonding between the NH groups adjacent to the dodecyl


spacer and the carbonyl groups of CB6 (state II; Scheme 2,
Figure 1b).


The addition of excess aqueous HCl produced some
changes in the resonances of the protons adjacent to the
amine groups (state III; Scheme 2, Figure 1c). For example,
the signal assigned to the tert-butyl protons was shifted
downfield by about 0.15 ppm, which indicated that the adja-
cent amine groups were protonated. However, no change
was observed in the chemical shifts of the deACHTUNGTRENNUNGthreaded tri-
ACHTUNGTRENNUNGazole protons (d=8.4 ppm) or threaded dodecyl methylene
protons (d=0.5–1.0 ppm), which clearly indicated that the
CB6 units remained on the dodecyl spacer. In state III, the
amine groups that are adjacent to the dodecyl spacer are


protonated and both hydropho-
bic and ion–dipole interactions
take effect, therefore, the acti-
vation energy required to shut-
tle the CB6 units back to their
initial location on the di-
ACHTUNGTRENNUNGaminotriazole moieties would
be high.


To find out the exact nature
of the acid-induced shuttling
dynamic of CB6 from the dode-
cyl spacer to the triazole units,
we studied the kinetics of the
system in more detail. At room
temperature, the movement of
the CB6 units is very slow and
even after eighteen days, only
about 50% of the CB6 units
had shuttled from the dodecyl
spacer back to their initial posi-
tion on the di ACHTUNGTRENNUNGaminotriazole
moieties. The kinetics of the
process were then studied at


Scheme 2. The pH and heat-induced shuttling processes of R2. Chloride counterions have been omitted for
clarity. Protons examined by 1H NMR spectroscopy have been labeled a to i and t.


Figure 1. 1H NMR (400 MHz, D2O, 25 8C) spectra of R2 a) in the absence
of acid or base (state I), b) at pH>10 after the addition of base (state II),
and c) at pH<7 after the addition of excess HCl (state III). See
Scheme 2 for the labeling of the protons.
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higher temperatures of 40, 50, 55, and 60 8C by using
1H NMR spectroscopy. Kinetic calculations were performed
by measuring the decrease in the integral area of the signal
for the dethreaded triazole proton (d=8.4 ppm) and the in-
crease in the integral area of the signal for the newly thread-
ed triazole proton (d=6.5 ppm). For each spectrum, the
ratio between the dethreaded and threaded protons signals
was measured and the extent of shuttling at any time was
calculated and plotted versus time (see the Supporting Infor-
mation). First-order rate constants derived from the evalua-
tion of 1H NMR spectroscopy kinetic experiments for the
acid-induced shuttling of CB6 units from state III to state I
at various temperatures are shown in Table 1 and Figure 2
shows a plot of these data.


Table 2 gives values for the free energy (DG�), entropy
(DS�), and enthalpy (DH�) of the acid-induced shuttling of
CB6 units from state III to state I, which were derived by
using the Eyring equation from the results of the 1H NMR
spectroscopy kinetic experiments. Our results show some
similarities to those reported by Kim et al. for a kinetically


controlled molecular switch based on a bistable [2]rotaxane;
they obtained a DG� value of 108 kJmol�1.[12c]


The switching properties of R1 were also investigated by
adding varying amounts of base to a solution of R1 in D2O
and recording 1H NMR spectra after each addition (see the
Supporting Information). Figure 3 shows the 1H NMR spec-


trum of R1 in the absence of base. Several changes in the
spectra were observed upon deprotonation of the ammoni-
um ions. For example, the chemical shifts of protons adja-
cent to the amine groups were particularly affected and
were shifted upfield by about 0.05 to 0.15 ppm. However, no
change was observed in the chemical shift of the triazole
proton, which indicates that the CB6 units remain on the di-
aminotriazole unit even after the disruption of ion–dipole
interactions because the propyl spacer is too short to accom-
modate a CB6 unit.


1H NMR spectroscopic investigation into the dethreading–
rethreading of CBs in pseudorotaxanes : When [3]pseudoro-
taxanes P1 or P2 are treated with aqueous NaOH, the CB6
units are expected to either dethread from the axle and
leave the diaminotriazole unit behind or shift onto the ali-
phatic spacer, as a result of the disruption of the ion–dipole
interaction between the carbonyl groups of CB6 and the am-
monium ions of the thread at higher pH values. Thus, CB6
units may slip off the axle and form a complex with the
newly released Na+ ions. To investigate which route is pre-
ferred, the pH-triggered dethreading–rethreading of CB6
units has been monitored by 1H NMR spectroscopic titra-
tion. Scheme 3 shows the proposed dethreading–rethreading
process in P2.


Figure 4 shows the spectra of pH-triggered dethreading–
rethreading of CBs in [3]pseudorotaxanes. Before the addi-
tion of acid or base, the CB6 unit sits on the triazole moiety
and as a result Ht is shifted upfield (Figure 4a). The addition


Table 1. Rate constants for the acid-induced shuttling of CB6 units in R2
from state III to state I at various temperatures, which were derived from
the results of kinetic experiments.[a]


Temperature [K] kK10�3 [s�1]


313 0.12�0.003
323 0.31�0.006
328 0.88�0.02
333 1.44�0.03


[a] Monitored by using 1H NMR spectroscopy.


Figure 2. An Eyring plot for the shuttling of R2 from state III to state I.


Table 2. Kinetic parameters for the acid-induced shuttling of CB6 units
in R2 from state III to state I, which were derived from the results of ki-
netic experiments[a] by using the Eyring equation.


DG�[b,c] [kJmol�1] DH�[b] [kJmol�1] DS�[d] [Jmol�1K�1]


100 106 19


[a] Monitored by using 1H NMR spectroscopy. [b] Calculated at 293 K;
[c] Estimated error <10%; [d] Estimated error >20%.


Figure 3. 1H NMR (400 MHz, D2O, 25 8C) spectrum of R1.
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of NaOH (2 equiv) deprotonates the terminal nitrogen
groups and the CB6 units start to glide. This results in two
sets of signals in the spectrum, which were assigned to
threaded and unthreaded triazole moieties (Figure 4b). In-
creasing the amount of base (4 equiv) causes all CB6 units
to dethread and liberate the ditriazole axle (Figure 4c,
Scheme 3). However, the addition of HCl (5 equiv) instantly
and completely restores the initial state (Figure 4d). Thus,
this pH-induced dethreading–rethreading process is reversi-
ble.


pH-Triggered dethreading–rethreading experiments were
also performed for P1, which exhibited behavior that was
comparable to P2 (see Figure S4 in the Supporting Informa-
tion).


Conclusion


A series of water-soluble [3]pseudorotaxanes and [3]ro-
taxanes with short (propyl) and long (dodecyl) aliphatic
spacers were prepared in high yields through a CB6-cata-
lyzed 1,3-dipolar cycloaddition reaction. The pH-triggered
dethreading–rethreading of CB6 units from these [3]pseu-
dorotaxanes have been monitored by 1H NMR spectroscopy.
[3]Rotaxane R2 behaves as a bistable molecular switch with
two recognition sites for CB6, namely, the diaminotriazole
moieties and the dodecyl spacer. A shuttling motion can be
induced by changing the pH, and more than one state of
this process was observed by using 1H NMR spectroscopy.
At low pH, the CB6 units are located on the diaminotri-
ACHTUNGTRENNUNGazole moieties as a result of ion–dipole interactions (state I),
whereas at high pH both CB6 units move onto the hydro-
phobic dodecyl spacer (state II). Even after treatment with
acid, the CB6 units prefer to remain on the dodecyl spacer
(state III) and shuttle back to state I very slowly. After
eighteen days at room temperature, only about 50% of the
CB6 units had relocated back onto the diACHTUNGTRENNUNGaminotriazole moi-
eties. The rate constants for this process were measured as a
function of temperature over the range 313 to 333 K and the
activation parameters for the shuttling process were calcu-
lated by using the Eyring equation. The results indicated
that R2 behaves as a kinetically controlled molecular switch.
On the other hand, [3]rotaxane R1 did not show any switch-
ing action, even under extreme pH conditions, which con-
firms that the propyl spacer is too short to accommodate a
CB6 unit.


The kinetic studies show that after reprotonation of the
axle, the rate of rethreading of CB6 units back onto the di-
ACHTUNGTRENNUNGaminotriazole moieties is quite slow in R2, but much faster
in P1 and P2. In R2, the CB6 units must move off the dode-
cyl spacer, whereas in P1 and P2 the CB6 units are moving
freely in solution and have formed complexes with sodium
ions. In the case of R2, there are two binding interactions:
an ion–dipole interaction between the CB6 carbonyl groups
and the axle ammonium ions, and also a hydrophobic effect.
In the case of P1 and P2, the only binding interaction is an
ion–dipole interaction between the CB6 carbonyl groups
and the sodium ions.


