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CORRIGENDA
In the paper by P. G¸tlich, J.-M. Lehn et al. published in Chem. Eur. J. 2003, 9, 4422, there was an error. The order of the ligands
A ±H shown in Scheme 1 was not correct and should be changed as shown below. The numbering of complexes 1 ± 8 is correct.


Scheme 1. Ligands A ±H and [2� 2] grid complexes 1 ± 8.
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Introduction


For several decades, the field of supramolecular chemistry has
been dominated by studies dealing with multidentate Lewis
bases. More recently, the lack of receptors capable of
complexing both neutral and anionic electron-rich substrates
led to the emergence of polydentate Lewis acids.[1] Typically,
such derivatives are comprised of several electrophilic main-


group element moieties linked by organic or inorganic
backbones. Polyfunctional organomercurials constitute one
of the most developed classes of polydentate Lewis acids. In
addition to being air and water stable, the unsaturated
mercury(��) centers of these derivatives exhibit appreciable
Lewis acidity in a direction perpendicular to the primary
bonds. Taking advantage of these properties, several poly-
dentate organomercurial species have been constructed and
have now emerged as useful Lewis acidic hosts[2±5] and
catalysts.[6±8] Most of the compounds used as anion receptors
are macrocyclic species. These include tri- and tetranuclear
mercuracarborands developed by Hawthorne[2] as well as a
series of fluorinated species investigated by the group of
Shur.[3, 4] In this collection of species, trimeric perfluoro-ortho-
phenylenemercury ([(o-C6F4Hg)3], 1) stands out as a unique
tridentate Lewis acid. The nature of the metal, the planarity of
the structure, the electron-withdrawing properties of the
backbone, as well as the proximity and accessibility of the
mercury(��) centers make for a distinctive set of chemical
properties, which will be showcased in this Concept article.


Synthesis


The synthesis of this compound was reported several decades
ago and involves the decarboxylation of the tetrafluoro-
phthalatemercury salt (Scheme 1).[9] The molecule possesses
three mercury(��) centers located at approximately 3.5 ä from
one another thus forming an equilateral triangle. The 199Hg
and 19F NMR-active nuclei can be used as spectroscopic
handles to monitor its chemistry (Scheme 1).[10]


Cooperative Effects and Lewis Acidic Properties


In addition to cooperative effects arising from the proximity
of the mercury(��) centers, the electron-withdrawing proper-
ties of the backbone and the accessibility of the mercury
centers convey unusual Lewis acidic properties to the
molecule.[11] The importance of this electronic effect is nicely
illustrated by the relative halophilicity of 1 and that of its non-
fluorinated analogue trimeric ortho-phenylenemercury
([(o-C6H4Hg)3]).[12] As shown by Shur, while both molecules
interact with halide ions in solution, the lability of the
complex formed by [(o-C6H4Hg)3] impedes their isolation and
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Scheme 1. Synthesis of 1; 19F and 199H NMR spectroscopic features in
CH2D2 (CFCl3 and Me2Hg external reference).


structural characterization.[13] With 1, however, a number of
anionic complexes including bromide, iodide, and thiocyanide
salts have been isolated.[13±15] These anionic complexes adopt
multidecker structures with the anions sandwiched between
successive molecules of 1 (Figure 1). As a result of this


Figure 1. Space-filling model of a portion of the polymeric structure of
[1 ¥ SCN]� .[15]


structure, the anion interacts with all neighboring mercury
centers and is, therefore, hexacoordinate. It is worth noting
that ESI mass spectrometric studies carried out in collabo-
ration with Russell suggest the gas-phase formation of stable
2:1 complexes in which the halide, that is, fluoride, chloride,
bromide, or iodide, is sandwiched by two molecules of 1
(Figure 2).[16] While these 2:1 complexes have not been
detected in solution, Chistyakov and co-workers have pre-
dicted their existence on the basis of quantum chemical
calculations.[4a] We also note that Hawthorne has isolated
discrete sandwich species in which a halide anion is octahe-
drally coordinated to the mercury centers of two mercura-
carborand-3 receptors.[17] Related double-decker anionic
sandwich complexes involving two molecules of 1 and a
closo-borane such as [B10H10]2� or [B12H12]2� have been
recently isolated and structurally characterized.[3] In this case
the dianionic guests form multiple B-H-Hg bridges with the
mercury centers of 1.


Figure 2. Left: ESI MS-MS spectra of the bridged fluoride complex
[12 ¥ F]� observed at m/z 2118.8. Right: putative structure of the [12 ¥ F]� ;
phenylene F atoms omitted.[16]


The Lewis acidic properties of this derivative are also
substantiated by its propensity to form adducts with neutral
electron-rich substrates. While this chemical trait was brought
to light several decades ago by Massey,[18] the structural
characterization of some of these adducts has only been
recently achieved. As shown by the structures of the HMPA,
DMSO, DMF, ethyl acetate, and acetonitrile adducts,[10, 19, 20]


complex 1 is able to coordinate two molecules of the donor
above and below the plane formed by the three mercury
atoms. In the case of the DMSO and ethyl acetate adducts, a
third molecule of the organic substrate binds to one of the
mercury centers in a terminal fashion. In all adducts, the three
mercury centers of 1 cooperatively interact with the electron-
rich terminus of the triply bridging organic substrates. The
formation of adducts is not limited to the cases of sulfoxides,
formamides, and nitriles; rather it also includes less basic
substrates such as ketones and aldehydes.[21] For example, we
found that the crystallization of 1 from pure acetaldehyde
leads to the formation of the 1:1 complex [1 ¥�3-(CH3COH)]
in which the three mercury centers of 1 cooperatively interact
with the oxygen atom of the organic carbonyl (Figure 3).[22]


Figure 3. Molecular structure of [1 ¥ �3-acetaldehyde] showing the triple
coordination of the carbonyl oxygen atom.[22]


The resulting Hg�O distances range from 2.912(13) to
2.965(8) ä and are within the sum of the van der Waals radii
for oxygen (rvdw� 1.54 ä)[23] and mercury (rvdw� 1.73 ±
2.00 ä),[24, 25] thus indicating the presence of a donor inter-
action. A similar conclusion can be reached by inspecting the
IR spectrum of this adduct, which reveals a weakened
carbonyl stretching vibration (�CO� 1706 vs 1726 cm�1 in
pure acetaldehyde). Related structures are also observed with
ketones including acetone and benzophenone.[22, 26]
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Non-covalent interactions


Although it is sometimes difficult to differentiate between the
occurrence of covalent and non-covalent interactions, the
formation of adducts involving 1 and both neutral and anionic
electron-rich substrates apparently results from weak dative
bonds. Such bonds have often been observed in the chemistry
of organomercury compounds and are typically referred to as
secondary interactions. Yet, in several other instances, the
structural chemistry of 1 points to the existence of non-
covalent interactions. We were able to isolate crystals of pure
1 by slow evaporation of a CS2 solution.[27] Analysis of the
crystals reveals the formation of staggered cofacial dimers in
which the monomeric units are spaced by only 3.38 ä
(Figure 4). This arrangement places the monomeric units in
close contact and results in intermolecular Hg ¥¥ ¥ C distances


of 3.443 ± 3.650 ä and Hg ¥¥¥Hg distances of 3.811 ± 4.093 ä.
While the Hg ¥¥¥ C distances might reflect the formation of
polyhapto ±� interactions, it should be kept in mind that by
virtue of fluorination, the phenylene ring is electron poor and,
thus, unlikely to significantly complex the mercury atoms.
Hence, other interactions are probably responsible for the
observed arrangement. In particular, it appears acceptable to
invoke the participation of dispersion forces between these
largely aromatic molecules. Moreover, relativistic effects at
mercury cause a contraction of the s and p orbitals followed by
an increased shielding of the nuclear charge. As a result, the d
electrons and especially the 5d10


shell experience a greater radial
extension accompanied by an
increase in polarizability.[28]


This effect, which also permits
the occurrence of metallophilic
interactions,[29] contributes to
the general polarizability of 1
thereby adding to its ability to
engage in dispersion interac-
tions. Further evidence for this
type of effect has been ob-
served in the structure of the
acetone adduct [1 ¥ �3-
((CH3)2CO)], which also forms


cofacial dimers (Figure 4). In this case, however, the parallel
trinuclear mercury units are separated by 3.46 ä from one
another and adopt an offset arrangement. Both components
are held by mercurophilic interactions of 3.51 ä, which is only
slightly larger than the mercurophilic interaction distance
calculated for the perpendicular (HgMe2)2 dimer.[25] As
demonstrated by Fackler, metallophilic interactions are also
responsible for the formation of supramolecules involving 1
and trinuclear gold complexes.[30]


Complexation of arenes


Arene mercurations constitute a common set of reactions.
They follow an electrophilic substitution mechanism and
substantiate the strong interactions that can occur between
Hg�� ions and aromatic substrates. This chemical characteristic


is supported by the isolation
and structural characterization
of arene ±mercury �-complexes
involving either HgI[31] and HgII


ions.[32±35] In these complexes,
the arene is typically �2-coordi-
nated to the mercury center
through Hg�Carene bonds rang-
ing from 2.3 to 2.7 ä. Weaker
interactions are observed be-
tween aromatic substrates and
the mercury center of neutral
organomercurial derivatives.
With Hg�Carene distances in the
range of 3 to 3.4 ä, these inter-
actions are inherently weak[36]


and occur mainly in an intra-
molecular fashion.[37] However, recent reports indicate that
unsupported examples of such complexes can be isolated in
the case of fluorinated organomercurials.[38]


We found that compound 1 crystallizes from benzene to
afford [1 ¥ C6H6].[39] This adduct is very stable and can be kept
for months at room temperature. It starts losing benzene at
70 �C as shown by TGA. X-ray analysis reveals the formation
of extended stacks that consist of nearly parallel, yet
staggered molecules of 1 that sandwich benzene molecules
(Figure 5). These stacks are rather compact (centroid distance
of 3.24 ä) so that secondary �-interactions occur between the


Figure 4. View of the cofacial dimers formed in the structure of 1 and [1 ¥ �3-acetone].[26, 27]


Figure 5. Left: Side and top view of a portion of a stack in the structure of [1 ¥ C6H6]; F and H atoms are omitted
from top view.[39] Right: simulated and observed 2H NMR line shapes of [1 ¥ C6D6]. Color code: Hg, red; C, grey;
F, green; H, light blue.
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benzene molecule and the mercury centers. Each of the six
C�C bonds of the benzene molecule interacts with one of the
six mercury centers of the two juxtaposed molecules of 1. The
resulting Hg�Cbenzene distances of 3.408 and 3.457 ä are within
the sum of the van der Waals radius of mercury (rvdw� 1.73 ±
2.00 ä)[24, 25] and that usually accepted for carbon in aromatic
system (rvdw� 1.7 ä).[40] As a result, the benzene is hexacoor-
dinated in a �6-�2 :�2 :�2 :�2 :�2:�2 fashion. In an effort to
account for the Lewis acid character of 1, we have proposed
that the cohesion of this supramolecule results from the
donation of electrons from the benzene �-orbitals into sets of
empty 6p orbitals of the mercury atoms. To further probe the
nature of the interactions present in this supramolecule, we
have measured and analyzed the static solid-state wide-line
deuterium NMR spectrum of [1 ¥ C6D6] at different temper-
atures. As shown by the spectra (Figure 5), the line shape
already features some distortion arising from molecular
reorientation at �120 �C. Line narrowing occurs at higher
temperature indicating that the guest molecule enters the
intermediate motional regime. These spectra could be sat-
isfactorily simulated on the basis of an in-plane 60� reor-
ientation of the benzene guest and yielded, after an Arrhenius
analysis, an activation energy of 52� 4 kJmol�1. To our
knowledge, this is the highest activation energy measured
for the in-plane 60� reorientation of an enclathrated or
complexed benzene molecule.[41±44] In turn, this observation
suggests the presence of directional interactions between the
mercury atoms of 1 and the benzene molecules.


In a continuation of these studies, we extended our
investigations to larger aromatic substrates such as biphenyl,
naphthalene, pyrene, and triphenylene and found that these
arenes readily form binary adducts with 1 in CH2Cl2
(Scheme 2).[27, 45] In all cases, the 1:1 stoichiometry of the


Scheme 2. Formation of binary stacks by interaction of 1 with arenes.


resulting adducts has been confirmed by elemental analysis as
well as X-ray structural studies (Figures 6 and 7). The solid
state structure of these compounds consists of extended stacks
in which eclipsed molecules of 1 alternate with the aromatic
substrate. While the orientation of the arene with respect to
the mercury centers of 1 appears random, it is important to
note the presence of short Hg�Carene contacts which range
from 3.25 to 3.55 ä. As in [1 ¥ C6H6], these contacts possibly
reflect the presence of secondary polyhapto ±� interactions
occurring between the electron-rich aromatic molecules and
the acidic mercury centers. These interactions, including those
observed in [1 ¥ C6H6], must, however, be relatively weak as no


Figure 6. Portion of a stack observed in the structure of [1 ¥ pyrene]
showing the short contacts between the carbon atoms and the mercury
centers.[45]


lengthening could be detected in the C�C bonds of the
aromatic molecule. Hence, both electrostatic and dispersion
forces probably contribute to the cohesion of these assem-
blies.


Figure 7. Left: Space-filling models of the binary stacks observed in the
structures of [1 ¥ naphthalene]. Right: emission spectrum for [1 ¥ naphtha-
lene] recorded at room temperature.[27] Color code: Hg, red; C, grey; F,
green, H, light blue.


The biphenyl, naphthalene, pyrene, and triphenylene com-
pounds display an intense room temperature photolumines-
cence in the visible part of the spectrum.[27, 45] As shown by
their emission spectra, the energy of the bands present in the
luminescence spectrum correspond very closely to that
expected for the T1�S0 phosphorescence of the aromatic
substrates (Figure 7). While the excitation mechanism re-
mains to be elucidated, these observations indicate the
occurrence of a mercury heavy-atom effect, which promotes
population of the T1 state of the aromatic derivative. Time-
resolved measurements obtained in collaboration with Omary
indicate excited state lifetimes ranging from 0.3 to 1 ms
depending on the temperature of the measurement. These
excited state lifetimes are longer than those typically meas-
ured for singlet excited state lifetimes, adding further support
to the triplet nature of the emitting state. They are, however,
shorter than those reported for the monomer phosphores-
cence of the free arenes (0.7, 2.3, and 4.4 s for pyrene,
naphthalene, and biphenyl in frozen glasses, respectively); this
substantiates the strong mercury heavy atom effect that
makes the T1�S0 phosphorescence transition a more allowed
transition.
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Conclusion


In conclusion, trimeric perfluoro-ortho-phenylene mercury
constitutes a remarkably versatile derivative that can serve as
a tridentate Lewis acid. While the complexation of anions and
basic organic substrates has been previously investigated, we
have been able to show that 1 has an affinity for weakly
coordinating organic substrates, such as aldehydes and
ketones. Our work also points to the propensity of this
trinuclear derivative to engage in non-covalent interactions
including mercurophilic interactions and dispersion interac-
tions. The combination of these properties possibly accounts
for the rich supramolecular chemistry that 1 exhibits with
aromatic substrates. It is noteworthy that no thermodynamic
data accounting for the stability of the complexes is currently
available. Current efforts in our laboratory center on the
incorporation 1 in sensors and light emitting materials.
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Introduction


Availability is everything. Consequently, any protocol that
represents a more efficient alternative to a long and tedious
process is always welcome. Templation is one such protocol
that engenders, among other things, mass production and the
construction of countless architectural designs. In chemical
terms, templation involves the use of a molecule or ion to
promote the formation of one compound from a reaction that
would otherwise form a complex mixture.[1] Using a molecular


or ionic scaffold in this manner opens up new areas of
research, by providing efficient access to compounds that are
otherwise hard to synthesize using step-wise syntheses.


At the most rudimentary of levels, there are two types of
chemical template. Thermodynamic templates cause shifts in
the equilibria that relate the various constituents of a reaction.
Thus they form the basis of dynamic combinatorial libra-
ries.[2, 3] Kinetic templates on the other hand promote the
irreversible formation of one product by lowering the free
energy of activation of only its rate-determining step. Tran-
scription and translation, that is, the DNA-templated forma-
tion of messenger RNA and the RNA-templated synthesis of
proteins, respectively, are examples of kinetic templation.
Also coming under the heading of kinetic templation is
arguably the most familiar example of a synthetic templation
process, the synthesis of crown ethers (Scheme 1).[4, 5] In these
reactions, the rate of formation of the macrocycles is
intimately tied to the nature of the cation that is present.[6]


If it can fit snugly in the incipient crown, the reaction rate and
yield will be much greater than in the parallel experiment in
which an ill-fitting cation is present. The best-case scenarios of
such reactions lead to the efficient synthesis of the smaller
crown ethers; the [12]crown-4, [15]crown-5, and [18]crown-6
systems. As a result countless variations on these systems have
been synthesized,[7±9] including aza and thio derivatives, and
their cryptands[10] and calix-crown[11±13] conjugates. These
syntheses have been instrumental in the development of
chemical templation[1] and in our understanding of noncova-
lent forces involving cations.[14, 15] Furthermore, the ease of
these syntheses has resulted in crown ethers increasingly


finding application as phase-transfer reagents[16, 17] cata-
lysts,[16±18] membrane transporters,[19, 20] sensors,[21, 22] and in
separation technologies,[23] such as the removal of cesium from
alkaline nuclear waste.[24, 25] It is evident from a perusal of the
Chemical Abstracts that the focus of this swath of research has
been on relatively small macrocycles. Figure 1 shows the
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Figure 1. Number of ™hits∫ in a Chemical Abstract search of different
crown ethers ([n]crown-m).


results from a search of titles and abstracts containing the
term, ™[n]crown-m∫ (whereby m is an integer between 4 and
12, and n� 3�m). It is evident from this data that over 92%
of crown ether research has focused only(!) on the readily
templated crowns possessing macrocyclic chains of 18 atoms
or less.[26] Availability is everything!


What of larger crown ethers, or indeed larger macrocycles
in general? For crowns with more than roughly 24 atoms in
their macrocyclic chain, metal ions are just too small to be
effective templates. Generally it has therefore been necessary
to revert to step-wise syntheses, whereby the combination of
the multi-step processes, slow rates of the final cyclization
steps, and purification difficulties often leads to poor yields.
Alternatives are, however, constantly being devised. For
example, with macrocycles that are not conveniently deco-
rated with ligating atoms, one alternative is to change strategy
entirely and move the metal out of a central templation role
into a peripheral one. By this approach, ring-closing meta-
thesis allows the formation of large, relatively unfunctional-
ized macrocycles (Scheme 2).[27] Returning to templates that
literally play a central role in the efficient formation of a
target, if larger macrocycles are desired, then, simply put,
larger templates must be utilized. Figure 2 shows one such
example from the Sanders group.[28]


In the search for other sizable molecular templates that may
function in a similar fashion to the porphyrin in Figure 2, the
primary considerations must be availability and adaptability.
Any molecular template that is perceived by the chemical
community to fit these two criteria has exciting prospects.
Here we discuss the concept of using resorcinarenes[29±31] as


Figure 2. A cyclic porphyrin tetramer containing the tetrapyridylporphy-
rin template used to synthesize it.


templates.[32] These unique macrocycles undoubtedly fit the
first criteria of availability, although more research is neces-
sary to determine if they can also fulfill the criteria of
adaptability. If they can, they may be able to extend the
envelope of readily available macrocycles ™beyond∫
[18]crown-6.


Resorcinarenes as Templates


As is so often the case in science, the idea that resorcinarenes
can be used as templates came about in a rather serendipitous
manner. As the importance of serendipity in research can
never be over emphasized, we have embellished the descrip-
tion of the research leading to the concept with our thoughts
at that time.


Much of our recent research efforts have been directed
towards building large host molecules based on resorcinar-
enes such as 1. The first step towards this goal, the stereo-
selective bridging with benzal bromides, yields a family of
deep-cavity cavitands of general structure 2 (Scheme 3).[33±35]


Although eight new bonds and four new stereogenic centers
are formed in this process, yields as high as 70% are obtained.


This corresponds to an average
diastereoselectivity of �91%
for each of the stereogenic
centers, and an average of
�95% efficiency for the for-
mation of each of the new
bonds. The overall result of this
process can be expressed in a
number of ways. From a host ±
guest chemistry point of view,


the effect is to deepen the cavity of the resorcinarene.
However, an alternative viewpoint is that benzal bridging of
the resorcinarene positions the four new aromatic rings at set
distances from each other. In other words, it preorganizes
them in a positional or spatial sense. With the former
viewpoint still very much taking up our thoughts, we went


Scheme 2. A ring closing metathesis. The ruthenium carbene catalyst acts as a template.
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on to investigate the hosting properties of compounds of
general structure 2. Unfortunately these molecules are not
good hosts, a point of fact that we attributed to the poor
preorganization (in a rotational sense) of the second row of
aromatic rings. The logical step was therefore to inhibit this
rotation by linking together each of the rings in the second
row. Our first approach to this task has proven to be our most
successful to date. Thus, when the second row rings of 3 are
linked in an eightfold Ullmann ether reaction with resorcinol
(Scheme 4), the molecular host 4 is isolated in 88% yield.[36] In
this process, the average C�O bond is being formed with an
efficiency of greater than 98%. What is the root of this
efficiency? Undoubtedly the positional preorganization of the
second row of aromatic rings is important. However, experi-
ments also reveal that the nature of the base used in the
reaction is also crucial. Sodium carbonate does not work,
potassium carbonate is ideal, while cesium carbonate lies
somewhere between these two extremes.[37] Perhaps metal-ion
templation is also important.


We have gone on to examine some of the hosting properties
of 4 and related deep-cavity cavitands.[38±40] Our long-term
goals for these compounds include the development of shape-
selective reagents and catalysts, and in this regard it was a
concern for us that the four acetals of 4might be susceptible to
acid-catalyzed cleavage. To a host ± guest chemist this would
not be good news. However, as we just then realized, for a
chemist interested in templation, quite the opposite is true.
Thus, as the (retrospective) retrosynthesis shown in Scheme 5
demonstrates, an efficient formation of aromatic crown 5 can
be brought about by the cleavage of the four acetals of 4. As it
transpired, our worries of instability in acidic media were
unfounded. Host 4was returned unscathed after dissolution in
1:1 EtOH/H2SO4, and heating to reflux for one week.
Presumably, if one acetal group is cleaved, it can reform
before any other of the remaining acetals can be broken.
Considering now not just a host ± guest perspective, but also a
templation chemist×s point of view, some of our efforts turned
towards the destruction of our newly formed host; a notion


Scheme 3. The synthesis of deep-cavity cavitands (R1��CH3,�(CH2)3CH3,�CH2CH2Ph,�(CH2)10CH3, X� various).


Scheme 4. The synthesis of molecular host 4 (R1�CH2CH2Ph).


Scheme 5. A (retrospective) retrosynthesis of macrocycle 5.
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that was initially met with some resistance to those who had
just synthesized it! For cleaving the acetals, an irreversible
approach proved effective; the removal of the resorcinarene
template of 4 was affected by treatment with BBr3. After
hydrolysis of the crude reaction mixture, which consisted of a
mixture of isomers possessing aldehyde and/or benzal bro-
mide groups, the fully aromatic crown ether 5 was isolated in
87% yield. This corresponds to a 50% yield starting from the
readily available resorcinarene 1 (R�CH2CH2Ph) and com-
mercially available 3,5-dibromobenzaldehyde. The [32]crown-8
5 has not been previously reported, and so a precise measure
of the efficiency of this templation protocol cannot be


determined. As a gauge how-
ever, we can note that the
smaller, unfunctionalized ana-
logues 6 and 7 were prepared
by means of step-wise proto-
cols that gave overall yields in
the sub 0.1% range.[41]


Within the confines of Ull-
man ether reactions on 3, this
templation process turns out to
be quite general. Hence, reac-
tions on 3 can be expanded to
include: 2- and 5-methyl resor-


cinol, 3,5-dihydroxybenzyl alcohol, hydroquinone, and 2,7-
dihydroxy naphthalene. The resorcinarene moiety of each
product can then be removed to yield the respective crowns
8 ± 12. The benzyl chloride groups of 10 arise through the


chlorination of the benzyl alcohol moieties of the correspond-
ing tetrabenzyl alcohol ™host∫ 13. Because this compound has
low solubility in many solvents, the normal template removal


process could not be used, and a combination of SOCl2 and
BCl3 was necessary to affect removal. In general, the synthesis
of these larger or more elaborate macrocycles is as efficient as
the formation of 5. For example, the yield for the two steps
involved in transforming 3 to 12 is 63%. Taken together, these
results demonstrate that a range of bis-phenols of different
widths can be inserted between the benzal bridges of 3. The
starting cavitand is evidently preorganized, but not so rigid as
to preclude some variability. This resorcinarene template
protocol can also be extended to the synthesis of lower
symmetry macrocycles that do not possess aC4 axis. Thus, by a
two-step Ullman ether process it is possible to form 14, which
possesses one methyl group at the rim of its cavity. Treating
this compound to the usual template removal process yields
macrocycle 15 (Scheme 6).


To sum up, resorcinarenes can be used in a three-step
templation process. The first step involves tethering four
molecules to the template. The second then links the newly
tethered molecules together. The third step involves the
removal of the resorcinarene template to yield the new
macrocycle.[42]


We are just beginning to explore the physicochemical
properties of these new macrocycles; their very nature
suggests some interesting discoveries may lie ahead. Addi-
tionally, there is the possibility of using these compounds as
starting points for further manipulations. Their relatively high
degree of functionality suggests that they may open the way
up to a range of fascinating compounds. In short, these
compounds open up some interesting possibilities. However,
the latent power of resorcinarene templation will only be
realized by expanding beyond the synthesis of the aromatic
crown ethers described here. For this to occur, and the
synthesis of a disparate range of macrocycles to be realized,
each variable in the protocol must prove adaptable. There are
three such variables: 1) the template, 2) how and what type of
moieties are tethered to the template, 3) how and what type of
moieties are added during the second stage linking. We will
examine each of these in turn.


By far, the most common resorcinarenes are those com-
posed of four resorcinol rings.[29±31] These tetramers represent
the global thermodynamic minimum in the acid-catalyzed
Friedel ±Crafts alkylation of resorcinol with aldehydes or
acetals. These reactions produce a myriad of linear and cyclic
oligomers; the trick is to choose a solvent combination that
persuades the poorly soluble cyclic tetramer to precipitate out
of solution. Le Chatelier×s principle then takes care of the
rest. Access to other resorcinarenes could open the way to the
templation of larger macrocycles, and in this regard, the
determination of processes that allows the isolation of
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resorcinarenes that contain five, six, and seven resorcinol
rings is of considerable interest.[43, 44] Most recently, these
resorcinarenes have also been converted to their correspond-
ing methylene bridged cavitands, for example, 16.[45] Unfortu-


nately, ™wide-bodied∫ resorcinarenes are kinetic products of
the normal reactions used to make the cyclic tetramers, and
can only be isolated in low yield. In addition, a 2-methyl group
on the resorcinol ring is necessary to avoid alkylation
reactions at this point from competing with the pathways
leading to the desired products. This structural requirement is
unfortunate as it may prevent moieties that are tethered to a
calix[5]resorcinarene template from adopting a suitable con-
formation for the second-stage linking. Taken together, these
points suggest that for the moment we are currently restricted
to using calix[4]resorcinarenes as templates. Hopefully this
will change in the future.


In terms of tethering moieties to the template, doing this
while linking together the phenolic pairs is perhaps the
obvious choice, as the resulting cavitand is much more
preorganized than the starting resorcinarene. This is not to
say that other connection points cannot be envisioned, but
they do not benefit from this increase in preorganization.
Concentrating therefore just on phenol bridging, we can also
note that there is not much space at the base of the cavity
where the benzal hydrogen atoms in structure 2 are located.
Hence, a bridging process must be utilized that either places
nothing larger than amethyl group at this position, or does not
result in any such inward pointing groups. Although the
stereoselective bridging of resorcinarenes with benzal bro-
mides was the first documented example of inserting stereo-
genic carbon bridges,[34] it was by no means the first case of
stereoselective bridging of resorcinarenes. There have been,
for example, many reported cases of stereoselective bridging
with phosphorus species.[46] Thus, at least in terms of stereo-
chemistry, stereoselective bridging does not appear to be a
problem, and, in theory, many different moieties could be
attached to the resorcinarene template in this manner. There


are also a number of non-ster-
eoselective bridging processes
that may be ripe with possibil-
ities. Reactions analogous to
those used in the synthesis of
pyrazine- or quinoxaline-bridg-
ed resorcinarenes 17 and 18
may prove fruitful in this re-
gard,[47] even though these cav-
itands are less rigid than benzal
bridged cavitands such as 3.


Irrespective of the approach, bridging the phenolic groups
of a resorcinarene results in a truncated, cone-shaped
cavitand. The tapered sides of the cavitand mean that the
distance between the remote ends of the molecules tethered
to the template increases as the tethered molecules them-
selves increase in length. Put another way, the longer the
molecules tethered to the template, the larger the subsequent
molecules used to link them can be. We will come back to this
point.


A note of caution regarding the method by which molecules
are tethered to the template is warranted. At some point the
template must be removed. Hence, the tethers between the
molecules and the template must be broken by using
chemistry that does not destroy the nascent macrocycle. In
the example we have described, the orthogonality between
(fairly resistant) acetals and aryl ethers is good. Along similar
lines, care will be required in designing alternative tethering
protocols to ensure that the template can be readily cleaved
from the target macrocycle. This point not withstanding, it is
apparent that a broad range of molecules may be tethered to
the phenolic pairs of resorcinarenes.


With the second stage of the templation process in mind, it
seems reasonable to assume that reactions other than Ullman
ether reactions could be used to link the preorganized
subunits on the template. How successful such reactions
ultimately are will depend on the source of the high yields
observed when, for example, 3 is converted to 4. If these high
yields are solely the result of templation by the resorcinarene,
rather than templation by metal ions, then it should be
possible to efficiently link many different resorcinarene-


Scheme 6. Synthesis of macrocycle 15.
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templated moieties. Presumably, a general rule that will be
identified is that the efficiency of this step will be dependant
on the rigidity of the four moieties on the template, and the
four being introduced. The linking reactions should not of
course cause the deleterious decomposition of the templation
intermediate. For example, deep-cavity cavitands of general
structure 2 are acetals and can decompose under acidic
conditions. For this family of molecules the substituent on the
benzal moiety is crucial. Cavitand 2 (X� 4-OH) rapidly
decomposes in the presence of catalytic amounts of acid.[48]


However, other members of the family decompose much
more slowly and could, in theory, be amenable to a fast linking
step under acidic conditions. Hence, a safe guiding principle
would be to focus on linking strategies under basic or neutral
conditions. Barring these provisos, and the point that it must
be possible to cleave the macrocycle from the template
without damaging the target, it would seem that almost any
suitably sized moiety could be introduced. Precisely how big
the suitably sized linking moiety can be depends on the
distance between the remote ends of the tethered moieties.
Cavitands such as 3, 17, or 18 approximate to truncated cones.
Hence, extending the length of the set of moieties tethered to
the resorcinarene creates more space between those tethered
moieties, and allows longer linking molecules to be introduced
between them. Presumably, there is a trade-off here. The
longer the moieties attached to the template, the less
preorganized the distal ends and the less effective the
template will be. Thus, the ™upper∫ hydrogen atoms of
cavitand 19[33] are less preorganized than the equivalent


hydrogen atoms in unsubstituted cavitand 2 (X�H). Deter-
mining how remote the templated functional groups can be,
whilst still being capable of undergoing efficient linking, will
have to wait for further research. Indeed, we look forward to
seeing how this variable, and the questions of template and
tethering technique, evolve in the future.


Conclusion


The concept that resorcinarenes can be used as templates for
the efficient synthesis of large macrocycles has been dis-
cussed. For any template to prove valuable, it must prove itself
to be both available and adaptable. Resorcinarenes are
certainly available. The rich and wealthy can purchase them
if they so desire, the rest of us can easily synthesize them on
the kilogram scale. On the other hand, the question of
adaptability has yet to be addressed. They have proven
themselves useful for the efficient synthesis of larger,
aromatic crown ethers, but whether or not they can be


creatively utilized to synthesize other new macrocycles
remains to be seen. Hopefully this will turn out to be the case.
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Activation and Functionalization of White Phosphorus at Rhodium:
Experimental and Computational Analysis of the [(triphos)Rh
(�1:�2-P4RR�)]Y Complexes (triphos�MeC(CH2PPh2)3; R�H, Alkyl, Aryl;
R�� 2 Electrons, H, Me)
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Otto J. Scherer,[b] Guido Schmitt,[b] Francesco Vizza,*[a] and Gotthelf Wolmersh‰user[b]


Omnia mutantur, nihil interit (Ovidius, Metamorphosis, XV, 165).
We dedicate this paper to the memory of Jose¬ Antonio Ramirez (1957 ± 2000), Professor of Chemistry at the University of
Valencia (Spain). His enthusiasm and his excellence in NMR computing was crucial in pursuing and developing this chemistry.


Abstract: Thermal reaction of white
phosphorus with [(triphos)RhH3] (1) in
THF affords [(triphos)Rh(�1:�2-P4H)]
(2), triphos�MeC(CH2PPh2)3. Similar
complexes [(triphos)Rh(�1:�2-P4R)]
(R�Me (7), Et (8), Ph (9)) also form
at lower temperature by the reaction of
P4 and [(triphos)Rh(R)(�2-C2H4)] with
elimination of ethene. In contrast, a
double-insertion process follows the re-
action of [(triphos)Rh(H)(�2-C2H4)] and
P4 to generate tetraphosphido ethyl
complex 8. Compounds 2, 7, 8 and 9
are thermally unstable and eventually
decompose into the cyclotriphosphorus
complex [(triphos)Rh(�3-P3)] (3) plus
other unidentified phosphorus-contain-
ing species. Otherwise, PH3 or PH2R is
generated in the presence of H2. The
formation of PH3 and 3 is quantitative


starting from the precursor 2. The elec-
trophilic attack of MeOTf or HBF4 on
the P4R ligand in the complexes 2, 7 ± 9 is
regioselective, and yields a cationic
product of formula [(triphos)Rh(�1:�2-
P4RR�)]� . The direct attack on the sub-
stituted p-R phosphorus atom is dem-
onstrated by crossing experiments.
Complexes of the latter type have been
isolated in the solid state for the combi-
nations R�H and R��Me (11) or R�
Ph and R��Me (12). The latter spe-
cies, [(triphos)Rh(�1:�2-P4PhMe�)]OTf ¥
2CH2Cl2 (OTf� triflate), has been char-


acterised by X-ray methods. The geom-
etry at the metal is better described as a
trigonal bipyramidal than pseudo-octa-
hedral. In fact, the P4RR� unit acts as a
bidentate ligand with its exocyclic PR2


donor group and the endocyclic, dihap-
to-coordinated P�P linkage. The latter
group lies in the equatorial plane, in a
similar way to a classic olefin ligand that
is coordinated to a butterfly-shaped L4M
fragment (M� d8). DFT calculations on
a model of 2 and all possible protonated
isomers confirm that double substitution
at the exocyclic P-donor positions of the
open P4 unit is energetically favoured.
A multinuclear and multidimensional
NMR analysis confirms that this struc-
ture is maintained in solution for both
the parent and the protonated com-
pounds.


Keywords: density functional
calculations ¥ NMR spectroscopy ¥
phosphorus ¥ polyphosphines ¥
rhodium


Introduction


The selective activation of phosphorus ± phosphorus bonds
and their functionalisation by transition metal complexes
have recently attracted much interest for their potential
applications in the industrial synthesis of organophosphorus
compounds.[1] The catalytic functionalisation of white phos-


phorus by transition metals remains an important challenge,
particularly in view of the environmental drawbacks of certain
industrial processes. In fact, the current manufacturing of
organophosphorus compounds is incompatible with ™green
chemistry∫ as it is based on the chlorination of white
phosphorus to PCl3 or POCl3. The process is then followed
by alkylation with Grignard reagents to form the P�C
linkages.[2]


The P�P bonds of P4 are reactive enough, as they are
cleaved under relatively mild homogeneous conditions. For
instance, the oxidative addition of a P�P bond can be done
stoichiometrically by using a variety of transition metal
moieties. When the reaction conditions are not severe,
complexes with a formally inactivated �2-P4 ligand, such as
the Krossing silver salt Ag(�2-P4)2�, may be synthesised.[3]


More frequently, however, complexes that contain the
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activated P42� tetraphosphabutadienyl species, are stabilised.
The latter dianion may either act as a �2-chelate, such as in the
Ginsberg and Lindsell derivative [(PPh3)2ClRh(�2-P4)],[4, 5] or
as a �1,�1-bridging unit that was first discovered by Scherer in
the binuclear complex [{(1,3-But-Cp)Fe(CO)2}2(�,�1:1-P4)].[6]


In contrast, when more drastic conditions are adopted, such as
in the typical thermal or photochemical reactions of P4 with
transition-metal systems, the initially formed P�P adducts,
may easily undergo disruptive and/or reconstructive process-
es. As a result, a spectacular variety of transition metal
complexes may be formed that contain a Px ligand with x
ranging from 1 to 12.[7]


In spite of the many fundamental studies that concern the
activation of the P4 molecule, the metal-mediated function-
alisation of this phosphorus allotrope has received much less
attention, and the construction of both P�C and P�H bonds
directly from white phosphorus remains a significant chal-
lenge.[8, 9]


As a part of our on-going interest in the coordination
chemistry of white phosphorus,[10, 11] we now illustrate a
system based on the (triphos)Rh fragment [triphos� tripo-
dal phosphine MeC(CH2PPh2)3] that supports a P�H- or a
P�C-functionalised tetraphosphorus ligand. A multidiscipli-
nary approach has been followed for the characterisation of
the various complexes and includes NMR spectroscopy, X-ray
crystallography and DFT calculations. We complete the
report on this chemistry,[12] which is based on the transfer of
a Rh�H or Rh�C bond to the metal-activated P4 molecule, by
providing information about possible reactivity patterns.
These patterns seem to be particularly significant for the
design of environmentally acceptable ™chlorine-free∫ ap-
proaches to the catalytic synthesis of organophosphorus
compounds.[1, 13]


Experimental Section


General data : All reactions and manipulations were routinely performed
under a dry nitrogen or argon atmosphere by using standard Schlenk
techniques. Tetrahydrofuran (THF) was freshly distilled over LiAlH4,
acetone and benzene were distilled over P2O5, dichloromethane and
methanol were purified by distillation over CaH2 before use, n-hexane was
stored over molecular sieves and purged with nitrogen prior to use. The
complexes [(triphos)RhH3],[14] and [(triphos)Rh(R)(C2H4)] (R�H, Me,
Et, Ph)[15] were prepared as previously reported. The perdeuterated
hydride, [(triphos)RhD3], was prepared as described for the protiated
analogue,[16] but with deuterated solvents and reagents. White phosphorus
was mechanically cleaned from oxide layers, washed with THFand dried in
a stream of nitrogen. All the other reagents and chemicals were reagent
grade and, unless otherwise stated, were used as received from commercial
suppliers. The solid complexes were collected on sintered-glass frits and
washed with n-pentane before being dried in a stream of nitrogen, unless
otherwise stated. IR spectra were obtained in Nujol mull or in dichloro-
methane solution by using a 0.2 mmNaCl cuvette on a Perkin ±Elmer 1600
series FTIR spectrophotometer (4000 ± 200 cm�1). Deuterated solvents for
NMR measurements (Aldrich and Merck) were dried over molecular
sieves (4 ä). MS spectral data of [(triphos)Rh{�1:�2-P4Ph(Me)}]OTf (12)
were recorded on a FinniganMAT90 spectrometer (EI-pos, 70 eV, 0.3 mA).
Elemental analyses (C, H, N) were performed by using a Carlo Erba model
1106 (ICCOM CNR) and a Perkin ±Elmer C,H,N-Analyser (University of
Kaiserslautern) elemental analyser.


NMR experiments : 31P{1H}, 1H and 13C{1H} NMR spectra (see Tables 3 ± 5,
below) were recorded on a Bruker ACP200 spectrometer operating at


81.01, 200.13 and 50.32 MHz, respectively, or on a Bruker AvanceDRX-500
spectrometer equipped with a variable-temperature control unit accurate
to �0.1 �C and operating at 202.47, 500.13 and 125.76 MHz, respectively.
31P{1H} chemical shifts are relative to external 85% H3PO4 with downfield
values reported as positive. 1H and 13C{1H} chemical shifts are relative to
tetramethylsilane as external reference and were calibrated against the
residual solvent resonance (1H) or the deuterated solvent multiplet (13C).
The assignments of the signals resulted from 1D spectra, 2D 1H-DQF
COSY, 31P{1H} COSY, 1H NOESY and proton-detected 2D 1H± 13C and
1H ± 31P correlations. 2D NMR spectra were recorded on a Bruker Avance
DRX-500 spectrometer on degassed nonspinning samples with pulse
sequences suitable for phase-sensitive representations by using time-
proportional phase incrementation. JHH and JHP coupling constants were
obtained from 1D 1H{1H} homonuclear and selective 1H{31P} heteronuclear
decoupling experiments, JCP coupling constants were obtained from 1D
13C{1H} and 13C{1H}{31P}sel spectra, JPP and JPRh coupling constants were
obtained with the aid of computer simulation by using the gNMR
program.[17] Standard pulse sequences were used for the 1H-DQF COSY[18]


and 1H NOESY[19] experiments: 1024 increments of size 2 K (with 8 scans
each) covering the full range in both dimensions (ca. 5000 Hz) were
acquired with a relaxation delay of 2 s and a mixing time of 1.0 or 0.8 s. The
31P{1H} COSY measurements were recorded with 1H decoupling during
acquisition: 1024 increments of size 2 K (with 16 scans each) covering the
full range in both dimensions (ca. 60000 Hz) were collected with a
relaxation delay of 0.8 s The 1H ± 13C correlations were recorded by using
both Heteronuclear Multiple Quantum Coherence (HMQC)[20] and
Heteronuclear Multiple Bond Coherence (HMBC)[21] sequences with no
decoupling during acquisition, 1024 increments of size 2 K (with 16 scans
each) were collected covering the full range in both dimensions (ca.
5000 Hz in F2 and 22000 Hz in F1) with a relaxation delay of 2.0 s. A low-
pass J filter was used to suppress one-bond correlations in the HMBC
experiments. The 1H ± 31P correlations were recorded by using the standard
HMQC sequence[22] with 1H decoupling during acquisition, 1024 incre-
ments of size 2 K (with 8 scans each) were collected covering the full range
in both dimensions with a relaxation delay of 2.0 s. Experiments were
optimised for the detection of JHP couplings of 5 and 15 Hz.


The high-pressure NMR (HPNMR) experiments were performed in 10 mm
sapphire tubes (Saphikon Inc., NH, USA) assembled with an in-house-built
Ti-alloy pressure head.[23] The HPNMR spectra were recorded by using a
standard 10 mm probe tuned to 31P and 1H on a Bruker AC200
spectrometer at ICCOM CNR.


CAUTION: All manipulations involving high pressures are potentially
hazardous. Safety precautions must be taken at all stages of NMR studies
involving high-pressure NMR tubes.


Reaction of [(triphos)RhH3] with white phosphorus


Open-system reaction : Solid white phosphorus (0.25 g, 2.02 mmol) was
added to a suspension of [(triphos)RhH3] (1) (0.73 g, 1.00 mmol) in THF
(50 mL). The mixture was stirred at room temperature under nitrogen for
20 min and then heated under reflux for 2 h. After the solvent had been
evaporated under vacuum, the residue was washed with ethanol (3� 5 mL)
and pentane (3� 5 mL). [(triphos)Rh(�1:�2-P4H)] (2) was collected by
filtration as a yellowish orange microcrystalline material, which was
washed with pentane (3� 5 mL) before being dried under a stream of
nitrogen. Yield: 0.62 g (73%); IR (Nujol): �� � 2213 (w) cm�1 (PH);
elemental analysis calcd (%) for C41H40P7Rh: C 57.77, H 4.73, P 25.43;
found C 57.56, H 4.70, P 25.28.


Replacing 1 with [D3]1 in the above procedure gave [D]2 in similar yield.


Closed-system reaction : A 100 mL Parr autoclave was charged with white
phosphorous (0.12 g, 1.01 mmol), [(triphos)RhH3] (0.37 g, 0.5 mmol) and
THF (50 mL). The mixture was stirred at room temperature for 30 min and
then heated to 70 �C for 2 h before being cooled to ambient temperature.
The volatiles were slowly released under nitrogen and absorbed into a
5 mm NMR tube containing [D8]THF (1.0 mL) cooled to �78 �C. 31P{1H}
NMR analysis showed the formation of PH3 [31P ���244.77, q, J(PH)�
186.9 Hz]. The contents of the reactor were transferred to a Schlenk flask
and then evaporated under vacuum. The yellowish orange residue was
washed with pentane (3� 5 mL) and recrystallised from a dichlorome-
thane/ethanol mixture (2:1, v/v) to yield a yellowmicrocrystalline sample of
[(triphos)Rh(�3-P3)] (3). Yield 76%. The nature of 3 was ascertained by
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comparison of its physico-chemical properties with those of an authentic
specimen.[24]


In situ HPNMR hydrogenation of [(triphos)Rh(�1:�2-P4H)]: A 10 mm
sapphire HPNMR tube was charged with 2 (20 mg, 2.34� 10�2 mmol),
degassed [D8]THF (1.8 mL) and then pressurised with hydrogen gas
(2 atm) at 0 �C. The experiment was started by heating the probe to 70 �C
for 1 h. 31P NMR analysis showed the complete transformation of 2 into 3
and PH3. The resulting solution was poured into a Schlenk tube, and the
solvent was removed under vacuum to leave 3 as a yellowish powdered
material, which was washed with ethanol (2� 2 mL) and n-pentane (2�
1 mL). Yield 93%.


Reaction of [(triphos)Rh(R)(�2-C2H4)] (R�Me (4), Et (5), Ph (6)) with
white phosphorus. Synthesis of [(triphos)Rh(�1:�2-P4R)] complexes: A
solution of the appropriate rhodium complex [(triphos)Rh(R)(�2-C2H4)]
(R�Me (4), Et (5), Ph (6)) (1.0 mmol) in THF (30 mL) was stirred at room
temperature under nitrogen in the presence of a twofold excess of white
phosphorus (250 mg, 2.02 mmol) predissolved in THF (10 mL). Immedi-
ately, the light yellow solution turned deep orange. Stirring was continued
for another 10 min, and then the solvent and the volatile components were
evaporated to dryness under vacuum leaving a red-orange residue, which
was washed with n-pentane (3� 5 mL) before being dried at room
temperature under a stream of nitrogen. Recrystallisation from THF/
n-hexane (1:3 v/v) was performed to obtain analytically pure microcrystals
of [(triphos)Rh(�1:�2-P4R)] (R�Me (7), Et (8), Ph (9)) in moderate yield
(ca. 60 ± 70%). Compounds 7 ± 9 are stable at room temperature in the solid
state under nitrogen atmosphere but slowly decompose in solution above
10 �C. The decomposition is more rapid at temperatures higher than 45 �C.


[(triphos)Rh(�1:�2-P4Me)] (7): Yield 67%; elemental analysis calcd (%)
for C42H42P7Rh: C 58.45, H 4.96; found C 58.22, H 4.89.


[(triphos)Rh(�1:�2-P4Et)] (8): Yield 66%; elemental analysis calcd (%) for
C43H44P7Rh: C 58.78, H 5.19; found C 58.65, H 5.04.


[(triphos)Rh(�1:�2-P4Ph)] (9): Yield 71%; elemental analysis calcd (%) for
C47H44P7Rh: C 61.01, H 4.89; found C 60.77, H 4.78.


Reaction of [(triphos)Rh(H)(�2-C2H4)] (10) with white phosphorus : A
solution of [(triphos)Rh(H)(�2-C2H4)] (700 mg, 0.92 mmol) in THF
(30 mL) was treated with an excess of white phosphorus (250 mg,
2.02 mmol) as described previously. Standard work-up gave the product 8
as red microcrystals. Yield 78%.


General procedure for the preparation of [(triphos)Rh(�1:�2-P4RR�)]OTf :
One equivalent of the appropriate electrophile (neat HOTf or MeOTf) was
syringed under argon into a stirred solution of [(triphos)Rh(�1:�2-P4R)]
(R�H (2), Me (7), Ph (9)) in THF (25 mL) protected from light by
wrapping the reaction vessel with aluminium foil. The solution was stirred
for one hour at room temperature in the dark, during which time the
formation of a bright yellow crystalline compound was observed. The
solvent was concentrated to approximately half volume under vacuum, and
n-hexane (10 mL) was added to complete the precipitation. After an
additional 30 min stirring, the yellowish orange microcrystalline material
that separated out was collected on a sintered-glass frit and washed with n-
pentane (50 mL). The product yield ranged from 64 to 77%. Compounds
11 and 12 were stored in Schlenk flasks under argon at �20 �C without
apparent decomposition over several weeks.


[(triphos)Rh(�1:�2-P4HMe)]OTf (11)


Method A : [(triphos)Rh(�1:�2-P4H)] (2) (256 mg, 0.30 mmol)/MeOTf
(34 �L, 0.31 mmol); yield 69%.


Method B : [(triphos)Rh(�1:�2-P4Me)] (7) (250 mg, 0.29 mmol)/HOTf
(26 �L, 0.29 mmol); yield 64%; elemental analysis calcd (%) for
C43H43F3O3P7RhS: C 50.79, H 4.27; found C 51.10, H 4.46.


[(triphos)Rh(�1:�2-P4PhMe)]OTf (12): [(triphos)Rh(�1:�2-P4Ph)] (9)
(280 mg, 0.30 mmol)/MeOTf (34 �L, 0.31 mmol), yield 77%; elemental
analysis calcd (%) for C49H47F3O3P7RhS: C 53.86, H 4.34; found C 54.08, H
4.50. Crystals of 12 suitable for X-ray analysis were grown at room
temperature under nitrogen from a dilute dichloromethane solution.


The iodide salt [(triphos)Rh(� :�2-P4PhMe)]I (12-I) was prepared with the
same procedure by using CH3I (15 �L, 0.31 mmol) in place of MeOTf .
Identical work-up gave 12-I in ca. 74% yield. Elemental analysis calcd (%)
for C48H47IP7Rh: C 53.85, H 4.43; found C 53.96, H 4.59.


Crystal data and structure refinement of [(triphos)Rh(�1:�2-P4PhMe)]-
OTf ¥ 2CH2Cl2 (12 ¥ 2CH2Cl2): Crystal data for complex 12 ¥ 2CH2Cl2 are


reported in Table 1 while selected bond lengths and angles are reported in
Table 2.


All the crystals from different batches were multiply twinned. A suitable
crystal was mounted in a Lindemann tube on a Stoe IPDS diffractometer.
Data were collected at ambient temperature with monochromatised MoK�
radiation by using � oscillation scans. Intensities were corrected by
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Table 1. Crystal data for [(triphos)Rh(�1 :�2-P4PhMe)]OTf ¥ 2CH2Cl2 (12 ¥
2CH2Cl2)


empirical formula C51H51Cl4F3O3P7RhS
crystal size [mm] 0.40� 0.32� 0.16
Mr 1262.48
T [K] 293(2)
� [ä] 0.71073
crystal system triclinic
space group P1≈


a [ä] 11.6837(18)
b [ä] 14.967(3)
c [ä] 17.598(3)
� [�] 112.460(18)
� [�] 91.420(18)
� [�] 93.75(2)�
V [ä3] 2833.8(8)
Z 2
�calcd [Mgm�3] 1.480
	 [mm�1] 0.775
F(000) 1284

 range 2.73 to 25.68�
limiting indices � 14� h� 14, �18� k� 18, �21� l� 21
reflections collected/unique 28620/10117
R(int) 0.1157
completeness to 
 25.68� / 93.8%
data/restraints/parameters 10117/72/597
goodness-of-fit on F2 0.975
final R indices [I� 2�(I)]
R1 0.0657
wR2 0.1785
R indices (all data)
R1 0.0912
wR2 0.1915
weighting scheme
w� 1/[�2(F 2


o � � (0.1200P)2]
P� (F 2


o � 2F 2
c �/3


largest difference peak 1.415 and �1.095
and hole [eä�3]


Table 2. Selected bond lengths [ä] and angles [�] for [(triphos)Rh(�1:�2-
P4PhMe�)]OTf ¥ 2CH2Cl2 (12 ¥ 2CH2Cl2).


Rh1�P6 2.351(2) Rh1�P5 2.365(2)
Rh1�P4 2.369(2) Rh1�P7 2.373(2)
Rh1�P3 2.441(2) Rh1�P2 2.449(2)
P1�P4 2.165(2) P1�P2 2.232(3)
P1�P3 2.242(3) P2�P3 2.123(3)


P6-Rh1-P5 88.83(6) P6-Rh1-P4 97.56(6)
P5-Rh1-P4 165.14(5) P6-Rh1-P7 90.66(6)
P5-Rh1-P7 86.27(6) P4-Rh1-P7 106.96(6)
P6-Rh1-P3 108.45(7) P5-Rh1-P3 87.93(6)
P4-Rh1-P3 77.34(6) P7-Rh1-P3 159.91(6)
P6-Rh1-P2 159.90(7) P5-Rh1-P2 90.18(6)
P4-Rh1-P2 79.20(6) P7-Rh1-P2 109.31(7)
P3-Rh1-P2 51.46(7) P4-P1-P2 88.63(9)
P4-P1-P3 85.99(9) P2-P1-P3 56.65(9)
P3-P2-P1 61.92(9) P3-P2-Rh1 64.08(7)
P1-P2-Rh1 88.82(8) P2-P3-P1 61.43(9)
P2-P3-Rh1 64.47(7) P1-P3-Rh1 88.78(7)
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analytical absorption correction. Accurate cell parameters were obtained
from 7998 reflections. The structure was solved by SHELXS-97[25] by direct
methods. The remaining non-hydrogen atoms were located by successive
Fourier difference maps. The structure was refined with the SHELXL-97[25]


program package. All non-hydrogen atoms, except those of the disordered
anion, were refined anisotropically. Hydrogen atoms, at calculated
positions, were included in the final stages of refinement with constrained
isotropic thermal parameters. Software used for molecular graphics:
SHELXTL (XP).[26]


CCDC-202463 contains the supplementary crystallographic data for this
paper. These data can be obtained free of charge via www.ccdc.cam.ac.uk/
conts/retrieving.html (or from the Cambridge Crystallographic Data
Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax: (�44)1223-
336033; or deposit@ccdc.cam.uk).


Computational details : Structural optimisations were carried out by using
hybrid density-functional theory (DFT) with Becke×s three-parameter
hybrid exchange-correlation functional[27] containing the nonlocal gradient
correction of Lee, Yang and Parr (B3LYP)[28] within the Gaussian 98
program.[29] The natures of the optimised structures were confirmed by
calculations of the vibrational frequencies. A collection of Cartesian
coordinates and total energies for all of the optimised molecules are
available from the authors upon request. The basis set for the Rh atom
utilised the effective core potentials of Hay andWadt[30] with the associated
double-� valence basis functions. The 6-31G(d, p) basis set was used for the
remaining atomic species.[31]


The ligand triphos was best modelled by replacing all of the phenyl
substituents with H atoms (Htriphos). This simplifies the computational
task, while maintaining the typical geometric constraints at the metal. In
particular, the three P-Rh-P angles are forced to be almost 90�.


It is worth mentioning that preliminary calculations with three independent
PH3 ligands for modelling the triphos ligand gave similar results in term of
energetic trends (with respect to the calculations with Htriphos, the
important �Es are never greater than 2 kcalmol�1). However, these
simplified models are without the 90� constrains at the P-Rh-P angles (the
equatorial one is as large as 106�), so that the models were considered
unsatisfactory for mimicking the actual geometry of the (triphos)Rh
fragment.


Extended H¸ckel calculations[32] were carried out in order to gain a simple
overview of the major interactions between fragments and of the MO
evolution for structural rearrangements (interaction and Walsh diagrams).
The consistency of some basic results, with respect to those of the DFT
method, is also shown by the drawings of the frontier MOs generated by the
package CACAO,[33] which are essentially similar to those generated by
DFT. The EHT input files was generated using the DFToptimised models.


Results and Discussion


Reactivity of the [(triphos)Rh(R)] synthon with white
phosphorus. Synthesis of the [(triphos)Rh(�1:�2-P4R)] com-
plexes 2 (R�H), 7 (Me), 8 (Et) and 9 (Ph)


Reaction of white phosphorus with [(triphos)RhH3]: The
thermal reaction between [(triphos)RhH3] (1) and white
phosphorus under nitrogen in THF at refluxing temperature
led to an orange solution from which yellow-orange micro-
crystals of [(triphos)Rh(�1:�2-P4H)] (2) were obtained in good
yield after solvent evaporation under reduced pressure
(Scheme 1).
The presence of the unprecedented �1:�2-P4H ligand in 2


was established by IR and multinuclear, multidimensional
NMR spectroscopies. However, the detailed structural fea-
tures, which, due to the lack of suitable crystals, could not be
determined by X-ray diffraction methods, have been assessed
by DFT calculations (vide infra). On the basis of the latter, we
anticipate that the geometry of 2 may be best described as a


Scheme 1.


trigonal bipyramid in which an �1:�2-P4H monoanionic ligand
acts as a four-electron donor towards the rhodium(�) metal.
The situation is sketched in Scheme 2.
In the IR spectrum, a weak


band at 2213 cm�1 was ascribed
to the P�H stretching vibration.
In keeping with this assignment,
the absorption was absent in the
IR spectrum of [(triphos)-
Rh(�1:�2-P4D)] ([D]2), which
was obtained by replacing the
reactant 1 with [D3]1.
In agreement with the com-


plete incorporation of four P4 phosphorus atoms into the
metal complex, an ABCDEFGX spin system was observed in
the 31P{1H} NMR spectrum of 2 ([D8]THF). Analysis of the
31P{1H} COSY spectrum allowed us to determine the network
of P�P connections and to carry out complete simulation of
the seven different multiplets appearing in the 31P{1H}
spectrum. 31P NMR DEPT experiments, (DEPT90 and
DEPT135) together with 1H,31P NMR measurements, con-
firmed the presence of the monohydrotetraphosphido unit
(vide infra NMR section).
By monitoring in situ the reaction between 1 and white


phosphorus (1:2 in [D8]THF), 31P{1H} NMR spectroscopy
showed that complex 2 begins to form at about 40 �C following
the thermal extrusion of H2 (�H2


� 4.75 ppm in the 1H NMR
spectrum) and the rhodium-to-phosphorus migration of the
third hydride ligand of 1. At higher temperature (�70 �C),
complex 2 transforms quantitatively into the known cyclo-
triphosphorus species [(triphos)Rh(�3-P3)] (3).[24] Noticeably,
the appearance of 3 in the spectrum was accompanied by the
growth of a singlet at �244.77 ppm that is attributable to the
formation of one equivalent of PH3. Further evidence for the
assignment is the splitting of this resonance into a binomial
quartet once the broadband 1H decoupler is switched off
[1J(P,H)� 187 Hz]. To support the feasibility of a process that
encompasses the hydrogenation of the intermediate �1:�2-P4H
complex 2, a separate NMR experiment was carried out. Thus
it was shown that 2 readily reacts with hydrogen (pH2


� 1 atm)
at about 70 �C in [D8]THF solution to selectively form 3 and
phosphine. By replacing 1 with [D3]1, the in situ NMR
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experiment showed that the perdeuterated PD3 phosphine is
formed together with complex 3. This confirms that all three
hydride hydrogen atoms in 1 were selectively transferred
during the reaction to the same phosphorus atom of the P4
tetrahedron.


Reaction of white phosphorus with [(triphos)Rh(R)(C2H4)]: In
order to explore the reactivity of white phosphorus with
related organometallic species that contain ligands other than
hydrides, we investigated the reactivity of the complexes
[(triphos)Rh(R)(C2H4)] (R�Me (4), Et (5), Ph (6)). In this
manner, the known lability of the ethene ligand can be
exploited,[15] hence the coordinatively unsaturated residue
[(triphos)Rh(R)] can mimic the [(triphos)RhH] fragment
with respect to reactivity towards P4. In keeping with our
expectations, when a solution of 4, 5 or 6 in THF was treated
with a twofold molar amount of P4 at room temperature under
nitrogen, the complexes [(triphos)Rh(�1:�2-P4R)] (R�Me
(7), Et (8), Ph (9)) were obtained in excellent yield
(Scheme 3). The reactions were accompanied by a colour


Scheme 3.


change from pale yellow to deep orange. The 31P{1H} NMR
spectra of all compounds 7 ± 9 showed eight well-separated
multiplets forming a rather complicated ABCDEFGX spin
system that closely resembled that mentioned for 2. This piece
of information clearly suggests that, analogously to 2, all of
the four phosphorus atoms originating from the P4 unit have
been incorporated into the final products and that the
resulting compounds lack any high-symmetry elements, that
is, all of the phosphine groups of triphos are chemically
nonequivalent. A perusal of the NMR data (vide infra NMR
section) definitely supported the proposed structures of 7 ± 9
and clearly indicated that once ethene is released from
rhodium, the final product forms through the selective
migration of the R group from the metal atom to one of the
four phosphorus atoms of the activated P4 fragment.
On monitoring the reaction between the complexes 4 ± 6


and white phosphorus in [D8]THF (in situ NMR experiment),
no intermediate was detected in the process leading to the
formation of �1:�2-P4R species 7 ± 9. Thus, the straightforward
formation of the reaction products took place as soon as the
[D8]THF solutions of the rhodium complex and white
phosphorus were mixed at low temperature (�30 �C for 4
and 5, �15 �C for 6). The signal due to free ethene in solution
was observed in the proton spectrum as a slightly broadened
singlet at about 5.50 ppm.
A reaction analogous to that depicted in Scheme 3 was


expected when using [(triphos)Rh(H)(C2H4)] (10) as a
reactant. However, as shown in Scheme 4, the product of


Scheme 4.


the reaction with P4 was not 2, but the tetraphosphidoethyl
derivative 8. Monitoring of the reaction by low-temperature
NMR spectroscopy failed to detect any intermediate; this
suggests that the insertion of ethene into the Rh�H bond and
the subsequent ethyl migration from rhodium to phosphorus
is a rapid process. Therefore, a double-insertion process may
be reasonably invoked to explain the formation of 8 in place
of 2. In the first reaction step, the metal-promoted intra-
molecular insertion of C2H4 into the Rh�H bond takes place,
while in the second elementary step, the rhodium-coordinated
ethyl group is selectively conveyed to one of the phosphorus
atoms of the activated P4 molecule. In line with this
hypothesis, no reaction takes place when isolated samples of
2 are exposed to an ethene atmosphere. This experiment
shows that the insertion of alkene into the Rh�H bond
precedes the formation of the P�C bond.
Complexes 7 ± 9 are microcrystalline solids with red to


orange colour. They slowly decompose in air, but may be
stored under nitrogen or argon without decomposition for
several days. They are soluble in THF, dichloromethane and
acetone, with slow decomposition at temperatures higher than
10 �C. The decomposition is accelerated at room temperature
and is fast at 40 �C, resulting in the formation of the
cyclotriphosphorus complex 3 in almost quantitative yield
(based on the amount of rhodium).


Electrophilic alkylation of [(triphos)Rh(
1:
2-P4R)] com-
plexes : Transition metal complexes containing naked phos-
phorus atoms or Px units can be used either to coordinate to
electrophilic transition metal centres[34] or to bind to organic
electrophiles[35] through the phosphorus lone pair. Therefore,
the rhodium-coordinated �1:�2-P4R ligand in the complexes 2,
7 ± 9, can also be expected to have some reactivity towards
electrophilic reagents. Accordingly, treatment of a solution of
[(triphos)Rh(�1:�2-P4R)] (R�H (2), Ph (9)) in THFat�78 �C
with one equivalent of MeOTf (OTf�OSO2CF3�) under
nitrogen resulted in the immediate, quantitative formation of
the compounds [(triphos)Rh(�1:�2-P4RR�)]OTf (R��Me;
R�H (11), Ph (12)] (see Scheme 5).
Transfer of the methyl carbocation to the already substi-


tuted phosphorus atom of the �1:�2-P4R ligand appears to be
selective. The course of the alkylation reaction does not
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Scheme 5.


change when MeOTf is replaced with the softer electrophile
CH3I, for both 2 and 9. A metathetical reaction occurs when
an excess (2 ± 3 equivalents) of NaBF4, NH4PF6 or NaBPh4 in
ethanol is mixed with a solution of 12 in THF. This provides a
simple method of generating the corresponding tetrafluoro-
borate, hexafluorophosphate or tetraphenylborate salts [(tri-
phos)Rh(�1:�2-P4PhMe)]Y (Y�BF4, PF6, BPh4) in quantita-
tive yield.
Complexes 11 and 12 are yellowish orange microcrystalline


compounds highly sensitive to air in the solid state and in
solution. They are highly soluble in polar solvents, such as
THF, acetone and chlorinated hydrocarbons, and yield orange
solutions that slowly decompose even when maintained under
an inert atmosphere at low temperature. The decomposition is
almost complete after about 48 h at �18 �C and results in the
formation of several phosphorus-containing products includ-
ing [(triphos)Rh(�3-P3)]. In dichloromethane, compound 12
behaves as a typical 1:1 electrolyte. A slow decomposition also
takes place in the solid state at room temperature, but the
compound can be stored under argon at �20 �C for several
weeks without significant decomposition. Moreover, in this
case, [(triphos)Rh(�3-P3)] is produced together with a com-
plex mixture of compounds; this precludes simple character-
isation (NMR/GC-MS analysis). Apart from elemental anal-
yses, 12 was characterised in the solid state by mass
spectrometry. The MS analysis confirmed the intrinsic insta-
bility of this class of complexes, and a peak corresponding to
the mass of the complex cation could not be detected. Indeed,
the major fragmentation pathway involves loss of a PPhMe�


fragment (27.9%) to generate the cation [(triphos)Rh(�3-
P3)]� appearing as the primary peak of the spectrum.
Structural assignment of 11 and 12 comes from a perusal of


the spectral data, particularly from 2D -NMR spectroscopy
(1H COSY, 1H NOESY, and 1H,31P/1H,13C correlations, vide
infra). The structural features of the present family of
[(triphos)Rh(�1:�2-P4RR�)]� complexes was also confirmed
by an X-ray crystallographic study carried out for the phenyl/
methyl derivative 12. A single yellow-orange crystal of 12
suitable for an X-ray diffraction analysis was obtained by slow
evaporation of a dichloromethane solution of 12. X-ray data
were collected at 20 �C under conditions detailed in Table 1,
and further summarised in the Experimental Section. Twin-
ning and problems of disorder affecting mainly the position of
the triflate counter anion were encountered (see Experimen-
tal Section). Although the overall quality of the present
structure is not optimal, and the metric parameters have to be
discussed with caution, the general trends are meaningful and
fully supported by the model structure optimised by the DFT
method (vide infra).


The ORTEP diagram shown in Figure 1 illustrates the
approximate octahedral geometry about the rhodium centre
with three fac coordination positions occupied by the
phosphorus atoms of triphos and the other three by three


Figure 1. ORTEP drawing of the complex cation [(triphos)Rh(�1:�2-
P4PhMe)]� of 12 ¥ 2CH2Cl2 (50% probability ellipsoids).


phosphorus atoms of the �1:�2-P4PhMe ligand. In keeping with
the NMR analysis, the doubly functionalised phosphorus
atom P4, which bears the aryl and alkyl substituents, acts
essentially as a fourth phosphine ligand. In this respect, notice
that all four distances from Rh to the P atoms numbered from
4 to 7 have a narrow range (2.351(2) ± 2.373(2) ä). The
residual cyclo-triphosphorus unit features an uncoordinated P
atom, (P1), while the other two atoms, in the equatorial plane,
are involved in a �2-type coordination and are in somewhat
similar position to that assumed by ethene in the precursor 10.
Significantly, the corresponding Rh�P2 and Rh�P3 bonds
(2.449(1) and 2.441(2) ä) are the longest of this type in the
structure.
It is interesting to compare the lengths of the remaining


four P�P bonds in the �1:�2-P4PhMe ligand with that in the
free P4 tetrahedron (d(P-P)ave� 2.21 ä)[36] or with that of the �3-
coordinated cyclo-triphosphorus unit in the known structure
of complex 3 (2.15 ä).[24, 37] In spite of the three distinct
typologies of the P4-skeleton atoms in 2, variations in
distances are not great; this suggests significant bonding
delocalisation over the whole unit. Thus, the P1�P4 bond,
which should be the closest to a single bond (because of the
evident phosphine character at P1), is less elongated
(2.165(2) ä) than those are found for the P1�P2 and P1�P3
bonds within the P3 ring (2.237(3) ä, average). Furthermore,
the most shortened P�P bond is the dihapto coordinated one,
namely P2�P3, which has a length of 2.123(3) ä. This suggests
a fraction of P�P double bond character at the coordinated
bond of the P3 ring. Some elongation may be consistent with
metal back-donation and with an overall strained �-bonding
network in three-membered cycles. Remarkably, the P�P
double bond observed in diphosphorus, such as that in
(Me3Si)3CP�PC(Me3Si)3,[38] is about 0.1 ä shorter than in 12
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(2.015 ä]. On the other hand, diphosphene complexes such as
(PPh3)2Pd{�2-(CF3)P�P(CF3)}[39] and other known LnM{�2-
RP�PR} complexes have P�P separations very similar to
those observed in 12. If metal back-donation is certainly
active in all of the previously mentioned species, the full
oxidative addition of the P�P linkage featured by �2-P4
adducts,[38] can be excluded for 12 in view of the rather long
Rh�P bonds. Consequently, the most reasonable oxidation
state of the metal is �1, and the �1:�2-P4PhMe ligand is a
neutral four-electron donor. The bonding description outlined
in Scheme 2 for the parent complex 2 is unchanged by
electrophilic attack.
The ascertained structure of the complexes 11 and 12 could


not be a priori taken for granted as, in principle, all four
phosphorus atoms of the �1:�2-P4R ligand in the precursors 2
or 9 could be the target of the incoming electrophile. The low-
temperature NMR study of the reaction between [(tri-
phos)Rh(�1:�2-P4R)] and MeOTf shows full regioselectivity
of the electrophilic attack. In fact, only the phosphorus atom
that already holds the R substituent (R�H, Ph) undergoes a
significant downfield shift upon addition of methyltriflate
(vide infra NMR section).
The selective attack on the substituted phosphorus atom


was unambiguously confirmed by cross experiments carried
out singly on the compounds
[(triphos)Rh(�1:�2-P4H)] (2)
and [(triphos)Rh(�1:�2-P4Me)]
(7). Thus, when a sample of 2,
dissolved in CD2Cl2 and cooled
to �78 �C in a 5 mm screw-cap
NMR tube, is treated with one
equivalent of MeOTf, the 31P
NMR spectrum is unambigu-
ous: the alkylated complex [(tri-
phos)Rh(�1:�2-P4HMe)]� is
quickly and selectively formed
in quantitative yields. Under the
same experimental conditions,
the addition of HBF4 ¥OMe2 to
a cooled solution of 7 generates
the same product 11 in quanti-
tative yields. In conclusion, the
attack of an electrophile appears
to be regioselectively directed to
the monosubstituted P-atom.
For convenience, Scheme 6
highlights the formation of a
unique product (11) from the
electrophilic attacks on either 2
or 7, and illustrates the alterna-
tive paths that could be expected
but which were not observed.


Solution structure of [(tri-
phos)Rh(�1:�2-P4R)] and [(tri-
phos)Rh(�1:�2-P4RR�)]Y com-
plexes by NMR spectroscopy:
The solution structure of com-
plexes [(triphos)Rh(�1:�2-P4R)]


(R�H (2), Me (7), Et (8), Ph (9)) and [(triphos)Rh(�1:�2-
P4RR�)]Y (R�H, R��Me (11), Y�OTf, BF4; R�Ph, R��
Me (12), Y�OTf] was determined by using multinuclear,
multidimensional NMR spectroscopy. For the sake of clarity, a
sketch of the compounds examined, together with the label-
ling scheme adopted for NMR assignments is shown in
Figure 2, while detailed 31P{1H}, 1H and 13C{1H} NMR data for
the rhodium(�) complexes are listed below in Tables 3 ± 5,
respectively.
It is noteworthy that the neutral Rh-�1:�2-P4R and the


cationic Rh-�1:�2-P4RR� complexes show a strictly similar
NMR behaviour. This indicated that the stereochemistry of
the whole system is barely affected by the presence of a lone
pair at the coordinating PR group (neutral complex) or by the
additional R� substituent (cation), and confirms that the
bonding description of 2 can also reasonably be applied to the
alkylated complexes 11 and 12.
In each complex, all the 31P, 1H and 13C nuclei are chemically


nonequivalent, because of the lack of any symmetry in the
molecule. Only the triphos methyl protons as well as those of
the ortho and meta pairs on the same phenyl group become
equivalent on account of the fast rotation around the C�C and
C�P bonds, respectively. The A, B and C phosphorus nuclei of
triphos were labelled as the ones trans to the E, F and D
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Figure 2. Sketch of the [(triphos)Rh(�1:�2-P4RR�)]Y complexes showing
the labelling scheme adopted for the NMR assignments.


phosphorus nuclei of the P4RR� unit, respectively. A higher
chemical shift relative to PB was arbitrarily assigned to PA.
For each complex, all the NMR resonances were unambig-


uously assigned by a combination of 1D and 2D NMR
techniques (see Experimental Section). The 31P NMR signals,
which form a seven-resonance ABCDEFGX spin system
(X� 103Rh), were easily assigned on the basis of the 31P{1H}
COSY spectra. An illustrative section of the 31P{1H} COSY
spectrum of [(triphos)Rh(�1:�2-P4Ph)] (9) is reported in
Figure 3 as an example. The network of resonances belonging
to the phosphorus nuclei of the P4RR� ligand was unambig-


Figure 3. Section of the 31P{1H} COSY spectrum of [(triphos)Rh(�1:�2-
P4Ph)] (9) (202.47 MHz, [D8]THF, 266 K). Strong cross-peaks due to the
1JPP couplings between the phosphorus atom of triphos are observed, as
well as medium-intensity peaks connecting the PA�PE, PB�PF and PC�PD
couples of nuclei in trans position.


uously identified by the characteristic three strong 1JPP
couplings between the PG atom and PD, PE and PF, as well as
by the strong 1JPP cross-peak connecting PE and PF.[40]


A perusal of the COSY spectra also allowed us to assign the
resonances due to the phosphorus nuclei of triphos. In fact,
the observed medium-intensity cross-peaks to the nuclei of
the P4RR� moiety were ascribed to a 2JPP trans coupling.[40±42]


Small to medium 2JPP cross-peaks, which connect the three
phosphorus donor atoms of triphos, were also observed and
facilitated the assignment.
The above attributions were supported by the values of the


JPP coupling constants, which were determined by computer
simulation of the 31P{1H} NMR spectra (Table 3).[17] As a
paradigmatic example, both the computed and experimental
31P{1H} NMR spectra of 12 are reported in Figure 4. Indeed,
1JPDPG,


1JPEPG and
1JPFPG couplings in the range 111.3 ± 169.0 Hz


and 1JPEPF couplings of about 325.0 Hz were observed for the
nuclei of the P4RR� units. 1JPP couplings of such magnitude are
particularly large and unusual for single P�P bonds.[7] In
contrast, values greater than 250 Hz have been reported
for transition-metal complexes bearing �2-diphosphenes li-
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Table 3. 31P{1H} NMR data for [(triphos)Rh(�1:�2-P4RR�]Y complexes.[a]


Complex
2[b] 7[b] 8[c] 9[d] 11[c] 12[e,f]


� (ppm)
PA 15.96 15.61 12.49 13.86 15.88 15.91
PB 2.81 � 1.94 � 2.44 � 12.03 9.75 2.56
PC � 10.78 � 11.77 � 11.42 � 4.63 5.21 9.46
PD � 280.22 � 214.08 � 192.91 � 213.44 � 172.02 � 156.75
PE � 180.12 � 174.52 � 178.24 � 181.09 � 190.11 � 200.77
PF � 184.98 � 198.79 � 199.92 � 201.39 � 209.25 � 174.04
PG � 3.33 26.79 24.28 18.14 5.60 17.39


J [Hz]
PA PB 12.5 16.9 14.5 14.5 13.1 13.0
PA PC 31.6 31.9 31.5 32.1 35.0 32.1
PA PD 19.1 7.0 6.0 17.0 0.0 1.0
PA PE 28.3 24.8 26.5 27.0 18.2 23.2
PA PF 3.1 0.0 5.3 5.0 9.1 16.0
PA PG 7.1 0.0 4.3 5.0 0.0 0.0
PB PC 40.0 54.3 54.1 55.0 40.1 42.0
PB PD 6.4 0.0 0.0 4.0 0.0 4.0
PB PE 5.4 18.3 24.8 22.0 0.0 13.3
PB PF 5.4 18.3 24.8 17.0 13.1 18.9
PB PG 7.1 0.0 4.3 2.0 0.0 0.0
PC PD 50.2 23.9 26.8 29.3 379.0 383.0
PC PE 0.0 0.0 0.0 2.0 0.0 10.0
PC PF 0.0 0.0 0.0 2.0 0.0 2.0
PC PG 7.1 13.5 13.7 12.2 0.0 0.0
PD PE 24.4 20.1 19.3 23.0 0.0 2.0
PD PF 24.4 20.1 19.3 23.0 0.0 11.1
PD PG 119.5 138.0 152.4 160.8 169.0 166.6
PE PF 321.9 327.4 327.5 327.1 332.2 329.4
PE PG 144.5 150.5 152.1 145.4 144.0 122.7
PF PG 155.0 150.5 152.1 145.4 111.3 119.3
PA Rh 121.1 122.7 121.9 121.5 106.2 117.1
PB Rh 112.5 116.3 116.7 116.0 108.2 104.5
PC Rh 78.8 73.5 74.6 78.1 79.0 83.0
PD Rh 42.2 49.5 49.2 49.9 79.0 81.4
PE Rh 20.0 0.0 0.0 4.0 16.0 17.5
PF Rh 20.0 0.0 0.0 4.0 25.0 32.0
PG Rh 7.0 6.5 4.3 6.0 0.0 0.0


[a] 202.46 MHz, [D8]THF. Data from computer simulation. [b] 293 K.
[c] 253 K. [d] 266 K. [e] CD2Cl2. [f] 275 K.
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Figure 4. Sections of the simulated (above) and experimental (below)
31P{1H} NMR spectra of [(triphos)Rh(�1:�2-P4PhMe)]�OTf (12) recorded at
273 K (CD2Cl2, 202.47 MHz).


gands.[43] The hypothesis is supported by the PE�PF separation
of 2.123(3) ä, experimentally determined in 12 by X-ray
methods. The distance is definitely shorter than typical P�P
single bond lengths,[2, 44] and underpins the theoretical argu-
ments discussed below.
Consistent with a trans arrangement, the 2JPAPE couplings


(18.2 ± 28.3 Hz) are greater than 2JPAPF (0.0 ± 16.0 Hz) and
2JPAPD (1.0 ± 19.1 Hz) in each compound. In keeping with the
assumed stereochemical arrangement shown in Figure 2, the
2JPCPD constants (23.9 ± 383.0 Hz) exceed


2JPCPE (0.0 ± 10.0 Hz)
and 2JPCPF (0.0 ± 2.0 Hz) in all complexes.


[40±42] The small values
of the 1JPCRh constants (73.5 ± 83.0 Hz), compared with


1JPARh
(106.2 ± 122.7 Hz) and 1JPBRh (104.5 ± 116.7 Hz), are in line
with the 31P assignments, and can be rationalised in terms of
the trans influence of the PDRR� group.[42, 45±47]


The 1H NMR signals of triphos were assigned straightfor-
wardly on the basis of 1D and 2DNMR spectra (Table 4). The
1H resonances due to PDRR� group in [(triphos)Rh(�1:�2-
P4RR�)]Y could be unambiguously assigned only through a
1H,31P correlation that was optimised for the detection of
small JHP scalar couplings (ca. 5 Hz).[48] A section of the 1H,31P
correlation of [(triphos)Rh(�1:�2-P4Ph)], tuned for a JHP
coupling of 5 Hz, is reported in Figure 5.[49]


As a matter of fact, the values of 2JHPD and
3JHPD, which are


as small as 5 Hz or less, were measured for the PDR(R�)
protons (Table 4) in complexes 7 ± 9 and 11 ± 12. Thus, 1D
1H{31P}-selective decoupled spectra often resulted only in the
removal of couplings that were far below the experimental
line width (as for 9). In a few cases, the 1H,31P correlations
even allowed the detection of long-range JHP couplings. An
example section of the 1H,31P correlation of [(tri-
phos)Rh(�1:�2-P4PhMe)]OTf (12) in the PDCH3 region is
reported in Figure 6.


Figure 5. Sections of 2D NMR spectra of [(triphos)Rh(�1:�2-P4Ph)] (9)
(500.13 MHz, [D8]THF, 266 K). Top: 1H± 31P correlation, bottom: 1H
NOESY (�m� 1.0 s), positive-phased (exchange) cross-peaks (�), nega-
tive-phased (NOE) cross-peaks (�). Labels: N1 (o-Ph�PA�o-Ph��PA), N2 (o-
Ph�PA�o-PhPD), N3 (o-Ph�PA�m-Ph�PA).[49]


Although the PDCH3 resonance appeared as a broad
doublet in the 1H NMR spectrum (a value of 2JHPD� 7.7 Hz
was measured from an 1H{31P}PD-selective decoupling experi-
ment), 3JHP and 4JHP couplings to PG, PE and PC are also
evident in the 2D spectrum of Figure 6. Analogously, the two
diastereotopic methylenic protons of the PDCH2CH3 moiety
in [(triphos)Rh(�1:�2-P4Et)] (8) appear as two complex
multiplets at 1.42 and 0.30 ppm, which correspond to 2JHPDD
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Table 4. Selected 1H NMR data for the [(triphos)Rh(�1 :�2-P4RR�]Y Com-
plexes.[a]


Complex Proton assignment � (ppm) J [Hz]


2[b] PDH 0.01 (brdd) 2JHP 28.3, 1JHP 119.9
7[b] PDCH3 (3H) 0.65 (br s)
8[c] PDCH2CH3 (3H) 0.70 (q) 3JHH� 3JHP� 7.9


PDCH� 1.42 (m) 3JHH� 7.5, 2JHH� 13.3, 2JHP� 7.3
PDCH�� 0.30 (m) 3JHH� 8.3, 2JHH� 13.3, 2JHP� 6.3


9[d] o-PhPD (2H) 7.66 (brd) JHH� 7.0
m-PhPD (2H) 6.50 (t) JHH� 7.7
p-PhPD (2H) 6.60 (t) JHH� 7.2
o-Ph�PA (2H) 5.71 (t) 8.5
o-Ph��PA (2H) 8.12 (t) 8.6
o-Ph�PB (2H) 8.48 (t) 8.4
o-Ph��PB (2H) 8.09 (t) 7.8
o-Ph�PC (2H) 6.47 (t) 8.1
o-Ph��PC (2H) 7.33 (t) 8.6


11[d] PDCH3 (3H) 0.82 (br s)
PDH 3.50 (brd) 1JHP 256.0


12[e,f] PDCH3 (3H) 0.93 (brd) 2JHP� 7.7
o-PhPD (2H) 8.01 (t) 3JHH� 3JHP 5.6
m-PhPD (2H) 7.65[g]


p-PhPD(2H) 6.98[g]


o-Ph�PA (2H) 6.23 (dd) 7.9, 11.1
o-Ph��PA (2H) 8.50 (t) 8.7
o-Ph�PB (2H) 8.21 (br)
o-Ph��PB (2H) 6.66 (t) 9.4
o-Ph�PC (2H) 6.06 (t) 9.7
o-Ph��PC (2H) 7.49 (t) 9.0


[a] 500.132 MHz, [D8]THF; unresolved multiplet unless otherwise specified.
[b] 293 K. [c] 253 K. [d] 266 K. [e] CD2Cl2. [f] 275 K. [g] Partially masked by
other resonances.
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Figure 6. Section of the 2D 1H± 31P HMQC correlation of [(tri-
phos)Rh(�1:�2-P4PhMe)]OTf (12) (500.13 MHz, CD2Cl2, 275 K) in the
PDCH3 region.


values of 7.3 and 6.3 Hz, respectively. The latter magnitudes
were measured from selective 1H{31P} decoupling experiments
together with residual couplings to PC and PG. A series of
1H,31P NMR correlations optimised for JHP values of about
120 Hz was needed to detect the PD�H coupling in 2 and 11
(R�H). 1JHPD values of 119.9 and 353.0 Hz were measured for
the hydride complexes in both the neutral [(triphos)Rh(�1:�2-
P4H)] (2) and the cationic [(triphos)Rh(�1:�2-P4MeH)]� (11)
species, respectively.
Detailed assignments of 13C NMR resonances for each


complex were possible on the basis of both HMQC and
HMBC 1H,13C correlations. Selected 13C{1H} NMR data for
[(triphos)Rh(�1:�2-P4R)] (R�H (2), Me (7), Et (8), Ph (9))
and [(triphos)Rh(�1:�2-P4RR�)]Y (R�H, R��Me (11); R�
Ph, R��Me (12)) are reported in Table 5. A section of the
1H,13C correlation in the methyl region of [(triphos)Rh(�1:�2-
P4PhMe)]OTf (12) is reported in Figure 7.
All of the resonances pertaining to the R(R�) carbons show


phosphorus couplings in the 13C{1H} NMR spectra. A series of
13C{1H}{31P}sel experiments was carried out as useful probes for
the unambiguous assignment of the R(R�) substituents on the


Figure 7. Section of the 2D 1H± 13C HMQC correlation of [(tri-
phos)Rh(�1:�2-P4PhMe)]OTf (12) (500.13 MHz, CD2Cl2, 275 K) in the
methyl region. The spectrum was recorded with no decoupling during
acquisition. 1JHC coupling constants are apparent on F2.


PD phosphorus atom. The 13C{1H}{31P} NMR traces of
[(triphos)Rh(�1:�2-P4PhMe)]OTf in the PDCH3 and ortho-
PhPD regions are reported in Figure 8 as an illustrative
example.
The PDCH3 and the ortho-PhPD 13C{1H} resonances ap-


peared as an unresolved multiplet and a doublet, respectively
(trace a). A selective 13C{1H}{31P}PD experiment (trace b)
proved the ortho-PhPD carbons to be coupled to PD with a
2JCPD constant of 6.8 Hz. Also, from a comparison with the
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Table 5. Selected 13C{1H} NMR data for the [(triphos)Rh(�1 :�2-P4RR�]Y
complexes.[a]


Complex Carbon assignment � (ppm) J [Hz]


7[b] PDCH3 14.59 (brd) 1JCP 18.8
8[c] PDCH2 31.43 (d) 1JCP 45.3


PDCH2CH3 13.33 (s)
9[d] i-PhPD 151.45 (brd) 1JCP 71.4


o-PhPD 137.55 (brd) 2JCP 12.6
m-PhPD 127.79 (s)
p-PhPD 127.06 (s)
o-Ph�PA 133.87 (d) 2JCP 10.8
o-Ph��PA 135.96 (t) 2JCP 9.4
o-Ph�PB 134.25[g]


o-Ph��PB 134.31[g]


o-Ph�PC 133.49 (brd) 2JCP 5.1
o-Ph��PC 136.43 (t) 2JCP 10.3


11[d] PDCH3 11.37 (brd) 1JCP 14.7
12[e,f] PDCH3 19.70 (br) 1JCP 21.1


o-PhPD 133.22 (d) 2JCP 6.8
o-Ph�PA 132.45 (d) 2JCP 11.6
o-Ph��PA 133.68 (br)
o-Ph�PB 132.34[g]


o-Ph��PB 131.23 (d) 2JCP 8.9
o-Ph�PC 132.73[g]


o-Ph��PC 134.28 (t) 2JCP 10.9


[a] 125.76 MHz, [D8]THF. [b] 293 K. [c] 253 K. [d] 266 K. [e] CD2Cl2.
[f] 275 K. [g] Partially masked by other resonances.
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Figure 8. Sections of the 13C NMR spectra of [(triphos)Rh(�1:�2-
P4PhMe)]OTf (12) (125.76 MHz, CD2Cl2, 275 K) in the PDCH3 (right)
and o-PhPD (left) region. a) 13C{1H} spectrum, b) 13C{1H}{31P} spectrum
selectively decoupled from the PD signal, c) 13C{1H}{31P} spectrum selec-
tively decoupled from the PG signal, d) 13C{1H}{31P} spectrum recorded with
31P unselective decoupling.


corresponding broadband-decoupled spectrum (trace d), a
residual coupling to other phosphorus nuclei could be
envisaged for the PDCH3 carbon. Indeed, a 1JCPD constant of
21.1 Hz could be measured for the PDCH3 carbon from a
selective 13C{1H}{31P}PG experiment (trace c).