Experimental Section


CB6, N,N’-bis(2-azidoethyl)dodecane-1,12-diamine·2HCl, N,N’-diprop-2-
ynyldodecane-1,12-diamine·2HCl (monomer 2), N,N’-diprop-2-ynylpro-
pane-1,3-diamine·2HCl (monomer 1), N,N’-bis(2-azidoethyl)propane-1,3-
diamine·2HCl, tert-butylazidoethylamine·HCl and azidoethylamine·HCl
were prepared according to the literature.[10–13] All other reagents and sol-
vents were of commercial reagent grade and were used without further
purification, except where noted. NMR spectra were recorded by using a
Bruker Avance DPX-400 MHz spectrometer. In all cases, samples were
dissolved in D2O with 3-(tri ACHTUNGTRENNUNGmethylsilyl)-1-propanesulfonic acid sodium
salt (DSS) as an external standard. Mass spectra were recorded by using
a Bruker Reflex II MALDI-TOF MS mass spectrometer (Bruker-Dalto-
nik, Bremen, Germany) equipped with a nitrogen UV-laser (l=337 nm)
at 10�7 Torr and the delayed extraction mode (delay 300 ns) was used by


Scheme 3. Proposed pH-induced dethreading–rethreading of P2. Chloride
counterions have been omitted for clarity. Protons examined by 1H NMR
spectroscopy have been labeled a to h, A to H, t and T.


Figure 4. 1H NMR (400 MHz, D2O, 25 8C) spectra of P2 a) in the absence
of acid or base, b) after the addition of NaOH (2 equiv), c) after the addi-
tion of NaOH (4 equiv), and d) after the addition of HCl (5 equiv). See
Scheme 3 for the labeling of the protons.
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changing the laser intensity, if necessary. All spectra were acquired in re-
flector mode by using an acceleration potential of 20 kV and are the aver-
age of 60 laser shots. The data were then transferred to a PC for further
pro ACHTUNGTRENNUNGcessing. THAP in MeOH (20 mgmL�1) was chosen as the MALDI
matrix. Finally 0.1 mL of this matrix was deposited on the sample plate,
dried at room temperature, and analyzed.


Synthesis of R2 : CB6 (342 mg, 0.342 mmol) was dissolved in HCl (6m,
5 mL) and the resulting solution was stirred for 30 min. Monomer 2
(60 mg, 0.342 mmol) and then tert-butylazidoethylamine·HCl (60 mg,
0.171 mmol) were added under vigorous stirring at room temperature.
The resulting solution was stirred at 25 8C for 48 h. The solvent was re-
moved under reduced pressure to obtain a colorless residue, which was
redissolved in water (5 mL) and precipitated in acetone (50 mL). The
white precipitate was collected by filtration, redissolved in water, and
then filtered again through a 0.45 mm filter membrane. Recrystallization
was carried out by diffusing acetone vapor into the filtrate and the crys-
tals were then collected by filtration and dried in a vacuum oven at RT
for 12 h (430 mg, 95%). M.p. >300 8C; 1H NMR (400 MHz, D2O, 25 8C):
d=1.3–1.5 (m, 8H; f+g), 1.6 (s, 9H; t-butyl), 2.1 (m, 2H; e), 3.3 (t, 3J-
ACHTUNGTRENNUNG(H,H)=8.1 Hz, 2H; d), 3.8 (t, 3J ACHTUNGTRENNUNG(H,H)=6.3 Hz, 2H; a), 4.1 (s, 2H; c),
4.15 (t, 2H; b overlapped with CB6), 4.2 (d, 2J ACHTUNGTRENNUNG(H,H)=15.6 Hz, 12H;
CB6), 5.45 (s, 12H; CB6), 5.94 (dd, 2J ACHTUNGTRENNUNG(H,H)=15.6 Hz, 12H; CB6),
6.5 ppm (s, 1H; t); 13C NMR (100 MHz, D2O, 25 8C): d=25.2, 25.5, 28.7,
39.9, 41.8, 47.6, 49.1, 51.3 (CB6), 51.5 (CB6), 56.4, 58.6, 70.2 (CB6), 120.6
(triazole, CH), 139.0 (triazole, CR), 156.2 (CB6), 156.6 ppm (CB6); IR
(KBr, pellet): ñ =3443 (m), 2927 (w), 2353 (vw), 1735 (vs), 1473 cm�1


(vs); elemental analysis calcd (%) for C102H136Cl4N58O24·22H2O: C 39.80,
H 6.06, N 25.86; found: C 39.55, H 5.86, N 26.24.


Synthesis of R1: Synthesized from monomer 1. The procedure was the
same as that for R2 (350 g, 90%). M.p. >300 8C; 1H NMR (400 MHz,
D2O, 25 8C): d=1.6 (s, 9H; t-butyl), 2.85–2.95 (m, 1H; e), 3.7–3.8 (m,
4H; a+d), 3.1 (t, 3J ACHTUNGTRENNUNG(H,H)=6.3 Hz, 2H; b), 4.2 (s, 2H; c overlapped with
CB6), 4.2 (dd, 2J ACHTUNGTRENNUNG(H,H)=15.6 Hz, 12H; CB6), 5.5 (s, 12H; CB6), 5.7 (dd,
2J ACHTUNGTRENNUNG(H,H)=15.6 Hz, 12H; CB6), 6.5 ppm (s, 1H; t); 13C NMR (100 MHz,
D2O, 25 8C): d=25.3, 40.8, 42.5, 46.5, 47.5, 51.3 (CB6), 51.5 (CB6), 58.6,
70.2 (CB6), 123.6 (triazole, CH), 140.0 (triazole, CR), 156.4 (CB6),
156.5 ppm (CB6); IR (KBr, pellet): ñ =3443 (m), 2927 (w), 2353 (vw),
1735 (vs), 1473 cm�1 (vs); elemental analysis calcd (%) for
C93H118Cl4N58O24·21H2O): C 37.82, H 5.46, N 27.52; found: C 38.15, H
5.83, N 27.18.


Synthesis of P1: Synthesized from monomer 1 and azidoethylamine·HCl.
The procedure was the same as that for R2 (250 g, 90%). M.p. >300 8C;
1H NMR (400 MHz, D2O, 25 8C): d =2.85–2.95 (m, 1H; e), 3.5 (t, 3J-
ACHTUNGTRENNUNG(H,H)=8.1 Hz, 2H; a), 3.8 (t, 3J ACHTUNGTRENNUNG(H,H)=6.3 Hz, 2H; d), 4.1 (t, 2H; b),
4.15 (s, 2H; c overlapped with CB6), 4.2 (dd, 2J ACHTUNGTRENNUNG(H,H)=15.6 Hz, 12H;
CB6), 5.45 (s, 12H; CB6), 5.75 (dd, 2J ACHTUNGTRENNUNG(H,H)=15.6 Hz, 12H; CB6),
6.5 ppm (s, 1H; t); 13C NMR (100 MHz, D2O, 25 8C): d=38.4, 43.5, 46.5,
47.5, 51.3 (CB6), 51.5 (CB6), 58.6, 70.2 (CB6), 121.6 (triazole, CH), 139.0
(triazole, CR), 156.2 (CB6), 156.4 ppm (CB6); IR (KBr, pellet): ñ =3443
(m), 2927 (w), 2353 (vw), 1735 (vs), 1473 cm�1 (vs); elemental analysis
calcd (%) for C85H102Cl4N58O24·19.5H2O: C 36.27, H 5.05, N 28.88;
found: C 36.72, H 5.40, N 28.44.


Synthesis of P2 : Synthesized from monomer 2 and azidoethylamine·HCl.
The procedure was the same as that for R2 (310 g, 95%). M.p. >300 8C;
1H NMR (400 MHz, D2O, 25 8C): d=1.3–1.4 (m, 6H; g+h), 1.5–1.6 (m,
2H; f), 1.95–2.05 (m, 2H; e), 3.3 (t, 3J ACHTUNGTRENNUNG(H,H)=8.1 Hz, 2H; d), 3.6 (t, 3J-
ACHTUNGTRENNUNG(H,H)=6.3 Hz, 2H; a), 4.1 (t, 2H; b), 4.2 (s, 2H; c overlapped with
CB6), 4.25 (d, 2J ACHTUNGTRENNUNG(H,H)=15.6 Hz, 12H; CB6), 5.45 (s, 12H; CB6), 5.75
(dd, 2J ACHTUNGTRENNUNG(H,H)=15.6 Hz, 12H; CB6), 6.5 ppm (s, 1H; t); 13C NMR
(100 MHz, D2O, 25 8C): d=25.2, 25.5, 28.3, 28.7, 38.2, 41.8, 47.2, 49.1,
51.2 (CB6), 51.5 (CB6), 70.2 (CB6), 120.6 (triazole, CH), 139.0 (triazole,
CR), 156.2 (CB6), 156.6 ppm (CB6); IR (KBr, pellet): ñ=3443 (m), 2927
(w), 2353 (vw), 1735 (vs), 1473 cm�1 (vs); elemental analysis calcd (%)
for C94H120Cl4N58O24·16.5H2O): C 39.11, H 5.35, N 28.16; found: C 39.23,
H 5.10, N 27.98.