1H NOESY experiments carried out on both [(tri-
phos)Rh(�1:�2-P4R)] and [(triphos)Rh(�1:�2-P4RR�)]Y com-
plexes showed that the extreme narrowing limit (�c�L	 1) is
attained by each complex in our experimental conditions and,
thus, only positive (negative-phased) NOEs are displayed
(except for 11, [D8]THF solution, 253 K).[19, 50] A section of the
1H NOESY spectrum of [(triphos)Rh(�1:�2-P4Ph)] (9) is
reported in Figure 4. The observed NOE between the ortho-
Ph�PA and the ortho-PhPD protons indicates that the PhPD
aromatic ring faces the Ph�PA phenyl (see Figure 2). This
finding may also explain the unusual low-frequency chemical
shift observed for the ortho-Ph�PA protons (5.71 ppm), prob-
ably due to the shielding effect of the PhPD ring. The
arrangement of the P4R substituents in the compounds
[(triphos)Rh(�1:�2-P4R)] (R�H (2), Me (7), Et (8)) and
[(triphos)Rh(�1:�2-P4RR�)]Y (R�H, R��Me (11); R�Ph,
R��Me (12)) was similarly attributed on the basis of the
NOESY spectra, as reported in Figure 2.[51]


A general comment can be made for the series of
compounds [(triphos)Rh(�1:�2-P4RR�]OTf regarding correla-
tion between the observed 31P NMR chemical shifts and
coupling constants and the electronic nature of the R(R�)
substituents on the PD nucleus. As shown in Figure 9, the
chemical shift of the PD nucleus and, to a lesser extent, of its
triphos trans counterpart PC is extremely sensitive to the
electron-donating properties of the R(R�) groups. Thus, on
passing from R�H (2, �280.22 ppm), to R�Me (7,
�214.08 ppm) and to R�Et (8, �192.91 ppm), an increasing
deshielding effect is observed, whereas an intermediate shift is
shown by the �-donor substituent R�Ph (9, �213.44 ppm).
The introduction of an overall cationic charge on the complex


Figure 9. Observed 31P chemical shift (ppm) of the PC and PD nuclei in the
complexes [(triphos)Rh(�1:�2-P4R)] (R�H (2), Me (7), Et (8), Ph (9)) and
[(triphos)Rh(�1:�2-P4RR�)]Y (R�H, R��Me (11); R�Ph, R��Me (12)).


framework causes large downfield shifts of the PD atoms in the
electrophilically alkylated complexes 11 and 12 (R, R��Me,
H: �172.02 ppm and R, R��Ph, Me: �156.75 ppm, respec-
tively).
Finally, it is worth noting the large increase of the 2JPCPD


coupling constants in the cationic complexes 11 and 12 (379.0
and 383.0 Hz, respectively) with respect to the neutral
complexes 2, 7 ± 9 (23.9, 50.2 Hz). This is likely to be due to
the acquired metal-phosphine character of the Rh�PD bond
upon alkylation of the PD centre (vide infra). In particular, the
2JPCPD coupling constants in 11 and 12 approach the values
expected for trans-disposed phosphine ligands in rhodium
complexes.[42] In agreement with this picture, the angle P5-Rh-
P4 (165.14(5)�) is the largest one in the solid-state structure of
12.


DFT computational analysis : The DFT calculations were
performed in order to clarify geometrical and energetic
aspects of some of the systems illustrated above. The
optimised model [(Htriphos)Rh(�1:�2-P4H)] (2a reported in
Figure 10) is of particular interest, since the molecular


Figure 10. Optimised structure of the model complex [(Htriphos)Rh(�1:�2-
P4H)] 2a. Bond lengths are given in ä.
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structure of the actual complex 2 could not be experimentally
determined.
There are six P donor atoms coordinated to the metal,


although the structure is better described as a trigonal
bipyramid rather than a pseudo-octahedron geometry (vide
infra). The P atoms of Htripos occupy the fac positions, the
P4H may be viewed as a three-membered ring with an
exocyclic PH group that is �-bound to the metal trans to the
P5 atom of Htriphos (P4-Rh-P5� 179�). One P�P linkage of
the ring, which is opposite the external P�P bond, lies in the
plane defined by the metal and the P6 and P7 atoms of
Htriphos. In spite of the dihapto coordination to the metal
(the Rh�P2 and Rh�P3 lengths of about 2.485 ä are the
longest in the structure), the P2�P3 linkage is the shortest
(2.16 ä) bond in the P3 ring. The other two linkages are also
long (2.26 ä) and practically equal to the exocyclic P1�P4
bond. Under these circumstances, a significant amount of
metal back donation may be operative (as mentioned in the
crystallographic section that genuine �2-coordinated P�P
linkages are at least 0.1 ä shorter than in 2a). However, the
oxidative addition of the metal can reasonably be excluded,
the ligand being monoanionic (P4H�) and the metal being in
oxidation state �1 (see below a further discussion of the
point). The P4�H linkage is significantly bent (by ca. 78�) with
respect to the mirror plane of the P4 skeleton. Thus, the atom
P4 has sp3 hybridisation; this suggests the presence of a lone
pair. A model (2b) with the P�H bond in the pseudo-
symmetry plane of the P4H fragment has been optimised as a
transition state for the interconvertion involving the pyramid-
alisation at position P4. The associated energy is about
37 kcalmol�1 higher than that of the ground state and
excludes an energetically accessible assembly process. This
is fully consistent with the solution structure determined by
NMR methods, which suggested a fixed orientation of the R
substituents in [(triphos)Rh(�1:�2-P4R)] complexes.
Because of its geometrical features and the lack of a rapid


inversion process, the lone pair on the P4 atom is the ideal site
for an external electrophilic attack. On the other hand, and
consistent with the nucleophilic character exhibited by the
atoms in metal coordinated Px units,[34, 35] the other P atoms of
P4H can also be attacked by electrophiles. Unfortunately, the
calculated Mulliken as well as the NBO charges[52] of the four
P atoms of the unit P4H in 2a do not allow a quick
identification of the site of the electrophilic attack. We will
point out below that the electrophilic attack appears more
orbital- than charge controlled.
The energetics of the four


alternative products of the pro-
tonation at the P4H fragment
have been evaluated computa-
tionally and are reported in
Table 6. In Figure 11, only the
last three isomers are present-
ed. In fact, protonation at the
dihapto-coordinated atoms P2
or P3 is only in principle non-
equivalent due to the asymmet-
ric orientation of the P4�H
bond. Model 13c, in which the


two H atoms both point in one direction, is only about
0.1 kcalmol�1 more stable than its stereoisomer. In any event,
the two isomers are energetically the least favoured. Actually,
models 13a and 13b are more stable by 17.8 and
9.64 kcalmol�1, respectively.
Consistent with the experimental findings for the com-


plexes 11 and 12, the pseudo Cs model 13a is the most stable.
It carries two H substituents at the P4 atom in place of the H/
CH3 and CH3/Ph pairs. The geometric trends are consistent
with those of the X-ray structure of [(triphos)Rh(�1:�2-
P4PhMe)]� , 12. The (Htriphos)Rh fragment matches the
experimental analogue almost perfectly (Rh�P bonds in the
range 2.35 ± 2.38 ä). Concerning, the Rh-(�1:�2-P4H2) inter-
actions, the weakest Rh�P bonds are confirmed to be those
that involve the dihapto-coordinated linkage (P2�P3). How-
ever, the experimental lengths are somewhat shorter than the
computed ones (2.441(2) and 2.449(2) versus 2.51 ä). More-
over, the trend for the P�P bonds is consistent. Thus, P2�P3 is
the shortest bond (2.15 ä), while the exocyclic P1�P4 bond is
significantly shorter than the remaining endocyclic linkages
(compare the values 2.18 ä and 2.28 ä). This is a consequence
of the evident phosphine character of the atom P4, which
should confer single-bond character on P1�P4.
Compared with the unprotonated precursor 2a, the most


evident effect in 13a is the shortening of the P4�P1 and
Rh�P4 bonds (from 2.26 to 2.18 ä and from 2.41 to 2.35 ä,
respectively). The latter effect in particular is in line with a
true phosphine character of the P4 donor in 13a. Most
probably, a great portion of the stabilisation of this isomer
depends on the increased strength of the Rh�P4 bond itself. In
contrast, the well-developed lone pair at the P4 atom in 2a is
probably indicative of electronic repulsion with filled metal
orbital(s).
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Table 6. Calculated total energies [Hartree] and energy differences
[kcalmol�1] for the optimised complexes.


Complex Total energy E(2a)�E(X) E(13a)�E(X)


2a � 2659.92411 0.00
2b[a] � 2659.86451 37.4
13a � 2660.33118 0.00
13b � 2660.31581 9.64
13c � 2660.30271 17.8
13d � 2660.30277 17.9


[a] Transition state.


Figure 11. Optimised structure of the model complexes 13a, 13b, and 13c. Bond lengths are given in ä.
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It is evident from the geometries of isomers 13b and 13c
that a second H atom at different sites of the P4H skeleton
allows the primary �1:�2 bonding mode of the P4H2 fragment
to be maintained. However, the Rh�P and P�P bonds are
affected. Since, in any case, the P4 atom remains with its lone
pairs, electronic repulsion elongates the Rh�P4 bond, as in 2a
(�2.44 ä). In 13b, the geometry of the P3 ring is significant
altered. While the �2-coordinated P�P linkage elongates by
0.05 ä, the other two bonds shrink from 2.28 to 2.18 ä. In 13c,
the latter trend is reversed again. In this case, the �2-
coordinated P�P linkage is forced to be asymmetric with
evident distortional effects on the geometry of the whole P4H2


ligand.
In order to provide a qualitative MO explanation of the


electron distribution and stability of 13a, the nature of the
four highest occupied MOs in the precursor 2a was analysed.
The picture that emerges from the EHMO calculations is
consistent with that of the DFT calculations and, for the sake
of clarity, the illustration will be based on the former method.
The MOs mentioned are relatively close in energy and, while
three of them are clearly metal nonbonding (™t2g∫-like levels),
the fourth level, illustrated in Figure 12, combines a double


Figure 12. The fourth HOMO of the precursor 2a (EHMO level) shows a
well-developed lone pair at the P4 atom.


functionality. Namely, it has a well-developed lone-pair
character at the P4 atom and it also has d�/�* bonding
character between the metal and the in-plane P�P linkage. In
other words, a significant amount of metal back donation is
certainly operative. At lower energy, other filled levels have
lone-pair character at the other P atoms of the P4 unit but, just
because of this, they are evidently less favoured for the
electrophilic attack.


Conclusion


The reaction of the rhodium synthon [(triphos)RhR] (R�H,
Me, Et, Ph) and white phosphorus results in the formation of a
new family of complexes of formula [(triphos)Rh(�1:�2-P4R)]
that feature the unprecedented P4R ligand moiety with a total
of four electrons, a �1:�2 ligand. While reflux conditions are
necessary to generate the [(triphos)RhH] moiety from
[(triphos)RhH3] by H2 elimination, the [(triphos)RhR] frag-
ment may be produced under very mild conditions by the
facile elimination of ethylene from the complex [(tri-
phos)RhR(C2H4)]. In the case of the hydridoethene deriva-


tives, a double-insertion reaction occurs that leads to [(tri-
phos)Rh(�1:�2-P4Et)].
Compounds [(triphos)Rh(�1:�2-P4R)] are thermally unsta-


ble with respect to the formation of [(triphos)Rh(�3-P3)] (3)
and a variety of unknown phosphorus species (31P NMR
analysis). In the case of the hydridotetraphosphido derivative,
the formation of 3 is accompanied by the evolution of PH3 in
almost quantitative yield. In high-pressure experiments
phosphine and PH2R are produced, the latter in less than
15% yield, when the decomposition is carried out under
hydrogen.[10g, 53]


Electrophilic attack by H� and carbocations is a straight-
forward reaction that results in the formation of the cationic
derivatives [(triphos)Rh(�1:�2-P4RR�)]Y by selective attack to
the monosubstituted phosphorus atom of the �1:�2-P4R
substituent. The total regioselectivity of the attack is fully
confirmed by DFT calculations on a series of alternative
isomers and their different energetics. The theoretical analysis
also allows a reasonable description of the chemical bonding
in these compounds.
A detailed NMR investigation of both neutral �1:�2-P4R


and cationic �1:�2-P4RR� complexes has allowed us to define
in detail their solution structure, which matches that deter-
mined for 12 in the solid state by X-ray methods.
As a final conclusion, it should be stressed that the


tetraphosphorus derivatives presented in this paper are
intriguing compounds because they represent, to the best of
our knowledge, the first documented example of white
phosphorus functionalisation mediated by a transition metal
system in which an alkyl or aryl group is smoothly and directly
transferred from a transition metal centre to one of the four
phosphorus atoms of the P4 phosphorus allotrope.
Moreover, the protocol of functionalising white phosphorus


described in this paper is exciting because it represents a
useful model for the development of a catalytic tool to
circumvent the use of chlorine in manufacturing organo-
phosphorus compounds from white phosphorus. Studies are in
progress to explore the applications of these reactions and to
seek a rhodium complex capable of providing a catalytic
access to organophosphorus compounds from P4 and alcohols.
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Synthesis and Characterization of Carboxylate Complexes of SnIV Porphyrin
Monomers and Oligomers


Joanne C. Hawley, Nick Bampos,* and Jeremy K. M. Sanders[a]


Abstract: Most of the porphyrin-recog-
nition chemistry we have investigated
previously has centred on kinetically
labile metal ± ligand interactions, such
as Zn�N and Ru�N. Our interest in the
broader scope of molecular recognition
required a metal with the ability to
specifically recognise non-nitrogen-
based ligands, with a significantly differ-
ent binding interaction to distinguish it
from nitrogen-based analogues. In this


report we describe interactions of SnIV


porphyrins that bind oxygen-based li-
gands and for which the SnIV�O bond is
in slow exchange on the NMR timescale.
A series of carboxylate complexes is
employed to highlight the structural/


geometric features of porphyrin mono-
mers and cyclic oligomers. Where more
than one porphyrin unit is present in a
molecular scaffold, we report the effect
of carboxylate binding on the complex
when the two porphyrins contain differ-
ent metals (typically SnIV and ZnII). The
unexpected spectroscopic and structural
properties of the Sn2(9-anthroic acid)-
porphyrin dimer are also reported.


Keywords: carboxylate ligands ¥
molecular recognition ¥ O ligands ¥
porphyrinoids ¥ tin ¥ zinc


Introduction


As part of a larger project
aimed at supramolecular catal-
ysis[1, 2] we have been exploring
the ligand-recognition proper-
ties of tin(��) porphyrins. Here
we outline the synthesis and
solution-state geometry of
tin(��) porphyrin carboxylate
complexes and detail how an-
thracene ± porphyrin interac-
tions can overcome the usual
geometrical preferences.[3]


The formation of a SnIV por-
phyrin carboxylate complex
from a carboxylic acid and SnIV


dihydroxo porphyrin in the ab-
sence of an external reagent
and with the elimination of
water as a side product, was
viewed as a potentially useful recognition event for supra-
molecular chemistry. With this in mind, Sn(OH)2 porphyrins
and Sn(OH)2 analogues of porphyrin oligomers, previously
described by our group,[4] were prepared in order to explore
the Sn porphyrin ± carboxylate binding interaction and rec-


ognition properties of Sn(OH)2 porphyrin oligomers (2 ± 4). In
particular, Sn(OH)2Zn-2,2-dimer 3 was designed to incorpo-
rate Sn and Zn porphyrins and thereby extend this study to
the simultaneous binding of N and O ligands.[5]


In this report we detail the syntheses of SnCl2 and Sn(OH)2
porphyrins, the development of methodology for the synthesis
of Sn(OH)2 porphyrin oligomers and different methods by
which dicarboxylate complexes may be prepared. The spec-
troscopic properties of Sn porphyrins and their carboxylate
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analogues are discussed, with an emphasis on the geometry of
Sn porphyrin carboxylate complexes, as determined from
NOE experiments and ring current modelling. Some of the
results have been summarised elsewhere,[6] but we have
subsequently built on the results described here to create
larger assemblies using Sn carboxylate complexes.[7]


Results and Discussion


Preparation of Sn porphyrin monomers : Typically Sn is
inserted into porphyrins by using Sn dichloride dihydrate
(SnCl2 ¥ 2H2O in the presence of pyridine) to give the SnCl2
complex of the porphyrin, which is then hydrolysed quanti-
tatively in situ (aqueous ammonia in the presence of pyridine)
to the corresponding Sn(OH)2 porphyrin.[8, 9] Since the work
described here was carried out, an alternative method for
inserting Sn into porphyrins has been published.[10]


The reaction time required for the complete metallation of
the free-base porphyrin monomer 5[4] under literature con-
ditions to form 6 varied considerably, and for this reason an


assay for Sn insertion was developed. As residual pyridine
affected the elution of porphyrins on thin-layer chromatog-
raphy (tlc), UV spectroscopy was preferred as a means of
following Sn insertion.[11] A drop of the reaction mixture was
diluted with chloroform, and the disappearance of the lowest-
wavelength Q-band, diagnostic of metallation, was moni-
tored.
The standard method of hydrolysis of SnCl2 porphyrins


proved unsuitable for the transformation of SnCl2 monomer 6
to Sn(OH)2 monomer 7 as, in the presence of ammonia, the
peripheral ester groups would be susceptible to hydrolysis.[7]


Typically, a milder technique employing basic deactivated
alumina, which had previously been reported, was adopted.[12]


A solution of SnCl2 porphyrin was stirred with alumina and
subsequently filtered or passed through a short column of
alumina. In the presence of alumina, ethanol and Sn(OH)2,
porphyrins form SnCl2 porphyrin ethoxide complexes; high-
field 1H NMR resonances with characteristic ethyl multiplets
in addition to meso- and �-pyrrole signals indicate tin-bound
ethoxide. To prevent contamination by alcohols, which tend to
coordinate to the Sn site, all chloroform was filtered through
basic alumina (activity V) prior to use. In this way Sn(OH)2
monomer 7 was prepared cleanly and in good yield, typically


80% from the free-base porphyrin or 90% from the
dichloroporphyrin. Tetraphenylporphyrines SnCl2TPP (9)
and Sn(OH)2TPP (10) were similarly prepared by the method
described above. Sn insertion into H2TPP 8 proceeded more
readily than for H2 monomer 5, and it was generally not
necessary to employ a large excess of Sn dichloride or long
reaction times. Conversion of 9 to 10 in the presence of
alumina, however, required extended periods of stirring; this
may reflect the importance of the solubility of the porphyrin
under investigation. In the preparations we report here,
activated and neutral alumina were found to be far less
efficient than basic activity V alumina in effecting the
reaction. Stirring SnCl2 porphyrins with water under parallel
conditions in the absence of alumina did not result in the
formation of Sn�OH groups.
To monitor the hydrolysis of SnCl2 porphyrins, an aliquot of


the reaction mixture was removed and analysed by 1H NMR
spectroscopy; small shifts in the resonances of the propionate
and pyrrole methyl protons of 6, and an upfield displacement
of the meso resonance (or �-pyrrole resonance of TPP) were
indicative of hydrolysis. In mixtures of SnCl2, SnCl(OH) and


Sn(OH)2 porphyrins, the meso
(or �-pyrrole) resonances at-
tributable to the three porphyr-
in species were resolved in a
very confined region of the
spectrum (�9.2 ppm for the �-
pyrrole or �10.1 ppm for the
meso protons), while the
Sn�OH resonance of Sn(OH)2
porphyrins in [D]chloroform
were broad and not diagnostic
of the progress of the reaction.
In the UV/Vis spectrum, a shift
of �1 nm is typically observed
in the Soret band characterising


the conversion of SnCl2 to Sn(OH)2 porphyrins; this could not
be conveniently, or reliably, used to follow the reaction.
Sn porphyrin dicarboxylate


complexes, such as 11 ± 14 (the
porphyrin macrocycle has been
represented as bar, as if viewed
from the side, for clarity), have
traditionally been prepared by
stirring a Sn(OH)2 porphyrin
with an excess of a carboxylic
acid and recrystallising the
product from the unreacted
acid.[13] However, this is clearly
unsuitable for acids which are
themselves solid. In our work,
Sn porphyrin dicarboxylate
complexes, such as 15 ± 17, for
which diagnostic 1H NMR chemical shifts of the bound ligand
are shown in Figure 1, were generally prepared on a small
scale in the presence of just two equivalents of carboxylic acid.
For the accurate addition of stoichiometric quantities, a stock
solution of the carboxylic acid was prepared in [D]chloroform
or a mixture of [D]chloroform and [D4]methanol, depending







Porphyrin ±Carboxylate Complexes 5211±5222


Chem. Eur. J. 2003, 9, 5211 ± 5222 www.chemeurj.org ¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 5213


Figure 1. The structures of Sn porphyrin complexes 15, 16 and 17, obtained
by the addition of benzoic, 1-naphthoic or 9-anthroic acid, respectively, to
Sn(OH)2 porphyrin 10. 1H NMR chemical shifts (ppm) are shown for
selected ligand sites (proton atoms have been omitted for clarity) to
indicate the effect of the ring current as a function of distance from the
porphyrin plane. �� values were difficult to calculate as the organic acids
were sparingly soluble in chloroform, with resonances congested in a small
range near the residual solvent resonance.


on the solubility of the carbox-
ylic acid. Acids which were
insoluble in [D]chloroform at
m� concentrations could be
added as a solid to a stirred
solution of Sn(OH)2 porphyrin
to give the corresponding dicar-
boxylate complex (for example
18 and 19). If nonstoichiometric
quantities of polar acids were
employed, the difficulty of re-
moving excess acid arose; Sn
porphyrin dicarboxylate com-
plexes do not survive chroma-
tography on alumina. Com-
pounds 18 and 19 provide ex-
amples of the diverse structures
that may be created with Sn
porphyrins and carboxylates,
and illustrate the potential for
constructing larger, more com-
plex supramolecular systems. In
both cases, despite the complex
nature of the structures and the
congestion encountered in the
1H NMR spectrum, the struc-
tures were identified by the
diagnostic change in the chem-
ical shifts of specific ligand and
porphyrin resonances as a re-
sult of the distance-dependent
porphyrin ring current (Fig-
ure 2). A mechanism for the
addition of the carboxylic acid
has been proposed by us pre-
viously,[3] and has subsequently been applied to the addition of
alcohols to Sn-porphyrins.[14]


As carboxylate ligands are in slow exchange with Sn
porphyrins on the NMR timescale, their protons always give
sharp, well-defined resonances at room temperature.[3] Fur-


thermore, as a consequence of experiencing the porphyrin
ring current, carboxylate-ligand protons resonate at high field,
usually clear of the porphyrin resonances–for example, the
acetate protons of Sn(acetate)2TPP, 12, resonate at �H�
�1.0 ppm. The magnitude of the upfield shift that a carboxylic
acid proton experiences on formation of a Sn porphyrin
carboxylate complex is dependent on the distance of the
proton from the porphyrin plane. This can be seen by the
methylene resonances of propionic acid in Sn(propio-
nate)2TPP, 11, which sit closer to the porphyrin plane and
are consequently displaced upfield by 0.6 ppm more than the
methyl resonances. However, the difference in the chemical
shifts of free carboxylic acid protons and the corresponding Sn
porphyrin carboxylate protons may also reflect the electronic
change that takes place (going from a carboxylic acid to a
carboxylate anion).
Substitution of the hydroxo ligands of a Sn porphyrin by a


carboxylate group caused a blue shift of the porphyrin Soret


band, but one which was too small (1 ± 2 nm) to allow ligand
exchange to be conveniently monitored by UV spectroscopy.
For a selection of dicarboxylate complexes of SnTPP derived
from aliphatic carboxylic acids, the Soret band appeared
within a range of 1 ± 2 nm about 420 nm and was therefore not


Figure 2. Compounds 18 and 19 offer examples of the type of nontrivial structures that can be generated by using
the methodology outlined in the text. �� values are presented to conveniently map the selected proton chemical
shifts (ppm) as a function of their position relative to the neighbouring ring currents. (The proton atoms and
peripheral substituents of the Sn porphyrin lacking diagnostic significance have been omitted from the structures
for clarity.)
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particularly diagnostic. Attempts to characterise dicarboxyl-
ate complexes of Sn porphyrins and dihydroxo Sn porphyrins
by mass spectrometry were unsuccessful; in FIB and FAB
mass spectrometry, the Sn porphyrin axial ligands were
displaced and an adduct of the matrix was observed. Using
MALDI-TOF mass spectrometry without a suitable matrix
proved difficult as once again ligand loss was detected, while
reproducibility of spectra was problematic.


Preparation of Sn porphyrin oligomers : Essentially the same
methods were employed for the preparation of Sn complexes
of cyclic oligomers of 5 as were used for 6 and 7, described
above. Sn insertion into the H4-2,2 dimer 20 was achieved with
minor optimisation; larger volumes of pyridine were used to
prevent the precipitation of porphyrinic material. After
isolation on Celite, the crude product could not be redissolved
in chloroform. Most of the pyridine present was removed by
distillation under reduced pressure, and the residual concen-
trated solution was then diluted with chloroform and cau-
tiously washed with hydrochloric acid and water.
Stirring dimer 1 with alumina in chloroform resulted in


significant problems with the solubility and isolation. An
alternative stationary phase was sought to promote the
hydrolysis of SnCl2 porphyrin oligomers. The most promising
results were obtained with diaion resin WA30 (Supelco), a
weak anion-exchange resin having basic functionality. The
addition of water to a slurry of the resin and SnCl2 porphyrin
in chloroform improved the efficiency of the hydrolysis,
paralleling the better results obtained with deactivated
alumina relative to dry alumina. By using 100 molar equiv-
alents of resin to porphyrin and 1000 molar equivalents of
water, complete hydrolysis of SnCl2 porphyrin oligomers was
typically achieved in four hours, as determined by 1H NMR
spectroscopy. Small shifts in the resonances of the oligomers
allowed the extent of reaction to be monitored, similarly to
the hydrolysis of SnCl2 monomers. The formation of Sn�OH
groups was confirmed by adding acetic acid to a sample of the
reaction mixture and observing the formation of the bound
acetate groups by 1H NMR spectroscopy.[15] Acetic acid was
selected for this purpose due to the rapid binding of the
acetate groups to Sn(OH)2 porphyrins and the single charac-
teristic (methyl) high-field resonance detected in the 1H NMR
spectrum. Adopting the diaion-resin-hydrolysis methodology
enabled dimer 2 and 2,2,2-trimer 4 to be prepared, but the
latter was severely hindered by poor solubility.
In order to prepare the mixed metalloporphyrin dimer 3, a


different approach was required. A templated Glaser ±Hay
coupling of alkyne-functionalised Sn(OH)2 and Zn porphyrins
to give 3 was not expected to be feasible; removal of a pyridyl-
carboxylate template would demetallate the Zn porphyrin
and necessitate the reinsertion of Zn, with potential contam-
ination of the Sn porphyrin component. Furthermore, the
limited scope for purification of the desired compound from
the polymeric material typically produced by Glaser ±Hay
couplings was anticipated to be prohibitively difficult.
A stepwise route to the Sn(OH)2Zn dimer was therefore


favoured. The reaction scheme illustrated (Scheme 1) was
designed to exploit the variation in the chromatographic
mobilities of differentially metallated porphyrins, and to


Scheme 1. The reaction and separation sequence for the preparation of the
Sn,Zn dimer 3 from the metal-free dimer 20.


involve Sn insertion as late as possible in the synthesis. To
achieve asymmetry, a substoichiometric quantity of Zn was
inserted into H4 dimer 20 to give a statistical mixture of 20, 21
and 22. Dimer 20 was separated relatively easily from H2Zn
dimer 21 and Zn2 dimer 22 by using neutral alumina to
provide a monometallated dimer (21) into which Sn could be
inserted, thereby avoiding the difficult separation of 21 and 22
at this point in the reaction scheme. Partial Zn metallation
and chromatography were typically carried out on 200 mg of
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H4-2,2 dimer. Alumina tlc and
1H NMR were employed to
identify the various fractions.
The reaction of anhydrous Sn


dichloride with 21 in the pres-
ence of dimer 22 proceeded
without transmetallation of the
Zn porphyrins or solubility dif-
ficulties. To facilitate the sepa-
ration of the two remaining
compounds by alumina, howev-
er, it was important to increase
the chromatographic separa-
tion of the constituents, to tol-
erate any hydrolysis of the Sn
porphyrins and to minimise any
demetallation of the zinc por-
phyrin components during sep-
aration that might lead to in-
separable mixtures of (more
than two) compounds. These
requirements were best ach-
ieved by removal of zinc from
the 23/22 mixture to allow the
easy separation by preparative
alumina tlc of the mono Sn
dimer from H4 dimer 20. Chro-
matography of the Sn-substitut-
ed dimer 24 on alumina result-
ed in hydrolysis of some Sn-
chloro groups producing
SnClX(OH)YH2-2,2 dimer (X
� Y� 2) 25. The 1H NMR spectrum of 25 exhibited two
broad NH pyrrole resonances in the high-field region that
were attributed to dimers in which there was a hydroxo group
on the inner Sn porphyrin face and dimers in which there was
a chloro group at the inner site.
Zn insertion into dimer 25 was carried out with zinc


dichloride, rather than zinc acetate, to prevent the complex-
ation of acetate groups at Sn�OH sites. The hydrolysis of
SnClX(OH)YZn-2,2 dimer 26, thus obtained, was completed
by stirring it with diaion resin, thereby providing 3 in 16%
overall yield from 20 (300 mg of 20). Retention of porphyrin
on alumina was believed to be the major source of lost
product.
Aliquots of a range of carboxylic acids were added to


Sn(OH)2 porphyrin oligomers; this allowed preparation of a
variety of carboxylate complexes of Sn porphyrin dimers and
trimers (27 ± 36). In each case, the proton resonances in the
1H NMR spectrum attributed to the added acid disappeared,
and multiple ligand resonances were observed; this is
consistent with coordination to both the inner and outer Sn
porphyrin faces. Comparison of the ligand chemical shifts of
carboxylate complexes of cyclic Sn porphyrin oligomers to
those of a monomeric complex of the same carboxylate
provided some indication of which resonances were attribut-
able to the inner ligand and which to the outer ligand, yet
the unambiguous assignment necessitated 2D NMR experi-
ments.


Effect of binding on the host geometry : In the absence of
crystal structures of monomeric Sn porphyrin complexes,
1H NMR properties were used to identify the features that
reveal the complexes× geometry. The large carboxylate-
resonance shift that occurs when carboxylate groups bind to
Sn porphyrins, and the fact that the resulting complexes are in
slow exchange, render Sn porphyrin carboxylate complexes
suitable for a computational analysis that calculates the shift
(��) of ligand 1H NMR resonances on binding to porphyr-
ins.[16] In the model we applied, the porphyrin ring current was
parameterised for a particular class of metalloporphyrin, and
all the atoms of the complex were defined in three-dimen-
sional space. These ™input∫ atom coordinates, particularly of
the bound ligand, may be changed by some incremental value
in order to search various ligand bond lengths, angles and
dihedral angles. Several such parameters may be floated,
either individually or in combination and, in this way, ��may
be generated for different geometries and compared against
��obs to determine which exhibits the best agreement.
The experimental and predicted chemical shifts for Sn(9-


anthroate)2TPP, 17, were consistent only with a geometry in
which the aromatic plane of the ligand was almost parallel to
the plane of the porphyrin–more precisely in which the Sn-
O-C-C dihedral angle (�) was �100�. In the solid state, the
aromatic plane of the ligand of Sn(benzoate)2TPP 15 is almost
perpendicular to the plane of the porphyrin,[17] while the
solution-state structure, based on the NMR-data modelling,
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indicated that the dihedral � did not significantly deviate from
180�. The Sn-O-C-C dihedral angle of Sn(1-naphthoate)2TPP,
16, corresponding to the best agreement between ��obs and
��calcd , was between that for the analogous benzoate and
9-anthroate complexes. The angle between the aromatic
planes of these ligands and porphyrin were determined to
be smallest in 17 and progressively larger in 16, and then 15. If
the carbonyl group of 9-anthroate in 17 is orthogonal to the
aromatic plane, as in 9-anthroic carboxylic acid,[18] and
orientated towards the plane of the porphyrin, as in the
crystal structures of other dicarboxylate complexes of Sn
porphyrins, then molecular model building shows that the
aromatic planes of the ligand and porphyrin will be nearly
coplanar.
It is proposed that an attractive � ±� or donor ± acceptor


interaction between the aromatic components of the ligand
and porphyrin of 17 account for their coplanar conformation.
If a � ±� interaction brought the 9-anthroate group into
proximity of the porphyrin plane, the intermediate spatial
requirements of the 1-naphthoate ligand of Sn(1-naphtho-
ate)2TPP between its benzoate and 9-anthroate analogues
may be correlated with respect to the size of their �-electron
systems.
The slowly exchanging Sn porphyrin-carboxylate binding


interaction and the large trans cavity ring current of cyclic
porphyrin oligomers facilitated the 1H NMR characterisation
of carboxylate complexes of 2, 3 and 4. The 1HNMR spectrum
of each example was assigned with the aid of COSY and
NOESY experiments. For example, formation of a single
carboxylate complex on addition of two equivalents of
1-naphthoic acid to dimer 3 was evident from the observation
of a single (new) set of porphyrin resonances in the 1H NMR
spectrum. In sharp contrast, the resulting COSY spectrum of
29 established separate spin systems for the inner and outer
ligands, while NOE cross-peaks between protons of the
separate ligand spin systems to the porphyrin on which they
are both bound made the assignment of the ligand resonances
possible. Significantly, NOE connectivities were observed
between one of the two ligands and both porphyrins of the
™host∫ dimer, thereby providing definitive evidence for
intracavity coordination and identifying the inner bound
ligand (Figure 3). The porphyrin resonances of 29 could be
assigned on the assumption that the meso protons of the Sn
and Zn moieties resonated with the same relative chemical
shifts as the meso protons of the constituent Sn and Zn
monomers, and then following the NOE cross-peaks and J
coupling around the porphyrin. Alternatively, to unambigu-
ously assign the porphyrin resonances, the connectivity from
the Sn and Zn porphyrin inner o-aryl protons could be
followed (Figure 3).
With the exception of the Sn2(9-anthroate)4-2,2 dimer 34


(see below), the 1H NMR spectra of tetracarboxylate
complexes of Sn2 dimers and hexacarboxylate complexes of
Sn3 trimers were assigned in the same way as described for the
Sn(1-naphthoate)2Zn-2,2 dimer 29. However, carboxylate
complexes of 2 and 4, in which the constituent porphyrins
were equivalent, with the overall molecule exhibiting a high
degree of symmetry, it was not possible to specify to which
porphyrin a particular ligand proton exhibited a host ± guest


Figure 3. Diagnostic NOE connectivities (1H NOESY) used to character-
ise intracavity binding are shown as arrows between proton-bearing sites.
(The proton atoms have been omitted for clarity.) Compound 29 was
chosen as an example, as the second porphyrin contains a zinc atom that
ensures that the 1-naphthoic acid inside the cavity is only bound to the Sn
porphyrin. Comparable extracavity NOE connectivities are detected
between the Sn porphyrin and the extracavity ligand, but not shown here.
Through-space (NOE) connectivities are observed across the porphyrin
plane as shown by the arrows around the periphery of a representative
porphyrin molecule, above (lower representation). Such connectivities (in
addition to J coupling determined from COSYexperiments) are important
in identifying the resonances of a particular porphyrin in a cyclic oligomer
from the congestion that characterises the 1H NMR spectra.


NOE interaction, although in most cases this could be
inferred.
The observation of host ± guest NOEs in carboxylate


complexes of Sn porphyrin oligomers provided the most
effective and reliable means of assigning their spectra (Fig-
ure 4). For example, the absence of some diagnostic NOEs
between Sn(RCO2)2Zn-2,2 and Sn2(RCO2)4-2,2 dimer por-
phyrin protons and ligands bound to the outer face implied
that the coordinated Sn porphyrin might be domed so that the
Sn ion was displaced away from the centre of the cavity, with
the bound ligands (outer face) consequently further from the
porphyrin plane. By contrast, the observation of NOE
correlations between the porphyrin o-aryl protons and both
the inner and outer ligands of Sn3(p-toluate)6-2,2,2 trimer 36
indicated that the constituent porphyrins were less distorted
than in the analogous dimer complexes. An important insight
into the geometry and flexibility of porphyrin oligomers based
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Figure 4. Diagnostic NOE connectivities (1H NOESY) identifying the
complexation of a series of aromatic acids inside the cavity for a
representative sample of dimer and trimer complexes.


on 5 was thus provided. For each of these examples no
evidence was obtained to indicate that the ligands adopted a
single preferred orientation.
Comparison of the intra- and extracavity ligand (ligandin


and ligandout , respectively) resonances in the 1H NMR
spectrum of carboxylate complexes of the SnZn dimer 3 and
Sn2 dimer 2 allowed assessment of the contribution of the
second porphyrin to the shielding of the intracavity ligands
(Figure 5). Likewise, the contribution of the porphyrin ring
currents of Sn3 trimer 4 on any ligandin, which will inevitably
include the corresponding contribution of the ring currents of
the other bound neighbouring aromatic ligands, can be
detected (for example 36, Figure 6). The magnitude of the
difference in the trans cavity ring current between cyclic
porphyrin dimer 2 and trimer 4 was revealed by comparison of


Figure 5. The proton NMR chemical shifts (ppm) are shown for acetic,
p-toluic and 1-naphthoic acids bound to Sn2- and SnZn dimers (2 and 3,
respectively). The influence of the neighbouring-ring porphyrin ring
currents on the intra- and extracavity ligands is reflected in the chemical
shift of the protons of the two types of ligands. (The proton atoms have
been omitted for clarity.)


the ligandin proton chemical shifts of 31 and 35, or 32 and 36.
The resonances of ligand protons and NOEs observed in the
SnZn dimer complex of a given carboxylate differed from
those of the corresponding Sn2 dimer complex; compare for
example 29 and 33. Where ligandin 1H NMR chemical-shift
values differed by more than about 0.1 ppm between the
Sn(RCO2)2Zn and Sn2(RCO2)4 dimer, the difference was
considered to be too great to attribute to the magnitude of the
ring current. Although the effect of a second intracavity
ligand must be taken into account, the differences registered
were interpreted to reflect primarily a difference in the
geometry of the dimers.
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Figure 6. The proton NMR chemical shifts (ppm) are shown for p-toluic
acid bound to the Sn3-2,2,2-trimer 4. As in the case of the 2,2-dimers, the
influence of the neighbouring-ring porphyrin ring currents on the intra- and
extracavity ligands is reflected in the chemical shift of the protons of the
two types of ligands. (Only one pair of bound acids is shown, and the proton
atoms have been omitted for clarity.)


Sn2(9-anthroate)4-2,2 dimer 34 :
Dimer 34 exhibited spectro-
scopic and structural character-
istics unlike those of the Sn2
dimer complexes of other car-
boxylates. The coordination of
9-anthroate groups resulted in
the 1H NMR spectrum of 34
being far more complicated than
the analogous spectra of
Sn2(RCO2)4-2,2 dimers. Multi-
ple porphyrin resonances in the
1H NMR spectrum of dimer 34
were indicative of a loss of
symmetry; two meso-proton re-
sonances, four singlets attribut-
able to pyrrole methyl and me-
thoxy groups, and up to eight methylene-proton multiplets
were observed. The COSY spectrum of 34 revealed this
pattern of resonances to be due to the presence of two
propionate chains, each with nonequivalent methylene pro-
tons giving a total of eight different methylene resonances.
Single porphyrin aryl resonances and peaks corresponding to
one inner and one outer ligand were also observed. The
assignment of COSY and ROESY spectra indicated that the
outer ligands rotated rapidly, such that the dimer experienced
an averaged effect due to their presence. While the two
intracavity coordinated ligands were chemically equivalent,
the steric limitations imposed twofold symmetry on the host
molecule, and as their rotation was slow on the NMR
timescale, the peripheral porphyrin protons appeared to
exchange between two environments (Figure 7). Identifica-
tion of NOE and exchange cross peaks through the acqui-
sition of a ROESY spectrum confirmed that an exchange


process was taking place and allowed a geometry to be
proposed for dimer 34.
Corey ± Pauling ±Koltun space-filling models of the Sn2(9-


anthroate)4 dimer implied that the Sn2 dimer cavity could not
accommodate two 9-anthroate
ligands perpendicular to the Sn
porphyrins, and that two intra-
cavity groups could not rotate
easily; the aromatic compo-
nents of the inner ligands were
constrained to be almost co-
planar with the porphyrin
(Scheme 2). The proximity of
the large �-electron system of
the 9-anthroate ligands to the
host molecule was rationalised
to influence the chemical shift
of the porphyrin protons, and
thereby impose a loss of sym-
metry on the porphyrin. Specif-
ically, the peripheral porphyrin resonances became doubled
due to loss of symmetry, according to their position with
respect to the ligand, and all the methylene protons became
nonequivalent.


NOE cross peaks between nonequivalent pyrrole methyl
groups and one aromatic system were consistent with a ligand
conformation in which the longest axis of each 9-anthroate
group was aligned with the meso protons (Figure 8a). A
geometry in which the ligands were aligned with the aryl
groups, wouldalso impose twofold symmetryon thedimer, but in
this case just one meso proton resonance would be observed
(with NOEs to nonequivalent methylene groups).
In the ROESY spectrum (298 K), each meso proton of 34


exhibited four NOEs to methylene groups substituted � to the
porphyrin; this corresponded to the total number of a-type
methylene protons. Exchange cross peaks were observed for
all peripheral porphyrin protons; the two meso-proton
resonances were identified by a connecting exchange peak,
as were the two pyrrole methyl and the two methoxy groups
(Figure 8a). Each methylene proton appeared to be in
exchange with two other methylene protons.


Figure 7. The Sn2(9-anthroate)4-2,2 dimer 34. Slow rotation (on the NMR timescale) of the ligands discriminates
between one ligand projecting forwards and one receding from the plane of the page. The symmetry established is
reflected in the overall structure of 34 (see later).


Scheme 2. Schematic side view
of dimer 34. (Steric demands
are implied but not shown.)
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Figure 8. a) The symmetry that is established as a result of the two
orientations of the cavity-bound ligands is shown, whereby sets of proton
resonance in the 1H NMR spectrum are attributed to the two halves of the
porphyrins represented by the two different colours. In this representation,
the complex (34) is viewed from above one of the porphyrin planes. The
anthroate ligand closer to the porphyrin plane shown in this schematic is
represented in solid lines, while the second cavity-bound aromatic ligand,
which will sit further from the porphyrin plane, is represented in dotted
lines. Solid arrows between specific protons establish NOE connectivities
across the two halves of the molecules, while dotted arrows between
specific protons identify sites which are exchanging on the NMR timescale.
b) Side view of the complex described in a), showing the effect of the
aromatic ligands on the porphyrin substituents.


The acquisition of a ROESY spectrum of 34 at 276 K
revealed that the complex underwent exchange at this lower
temperature. However, differences were detected in the
intensities of themeso-methylene NOE cross peaks, reflecting
a temperature dependence of the exchange mechanism. This
allowed the peripheral porphyrin resonances to be fully
assigned; the meso proton that resonated at lower field
exhibited more intense NOE cross peaks to the lower-field
methylene resonances, which in turn were determined to be in
greater proximity to the pyrrole methyl group that resonated
at lower field. For every pair of nonequivalent protons, for
example, CH3 and CH3�, the lower-field resonance was always
attributed to the same ™side∫ of the porphyrin, as defined by
the mirror plane through the meso positions. One ™side∫ of
each porphyrin could therefore be described as deshielded
(relative to the tetrahydroxo molecule 2) and the other as
shielded. At 276 K, exchange cross peaks were observed
between single ™shielded∫ and ™deshielded∫ methylene res-
onances.
By considering the location of the inner ligands with respect


to the dimer, the shielding/deshielding affect on the porphyrin


resonances could be rationalised (Figure 8b). As viewed in the
figure, one meso proton of the upper porphyrin is deshielded
by edge-on exposure to the anthroate ligand coordinated to
the lower porphyrin, while the same ligand shields the
™facing∫ meso proton of the lower porphyrin. As the
conformation of the ligands changed with rotation, the
porphyrin protons experienced ™shielded∫ and ™deshielded∫
environments. The upper and lower porphyrins (or equally
the shielded and deshielded protons) were related about a
rotational axis of symmetry through the centre of the
butadiyne links.
In view of the steric congestion within the Sn2(9-anthro-


ate)4-2,2 dimer, the formation of 34 was unexpected; once one
anthroate group is coordinated to an inner Sn porphyrin face,
the angle at which a second ligand can enter must be limited.
It may be that a weak interaction between the 9-anthroate
ligand and porphyrin, of the type postulated to account for the
coplanar conformation of the ligand and porphyrin in Sn(9-
anthroate)2TPP, promotes the formation of the Sn2(9-anthro-
ate)4-2,2 dimer.[3]


Experimental Section


For column chromatography on alumina either neutral or basic Brock-
mann I (standard grade, 150 mesh) alumina was employed. Brockmann
grades IVand Valumina were prepared by the addition of water (10% and
15% w/w, respectively), shaking and allowing the mixture to equilibrate for
several hours. Chloroform employed in the preparation or reaction of
Sn(OH)2 porphyrins was passed through a short column of neutral alumina
immediately prior to use. H2TPP was used as obtained (Aldrich) without
further purification.


Improved results for inserting tin(��) into porphyrins were obtained with
anhydrous Sn dichloride ground into a fine powder in place of Sn dichloride
dihydrate. By increasing the volume of pyridine or concentration of Sn salt,
complete reaction was reliably achieved. The product was precipitated
from the reaction mixture by addition of water and collected on celite.
After extraction with chloroform, a hydrochloric acid wash was introduced
to the work-up to ensure that all traces of Sn salts and pyridine were
removed. Washing with water then completed the procedure.
1H NMR spectra were recorded on Bruker DRX-400 or DRX-500
spectrometers (400 and 500 MHz, respectively). 13C NMR spectra were
obtained on an Bruker DRX-400 spectrometer operating at 100.6 MHz. All
NMR measurements were carried out at room temperature in deutero-
chloroform unless otherwise specified. Two-dimensional NMR spectra
were acquired by using standard Bruker pulse programs, with a relaxation
delay of 2 s and 2048 data points in t2 . Typically, 16 scans were accumulated
for 640 increments in t1. Prior to FT, zero filling was applied to t1 (1 K), and
the data were multiplied by a shifted sine-bell function (qsine) in both
domains.


Routine UV/visible spectra were obtained on a HP 8452 diode-array
spectrophotometer in 10 mm oven-dried cuvettes. Distilled solvents were
used throughout and, when used dry, were freshly obtained from solvent
stills. Triethylamine and dichloromethane were distilled from CaH2 under
argon, while toluene and tetrahydrofuran were distilled from CaH2 or
sodium, also under argon. Free-base porphyrins were converted into zinc/
nickel complexes in near quantitative yield by treatment with zinc/nickel
acetate dihydrate in CH2Cl2 or heating at reflux with chloroform,
respectively. MALDI-TOF mass spectra were recorded on a Kratos
Analytical Ltd, Kompact MALDI IV mass spectrometer. A nitrogen laser
(337 nm, 85 kW peak laser power, 3 ns pulse width) was used to desorb the
sample ions, and the instrument was operated in linear time-of-flight mode
with an accelerating potential of 20 kV. Results from 50 laser shots were
signal-averaged to give one spectrum. An aliquot (1 �L) of a saturated
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solution of the matrix (sinapinic acid) was deposited on the sample plate
surface. Before the matrix completely dried, a small volume (1 �L) of
analytes (dissolved in dichloromethane/chloroform at 1 mgmL�1) was
layered on the top of the matrix and allowed to air-dry.


Purification of diaion resin WA30 : Ion-exchange resin WA30 (Supelco)
was placed in a column (gravity packing). A volume of aqueous hydro-
chloric acid (2�) equal to twice the volume of resin was passed through the
column under gravity, water was then filtered through until the eluent was
neutral. The procedure was repeated with aqueous sodium hydroxide
(2.5�) in place of aqueous hydrochloric acid, and the beads were then
washed successively with methanol and chloroform, dried in vacuo and
stored until required.


SnCl2TPP 9 : H2TPP 8 (up to 500 mg) was stirred under reflux with finely
ground anhydrous tin(��) chloride (2.4 equivalents) in pyridine (to give a
porphyrin concentration of 0.01�) for one hour. Complete Sn insertion was
confirmed by UV spectroscopic examination of a drop of reaction mixture
diluted with dichloromethane or chloroform. The crude product was
precipitated by the addition of water (typically mL quantities) and
collected by vacuum filtration on celite. Methanol (typically mL quantities)
was washed through the celite plug to remove excess water, followed by
chloroform to extract the porphyrin. The chloroform filtrate was washed
with aqueous hydrochloric acid (6�, typically 2� 10 mL) and water
(3� equal volume to organic solution), then dried (anhydrous sodium
sulfate). Evaporation of the organic solution under reduced pressure gave a
purple solid (90% yield prior to recrystallisation). 1H NMR (250 MHz,
CDCl3) �� 7.85 (m, 12H; m- and p-aryl H), 8.34 (m, 8H; o-aryl H), 9.23
(s, Snsat 4J(Sn-H)� 15.5 Hz, 8H; �-pyrrole H); 13C NMR (62.5 MHz,
CDCl3) �� 121.2 (meso-C), 127.1 (C-3), 128.6 (C-4), 132.7 (C-�), 134.9
(C-2), 140.6 (C-1), 146.4 (C-�); UV/Vis (CH2Cl2) �max� 404.3, 425.7, 560.2,
599.8 nm.


SnCl2 monomer 6 : H2 monomer 5 was heated under reflux with finely
ground anhydrous tin(��) chloride (5 equivalents) in pyridine (porphyrin
concentration of 0.005�) for two hours and worked up as described for Sn
insertion in to H2TPP. Compound 6 was a red powder (typically 90% yield
prior to recrystallisation). 1H NMR (250 MHz, CDCl3) �� 0.27 (s, 18H;
Si(CH3)3), 2.66 (s, 12H; pyrrole CH3), 3.30 (t, 3J� 7.7 Hz, 8H;
CH2CH2CO2CH3), 3.66 (s, 12H; OCH3), 4.23 (t, 3J� 7.7 Hz, 8H;
CH2CH2CO2CH3), 7.80 (m, 2H; aryl H), 7.98 (m, 2H; aryl H), 8.00 (m,
2H; aryl H), 8.18 (m, 2H; aryl H), 10.84 (s, 2H; meso); 13C NMR
(62.5 MHz, CDCl3) ���0.1 (Si(CH3)3), 15.8 (pyrrole CH3), 21.9
(CH2CH2CO2CH3), 36.3 (CH2CH2CO2CH3), 51.9 (OCH3), 95.7 (aryl-
C�C), 97.5 (meso-CH), 104.3 (�C�Si(CH3)3), 118.6 (meso-C), 123.5 (C-1),
128.1 (CH), 132.7 (CH), 132.9 (CH), 136.6 (CH), 140.6 (Cq), 141.1 (Cq),
142.6 (Cq), 142.7 (Cq), 143.7 (Cq), 173.3 (CO); UV/Vis (CH2Cl2) �max�
396.8, 418.5, 547.7, 582.6 nm.


Sn(OH)2porphyrins


Hydrolysis of SnCl2 porphyrins : SnCl2 porphyrin (100 mg scale) was
dissolved in the minimum volume of dichloromethane or chloroform and
stirred with basic alumina (activity V, 1.6 g per 0.1 mmol of porphyrin) for
five hours. The resulting slurry was filtered, the filtrate was dried (sodium
sulfate), the solvent was removed under reduced pressure, and the residue
was recrystallised by layered addition of hexane to a concentrated solution
in dichloromethane. Purple (10) or red (7) powder was obtained (typical
yield 80% from free-base porphyrin).


Sn(OH)2TPP 10 : 1H NMR (250 MHz, CDCl3) ���7.44 (br s, 2H; OH),
7.81 (m, 12H; m -and p-aryl H), 8.34 (m, 8H; o-aryl H), 9.13 (s, Snsat 4J(Sn-
H)� 10.1 Hz, 8H; �-pyrrole H); 13C NMR (62.5 MHz, CDCl3) �� 121.4
(meso-C), 127.1 (C-3), 128.4 (C-4), 132.8 (C-�), 135.2 (C-2), 141.4 (C-1),
146.9 (C-�); UV/Vis (CH2Cl2) �max� 402.8, 424.0, 558.6, 598.3 nm.


Sn(OH)2 monomer 7: 1H NMR (250 MHz, CDCl3) ���7.81 (br s, 2H;
OH), 0.27 (s, 18H; Si(CH3)3), 2.61 (s, 12H; pyrrole CH3), 3.31 (t, 8H; 3J�
7.7 Hz, CH2CH2CO2CH3), 3.74 (s, 12H; OCH3), 4.44 (t, 3J� 7.7 Hz, 8H;
CH2CH2CO2CH3), 7.77 (m, 2H; aryl H), 7.98 (m, 2H; aryl H), 8.14 (m, 2H;
aryl H), 8.25 (m, 2H; aryl H), 10.71 (s, 2H; meso); 13C NMR (62.5 MHz,
CDCl3) ���0.1 (Si(CH3)3), 15.6 (CH3), 21.8 (CH2CH2CO2CH3), 36.5
(CH2CH2CO2CH3), 51.9 (OCH3), 95.4 (aryl-C�C), 97.8 (meso-CH), 104.5
(�C�Si(CH3)3), 118.8 (meso-C), 123.3 (C-1), 128.1 (CH), 132.6 (CH), 133.0
(CH), 136.4 (CH), 140.4 (Cq), 141.9 (Cq), 142.5 (Cq), 142.9 (Cq), 144.1 (Cq),
173.4 (CO); UV/Vis (CH2Cl2) �max� 398.7, 416.9, 546.8, 581.8 nm.


Sn(RCO2)2 porphyrins


Preparative-scale synthesis of Sn(RCO2)2 porphyrins : A carboxylic acid
(2.4 equivalents) was added to Sn(OH)2 porphyrin (10 mg scale) in
chloroform. The solution was stirred for 30 minutes, sodium sulfate was
then added, and the mixture was stirred for a further 2 ± 3 minutes. After
filtration and removal of the solvent (reduced pressure), the pure complex
was isolated by recrystallisation from dichloromethane and hexane (�70%
recovery).


Complete formation of the dicarboxylate complex was always observed, for
this reason the binding of the carboxylate was not followed spectroscopi-
cally but assumed to go to completion.


Sn(propionate)2TPP 11: 1H NMR (250 MHz, CDCl3) ���1.42 (t, 3J�
7.6 Hz, 6H; CH3), �0.78 (q, 3J� 7.6 Hz, 4H; CH2), 7.80 (m, 12H;m- and p-
aryl H), 8.30 (m, 8H; o-aryl H), 9.17 (s, Snsat 4J (Sn�H)� 14.5 Hz, 8H; �-
pyrrole H); 13C NMR (62.5 MHz, CDCl3) �� 8.1 (CH3), 27.6 (CH2), 121.5
(meso-C), 126.9 (C-3), 128.3 (C-4), 132.5 (C-�), 134.7 (C-2), 141.1 (C-1),
147.1 (C-�), 171.3 (CO); UV/Vis (CH2Cl2) �max� 401.4, 422.6, 556.5,
595.3 nm.


Sn(acetate)2TPP 12 : 1H NMR (250 MHz, CDCl3) ���1.05 (s, 6H; CH3),
7.82 (m, 12H;m- and p-aryl H), 8.29 (m, 8H; o-aryl H), 9.18 (s, Snsat 4J (Sn-
H)� 14.6 Hz, 8H; �-pyrrole H); 13C NMR (62.5 MHz, CDCl3) �� 20.7
(CH3), 121.5 (meso-C), 126.9 (C-3), 128.4 (C-4), 132.5 (C-�), 135.1 (C-2),
141.0 (C-1), 147.0 (C-�), 168.4 (CO); UV/Vis (CH2Cl2) �max� 401.3, 422.5,
556.6, 595.7 nm.


Sn(chloroacetate)2TPP 13 : 1H NMR (250 MHz, CDCl3) �� 0.93 (s, 4H;
CH2Cl), 7.82 (m, 12H; m- and p-aryl H), 8.31 (m, 8H; o-aryl H), 9.21 (s, 4J
(Sn-H)� 15.5 Hz, 8H; �-pyrrole H); 13C NMR (62.5 MHz, CDCl3) �� 40.6
(CH2Cl), 121.8 (meso-C), 127.0 (C-3), 128.5 (C-4), 132.8 (C-�), 134.8 (C-2),
140.7 (C-1), 147.2 (C-�), 162.9 (CO); UV/Vis (CH2Cl2) �max� 400.4, 421.3,
554.3, 594.1 nm.


Sn(dichloroacetate)2TPP 14 : 1H NMR (250 MHz, CDCl3) �� 2.85 (s, 2H;
CHCl2), 7.82 (m, 12H; m- and p-aryl H), 8.31 (m, 8H; o-aryl H), 9.24 (s,
Snsat 4J (Sn-H)� 16.1 Hz, 8H; �-pyrrole H); 13C NMR (62.5 MHz, CDCl3)
�� 64.8 (CHCl2), 121.8 (meso-C), 127.0 (C-3), 128.6 (C-4), 132.9 (C-�),
134.7 (C-2), 140.6 (C-1), 147.3 (C-�), 159.4 (CO); UV/Vis (CH2Cl2) �max�
399.0, 420.1, 553.9, 592.2 nm.


Small (1H NMR) scale preparation of Sn(RCO2)2 porphyrin complexes
from carboxylic acid solutions : Sn(OH)2 porphyrin (ca. 2.5 ± 3.0�
10�3 mmol) was carefully transferred to an NMR tube with dried (alumina
filtered) [D]chloroform (0.5 mL). A solution of the carboxylic acid in the
same solvent (0.26�, volume of 0.5 mL) was prepared. Two equivalents of
the carboxylic acid solution (20 �L) were injected into the porphyrin
solution and the sample was shaken well.


For carboxylic acids that were not soluble in neat [D]chloroform at a
concentration of approx. 0.25�, a solution of the acid in [D4]methanol/
[D]chloroform (3:2) was prepared. No other changes to the technique were
required.


Small (1H NMR) scale preparation of Sn(RCO2)2 porphyrin complexes
from solid carboxylic acids : Sn(OH)2 porphyrin (typically 2.5 ± 3.0�
10�3 mmol) and carboxylic acid (2 equivalents) were combined with a
volume of dried [D]chloroform (alumina filtered; 0.6 mL) in a 2 mL vial
and stirred for three hours. The solution was then transferred to an NMR
tube.


Cyclic Sn porphyrin oligomers


Sn2Cl4 dimer 1: H4 dimer (50 mg, 0.0275 mmol) was heated at reflux with
finely ground anhydrous tin(��) chloride (52 mg, 0.275 mmol) in pyridine
(70 mL) for two hours. The disappearance of low-wavelength Q-bands in
the UV spectrum indicated complete metallation. After being cooled to
room temperature, the volume of the reaction mixture was reduced to
�10 mL by distillation under reduced pressure. The residual concentrated
pyridine solution was then diluted with chloroform and cautiously washed
with aqueous hydrochloric acid (6�, 3� 200 mL) and water (3� 400 mL).
Evaporation of the chlorinated solvent under reduced pressure afforded
the product as a red solid (57 mg, 94% not recrystallised). 1H NMR
(250 MHz, CDCl3) �� 2.45 (s, 24H; pyrrole CH3), 3.07 (t, 3J� 7.5 Hz, 16H;
CH2CH2CO2CH3), 3.56 (s, 24H; OCH3), 4.26 (m, 16H; CH2CH2CO2CH3),
7.35 (s, 4H; o-arylin H), 7.80 (m, 8H; aryl H), 8.48 (m, 4H; o-arylout H), 10.49
(s, 4H; meso); 13C NMR (62.5 MHz, CDCl3) �� 15.6 (pyrrole CH3), 21.6
(CH2CH2CO2CH3), 36.2 (CH2CH2CO2CH3), 51.7 (OCH3), 75.7 (C�C), 83.7
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(C�), 97.3 (meso-CH), 117.8 (meso-C), 122.0 (C-1), 127.7 (CH), 128.8 (CH),
132.5 (CH), 140.1 (Cq), 140.3 (CH), 141.3 (Cq), 142.2 (Cq), 142.4 (Cq), 143.3
(Cq), 173.2 (CO); UV/Vis (CH2Cl2) �max� 416.6, 549.1, 584.3 nm.


Sn2(OH)4 dimer 2 : Without further purification, dimer 1 (57 mg,
0.026 mmol) was stirred with activated diaion WA30 resin (3.47 g,
5.2 mmol) and water (9.4 �L, 0.52 mmol) in chloroform (250 mL) for 6 h.
The resin was filtered from the reaction mixture, and the chloroform
solution was washed with water (2� 200 mL) and dried (sodium sulfate).
The organic solvent was removed, and the residue was recrystallised from
dichloromethane and hexane to yield a fine red powder (29 mg, 50%
overall yield from the H4 dimer). 1H NMR (250 MHz, CDCl3) ���9.02
(br s, 2H; OHin),�7.86 (br s, 2H; OHout), 2.41 (s, 24H; pyrrole CH3), 3.06 (t,
16H; 3J� 7.5 Hz, CH2CH2CO2CH3), 3.65 (s, 24H; OCH3), 4.23 (t, 16H;
3J� 7.5 Hz, 16H; CH2CH2CO2CH3), 7.57 (s, 4H; o-arylin H), 7.77 (m, 8H;
aryl H), 8.36 (m, 4H; o-arylout H), 10.36 (s, 4H; meso); 13C NMR
(62.5 MHz, CDCl3) �� 15.5 (pyrrole CH3), 21.6 (CH2CH2CO2CH3), 36.4
(CH2CH2CO2CH3), 51.8 (OCH3), 75.9 (C�C), 84.4 (C�C), 97.3 (meso-CH),
118.0 (meso-C), 121.9 (C-1), 127.7 (CH), 129.7 (CH), 132.4 (CH), 140.7
(CH), 139.9 (Cq), 142.0 (Cq), 142.2 (Cq), 142.5 (Cq), 143.8 (Cq), 173.3 (CO);
UV/Vis (CH2Cl2) �max� 415.0, 547.9, 583.4 nm.


Sn3(OH)6 trimer 4 : The Sn3Cl6 trimer was prepared, in the same way as the
Sn2Cl4 dimer, from the H6 trimer (35 mg, 0.013 mmol), anhydrous tin(��)
chloride (36.9 mg, 0.195 mmol) and pyridine (40 mL). Repeated attempts
were made to extract the pyridine reaction mixture with chloroform, but
much of the porphyrin material remained in the suspension. However, the
combined chloroform fractions were stirred with diaion WA30 resin (2.6 g,
3.9 mmol) and water (7 �L, 0.39 mmol) without further purification or
characterisation to yield the Sn3(OH)6-2,2,2 trimer, which was recrystal-
lised from dichloromethane and hexane (18 mg, 28%). 1H NMR
(250 MHz, CDCl3) �� 2.52 (s, 36H; pyrrole CH3), 3.17 (t, 3J� 7.5 Hz,
24H; CH2CH2CO2CH3), 3.63 (s, 36H; OCH3), 4.33 (t, 3J� 7.5 Hz, 24H;
CH2CH2CO2CH3), 7.80 (dd, 3J� 7.5 Hz, 6H; m-aryl H), 8.07 (d, 3J� 7.5 Hz,
6H; aryl H), 8.16 (d, 3J� 7.5 Hz, 6H; aryl H), 8.22 (s, 6H; o-arylin H), 10.60
(s, 6H; meso); 13C NMR (62.5 MHz, CDCl3) �� 15.5 (pyrrole CH3), 21.7
(CH2CH2CO2CH3), 36.3 (CH2CH2CO2CH3), 51.8 (OCH3), 74.8 (C�C), 81.4
(C�C), 97.8 (meso-CH), 118.2 (meso-C), 121.8 (C-1), 128.3, 128.9, 132.4,
133.0, 140.1, 142.2, 142.5, 142.8, 143.9, 173.3 (CO); UV/Vis (CH2Cl2) �max�
416.1, 547.4, 581.7 nm.


Asymmetric cyclic porphyrin dimers


Sn(OH)2Zn dimer 3 : Zinc acetate dihydrate (29 mg, 0.132 mmol) was
dissolved in the minimum volume of methanol, diluted with chloroform
(1 mL), and this mixture was added dropwise to a rapidly stirred solution of
the H4 dimer 20 (300 mg, 0.165 mmol) in chloroform (200 mL). The
mixture was stirred for a further 20 minutes; tlc (alumina; chloroform)
confirmed the presence of three differentially metallated products. The
solvent was removed (reduced pressure), and the crude dimer mixture was
dried in vacuo to remove all traces of methanol.


Column chromatography (7 cm, neutral activity IV alumina) eluting with
chloroform/dichloromethane (1:4) under gravity yielded the H4 dimer
(113 mg). The eluent was changed to chloroform/dichloromethane (1:2.3)
to ensure that all the H4 dimer 20 was eluted before the column was flushed
with chloroform to collect both the H2Zn dimer 21 and Zn2 dimer 22. The
solvent was removed (affording 178 mg of mixed dimers), and the residue
was treated with anhydrous tin(��) chloride (88.4 mg, 0.47 mmol) in pyridine
(15 mL), as described for the preparation of the Sn2Cl4 dimer 1. Washing
the pyridine/chloroform solution of the product with aqueous hydrochloric
acid (6�, 3� 200 mL) gave the SnCl2H2 dimer 24 and H4 dimer 20. After
three aqueous washes, the organic phase was dried (sodium sulfate) and the
solvent was evaporated under reduced pressure to afford 169 mg of mixed
dimers.


Dimer 20 was separated from the Sn free-base dimer fraction by additional
column chromatography (7 cm, neutral activity IV alumina; chloroform/
dichloromethane, 1:2.3), 41.5 mg were obtained. Subsequent elution with
chloroform yielded 84.6 mg of SnClX(OH)YH2-2,2-dimer after removing
the solvent under reduced pressure. The dimer was redissolved in
chloroform (100 mL), and zinc chloride (15 mg, 0.11 mmol) was added to
the solution. A few drops each of methanol and triethylamine were added
to aid solubility of the Zn salt and prevent protonation of the free-base
porphyrin by hydrochloric acid. The mixture was stirred at room temper-
ature until UVanalysis showed metallation to be complete (�20 minutes).


Two aqueous washes of the resulting SnClX(OH)YZn-2,2-dimer solution
were then carried out, the organic phase was subsequently dried over
sodium sulfate and evaporated to afford 87.9 mg.


Water (1 �L, 0.5 mmol) and diaion resin WA30 (0.73 g, 1.1 mmol) were
added to a solution of the dimer dissolved in chloroform (50 mL), and the
mixture was stirred for 2 h. Sn(OH)2Zn dimer 3 was separated from the
resin by filtration as previously (see synthesis of dimer 2). Removal of the
solvent left a red residue, which was recrystallised from dichloromethane
and hexane to give 53.4 mg of a red powder. Overall yield fromH4 dimer 20
of 16%; 51% (without recrystallisation) of the porphyrinic starting
material was recovered as the H4 dimer. 1H NMR (250 MHz, CDCl3) ��
�8.72 (br s, 2H; OHin), �7.56 (br s, 2H; OHout), 2.29 (s, 12H; Zn-pyrrole
CH3), 2.44 (s, 12H; Sn-pyrrole CH3), 2.93 (t, 3J� 7.5 Hz, 8H; Zn-
CH2CH2CO2CH3), 3.09 (t,3J� 7.5 Hz, 8H; Sn-CH2CH2CO2CH3), 3.61 (s,
12H; Zn-OCH3), 3.62 (s, 12H; Sn-OCH3), 4.08 (t, 3J� 7.5 Hz, 8H; Zn-
CH2CH2CO2CH3), 4.25 (t, 3J� 7.5 Hz, 8H; Sn-CH2CH2CO2CH3), 7.17 (s,
2H; Zn-o-arylin H), 7.36 (s, 2H; Sn-o-arylin H), 7.73 (m, 4H; Zn-aryl H), 7.80
(m, 4H; Sn-aryl H), 8.43 (m, 2H; Zn-o-arylout H), 8.51 (m, 2H; Sn-o-arylout
H), 9.80 (s, 2H; Zn-meso), 10.42 (s, 2H; Sn-meso); 13C NMR (62.5 MHz,
CDCl3) �� 15.6 (Sn and Zn-pyrrole CH3), 21.6 (Sn and Zn-
CH2CH2CO2CH3), 36.3 (CH2CH2CO2CH3), 36.8 (CH2CH2CO2CH3), 51.6
(OCH3), 51.7 (OCH3), 74.7 (C�C), 75.7 (C�C), 83.1 (C�C), 84.1 (C�C),
96.9 (meso-CH), 97.5 (meso-CH), 117.5 (meso-C), 118.1 (meso-C), 121.1
(C-1), 122.1 (C-1), 127.1, 127.6, 128.8, 129.5, 130.0, 130.9, 132.3, 133.0, 137.0
(Cq), 140.2 (Cq), 140.7 (Cq), 141.4 (Cq), 141.9 (Cq), 142.0 (Cq), 142.5 (Cq),
142.6 (Cq), 144.0 (Cq), 144.8 (Cq), 173.2 (CO), 173.4 (CO); UV/Vis (CH2Cl2)
�max� 413.6, 507.2, 545.9, 580.4 nm.


H2Zn dimer 21: Pure dimer 21 was collected in the chromatographic
separation of H4 dimer 20 from H2Zn dimer 21 and Zn2 dimer 22 (see
synthesis of dimer 3). 1H NMR �� (250 MHz, CDCl3) �2.61 (br s, 2H;
NH), 2.32 (s, 12H; Zn-pyrrole CH3), 2.35 (s, 12H; H2-pyrrole CH3), 2.96
(m, 16H; H2 and Zn-CH2CH2CO2CH3), 3.55 (s, 12H; OCH3), 3.60 (s, 12H;
OCH3), 4.11 (m, 16H; H2 and Zn-CH2CH2CO2CH3), 7.00 (s, 2H; Zn-o-
arylin H), 7.10 (s, 2H; H2-o-arylin H), 7.77 (m, 8H; H2 and Zn-aryl H), 8.51
(m, 4H; H2 and Zn-o-arylout H), 9.90 (s, 2H; Zn-meso), 10.00 (s, 2H; H2-
meso); 13C NMR �� (62.5 MHz, CDCl3) 14.9 (pyrrole CH3), 15.7 (pyrrole
CH3), 21.7 (H2 and Zn-CH2CH2CO2CH3), 36.7 (CH2CH2CO2CH3), 36.8
(CH2CH2CO2CH3), 51.6 (H2 and Zn-OCH3), 74.6 (C�C), 74.8 (C�C), 82.7
(C�C), 83.1 (C�C), 96.6 (meso-CH), 97.2 (meso-CH), 116.5 (meso-C),
117.7 (meso-C), 121.1 (C-1), 121.5 (C-1), 127.1, 127.4, 130.0, 130.3, 132.2,
132.9, 137.1, 139.1, 139.3, 140.7, 141.5, 141.5, 141.8, 143.2, 144.8, 145.5, 147.2,
173.3 (CO), 173.4 (CO);* FAB MS: m/z : 1881 [M��H], calcd for
C112H102N8O16Zn: 1881.5; UV/Vis (CH2Cl2) �max� 410.8, 507.8, 542.6,
576.4 nm. *One aromatic/pyrrole 13C NMR resonance not resolved.


SnCl2Zn dimer 23 : A mixture of dimer 23 and Zn2 dimer 22 was obtained as
an intermediate in the synthesis of Sn(OH)2Zn dimer 3. Pure dimer 23 was
prepared by methods employed for the synthesis of 3. The H2Zn dimer was
heated under reflux with anhydrous tin(��) chloride and subsequently
washed with aqueous hydrochloric acid to give the SnCl2H2 dimer.
Treatment with zinc chloride yielded the SnCl2Zn dimer. 1H NMR
(250 MHz, CDCl3) �� 2.26 (s, 12H; Zn-pyrrole CH3), 2.47 (s, 12H; Sn-
pyrrole CH3), 2.89 (t, 3J� 7.5 Hz, 8H; Zn-CH2CH2CO2CH3), 3.07 (t, 3J�
7.5 Hz, 8H; Sn-CH2CH2CO2CH3), 3.48 (s, 12H; Zn-OCH3), 3.61 (s, 12H;
Sn-OCH3), 4.03 (t, 3J� 7.5 Hz, 8H; Zn-CH2CH2CO2CH3), 4.27 (t, 3J�
7.5 Hz, 8H; Sn-CH2CH2CO2CH3), 7.20 (s, 2H; Zn-o-arylin H), 7.38 (s, 2H;
Sn-o-arylin H), 7.72 (m, 4H; Zn-aryl H), 7.81 (m, 4H; Sn-aryl H), 8.39 (m,
2H; Zn-o-arylout H), 8.52 (m, 2H; Sn-o-arylout H), 9.72 (s, 2H; Zn-meso),
10.50 (s, 2H; Sn-meso); 13C NMR (100 MHz, CDCl3) �� 15.5 (pyrrole
CH3), 15.6 (pyrrole CH3), 21.6 (Sn and Zn-CH2CH2CO2CH3), 36.1
(CH2CH2CO2CH3), 36.8 (CH2CH2CO2CH3), 51.6 (OCH3), 51.7 (OCH3),
74.7 (C�C), 75.6 (C�C), 83.1 (C�C), 84.5 (C�C), 96.9 (meso-CH), 97.4
(meso-CH), 117.6 (meso-C), 117.9 (meso-C), 121.0 (C-1), 122.2 (C-1), 127.2,
127.7, 128.8, 129.3, 130.2, 130.9, 132.3, 132.9, 137.0, 138.5, 140.3, 141.1, 141.2,
142.2, 142.5, 143.3, 145.4, 147.1, 173.1 (CO), 173.4 (CO); UV/Vis (CH2Cl2)
�max� 415.3, 545.2, 580.7 nm.


Small (1H NMR) scale preparation of Sn(RCO2)2 porphyrin oligomers :
Sn(RCO2)2 porphyrin oligomers were prepared in the same way as
carboxylate complexes of Sn porphyrin monomers, with Sn(OH)2 porphyr-
in oligomer (concentration 1.9 m�, [D]chloroform) and solutions of
carboxylic acids in [D]chloroform or [D]chloroform/[D4]methanol. Diag-
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nostic 1H NMR resonances for the cyclic oligomers 27 ± 36 are shown in
Tables 1 ± 4 (500 MHz, CDCl3, 298 K).
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Table 1. 1H NMR resonances for the Sn(RCO2)2Zn-2,2-dimer complexes.


Proton 27 28 29 30


Sn pyrrole CH3 2.45 2.42 2.44 2.35
Sn CH2CH2CO2CH3 3.06 3.02 2.99 2.93
Sn OCH3 3.59 3.57 3.46 3.34
Sn CH2CH2CO2CH3 4.28 4.27 4.24 4.15
Sn o-arylin 7.18 6.98 7.46 7.33
Sn m- and p-aryl 7.80 7.77 7.78 7.89
Sn o-arylout 8.63 8.55 8.29 8.51
Sn meso 10.46 10.49 10.50 10.34


Zn pyrrole CH3 2.29 2.30 2.32 2.34
Zn CH2CH2CO2CH3 2.94 2.94 2.88 2.81
Zn OCH3 3.48 3.46 3.34 3.30
Zn CH2CH2CO2CH3 4.10 4.11 4.09 4.06
Zn o-arylin 7.09 7.08 7.28 7.32
Zn m- and p-aryl 7.72 7.73 7.75 7.81
Zn o-arylout 8.47 8.47 8.41 8.47
Zn meso 9.85 9.87 9.91 9.89


Table 2. 1H NMR resonances for the Sn2(RCO2)4-2,2-dimer complexes.


Proton 31 32 33


pyrrole CH3 2.47 2.45 2.45
CH2CH2CO2CH3 3.07 3.01 2.95
OCH3 3.54 3.45 3.30
CH2CH2CO2CH3 4.28 4.28 4.23
o-arylin 7.06 6.88 7.15
m- and p-aryl 7.80 7.80 7.80
o-arylout 8.69 8.69 8.51
meso 10.42 10.49 10.52


Table 3. 1H NMR resonances for the Sn2(9-anthroate)4-2,2 dimer 34.


Proton Shielded ™side∫ Deshielded ™side∫


pyrrole CH3 2.23 2.66
CH2CH2CO2CH3 2.20 and 2.31 3.11 and 3.23
OCH3 2.40 3.59
CH2CH2CO2CH3 3.51 and 4.11 4.35 and 4.46
o-arylin 7.56 7.56
m- and p-aryl 8.00 8.00
o-arylout 8.70 8.70
meso 10.35 10.78


Table 4. 1H NMR resonances for the Sn3(RCO2)6-2,2,2-trimer complexes.


Proton 35 36


pyrrole CH3 2.55 2.49
CH2CH2CO2CH3 3.14 3.08
OCH3 3.47 3.49
CH2CH2CO2CH3 4.37 4.37
o-arylin 8.17 7.91
m-aryl 7.79 7.75
p-aryl 8.06 or 8.18 8.03
o-arylout 8.06 or 8.18 8.03
meso 10.59 10.64








Synthesis, Biochemical Properties and Molecular Modelling Studies of
Organometallic Specific Estrogen Receptor Modulators (SERMs), the
Ferrocifens and Hydroxyferrocifens: Evidence for an Antiproliferative Effect
of Hydroxyferrocifens on both Hormone-Dependent and
Hormone-Independent Breast Cancer Cell Lines


Siden Top,*[a] Anne Vessie¡res,[a] Guy Leclercq,[b] Jacques Quivy,[b] J. Tang,[a]


J. Vaissermann,[c] Michel Huche¬,[a] and Ge¬rard Jaouen*[a]


Abstract: A series of ferrocene deriva-
tives based upon the structure of the
antiestrogenic drug tamoxifen or of its
active metabolite hydroxytamoxifen has
been prepared and named by analogy
ferrocifens and hydroxyferrocifens. This
series includes 1-[4-(O(CH2)nNMe2)-
phenyl]-1-phenyl-2-ferrocenyl-but-1-ene
and 1-[4-(�O(CH2)nNMe2)phenyl]-1-(4-
hydroxyphenyl)-2-ferrocenyl-but-1-ene,
with n� 2, 3, 5 and 8, and 1-[4-
(�O(CH2)2NMe2)phenyl]-1-(4-hydroxy-
phenyl)-2-ferrocenylethene. Most of
these molecules have been synthesised
by McMurry cross-coupling of the ap-
propriate ketones, except for the ethene
complexes, which were prepared by a
four-step reaction sequence starting
from the ferrocenylacetic acid. All these
compounds were obtained as mixtures
of Z and E isomers. The isomers were
separated in the cases of the ferrocenyl
derivatives of tamoxifen and hydroxyta-
moxifen (n� 2). No isomerisation of the
Z and E isomers occurred in DMSO
after one day, while a 50:50 mixture of


the isomers was obtained within one
hour in chloroform. The X-ray structure
of (E)-1-[4-(�O(CH2)2NMe2)phenyl]-1-
(4-hydroxyphenyl)-2-ferrocenyl-but-1-ene
has been determined. The relative bind-
ing affinity (RBA) values of the hydrox-
yferrocifens for the estrogen receptor
alpha (ER�) was good to moderate, with
values decreasing progressively with the
length of the basic chain. The RBA
values found for the estrogen receptor
beta (ER�) are equal to or slightly less
than those found for the alpha form. The
lipophilicity of the hydroxyferrocifens
are superior to the values found for
estradiol and increase with lengthening
of the chain. The antiproliferative ef-
fects of the four hydroxyferrocifens with
n� 2, 3, 5 and 8 were studied on four
breast cancer cell lines (MCF7, MDA-
MB231, RTx6 and TD5) possessing


different levels of ER�. On MCF7 cells
containing high levels of ER�, hydroxy-
ferrocifens behave as antiestrogens. At a
molarity of 1 �� the effect is close to
that of hydroxytamoxifen (used for
reference) when n� 2 or 5, more
marked when n� 3, and weaker when
n� 8. Ferrocene alone has no effect. For
the MDA-MB231 cells, classed as a
hormone-independent breast cancer cell
line, on the other hand, the hydroxyfer-
rocifens show remarkable antiprolifera-
tive behaviour while the hydroxytamox-
ifen is completely inactive. Hydroxyfer-
rocifens therefore show the unique
property of being active both on hor-
mone-dependent and on hormone-inde-
pendent breast cancer cell lines. The
molecular modelling study provides
some clues for understanding of the
antagonist effect of these molecules,
while an additional cytotoxic effect due
to the vectorised ferrocenyl unit is
revealed in some occasions.


Keywords: antitumor agents ¥ bio-
organometallic chemistry ¥ breast
cancer ¥ iron ¥ tamoxifen
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Introduction


Tamoxifen is currently the most widely used antiestrogen in
adjuvant therapy of hormone-dependent breast cancers. Its
active metabolite is 4-hydroxy-tamoxifen.[1±3]


Since tamoxifen is active only against tumours that are
estrogen receptor positive (ER� ), and frequently gives rise
to resistance after prolonged use, the search for related but
different agents has intensified considerably over the last few
years.[4±8]


Attention quickly centred on variations on the structure of
the triphenylethylene skeleton, resulting in new specific
estrogen receptor modulators (SERMs) that include toremi-
fene, droloxifene and idoxifene[7, 9] .


Derivatives of 2-phenylindoles have also been developed,
giving zindoxifene, and also from aryl-benzo[b]thiophenes,
which provide access to raloxifene and thence to steroidal
compounds modified by the addition of long carbon chains (of
around nine carbon atoms), these last compounds behaving as
pure antiestrogens.[3, 10] It should be noted that all known
SERMs bear a chain of varied length but always with p or �
electron sites (e.g.,�NR2,�S�R,�SO�R,�SO2R etc.).
It recently became possible to rationalise this observation


when the X-ray crystal structure of the ligand-binding domain
(LBD) of estrogen receptor alpha was elucidated.[11±15] This
study showed that the bioligand can bind as an antagonist,
creating a new pocket in a flexible area of the protein and
allowing accommodation of the basic chain. The result of
these conformational effects is to modify the position of
helix 12 of the receptor, preventing it from interacting with
certain effectors present in the target cell and therefore from
carrying out its function as an activator of specific genes.
Tamoxifen acts in vivo as a particularly well tolerated


cytostatic agent. It should be noted that the molecule exists
both in Z and in E configurations, of which the Z isomer has
been shown to be the most strongly antiestrogenic, but


because the molecule isomerizes in solution, it is the mixture
that is administered. This may explain a certain duality in the
effects of tamoxifen, but it has not proved a barrier to its
success.
The hydroxy group is essential in the active metabolite of


this molecule, since it confers an increased level of affinity for
the estrogen receptor. As is well known, this receptor plays a
key role in the proliferation of hormone-dependent tumours
and is one of the most important target molecules for
tamoxifen, although other targets do exist.[16]


Considerable interest has been generated by coordination
compounds of platinum, and so a strategy has been developed
based on coupling of platinum, with its known efficacy in
chemotherapy and high general cytotoxicity, to various
ligands of the estrogen receptor through a nitrogen atom,
with the aim of creating antiestrogenic compounds that are
able both to target the binding site and to provide increased
cytotoxicity.[17±21] Unfortunately the Pt�N coordination bond
in these complexes is too weak and it appears that the metal is
unable to reach the target because it hydrolyses too quickly
and is too bulky in size. This is the limiting factor in the
appealing strategy of coupling a transporter group to a
coordination complex in order to increase its cytotoxicity.
However, this concept of the antiestrogenic transporter can


be revisited from another perspective. Instead of compounds
with coordination bonds, which are inherently quite weak, we


may envisage the use of species
with strong metal ± carbon co-
valent bonds, and here we enter
the field of organometallic
chemistry. Metallocenes are in
fact known to have their own
antitumor properties, based on
a different mechanism from
that of the cisplatin com-
plexes.[22] To our knowledge,
however, previous to our own


work they have not been incorporated into an antiestrogenic
entity. The idea of attempting this, as a means towards the
discovery of antiestrogens with improved cytotoxic proper-
ties, was appealing.
Ferrocene (�5-C5H5)2Fe is the archetypal metallocene. One


could envisage using it to increase the cytotoxicity of
hydroxytamoxifen by attaching this moiety to the key
skeleton of diphenylethylene bearing the crucial hydroxy
and dimethylamino groups. In fact, a ferrocenyl moiety could
present a number of advantages. Ferrocene is inherently more
aromatic than benzene, so it is likely that replacement of the
� phenyl nucleus of 4-hydroxy-tamoxifen would be well
justified; it is chemically fairly stable in various non-oxidizing
media and has been reported to have antitumor activity due to
metabolic formation of ferricinium ions in situ.[23] Other
metallocenes with metals such as Ti,[24] V, Mo, Re,[25] Co and
Ru may also be envisaged. To test the validity of the concept,
we synthesised derivatives of ferrocene following the base
structure of tamoxifen, in which the aromatic � ring is
replaced by a ferrocenyl group and the dimethylamino side
chain is of variable length. By analogy these derivatives were
named ferrocifens and hydroxyferrocifens.
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Preliminary studies revealed that the length of the chain
appeared to have a considerable effect on the biological
properties of the complexes.[26, 27] Here we present the syn-
thesis, molecular modelling studies and biological properties
of a series of ferrocifens and hydroxyferrocifens.


Results and Discussion


Synthesis of the products : The first hydroxyferrocifens were
prepared in our laboratory by starting from ethyl ferroceny-
lacetate and using a long, painstaking and impractical
method.[28] After testing several synthetic routes, we found
that a route based on McMurry coupling (Zn, TiCl4) was the
most convenient, since it is shorter when starting from
metallocene ketones.[29] It is easy to perform and gives good
yields of mixtures of Z and E isomers. This method has since
been extended to all the complexes described here. Two
synthetic strategies were adopted, depending on the commer-
cial availability of the particular reagent X(CH2)nNMe2. In
cases in which the reagent is available (i.e. , for n� 2 and 3),
the synthesis begins with a coupling reaction between
propionylferrocene, obtained by alkylation of the ferrocene
by means of a Friedel ±Crafts reaction, and hydroxybenzo-
phenone or dihydroxybenzophenone (Scheme 1).
After the propionylferrocene/dihydroxybenzophenone


mixture has been stirred in the presence of the McMurry
reagent, the complex 1 resulting from the cross coupling is
obtained as the major product with a yield of 52%.[26]


Coupling with hydroxybenzophenone gives 2 as a mixture of
two isomers (Z and E).[29] Heating of these two compounds
with sodium hydroxide in acetone, followed by addition of the
chloroalkyldimethylamine derivative, gives the hydroxyferro-
cifens 3 a and 3 b and ferrocifens 4 a and 4 b in yields ranging
between 26% and 66%. Alkylation of 1 similarly gives the
dialkylation compounds 5 a and 5 b.
In cases in which the reagent giving access to the amine


chain X(CH2)nNMe2 is not commercially available (i.e., for
n� 5 and 8), it is necessary to start with alkylation of the
mono- or dihydroxybenzophenone by an �,�-dihaloalkane
(Scheme 2). This gives the monoalkylated derivatives 6 c, 6 d
and 7d, as well as the dialkylated derivative 8 (in the case of
dihydroxybenzophenone).
The obtained ketones are then coupled with propionylfer-


rocene in the presence of the McMurry reagent to give the
halogenated compounds 9 c, 9 d, 10 c and 10 d (Scheme 3). In
the final step, these derivatives are allowed to react with


Scheme 1. Synthesis of ferrocifens and hydroxyferrocifens with n� 2 or 3
by McMurry cross-coupling.


Scheme 2. Synthesis of ketones 6 c, 6 d and 7d, bearing amino chains
O(CH2)nX (n� 5, 8).


dimethylamine hydrochloride in an autoclave. This gives the
hydroxyferrocifens 3 c and 3 d and the ferrocifens 4 c and 4 d.
For complexes 14 and 15, in which a hydrogen replaces the


ethyl group, the synthesis is performed from ferrocenylacetic
acid (11) by the route shown in Scheme 4.
The acid 11 is first converted into the ester 12. Treatment of


12 with methoxyphenyllithium gives an alcohol intermediate,
which dehydrates to give 1,1-bis(4-methoxyphenyl)-2-ferro-
cenylethene (13). Demethylation of 13, to give the diphenol
14, is then induced by treatment with BBr3 in dichloro-
methane. The final step is to attach the dimethylamino chain
onto one of the two phenolic functions of 14. Use of sodium
ethanolate followed by 2-chloroethyl-dimethylamine hydro-
chloride gives a mixture of the two isomers (Z � E) of 15 in
41% yield for this final step. The secondary dialkylated
compound 16 is also isolated (30%).
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Scheme 4. Synthesis of hydroxyferrocifen 15 from ferrocenylacetic acid
(11).


All the ferrocifens and hydroxyferrocifens are obtained as
mixtures of Z and E isomers. It was possible to separate the
isomers in the cases in which n� 2 (complexes 3 a and 4 a). For


hydroxyferrocifen 3 a, separation was
achieved by fractional crystallisation
from an ethyl ether/hexane mixture.
In the case of ferrocifen 4 a, the Z and
E isomers were separated by plate
chromatography after several treat-
ments with a toluene/pyridine (6:1)
eluent. Separation of the other iso-
mers (n� 3, 5 and 8) by these meth-
ods was not possible.


Structural study : Identification of the
structures of the Z and E isomers can
only be accurately determined by
X-ray crystallographic study. After
separation of the Z and E isomers,
the complexes 3 a were allowed to
crystallise from diethyl ether/hexane
(5:1) mixtures. Only the E isomer of
3 a gave crystals of sufficient quality
to perform an X-ray structural anal-
ysis. The crystals were monoclinic and


belonged to the P21/c space group. The crystallographic data
are given in Table 1, and the ORTEP diagram of (E)-3 a is
shown in Figure 1. To facilitate comparisons between the
structures of ferrocifen 4 a and hydroxyferrocifen 3 a we have
also included the ORTEP diagram for (Z)-4 a, the structure of
which was published in an earlier paper.[29]


Scheme 3. Synthesis of ferrocifens and hydroxyferrocifens with n� 5 or 8 by McMurry cross-coupling.