Determination of the rate constants for the acid-induced shuttling of
CB6 units from state III to state I in R2 : A solution of R2 in D2O
(3.7 mm) was prepared and an aliquot (500 mL) was transferred to an


NMR tube. First, state II was obtained by adjusting the pH to 10 by
adding an aqueous solution of NaOH. Subsequently HCl was added to
adjust the pH to <7 and obtain state III. The spectrum was recorded at
appropriate time intervals at temperatures of 298, 313, 323, 328, 333,0
and 338 K, until at least 80% of the R2 molecules had returned to
state I. Kinetic calculations were performed by measuring the decrease in
the integral area of the signal for the dethreaded triazole proton (d=


8.4 ppm) and the increase in the integral area of the signal for the re-
threaded triazole proton (d=6.5 ppm). For each spectrum the ratio be-
tween the signals for the dethreaded and threaded protons was measured
and the extent of shuttling at any time was calculated and plotted versus
time.
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Synthetic Scope of Ru(OH)x/Al2O3-Catalyzed Hydrogen-Transfer Reactions:
An Application to Reduction of Allylic Alcohols by a Sequential Process of
Isomerization/Meerwein–Ponndorf–Verley-Type Reduction


Jung Won Kim,[a] Takeshi Koike,[a] Miyuki Kotani,[b] Kazuya Yamaguchi,[a, b] and
Noritaka Mizuno*[a, b]


Introduction


Reduction of carbon–carbon double bonds is of great impor-
tance; classically it has been carried out in the presence of
(supported) metal catalysts, including palladium, platinum,
ruthenium, rhodium, and nickel. They can activate molecu-
lar hydrogen under mild conditions and the reduction is es-
sentially selective and quantitative in the absence of other
functional groups.[1] In fine chemical syntheses, the target
molecules often have many functional groups such as
phenyl, hydroxyl, and alkene, and are susceptible to reduc-
tion. For example, selective reduction of allylic alcohols[2] in
the presence of other alkenic units is difficult with these
metal catalysts. When 5,9-dimethyl-1,8-decadien-3-ol was re-


duced with molecular hydrogen in the presence of the most
widely used catalysts, Pd/C or PtO2 (Adam2s catalyst),[3] the
corresponding saturated alcohol was obtained as a main
product (see Scheme S1 in the Supporting Information).[4]


Reduction of the remote alkenic bond proceeded nonselec-
tively and therefore the selectivity toward the allylic double
bonds with the other alkenic units was poor.


Very recently, Cadierno and co-workers have developed
the catalytic selective reduction of allylic alcohols with an
alcohol as the source of hydrogen.[5] As far as we know, this
is the first example of allylic alcohol reduction using such a
hydrogen source; similar systems were previously unknown.
The advantages of the method in comparison with classical
metal catalysts are the high selectivity toward the allylic
double bonds without allylic C�O bond cleavage and reduc-
tion of remote alkenic bonds. This is because the mechanism
is completely different.[5] Although various allylic alcohols
can be converted into the corresponding saturated alcohols,
the system has shortcomings in a) the recovery and reuse of
(expensive) catalysts and b) the indispensability of bases as
co-catalysts (a problem of product contamination).


The development of easily recoverable and recyclable het-
erogeneous catalysts by filtration or centrifugation can solve
the problems of the homogeneous systems and has received
particular research interest.[6] Although the immobilization
of homogeneous catalysts on inert solid supports and attach-


Abstract: Reduction of allylic alcohols
can be promoted efficiently by the sup-
ported ruthenium catalyst Ru(OH)x/
Al2O3. Various allylic alcohols were
converted to saturated alcohols in ex-
cellent yields by using 2-propanol with-
out any additives. This Ru(OH)x/
Al2O3-catalyzed reduction of a dienol
proceeds only at the allylic double
bond to afford the corresponding enol,


and chemoselective isomerization and
reduction can be realized under similar
conditions. The catalysis is truly hetero-
geneous and the high catalytic perfor-
mance can be maintained during at


least three recycles of the Ru(OH)x/
Al2O3 catalyst. The transformation of
allylic alcohols to saturated alcohols
consists of three sequential reactions:
oxidation of allylic alcohols to a,b-un-
saturated carbonyl compounds; reduc-
tion of a,b-unsaturated carbonyl com-
pounds to saturated carbonyl com-
pounds; and reduction of saturated car-
bonyl compounds to saturated alcohols.
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ment of the catalytically active species through covalent or
ionic bonds with (modified) supports has been studied ex-
tensively, the intrinsic catalytic activities and selectivities of
the homogeneous catalysts are usually much decreased by
the heterogenization.[7] Leaching of the heterogeneous cata-
lysts is also responsible for severe drawbacks and is ob-
served in many cases.[7] Therefore, the design of truly effi-
cient heterogeneous catalysts with activities and selectivities
comparable with or higher than those of the corresponding
homogeneous analogues is one of the most important chal-
lenges in modern organic syntheses, especially for fine
chemicals.[6]


Here, we report that supported ruthenium hydroxide[8]


can act as an efficient heterogeneous catalyst for the reduc-
tion of allylic alcohols to saturated alcohols with high che-
moselectivity using 2-propanol as both the solvent and the
hydrogen source. The present system has the following sig-
nificant advantages: a) applicability to various kinds of allyl-
ic alcohols; b) high chemoselectivity toward allylic double
bonds in the presence of other alkenic units; c) higher cata-
lytic activity than that of the homogeneous analogue;[5] d) a
simple workup procedure, namely catalyst/product separa-
tion; e) reusability of the Ru(OH)x/Al2O3 catalyst; f) no use
of bases as co-catalysts; and g) use of an easily prepared
Ru(OH)x/Al2O3 catalyst. We also report our investigation of
the reaction mechanism for the reduction.


Results and Discussion


Synthetic scope of the Ru(OH)x/Al2O3-catalyzed system :
First, the catalytic activity and selectivity for the reduction
of 1-octen-3-ol (1a) to 3-octanol (1b) were compared
among various catalysts (Table 1). The conversion of 1a was
<1% in the absence of the catalyst, or in the presence of
Al2O3 or Al2O3 treated with an aqueous NaOH solution (en-
tries 18, 19, and 21). A homogeneous base, NaOH, did not
catalyze the transformation (entry 20). In the presence of
the catalyst precursor RuCl3·nH2O, mainly the dehydration
products were formed (entry 11). Heterogeneous catalysts
such as Ru/C (Ru metal on carbon), Ru–HAP (Ru–Cl spe-
cies on hydroxyapatite), and RuO2 (bulk oxide) did not pro-
duce the corresponding saturated alcohol 1b (entries 7–9).
Although [RuCl2ACHTUNGTRENNUNG(PPh3)3] and [{RuCl2ACHTUNGTRENNUNG(p-cymene)}2] have
been reported to be active for the reduction in the presence
of bases such as Cs2CO3 (at least 2 equiv with respect to
Ru),[5,9] the corresponding saturated alcohol 1b was not
formed in the absence of bases (entries 13 and 15). Com-
plexes K4ACHTUNGTRENNUNG[Ru2OCl10], [RuACHTUNGTRENNUNG(acac)3], [RuCp2], and [Ru3(CO)12]
were inactive under the present conditions (entries 10, 12,
16, and 17). Among various ruthenium catalysts tested, only
supported ruthenium hydroxide catalysts gave the corre-
sponding saturated alcohol 1b (entries 1–4). The ruthenium
hydroxides supported on high BET surface area Al2O3


(160 m2g�1), TiO2 (316 m2g�1), and SiO2 (273 m2g�1) exhibit-
ed high catalytic activity for the transformation (entries 1–
3), whereas the catalytic activity of those on low BET sur-


face area Fe3O4 (6.8 m2g�1) and ZnO (2.9 m2g�1) was much
lower.[10] The pretreatment of the catalysts with a base in-
creased the activity significantly (entry 1 versus entry 6).
This is probably because of the generation of the active
ruthenium hydroxide species on the surface of supports, ac-
cording to the report that the ruthenium alkoxide com-
plexes, which are the true active species for the isomeriza-
tion of allylic alcohols, are generated by the reaction of
ruthenium halide complexes with KOtBu.[9a]