Table 1. Summary of crystallographic data for (E)-3 a.


formula C30H33O2NFe
Fw 495.4
a [ä] 15.174 (4)
b [ä] 13.259 (4)
c [ä] 14.197 (18)
� [�] 112.17 (1)
V [ä3] 2645(1)
Z 4
crystal system monoclinic
space group P21/c
F(000) 1048
linear absorption coefficient � [cm�1] 6.56
� [g cm�3] 1.24
diffractometer Enraf ±Nonius CAD4
radiation MoK� (0.71070 ä)
scan type �/2�
scan range (�) 0.9�0.34 tg�
�Limits (�) 4 ± 50
temperature of measurement room temperature
octants collected 0,8; 0,18 ; 0,22
no. of data collected 4579
no. of unique data used for refinement 1034 (I� 3�(I))
R�� � �Fo ���Fc � � /� �Fo � 0.053
Rw[a]� {�w(�Fo ���Fc � )2/�wFo2}1/2 0.057
absorption correction DIFABS (min� 0.90, max� 1.16 )
extinction parameter none
goodness of fit s 1.17
no. of variables 149
��min [e ä�3] � 0.47
��max [e ä�3] 0.62


[a] w�w�[1� ((� �Fo �� �Fc � �)/6�(Fo))2]2 with w��1/�rArTr(X) with three
coefficients 3.79, �0.810 and 2.74 for a Chebyshev Series, for which X is Fc/
Fc(max).
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The structures of (E)-3 a and (Z)-4 a may be compared to
those of cis- and trans-tamoxifen determined by Kilbourn[30]


and Precigoux,[31] respectively. The following points may be
noted: the interatomic distances in the central double bonds
(C(1)�C(2)) are 1.36 ä in (E)-3 a and 1.37 ä in (Z)-4 a, while
that in cis-tamoxifen (E) is 1.33 ä and that in trans-tamoxifen
(Z) is 1.34 ä. The ferrocenyl group appears in its normal


conformation, with the iron atom
bound symmetrically to the two
cyclopentadienyl rings, with an
average C�Fe distance of 2.04 ä.
A slight deformation is observed
at the level of the ethylene skel-
eton. The angle formed by the
double bond and one of the four
substituents is of the order of
122 ± 124� for both the cis- and
the trans-tamoxifens. In the case
of (E)-3 a, the bond angles have
the following values: C(11)-C(1)-
C(2): 126.2�, C(1)-C(2)-C(31):
124.6�, C(4)-C(1)-C(2): 119.0�,
and C(1)-C(2)-C(21): 120.9�. In
the case of (Z)-4 a, the bond
angles have the following values:
C(11)-C(1)-C(2): 129.0�, C(1)-
C(2)-C(31): 125.0�, C(3)-C(1)-
C(2): 114.4�, and C(1)-C(2)-
C(21): 122.0�. There is thus a
widening of the angle at the side
at which the ferrocenyl group is
located, and a narrowing on the
ethyl side. This is probably at-
tributable to the greater bulk of
the ferrocenyl group relative to
the phenyl. It can also be seen
that the four substituents on the
double bond do not lie in the
same plane, the C(11)-C(1)-
C(2)-C(31) atoms forming a di-
hedral angle of 13� in the case of
(E)-3 a, while in (Z)-4 a they
form a dihedral angle of only
1.25�. The twist angle formed
between the plane of the aro-
matic ring and the plane of the
ethylene skeleton often attracts
the attention of researchers. This
angle has been found to be of the
order of 52� to 55� for the three
rings of cis-tamoxifen, and sim-
ilar values have also been found
for trans-tamoxifen. In the case
of (E)-3 a, the C6H4�OH ring
forms an angle of 55� with the
plane of the double bond, in
agreement with those of (Z)-
and (E)-tamoxifen. In contrast,
the C6H4�OCH2CH2�NMe2 ring


forms an angle of 74�, about 20� greater than the listed value.
The distance between the O(1) and O(2) groups in (E)-3 a is
9.65 ä. Finally, we note that the distance between O(3) and
O(17) is 10.9 ä for estradiol[32] and 12.1 ä for diethylstilbes-
trol (DES).[33] This X-ray analysis shows that the hydroxyfer-
rocifens have the size characteristics of a nanomediator for
the estrogen receptor.


Figure 1. X-ray structures of (Z)-4a and (E)-3 a.
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Isomerisation of (Z)-Fc-hydroxytamoxifen ((Z)-3 a): Isomer-
isation leading to interconversion between Z and E isomers in
the stilbene series is a well known phenomenon. This isomer-
isation causes a serious problem in determination of the exact
nature of the more biologically active isomer. In general, the
Z isomer shows higher affinity for the specific estrogen
receptor (ER) than the E isomer does. This is the case, for
example, with DES. The isomerisation phenomenon has been
carefully studied by Winkler et al. for DES[34] and by
Robertson and Katzenellenbogen for hydroxytamoxifen.[35]


These studies led the authors to propose the isomerisation
mechanism shown in Scheme 5.


The isomerisation is considered to be a consequence of the
interaction between the central double bond and the hydroxy
group of the phenol. This is a bimolecular process that implies
a transfer of the phenolic proton onto the double bond. It has
also been shown that this isomerisation was catalysed by
Lewis acids.[36] Winkler et al., studying the influence of the
solvent type on the speed of isomerisation of DES, found
that isomerisation became slower in the order benzene�
heptane� chloroform� ethyl acetate�pyridine�n-butanol�
acetone�methanol, corresponding to the increase in the
dielectric constant of the solvent. The authors conclude that
the isomerisation of DES is favoured by solvents with low
dielectric constants.
In our case we studied the isomerisation of (Z)-hydrox-


yferrocifen 3 a. It should be noted that isomerisation occurs
only in solution and not in the solid state. Acetone, benzene,
chloroform and DMSO were selected as solvents for the
study, which was carried out by NMR spectroscopy by the
following method: for each solvent studied, a solution of (Z)-
3 a was placed in an NMR tube and left at room temperature
for 1 h, and formation of the E isomer was monitored. The
percentage of E isomer formed
was determined by measuring the
intensity of the least shielded dou-
blet of the aromatic protons of
each isomer. For example, in
[D6]DMSO the isomer (Z)-3 a
shows a doublet at �� 6.97 ppm
quite distinct from the doublet at
�� 7.08 ppm belonging to the (E)-
3 a isomer. Table 2 summarises the
results obtained.
After 1 h, only chloroform al-


lowed formation of a 50:50 mix-


ture. Isomerisation was rapid, with a 30% concentration of
the E isomer found after only 15 min. Equilibrium was
reached after one hour. At the end of one day, a 50% share of
isomer E was achieved in acetone, but this share remained at


0% in benzene and DMSO.
The correlation between


speed of isomerisation and the
dielectric constant of the sol-
vent, as observed by Winkler
for DES, is thus not borne out
in the case of ferrocifen (Z)-3 a.
The clearest example is in the
case of benzene, in which no
isomerisation of the (Z)-3 a
complex was observed. Here
we must make recourse to a
feature specific to organome-


tallic chemistry. It is in fact known that organometallic
complexes adjacent to a double bond favour stabilization of
�-carbenium ions by protonation of the double bond. The pKa


values of chloroform, acetone, DMSO and benzene are 15, 20,
31 and 37, respectively. Chloroform is thus the most acidic of
the solvents, followed closely by acetone. The speed of
isomerisation observed for (Z)-3 a (chloroform� acetone�
DMSO� benzene) may therefore be correlated with the
acidity of the solvent. In the present case, the speed of
isomerisation of the complex seems to be controlled by the
ease of formation of the carbenium ion, following the
mechanism shown in Scheme 6.


Biochemical Studies


Measurement of the relative binding affinities (RBAs) of the
complexes for the estrogen receptors : The RBA values of all
the complexes were measured for the alpha form of the
estrogen receptor (ER�). For the most representative com-
plexes of the series these RBA values were also measured for
the recently reported[37, 38] beta form (ER�).


Scheme 5. Proposed mechanism for the isomerisation of DES.[34]


Table 2. NMR study of the influence of the solvent on the speed of
isomerisation of (Z)-3a.


Solvent
(Z)-3 a/(E)-3a (%) [D6]Benzene CDCl3 [D6]Acetone [D6]DMSO


after one hour 100:0 50:50 100:0 100:0
after one day 100:0 50:50 30:70 100:0


Scheme 6. Proposed mechanism for the isomerisation of hydroxyferrocifen 3a.
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Study of some Z and E isomers
of ferrocifens: Influence of the
solvent, of incubation time and
temperature (Table 3): In the
ferrocifen and hydroxyferroci-
fen series the Z and E isomers
were separated for n� 2 (3 a
and 4 a), and their RBA values
for ER� were determined at
two temperatures (0 �C and
25 �C) starting from stock sol-
utions (1 m�) prepared in etha-
nol or DMSO (Table 3). These
results were compared to those
obtained for (Z)-hydroxyta-
moxifen and the mixture of
the two isomers. The results
show that in the hydroxyferro-
cifen series the RBA values obtained from stock solutions
prepared with DMSO (final percentage DMSO� 5%) are
between two and five times higher than those obtained with
ethanol solutions. This is not observed for hydroxytamoxifen.
Complex 3 a shows good recognition by the estrogen receptor
(RBA� 14.6% for the (Z�E) mixture). As in hydroxyta-
moxifen, the (Z)-3 a isomer (RBA� 40%) gives better
recognition than the (E)-3 a isomer (RBA� 12%). However
these values are lower than those found for hydroxytamox-
ifen, probably because of increased steric hindrance of the
ferrocene relative to that of a benzene ring. As in the case of
hydroxytamoxifen, the RBA values of 3 a decrease when the
incubation temperature is raised from 0 �C to 25 �C. Unsur-
prisingly, complexes without a hydroxy group–(Z)-4a and
(E)-4 a–have very low RBA values (less than 1%).


Influence of various R1, R2 and R3 substituents on diphenyl
ethylene ferrocenes (Table 4): Replacement of the ethyl chain
with a hydrogen (compounds 14 and 15) causes a slight
increase in the RBA value for complexes with a dimethyla-


mino side chain (RBA� 14.6 for 3 a and 17 for 15). The
increase is much more pronounced in the case of the
diphenols (RBA� 9.4 for 17 and 20 for 14). Replacement of
the side chain with a hydroxy group leads either to a slight
increase or a decrease in RBA (17 and 20% for 15 and 14, 9.4
and 14.6% for 17 and 3 a). Lengthening of the chain and
substitution of a bromine or a chlorine for the dimethylamino
group of the same chain leads to almost complete loss of
affinity for the receptor (RBA from 0.5 and 0.01 for 9 c and
9 d). Finally, complex 5 a, with no hydroxy group, has a very
low RBA value.


Influence of chain length in the ferrocifen series (Table 5): The
RBA values of the ferrocifens (3 a ± 3 d) possessing chains of
varying lengths (n� 2, 3, 5 and 8) were determined for the
mixtures of the two isomers (Z � E) on both the alpha and
beta forms of the estrogen receptor (ER� and ER�).
Complexes 3 a and 3 b, with the shortest chains, have fairly
high RBA values (greater than or equal to 10%) and thus
show good recognition by ER�. As the chain is lengthened


Table 3. Relative binding affinity (RBA) for ER� and logPo/w values of hydroxytamoxifen (HO-TAM) and of ferrocifens and hydroxyferrocifens. Influence
of the solvent (alcohol or DMSO) used to prepare the stock solution of the compounds and of the incubation temperature (0 �C or 25 �C).


Z isomer E isomer


Compound R1 R2 RBA(%) on ER� logPo/w[d]


ethanol (0 �C, 3 h30) DMSO (0 �C, 3 h30) DMSO (25 �C, 3 h30)


(Z�E)-HO-TAM OH Ph 38.5[b] 38.5[b] n.d. ±
(Z)-HO-TAM OH Ph 92 107 51 3.2
(Z�E)-3a OH Fc[a] 7.6 14.6[b] n.d. ±
(Z)-3 a OH Fc[a] 7.2[c] 40[c] 10.5 3.8
(E)-3 a OH Fc[a] 6.9 12[c] 3.2 3.9
(Z)-4 a H Fc[a] n.d. 0.9 0 5.2
(E)-4 a H Fc[a] n.d. 0.014 0 5.0


[a] Fc� [(�5-C5H5)2Fe]. [b] Mean of two experiments. [c] Mean of three experiments. [d] Measured by HPLC as described in reference [39]. n.d.�not
determined.


Table 4. Relative binding affinities (RBAs) of some ferrocifens for ER�.


Compound R1 R2 R3 RBA(%) for ER�
ethanol (0 �C, 3 h30) DMSO (0 �C, 3 h30)


5a Et O(CH2)2NMe2 O(CH2)2NMe2 0.3 0.6
9c Et OH O(CH2)5Br 0.4 0.5
9d Et OH O(CH2)8Cl 0.01 0.01
14 H OH OH 6[a] 20[a]


15 H OH O(CH2)2NMe2 n.d. 17[b]


17[c] Et OH OH 5.4 9.4[b]


[a] Means of three experiments. [b] Means of two experiments. [c] Prepared as described in reference [26]. n.d.�
not determined.
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(n� 5 and n� 8) the RBA values decrease progressively. For
the beta form of the receptor the values found are equal to or
slightly less than those found for the alpha form.


Determination of logPo/w values : The lipophilicities (logPo/w)
of most of these complexes were determined by HPLC by the
method described by Pomper et al.[39] Even in those cases in
which the two isomers were not separated, it was possible to
obtain a logPo/w value for each of the isomers, since they give
two distinct peaks in analytical HPLC. The attribution of the
Z and E isomers can then be made by analogy with the
retention time found for (Z)-3 a, the crystal structure of which
has been determined (see above), and the retention time of
the two isomers in the (Z�E)-3 a mixture. Analogously for
the whole series, the lowest logPo/w values are attributed to
isomer Z, the reference value being that of estradiol (logPo/
w� 3.5). It is interesting to note that all the organometallic
complexes have logPo/w values higher than those of estradiol,
while those of the two isomers of hydroxytamoxifen are lower.
This implies that the ferrocifens can enter the cell more easily
than hydroxytamoxifen. The values increase progressively as
the chain is lengthened. As expected, elimination of the
hydroxy group in the complexes produces a noticeable
increase in lipophilicity.


Study of the antiproliferative effect of the complexes on
hormone-dependent and hormone-independent breast cancer
cell lines : The antiproliferative effects of the four hydroxy-
ferrocifens (3 a ± 3 d) and of ferrocene (Fc) were studied on
four breast cancer cell lines (MCF7, MDA-MB231, RTx6 and
TD5) but with different levels of ER� : a high level for MCF7,
moderate for RTx6, low for TD5 and zero for MDA-MB231.


RTx6 and TD5 are MCF7 mutants selected for tamoxifen
resistance. The results obtained after five days of culture,
expressed as percentages of DNA compared to their own
controls, that is with or without E2 are shown in Figure 2,
Figure 3, Figure 4 and Figure 5. Thus, a value less than 100%
shows an antiproliferative effect, a value of exactly 100% no


Figure 2. Effects of 0.1 �� and of 1 �� hydroxytamoxifen (HO-TAM),
hydroxyferrocifens (3 a, n� 2; 3 b, n� 3; 3c, n� 5; 3 d, n� 8) and ferrocene
(Fc) on the proliferation of MCF7 cells (cancer cells with a high level of
ER�) after five days of culture in the absence or presence of E2 (10 n�).
Experiment in quadruplicate� limits of confidence (P� 0.1, t� 2.35 ;
100% without E2 : 26.6� 2.1 �g DNA, with E2: 30.0� 1.7 �g DNA).


effect, and a value higher than 100% represents a prolifer-
ative effect. On MCF-7 cells, two incubation molarities (1 ��
and 0.1 ��) were tested in the absence and in the presence of
10 n� estradiol (Figure 2). As expected, the hydroxytamox-
ifen used for reference has a strong antiproliferative effect.
Ferrocifens 3 a, 3 b and 3 c all have a significant dose-depend-
ent antiproliferative effect. At a molarity of 1 ��, the effects
observed with 3 a (n� 2) and 3 c (n� 5) are very close to that
of hydroxytamoxifen, but are more marked with 3 b (n� 3).
When the chain is lengthened (3 d ; n� 8) the antiproliferative
effect is weakened. Ferrocene alone has no effect. This lack of
effect cannot be attributed to a failure of the compound to
enter the cell, since the logPo/w value found for ferrocene is
3.3, very close to that of estradiol, so the presence of a
transporting group must be required. At this stage it appears
that the ferrocifens behave as antiestrogens. This hypothesis
can be tested simply by adding estradiol and observing
whether or not the effect is reversed. This does indeed occur
at an incubation molarity of 0.1 ��, but the effect is much less
at a molarity of 1 ��� especially with complexes 3 b and 3 c.
This may indicate a dual effect for these complexes that is
both antihormonal and cytotoxic. The effect of the products
was next tested on the ER�-negative cell line MDA-MB231
(Figure 3). In this case hydroxytamoxifen has no effect, as
expected since the observed antiproliferative effect is known
to be essentially an antihormonal effect mediated by the
presence of ER�. In contrast, the ferrocifens, except for 3 d,
show a very marked antiproliferative effect, while ferrocene
has no effect. This result highlights the ferrocifens× novel
property of showing activity both on hormone-dependent and


Table 5. Influence of the length of the chain on the RBA values for ER� and
ER� and on the logPo/w values.[a]


Compound n RBA (%) logPo/w
ER� ER�


(0 �C, 3 h30) (25 �C, 3 h30) (0 �C, 3 h30)


estradiol 100[b] 100[b] 100[b] 3.5


HO-TAM 38.5 n.d. 24 Z� 3.2
E� 3.4


3a 2 14.6 n.d. 10[c] Z� 3.8
E� 3.9


3b 3 11.5[d] 9.2[d] 12[d] Z� 4.3
E� 4.5


3c 5 5[c] 4.6[c] 6[d] Z� 4.7
E� 4.8


3d 8 2.3[c] 2.4 n.d. Z� 6.0
E� 6.3


[a] All the tested compounds are mixture of both isomers (Z � E). Measure-
ments were performed with stock solutions in DMSO. [b] Value by definition.
[c] Mean of two experiments. [d] Mean of three experiments.
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Figure 3. Effect of 1 �� hydroxytamoxifen (HO-TAM), hydroxyferroci-
fens (3a, n� 2; 3b, n� 3; 3c, n� 5; 3d, n� 8) and ferrocene (Fc) on the
proliferation of MDA-MB231 cells (breast cancer cells ER�-negative)
after five days of culture. Experiment in quadruplicate� limits of
confidence (P� 0.1, t� 2.35; 100%: 10.3� 0.2 �g DNA).


on hormone-independent cell lines. This difference in behav-
iour between hydroxytamoxifen and the ferrocifens is also
seen with the TD5 cell line (Figure 4), which has a low level of
ER�. In this case, in fact, a distinctly more marked anti-
proliferative effect is found for the three ferrocifens 3 a, 3 b


Figure 4. Effect of 1 �� hydroxytamoxifen (HO-TAM), hydroxyferroci-
fens (3a, n� 2; 3 b, n� 3; 3 c, n� 5; 3 d, n� 8) on the proliferation of TD5
cells (MCF7 mutant cells with low level of ER�) after five days of culture.
Experiment in quadruplicate� limits of confidence (P� 0.1, t� 2.35;
100%: 10.6 �g� 1.0 �g DNA).


and 3 c than for hydroxytamoxifen (50 ± 55% for the ferroci-
fens, 25% for hydroxytamoxifen). In the RTx6 cell line
(Figure 5), with a mid-range level of ER�, hydroxytamoxifen
and the hydroxyferrocifens 3 a, 3 b and 3 c show a weak effect
(inhibition around 20%) at an incubation concentration of
1 ��, but it is surprising to note that after addition of a small
quantity of estradiol (10 n�) the antiproliferative effect
observed in the presence of 3 b and 3 c is clearly superior,
with an inhibition level reaching 55 or 60% in these cases. It
appears that in the presence of estradiol, which has a high
affinity for ER�, the antihormonal effect of the ferrocifens is
masked, and their cytotoxic action is therefore favoured
instead.


Figure 5. Effect of 0.1 �� and 1 �� hydroxytamoxifen (HO-TAM) and
hydroxyferrocifens (3a, n� 2; 3b, n� 3; 3c, n� 5; 3 d, n� 8) on the
proliferation of RTx6 cells (MCF7 mutant cells with medium level of ER�)
after five days of culture in the absence or presence of E2 (10 n�).
Experiment in quadruplicate� limits of confidence (P� 0.1, t� 2.35; 100%
without E2: 10.4� 0.8 �g of DNA, with E2: 14.5� 0.4 �g of DNA).


Discussion and Future Perspectives


The results obtained on the antiproliferative effects of the
hydroxyferrocifens, particularly with products possessing
three- or five-carbon chains, which have more marked effects,
may be summarised as follows. With MCF-7 cells, considered
the archetypal hormone-dependent breast cancer cell line
(ER� ), the effects of the hydroxyferrocifens are very similar
to those of hydroxytamoxifen, with the two categories of
products showing antiproliferative effects of the same order (a
little better for hydroxytamoxifen at a concentration of 0.1 ��
and better for hydroxyferrocifens (n� 3, 5) at 1 ��. For the
MDA-MB231 cells, classed as a hormone-independent breast
cancer cell line (ER� ), on the other hand, the effects are
spectacularly different. The organometallic complexes show
remarkable antiproliferative behaviour, while the hydroxyta-
moxifen compound is completely inactive.
Before attempts to explain this important result, it may be


useful to mention some recent advances in fundamental
endocrinology, concerning the discovery of a second estrogen
receptor found in various sites, including the prostate and
ovaries and in breast cancer.[40] This means that we now need
to deal with two estrogen receptors: ER� and the recently
discovered ER�. With this in mind, the MCF7 cell-line, which
was previously classed as ER(�), must now be assumed to
contain ER� and, to a lesser degree, ER�. Meanwhile, the
MDA-MB231 cell line, originally classified as ER(�), in fact
contains ER�, but not ER�.[41] It has been suggested that
tumours that are unaffected by tamoxifen could be attacked
via the newly discovered ER�, although the role of this
receptor remains to be elucidated.[2]


Also recently, X-ray crystal structures of the ligand-binding
domains (LBDs) of these receptors bound to various biol-
igands have become available.[11±15] In addition, two mecha-
nistic routes for activation at the level of the DNA, those of
the estrogen response element (ERE) and of activator
protein 1 (AP1), have recently been identified.[42]
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All these effects must now be taken into account, despite
the fact that they add a greater degree of complexity to the
problem. They do at least give us a molecular and supra-
molecular view of the situation for the first time.
In the case of the hydroxyferrocifens, we can differentiate


between two behaviour trends depending on the type of
receptor concerned: one resembling the antagonist behaviour
of hydroxytamoxifen, acting through estrogen receptor alpha,
and the other involving the beta receptor, which activates the
attached organometallic function. These mechanistic hypoth-
eses are discussed in greater detail below.


Mechanistic hypothesis for the action of the hydroxyferrocifens
through estrogen receptor alpha : The hydroxyferrocifens show
good to moderate affinity for ER�, depending on the length
of the basic chain. The affinity is always lower than that of
hydroxytamoxifen, no doubt because of the greater steric
hindrance caused by the ferrocenyl group than by a phenyl
group (see below). In those cases in which it was possible to
separate the Z and E diastereoisomers in the hydroxyferro-
cifen series, the Z form shows better recognition for the
receptor. This can be logically visualised by a molecular
modelling study of a hydroxyferrocifen in the active site of the
receptor. For the sake of clarity, we show here only the results
obtained with (Z)-3 b and (E)-3 b (three-atom side chain),
which can be compared to the results reported by Shiau et al.
for (Z)-hydroxytamoxifen.[13]


MacSpartan Pro Software was used for the molecular
modelling studies.[43] Only the amino acids that make up the
wall of the binding pocket were retained. The hydroxytamox-
ifen was removed and replaced successively by the two
isomers (Z)- and (E)-3 b (Figure 6). The energetically optimal
position for the complex was determined with all the heavy
atoms of the cavity immobilised, after which the side chain of
amino acid His524 was freed. This was justified by the fact that


this part of the cavity has been shown to be flexible.[44] An
energy minimisation was then carried out with all the heavy
(i.e., non-hydrogen) atoms immobilised, except for those of
the ligand and the His524 side chain, by use of the Merck
Molecular Force Field (MMFF). This determined the ideal
position for the ligand. The affinity of the mediator for the
cavity was then determined by semiempirical quantum
mechanical PM3 calculations. This requires calculation of
the energies of the combined ligand and cavity, and of the
cavity and the ligand separately, each in the conformation it
had in the ligand ± cavity combination. This permits measure-
ment of the �rH� enthalpy variation of the reaction ligand �
cavity� ligand ± cavity combination. For the (Z)-3 b isomer,
the enthalpy variation is �27.3 kcalmol�1, an exothermic
value which favours association. For the (E)-3 b isomer, the
enthalpy variation is �21.3 kcalmol�1, a value that, while
somewhat lower, still favours association. The interior of the
active site is thus large enough to accommodate either of
these molecules, at their respective volumes of 572 ä3 and
568 ä3, both considerably higher than the 413 ä3 volume of
hydroxytamoxifen. This can be seen in Figure 6, which shows
the two molecules inside the cavity. Here the positioning of an
antagonist organometallic complex in the active site of the
receptor can be visualised. It shows the possibility of stabilis-
ing interactions between His524 and the ferrocenyl group and
between Asp351 and the nitrogen of the basic chain, the latter
disappearing when the chain is lengthened. Effects similar to
those of hydroxytamoxifen are therefore to be expected when
hydroxyferrocifen is acting by the ER� pathway. The
presence of the ferrocenyl group, a neutral lipophile, favours
entry of the molecule into the cell. The volume of ferrocenyl is
greater than that of a phenyl group but binding, with
allowance for a few structural adjustments in the details, is
very similar to that of hydroxytamoxifen. There is no reason
to invoke any other mechanism than that of the conforma-


Figure 6. Isomers (Z)-3 a and (E)-3 a as space-filling models in the binding site of the antagonist form of the ER� as a basis for the structure previously
described by Shiau et al.[13]
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tional change in the ligand binding domain as seen with
hydroxytamoxifen, in which the basic chain displaces helix 12
of the receptor, hindering coactivator fixation and thus
preventing them from playing their role in activation.


Mechanistic hypothesis for activation of hydroxyferrocifens
through estrogen receptor beta : The explanation given above
cannot in any way account for the difference in behaviour
between hydroxytamoxifen and the hydroxyferrocifens as
seen in the MDA-MB 231 cell line. This cell line contains no
ER�, but the presence of ER� has been observed.[41]


The roles of this form of the receptor are still under study
and have not yet been fully elucidated. Among the functions
that have been reported for ER�, its possible role in the
control of intracellular oxidoreduction particularly attracted
our interest[45] since the ferrocene entity is itself easily
oxidised to a ferricinium cation radical. This Fe2� to Fe3�


conversion in biological media can be compared to the Fenton
and Haber ±Weiss reactions,[46] which give O2�¥ and OH¥.
It is known that the superoxide radical ion O2�¥ is not very


reactive with DNA but that the OH¥ radical is extremely
reactive and provokes various types of lesions, making these
radicals highly genotoxic. Genotoxicity has recently been
shown in the hydroxyferrocifens, while this is not observed
with tamoxifen.[27] Other studies have shown that the ferro-
cifens× ability to cut DNA is due to the generation of
ferricinium in situ, and thence of OH¥ to produce a cytotoxic
effect.[23, 47, 48] The fact that transcriptional regulation of the
quinone reductase gene can occur preferentially through ER�
bound to an antiestrogen is not the only consideration in
evaluation of the oxidoreducing properties of these species.[42]


Other authors have in fact observed that the derivatives of
tamoxifen are able to induce oxidative stress on human cancer
cells classed as ER� , leading to apoptosis.[49] With purely
organic molecules this effect only arises at concentrations of
10 ��. It is possible that the increased sensitivity to oxidation
(as shown by electrochemistry[27]) of the hydroxyferrocifens
activates and enhances the process in cells of this type at levels
as low as 1 ��. This would place these molecules in a
concentration range compatible with potential therapeutic
application, and gives them a clearly novel character combin-
ing an antagonist hormonal effect and a cytotoxic function.
The above argument, based at this stage, of course, only on


a set of assumptions, militates strongly in favour of the
suggestion that in ER�-containing cell lines a cytotoxic effect
is induced by oxidation of the ferrocenyl targeted to the site.
It follows that the hydroxyferrocifens can show two differ-


ent modes of activity depending on whether ER� or ER� is
involved. This dual behaviour, not possessed to the same
extent by hydroxytamoxifen, provides these novel organo-
metallic SERMs, the hydroxyferrocifens, with a wider range
of potential applications than tamoxifen, since one or other of
their two possible mechanisms of activity will be triggered in
response to the specific situation, and at therapeutically
appropriate concentrations.
It should be stressed that at this point we have only a


plausible hypothesis for the behaviour, and not a proven
mechanism. There are in fact other possible routes of activity
for these compounds that remain to be explored. Other non-


hormone-dependent effects that may contribute to the
therapeutic activity of these organometallic molecules include
calmodulin antagonism, inhibition of protein kinase C, and
growth factor regulation. All these targets have been impli-
cated in the complex activity of tamoxifen and its deriva-
tives.[3, 16, 50] In particular, the chain length of idoxifene and
neighbouring series appears to be important in modulation of
calmodulin antagonism.[9]


Conclusion


Although other mechanisms may contribute to the overall
behaviour of the hydroxyferrocifens, it is certain that the
combined antiestrogenic and cytotoxic activity of these
compounds as seen in this study appears highly promising in
the search for SERMs with better effectiveness than those
currently available. This is particularly so in light of acute
toxicity studies carried out with hydroxyferrocifen 3 b, show-
ing that this molecule is less toxic in vivo than tamoxifen
(lethal dose for rats: 18.9 mgKg�1 (TAM: 7.4 mgKg�1), for
mice: 67.2 mgKg�1 (TAM: 23.7 mgKg�1)). The hydroxyferro-
cifen molecules with n� 3 or 4 appear the best candidates for
future commercial development


Experimental Section


General remarks : The synthesis of all the compounds was performed under
an argon atmosphere, by use of the Schlenk line technique and Schlenk
flasks. Anhydrous THF and anhydrous diethyl ether were obtained by
distillation from sodium/benzophenone. TLC chromatography was per-
formed on silica gel 60 GF254. Infrared spectra were obtained on a IR-FT
BOMEMMichelson-100 spectrometer equipped with a DTGS detector. 1H
and 13C NMR spectra were recorded on 200 MHz and 250 MHz Bruker
spectrometers. Mass spectrometry was performed with a Nermag R 10 ±
10C spectrometer. Melting points were measured with a Kofler device.
Elemental analyses were performed by the regional microanalysis service
of the Universite¬ Pierre et Marie Curie. Ferrocenyl ethyl ketones, 2 and 4a
were prepared by the procedure described in reference [29]. The synthesis
of 1, 3 b and 5 b have been described in reference [26].


1-[4-(2-Dimethylaminoethoxy)phenyl]-1-(4-hydroxyphenyl)-2-ferrocenyl-
1-butene (Z)-3 a and (E)-3 a : Compound 1 (0.450 g, 10.6 mmol), dissolved
in ethanol (10 mL), was added to a solution of sodium ethanolate, prepared
by treatment of sodium (0.120 g, 5.2 mmol) with ethanol (20 mL). After the
mixture had been stirred for 1 h at 80 �C, 2-chloroethyl-dimethylamine
hydrochloride (0.302 g, 2.1 mmol) was added and the mixture was heated
under reflux for 3 h. After hydrolysis with water, extraction in diethyl ether
and solvent removal, the crude product was chromatographed on silica gel
plates with Et3N/chloroform 1:9 as eluent to give first a mixture of (Z)-3a
and (E)-3a (0.280 g, 53% yield). Characteristics of the mixture: mass
spectrometry (EI, 70 eV): m/z 495 [M]� , 121 [CpFe]� , 72 [C4H10N]� , 58
[C3H8N]� ; elemental analysis calcd (%) for C30H33NO2Fe: C 72.73, H 6.71,
N 2.83; found: C 71.02, H 6.72, N 2.77.


The second, more polar fraction corresponds to the product 1,1-bis-[4-(2-
dimethylaminoethoxy)phenyl]-2-ferrocenyl-1-butene (5a, 0.050 g, 9.5%).
The mixture of the two isomers 1 and 2 was redissolved in a diethyl ether/
hexane mixture in the proportions 5:1 and the resulting solution was
refrigerated overnight. The E isomer (m.p. 93 ± 94 �C) crystallised first after
gentle evaporation of the solvent. The crystals of the E isomer were
isolated and the mother liquor was stored in the freezer for one day. The Z
isomer (m.p. 181 �C) then crystallised in the form of fine needles.
Spectroscopic data: 1H NMR of compound (Z)-3 a (200 MHz, [D6]DMSO):
�� 9.34 (s, 1H; OH), 6.97 and 6.71 (2�d, J� 8,7 Hz, 2� 2H; C6H4�OH),
6.89 and 6.80 (2�d, J� 8.5 Hz, 2� 2H; C6H4�OCH2), 4.11 (s, 5H; C5H5),
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4.07 (m, 2H; C5H4), 3.99 (t, J� 6,0 Hz, 2H; O�CH2), 3.80 (m, 2H; C5H4),
2.60 (t, J� 6.0 Hz, 2H; N�CH2), 2.49 (partially obscured by signals from
DMSO, 2H;�CH2�CH3), 2.20 (s, 6H; NMe2), 0.98 ppm (t, J� 7.3 Hz, 3H;
�CH2�CH3). 1H NMR of compound (E)-3a (200 MHz, [D6]DMSO): ��
9.29 (s, 1H; OH), 7.08 and 6.89 (2� d, J� 8.5 Hz, 2� 2H; C6H4�OCH2),
6.80 and 6.63 (2� d, J� 8.4 Hz, 2� 2H; C6H4OH), 4.11 (s, 5H; C5H5), 4.08
(m, 2H; C5H4), 4.03 (t, J� 6,0 Hz, 2H; O�CH2), 3.82 (m, 2H; C5H4), 2.64
(t, J� 6.0 Hz, 2H; N�CH2), 2.49 (partially obscured by signals from
DMSO, 2H;�CH2�CH3), 2.23 (s, 6H; NMe2), 0.98 ppm (t, J� 7.3 Hz, 3H;
�CH2�CH3). 1H NMR of compound 5a (200 MHz, CDCl3): �� 7.10 and
6.75 (2� d, J� 8.8 Hz, 4H; C6H4), 6.95 and 6.87 (2� d, J� 8.7 Hz, 4H;
C6H4), 4.10 (s, 5H; C5H5), 4.06 (m, 6H; C5H4 and 2�O�CH2), 3.89 (m, 2H;
C5H4), 2.76 (m, 4H; 2�N�CH2), 2.57 (q, J� 7.45 Hz, 2H; �CH2�CH3),
2.38 and 2.36 (2� s, 12H; 2�NMe2), 1.01 ppm (t, J� 7.5 Hz, 3H;
�CH2�CH3).


[4-(4-Bromopentoxy)phenyl] (4-hydroxyphenyl) ketone 6c : Dihydroxy-
benzophenone (2.14 g, 10 mmol) was added to a solution of sodium
ethanolate prepared by treatment of sodium (0.230 g, 10 mmol) with
ethanol (15 mL). After the mixture had been stirred at reflux for 1 h,
dibromobutane (11.45 g, 50 mmol) was added. After 1 h at reflux, the
solution was left to cool to room temperature and hydrolysed with water
(100 mL). The product was extracted with dichloromethane. The organic
phase was washed with water, dried over magnesium sulfate and filtered,
and the solvent was evaporated. The crude product was chromatographed
on silica gel plates with diethyl ether/pentane 2:1 as eluent. Compound 6 c
(1.405 g, 39%) was isolated. m.p. 86 �C; 1H NMR (200 MHz, [D6]acetone):
�� 7,74 and 7.05 (2� d, 2� 2H; C6H4�O), 7,69 and 6.96 (2� d, 2� 2H;
C6H4�OH), 4,13 (t, 2H; OCH2), 3,54 (t, 2H; CH2Br), 1.90 and 1.66 ppm
(2�m, 6H; (CH2)3).
[4-(4-Chlorooctoxy)phenyl] (4-hydroxyphenyl) ketone 6 d : The procedure
was similar to that used for 6 c, with sodium (0.115 g, 5 mmol), dihydrox-
ybenzophenone (1.07 g, 5 mmol), 1,8-dichlorooctane (4.580 g, 25 mmol).
After workup, the crude product was chromatographed on silica gel plates
with ethyl ether/pentane 2:1 as eluent. Compound 6 e (0.620 g, 34.4%) was
isolated as a white solid. m.p. 99 �C; 1H NMR (200 MHz, [D6]acetone): ��
7,74 and 7.04 (2� d, 2� 2H; C6H4�O), 7.68 and 6.96 (2� d, 2� 2H;
C6H4�OH), 4.11 (t, 2H; OCH2), 3.60 (t, 2H; CH2Cl), 1.79 and 1.47 ppm
(2�m, 4H, 8H, (CH2)6).
[4-(4-Chlorooctoxy)phenyl] (phenyl) ketone 7d : The procedure was
similar to that used for 6 c, with sodium (0.230 g, 10 mmol), hydroxyben-
zophenone (0.99 g, 5 mmol), 1,8-dichlorooctane (4.580 g, 25 mmol). After
workup, the crude product was chromatographed on silica gel plates with
ethyl ether/pentane 1:4 as eluent. Compound 7 d (0.820 g, 47.6%) was
isolated as a white solid. m.p. 56 �C; 1H NMR (200 MHz, [D6]acetone): ��
7,81 ± 7.53 (m, 9H; C6H5 � C6H4), 4.12 (t, 2H; OCH2), 3.60 (t, 2H; CH2Cl),
1.79 and 1.41 ppm (2�m, 4H, 8H; (CH2)6).
1-[4-(4-Bromopentoxy)phenyl]-1-(4-hydroxyphenyl)-2-ferrocenyl-but-1-
ene (Z�E)-9 c : The procedure was similar to that used for 1, with TiCl4
(0.346 g, 1,82 mmol), zinc (0,235 g, 3,60 mmol), 6 c (0.225 g, 0,6 mmol),
ferrocenyl ethyl ketone (0.145 g, 0,6 mmol). After workup, the crude
product was chromatographed on silica gel plates with ethyl ether/pentane
1:2 as eluent. Compound 9c (0.175 g, 50.7%) was isolated as an oil.
1H NMR (200 MHz, CDCl3): �� 6.27 ± 6.65 (m, 8H; 2�C6H4), 4.11 and
4.10 (2� s, 5H; C5H5), 4.07 (t, 2H; C5H4), 3,97 and 3.92 (2�m, 2� 2H;
C55H44 and OCH22), 3,45 and 3.44 (2� t, 2H; CH2Br), 2,58 (q, 2H;
CH2CH3), 1.92, 1.83, 1.69 (3�m, 3� 2H; (CH2)3), 1,02 ppm (t, 3H;
CH2CH3).


1-[4-(4-Bromopentoxy)phenyl]-1-(phenyl)-2-ferrocenyl-but-1-ene (Z�
E)-10 c : Compound 2 (0.41 g, 1 mmol) was dissolved in acetone (20 mL),
powdered NaOH (0.080 g, 2 mmol) was added, and the mixture was heated
at reflux for 1.5 h. Dibromopentane (0.28 g, 2 mmol) was then added. After
being heated for 2 h, the solution was left to cool to room temperature and
was then hydrolysed with water (100 mL). The product was extracted with
ether (2� 60 mL). The organic phase was washed with water, dried over
magnesium sulfate and filtered, and the solvent was evaporated. The crude
product was chromatographed on silica gel plates with diethyl ether/
pentane 1:10 as eluent to afford 10c (Z�E) in 50% yield (0.27 g). 1H NMR
(200 MHz, CDCl3): �� 7.11 (m, 9H; C6H5 and C6H4), 4.11 (s, 5H; C5H5),
4.06 and 3.87 (2�m, 4H; C5H4), 3.93 (m, 2H; OCH2), 3.44 (m, 2H;


CH2Br), 2.61 and 2.57 (2�q, 2H; CH2CH3), 1.87 and 1.59 (2�m, 4H, 2H,
(CH2)3), 1.02 and 1.04 ppm (2� t, 3H; CH2CH3).


1-[4-(4-Chlorooctoxy)phenyl]-1-(4-hydroxyphenyl)-2-ferrocenyl-but-1-
ene (Z�E)-9 d : The procedure was similar to that used for 9c, with TiCl4
(0.7 mL, 6 mmol), zinc (0.780 g, 12 mmol), 6e (0.720 g. 0.6 mmol), ferro-
cenyl ethyl ketone (0.485 g, 2 mmol). After workup, the crude product was
chromatographed on silica gel plates with ethyl ether/pentane 1:3 as eluent
to afford 9 e (0.531 g, 46.5% yield). 1H NMR (200 MHz, CDCl3): �� 7.13 ±
6.65 (m, 8H; 2�C6H4), 4.73 (s, 1H; OH), 4.11 (s, 5H; C5H5), 4.06 and 3.92
(2�m, 2� 2H; C5H4), 3,95 (m, 2H; OCH2), 3,55 and 3.54 (2� t, 2H;
CH2Cl), 2,59 (q, 2H; CH2CH3), 1.80 and 1.39 (2�m, 4H, 8H, (CH2)6),
1,02 ppm (t, 3H; CH2CH3).


1-[4-(4-Chlorooctoxy)phenyl]-1-(phenyl)-2-ferrocenyl-but-1-ene (Z�E)-
10d : The procedure was similar to that used for 9c, with TiCl4 (0.7 mL,
6 mmol), zinc (0.780 g, 12 mmol), 6 d (0.690 g, 2 mmol) and ferrocenyl ethyl
ketone (0.484 g, 2 mmol). After workup, the crude product was chromato-
graphed on silica gel plates with pentane as eluent to afford 10 d (0.435 g,
39%) as an oil. 1H NMR (200 MHz, CDCl3): �� 7.32 ± 6.73 (m, 9H; C6H5
and C6H4), 4.11 (s, 5H; C5H5), 4.07 (m, 2H; C5H4), 3,90 (m, 4H; C5H4 and
OCH2), 3.55 and 3.54 (2� t, 2H; CH2Cl), 2,60 and 2.57 (2� q, 2H;
CH2CH3), 1.79 and 1.40 (2�m, 4H; 8H; (CH2)6), 1.04 and 1.03 ppm (2� t,
3H; CH2CH3); MS (EI): m/z : 554 [M]� , 489 [M�Cp]� , 407, 378, 343, 327.
1-[4-(4-Dimethylaminopentoxy)phenyl]-1-(4-hydroxyphenyl)-2-ferrocen-
yl-but-1-ene (Z�E)-3 c : (Z�E)-1-[4-(4-Bromopentoxy)phenyl]-1-(4-hy-
droxyphenyl)-2-ferrocenyl-but-1-ene (9c, 0.145 g, 0.25 mmol), HNMe2 ¥
HCl (0.210 g, 2.5 mmol), NEt3 (0.2 mL) and ethanol (25 mL) were
introduced into an autoclave. The mixture was heated at 110 �C for 6 h.
The solvent was evaporated. The crude product obtained was chromato-
graphed on silica gel plates with acetone/NEt3 20:1 as eluent to afford 3 c
(0.115 g, 85.7%). 1H NMR (200 MHz, CDCl3): �� 7.07 ± 6.63 (m, 8H; 2�
C6H4), 4.10 (s, 5H; C5H5), 4.06 (t, 2H; C5H4), 3.91 (m, 4H; OCH2 and
C5H4), 2.56 (q, 2H; CH2CH3), 2.30 (m, 2H;�CH2NMe2), 2.27 and 2.26 (2�
s, 6H; NMe2), 1.80 (m, 2H;�CH2), 1.50 (m, 4H; (CH2)2), 1.02 ppm (t, 3H;
CH2CH3); MS (EI): m/z : 537 [M]� , 220, 205, 149, 114; elemental analysis
calcd (%) for C33H39NO2Fe ¥ 2H2O: C 69.11, H 7.55, N 2.44; found: C 69.44,
H 7.28, N 2.43.


1-[4-(4-Dimethylaminopentoxy)phenyl]-1-(phenyl)-2-ferrocenyl-but-1-
ene (Z�E)-4 c : The procedure was similar to that used for 3c, with 10 c
(0.480 g, 0.86 mmol), HNMe2 ¥HCl (0.760 g, 8.6 mmol), NEt3 (0.5 mL) and
ethanol (25 mL). After solvent removal, the crude product was chromato-
graphed on silica gel plates with NEt3/acetone 1:20 as eluent to afford 4 c
(0.280 g, 62%). 1H NMR (200 MHz, CDCl3): �� 6.99 (m, 9H; C6H4 and
C6H5), 4.11 (s, 5H; C5H5), 3.93 (m, 3H; OCH2 and 1H from C5H4), 2.60 and
2.57 (2� q, 2H; CH2CH3), 2.30 (m, 2H;�CH2NMe2), 2.27 and 2.26 (2� s,
6H; NMe2), 1.82 (m, 2H;�CH2), 1.53 (m, 4H; (CH2)2), 1.06 and 1.04 ppm
(2� t, 3H; CH2CH3).
1-[4-(4-Dimethylaminooctoxy)phenyl]-1-(4-hydroxyphenyl)-2-ferrocenyl-
but-1-ene (Z�E)-3 d : The procedure was similar to that used for 3 c, with
9d (0.420 g, 0.74 mmol), HNMe2 ¥HCl (0.600 g, 7.4 mmol) and NEt3
(0.5 mL). After solvent removal, the crude product was chromatographed
on silica gel plates with NEt3/acetone 1:20 as eluent to afford 3d (0.180 g,
42.3%). M.p. 70 �C; 1H NMR (200 MHz, CDCl3): �� 7.12 ± 6.62 (m, 8H;
2�C6H4), 4.10 (s, 5H; C5H5), 4.06 (m, 2H; C5H4), 3.90 (m, 4H; OCH2 and
C5H4), 2.59 (q, 2H; CH2CH3), 2.28 (m, 2H; �CH2NMe2), 2.26 (s, 6H;
NMe2), 1.72 and 1.26 (2�m, 12H; (CH2)6), 1.06 and 1.02 ppm (2� t, 3H;
CH2CH3); MS (EI): m/z : 579 [M]� , 359, 343, 220, 205; elemental analysis
calcd (%) for C36H45NO2Fe: C 74.60, H 7.82, N 2.41; found: C 74.56, H 7.87,
N 2.55.