To verify whether the observed catalysis is derived from
solid Ru(OH)x/Al2O3 or leached ruthenium species, after re-
duction of 1a under the conditions in Table 1 and filtration
of the Ru(OH)x/Al2O3 catalyst from the reaction mixture at
the reaction temperature, the reaction was performed again
under the same conditions with the filtrate. It was complete-
ly stopped by removal of the catalyst. Moreover, ICP-AES
analysis confirmed that no ruthenium was detected in the
filtrate (Ru content below the 7 ppb detection limit). These
facts can rule out any contribution from ruthenium species
that leached into the reaction solution to the observed catal-
ysis, which is intrinsically heterogeneous.[11]


The scope of the present Ru(OH)x/Al2O3-catalyzed
system with regard to various structurally diverse allylic al-
cohols was examined. The Ru(OH)x/Al2O3 catalyst showed
high catalytic activities for terminal, internal, and cyclic al-
lylic alcohols, as summarized in Table 2. Terminal aliphatic


Table 1. Reduction of 1-octen-3-ol (1a) to 3-octanol (1b) with various
catalysts.[a]


Entry Catalyst Conv. of 1a [%][b] Yield [%][b]


1b 1c


1 Ru(OH)x/Al2O3 >99 94 6
2 Ru(OH)x/TiO2 >99 94 6
3 Ru(OH)x/SiO2 >99 81 19
4 Ru(OH)x/Fe3O4 >99 13 87
5 Ru(OH)x/ZnO 69 nd 69
6 RuClx/Al2O3


[c] >99 12 88
7 Ru/C 3 nd 1
8 Ru–HAP 1 nd 1
9 RuO2 (anhydrous) <1 nd nd
10 K4 ACHTUNGTRENNUNG[Ru2OCl10] 41 nd 5
11 RuCl3·nH2O 96 nd 21[d]


12 [Ru ACHTUNGTRENNUNG(acac)3] 3 nd 3
13 ACHTUNGTRENNUNG[RuCl2ACHTUNGTRENNUNG(PPh3)3] >99 nd 95
14 ACHTUNGTRENNUNG[RuCl2ACHTUNGTRENNUNG(bpy)2] <1 nd nd
15 ACHTUNGTRENNUNG[{RuCl2ACHTUNGTRENNUNG(p-cymene)}2] 3 nd 3
16 ACHTUNGTRENNUNG[RuCp2] 3 nd 3
17 ACHTUNGTRENNUNG[Ru3(CO)12] 11 nd 10
18[e] Al2O3 <1 nd nd
19[e] Al2O3


[f] <1 nd nd
20[g] NaOH <1 nd nd
21 none <1 nd nd


[a] Reaction conditions: 1a (1 mmol), catalyst (Ru: 2 mol%), 2-propanol
(3 mL), 363 K (bath temp.), 2 h, under 1 atm Ar. [b] Determined by GC
using an internal standard technique; nd=not detected. [c] Prepared
without base pretreatment. [d] The main by-product was 1,3-octadiene.
[e] 82 mg. [f] Treated with an aqueous NaOH solution (pH 13).
[g] 2 mol%.
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allylic alcohols (1a–6a), espe-
cially, were converted to the
corresponding saturated alco-
hols in high yields (entries 1–9).
The recovered Ru(OH)x/Al2O3


catalyst after the reduction of
1a could be recycled at least
three times without appreciable
loss of the original catalytic ac-
tivity (entries 2–4). The
Ru(OH)x/Al2O3-catalyzed reduction rate increased with in-
creasing reaction temperature (up to 393 K), and the turn-
over frequency (TOF) for the reduction of 1a reached up to
110 h�1 at 393 K (bath temperature) with maintenance of
the high selectivity (92%). The TOF was higher than that of


the previously reported homo-
geneous [{RuCl2ACHTUNGTRENNUNG(h


6-C6Me6)}2]/
Cs2CO3 system (TOF=


28 h�1).[5] The reduction of ben-
zylic b,g-unsaturated alcohols
(7a and 8a) proceeded effi-
ciently to afford the corre-
sponding benzylic alcohols
without reduction of the aro-
matic rings (entries 10 and 11).
Not only terminal allylic alco-
hols but also internal ones (9a–
12a) could be reduced to the
corresponding saturated alco-
hols in high yields (entries 12–
15). Reduction of dienol 13a
proceeded only at the allylic
double bonds to afford the cor-
responding enol (entry 16). Fur-
thermore, chemoselective iso-
merization [Eq. (1)] and reduc-
tion [Eq. (2)] could be realized
under similar conditions.


The present transformation of
allylic alcohols to saturated al-
cohols consists of three sequen-
tial reactions: oxidation of allyl-
ic alcohols to a,b-unsaturated
carbonyl compounds; reduction
of a,b-unsaturated carbonyl
compounds to saturated ones;
and reduction of saturated car-
bonyl compounds to saturated
alcohols (see the next section).
In the presence of Ru(OH)x/
Al2O3, various functional trans-
formations such as a) oxidation
of a,b-unsaturated alcohols
[Eq. (3)], isomerization of a,b-
unsaturated alcohols [Eqs. (1)


and (4)], reduction of a,b-unsaturated ketones [Eq. (5)],
and Meerwein–Ponndorf–Verley-type (MPV-type) reduction
[Eq. (6)] could be realized as shown. Thus, this system has
wide applicability.


Table 2. Reduction of various allylic alcohols to saturated alcohols catalyzed by Ru(OH)x/Al2O3.
[a]


Entry Substrate Ru [mol%] t [h] Conv. [%][b] Yield [%][b]


1 1a 2 2 >99 94


2[c] 1a, 1st reuse 2 2 >99 95
3[c] 1a, 2nd reuse 2 2 >99 95
4[c] 1a, 3rd reuse 2 2 >99 95


5 2a 2 0.5 >99 94


6 3a 2 0.5 >99 96


7 4a 2 0.5 >99 97


8 5a 2 3 >99 90


9[d] 6a 5 10 >99 82


10[d] 7a 5 2 >99 85


11[d] 8a 5 4.5 >99 83


12 9a 5 1 >99 94


13 10a 5 3 >99 93


14 11a 5 3 >99 95


15 12a 3 1.5 >99 98


16[e] 13a 3 5 >99 91


[a] Reaction conditions: substrate (1 mmol), Ru(OH)x/Al2O3 (Ru: 2–5 mol%), 2-propanol (3 mL), 363 K (bath
temp.), under 1 atm Ar. [b] Determined by GC using an internal standard technique. The main by-products
were the corresponding saturated ketones. [c] Recycling experiment: the reaction conditions were the same as
those for the first run with a fresh catalyst. The reaction rate for the recycling experiment was almost the same
as that for the first run with the fresh catalyst. [d] 393 K (bath temp.). [e] Reaction conditions: i) substrate
(1 mmol), Ru(OH)x/Al2O3 (Ru: 3 mol%), toluene (3 mL), 363 K (bath temp.), 2 h, under 1 atm Ar, ii) fol-
lowed by addition of 2-propanol (1 mL), 363 K (bath temp.), 3 h, under 1 atm Ar.
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Mechanistic studies : The reduc-
tion of the homoallylic alcohol
4-phenyl-1-buten-4-ol and the
allylic acetate ester 3-acetoxy-1-
octene hardly occurred under
the present conditions. There-
fore, the substrates need both
an allylic hydroxyl group and a
double bond for this reduction.
The reaction profiles for the re-
duction of 1a to 1b showed
that the saturated ketone 1c
was formed initially, followed
by 1b, suggesting that the trans-
formation proceeds by sequen-
tial reactions, that is, isomeriza-
tion of a,b-unsaturated alcohols
to saturated carbonyl com-
pounds followed by MPV-type
reduction to the corresponding saturated alcohols.[5]


In deuterium labeling experiments to investigate the reac-
tion mechanism (Table 3), the reduction of a monodeuterat-
ed allylic alcohol 3-deuterio-1-octen-3-ol (14a) in 2-propa-
nol gave the corresponding saturated alcohol in 95% yield.
The deuterium was observed mainly at the 1-position (con-
tent 20%) of the product and hardly at the 2- and 3-posi-
tions (entry 1), showing that 60% of the a-deuterium in 14a
was transferred to the 1-position. In toluene in the absence
of 2-propanol, 1-deuterio-3-octanone was obtained in 98%
yield (entry 2) and the a-deute-
rium of 14a was transferred
quantitatively to the 1-position.
Therefore, the Ru(OH)x/Al2O3


catalyst can distinguish the a-
hydrogen from the hydrogen in
the hydroxyl group, and the a-


hydrogen is relocated to the 1-
carbon atoms in the first iso-
merization step.[8c,9b,g] When 1a
was reduced in 2-deuterio-2-
propanol, 3-deuterio-3-octanol
was obtained as a main product
(entry 3) and the a-deuterium
of 2-deuterio-2-propanol was
transferred to the 3-carbon
atom. In addition, the transfor-
mation of 14a in 2-deuterio-2-
propanol gave 1,3-dideuterio-3-
octanol as a main product
(entry 4). These results show
that the a-hydrogen of 2-propa-
nol is transferred to the 3-
carbon atom in the product.


It is likely that the ruthenium
hydride is a key species in both


the isomerization and the MPV-type reduction.[9] Therefore,
the hydrogen transfer racemization of (S)-1-deuterio-1-phe-
nylethanol (15a) in the presence of a hydrogen acceptor
(acetophenone) under similar conditions was carried out ac-
cording to BOckvall2s procedures to clarify the nature of the
hydride species.[12] The deuterium content at the a-position
of the corresponding racemic alcohol was high (91%) after
complete racemization [Eq. (7)], suggesting formation of the
ruthenium monohydride species on Ru(OH)x/Al2O3.


[12]


Table 3. Deuterium (D) labeling experiments for the reduction of 1-octen-3-ol (1a and 14a).[a]


Entry Substrate Solvent t [h] Yield [%][b] D content [%][c]


1-position 2-position 3-position


1 14a 2 95 20 <1 2


2[d] 14a 12 98[e] 33 <1 –


3 1a 24 93 1 <1 84


4 14a 24 95 32 <1 86


[a] Reaction conditions: substrate (1 mmol), Ru(OH)x/Al2O3 (Ru: 2 mol%), solvent (3 mL), 363 K (bath
temp.), under 1 atm Ar. [b] Determined by GC using an internal standard technique. [c] Determined by
2H NMR. [d] Ru: 5 mol%. [e] 1-Deuterio-3-octanone was formed as sole product.
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On the basis of the above results, we propose a possible re-
action mechanism for the present Ru(OH)x/Al2O3-catalyzed
reduction of allylic alcohols (Scheme 1). Initially, the catalyt-


ically active ruthenium monohydride species is formed by
the reaction of ruthenium hydroxide species with an alcohol
(allylic alcohol or 2-propanol) (Scheme 1a).[8] The 1,4-addi-
tion of the hydride species to the a,b-unsaturated carbonyl
compound[13] formed by the reaction of the ruthenium hy-
droxide species with an allylic alcohol yielding the s-enolate
species is followed by intermolecular ligand exchange with
an alcohol (allylic alcohol or 2-propanol) to give the corre-
sponding saturated carbonyl compound as an intermediate
(Scheme 1b).[9a,14] Then the MPV-type reduction of the inter-
mediate carbonyl compound proceeds to give the corre-
sponding saturated alcohol (Scheme 1c). It was confirmed
that Al2O3 and Al2O3 treated with an aqueous NaOH solu-
tion do not catalyze the MPV-type reduction of 1c under
the present conditions, suggesting that the catalytic activity
for the MPV-type reduction originates from ruthenium spe-
cies.[15]


Whereas the formation rate of the final saturated alcohol
in the reduction of 1a in 2-deuterio-2-propanol was much
lower than that in 2-propanol (entry 1 in Table 1 versus
entry 3 in Table 3), the rate of the initial isomerization step
in 2-deuterio-2-propanol (R=22.6mmmin�1) was fairly simi-
lar to that in 2-propanol (26.1mmmin�1). This suggests that
the MPV-type reduction (Scheme 1c) is the rate-determining
step for this transformation.[16]


Conclusion


Ru(OH)x/Al2O3 can act as a heterogeneous catalyst for the
reduction of allylic alcohols. Thus various terminal and in-
ternal allylic alcohols can be converted to the corresponding


saturated alcohols. Furthermore, the catalyst/product separa-
tion can easily be carried out and the Ru(OH)x/Al2O3 is re-
cyclable.


Experimental Section


General : NMR spectra were recorded
on a JEOL JNM-EX-270 instrument.
1H and 13C NMR spectra were mea-
sured at 270 and 67.8 MHz, respective-
ly, in [D1]chloroform with TMS as an
internal standard. 2H NMR spectra
were measured at 41.25 MHz using
[D6]benzene as an external standard.
GC analyses were performed on a Shi-
madzu GC-2014 instrument using a
flame ionization detector equipped
with a DB-WAX capillary column (in-
ternal diameter=0.25 mm, length=


30 m). Mass spectra were recorded on
a Shimadzu GCMS-QP2010 equipped
with a TC-5HT capillary column (in-
ternal diameter=0.25 mm, length=


30 m). Reagents and substrates
(except for 5a–8a and 13a–15a) were
obtained commercially from Tokyo
Kasei, Aldrich, and Fluka (reagent
grade) and used without further purifi-


cation. 2-Propanol (Kanto) and 2-deuterio-2-propanol (Cambridge Iso-
tope Laboratory) were particularly carefully purified (degassed) before
use.[17] Al2O3 (KHS-24, BET surface area 160 m2g�1), TiO2 (ST-01,
316 m2g�1), SiO2 (CARiACT Q-10, 273 m2g�1), Fe3O4 (Cat. No. 310069,
6.8 m2g�1), and ZnO (Cat. No. 37002-95, 2.9 m2g�1) were obtained from
Sumitomo Chemical, Ishihara Sangyo Kaisya, Fuji Silysia, Aldrich, and
Nacalai Tesque, respectively. Supported metal catalysts (5 wt%) were
supplied by NE Chemcat. Ru–HAP (ruthenium on HAP, 9.1 wt%) was
purchased from Wako. Compounds 5a–8a and 13a were synthesized by
Grignard reaction of the corresponding aldehydes with vinylmagnesium
bromide.[9g] Compound 14a was synthesized by oxidation of 1a[18] fol-
lowed by reduction with lithium aluminum deuteride.[19] Compound 15a
was synthesized according to the literature procedures.[8c,12] See the Sup-
porting Information for the synthetic procedures for the allylic alcohols
5a–8a, and 13a and the deuterated compounds 14a and 15a.


Preparation of supported ruthenium hydroxide catalysts : The supported
ruthenium hydroxide catalysts were prepared by the procedure reported
previously.[8] Al2O3 powder (2.0 g) calcined at 823 K for 3 h was stirred
vigorously with an aqueous solution (60 mL) of RuCl3 (8.3mm) at room
temperature. After 15 min, the pH of the solution was adjusted slowly to
13.2 by addition of an aqueous NaOH solution (1.0m) and the resulting
slurry was stirred for 24 h. The solid was filtered off, washed with a large
amount of water, and dried in vacuo; yield of Ru(OH)x/Al2O3 2.1 g (dark
green powder, ruthenium content 2.0–2.1 wt%). The XRD pattern of
Ru(OH)x/Al2O3 was the same as that of the parent Al2O3 support and no
signals from Ru metal (clusters) and RuO2 were observed. Particles of
Ru metal (clusters) and RuO2 were not detected by TEM. The binding
energies of Ru 3d5/2 and Ru 3p3/2 of Ru(OH)x/Al2O3 (XPS) were detected
at 281.8 (full width at half maximum (FWHM) 2.4 eV) and 463.5 eV
(FWHM 4.7 eV), respectively, showing that the oxidation state of the
ruthenium species in Ru(OH)x/Al2O3 is +3.[20] The IR spectrum showed
a very broad n(OH) band in the range 3000–3700 cm�1. These facts sug-
gest that ruthenium ACHTUNGTRENNUNG(III) hydroxide is highly dispersed on Al2O3.


Ru(OH)x/Al2O3-catalyzed reduction : All operations for the reactions
were performed in a glove box under Ar. Ru(OH)x/Al2O3 (2 mol% Ru),
1a (1 mmol), and 2-propanol (3 mL) were placed successively in a Pyrex
glass vial . The reaction mixture was stirred vigorously with a Teflon-
coated magnetic stir bar (800 rpm) at 363 K (bath temperature) under Ar


Scheme 1. A possible reaction mechanism for Ru(OH)x/Al2O3-catalyzed reduction of allylic alcohols in the
presence of 2-propanol.
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(1 atm). The conversion and yield(s) were determined periodically by
GC analysis.
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Introduction


As important intermediates for dyes, urethanes, agrochemi-
cals, and pharmaceuticals, chloroanilines are commonly pre-
pared by selective hydrogenation of nitro compounds.[1]


However, besides the chloroaniline main product, several in-
termediates and side products, such as nitrobenzene (NB),
aniline (AN), azoxybenzene (AOB), azobenzene (AB), and
hydrazobenzene (HOB), have also been reported.[2] Selec-
tive hydrogenation of a,b-unsaturated aldehydes, which
would have great significance for the production of fine
chemicals, especially for use in the fragrance and flavor in-


dustry,[3,4] suffers from the same problem. Thus, increasing
efforts have been devoted to searching for new catalysts
with outstanding catalytic performance. In general, they can
be divided into two categories: single metals such as Pd, Pt,
Ru, or Ni supported on materials like MCM-41, a-alumina,
and SiO2,