1-[4-(4-Dimethylaminooctoxy)phenyl]-1-(phenyl)-2-ferrocenyl-but-1-ene
(Z�E)-4 d : The procedure was similar to that used for 3 c, with 10d
(0.265 g. 0.48 mmol), HNMe2 ¥HCl (0.390 g, 7.4 mmol) and NEt3 (0.3 mL).
After solvent removal, the crude product was chromatographed on silica
gel plates with NEt3/acetone 1:20 as eluent to afford 4d (0.170 g, 63%) as
an orange oil. 1H NMR (200 MHz, CDCl3): �� 7.32 ± 6.72 (m, 9H; C6H5
and C6H4), 4.11 (s, 5H; C5H5), 4.07 and 3.87 (2�m, 2� 2H; C5H4), 3.87 (t,
2H; OCH2), 2.58 (m, 2H;CH2CH3), 2.24 (m, 2H;�CH2NMe2), 2.22 (s, 6H;
NMe2), 1.77 and 1.26 (2�m, 12H; (CH2)6), 1.04 and 1.02 ppm (2� t, 3H;
CH2CH3); MS (EI): m/z : 563 [M]� , 343 , 327, 207.


Ethyl ferrocenylacetate 12 : Concentrated H2SO4 (0.5 mL) was added to a
solution of ferrocenylacetic acid (2.00 g, 8.2 mmol) in ethanol (50 mL). The
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mixture was heated at reflux for 1 h. The solution was left to cool to room
temperature and hydrolysed with water (100 mL). The product was
extracted with diethyl ether (3� 40 mL). The organic phase was washed
with water, dried over magnesium sulfate and filtered, and the solvent was
evaporated to afford 12 (2.22 g). The crude product was used without
further purification. 1H NMR (200 MHz, CDCl3): �� 4.23 and 4.13 (2�m,
2� 2H; C5H4), 4.18 (q, 2H; OCH2), 4.14 (s, 5H; C5H5), 3.34 (s, 2H; CH2),
1.31 ppm (t, 3H; Me).


1,1-Bis(4-methoxyphenyl)-2-ferrocenylethene 13 : Iodoanisole (1.123 g,
4.80 mmol) was dissolved in dry diethyl ether (10 mL). This solution was
cooled to 0 �C and a solution of nBuLi in hexane (1.6�� 2.5 mL, 4.00 mmol)
was then added dropwise by dropping funnel. After completion of addition,
stirring was maintained for 15 min more while the temperature was kept at
0 �C. A solution of ethyl ferrocenylacetate 12 (0.408 g, 1.5 mmol) in dry
ether (15 mL) was added slowly to the first solution. After 2 h of stirring,
during which the temperature was allowed to rise to room temperature, the
solution was hydrolysed with HCl (1:10, 30 mL). The mixture was heated at
reflux for 4 h. After cooling to room temperature, the product was
extracted with diethyl ether and the organic phase was washed with water.
After drying over magnesium sulfate the solution was filtrated and
concentrated with a rotary evaporator. The crude product was chromato-
graphed on silica gel plates with diethyl ether/pentane 1:9 as eluent to
afford 13 (0.325 g, 51%) as an orange oil. 1H NMR (200 MHz, CDCl3): ��
7.22 and 6.84 (2� d, 2� 2H; C6H4), 7.15 and 6.94 (2� d, 2� 2H; C6H4), 6.62
(s, 1H; �CH), 4.15 (m, 7H; C5H5 and 2H of C5H4), 3.91 (s, 2H; Cp and
C5H4), 3.88 and 3.82 ppm (2� s, 2� 3H; 2�OMe).
1,1-Bis(4-hydroxyphenyl)-2-ferrocenylethene 14 : Compound 13 (0.120 g,
0.26 mmol) was dissolved in dry CH2Cl2 (8 mL). The solution was cooled to
�78 �C, and a BBr3 solution (1� in CH2Cl2, 1.06 mL) was then added
dropwise. The cooling bath was removed and the solution was stirred for
30 min. The solution was poured into iced water (100 mL). After the
mixture had been stirred for 10 min, NaCl was added to saturate the
solution. The product was extracted with diethyl ether (4� 30 mL). The
organic phase was washed with water, dried over MgSO4 and filtrated.
After solvent removal, the crude product was chromatographed on silica
gel plates with acetone/pentane 2:3 as eluent to afford 14 (0.065 g, 62%) as
an orange solid. m.p. 72 �C; 1H NMR (200 MHz, CDCl3): �� 7.20 and 6.77
(2�d, 2� 2H; C6H4), 7.11 and 6.89 (2� d, 2� 2H; C6H4), 6.63 (s, 1H;
�CH), 5.29 and 5.26 (2� s, 2� 1H; 2�OH), 4.12 (s, 5H; C5H5), 4.09 and
3.86 ppm (2�m, 2� 2H; C5H4); elemental analysis calcd (%) for
C24H20O2Fe: C, 72.74, H 5.09; found: C 72.73, H 5.44.


1-[4-(2-Dimethylaminoethoxy)phenyl]-1-(4-hydroxyphenyl)-2-ferrocenyl-
ethene 15 : A solution of sodium ethanolate was prepared by treating
sodium (0.138 g, 6 mmol) with ethanol (10 mL). Compound 14 (0.100 g,
0.25 mmol) was added to this solution. After the mixture had been stirred
for 1 h, 2-dimethylaminoethyl chloride hydrochloride (0.576 g, 4 mmol)
was added. After 4 h of heating, the solution was left to cool to room
temperature and then hydrolysed with water (20 mL). The product was
extracted with ether. The organic phase was washed with water, dried over
magnesium sulfate and filtered, and the solvent was evaporated. The crude
product was chromatographed on silica gel plates with methanol/chloro-
form 30:70 as eluent to give first a mixture of two isomers of 15 (0.048 g,
41% yield). 1H NMR (200 MHz, CDCl3): �� 7.25 ± 6.78 (m, 8H; 2�C6H4),
6.62 (s, 1H;�CH), 4.12 (s, 5H; C5H5), 4.26 (m, 2H; OCH2), 4.09 and 3.86
(2�m, 2� 2H; C5H4), 3.17 (m, 2H; N�CH2), 2.74 and 2.71 ppm (2� s, 6H;
NMe2).


The second fraction was identified as 16 (0.035 g, 30%). 1H NMR
(200 MHz, CDCl3): �� 7.18 and 6.81 (2� d, 2� 2H; C6H4), 7.10 and 6.97
(2�d, 2� 2H; C6H4), 6.63 (s, 1H;�CH), 4.12 (s, 5H; C5H5), 4.09 (m, 4H;
2�OCH2), 4.09 and 3.84 (2�m, 2� 2H; C5H4), 3.21 (m, 4H; 2�N�CH2),
2.74 and 2.70 ppm (2� s, 2� 6H; 2�NMe2).
X-ray crystal structure determination for (E)-3 a : A suitable crystal of (E)-
3a crystallised from acetone in the monoclinic space group P21/c. Accurate
cell dimensions and orientation matrices were obtained by least-squares
refinements of 25 accurately centred reflections. No significant variations
were observed in the two check reflections during data collections. The data
were corrected for Lorentz and polarisation effects; an empirical absorp-
tion (DIFABS) was applied.[51] Computations were performed by use of the
PC version of CRYSTAL.[52] Scattering factors and corrections for
anomalous absorption were taken from [51].


Biochemical materials and methods : 17�-Estradiol and protamine sulfate
(from salmon grade X) and hydroxytamoxifen (Z�E) were obtained from
Sigma. (Z)-Hydroxytamoxifen was a gift from Besins Isovesco (France).
[6,7-3H]-17�-estradiol (SA: 1.628 TBqmmol�1) was from Perkin Elmer Life
Sciences.


Animal tissues : Lamb uteri weighing approximately 7 g were obtained
from the slaughterhouse at Mantes-la-Jolie, France. They were immedi-
ately frozen and kept in liquid nitrogen prior to use.


Determination of the relative binding affinities (RBAs) of the compounds
for the alpha and beta forms of the estrogen receptor


Preparation of the stock solutions of ferrocifens : Stock solutions (1� 10�3�)
of the ferrocene derivatives were prepared in absolute ethanol or DMSO.
They are stable for at least one month provided they are kept in the dark at
�20 �C (ethanol solutions) or 4 �C (DMSO solutions)
Sheep uterine cytosol prepared in buffer A (0.05� Tris-HCl, 0.25� sucrose,
0.1% �-mercaptoethanol, pH 7.4 at 25 �C) as described in reference [53]
was used as a source of ER�. The beta form of the receptor, produced in a
baculovirus-mediated expression system, was purchased from PanVera
(USA). Typically, 10 �L of estrogen receptor beta (3500 pmolmL�1) was
added to 16 mL of buffer B (10% glycerol, 50 m� bis-tris-propane pH 9,
400 m� KCl, 2 m� DTT, 1 m� EDTA, 0,1% BSA) in a silanised flask.
Aliquots (200 �l) of ER� (in glass tubes) or ER� (in propylene tubes) were
incubated for 3 h at 0 �C or 25 �C with 2� 10�9� of [6,7-3H]-17�-estradiol in
the presence of nine concentrations of the compounds to be tested (nine
concentrations prepared just prior to use from the 1� 10�3� stock solution
in absolute ethanol or DMSO; final volume of ethanol or DMSO equal to
5%). A the end of the incubation period the free and bound fractions of the
tracer were separated by protamine sulfate precipitation as follows. An
equal volume of phosphate buffer containing 1 mgmL�1 of protamine
sulfate was added to each tube. The mixtures were vortexed and allowed to
stand at 0 �C for 10 min. The resulting precipitates were filtered on glass
fibre paper (Watman GF/C) under a moderate vacuum and washed with
ice-cold phosphate buffer (40 mL). The filters were then transferred to
scintillation vials, and radioactivity was measured on a LKB-1211
RackBeta counter. As hydroxyapatite was used in the literature instead
of protamine sulfate to separate the free and bound fraction of the tracer
we have checked that the RBA values obtained by both methods are
equivalent. The percentage reduction in binding of [3H]-estradiol (Y) was
calculated by the use of the logit transformation of Y [logitY � ln [	BY/
(1�Y)
] versus the log of the mass of the competing steroid. The
concentration of unlabelled steroid required to displace 50% of the bound
[3H]-estradiol (logitY� 0) was calculated for each steroid tested, and the
results were expressed as RBA. The RBAvalue of estradiol is by definition
equal to 100%


Culture cells : MCF7 and MDA-MB231 cells were from the Michigan
Cancer Foundation (Detroit), RTx6[54] and TD5,[55] two MCF7 mutants
selected for their resistant to tamoxifen, were from J.C. Faye (INSERM
U168, Toulouse, France) and F. Van Roy (RUG, Ghent, Belgium). Earle×s
minimal essential medium (MEM), foetal bovine serum (FBS), �-gluta-
mine, penicillin, gentamicin and streptomycin were obtained from Gibco
(Ghent, Belgium), plastic culture materials from Falcon (Ghent, Belgium)


Culture conditions : Cells were maintained in monolayer culture in
Dulbecco-MEM with 10% added thermally inactivated FBS, �-glutamine
(0.6 mgmL�1) and a cocktail of antibiotics (gentamicin 40 �gmL�1,
penicillin 100 UmL�1, streptomycin 100 �gmL�1). The growth of the cells
was assessed by measuring the DNA content of treated and untreated
(control) cells after 120 h of culture.[56]
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Dimethylsulfoxide as a Ligand for RhI and IrI Complexes–Isolation,
Structure, and Reactivity Towards X�H Bonds (X�H, OH, OCH3)**
Reto Dorta,[a] Haim Rozenberg,[b] Linda J. W. Shimon,[b] and David Milstein*[a]


Abstract: Novel neutral and cationic
RhI and IrI complexes that contain only
DMSO molecules as dative ligands with
S-, O-, and bridging S,O-binding modes
were isolated and characterized. The
neutral derivatives [RhCl(DMSO)3] (1)
and [IrCl(DMSO)3] (2) were synthe-
sized from the dimeric precursors
[M2Cl2(coe)4] (M�Rh, Ir; COE� cy-
clooctene). The dimeric IrI compound
[Ir2Cl2(DMSO)4] (3) was obtained from
2. The first example of a square-planar
complex with a bidentate S,O-bridging
DMSO ligand, [(coe)(DMSO)Rh-
(�-Cl)(�-DMSO)RhCl(DMSO)] (4),
was obtained by treating [Rh2Cl2(coe)4]
with three equivalents of DMSO. The
mixed DMSO ± olefin complex [IrCl-
(cod)(DMSO)] (5, COD� cycloocta-
diene) was generated from [Ir2Cl2-
(cod)2]. Substitution reactions of these
neutral systems afforded the complexes


[RhCl(py)(DMSO)2] (6), [IrCl(py)-
(DMSO)2] (7), [IrCl(iPr3P)(DMSO)2]
(8), [RhCl(dmbpy)(DMSO)] (9,
dmbpy� 4,4�-dimethyl-2,2�-bipyridine),
and [IrCl(dmbpy)(DMSO)] (10). The
cationic O-bound complex
[Rh(cod)(DMSO)2]BF4 (11) was synthe-
sized from [Rh(cod)2]BF4. Treatment of
the cationic complexes [M(coe)2(O�C-
Me2)2]PF6 (M�Rh, Ir) with DMSO
gave the mixed S- and O-bound DMSO
complexes [M(DMSO)2(DMSO)2]PF6


(Rh� 12 ; Ir� in situ characterization).
Substitution of the O-bound DMSO
ligands with dmbpy or pyridine resulted
in the isolation of [Rh(dmbpy)(DM-
SO)2]PF6 (13) and [Ir(py)2(DMSO)2]PF6


(14). Oxidative addition of hydrogen to
[IrCl(DMSO)3] (2) gave the kinetic
product fac-[Ir(H)2Cl(DMSO)3] (15)
which was then easily converted to the
more thermodynamically stable product
mer-[Ir(H)2Cl(DMSO)3] (16). Oxidative
addition of water to both neutral and
cationic IrI DMSO complexes gave the
corresponding hydrido ± hydroxo addi-
tion products syn-[(DMSO)2HIr(�-OH)2-
(�-Cl)IrH(DMSO)2][IrCl2(DMSO)2] (17)
and anti-[(DMSO)2(DMSO)HIr(�-OH)2-
IrH(DMSO)2(DMSO)][PF6]2 (18). The
cationic [Ir(DMSO)2(DMSO)2]PF6 com-
plex (formed in situ from [Ir(coe)2(O�C-
Me2)2]PF6) also reacts with methanol to
give the hydrido ± alkoxo complex syn-
[(DMSO)2HIr(�-OCH3)3IrH(DMSO)2]-
PF6 (19). Complexes 1, 2, 4, 5, 11, 12, 14,
17, 18, and 19 were characterized by
crystallography.


Keywords: iridium ¥ O ligands ¥
oxidative addition ¥ rhodium ¥
S ligands


Introduction


Soluble, low-valent rhodium and iridium systems have
attracted much attention in the past decades showing a wide
range of reactivity and being applied very successfully as
homogeneous catalysts.[1] Such compounds are normally
stabilized with phosphine ligands, but as these ligands are


highly air sensitive, toxic, and expensive, there is a growing
interest in finding alternate ligands that show similar charac-
teristics. Among them, sulfoxides seem to be particularly
interesting. We were, therefore, surprised to see that although
their coordination chemistry has been widely studied,[2] well-
characterized RhI± and IrI ± DMSO complexes that do not
contain other dative ligands are unknown.[3] This is all the
more perplexing, since some high-valent RhIII± and IrIII ±
DMSO complexes have been applied successfully as catalysts
for various transformations.[4] For the developement of new
catalysts based on low-valent transition-metal complexes,
detailed investigation of substitution chemistry and oxidative
addition reactions is crucial. Within this latter category,
oxidative addition of OH groups by transition-metal com-
plexes has received much attention in recent years by virtue of
its relevance to a number of catalytic processes, and its
potential importance in the design of new catalysts based on
water.[5] Examples of hydrido ± hydroxo and hydrido ± alkoxo
complexes generated by OH oxidative addition are rare, and
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this reactivity is usually achieved by using late-transition-
metal complexes that bear phosphine ligands.[6]


Herein, we describe the synthesis of neutral and cationic
RhI and IrI complexes that contain DMSO as the only (or
main) ligand. Most of these new complexes were unambig-
uously characterized by X-ray crystallography, and showed
both S- and O-bonding modes of the DMSO ligand. In
addition, we have characterized a binuclear rhodium complex
that contains a rare S,O-bridging DMSO ligand. We present
studies on the substitution behavior of these complexes, and,
in the case of the IrI DMSO systems, the reactivity displayed
towards X�H bonds. Not only was oxidative addition of
hydrogen observed, but the iridium complexes showed
surprising reactivity towards the polar O�H bonds of water
and methanol. These substrates underwent oxidative addition
at room temperature to afford addition products that were
characterized by X-ray diffraction. This is the first time that
such reactivity has been observed for phosphine-free late
transition metals. Some of the results described herein have
been previously published in a communication.[7]


Results and Discussion


Synthesis, structure, and substitution chemistry of neutral MI


DMSO complexes (M�Rh, Ir): Reaction of a toluene slurry
of [M2Cl2(coe)4] (M�Rh, Ir; coe� cyclooctene) with excess
DMSO and subsequent workup led to the formation of the
neutral complexes [RhCl(DMSO)3] (1) and [IrCl(DMSO)3]
(2) in high yield (Scheme 1). The 1H NMR spectrum of the


Scheme 1.


yellow complex 1 in CD2Cl2 consists of a single broad
resonance at 3.19 ppm,[8] indicating that dissociation of
DMSO occurs rapidly on the NMR timescale. In fact, low-
temperature 1H NMR analysis gave rise to the appearance of
two separate broad resonances at 243 K, but the signals for the
coordinated DMSO molecules were not sharp even at 183 K.


Interestingly, in the case of the lemon-yellow iridium complex
2, dissolution in CH2Cl2 was accompanied by an immediate
color change to orange and by loss of one equivalent of
DMSO. Addition of diethyl ether led to the precipitation of
the dimer [Ir2Cl2(DMSO)4] (3) as an orange, microcrystalline
solid in 95 % yield (Scheme 1). The 1H NMR spectrum of 3 in
CD2Cl2 consists of two broad singlet resonances at 3.47 and
3.64 ppm; this indicates that the DMSO molecules are part of
a dynamic process. In fact, gradual lowering of the temper-
ature showed what appeared to be two independent dynamic
processes, taking place between 273 ± 253 K and 233 ± 203 K.
When the temperature is further lowered to 193 K, eight
sharp signals can be seen between 3.29 and 3.79 ppm. As no
other signals apart from the methyl resonances of the DMSO
ligands are present, we cannot determine with certainty
whether these signals arise from different conformers of 3 or if
they are the result of all the eight methyl resonances being
differentiable at 193 K. Nevertheless, the eight signals are of
equal intensity; this implies that it is less likely that they are
due to conformers (which would probably differ in stability).
Similar behavior to that observed for complex 3 was recently
observed in the case of the IrIII complex [Cp*Ir(DM-
SO)3][PF6]2.[9] In contrast to the IrIII complex, rapid exchange
between bound and free DMSO was not observed for 3, even
when the temperature of a CD2Cl2 solution of 3 in the
presence of free DMSO was lowered. The structures of
complexes 1 ± 3 are supported by elemental analyses, and in
the case of compounds 1 and 2, single crystals suitable for
X-ray diffraction studies were grown directly from more
dilute reaction mixtures. The ORTEP views, along with
selected bond lengths and angles are shown in Figure 1. Both
complexes are monomeric and show the expected square-
planar geometry around the metal center, with one chloride
ligand and all three DMSO molecules bound through the
sulfur atom. In both complexes, the M�S bond lengths for the
DMSO molecules cis to the chloride (2.2722(11) and
2.2874(11) ä for 1, 2.2643(10) and 2.2763(10) ä for 2) are
significantly longer than for the DMSO molecules trans to Cl
(2.2095(11) ä for 1, 2.1957(9) ä for 2); this indicates that
S-bound DMSO has a higher trans influence than the chloride.
The relatively long metal ± sulfur distances for the DMSO
ligands trans to each other might also explain the labile nature
of these ligands in solution.[10] As observed for 1, Wilkinson×s
catalyst [RhCl(PPh3)3] undergoes phosphine dissociation in
solution, and has a chemically unique rhodium ± phosphorus
bond that is substantially shorter than the other two
(2.214(4) ä as compared to 2.322(4) and 2.334(3) ä).[11, 12]


Interestingly, treatment of a dilute solution of
[Rh2Cl2(coe)4] in toluene with 2 ± 4 equivalents of DMSO
led to the formation of crystals, although in lower yield than
that for complex 1 (Scheme 1). X-ray crystallography re-
vealed that the crystals consisted of the doubly-bridged dimer
[(coe)(DMSO)Rh(�-Cl)(�-DMSO)RhCl(DMSO)] (4) in Fig-
ure 2. Structurally characterized sulfoxides that bridge two
transition metals are extremely rare and have only been
reported for two octahedral diruthenium complexes,[13, 14] and
two octahedral rhodium(��) complexes.[15] In complex 4, both
metal atoms achieve a nearly square-planar environment. The
Rh�S bond length for the S-bound DMSO molecule trans to
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Figure 1. ORTEP plots (50 % probability) of RhCl(DMSO)3 (1, above)
and [IrCl(DMSO)3] (2, below). Hydrogen atoms have been omitted for
clarity. Selected bond lengths [ä] and angles [�] for 1: Rh(1)�S(4)
2.2095(11), Rh(1)�S(3) 2.2722(11), Rh(1)�S(5) 2.2874(11), Rh(1)�Cl(2)
2.3555(11), S(3)�O(30) 1.485(3), S(4)�O(40) 1.481(3), S(5)�O(50)
1.489(3), S(4)-Rh(1)-S(3) 93.72(4), S(4)-Rh(1)-S(5) 90.22(4), S(3)-Rh(1)-
S(5) 169.86(4), S(4)-Rh(1)-Cl(2) 168.63(4), S(3)-Rh(1)-Cl(2) 86.84(4),
S(5)-Rh(1)-Cl(2) 91.14(4); for 2 : Ir(1)�S(4) 2.1957(9), Ir(1)�S(3)
2.2643(10), Ir(1)�S(5) 2.2763(10), Ir(1)�Cl(2) 2.3566(10), S(3)�O(30)
1.482(3), S(4)�O(40) 1.486(3), S(5)�O(50) 1.483(3), S(4)-Ir(1)-S(3)
93.61(4), S(4)-Ir(1)-S(5) 90.04(4), S(3)-Ir(1)-S(5) 170.34(3), S(4)-Ir(1)-
Cl(2) 169.95(3), S(3)-Ir(1)-Cl(2) 86.79(4), S(5)-Ir(1)-Cl(2) 91.18(4).


the bridging chloride (2.1965(10) ä) is similar to that found
for the DMSO ligand trans to chloride in complex 1.
Interestingly, the Rh(2)�S(7) distance for the bridging
DMSO, which is also trans to a chloride, is significantly
shorter (2.1584(9) ä). The S�O bond length for the bridging
DMSO (S(7)�O(70) 1.521(2) ä) is longer than in correspond-
ing S-bound complexes, and approaches the values found in
the O-bound DMSO molecules of [Rh(cod)(DMSO)2]BF4


(11) and [Rh(DMSO)4]PF6 (12) (see below), or the two
known O-bound RhIII ± DMSO complexes.[16, 17] Indeed, in
complex 1, we generally find longer metal ± ligand bonds; this
is consistent with the relative stability of the unusual complex 4.


To get a better idea about the ligating ability of DMSO with
respect to RhI and IrI, we investigated whether complexes 1, 2,
and 3 could also be obtained from [M2Cl2(cod)2] (M�Rh, Ir;
COD� cyclooctadiene) rather than just from the non-chelat-


Figure 2. ORTEP view of a molecule of 4. Thermal ellipsoids are drawn at
the 50 % probability level. Hydrogen atoms have been omitted for clarity.
Selected bond lengths [ä] and angles [�]: Rh(1)�O(70) 2.112(2),
Rh(1)�C(20) 2.133(3), Rh(1)�C(27) 2.154(3), Rh(1)�S(3) 2.1610(10),
Rh(1)�Cl(4) 2.3812(10), Rh(2)�S(7) 2.1584(9), Rh(2)�S(6) 2.1965(10),
Rh(2)�Cl(5) 2.3503(9), Rh(2)�Cl(4) 2.3785(10), S(3)�O(30) 1.479(2),
S(6)�O(60) 1.480(2), S(7)�O(70) 1.521(2), O(70)-Rh(1)-C(20) 92.48(10),
O(70)-Rh(1)-C(27) 91.28(10), C(20)-Rh(1)-C(27) 38.04(11), O(70)-Rh(1)-
S(3) 174.08(6), C(20)-Rh(1)-S(3) 91.99(9), C(27)-Rh(1)-S(3) 89.85(9),
O(70)-Rh(1)-Cl(4) 86.06(6), C(20)-Rh(1)-Cl(4) 157.34(8), C(27)-Rh(1)-
Cl(4) 164.39(8), S(3)-Rh(1)-Cl(4) 91.30(3), S(7)-Rh(2)-S(6) 94.24(4), S(7)-
Rh(2)-Cl(5) 176.96(3), S(6)-Rh(2)-Cl(5) 88.81(4), S(7)-Rh(2)-Cl(4)
90.14(4), S(6)-Rh(2)-Cl(4) 174.01(3), Cl(5)-Rh(2)-Cl(4) 86.83(3).


ing olefin complexes [M2Cl2(coe)4]. Therefore, we treated an
orange solution of [Rh2Cl2(cod)2] in toluene with excess
DMSO in a manner analogous to the preparation of 1 from
[Rh2Cl2(coe)4]. The solution was stirred at room temperature
and subsequent workup resulted in the recovery of the
starting material according to the 1H NMR spectrum. How-
ever, the 1H NMR spectrum of the reaction solution (in
[D8]toluene) revealed broad signals for the vinylic protons of
COD, indicating what appears to be fast and reversible
binding of DMSO to the starting complex. In contrast, when
an orange solution of [Ir2Cl2(cod)2] in toluene was treated
with excess DMSO, the solution turned yellow. After being
stirred at room temperature for five hours and subsequent
workup, a dark yellow powder was isolated in 86 % yield. The
1H NMR spectrum in [D6]benzene showed that the cyclo-
octadiene ligand was still coordinated to the metal center, and
the signal at 2.56 ppm indicated the presence of only one
S-bound DMSO ligand (COD/DMSO� 1:1). Thus, the re-
sulting complex has the formula [IrCl(cod)(DMSO)] (5),
which was supported by elemental analysis (Scheme 2). This


Scheme 2.


means that for both Rh and Ir, the DMSO ligand is incapable
of displacing a chelating olefin ligand such as cyclooctadiene,
and that only in the case of iridium, the chloride bridge is
irreversibly split and leads to the formation of the monomeric
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complex 5. This reactivity parallels that observed for the
phosphine ligands PPh3 and PCy3, whereby complexes of the
type [IrCl(cod)L] (L�PPh3, PCy3) are obtained even in the
presence of excess phosphine.[18, 19] The structure of 5 was
confirmed by an X-ray diffraction study of suitable orange
crystals, which were grown from a saturated diethyl ether
solution. The ORTEP diagram of [IrCl(cod)(DMSO)] (5),
along with selected bond lengths and angles is shown in
Figure 3. The Ir�S bond length of 2.268(2) ä is similar to


Figure 3. ORTEP view of a molecule of 5 (one of two independant
molecules). Thermal ellipsoids are drawn at the 50 % probability level.
Hydrogen atoms have been omitted for clarity. Selected bond lengths [ä]
and angles [�]: Ir(1)�C(12) 2.091(8), Ir(1)�C(11) 2.149(8), Ir(1)�C(16)
2.180(8), Ir(1)�C(15) 2.196(7), Ir(1)�S(1) 2.268(2), Ir(1)�Cl(1) 2.350(2),
S(1)�O(1) 1.467(6), C(12)-Ir(1)-C(11) 38.0(3), C(12)-Ir(1)-C(16) 97.6(3),
C(11)-Ir(1)-C(16) 81.6(3), C(12)-Ir(1)-C(15) 82.0(3), C(11)-Ir(1)-C(15)
89.3(3), C(16)-Ir(1)-C(15) 36.8(3), C(12)-Ir(1)-S(1) 91.7(2), C(11)-Ir(1)-
S(1) 91.7(2), C(16)-Ir(1)-S(1) 154.6(2), C(15)-Ir(1)-S(1) 168.5(2), C(12)-
Ir(1)-Cl(1) 154.0(3), C(11)-Ir(1)-Cl(1) 167.7(2), C(16)-Ir(1)-Cl(1) 91.1(2),
C(15)-Ir(1)-Cl(1) 90.7(2).


those found for two of the three Ir�S bonds in the DMSO-
stabilized complex [IrCl(DMSO)3] (2), and confirms the
observation that the trans influence of S-bound DMSO is
significantly higher compared to chloride. This is also
apparent from the Ir ± olefin bond lengths trans to these
ligands, in which the average Ir ± olefin distance is 2.120 ä for
the olefin opposite the chloride, and 2.188 ä for the olefin
opposite the DMSO ligand. The 1H NMR spectrum also
reflects these findings as the olefin protons appear at 5.00 ppm
(trans to DMSO) and 4.00 ppm (trans to Cl). The differences
in the trans influence that DMSO and olefins display are much
more subtle, but the bond lengths in complexes 2 and 5
indicate that S-bound DMSO has a slightly higher trans
influence relative to the double bonds of cyclooctadiene. In
line with this assuption is the fact that DMSO did not
dissociate when complex 5 was dissolved in dichloromethane,
in contrast to complex 2, which afforded dimer 3.


Substitution of the DMSO ligands in 1, 2, and 3 was
subsequently investigated. An orange [D6]benzene suspen-
sion of 1 was treated with excess pyridine to give a yellow
solution of [RhCl(py)(DMSO)2] (6) (py� pyridine) and one
equivalent of free DMSO (Scheme 3). The iridium complex 2
behaved in an identical manner; treatment of a solution of 2 in
acetone with excess pyridine and subsequent workup led to
the isolation of the corresponding complex [IrCl(py)(DM-
SO)2] (7). These complexes were characterized by NMR


Scheme 3.


spectroscopy and elemental analysis. The 1H NMR spectra
show two sharp signals for the methyl protons of the two non-
equivalent DMSO ligands of the square-planar complexes at
3.01 and 3.03 ppm for 6 (in [D6]benzene; 3.21 and 3.23 ppm in
[D6]acetone), and at 3.40 and 3.48 ppm for 7 (CD2Cl2); this
confirms the S-bound mode of DMSO in both cases. The
NMR spectra are completed by peaks in the aromatic region
that correspond to the pyridine ligand.


Treatment of complexes 2 and 3 with triisopropylphosphine
was attempted to see how many DMSO molecules could be
substituted by this ligand. Interestingly, reaction of 2 (or 3)
with either an equimolar amount or an excess of triisopro-
pylphosphine led to the isolation of the same complex,
[IrCl(iPr3P)(DMSO)2] (8), the structure of which was con-
firmed by NMR spectroscopy and elemental analysis
(Scheme 3). The 1H NMR spectrum in [D6]benzene contains
two signals for the S-bound DMSO molecules at 2.91 and
3.40 ppm, and two signals for the phosphine ligand (quartet at
1.34 ppm and multiplet at 3.09 ppm). The 31P NMR spectrum
shows a single peak at 34.24 ppm. We observe that rather
unexpectedly, only one of the DMSO ligands can be displaced
even in presence of ™good∫ ligands (for IrI), such as iPr3P. In
contrast, all the olefin ligands of [Ir2Cl2(coe)4], which is
formally the olefin analogue of 3, are substitued with
phosphine ligands; this is why monomeric, neutral Ir ± mo-
nophosphine complexes (without bi- or tri-dentate ligands)
are exceedingly rare. The only two such complexes that we are
aware of are the mixed phosphine/stibine complexes [IrCl-
(C2H4)(iPr3Sb)(iPr3P)] and [IrCl(�CR2)(iPr3Sb)(iPr3P)].[20]


This reactivity once again indicates that the DMSO ligand
(S-bound) is more strongly bound to MI than a simple olefin
ligand such as COE.


Not surprisingly, it is possible to substitute more than one
DMSO ligand when chelating ligands are employed. Reaction
of 1 with one equivalent of the chelating ligand dmbpy
(dmbpy� 4,4�-dimethyl-2,2�-bipyridine) gave complex
[RhCl(dmbpy)(DMSO)] (9) with concomitant loss of two
equivalents of DMSO (Scheme 3).[21] The corresponding
iridium complex, [IrCl(dmbpy)(DMSO)] (10), was obtained
in a similar manner from complex 2.[22]


Synthesis, structure, and substitution reactivity of cationic MI


DMSO systems (M�Rh, Ir): The starting point of our
investigations stemmed from two reports on the synthesis of
the cationic RhI complexes [Rh(diene)(DMSO)(L)]X (L�
phosphine, DMSO, X�BF4


�, PF6
�).[23, 24] Based on IR


spectroscopic data and their lability in solution, these com-
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plexes were believed to have O-bound DMSO ligands. To
ascertain the exact structure of these compounds, we synthe-
sized complex [Rh(cod)(DMSO)2]BF4 (11) and characterized
it by X-ray crystallogrphy. Crystals suitable for X-ray analysis
were grown from a concentrated dichloromethane solution.
Complex 11 crystallizes in the orthorhombic space group
Pca21 as two crystallographically distinct molecules, which
display some differences in their corresponding bond lengths
and angles.[25] An ORTEP drawing of one molecule along with
selected bond lengths and angles is shown in Figure 4. The


Figure 4. ORTEP plot of a molecule of 11 (one of two independant
molecules). Thermal ellipsoids are drawn at the 50% probability level. The
BF4


� counterion and hydrogen atoms have been omitted for clarity.
Selected bond lengths [ä] and angles [�]: Rh(1)�C(11) 2.092(5),
Rh(1)�C(12) 2.101(4), Rh(1)�C(16) 2.106(5), Rh(1)�C(15) 2.117(5),
Rh(1)�O(11) 2.107(3), Rh(1)�O(12) 2.128(3), S(11)�O(11) 1.536(3),
S(12)�O(12) 1.528(4), C(11)-Rh(1)-C(12) 38.80(19), C(11)-Rh(1)-C(16)
81.9(2), C(12)-Rh(1)-C(16) 94.0(2), C(11)-Rh(1)-O(11) 94.40(18), C(12)-
Rh(1)-O(11) 95.34(16), C(16)-Rh(1)-O(11) 159.81(19), C(11)-Rh(1)-C(15)
94.7(2), C(12)-Rh(1)-C(15) 81.4(2), C(16)-Rh(1)-C(15) 39.0(2), O(11)-
Rh(1)-C(15) 160.81(19), C(11)-Rh(1)-O(12) 159.2(2), C(12)-Rh(1)-O(12)
160.5(2), C(16)-Rh(1)-O(12) 86.73(17), O(11)-Rh(1)-O(12) 90.31(14),
C(15)-Rh(1)-O(12) 87.10(19).


crystal structure of 11 shows the expected square-planar
coordination environment for Rh, and confirms that DMSO is
bound through the oxygen atom.[26] It is worth noting that the
O-bonding of DMSO leads to a significant lengthening of the
S�O bond relative to free DMSO (1.536(3) and 1.528(4) ä;
free DMSO: S�O 1.493(av) ä).


We prepared the first cationic, all DMSO-stabilized
RhI complex by treating a toluene slurry of [Rh(coe)2-
(O�CMe2)2]PF6 with excess DMSO (Scheme 4).[27] Subse-
quent precipitation in diethyl ether gave [Rh(DMSO)2-
(DMSO)2]PF6 (12) as a yellow powder in 95 % yield. The
1H NMR spectrum of 12 in [D2]dichloromethane at �20 �C
shows two sharp signals at 3.11 ppm (S-bound DMSO) and
2.71 ppm (O-bound DMSO); the latter signal appears as a
broad singlet at room temperature. Interestingly, upon
addition of two equivalents of DMSO to a solution of
[Rh(coe)2(O�CMe2)2]PF6 in CD3NO2, only the COE ligands
were displaced to give, most probably, [Rh(DMSO)2


(O�CMe2)2]PF6. Treatment of complex 12 with one equiv-
alent of 4,4�-dimethyl-2,2�-bipyridine resulted in selective
substitution of the O-bound DMSO molecules to give


Scheme 4.


[Rh(dmbpy)(DMSO)2]PF6 (13) (Scheme 4). X-ray crystallo-
graphic analysis of 12 confirmed that two of the DMSO
ligands are bound through the sulfur atom, while the other
two DMSO molecules are bound through the oxygen atom
(Figure 5), as opposed to compound 1 in which all the DMSO


Figure 5. ORTEP drawing of complex 12. Thermal ellipsoids are drawn at
the 50 % probability level. The PF6


� counterion and hydrogen atoms have
been omitted for clarity. Selected bond lengths [ä] and angles [�]:
Rh(1)�O(50) 2.099(3), Rh(1)�O(20) 2.112(3), Rh(1)�S(3) 2.1627(9),
Rh(1)�S(4) 2.1643(10), S(2)�O(20) 1.539(3), S(3)�O(30) 1.494(3),
S(4)�O(40) 1.486(3), S(5)�O(50) 1.530(3), O(50)-Rh(1)-O(20) 85.39(11),
O(50)-Rh(1)-S(3) 178.90(10), O(20)-Rh(1)-S(3) 93.57(8), O(50)-Rh(1)-
S(4) 86.14(9), O(20)-Rh(1)-S(4) 171.39(8), S(3)-Rh(1)-S(4) 94.89(4).


ligands are S-bound. As expected, binding through the oxygen
atom is preferred with the harder cationic metal center. The
S-bound molecules in 12 exhibit significantly shorter Rh�S
bond lengths relative to those in the neutral complex 1
(2.1627(9) and 2.11643(10) ä). This can be explained by the
more favorable arrangement that occurs when the O-bound
DMSO molecules are trans to the S-bound molecules and is
also reflected in the sharp signals observed in the 1H NMR
spectrum of this complex. Indeed, the O-bound DMSO is
expected to have a significantly weaker trans influence
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relative to the S-bound DMSO. The Rh�O distances are in the
same range as those seen for 11 (2.112(3) and 2.099(3) ä), as
is the lengthening of the S�O bond in the O-bound DMSO
ligands (1.539(3) and 1.530(3) ä).


Treatment of a solution of the iridium complex [Ir-
(coe)2(O�CMe2)2]PF6


[28] in acetone with ten equivalents of
DMSO most probably affords the corresponding [Ir-
(DMSO)2(DMSO)2]PF6 complex, although isolation of the
pure product proved to be exceedingly difficult. When the
reaction was performed under different conditions (i.e. ,
varying the number of equivalents of DMSO), workup in
diethyl ether invariably gave a yellow-brown solid. The
1H NMR spectrum ([D6]acetone) of the resulting solid
showed the signals expected for the postulated [Ir-
(DMSO)2(DMSO)2]PF6 (with signals at 3.65, 3.59, 3.21, and
3.18 ppm), but different batches were always contaminated
with varying degrees of unknown by-products. In situ analysis
of the bright yellow reaction solution in deuterated solvents
showed that both COE molecules had been displaced.
Another strong indication for its structure is the fact that
substitution of the O-bound DMSO ligands by the stronger
pyridine ligands (excess pyridine) gives the isolable complex
[Ir(DMSO)2(py)2]PF6 (14) (Scheme 5). The 1H NMR spec-
trum of 14 in [D2]dichloromethane displays one signal at
3.23 ppm, which corresponds to the S-bound DMSO ligands,


Scheme 5.


and the expected aromatic pattern for the pyridine ligands.
Complete characterization of complex 14 included elemental
and X-ray crystallographic analysis. Pale yellow crystals
suitable for X-ray analysis were obtained by slow diffusion
of diethyl ether into a concentrated solution of 14 in
dichloromethane. An ORTEP diagram of 14 is shown in
Figure 6, together with selected bond lengths and angles. As
expected, compound 14 displays a square-planar geometry
around the metal, with Ir�S bond lengths of 2.1870(14) and
2.2033(14) ä. These relatively short bond lengths (compared
to 2) indicate that the DMSO is strongly bound to the metal
center, due to favorable trans arrangement with respect to the
pyridine ligands. It should be noted that the torsion angles of
the two pyridine ligands show only a slight deviation from
each other (N(3)-Ir(1)-N(2)-C(25)� 99.5(4)�, N(2)-Ir(1)-
N(3)-C(35)� 91.3(4)�). This means that both pyridine rings
are almost perpendicular to the plane defined by the
geometry around the iridium atom. The Ir�N distances of
2.076(4) and 2.102(5) ä are comparable to those found in the
homogeneous hydrogenation catalyst [Ir(cod)(py)(PCy3)]PF6


(Crabtree×s catalyst, Ir�N� 2.089(2) ä),[29] and are almost
identical to the bond lengths found for [Ir(cod)(py)2]BPh4


Figure 6. ORTEP drawing of complex 14. Thermal ellipsoids are drawn at
the 50 % probability level. The PF6


� counterion and hydrogen atoms have
been omitted for clarity. Selected bond lengths [ä] and angles [�]:
Ir(1)�N(2) 2.076(4), Ir(1)�N(3) 2.102(5), Ir(1)�S(5) 2.1870(14), Ir(1)�S(4)
2.2033(14), S(4)�O(40) 1.484(4), S(5)�O(50) 1.480(4), N(2)-Ir(1)-N(3)
83.60(18), N(2)-Ir(1)-S(5) 176.44(12), N(3)-Ir(1)-S(5) 92.85(14), N(2)-
Ir(1)-S(4) 88.37(13), N(3)-Ir(1)-S(4) 171.83(13), S(5)-Ir(1)-S(4) 95.16(6).


(2.084(8) and 2.103(8) ä).[30] As in the case of complex 5, this
once again suggests that the trans influence of the S-bound
DMSO and that of the double bonds in COD is comparable.