[5] and alloys (e.g., NiB, CoB, NiP) or bimetallic
compounds (Ni–Cu, Ru–Cu, etc.).[6] Most nickel catalysts for
selective hydrogenation consist of Ni0 loaded on a support,
or framework NiII is reduced to Ni0.[7] Until now, few investi-
gations on selective hydrogenation with unreduced NiII cata-
lysts have been reported.
As a newly emerging nanoporous material with open


framework, the nickel phosphate VSB-5, which has out-
standing properties such as high BET surface area, ion-ex-
change capability, and shape-selective catalysis with high
thermal stability, has aroused considerable attention. In con-
trast to traditional aluminosilicate zeolites, the different va-
lences and various coordination numbers of the nickel ions
make VSB-5 one of the most promising materials for appli-
cations in optical, electronic, and magnetic fields. Guillou
et al.[8] concluded that Ni exists as NiII in VSB-5, and they
also studied the catalytic activity of reduced VSB-5 in selec-
tive hydrogenation of 1,3-butadiene. Before being used in
hydrogenation, VSB-5 was activated in H2 at 350 8C for sev-
eral hours, and the conversion rate of 1,3-butadiene in-
creased with increasing activation time. From this point of


Abstract: Nanoporous VSB-5 nickel
phosphate molecular sieves with rela-
tively well controllable sizes and mor-
phology of microspheres assembled
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view, VSB-5 has no essential differences to other Ni cata-
lysts.[9] After activation, NiII in VSB-5 has been reduced to
Ni0, which takes part in the reactions. Paul et al. investigated
hydrogen adsorption at 77 K of VSB-5 in comparison with
VSB-1, which showed the existence of coordinatively unsa-
turated Ni2+ sites accessible to H2 molecules in the pores of
VSB-5.[10] Jhung et al. studied isomorphous substitution of
transition metal ions[11] in nanoporous VSB-5, and such sub-
stituted sites may impart important redox and catalytic
properties. Gao et al. assembled Ag[12] and CdS[13] nanoar-
rays in the porous channels of VSB-5, in attempts to obtain
multifunctional catalysts with novel properties. Jhung et al.
used VSB-5 as a shape selective catalyst for epoxidation of
cyclic olefins with hydrogen peroxide.[14] Nevertheless, little
research on the catalytic activity of NiII in unreduced VSB-5
in selective hydrogenation of nitro compounds and a,b-unsa-
turated aldehydes has been reported until now. Thus, explor-
ing the catalytic properties of NiII in VSB-5, which would
have a completely different catalytic mechanism for selec-
tive hydrogenation, should have great significance for the
emergence of new kinds of catalysts.
Reported methods for the preparation of VSB-5 are hy-


drothermal synthesis at 180 8C for 5 days with organic dia-
mines as templates and microwave irradiation at 180 8C for
4 h with inorganic bases.[15,16] Both synthetic methods can
produce VSB-5 materials with a morphology of disordered
microrods. Until now, controllable synthesis of VSB-5 with
different morphologies and sizes has rarely been reported.[17]


Both shape and size control play significant roles in the fab-
rication of nanoscale catalytic devices for wider use of this
nanoporous material.[18,19,20] Furthermore, the exact growth
mechanism of VSB-5 is yet to be fully understood.
Here we report a facile hydrothermal approach for pro-


ducing VSB-5 microspheres assembled from nanorods with
control of the precipitation rate of a-Ni(OH)2 and rate of
reduction of HPO2


� to PO4
3� at 140 8C for about 6h by


using HMT as structure-directing agent and NaH2PO2 as re-
ducing agent and phosphorus source. Simply by adjusting
the pH value of the reaction solution, VSB-5 microspheres
assembled from wires and rods with different ranges of di-
ameters and aspect ratios can be obtained conveniently. The
growth mechanism of the VSB-5 microspheres was investi-
gated. In addition, the catalytic activity of this material in
selective hydrogenation of organic compounds such as sty-
rene, nitrobenzene (NB), trans-cinnamaldehyde (CAL), 3-
methylcrotonaldehyde (MCA), and 2-chloronitrobenzene
(2-CNB) was studied.


Results and Discussion


Controllable synthesis of VSB-5 microspheres assembled
from nanowires and rods


Effect of reaction time : Figure 1 shows the X-ray diffrac-
tion (XRD) patterns of the as-prepared products ob-
tained at 140 8C and pH 5.58 with the same


NiCl2·6H2O:HMT:NaH2PO2·H2O molar ratio (MR) of
1:10:15 for different reaction times. As the reaction time in-
creased from 1 to 6 h, the crystallinity of the product im-
proved. All peaks in Figure 1d–f can be readily indexed as
those of typical VSB-5 phase reported previously. [8] The X-
ray fluorescence (XRF) data (Table 1) provide further con-


firmation. The Ni:P atomic ratio of 1.69 is almost the same
as that of 1.67 reported by Park et al.[8] The presence of C
and N in the product may be due to incompletely decom-
posed product Ni(OH)2�xACHTUNGTRENNUNG(A


n�)x/nACHTUNGTRENNUNG(HMT)y·z·H2O (A=PO4
3�,


HPO4
2�, HPO2


�).[21]


The growth process of these structures in the closed auto-
clave was carefully monitored by time-dependent experi-
ments. The XRD patterns in Figure 1 and FESEM images in
Figure 2 clearly reflect the transformation process of the mi-
crospheres. Initially, many aggregates linked like necklaces
were present in the products (Figure 2A), which the XRD
pattern confirmed to be amorphous (Figure 1a). After reac-
tion for 2 h, the surfaces of the necklace-like aggregates
became coarse and bushy (Figure 2B). After 3 h, the prod-
uct consisted of disperse VSB-5 rods and numerous flower-
like microspheres assembled from thin films, which could be
identified as a-Ni(OH)2 (Figure 2C).


[21] The images in Fig-
ure 2D and E suggest that the preformed a-Ni(OH)2 acted
as a sacrificial template for the formation of VSB-5 micro-
spheres. On further reaction, more and more VSB-5 wires


Figure 1. XRD patterns of the products obtained after reactions at 140 8C
for different reaction times and molar ratio 1:10:15. a) 1, b) 2, c) 3, d) 4,
e) 5, and f) 6 h.


Table 1. XRF data of VSB-5.


Element Weight% Atom%


Ni 70.03 47.95
P 21.86 28.35
C 2.06 6.90
N 5.56 15.94
Na 0.49 0.86
total 100 100
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were observed in the product, and microspheres assembled
from wires gradually formed (Figure 2G).
The general overview FESEM image in Figure 2G shows


that the product consists of relatively uniform urchinlike mi-
crospheres with an average size of 10–17 mm assembled
from many hexagonal wires with an average diameter of
195 nm and lengths of up to 17 mm. From the transmission
electron microscopy (TEM) image in Figure 2H, the wires
did not grow from one core while just overlapping together.
During TEM observations, the relatively long exposure of
the sample to the electron beam leads to destruction of the
microspheres, accompanied by formation of amorphous bent
rods.


Effect of the amount of NaH2PO2·H2O : The influence of the
amount of NaH2PO2·H2O on the phase transformation was
investigated (Figures 3 and 4). When the amount of
NaH2PO2·H2O was kept at 5 mmol in the reaction system,
the product became completely a-Ni(OH)2, as could be con-
firmed by the corresponding XRD pattern in Figure 3 a
(JCPDS 38-0715), and flowerlike a-Ni(OH)2 spheres con-
structed from nanosheets were observed (Figure 4B). A
mixture of VSB-5 and a-Ni(OH)2 was obtained when the
amount of NaH2PO2·H2O increased to 8 mmol (Figure 3b,
Figure 4 A). When the amount of NaH2PO2·H2O was in-
creased to 15 mmol, the resultant product was pure VSB-5
with urchinlike microspherical shape, as shown in Fig-


ure 2G. Thus, suitable amounts of NaH2PO2·H2O and HMT
are essential for formation of the VSB-5 microspheres.


Effect of pH : The influence of the pH value on the final
products was investigated. Reactions that took place outside
the pH range of 4.2 to 9.0 did not form VSB-5. Figure 5 il-
lustrates that the shape of VSB-5 is strongly dependent on
pH. With increasing pH, the morphology of VSB-5 changes
from disperse rods, through urchinlike microspheres assem-
bled from wires, to a large number of fibers. Thus, pH value
is another key parameter for formation of VSB-5 micro-
spheres. Moreover, it is vital for manipulating the diameters
and aspect ratios of the final products. When the initial pH
of the reactant solution was adjusted to as low as 4.21
before introduction into the autoclave, homogeneous short
rods with well-defined hexagonal-prismatic shape (Sam-
ple A) with an average diameter of 800 nm and aspect ratio
of about 15 were obtained (Figure 5A and inset). With in-
creasing pH, the diameter decreased and the aspect ratio in-
creased. For example, the product obtained at pH 8.1 is
composed of a majority of rods with a diameter of 140 nm
(Figure 5E, see also Figure S1 in the Supporting Informa-
tion). At pH 9.0, the diameter decreased to about 120 nm
and the aspect ratio of the VSB-5 fibers increased to 100 or
more (Figure 5F). Detailed data are listed in Table 2. This
phenomenon could be explained rationally by a series of


Figure 2. FESEM images of products prepared at 140 8C and MR=


1:10:15 for different reaction times. A) 1, B) 2, C) 3, D), E) 5, and
G) 6 h, F) magnified view of G), H) TEM image of the sample shown in
G).


Figure 3. XRD patterns of products prepared at 140 8C for 6 h with differ-
ent molar ratio. a) 1:10:5, b) 1:10:8, and c) 1:10:15.


Figure 4. FESEM images of products prepared at 140 8C for 6 h with dif-
ferent molar ratio. A) 1:10:8 and B) 1:10:5.
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chemical reactions occurring in this system. The competition
of nucleation with growth was always accompanied by a
change in pH value in the whole reaction system, which
result in such changes in diameter and aspect ratio.


FTIR and thermogravimetric analysis of nanoporous VSB-
5 : The FTIR spectrum in Figure 6 shows bands at 3443,
3379, 1620, 1461, 1394, 1325, 1104, 1031, 973, 592, 509,
450 cm�1. The wide band at 3443 cm�1 is attributed to the
nOH vibration of H-bonded water molecules located in the
structure of VSB-5. The bending vibrational mode of the in-
terior water molecules is found at 1620 cm�1. The narrow
peak at 3379 cm�1 could be assigned to the nNH vibration.
The series of bands at 1461, 1394, 1325 cm�1 are characteris-
tic for nCN. The band at 592 cm


�1 could be attributed to d-O-


H. The peaks at 509 and 450 cm
�1 are assigned to M�O and


M-O-H bending vibrations (nNiO and dNi-O-H). The absorp-
tions between 1031 and 592 cm�1 are attributed to P�O vi-
brations of the PO4 tetrahedra in the VSB-5 structure. The
XRF data in Table 1 further confirmed the FTIR data of
VSB-5 material.
The thermogravimetry/differential thermal analysis (TG/


DTA) plot in Figure 7 shows four steps with distinctive net
weight losses of 12.49 (step A, up to 250), 2.17 (step B, 250


to 380), 6.26%wt (step C, from 380 to 460), and 1.36 wt%
(step D, from 460 to 800 8C). The total weight loss of
21.28 wt% is a little higher than that reported previously,[8]


which could be attributed to the incompletely decomposed
product Ni(OH)2�xACHTUNGTRENNUNG(A


n�)x/n ACHTUNGTRENNUNG(HMT)y·z·H2O.
[22,23] The product


after thermogravimetric analysis was examined by XRD,
and its pattern could be indexed to that of the condensed
Ni3ACHTUNGTRENNUNG(PO4)2 phase (JCPDF Card No. 70-1796; see Figure S2 in
the Supporting Information).


BET analysis of nanoporous VSB-5 : The BET surface areas
of all samples were determined by N2 adsorption with an
ASAP-2020 surface area analyzer (Table 2). Sample A pre-
pared at pH 4.21 has the largest BET surface area
(285.3 m2g�1), most of which is contributed by micropores


Figure 5. FESEM images of products prepared at 140 8C with the molar
ratio 1:10:15 at different pH values. A) 4.21, B) 5.58, C) 6.01, D) 7.02,
E) 8.10, and F) 9.00.


Table 2. Analytical data of samples prepared at different pH values with
other conditions unchanged.


Sample pH MR dav
[a] [nm] ABET [m


2g�1] Reaction
time [h]


A 4.21 1:10:15 800 285.30 17
B 5.58 1:10:15 195 184.44 6
C 6.01 1:10:15 185 204.70 6
D 7.06 1:10:15 175 212.24 8
E 8.10 1:10:15 140 161.652 8
F 9.00 1:10:15 120 122.859 6


[a] Average diameter of most rods.


Figure 6. FTIR spectrum of urchinlike VSB-5 microspheres.


Figure 7. TG/DTA curves of urchinlike VSB-5 microspheres. The dashed
line shows the DTA curve in the process.
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(ca. 256.3 m2g�1). The N2 adsorption/desorption isotherm
and the pore size distribution curve of sample A are shown
in Figure 8. Hysteresis of the desorption branch is due to


hindered desorption, which is often observed in particulate
samples.[24] The inset curve of Figure 8 shows that the VSB-5
retained a uniform framework with pore size distribution
centered around 0.9 nm, only slightly different from the
value of 1.1 nm reported previously.[12, 13] From the data in
Table 2, it can be concluded that the BET surface area in-
creases with decreasing pH.


Reaction mechanism : The reactions occurring in this system
can be described by Equations (1)–(7).


ðCH2Þ6N4 þ 6H2O! 6HCHOþ 4NH3 ð1Þ


NH3 þH2O! NH4
þ þOH� ð2Þ


Ni2þ þ 2OH� ! a-NiðOHÞ2 ð3Þ


H2PO2
� þ 2HCHOþ 2H2OÐ PO4


3� þ 2HCH2OHþ 2Hþ


ð4Þ


PO4
3� þ 2Hþ ! H2PO4


� ð5Þ


PO4
3� þHþ ! HPO4


2� ð6Þ


20Ni2þ þ 12OH� þ 4 PO4
3� þ 8HPO4


2� þ 18H2O


! Ni20½ðOHÞ12ðH2OÞ6�½ðHPO4Þ8ðPO4Þ4� 	 12H2O
ð7Þ


Decomposition of HMT could result in several chemical
reactions. The resulting products HCHO and NH3 play dif-
ferent roles in the whole reaction process: HCHO oxidizes
H2PO2


� to PO4
3�, and NH3 is the origin of the OH


� in a-
Ni(OH)2.


[22] From the structural formula of VSB-5, it is clear
that the molar ratio of (PO4


3�+HPO4
2�) to OH� is 1:1. The


decomposition of each three HMT molecules will produce
9(PO4


3�+H2PO4
�+HPO4


2�) and 12OH� simultaneously if
all the resultant products can be taken advantage of effec-
tively. Hence, an initial excess of OH� in the system results
in the formation of flowerlike a-Ni(OH)2, formed as report-
ed by us previously.[21] The whole reaction process proceeds
with accompanying competitive reactions of Ni2+ ions with
PO4


3� and OH�. At the beginning, the amount of OH� is ex-
cessive, and its reaction with Ni2+ ions dominates. Then
abundant OH�, a small quantity of PO4


3�, and undecom-
posed HMT react together to form a-Ni(OH)2 hybrid inor-
ganic–organic composites.[21] As the reaction proceeds, the
amount of PO4


3� and HPO4
2� increases gradually. Since the


thin films with thickness of about 15–50 nm assembled into
spinous a-Ni(OH)2 flowers, the surface energy is higher
here than elsewhere because of the slender diameter.
Hence, these areas are the most easily dissolved and at-
tacked by PO4


3� and HPO4
2� ions. Recrystallization should


occur via Ostwald ripening with dissolved Ni2+ and OH�


ions from the triple junctions of a-Ni(OH)2 microspheres
and enough PO4


3� and HPO4
2� ions in the vicinity growing


to VSB-5 nanorods.[25] As the reaction proceeds, a-Ni(OH)2
dissolves gradually and microspheres of VSB-5 assembled
from nanorods form simultaneously if enough resultant
PO4


3� and HPO4
2� ions are near the a-Ni(OH)2. When the


concentrations in the vicinity are too low to produce VSB-5,
then the dissolved Ni2+ and OH� would gradually disperse
in the whole aqueous solution and react to form unordered
VSB-5 rods. This process also accelerates the dissolution
rate of a-Ni(OH)2. In acid solution, the equilibrium of
Equation (4) evidently shifts to the left. The restricted pro-
duction rate of PO4


3� ions leads to a decreased nucleation
rate of VSB-5, which favors formation of VSB-5 rods with
larger diameters, because the nucleation rate is lower than
the growth rate. Nevertheless, the reaction time to obtain
complete VSB-5 rods was prolonged due to the restraining
effect of H+ , which is illustrated clearly in Table 2. In con-
trast, superlong and much thinner VSB-5 wires were pro-
duced on a large scale after a much shorter reaction time. In
fact, in the whole growth process of VSB-5, competition be-
tween growth and nucleation rates cooperate with the com-
petition between OH� and PO4


3� ions for reaction with Ni2+


. In summary, by controlling the transformation process of
relative amounts of OH� and PO4


3� ions in solution, VSB-5
microspheres assembled from superlong nanowires, which
have not been reported so far, and a series of VSB-5 fibers
with controlled sizes can be prepared by the present facile
hydrothermal method in much shorter time at low tempera-
ture.