Oxidative addition of X�H bonds (X�H, OH, OCH3) to IrI
DMSO complexes : Oxidative addition processes are crucial if
metal complexes are to be used in catalytic transformations.
We first investigated the oxidative addition of the nonpolar
dihydrogen molecule to [IrCl(DMSO)3] (2). Indeed, when
hydrogen is bubbled through a solution of 2 in [D6]acetone,
the intense lemon-yellow color fades to give a pale yellow
solution. The 1H NMR spectrum, which has three sharp
signals for the S-bound DMSO ligands (at 3.26, 3.37, and
3.70 ppm), and one singlet peak at �16.11 ppm for both the
hydride ligands, indicates that only one of the two possible cis-
dihydride isomers, namely fac-[Ir(H)2Cl(DMSO)3] (15), is
formed[31] (Scheme 6). Interestingly, when the solution is left


Scheme 6.


at room temperature for one day and the spectrum is re-
measured, two doublet peaks for the hydrides of mer-
[Ir(H)2Cl(DMSO)3] (16) appear at �16.37 and �19.68 ppm
(J� 5.8 Hz) (ratio of 15/16 is ca. 1:4). This shows that complex
16 is the thermodynamic product of the reaction, while 15 is
the kinetic product of cis-oxidative addition of hydrogen.
Indeed, heating a solution of 15 for 30 min at 60 �C leads to
the exclusive formation of complex 16, with a new set of
signals at �� 3.30, 3.45, and 3.53 ppm for the DMSO ligands.
It should be noted that an almost identical reaction rate was
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observed for the addition of hydrogen to a neat solution of 2 in
DMSO;[32] this suggests that oxidative addition of hydrogen
occurs directly on the 16-electron complex [IrCl(DMSO)3]
(2), that is, without prior dissociation of DMSO. Reaction
stereochemistry shows that for complex 2, hydrogen adds
preferentially along the S-Ir-S axis to yield the cis-dihydride
product 15, in which both hydrides are trans to an S-bound
DMSO molecule. Since oxidative addition of H2 is a concerted
process, the activation energy for this pathway must be lower
that for addition along the S-Ir-Cl axis (which would lead to
16). This is probably due to the electronically less favorable
trans disposition of the DMSO ligands (as compared to the
DMSO ligands that are trans to Cl) in the starting complex 2.
Interestingly, the trans disposition of DMSO ligands is found
in the thermodynamic product obtained from the oxidative
addition of hydrogen, that is, in complex 16. This can be
explained by the trans influence of the different ligands, in
which the chloride ligand (poorest �-donor) prefers to be trans
to the best �-donor (hydride). It is worth noting that similar
reactivity and stereochemistry towards oxidative addition of
dihydrogen has been observed for other IrI phosphine
complexes, such as trans-[IrCl(CO)(PPh3)2] (Vaska×s com-
plex),[33] [IrCl(CO)(dppe)],[34] and [IrCl(PMe3)3].[6o]


We subsequently investigated the reactivity of 2 towards
oxidative addition of polar molecules. In this context,
oxidative addition of the OH bonds of water is difficult to
achieve, and the relatively few examples reported involve
phosphine complexes.[6] Surprisingly, addition of excess water
(9 equivalents) to a yellow acetone slurry of 2 afforded pale
yellow crystals of syn-[(DMSO)2HIr(�-OH)2(�-Cl)IrH-
(DMSO)2][IrCl2(DMSO)2] (17) within two hours. Starting
from 3, the formation of 17 was much slower and required
two days for completion (Scheme 7). In both cases, analyti-


Scheme 7.


cally pure crystals of 17 were obtained in high yield. Complex
17 was also generated when a suspension of 2 in toluene was
treated with five equivalents of H2O. The 1H NMR spectrum
shows the expected hydride peak at �20.19 ppm, and three
singlets between 3.39 and 3.56 ppm for the coordinated
DMSO. An additional broad resonance at 5.27 ppm might
be attributable to the bridging hydroxo ligand. The formula-
tion of 17 is also supported by IR and elemental analysis. The
striking difference in the reactivity of 2 and 3 towards
oxidative addition of H2O may indicate that the oxidative
addition process proceeds through the 14-electron species
[IrCl(DMSO)2], which is expected to be more easily gener-
ated from 2 than from 3. Another indication that the reaction
pathway involves a 14-electron intermediate stems from the
fact that the addition of water to 2 is retarded by excess
DMSO, and does not occur in a neat DMSO solution at room
temperature. Further confirmation for the putative reaction
pathway is the fact that complexes [IrCl(py)(DMSO)2] (7)
and [IrCl(iPr3P)(DMSO)2] (8) did not show any activity
towards oxidative addition of H2O at room temperature.[35]


Surprisingly, when 17 was dissolved in [D5]pyridine, the
1H NMR spectrum of the resulting solution exhibited two
sharp peaks at 3.61 and 3.70 ppm for the DMSO ligands, and a
singlet at 4.94 ppm attributable for the free H2O, but no
hydride ligands were detected. Thus, complex 17 readily
undergoes reductive elimination in pyridine. Both NMR
spectroscopic data and elemental analysis of the non-deuter-
ated complex show that the known complex [IrCl(py)-
(DMSO)2] (7) was formed (see discussion above).


Crystals of complex 17 suitable for X-ray crystallography
were grown from a dilute solution of 2 (or 3) in acetone/
water. An ORTEP view with selected bond lengths and
angles is shown in Figure 7, and reveals that the cationic part
of the hydrido ± hydroxo complex has a dinuclear structure in
which each iridium atom is located in a highly distorted
octahedral environment. The iridium atoms are bound to
two DMSO molecules through the sulfur atom, and are
bridged by a Cl atom and two hydroxo ligands. The terminal
hydride ligands were not located, but their position is
inferred to be trans to the �-chloro ligand and cis to the
hydroxo bridges. Closely related derivatives of such a triply-
bridged dinuclear structure are the methoxy-bridged [(binap)-
HIr(�-OMe)2(�-Cl)IrH(binap)]Cl,[6m] and the mixed com-
plex [(Et3P)2HIr(�-OH)(�-Cl)(�-NHPh)IrH(PEt3)2]Cl.[36] The
counteranion for complex 17 consists of a unique
[IrCl2(DMSO)2]� fragment, which has a distorted square-
planar configuration. Not surprisingly, the Ir�S bond lengths
in this anionic species are slightly shorter (2.174(8) and
2.180(8) ä) than those found in the cationic part of complex
17 (2.207(av) ä).


Oxidative addition of water to the cationic iridium(�) system
was also studied. As described above, when ten equivalents of
DMSO were added to a solution of [Ir(coe)2(O�CMe2)2]PF6


in acetone, the DMSO complex [Ir(DMSO)2(DMSO)2]PF6


was most probably formed. Subsequently, in situ treatment of
this complex with excess water led to the clean oxidative
addition and isolation of the cationic complex anti-
[(DMSO)2(DMSO)HIr(�-OH)2IrH(DMSO)2(DMSO)][PF6]2


(18) in high yield (Scheme 8). As in the case of 17, character-


Chem. Eur. J. 2003, 9, 5237 ± 5249 www.chemeurj.org ¹ 2003 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 5243







FULL PAPER D. Milstein et al.


Figure 7. ORTEP plot of a molecule of 17. Thermal ellipsoids are drawn at
the 50% probability level. Hydrogen atoms and solvent molecules have
been omitted for clarity. Selected bond lengths [ä] and angles [�]:
Ir(1)�O(1) 2.054(17), Ir(1)�O(2) 2.100(17), Ir(1)�S(11) 2.197(8),
Ir(1)�S(12) 2.211(7), Ir(1)�Cl(1) 2.661(8), Ir(1) ¥¥ ¥ Ir(2) 3.0277(17),
Ir(2)�O(1) 2.055(17), Ir(2)�O(2) 2.070(17), Ir(2)�S(22) 2.201(8),
Ir(2)�S(21) 2.219(8), Ir(2)�Cl(1) 2.510(7), Ir(5)�S(52) 2.174(8),
Ir(5)�S(51) 2.180(8), Ir(5)�Cl(51) 2.359(8), Ir(5)�Cl(52) 2.403(8),
S(11)�O(11) 1.49(2), S(12)�O(12) 1.47(3), S(21)�O(22) 1.43(3),
S(22)�O(21A, 21B) 1.45, S(51)�O(51) 1.49(2), S(52)�O(52) 1.47(2),
O(1)-Ir(1)-O(2) 79.2(7), S(11)-Ir(1)-S(12) 93.0(3), O(1)-Ir(1)-Cl(1)
75.1(5), O(2)-Ir(1)-Cl(1) 74.0(5), S(11)-Ir(1)-Cl(1) 101.5(3), S(12)-Ir(1)-
Cl(1) 98.4(3), O(1)-Ir(2)-O(2) 79.8(7), S(22)-Ir(2)-S(21) 93.5(3), O(1)-
Ir(2)-Cl(1) 78.6(5), O(2)-Ir(2)-Cl(1) 77.9(5), S(22)-Ir(2)-Cl(1) 101.2(3),
S(21)-Ir(2)-Cl(1) 98.0(3), Ir(2)-Cl(1)-Ir(1) 71.6(2), Ir(1)-O(1)-Ir(2) 94.9(7),
Ir(2)-O(2)-Ir(1) 93.1(7), S(52)-Ir(5)-S(51) 92.1(3), S(52)-Ir(5)-Cl(51)
88.2(3), S(51)-Ir(5)-Cl(51) 173.5(3), S(52)-Ir(5)-Cl(52) 174.8(3), S(51)-
Ir(5)-Cl(52) 92.4(3), Cl(51)-Ir(5)-Cl(52) 86.9(3).


-


Scheme 8.


ization of 18 by NMR spectroscopy was hampered by its low
solubility in common organic solvents. The 1H NMR spectrum
in a [D6]acetone/[D6]DMSO mixture exhibits the hydride
peak at �24.74 ppm, and as expected, the O-bound DMSO
ligand appears at higher field (3.13 ppm) relative to the
S-bound ligand (3.40 and 3.48 ppm). A broad signal at
4.03 ppm can be attributed to the hydroxo bridges. In the IR
spectrum (KBr disk), the hydride gives rise to a peak at
2213 cm�1, and the hydroxo bridges appear as a broad peak at


3441 cm�1. The formulation of 18 is also supported by
elemental analysis, and was confirmed by X-ray crystal
analysis. A plausible reaction pathway for the formation of
complex 18 involves replacement of one of the O-bound
DMSO ligands in [Ir(DMSO)2(DMSO)2]PF6 with a molecule
of water followed by oxidative addition. Dissolving 18 in
pyridine once again led to ready reductive elimination of
water and afforded the IrI compound [Ir(py)2(DMSO)2]PF6


(14). This complex was also directly obtained by treating a
solution of [Ir(coe)2(O�CMe2)2]PF6 in acetone with ten
equivalents of DMSO and five equivalents of pyridine (see
discussion above). As observed for the neutral pyridine
complex [IrCl(py)(DMSO)2] (7), oxidative addition of water
to complex 14 was not observed at ambient temperature.


The ORTEP diagram for compound 18 (together with a
selected list of bond lengths and angles) is shown in Figure 8.
The structure displays a distorted octahedral geometry at the


Figure 8. ORTEP view of a molecule of 18. Thermal ellipsoids are drawn
at the 50% probability level. The PF6


� counterions, hydrogen atoms, and
solvent molecules have been omitted for clarity. Selected bond lengths [ä]
and angles [�]: Ir(1)�O(2) 2.074(3), Ir(1)�O(1A) 2.093(3), Ir(1)�S(3)
2.2077(13), Ir(1)�S(4) 2.2142(12), Ir(1)�O(50) 2.218(3), Ir(1)�H 1.66(9),
Ir(1) ¥¥ ¥ Ir(1A) 3.235, S(3)�O(30) 1.477(3), S(4)�O(40) 1.477(4),
S(5)�O(50) 1.542(3), O(2)-Ir(1)-O(2A) 78.12(15), O(2)-Ir(1)-S(3)
171.32(9), O(2A)-Ir(1)-S(3) 93.20(10), O(2)-Ir(1)-S(4) 93.17(10), O(2A)-
Ir(1)-S(4) 171.06(10), S(3)-Ir(1)-S(4) 95.49(5), O(2)-Ir(1)-O(50) 86.86(14),
O(2A)-Ir(1)-O(50) 91.67(14), S(3)-Ir(1)-O(50) 93.67(10), S(4)-Ir(1)-O(50)
89.85(10), O(2)-Ir(1)-H(1) 97(3), O(2A)-Ir(1)-H(1) 90(3), S(3)-Ir(1)-H(1)
83(3), S(4)-Ir(1)-H(1) 89(3).


IrIII centers, with two bridging hydroxo ligands and terminal
hydrides. Interestingly, the DMSO ligands exhibit two coor-
dination modes in the same molecule. Each iridium atom is
coordinated to two DMSO molecules through the sulfur
atoms and to one DMSO molecule through the oxygen atom.
This is the first iridium complex characterized by crystallog-
raphy to exhibit O-bonding of a sulfoxide ligand. As seen in
O-bonding to rhodium, a substantially longer S�O distance
(1.542(3) ä) is observed relative to the values found for free
DMSO. It should be noted that the hydride is located trans to
the O-bound DMSO. The Ir�S bond lengths are similar to
those found in the IrI complex 14 (2.2077(13) and
2.2142(12) ä for 18 ; 2.1870(14) and 2.2033(14) ä for 14).


Finally, we were also interested in determining whether the
complexes in our study undergo oxidative addition of MeOH.
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Reaction of solutions of the neutral complexes 2 and 3 in
acetone with excess MeOH afforded a yellow solution from
which neither clean nor isolable products were obtained. In
contrast, when a solution of [Ir(coe)2(O�CMe2)2]PF6 in
methanol was treated with a slight excess of DMSO and was
was left to stand at room temperature for two days, pale
yellow crystals formed, which were subjected to X-ray
crystallography. To our surprise, besides isolating the new
complex syn-[(DMSO)2HIr(�-OCH3)3IrH(DMSO)2]PF6 (19),
the crystalline material also contained substantial amounts of
complex 18 (Scheme 9). Therefore, it seems that although the


Scheme 9.


work was carried out under strictly anhydrous conditions,
traces of water present in the system led to the formation of
18. This phenomenon was also observed when a solution of
[Ir(coe)2(O�CMe2)2]PF6 in acetone was treated with five
equivalents of DMSO and five equivalents of MeOH. Un-
fortunately, the color and shape of the crystals obtained were
identical and precluded any mechanical separation of 18 and
19, and we were, therefore, unable to characterize compound
19 by spectroscopic methods.[37] Although frustrating, this
result nevertheless demonstrates the extraordinary affinity of
this system towards oxidative addition of water over MeOH.
An ORTEP drawing of complex 19with selected bond lengths
and angles is shown in Figure 9. Interestingly, the structure for
compound 19 is not analogous to complex 18. Although it
shows a similar dimeric structure in which both IrIII centers
display a distorted octahedral geometry, the two metal centers
are triply bridged by three methoxy ligands. This means that
the dimer is monocationic with three terminal ligands per
iridium, namely two DMSO molecules coordinated through
sulfur atoms and a terminal hydride, which was not located
but its position is inferred to be trans to the methoxy bridge
O(5)�C(5), as it displays substantially longer Ir�O distances
than the other two methoxy units.[38] The Ir�S bond lengths in
this complex (2.229(av) ä) are similar to the values observed
for 17 and 18.


Conclusion


In summary, we have reported the synthesis, isolation, and
characterization of the first neutral and cationic RhI and IrI


complexes that have only DMSO molecules as dative ligands.
These complexes can be obtained quantitatively from RhI and
IrI olefin precursors. The X-ray crystal structures of the
neutral derivatives [RhCl(DMSO)3] and [IrCl(DMSO)3]
show that all the DMSO molecules are bound through the
sulfur atom. With the harder metal center in the cationic


Figure 9. ORTEP plot of a molecule of 19. Thermal ellipsoids are drawn at
the 50 % probability level. The PF6


� counterion, hydrogen atoms, and
solvent molecules have been omitted for clarity. Selected bond lengths [ä]
and angles [�]: Ir(1)�O(4) 2.038(11), Ir(1)�O(3) 2.062(10), Ir(1)�O(5)
2.158(10), Ir(1)�S(8) 2.237(4), Ir(1)�S(9) 2.243(4), Ir(1) ¥¥ ¥ Ir(2)
2.9906(10), Ir(2)�O(4) 2.062(11), Ir(2)�O(3) 2.075(11), Ir(2)�S(7)
2.208(4), Ir(2)�O(5) 2.224(11), Ir(2)�S(6) 2.228(4), O(3)�C(3) 1.445(18),
O(4)�C(4) 1.451(17), O(5)�C(5) 1.471(17), S(6)�O(60) 1.466(12),
S(7)�O(70) 1.507(11), S(8)�O(80) 1.491(11), S(9)�O(90) 1.470(10), O(4)-
Ir(1)-O(3) 77.8(4), O(4)-Ir(1)-O(5) 75.6(4), O(3)-Ir(1)-O(5) 72.7(4), O(4)-
Ir(1)-S(8) 98.0(3), O(3)-Ir(1)-S(8) 173.9(3), O(5)-Ir(1)-S(8) 102.0(3), O(4)-
Ir(1)-S(9) 170.2(3), O(3)-Ir(1)-S(9) 94.8(3), O(5)-Ir(1)-S(9) 96.1(3), S(8)-
Ir(1)-S(9) 88.87(14), O(4)-Ir(2)-O(3) 77.0(4), O(4)-Ir(2)-S(7) 97.6(3), O(3)-
Ir(2)-S(7) 173.2(3), O(4)-Ir(2)-O(5) 73.7(4), O(3)-Ir(2)-O(5) 71.1(4), S(7)-
Ir(2)-O(5) 103.5(3), O(4)-Ir(2)-S(6) 165.9(3), O(3)-Ir(2)-S(6) 92.5(3), S(7)-
Ir(2)-S(6) 92.12(14), O(5)-Ir(2)-S(6) 94.2(3).


systems, both S- and O-bonding are involved, as shown
by X-ray crystallography of the rhodium compound
[Rh(DMSO)2(DMSO)2]PF6. In addition, the first example
of a square-planar bimetallic complex with a bidentate S,O-
bridging DMSO ligand was characterized, and was shown by
X-ray crystallography to be [(coe)(DMSO)Rh(�-Cl)(�-
DMSO)RhCl(DMSO)]. All of the above complexes were
obtained from MI ± COE (M�Rh, Ir) precursors. Metal
precursors that contained chelating olefins (i.e. , MI ± COD
complexes) generated, upon reaction with DMSO, mixed
COD ± DMSO complexes; this indicates that substitution of a
chelating olefin with DMSO is much more difficult.


Reaction of DMSO-stabilized neutral complexes with
pyridine led to substitution of only one of the DMSO ligands,
whereas the bidentate dmbpy ligand displaced two of them.
Reaction of these two ligands with the cationic DMSO
complexes led to the selective substitution of the O-bound
ligands. In all these cases, the resultant mixed ligand systems
were shown to be stable towards further ligand dissociation.


The neutral iridium complex [IrCl(DMSO)3] underwent
oxidative addition of dihydrogen to give, in a first step, the
kinetic species, which was subsequently easily converted to
the more stable thermodynamic product. Surprisingly, both
neutral and cationic IrI ± DMSO complexes can easily activate
the polar O�H bond of water at room temperature to give the
novel hydrido ± hydroxo complexes 17 and 18, respectively, in
good yield. X-ray crystallographic studies determined that
both compounds have dinuclear structures, and in complex 18
both O- and S-bound DMSO ligands are present. Reductive
elimination of water from 17 and 18 in pyridine leads to
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quantitative isolation of the mixed IrI ± DMSO ± pyridine
complexes 7 and 14, respectively. The cationic IrI ± DMSO
complex underwent oxidative addition of MeOH to afford the
monocationic hydrido ± methoxo complex 19, which was
characterized by crystallography.


Thus, we have shown that nontoxic and inexpensive DMSO
can be used as an effective ligand for stabilizing low-valent IrI


and RhI species. Moreover, we believe that the reactivity
patterns described herein will pave the way for future catalytic
applications of such compounds.


Experimental Section


General procedures : All experiments were carried out under an atmos-
phere of purified nitrogen in a Vacuum Atmospheres glove box. All
solvents were reagent grade or better. Dimethylsulfoxide (anhydrous) was
purchased from Aldrich, degassed with argon, and dried over molecular
sieves. [Ir2Cl2(cod)2] was purchased from Strem Chemicals. All non-
deuterated solvents were refluxed over sodium benzophenone ketyl and
distilled under an argon atmosphere. Deuterated solvents were used as
received. All the solvents were degassed with argon and kept over
molecular sieves in the glove box. Commercially available reagents were
used as received. Work with AgPF6 was performed in the absence of light.
The complexes [Rh2Cl2(coe)4],[39] [Rh2Cl2(cod)2],[40] [Rh(cod)2]BF4,[41]


[Rh(coe)2(O�CMe2)2]PF6,[27] [Ir2Cl2(coe)4],[42] and [Ir(coe)2(O�C-
Me2)2]PF6,[28] were prepared according to literature procedures.
1H NMR spectra were recorded on Bruker DPX-250 or Bruker DRX-400
spectrometers. NMR chemical shifts are reported in ppm downfield from
tetramethylsilane, and the residual solvent peak was used as the reference.
Abbreviations used in the description of NMR data are as follows: br,
broad; s, singlet; m, multiplet. FT-IR spectra were recorded on a Nicolet
PROTEGE 460 spectrometer. Elemental analyses were performed by H.
Kolbe, Mikroanalytisches Laboratorium, 45470 M¸hlheim, Germany.


[RhCl(DMSO)3] (1): Dropwise addition of DMSO (1 mL) to an orange
suspension of [Rh2Cl2(coe)4] (350 mg, 0.489 mmol) in toluene (8 mL)
afforded a limpid yellow-orange solution. Stirring at room temperature for
3 h resulted in the fomration of a yellow-orange precipitate formed, which
was filtered off, washed with diethyl ether, and dried under vacuum.
Crystals of 1 suitable for X-ray diffraction were obtained by leaving
[Rh2Cl2(coe)4] (60 mg) in a mixture of toluene (3 mL) and DMSO
(0.6 mL). Yield 328 mg (90 %); 1H NMR (CD2Cl2): �� 3.19 ppm (br s,
18H); elemental analysis calcd (%) for C6H18ClO3RhS3: C 19.33, H 4.87;
found: C 19.24, H 4.81.


[IrCl(DMSO)3] (2): Dropwise addition of DMSO (1 mL) to a bright orange
suspension of [Ir2Cl2(coe)4] (438 mg, 0.489 mmol) in toluene (8 mL)
afforded a limpid yellow-orange solution. Stirring at at room temperature
for 3 h, resulted in the formation of a bright yellow precipitate, which was
filtered off, washed with diethyl ether, and dried under vacuum. Crystals of
2 suitable for X-ray diffraction were obtained by leaving [Ir2Cl2(coe)4]
(100 mg) in a mixture of toluene (4 mL) and DMSO (1 mL). Yield 406 mg
(90 %); 1H NMR ([D6]acetone): �� 2.70 ± 3.80 ppm (shoulder, 18H);
elemental analysis calcd (%) for C6H18ClIrO3S3: C 15.60, H 3.93; found:
C 15.59, H 4.06.


[Ir2Cl2(DMSO)4] (3): Complex 2 (102 mg, 0.221 mmol) was dissolved in a
minimum amount of CH2Cl2 (8 mL). The resulting red solution was stirred
at room temperature for 3 h. Addition of diethyl ether (20 mL) afforded an
orange-red solid, which was filtered off, washed with additional diethyl
ether, and dried under vacuum. Yield 80 mg (95 %); 1H NMR (CD2Cl2):
�� 3.47 (br s, 12H), 3.64 ppm (br s, 12H); elemental analysis calcd (%) for
C8H24Cl2Ir2O4S4: C 12.51, H 3.15; found: C 12.45, H 3.09.


[(coe)(DMSO)Rh(�-Cl)(�-DMSO)RhCl(DMSO)] (4): A solution of
DMSO (46 mg, 0.587 mmol) in toluene (1 mL) was added to a bright
orange suspension of [Rh2Cl2(coe)4] (70 mg, 0.098 mmol) in toluene (8 mL)
to give a limpid yellow-orange solution, which was left to stand in a high-
walled flask for 2 days. The crystals obtained were collected, washed with
diethyl ether, and dried under vacuum. X-ray quality crystals were obtained


in a similar manner. Yield 27 mg (45 %); 1H NMR (CD2Cl2): �� 1.56 (br m,
8H), 1.96 (br m, 2 H), 2.31 (br m, 2 H), 3.14 ± 3.30 (several br s, 18H),
3.82 ppm (m, 2 H); elemental analysis calcd (%) for C14H32Cl2O3RhS3: C
27.06, H 5.19; found: C 27.85, H 5.23.


[IrCl(cod)(DMSO)] (5): Addition of DMSO (110 mg, 1.408 mmol) to a
bright orange suspension of [Ir2Cl2(cod)2] (220 mg, 0.328 mmol) in toluene
(4 mL) gave a limpid yellow solution, which was stirred at room temper-
ature for 2 h. The solution was then poured into diethyl ether/pentane (1:3,
50 mL) to give a yellow precipitate. This was filtered off, washed with
pentane, and dried under vacuum. Crystals of 5 suitable for X-ray
diffraction were obtained by slow evaporation of a diethyl ether solution
of 5. Yield 117 mg (86 %); 1H NMR (C6D6): �� 1.76 (m, 8 H), 2.96 (s, 6H),
4.00 (m, 2H), 5.00 ppm (m, 2H); elemental analysis calcd (%) for
C10H18ClIrOS: C 29.01, H 4.39; found: C 29.13, H 4.39.


[RhCl(py)(DMSO)2] (6): A solution of pyridine (74 mg, 0.939 mmol) in
benzene (2 mL) was added dropwise to an orange suspension of
[RhCl(DMSO)3] (1) (70 mg, 0.188 mmol) in benzene (5 mL). The resulting
yellow suspension was stirred at room temperature for 2 h, during which
time the suspension turned almost limpid. Addition of diethyl ether (7 mL)
and pentane (5 mL) afforded a yellow-green precipitate, which was washed
with diethyl ether and dried under vacuum. Yield 60 mg (86 %); 1H NMR
(C6D6): �� 3.01 (s, 6H), 3.03 (s, 6H), 6.33 (dd, J� 6.5 Hz, 2H), 6.60 (dd,
J� 7.7 Hz, 1 H), 8.78 ppm (d, J� 4.9 Hz, 2H); elemental analysis calcd (%)
for C9H17ClNO2RhS2: C 28.92, H 4.59, N 3.75; found: C 28.78, H 4.48, N
3.87.


[IrCl(py)(DMSO)2] (7): Pyridine (2 mL) was added to a red solution of 2
(235 mg, 0.334 mmol) in dichloromethane (9 mL), and the solution was
stirred at room temperature for 1 h, during which time the solution turned
yellow. The solution was then concentrated to 4 mL. Addition of a diethyl
ether/pentane mixture afforded an off-white solid. The solid was filtered,
washed with additional diethyl ether, and dried under vacuum. Yield
195 mg (75 %). 1H NMR (CD2Cl2): �� 3.40 (s, 6H), 3.48 (s, 6H), 7.30 (m,
2H), 7.75 (m, 1 H), 8.73 ppm (m, 2 H); elemental analysis calcd (%) for
C9H17ClIrNO2S2: C 23.34, H 3.70, N 3.03; found: C 22.37, H 3.30, N 3.15.


[IrCl(iPr3P)(DMSO)2] (8): A solution of triisopropylphosphine (48.6 mg,
0.302 mmol) in pentane (0.5 mL) was added to a lemon-yellow suspension
of 2 (70 mg, 0.151 mmol) in a mixture of pentane (1.5 mL) and benzene
(0.75 mL). The resulting suspension was then stirred at room temperature,
during which time it turned bright yellow. The suspension was cooled to
�30 �C for 2 h, decanted, washed with small amounts of cold pentane
(�30 �C), and dried under vacuum. Yield 62 mg (75 %); 31P NMR (C6D6):
�� 34.24 ppm (s, 1P); 1H NMR (C6D6): �� 1.34 (q, 18H), 2.91 (s, 6H), 3.09
(m, 3H), 3.40 ppm (s, 6 H); elemental analysis calcd (%) for C13H33ClIr-
O2PS2: C 28.69, H 6.12; found: C 28.61, H 6.04.


[RhCl(dmbpy)(DMSO)] (9): An orange solution of complex 1 (256 mg,
0.692 mmol) in DMSO (8 mL) was stirred at room temperature for 10 min.
Upon addition of dmbpy (128 mg, 0.692 mmol) in small portions, the
solution turneddeep red. The solution was stirred for 3 h at room
temperature and then poured into diethyl ether (250 mL). This resulted
in the precipitation of a red solid, which was decanted, washed with diethyl
ether and pentane, and dried under vacuum. Yield 245 mg (88 %); 1H NMR
([D6]acetone): �� 2.31 (s, 3H), 2.51 (s, 3H), 3.19 (s, 6H), 7.16 (d, J� 6.0 Hz,
1H), 7.45 (d, J� 5.8 Hz, 1 H), 8.03 (s, 1 H), 8.18 (s, 1 H), 9.46 (d, J� 5.7 Hz,
1H), 9.83 ppm (d, J� 6.0 Hz, 1H); elemental analysis calcd (%) for
C14H18ClN2ORhS: C 41.96, H 4.53, N 6.99; found: C 41.78, H 4.46, N 7.06.


[IrCl(dmbpy)(DMSO)] (10): After dmbpy (78 mg, 0.422 mmol) was added
in small portions to a yellow solution of complex 2 (195 mg, 0.422 mmol) in
DMSO (5 mL), the solution turned violet. The solution was stirred for 1 h
at room temperature and was then poured into diethyl ether (150 mL),
resulting in the precipitation of a dark violet solid; this was then decanted,
washed with diethyl ether and pentane, and dried under vacuum. Yield
199 mg (83 %); 1H NMR ([D6]DMSO): �� 1.90 (s, 3H), 2.44 (s, 3H), 7.01
(d, J� 5.5 Hz, 1 H), 7.64 (d, J� 5.8 Hz, 1H), 8.00 (s, 1H), 8.32 (s, 1H), 9.68
(d, J� 5.8 Hz, 1 H) 10.37 ppm (d, J� 5.9 Hz, 1 H).


[Rh(cod)(DMSO)2]BF4 (11): A solution of DMSO (141 mg, 1.807 mmol) in
dichloromethane (1 mL) was added dropwise to a red solution of
[Rh(cod)2]BF4 (37 mg, 0.090 mmol) in dichloromethane (1 mL). The
resulting bright yellow solution was stirred at room temperature for 5h,
and upon addition of diethyl ether a yellow solid precipitated; this was
washed with additional diethyl ether and dried under vacuum. X-ray
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quality crystals were obtained from slow evaporation of a concentrated
CH2Cl2 solution of 11. Yield 34 mg (82 %); 1H NMR (CD2Cl2): �� 1.71 (m,
4H), 2.48 (m, 4 H), 2.76 (s, 12H), 3.94 ppm (br s, 4H); elemental analysis
calcd (%) for C12H24BF4O2RhS2: C 31.74, H 5.33; found: C 31.62, H 5.25.


[Rh(DMSO)2(DMSO)2]PF6 (12): Dropwise addition of DMSO (1 mL) to a
suspension of [Rh(coe)2(O�CMe2)2]PF6 (102.0 mg, 0.175 mmol) in toluene
(5 mL) gave a yellow solution, which was left to stir at room temperature
for 30 min. The solution was then poured into diethyl ether (60 mL), and
the resulting yellow precipitate was washed with additional diethyl ether
and dried under vacuum. Crystals of 12 suitable for X-ray diffraction were
obtained by slow diffusion of diethyl ether into a concentrated CH2Cl2


solution of 12. Yield 93 mg (95 %); 1H NMR (CD2Cl2, 253 K): �� 2.71 (s,
12H), 3.11 ppm (s, 12 H); IR (KBr): �� � 929 cm�1 (s, S�O), 1101 (s, S�O);
elemental analysis calcd (%) for C8H24F6O4PRhS4: C 17.15, H 4.32; found:
C 16.89, H 4.31.


[Rh(dmbpy)(DMSO)2]PF6 (13): Complex 12 (65 mg, 0.115 mmol) and
dmbpy (21 mg, 0.115 mmol) were dissolved in DMSO (4 mL), and the
resulting deep-red solution was stirred at room temperature for 2 h. The
solution was then poured into diethyl ether (150 mL), and the brick-red
precipitate that formed was decanted, washed with diethyl ether, and dried
under vacuum. Yield 61 mg (90 %); 1H NMR ([D6]DMSO): �� 2.52 (s,
6H), 7.52 (d, J� 5.9 Hz, 2H), 8.41 (s, 2H), 8.70 ppm (d, J� 5.8 Hz, 2H);
elemental analysis calcd (%) for C16H24F6N2O2PRhS2: C 32.66, H 4.11, N
4.76; found: C 32.78, H 4.18, N 4.71.


[Ir(py)2(DMSO)2]PF6 (14): DMSO (95 mg, 1.220 mmol) and pyridine
(48 mg, 0.610 mmol) were added to an orange solution of [Ir(coe)2(O�C-
Me2)2]PF6 (82 mg, 0.122 mmol) in acetone (5 mL). The resulting light-
yellow solution was stirred at room temperature for 1.5 h and concentrated
to 3 mL. Addition of diethyl ether (10 mL) afforded an off-white solid,
which was decanted, washed with diethyl ether, and dried under vacuum.
Crystals suitable for X-ray diffraction were obtained by slow diffusion of
diethyl ether into a concentrated CH2Cl2 solution of 14. Yield 64 mg (81 %).
1H NMR (CD2Cl2): �� 3.23 (s, 12H), 7.43 (m, 4H), 7.81 (m, 2 H), 8.76 ppm
(m, 4 H); elemental analysis calcd (%) for C14H22F6IrN2O2PS2: C 25.80, H
3.40, N 4.30; found: C 25.95, H 3.32, N 4.36.


In situ characterization of fac-[Ir(H)2Cl(DMSO)3] (15) and mer-
[Ir(H)2Cl(DMSO)3] (16): Complex 2 (15.0 mg, 0.033 mmol) was dissolved
in [D6]acetone (1.5 mL), and the resulting yellow-orange solution was
transferred to an NMR tube. A slow stream of hydrogen was then bubbled
through the solution for 5 min during which time the solution turned bright
yellow. After 10 min, complex 15 was quantitatively formed as revealed by
1H NMR spectroscopy. 1H NMR ([D6]acetone): ���16.11 (s, 2H), 3.26 (s,
6H), 3.37 (s, 6H), 3.70 ppm (s, 6 H). The solution was subsequently heated
for 30 min at 60 �C; this resulted in the quantitative formation of 16.
1H NMR ([D6]acetone): ���19.68 (d, J� 5.8 Hz, 1H), �16.37 (d, J�
5.8 Hz, 1 H), 3.30 (s, 6H), 3.45 (s, 6 H), 3.53 ppm (s, 6 H).


syn-[(DMSO)2HIr(�-OH)2(�-Cl)IrH(DMSO)2][IrCl2(DMSO)2] (17):
Complex 2 (60 mg, 0.129 mmol) was dissolved in acetone (4 mL)and H2O
(20 mg) to afford a pale yellow limpid solution. Upon standing at room
temperature for 2 h, large amounts of orange-yellow crystals were formed.
The mother liquor was filtered and the solid was dried under vacuum for
24 h. Crystals of 17 suitable for X-ray diffraction were obtained by leaving 2
(20 mg) in acetone (4 mL) which contained H2O (15 mg). Yield 42 mg
(85 %); 1H NMR (CD2Cl2): ���20.19 (s, 2 H; Ir�H), 3.39, 3.44, 3.56 (3 s,
12H each; CH3 groups), 5.27 ppm (br s, 2 H, probably Ir�OH ); IR (KBr):
�� � 2231 (s, Ir�H), 3260 cm�1 (sh s, OH); elemental analysis calcd (%) for
C12H40Cl3Ir3O8S6: C 12.13, H 3.39; found: C 11.24, H 3.58.


anti-[(DMSO)2(DMSO)HIr(�-OH)2IrH(DMSO)2(DMSO)][(PF6)2] (18):
DMSO (0.5 mL) was added dropwise to a yellow-orange solution of
[Ir(coe)2(O�CMe2)2]PF6 (60 mg, 0.089 mmol) in acetone (6 mL) to afford a
pale yellow solution. This was then treated with H2O (20 mg) and left to
stand at room temperature for 4 h, during which time pale yellow crystals
formed. Slow diffusion of diethyl ether afforded a pale yellow crystalline
solid, which was dried under vacuum. Crystals of 18 suitable for X-ray
diffraction were obtained in a similar manner (without final drying under
vacuum). Yield 43 mg (82 %); 1H NMR ([D6]acetone/[D6]DMSO): ��
�24.74 (s, 2H; Ir�H), 3.13 (s, 12 H; CH3-DMSO), 3.40, 3.48 (s, 12H each;
CH3-DMSO), 4.03 ppm (br s, 2 H; probably Ir�OH); IR (KBr): �� � 2213 (s,
Ir�H), 3441 cm�1 (sh s, OH); elemental analysis calcd (%) for C6H20F6Ir-


O4PS3�C2H6SO (solvate, see X-ray structure): C 14.39, H 3.92; found: C
13.86, H 3.82.


syn-[(DMSO)2HIr(�-OCH3)3IrH(DMSO)2]PF6 (19): A solution of [Ir-
(coe)2(O�CMe2)2]PF6 (60 mg, 0.148 mmol) in acetone (4 mL) was treated
with DMSO (58 mg, 0.740 mmol) and MeOH (24 mg, 0.740 mmol), and was
then left to stand at room temperature for 6 h. Subsequently, diethyl ether
(10 mL) was layered on top and slowly diffused to afford pale yellow
crystals. These contained a mixture of 18 and 19. Yield 75 mg.


X-ray crystal structure determination of 1, 2, 4, 5, 11, 12, 14, 17, 18, and 19 :
Single crystals were mounted on a nylon loop in cryo-oil and flash frozen in
a nitrogen stream at 120 K. Data were collected on a Nonius Kappa CCD
diffractometer mounted on a FR590 generator equipped with a sealed tube
using MoK� (�� 0.71073 ä) radiation and a graphite monochromator. The
structures were solved using direct methods (SHELXS-97), and were
refined by the full-matrix least-squares technique on F 2 with SHELXL-
97.[43]


Complex 1: C6H18ClO3RhS3, orange, elongated parallelogram, 0.4� 0.1�
0.1 mm, monoclinic, P21/c (No. 14), a� 5.7250(11), b� 15.932(3), c�
14.368(3) ä, �� 90.58(3)�, V� 1310.4(5) ä3, Z� 4, Fw� 372.74, �calcd �
1.889 mg m�3, �� 1.966 mm�1. The final cycle of refinement based on F 2


gave an agreement factor of R� 0.028 for data with I� 2	(I) and R� 0.031
for all data (2076 reflections), with a goodness-of-fit of 1.006. Idealized
hydrogen atoms were placed and refined in riding mode.


Complex 2 : C6H18ClIrO3S3, green, parallelogram, 0.3� 0.3� 0.1 mm,
monoclinic, P21/c (No. 14), a� 5.7410(11), b� 15.920(3), c� 14.340(3) ä,
�� 90.84(3)�, V� 1310.5(5) ä3, Z� 4, Fw� 462.03, �calcd � 2.342 mg m�3,
�� 10.851 mm�1. The final cycle of refinement based on F 2 gave an
agreement factor of R� 0.031 for data with I� 2�(I) and R� 0.044 for all
data (4967 reflections), with a goodness-of-fit of 1.026. Idealized hydrogen
atoms were placed and refined in riding mode.


Complex 4 : C14H32Cl2O3S3Rh2 ¥ 1³2C7. [One organometallic molecule and
one solvent molecule (toluene) with half occupancy was found in the
asymmetric unit (discreet disorder). The geometric center of the six-carbon
atom ring of the toluene molecule was 0.42 ä from the center of inversion
(solvent molecule breaks the P1≈ symmetry.] Yellow, needles, 0.20� 0.05�
0.05 mm, triclinic, P1≈ (No. 2), a� 6.1740(12), b� 12.026(2), c� 17.111(3) ä,
�� 88.14(3), �� 87.25(2), 
� 82.67(3)�, V� 1258.2(4) ä3, Z� 2, Fw�
663.36, �calcd � 1.751 mg m�3, �� 1.788 mm�1. The final cycle of refinement
based on F 2 gave an agreement factor of R� 0.034 for data with I� 2�(I)
and R� 0.049 for all data (6132 reflections), with a goodness-of-fit of 1.018.
Idealized hydrogen atoms were placed and refined in riding mode. No
hydrogen atoms were placed on the disordered solvent molecule (toluene).


Complex 5 : C20H28Cl2O2S2Ir2 (two molecules are present in the asymmetric
unit), yellow, parallelogram, 0.10� 0.10� 0.05 mm, triclinic, P1≈ (No. 2),
a� 9.4440(19), b� 11.087(2), c� 11.950(2) ä, �� 90.45(3), �� 104.32(3),

� 90.93(3)�, V� 1212.1(4) ä3, Z� 2, Fw� 819.84, �calcd � 2.246 mg m�3,
�� 11.374 mm�1. The final cycle of refinement based on F 2 gave an
agreement factor of R� 0.049 for data with I� 2�(I) and R� 0.052 for all
data (4223 reflections), with a goodness-of-fit of 1.020. Idealized hydrogen
atoms were placed and refined in riding mode.


Complex 11: C24H48B2F8O4S4Rh2 (two molecules are present in the
asymmetric unit), yellow, parallelogram, 0.5� 0.1� 0.1 mm, orthorhombic,
Pca21 (No. 29), a� 12.317(3), b� 24.171(5), c� 11.808(2) ä, �� 90, �� 90,

� 90�, V� 3515.4(12) ä3, Z� 4, Fw� 908.30, �calcd � 1.716 mg m�3, ��
1.248 mm�1. The final cycle of refinement based on F 2 gave an agreement
factor of R� 0.032 for data with I� 2�(I) and R� 0.037 for all data (4561
reflections), with a goodness-of-fit of 1.035. Idealized hydrogen atoms were
placed and refined in riding mode.


Complex 12 : C8H24F6O4PRhS4, yellow, triangular plate, 0.1� 0.1�
0.02 mm, monoclinic, Pc (No. 7), a� 8.8580(18), b� 5.9930(12), c�
19.061(4) ä, �� 92.50(3)�, V� 1010.9(4) ä3, Z� 2, Fw� 560.39, �calcd �
1.841 mg m�3, �� 1.400 mm�1. The final cycle of refinement based on F 2


gave an agreement factor of R� 0.026 for data with I� 2�(I) and R� 0.028
for all data (3089 reflections), with a goodness-of-fit of 1.030. Idealized
hydrogen atoms were placed and refined in riding mode.


Complex 14 : C14H22F6IrN2O2PS2, pale yellow, rectangular plate, 0.5�
0.15� 0.05 mm, monoclinic, P21/n (No. 14), a� 10.616(2), b� 19.234(4),
c� 10.619(2) ä, �� 92.60(3)�, V� 2164.0(7) ä3, Z� 4, Fw� 651.63, �calcd �
2.000 mg m�3, �� 6.499 mm�1. The final cycle of refinement based on F 2


gave an agreement factor of R� 0.036 for data with I� 2�(I) and R� 0.045
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for all data (4613 reflections), with a goodness-of-fit of 1.002. Idealized
hydrogen atoms were placed and refined in riding mode.


Complex 17: C12H36Cl3Ir3O8S6 ¥ 1³2(C3H6O), yellow, needles, 0.05� 0.02�
0.02 mm, monoclinic, C2/c (No. 7), a� 39.407(9), b� 9.070(2), c�
19.004(4) ä, �� 104.13(3)�, V� 6587(2) ä3, Z� 8, Fw� 1212.88, �calcd �
2.446 mg m�3, �� 12.75 mm�1. The final cycle of refinement based on F 2


gave an agreement factor of R� 0.073 for data with I� 2�(I) and R� 0.080
for all data (3427 reflections), with a goodness-of-fit of 1.317. Idealized
hydrogen atoms were placed and refined in riding mode.


Complex 18 : C6H20F6IrO4PS3�C2H6SO, pale yellow, parallelogram, 0.2�
0.1� 0.05 mm, triclinic, P1≈ (No. 2), a� 8.995(2), b� 10.909(2), c�
11.441(2) ä, �� 94.02(3), �� 109.76(3), 
� 90.49(3)�, V� 1053.3(4) ä3,
Z� 2, Fw� 667.70, �calcd � 2.105 mg m�3, �� 6.877 mm�1. The final cycle of
refinement based on F 2 gave an agreement factor of R� 0.034 for data with
I� 2�(I) and R� 0.040 for all data (5198 reflections), with a goodness-of-fit
of 1.006. Idealized hydrogen atoms were placed and refined in riding mode.


Complex 19 : C11H33F6IrO7PS4, yellow, thin plate, 0.1� 0.1� 0.02 mm,
orthorhombic, Pca21, a� 16.969(3), b� 12.865(3), c� 11.602(2) ä, V�
2532.8(9) ä3, Z� 4, Fw� 934.98, �calcd � 2.452 mg m�3, �� 10.964 mm�1.
The final cycle of refinement based on F 2 gave an agreement factor of R�
0.044 for data with I� 2�(I) and R� 0.053 for all data (2986 reflections),
with a goodness-of-fit of 1.024. Idealized hydrogen atoms were placed and
refined in riding mode.


CCDC-177298 (complex 1), CCDC-208420 (complex 2), CCDC-177299
(complex 4), CCDC-208318 (complex 5), CCDC-177300 (complex 11),
CCDC-177301 (complex 12), CCDC-208316 (complex 14), CCDC-209609
(complex 17), CCDC-208522 (complex 18), and CCDC-208317 (complex
19) contain the supplementary crystallographic data for this paper. These
data can be obtained free of charge via www.ccdc.cam.ac.uk/conts/
retrieving.html (or from the Cambridge Crystallographic Data Centre, 12
Union Road, Cambridge CB2 1EZ, UK: fax: (�44) 1223-336-033; or
e-mail : deposit@ccdc.cam.ac.uk).
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Effect of Chirality on the Structural Behaviour of Hydrogen-Bonded
n-Alkylammonium Pyroglutamates in the Crystalline and Smectic State


Dimitris Tsiourvas,*[a] Constantinos M. Paleos,[a] and Antoine Skoulios*[b]


Abstract: A set of optically active and racemic n-alkylammonium pyroglutamates
from dodecyl to octadecyl were synthesized and characterised. Their thermotropic
polymorphism was investigated by polarizing optical microscopy, differential
scanning calorimetry and dilatometry. Their structure in the crystalline and smectic
state was analysed by X-ray diffraction. The hydrogen bonding of the molecules in
the crystalline and smectic layers was examined by infrared spectroscopy. The
chirality control over the supramolecular self-assembly of the molecules along with
the homochiral and heterochiral architecture of the self-assembled dimers are briefly
discussed.