Catalytic properties of VSB-5 in selective hydrogenation :
We tested the catalytic properties of the sample of VSB-5
obtained at pH 4.21 in selective hydrogenation of aromatic
nitro compounds and a,b-unsaturated aldehydes [Eqs. (8)–
(12)]; the results are summarized in Table 3.
The conversion of styrene to ethylbenzene can reach


17.9%, and thus NiII in VSB-5 clearly shows catalytic activi-


Figure 8. N2 adsorption/desorption isotherm and pore size distribution
(inset) of sample A
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ty in this hydrogenation reaction. Although conversion is
low, it is proof of the hydrogenation activity of NiII, which
has rarely been reported until now.
To further examine the catalytic activity of VSB-5 in se-


lective hydrogenation of other functional groups, trans-cin-
namaldehyde (CAL), 3-methylcrotonaldehyde (MCA), ni-
trobenzene (NB), and 2-chloronitrobenzene (2-CNB) were
chosen. Hydrogenation of the unsaturated aldehydes CAL
and MCA gave hydrocinnamaldehyde (HCAL) and 3-meth-
ylbutyraldehyde (MBA), respectively. These two reactions
prove that VSB-5 can hydrogenate a C=C bond selectively
as opposed to the C=O bond in unsaturated aldehydes. Hy-
drogenation of NB gave aniline with high selectivity
(89.8%), while in the reduction of 2-CNB the selectivity for
2-chloroaniline (2-CAN) reached 96.6%. Thus, nearly all of
the selected hydrogenation reactions could be performed
with VSB-5 catalyst with high selectivity, although it still has
the disadvantage of lower catalytic activity. This may be at-
tributable to the 0.9 nm pore size of the VSB-5 prepared
here, which may affect diffusion of larger molecules and


thus decrease the reaction
rate.[26] It has been proposed
that for efficient reduction of
larger organic molecules, pores
with diameters exceeding
1.5 nm are necessary to host the
hydrogenation active site and
the molecules at the same
time.[27]


To investigate the catalytic
activity of VSB-5 prepared at
different pH values, we chose
the selective hydrogenation of
2-CNB (Table 4). The VSB-5
catalysts have high selectivity
for 2-CAN regardless of the pH
at which they were prepared.
Keeping all other catalytic pa-
rameters the same as above, we
found that alkaline preparation
of catalysts seems to be benefi-
cial for the conversion of 2-
CNB to 2-CAN. Both catalysts
obtained in alkaline solution
gave yields of 2-CAN higher
than 70.0%, which is unusual
for this catalyst. In contrast,
conversion was only 14.5, 11.0,
and 34.6% for catalysts pre-
pared at pH 4.21, 6.01, and 7.06,
respectively. However, a special
case was the sample prepared at
pH 5.58, for which conversion
reached 78.5%, although the
reason is still unclear. Despite


this, we could conclude that the conversion rate of 2-CNB
can be more influenced by preparing catalysts at different
pH values than by morphology. Considerable work is still
needed to improve the catalytic activity and to explore the
exact mechanism of selective hydrogenation with NiII in
VSB-5 prepared under different conditions.


Conclusion


Large-scale synthesis of nanoporous VSB-5 materials with
urchinlike microspherical morphology and controllable


Table 3. Results of selective hydrogenations of several unsaturated compounds with VSB-5.[a]


Run Substrate Product Solvent T [8C] t [h] Conversion [%] Selectivity [%]


1 styrene ethylbenzene benzene 40 4 17.9 –
2 CAL hydrocinnamaldehyde hexane 60 5 11.5 100
3 MCA 3-methylbutyraldehyde hexane 50 10 40.6 99.1
4 NB aniline ethanol 50 10 6.3 89.8
5 2-CNB 2-chloroaniline hexane 50 10 14.5 96.6


[a] Reaction conditions: substrate 1 mmol, solvent 2 mL; molar ratio of substrate:VSB-5 50:1; H2 pressure
5MPa.


Table 4. Results of selective hydrogenation of 2-CNB with VSB-5 at dif-
ferent pH values


pH value 5.58 6.01 7.06 8.10 9.00


conversion [%] 78.5 11.0 34.6 71.3 72.0
selectivity [%] 98.7 99.1 97.3 98.2 98.6


Chem. Eur. J. 2008, 14, 4074 – 4081 I 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 4079


FULL PAPERVSB-5 Microspheres and Microrods



www.chemeurj.org





aspect ratios and diameters has been realized by a conven-
ient hydrothermal process in shorter reaction time at low
temperature. By controlling the rate of release of Ni2+ in a
preformed sacrificial template of a-Ni(OH)2, the rate of oxi-
dation of HPO2


� to PO4
3�, and pH value, urchinlike VSB-5


microspheres can be produced. In addition, VSB-5 micro-
rods with different diameters and urchinlike microspheres
assembled from wires can be obtained on a large scale
simply by adjusting the pH of the reaction solution. Reac-
tion time, pH value, and ratio of HMT to NaHPO2·H2O sig-
nificantly influence the morphology and quality of the final
products. The catalytic activity of NiII in VSB-5 for selective
hydrogenation of several unsaturated organic compounds
was tested. It could catalyze reduction of nitrobenzene and
2-chloronitrobenzene to aniline and 2-chloroaniline, and
also showed relatively high selectivity for hydrogenation of
C=C as opposed to C=O in unsaturated aldehydes, which
would have potential applications in synthesizing dyes, agro-
chemicals, pharmaceuticals, and fragrances.


Experimental Section


Chemicals : The following analytical-grade reagents were purchased from
the Shanghai Chemical Reagents Company and used without further pu-
rification: NiCl2·6H2O, hexamethylenetetramine (HMT, C6H12N4), NaH-
PO2·H2O, benzene, hexane, ethanol, styrene, nitrobenzene (NB), trans-
cinnamaldehyde (CAL), 3-methylcrotonaldehyde (MCA), and 2-chloro-
nitrobenzene (2-CNB).


Synthetic procedures : In a typical procedure, 1 mmol of NiCl2·6H2O,
10 mmol of HMT, and different amounts of NaHPO2·H2O were added
into 25 mL of deionized water with stirring until the solution was clear.
Then, HCl (1m) or NH3·H2O (1m) was used to adjust the pH of the solu-
tion to the desired value. Then the solution was transferred to a Teflon-
lined autoclave with a volume of 35 mL. The autoclave was sealed and
maintained at 140 8C for several hours, and then allowed to cool to room
temperature. After the reaction, the green or gray-green precipitate was
separated from the solution by centrifugation, washed with deionized
water and absolute ethanol several times, and dried under vacuum at
60 8C for 4 h. The dried sample was dehydrated at 350 8C for 1 h under
vacuum and kept in a closed desiccator. Based on elemental nickel, the
final yield of VSB-5 can be as high as 91.4%.


Selective hydrogenation : The reaction was performed in a 50 mL stain-
less steel autoclave reactor with a magnetic stirrer. A definite quantity of
the catalyst, organic precursor, and solvent were put into the reactor
under nitrogen atmosphere and the reaction was carried out with contin-
uous stirring at the desired temperature and a hydrogen pressure of
5MPa). After the reaction, the reaction mixtures were centrifuged and
analyzed by gas chromatography with an FID detector (Shimadzu GC-
2010) and a chiral capillary column (Rtx@-50, 30 mN0.25 mN0.25 mm).


Characterization : The products were characterized by X-ray diffraction
pattern, recorded on a MAC Science Co. Ltd. MXP 18 AHF X-ray dif-
fractometer with monochromatized CuKa radiation (l=1.54056 O).
Transmission electron microscopy (TEM) was performed on a Hitachi
(Tokyo, Japan) H-800 transmission electron microscope at an accelerating
voltage of 200 kV. FESEM images were taken on a JEOL JSM-6700F
field emission scanning electron microscope at 10 kV; the IR spectrum
was obtained on a Magna-IR-750 spectrometer; thermogravimetric analy-
sis (TGA) was carried out on a TGA-50H thermal analyzer (Shimadzu
Corporation) with a heating rate of 10 8Cmin�1 in flowing air. X-ray fluo-
rescence (XRF) measurements were performed on a XRF-1800 X-ray
fluorescence spectrometer (Shimadzu Corporation) at room temperature.


N2 adsorption was determined by BET measurements with an ASAP-
2020 surface area analyzer.
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