Keywords: amino acids ¥ chirality ¥
liquid crystals ¥ self-assembly ¥
supramolecular chemistry


Introduction


A straightforward and facile method of producing mesogenic
compounds is to attach ionic headgroups onto paraffin chains,
by neutralising, for instance, long-chain alkylamines with
halides of divalent metals,[1, 2] halogen acids,[3±5] or high-
molecular-weight polyacids.[6±8] Another method is to use
hydrogen bonding to either command directly the positional
register of the molecules within layers or columns, or else
simply to reinforce this register in a two-level process by
combining hydrogen bonding with ionic interactions.[9±11] The
latter method was successfully used in recent work on the
preparation of smectic liquid crystals from n-alkylammonium
salts of �-pyroglutamic acid (abbreviated in the following to
�n, in which n is the number of carbon atoms in the alkyl
chains).[12] In these liquid crystals, the layering of the ionic
molecules is clearly favoured by the hydrogen bonding of the
pyroglutamic groups, which doubles the length of the rigid
polar parts of the molecules and so enhances the amphiphilic
character.


Chiral liquid crystals have been extensively investigated
both experimentally and theoretically, because of their special
properties and also their potential technological applica-
tions.[13] Optical purity has been found to have an incisive
effect upon the liquid crystalline behaviour,[14±16] which some-
times leads to the formation of additional liquid crystal phases
at intermediate optical purities.[17±18] To study this question in
the case of the alkylammonium pyroglutamates, we decided to
complete our previous study of the optically active �n
compounds[12] with a study of their ™racemic∫ counterparts
(abbreviated in the following to ��n and synthesized in the
same way as the �n compounds; see Experimental Section).
We also studied their binary mixtures at various compositions.


Results and Discussion


Preliminary remarks : Before reporting and analysing the
experimental data collected in the present work, it is useful to
emphasise two important molecular characteristics of the
pyroglutamic groups. Firstly, because of the presence of an
asymmetric carbon atom in the molecule, pyroglutamic acid
can exist in two stereochemically distinct enantiomeric forms:
the levorotatory � form, [�]20


D ��11.9 (c� 2 in H2O),[19] in
which the carboxylic group attached to the asymmetric carbon
atom points above the pyrrolidone ring, and the dextro-
rotatory � form, in which it points below.
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It is well known that the � and � enantiomers of any chiral
compound have the same crystal structure in the solid state;[20]


the � and � structures are merely mirror images of one
another. Their equimolar mixture can present itself either as a
mechanical mixture of � and � crystals (conglomerate), as a
solid solution (pseudoracemate), or finally as a distinct
crystalline system (true racemic) with the � and � molecules
associated in pairs and related to each other through at least
one inverse element of symmetry (centre, mirror, inverse
axis).


On the other hand, because of the presence of an amide
group in the molecules, the pyroglutamate groups are
susceptible to dimerization through dihapto hydrogen bond-
ing. As established by FTIR spectroscopy from the presence
of N�H stretching vibrations at about 3200 cm�1,[21] the �n and
��n compounds are, for all practical purposes, completely
dimerized in the temperature range explored in the present
work.


Molecular modelling (Hyperchem software) indicates that
the �n and ��n dimers have roughly the shape of ™bricks∫
about 11 ä long, 7 ä wide and 4.4 ä thick (Figure 1). The
carboxylate groups in the �� dimers stick outwards from the
corners of the bricks and both point to the same side with


Figure 1. Side view (top) and top view (bottom) of a dimerized �� (left)
and �� (right) pyroglutamate group generated with Hyperchem molecular
modelling.


respect to the average pyrrolidone plane, while they point to
opposite sides in the �� dimers. In the optically active �n
compounds, which are made entirely of � enantiomers, the
dimers are of course all of the �� type. However, in the
™racemic∫ ��n salts, the dimers may equally well be ��, �� or
�� in nature. In the present study we will investigate whether
the crystal and smectic phases consist of entirely ��, or of ��
and �� dimers associated in pairs.


Thermal stability : The ��n and �n compounds were all found
to be thermally stable by thermogravimetry over a relatively
wide range of temperatures, and only started to degrade
slowly at temperatures higher than about 140 �C. Special care
must therefore be taken in their study, especially in the time-
consuming differential scanning calorimetry (DSC) and
dilatometry experiments, to avoid inconsiderately prolonged
heating at high temperatures. Sometimes, the heating of


optically active compounds at high temperature induces
racemization. However, this is definitely not the case of the
�n compounds, and was checked by measuring the specific
rotation of �18 before and after a 10-min heating in the bulk at
130 �C: [�]25


D ��3.5 (c� 2 in ethanol).
The thermal stability of the hydrogen-bonded �n and ��n


dimers was finally checked by FTIR spectroscopy, with
reference to dimers from cyclic lactams with a cis config-
uration. In the low-temperature crystalline state, the hydro-
gen bonding is revealed by the presence in the spectra of two
rather sharp bands at 3228 and 1679 cm�1 for �n, and 3235 and
1682 cm�1 for ��n. The first band originates from the N�H
stretching vibrations of the secondary amide groups and the
second one from the amide I vibrations (C�O stretching
coupled mainly with the C�N stretching mode). In the high-
temperature smectic phase,[12] both bands broaden out and
shift to higher frequencies: 3245 and 1685 cm�1 respectively.
The shifts observed are, however, very small. For instance, the
N�H band remains a long way from that observed at
3433 cm�1 in very dilute solutions of �n and ��n in apolar
solvents, in which the dimers are strongly, though not
completely, dissociated. Quite clearly, hydrogen bonding
continues to prevail in the smectic state; the band broadening
observed is probably due to enhanced molecular motions in
the fluid mesophase and not to a major weakening of the
strength of the oscillators.


Optical textures : The liquid crystal character of the �n and
��n compounds was investigated by polarizing optical micro-
scopy. Upon heating, the materials exhibit two distinct phase
transitions at well-defined temperatures depending upon
chirality and alkyl chain length: one from the crystal into a
liquid crystal and another one from the liquid crystal into an
isotropic melt. Upon cooling from the isotropic melt, well-
developed, fan-shaped, focal-conic textures are observed,
which indicate the smectic nature of the liquid crystal phases.
When inserted between glass plates treated with octadecyltri-
chlorosilane to achieve homeotropic alignment of the mole-
cules, these smectic phases give no sign of birefringence,
revealing their uniaxial smectic A character.


Thermal behaviour : The DSC measurements performed are
summarised in Table 1. They carry over to the following
comments and remarks. The smectic-to-isotropic phase tran-


Table 1. Transition temperatures (onset) [�C] and enthalpies [kJmol�1] of
the ��n and �n compounds measured by DSC on heating.[a]


Ts �Hs Ti �Hi


n ��n �n ��n �n ��n �n ��n �n


12 111.5 72.5 40.5 41.5 113.0 113.0 0.8 0.8
14 112.0 81.0 46.0 50.0 144.5 145.5 1.0 1.0
16 113.5 86.5 51.0 59.0 158.5 158.0 1.1 1.1
18 114.5 91.0 57.0 68.5 162.0 162.0 1.0 1.2


[a] Subscripts s and i refer to the crystal ± smectic and smectic ± isotropic
phase transitions, respectively. Data for �n are taken from ref. [12]. Owing
to thermal degradation, the Ti temperatures measured by DSC are less
precise and globally smaller by some 3 ± 5 �C than those measured by
optical microscopy.
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sition temperatures and enthalpies of the ��n compounds are,
within experimental error, identical to those of the optically
active �n analogues. This implies that the amphiphilic
character of the molecules, that is, the tendency of the
pyroglutamate groups to segregate from the alkyl chains in
the smectic state, is not affected by chirality in a perceptible
way. On the other hand, these temperatures grow strongly
with the length of the alkyl chains, indicating that the effective
repulsions between the pyroglutamic cores and the alkyl
chains never stop developing in the range of the chain lengths
explored.


The crystal-to-smectic phase transition temperatures of the
��n compounds are significantly higher (by as much as 20 ±
40 �C) than those of the corresponding �n analogues (Table 1).
This suggests that in the solid state the ��n compounds are
not conglomerates of enantiomorphous � and � crystals
(which ought to melt eutectically, at lower temperatures), but
rather true racemic crystals as shown in the following sections.
Indeed, as explicitly claimed in the literature (p. 28 in
ref. [20]), racemic compound crystals generally melt higher
than their enantiomeric analogues; their greater thermody-
namic stability originates from an increased structural com-
pactness and symmetry. This is the case for the ��- and �-
pyroglutamic acids, which have crystal densities of 1.492 and
1.440 gcm�3 and melting points of 184 �C and 162 �C, respec-
tively, since their crystal structures are completely differ-
ent.[19, 22] It is also essential to note that the melting of the
crystals into smectic phases takes place at temperatures which
increase with n only very slightly for ��n, whereas they
increase considerably for �n. As discussed below, this
behaviour suggests that the crystal stability of the racemic
��n is mainly controlled by the packing of the pyroglutamic
moieties; the crystal stability of the optically active �n is
dominated instead by the packing of the alkyl chains.


The melting enthalpies of the �n (taken from ref. [12]; note:
the correct value of the y intercept is �12.8 instead of �2.8 as
unfortunately printed in the literature) and ��n salts depend
strongly on the length of the alkyl chains and increase linearly
with n according to Equations (1) and 2 (Figure 2), which
were established by a linear least-squares fit of the exper-
imental data (with reliability factors R of 0.9997 and 0.9994,
respectively).


�n : �H [kJmol�1]��12.8�1.2� 4.50�0.08n (1)


��n : �H [kJmol�1]��7.8�1.0� 2.73�0.07n (2)


The y intercept of the �H versus n straight lines is clearly
related to the melting of the pyroglutamate cores taken
separately. The higher values measured for ��n
(�7.8 kJmol�1 for ��n and �12.8 kJmol�1 for �n) indicate,
just as was concluded above from the melting temperatures,
that the packing of the pyroglutamate cores in the crystal is
much more stable in the racemic than in the optically active
series of compounds. Indeed, as emerges from simple
thermodynamic considerations, the larger the amount of heat
absorbed in a melting process, the smaller the enthalpy and
the greater the stability of the starting crystal with respect to
the resulting liquid. However, the sign of the y intercept is


Figure 2. Chain length dependence of the enthalpies measured at the
phase transition from the crystal into the smectic liquid crystal of the �n (�)
and ��n (�) compounds.


more important. The sign is positive for ��n, and reveals the
strong cohesion of the crystal packing of the polar cores in the
racemic case. On the other hand, the negative sign for �n
indicates that the crystal packing of the optically active
pyroglutamate cores is energetically unfavourable, and the
crystals release part of their heat content upon melting. The
pyroglutamate groups in the �n crystals must obviously be
constrained either by the anchoring conditions imposed upon
them by the ordered alkyl chains and/or by their electrostatic
interactions.


The slope of the �H versus n straight lines clearly
represents the amount of heat necessary for the melting of
the methylene groups. The slope measured for �n of about
4.5 kJ per methylene group compares well with that found for
linear n-paraffins (4.1 kJmol�1),[19] denoting that the packing
of the chains in the �n crystals is as strong as in conventional
paraffin crystals. The measured slope for ��n (2.73 kJmol�1)
is significantly smaller, denoting a constrained packing of the
alkyl chains. Similar unconventional packing of alkyl chains
which also led to a low melting enthalpy (2.6 kJ per methylene
group) was recently reported in the literature for the CuII soap
crystals; here, instead of being packed as usual in a chevron-
type arrangement, the alkyl chains were packed with the
zigzag planes all parallel to one another (see Figure 4 in
ref. [23]).


Molecular volume : The molecular volume was measured by
dilatometry for several �n and ��n compounds in the smectic
state. The volume in the crystalline state was disregarded
because after degassing at high temperature (as required by
the experimental technique), the solid samples recrystallized
from the melt are out of equilibrium. The results obtained are
summarized in the Equations (3) ± (6) (reliability factor R�
0.999).


�12: V [ä3]� 507.15�0.05� 0.3133�0.0005T[�C] (3)


�14: V [ä3]� 559.85�0.09� 0.3457�0.0008T[�C] (4)


��14: V [ä3]� 555.97�0.08� 0.4097�0.0007T[�C] (5)


�18: V [ä3]� 652.33�0.13� 0.5420�0.001T[�C] (6)
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Firstly, within the experimental error (see Experimental
Section), the molecular volume of �14 hardly differs from that
of ��14 (at 125 �C, V� 603�6 ä3 for �14 and V� 607�6 ä3 for
��14), suggesting that chirality does not significantly affect
the packing density in the smectic state. Secondly, the relative
thermal expansion of the molecular volume, (�V/�T)/V��
7� 10�4 K�1, is identical with that currently found for organic
materials in the liquid state. Thirdly, the molecular volume
increases linearly with the chain length, as expected from the
well-known rule of additivity of the individual volumes of the
component parts of the molecules according to Equation (7)
(at 125 �C, reliability factor R� 0.99998).


V [ä3]� 199.5�2.5� 28.93�0.17n (7)


Satisfactorily enough, the molecular volume of the meth-
ylene groups deduced from the slope of the corresponding
straight line (28.9 ä3) compares well with that currently found
in the literature for liquid crystals (28.5 ä3).[24]


Structure of the crystal phases : The thermotropic behaviour
of the �n and ��n compounds detected by polarizing optical
microscopy and differential scanning calorimetry was con-
firmed by X-ray diffraction. The powder patterns recorded at
low temperature contain a large number of Bragg reflections,
all very sharp, indicative of a well-developed, three-dimen-
sional crystal packing of the molecules. The (four) reflections
located in the small-angle region follow each other with
reciprocal spacings in the ratio 1:2:3:4, indicating that the
molecules are arranged in superposed layers just as commonly
observed with long-chain amphiphiles.[25]


A mere visual inspection of the diffraction patterns reveals
immediately that the lamellar structure of the ��n is radically
different from that of the optically active �n compounds. This
difference confirms the conclusion drawn from DSC that the
��n compounds are authentically racemic in nature. If they
were not, the ��n compounds would produce X-ray patterns
identical to those of the �n compounds.


As is generally observed with long-chain amphiphiles in the
solid state,[23±25] the lamellar structure of �n and ��n com-
pounds also consists of two sublayers periodically and
alternately piled up in space: one containing the pyrogluta-
mate cores and covered on both sides by the negative
carboxylate ions, and one other containing the paraffin chains
in a fully extended conformation and covered by the positive
ammonium ions (Figure 3). The lamellar periods measured
from the small-angle reflections represent the thickness of the
two sublayers superposed. The temperature-independent
periods d grow linearly with the number of carbon atoms n
in the alkyl chains (Figure 4) according to Equations (8) and
(9) (with reliability factors R� 0.99999 and 0.99987, respec-
tively).[26]


�n : d [ä]� 9.09�0.06� 1.17�0.01n (8)


��n : d [ä]� 6.92�0.17� 0.99�0.01n (9)


The lamellar periods measured do not exceed half the
overall length of the �n and ��n dimers (as estimated by


Figure 3. Schematic representation of the crystalline structure of the
racemic �� (top) and the optically active � (bottom) n-alkylammonium
salts of pyroglutamic acid.


Figure 4. Chain length dependence of the lamellar period of the racemic
�� (�) and the optically active (�) n-alkylammonium pyroglutamates in
the crystalline and smectic A state (SmA).


molecular modelling); this clearly indicates that the alkyl
chains are interdigitated head to tail in single layers and tilted
away from the layer normal as shown schematically in
Figure 3. This arrangement is further substantiated by the
slope �d of the d versus n straight lines representing the rate
of thickening of the crystalline lamellae per methylene group
added to the molecules (�d� 1.17�0.01 ä for �n and 0.99�0.01 ä
for ��n), a slope which is effectively smaller than the length of
one methylene group in an all-trans paraffin chain (1.27�0.01 ä
per methylene group).[25] The slope �d additionally permits
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one to calculate the tilt of the chains in the layers, �� cos�1


(�d/1.27)� 22.7� for �n and 38.9� for ��n, and hence to get an
estimate of the area covered in the layers by each alkyl chain,
S� �/cos�� 20.1�0.5 ä2 for �n and 23.8�0.6 ä2 for ��n (� is the
known cross-sectional area of paraffin chains in the crystalline
state; �� 18.5�0.1 ä2).[25, 27] Quite interestingly, the area S is
distinctly smaller in the optically active �n than in the racemic
��n compounds.


The y intercept of the d versus n straight lines, which
corresponds to the thickness d0 of the fictitious ammonium
pyroglutamate layers, provides a direct measure of the
thickness of the pyroglutamate sublayers in the lamellar �n
and ��n crystals. The two thicknesses found (9.09�0.06 ä for �n
and 6.92�0.17 ä for ��n) are significantly different from each
other and this indicates that the pyroglutamate cores are
packed differently in the two series of compounds (Figure 3);
this result is consistent with the difference found in the
molecular area of the alkyl chains.


In the absence of complementary information that can only
be obtained when properly grown single crystals are available
(e.g. crystal lattice parameters, space group symmetry, elec-
tron density distribution), it is impossible to describe securely
the detailed packing mode of the pyroglutamate groups in the
polar sublayers and hence to specify the structural differences
between the �n and ��n crystals. However, as a guide mark in
the discussion, it is tempting to propose the following two
schematic models, which stand out on simple stereochemical
and geometrical grounds.


The first concerns the series of optically active �n com-
pounds, in which the hydrogen-bonded molecules are by
necessity all in the form of �� dimers. Since the carboxylate
groups in the �� dimers both point to the same side with
respect to the pyrrolidone plane (Figure 1), the �� dimers
must logically lie parallel to the crystal layers and arrange
themselves back to back as shown in Figure 3 (bottom); they
can thus let the carboxylate groups point out of the polar
sublayers and so come into contact, just as required by
electrostatics, with the oppositely charged ammonium ions.
This arrangement is all the more plausible as the thickness
found for the pyroglutamate sublayers (d0� 9.09 ä) is close to
that of two flat dimers superposed (�2� 4.4� 8.8 ä, Fig-
ure 1), and also as the area occupied in the layers by a pair of
dimers, equal to that covered by four alkyl chains (4� 20.1�
80.4�1.8 ä2), is close to the lateral expanse of the dimers (�7�
11� 77 ä2, Figure 1).


The second structural model concerns the series of racemic
��n compounds. In this case, the ™racemic∫ structural repeat
units may be either in the form of �� dimers or in the form of
�� and �� dimers in equal numbers. In fact, the latter
possibility cannot be retained here, for it would imply
packings similar to those proposed for the �n compounds,
which are inconsistent with the value of d0 and S found
experimentally. Since the carboxylate groups in the �� dimers
point to opposite sides with respect to the average pyrrolidone
planes (Figure 1), the �� dimers must in all likelihood be
arranged in single layers as shown in Figure 3 (top); they must
further be tilted away from the layer normal and also rotated
to some degree about their long axis, so as to allow the
carboxylate groups to sit properly on the surface of the polar


sublayers in contact with the ammonium counterions. With a
tilt of about 50�, this arrangement is perfectly consistent with
the thickness of the pyroglutamate sublayers (d0� 6.92 ä)
being close to the projected length of the dimers along the
layers× normal (�11� cos50� 7.07 ä) and with the area
covered in the layers by two alkyl chains (2� 23.8�
47.6�1.2 ä2) being close to that deduced from the cross-
sectional area of the tilted dimers (�4.4� 7/cos50� 47.9 ä2).


As suggested earlier, the greater thermodynamic stability of
the racemic crystals with respect to their enantiomorphous
analogues originates from their higher structural compact-
ness. Since a direct measure of the molecular volume of the
pyroglutamate groups in the crystals is out of the question in
the present work (vide supra), the only way out is to calculate
this volume indirectly. For that purpose, it suffices to take as a
principle the well-known fact that in an homologous series of
aliphatic compounds in the crystalline state the packing mode
of the alkyl chains and terminal groups is reliably independent
of the chain length.[25] This implies that the molecular area S
(contribution of one molecule to the lateral spreading of the
layers) and the molecular volumes VCH2


and V0 of the
methylene and ammonium pyroglutamate groups are all
independent of the number n of methylene groups in the
chains. Therefore, the volume of one molecule, V�V0�
nVCH2


, and the thickness of one crystalline lamella, d�V/
S� (V0/S)� n(VCH2


/S), both grow linearly with n. Under this
assumption, the molecular volume V0 may easily be deduced
from the ratio of the y intercept over the slope of the d versus
n straight lines determined by X-ray diffraction. The values
found (V0� 7.8�0.1�VCH2


for �n and 7.0�0.2�VCH2
for ��n) are


perfectly consistent with the conclusions drawn from the
thermal behaviour of the ��n and �n series of compounds: the
packing density of the racemic �� compounds is indeed higher
than that of the optically active �� analogues (by 10�4%). In
addition, with the reasonable value of VCH2


� 1.27� 18.5�
23.5 ä3,[25, 27] the density of the pyroglutamate groups in the
polar sublayers is 1.33�0.05 gcm�3 for �n and 1.47�0.07 gcm�3 for
��n, which is in agreement with the values reported in the
literature for the �- and ��-pyroglutamic acids (1.440 and
1.492 gcm�3, respectively).[19, 22]


Structure of the smectic phases : The X-ray powder patterns of
the racemic ��n compounds in the smectic state, like those of
the optically active �n analogues,[12] contain three equidistant,
sharp reflections in the small-angle region following each
other with reciprocal spacings in the ratio 1:2:3, indicative of a
smectic layering, and a broad band at 4.6 ä, related to the
disordered conformation of the alkyl chains. The patterns are
devoid of any other scattering signal, which indicates that
both the alkyl chains and the pyroglutamate fragments inside
the polar sublayers are arranged in a liquid-like fashion just as
expected for a smectic A phase.


The smectic periods measured are virtually independent of
temperature (�d/�T)/d��4� 10�4 K�1) and represent the
thickness of one paraffin and one ammonium pyroglutamate
sublayer superposed. With a steadily increasing number of
carbon atoms in the alkyl chains, the periods of the ��n and
�n compounds appear, for all practical purposes, to be equal
to each other (Figure 4). Even when measured with the best
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accuracy possible under exactly the same experimental
conditions,[26] they differ by less than 0.1 ä. Expressed
analytically, they grow linearly as a function of n according
to Equation (10) (125 �C, reliability factor R� 0.99991).


d [ä]� 10.87�0.18� 1.20�0.01n (10)


Combined with the molecular volumes measured by
dilatometry, these periods permit one to calculate the
molecular area S�V/d (contribution of one molecule to the
surface covered by the smectic layers) and the thickness d0�
V0/S of the ammonium pyroglutamate sublayers (Figure 5).
Contrary to what is observed in the crystal phases, in which
they are strictly invariable for structural reasons, these
parameters turn out to change very little but measurably with
the length of the alkyl chains: S increases from 21.6 to 22.2 ä2


and d0 decreases from 9.2 to 9.0 ä when n goes from 12 to 18.


Figure 5. Chain length dependence of the thickness of the polar sublayers
d0 and the molecular area 4S of the racemic �� (�) and the optically active
� (�) n-alkylammonium pyroglutamates in the smectic A state.


In the case of the optically active �n compounds, the
interpretation of the molecular arrangement in the smectic
state is straightforward. As shown in Figure 4, the lamellar
spacing increases very little at the transition from the crystal
into the smectic phase. Specifically, it grows by only 9%, an
amount which reflects the 18% volume expansion of the
material [the molecular volume increases from Vcr� S� d�
20.1� (182.7� 23.5n) to VSm� 199.5� 28.93n] for a 9%
lateral expansion of the layers (the molecular area increases
from 20.1 to about 22 ä3). At the same time, the thickness d0


of the polar sublayers (equal to 9.09 ä for the crystal and to
9.0 ± 9.2 ä for the smectic phase) remains utterly unchanged.
Despite the abrupt loss of the long-range positional ordering
of the molecules inside the layers, the packing mode of the
pyroglutamate dimers appears therefore to remain virtually
unchanged, at least on a local scale. For the same geometrical
reasons as prevailing for the crystal phases, related to the fact
that the carboxylate groups in the �� dimers both point to the
same side with regard to the pyrrolidone plane (Figure 1), the
dimers must continue, therefore, to lie flat in the layers and


arrange themselves back to back as shown in Figure 3
(bottom).


In the case of the racemic ��n compounds, the structure of
the smectic phase seems, at first sight, more delicate to discuss.
At the transition from the crystal to the smectic phases, the
lamellar periods grow indeed by as much as 31 ± 34%
(Figure 4), implying an important change of the local packing
mode of the ammonium pyroglutamate moieties. Considering
that the ��n compounds in the smectic state have precisely
the same structural parameters (d, S and d0), the same
infrared spectra (vide supra), and practically the same
clearing temperatures (Table 1) as their �n counterparts, it
seems legitimate to conclude that they also have the same
molecular packing. Turning from single to double layered
(Figure 3), this packing implies that at the crystal-to-smectic
phase transition the heterochiral �� dimers, such as found in
the crystal, suddenly transform almost completely into a
mixture of homochiral �� and �� dimers in equal numbers.
Examples of such a polymorphic change of racemic crystals
into pseudoracemic ™solid∫ solutions upon heating have
barely been reported in the literature as a result of the
difficulties in interpretation of the experimental data (see
p. 139 in ref. [20]).


This change of the supramolecular structure of the ��n
dimers at the crystal-to-smectic phase transition may be
acceptably understood on thermodynamic grounds by con-
sidering the prominent part taken in the minimization of free
energy by enthalpy at low and entropy at high temperatures.
Because the dimers in the smectic A layers are arranged in a
liquid-like fashion and are thus released from the require-
ments of structural homogeneity of the racemic crystals, the �
and � enantiomers are free to obey the laws of chemical
equilibria (2��� �� � ��),[28] and hence to associate with
one another through hydrogen bonding to develop pseudor-
acemic mixtures of ��, �� and �� dimers. In the low-
temperature crystal, the attraction of the dimers is best
satisfied, and therefore the enthalpy and free energy are most
efficiently reduced to a minimum if the dimers are all
heterochiral, because these are able, as it happens for
symmetry reasons, to pack in a specially dense fashion (vide
supra). In the high-temperature smectic phase, on the other
hand, the entropy increases more, and therefore the free
energy decreases to a lower minimum if at least part of the
dimers are homochiral, because the entropy of melting is then
increased with the entropy of mixing of the three types of
dimer in the system. In the absence of discriminating
interactions between the dimers (ideal mixture), chemical
equilibrium should normally occur when the entropy of
mixing is maximized, that is when the dimers, whose
enthalpies of formation by hydrogen bonding are (most
likely) identical, are in equal proportions. In reality, however,
equilibrium is reached when the concentration of �� is
reduced below 1³3 and conceivably even below 1³10, a value
undetectable by the X-ray technique used in the present work.
An obvious reason for such a behaviour is that for stereo-
chemical reasons the heterochiral and homochiral dimers
have difficulty in packing together (�� and �� lie flat in the
layers, while �� stand at an angle, see Figure 3) and interact
with one another unfavourably, thereby contributing a
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positive enthalpy of mixing and thus shifting the chemical
equilibrium towards a further reduction of the less abundant
heterochiral species. One other reason, less obvious at first
sight but equally plausible as found below, is that the �� and
�� homochiral dimers are liable to interact with one another
favourably (like the two enantiomers in a racemic crystal),
thereby contributing a negative enthalpy of mixing but also
shifting the chemical equilibrium in the same direction as
previously towards a reduction of the heterochiral species.


Binary mixtures of ��n with �n : The phase behaviour of the
binary mixtures of the ��n and �n compounds was system-
atically investigated upon heating by differential scanning
calorimetry, polarizing optical microscopy and X-ray diffrac-
tion. Figure 6 shows the phase diagram established for the
binary mixture of the octadecyl derivatives taken as a typical
example.


Figure 6. Binary phase diagram of the �� and �-octadecyl pyroglutamates.


It is important to note that no extra liquid crystal phases
make their appearance in the binary mixtures, and that the
smectic phases of the ��n and �n compounds are completely
miscible at all compositions. This is plainly demonstrated by
X-ray diffraction. With compounds comprising the same alkyl
chains and hence the same smectic periods, these remain
unchanged throughout the whole expanse of compositions;
with compounds differing in chain length, they vary with
composition in a continuous (practically linear) fashion
between the periods of the pure ��n and �n compounds. This
behaviour suggests that the smectic structure remains basi-
cally the same for all the binary mixtures; the � and �
enantiomers continue to associate with one another to form
predominantly homochiral �� and �� dimers.


The occurrence of the smectic phase upon heating proceeds
through the eutectic melting of the ��n and �n crystals in the
mixture. This melting is signalled by the presence in the DSC
graphs of two distinct but connected endothermic peaks
whose separation decreases monotonically with the distance
to the eutectic composition. A sharp peak, located at the
composition-independent eutectic temperature (47 �C), re-
veals the emergence of the smectic phase in the middle of the
crystalline material, and an asymmetrical peak, located at the
composition-dependent solidus temperature, signifies the
completion of the melting process.[29] The very existence of a
eutectic point, fully corroborated by optical microscopy and
X-ray diffraction, is an indisputable indication that in the
crystalline state the ��n compounds are neither conglomer-
ates nor pseudoracemates, but true racemates involving
repeat units made of the two enantiomers in equal numbers
arranged according to a unique Bravais lattice. This is further
substantiated by the fact that the solidus temperature, which
corresponds to the complete melting of the racemic ��n
crystals, goes through a maximum at the exact composition
corresponding to pure ��n.


The full miscibility of the ��n and �n compounds in the
smectic state is a clear indication that their smectic symmetry
is identical (smectic A in both cases) and that the effective
repulsion of their molecular components is not too strong.[30]


For mixtures of compounds with the same chain length and
therefore with the same clearing temperature (Table 1), the
transition from the smectic into the isotropic liquid phase
seems, when detected by DSC, to take place at a temperature
which is independent of composition. However, in actual fact,
when measured with great care by optical microscopy, the
clearing temperature proves to proceed through a low
maximum at a composition corresponding to pure ��n
(Figure 6). This stabilization of the smectic phase with regard
to the isotropic liquid suggests, as insinuated at the end of the
previous section, that the enantiomeric homochiral �� and ��
dimers, highly concentrated in mixtures rich in ��n, have a
tendency to attract each other specifically, probably leading to
the formation of a stoichiometric compound made of one ��
and one �� dimer arranged back to back in the layers as shown
in Figure 3 (bottom).


Conclusion


The long-chain alkylammonium pyroglutamates investigated
in the present work are self-assembled in thermally stable,
hydrogen-bonded dimers, which are crystalline at low temper-
ature and smectic at high temperature. The lamellar structure
of the racemic crystals is controlled by the packing of the
ammonium pyroglutamate cores, while that of the optically
active crystals is dominated instead by the packing of the alkyl
chains. The dimers of the optically active compounds are
homochiral and arranged in double layers both in the
crystalline and the smectic state, wherein the ammonium
pyroglutamate cores lie flat in the layers. In the racemic series
of compounds, on the other hand, the dimers are either
heterochiral or homochiral, depending upon whether they are
arranged in a crystalline or a smectic fashion. The pairing of
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the two enantiomers is heterochiral in the crystalline state,
producing achiral �� dimers standing tilted and densely
packed in well-ordered single layers, whereas it is homochiral
in the smectic state, producing achiral pairs of �� and ��
dimers, arranged back to back and loosely packed side by side
in double layers. This behaviour illustrates the importance of
crystallization in supramolecular chemistry.[31] By drawing the
molecules nearer together and so amplifying the role of
interactions, crystallization has an effect on the chemical
equilibrium of the reacting molecules, often resulting in a
decisive control over the nature and architecture of the
supermolecules formed. Quite interestingly, the smectic
layering, even if less stringent than the crystalline ordering,
is perfectly able to play a similar role; the reason is that, owing
to the amphiphilic character of the compounds producing
smectic phases, the constituent parts of the molecules, here
the ammonium pyroglutamate cores and the alkyl chains, are
indeed forced to pack in a special way, arranging themselves
separately on both sides of well-defined interfaces.


Experimental Section


Materials : Optically active �- and racemic ��-pyroglutamic acids [(S)-(�)-
2- and (�)-2-pyrrolidone-5-carboxylic acid] were obtained from Aldrich
and recrystallized twice from ethanol. Their salts with normal dodecyl,
tetradecyl, hexadecyl and octadecyl amines were prepared by dissolving
equimolar quantities of the acid and the corresponding amine in ethanol
and allowing them to react at room temperature. The precipitated salts
were filtered and recrystallized from ethyl acetate. The formation of salts
was confirmed with FTIR (protonated NH groups occur at 2800 ±
2500 cm�1 and 2200 cm�1 for the primary amines, carboxylate groups at
1586 and 1390 cm�1), 1H NMR spectroscopy and elemental analysis [calcd
(%) for C17H34O3N2 (314.47): C 64.93, H 10.90, N 8.91; found (� salt): C
65.04, H 10.96, N 8.87; found (�� salt): C 64.66, H 10.94, N 8.82; calcd (%)
for C19H38O3N2 (342.52): C 66.63, H 11.18, N 8.18; found (� salt): C 65.94, H
11.45, N 8.05; found (�� salt): C 66.48, H 11.25, N 8.05; calcd (%) for
C21H42O3N2 (370.58): C 68.06, H 11.42, N 7.56; found (� salt): C 67.96, H
11.58, N 7.52; found (�� salt): C 67.94, H 11.47, N 7.42; calcd (%) for
C23H46O3N2 (398.63): C 69.30, H 11.63, N 7.03; found (� salt): C 69.30, H
11.80, N 6.92; found (�� salt): C 69.04, H 11.69, N 6.94].


Characterization techniques : Thermogravimetric experiments were per-
formed with a TA TGA-2050 instrument operating under nitrogen with a
heating rate of 10 �Cmin�1. Optical rotation measurements were carried
out by using a Perkin ± Elmer 241 polarimeter. Liquid crystal textures were
studied using a Leitz ± Wetzlar polarizing microscope equipped with a hot-
stage and a Linkam TMS91 controller. Molecular volumes were measured
using a homemade computer-driven dilatometer containing 1 g of carefully
degassed sample. To avoid thermal degradation, special care was taken to
maintain the samples at the lowest possible temperatures (below 140 �C),
especially during the degassing process. The experimental error is
estimated at about 10�4 (�0.53) for molecular volumes measured on a
relative scale (for the volume of a given sample at different temperatures)
and at about 10�3 (�5 ä3) for volumes measured on an absolute scale (for
different samples at a same temperature). Thermotropic polymorphism
was investigated by using a TA DSC-10 differential scanning calorimeter
with heating and cooling rates of 10 �Cmin�1. FTIR studies were performed
using a Nicolet Magna 550 spectrometer equipped with a VLT-2 variable-
temperature sample holder (Research and Industrial Instruments Com-
pany). Crystal and liquid crystal structures were established by X-ray
diffraction (Guinier focusing camera, CuK�1 radiation from an INEL
X-ray generator, powder samples in Lindemann capillaries, INSTEC hot-
stage, INEL CPS-120 curved position-sensitive detector, diffraction
patterns recorded with a 10-min exposure time). Binary mixtures of ��n
and �n compounds were prepared by thorough mechanical mixing of the
��n and �n powders at room temperature. To reduce thermal degradation


to a minimum, the clearing temperatures were measured by optical
microscopy (a quick-acting technique) according to a well-defined
experimental procedure (preliminary heating of the microscope hot-stage
at 160 �C, sample introduction and heating at 10 �Cmin�1, registering of
clearing temperature at half melting).
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Stereoselective Synthesis of anti-1,4-Diols by a BH3 ¥ THF-Mediated
Rearrangement of 1,2-Disubstituted Cyclobutenes


Kolja M. Knapp,[a] Bernd Goldfuss,[b] and Paul Knochel*[a]


Abstract: A new stereoselective rearrangement of cyclobutylboranes, obtained by
the hydroboration of 1,2-disubstituted cyclobutenes, provides anti-1,4-diols with
good-to-excellent diastereoselectivity. The mechanism of the rearrangement is
discussed based on theoretical calculations.


Keywords: alcohols ¥ boracycles ¥
cyclobutenes ¥ diols ¥ hydroboration
¥ stereoselective rearrangement


Introduction


The performance of stereoselective synthesis in open-chain
systems is an active field of research.[1] Recently, we have
reported that the addition of BH3 ¥ THF to tetrasubstituted
cyclic[2] or acyclic[3] alkenes leads to sterically hindered
organoboranes that undergo stereoselective 1,2-migrations
at 50 ± 60 �C. This rearrangement allows the control of up to
three adjacent chiral centers (Scheme 1).[4] A wide range of
tetrasubstituted cyclohexenes and cyclopentenes undergo a
syn-migration for which the driving force is the release of
steric strain (1� 2 ; Scheme 1).


Another reaction pathway is observed with cyclobutene
derivatives of type 3. In this case, the hydroboration product 4
undergoes a stereoselective rearrangement leading to the


Scheme 1. Stereoselective migration of tertiary organoboranes in cyclic
systems.


borolane of type 5. After oxidation under basic conditions, the
corresponding anti-1,4-diol 6 is obtained with good stereo-
selectivity (Scheme 2).


Scheme 2. Stereoselective preparation of 1,4-diols (6).


Herein, we report the scope of this stereoselective synthesis
of anti-1,4-diols[5] as well as a theoretical study concerning the
stereoselective nature of the rearrangement.


Results and Discussion


1,2-Disubstituted cyclobutenes of type 3 were prepared
according to literature methods. We used 1,2-diphenylsulfon-
yl-1-cyclobutene (7)[6] for the selective introduction of two
substituents in positions 1 and 2 of the cyclobutene. Thus, the
treatment of the disulfone 7 with an arylmagnesium com-
pound at 0 �C in THF gives selectively the monosubstituted
cyclobutenes of type 8 (Scheme 3). Reaction with PhLi
produces the symmetrical cyclobutene 3a in 88% yield
(entry 1 of Table 1). Reaction with the CF3-substituted cyclo-
butene precursor 8c gave the unsymmetrical cyclobutene 3b
(entry 2).


Functionalised organolithium derivatives, such as 4-cyano-
phenyllithium,[7] undergo the addition ± elimination reaction
at�78 �C leading to the functionalised cyclobutene 3c in 69%
yield (entry 3). Alkyllithium compounds, such as MeLi and
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Scheme 3. Preparation of 1,2-disubstituted cyclobutenes.


EtLi, react in good yields providing cyclobutenes 3e,f in 79 ±
84% yield (entries 5 and 6, respectively). Organozinc deriv-
atives, such as iPr2Zn,[8] react under copper catalysis after
transmetallation with CuCN ¥ 2LiCl to give the isopropyl-
substituted cyclobutene 3g in 74% yield (entry 7). Even the
reactive tertiary organolithium reagent tBuLi reacts well with
8a to afford the corresponding cyclobutene 3h in 73% yield
(entry 8). Finally, the reaction of the silyl-centred lithium
species (PhMe2SiLi)[9] with 8a produces the alkenylsilane 3 i
in 79% yield (entry 9). 1,2-Dialkyl-substituted cyclobutenes
3 j and 3k were prepared by cycloalkylation according to
Negishi.[10] Thus, the reaction of 5-decyne or 5-undecyne with
[Cp2ZrCl2] (1 equiv) and EtMgBr (2 equiv) in THF at �78 �C
followed by iodolysis produces the intermediate diiodides
9a,b, which, after treatment with BuLi (1 equiv, diethyl ether,
�78 �C), furnished the 1,2-disubstituted cyclobutenes 3 j and
3k, respectively, in 68 ± 71% yield (Scheme 4).


Finally, the 1,4-diferrocenyl ketone 10[11] was subjected to
McMurry reaction conditions[12] (TiCl4, Zn, THF/pyridine,
25 �C, 5 h) to provide the diferrocenyl cyclobutene 3 l in 56%
yield (Scheme 5).


The reaction of the cyclobutenes 3a ± l with BH3 ¥ THF
(1.1 equiv) was usually complete after 5 ± 16 h at 40 ± 50 �C.
The resulting intermediate borolane of type 5 (Scheme 2) was
treated with NaOH/H2O2 to give the expected anti-1,4-diols of
type 6 in 65 ± 89% (Table 2). In most cases, excellent
diastereoselectivities were obtained. In the case of the
cyclobutene 3a and related diarylcyclobutenes, such as 3b
and 3d, the diastereomeric ratio (dr) was �98:2 in favour of
the anti-diol (entries 1, 2 and 4 of Table 2). In the case of 3c,
BH3 ¥ THF also reduces the cyano group leading to the
4-aminomethylphenyl-substituted anti-1,4-diol with a diaster-
eoselectivity of �98:2 and a yield of 71%. Cyclobutenes
bearing an alkyl and an aryl substituent also smoothly
rearrange to give the expected anti-1,4-diols 6e ± h in sat-
isfactory yields. In the case of a tert-butyl-substituted system, a
lower stereoselectivity is observed (anti :syn� 80:20). A


remarkably smooth reaction is observed with cyclobutenylsi-
lane 3 i to afford the anti-1,4-diol 6 i in 69% yield and dr� 98:2
(entry 9). Similarly, 1,2-dialkylcyclobutenes 3 j and 3k furnish
only the anti-1,4-diols 6 j and 6k, respectively, 79 ± 84% yield
and dr� 98:2. Finally, the 1,2-diferrocenylcyclobutene 3 l
leads to the anti-ferrocenyldiol 6 l in 65% (dr� 98:2; entry 12
of Table 2).


The observed diastereoselectivity of the rearrangement
may be explained as shown in Schemes 1 and 6. The driving
force of this rearrangement is certainly the release of steric


strain, but may also be due to the
electrophilic nature of the terti-
ary organoborane 4, which is
isoelectronic with a carbenium
ion, such as 11, and is therefore
a strong electrophilic centre.


Whereas the rearrangement of
the carbenium ion 11 is well


Table 1. Preparation of 1,2-disubstituted cyclobutenes (3) from the cyclo-
butenyl sulfones 8a ± c.


Entry Sulfone 8 Organometallic
reagent


Cyclobutene 3 Yield [%][a]


1 8a PhLi 88


2 8c PhLi 77


3 8a 69


4 8b PhLi 82


5 8a MeLi 84


6 8a EtLi 79


7 8a iPr2Zn 74


8 8a tBuLi 73


9 8a Me2PhSiLi 79


[a] Isolated yield of analytically pure products.


Scheme 4. Synthesis of cyclobutenes 3j, 3k according to Negishi.


¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2003, 9, 5259 ± 52655260







Stereoselective Rearrangements 5259±5265


Scheme 5. Preparation of 1,2-diferrocenylcyclobutene 3 l.


Scheme 6. Analogous rearrangement of cyclobutylboranes and methylcy-
clobutyl carbenium ions.


known,[13] the rearrangement of cyclobutylborane 4 is new. To
elucidate the nature of this unprecedented borane rearrange-
ment and explain the observed diastereoselectivity as well as
the regiochemistry of the hydroboration, ground state (GS)
and transition structures (TS) were optimised and analysed by
means of the ONIOM B3LYP/6-311��G��//MNDO meth-
od (Scheme 7).[14±17] The structures for the reactions of the
cyclobutenes 3a and 3e including the two possible initial
hydroboration products of 3e were studied (Table 3,
Scheme 8).


Scheme 7. Hydroboration and borane rearrangement sequence.
a) Ground state structure. b) Transition state structure.


Scheme 8. Hydroboration and borane rearrangement sequence.
a) Ground state structure. b) Transition state structure.


The calculations show that the activation energies for the
rearrangement 4a-TS-2, 4e-TS-2, 4e-TS-4 are not higher or
just slightly higher than those of the hydroboration 4a-TS-1,
4e-TS-3, 4e-TS-4 itself. Furthermore, the final borolane 5a
and 5e are more favourable by at least 120 kJmol�1 than the
corresponding cyclobutylboranes 4.


The borane rearrangement proceeds from 4a by migration
of the C ± C electronic bond density to the electrophilic boron
atom through 4a-TS-2 (Figure 1, Table 4, Scheme 9), analo-
gous to Wagner± Meerwein rearrangements. Formally, a
zwitterionic five-membered ring R3C�BH2


�C�R2 is formed,
which could not be found computationally, but instantly
rearranges via a 1,2-H shift to the final borolane product 5
(Scheme 9).


The geometry of the substituents at carbon C1 of 4a-TS-1 is
almost planar (172.5�), which would suggest a carbenium ion


Table 2. anti-1,4-Diols of type 6 obtained by the thermal rearrangement of
the hydroboration product of 1,2-disubstituted cyclobutenes of type 3.


Entry Cyclobutene 3 anti-1,4-diol 6 anti :syn Ratio Yield
[%][a]


1 � 98:2 89


2 3b: R�CF3 6b : R�CF3 � 98:2 89
3 3c : R�CN 6c : R�CH2NH2 � 98:2 71
4 3d : R�OMe 6d : R�OMe � 98:2 89


5 3e : R�Me 6e : R�Me � 98:2 79
6 3 f : R�Et 6 f : R�Et � 98:2 82
7 3g : R� iPr 6g : R� iPr 95:5 72
8 3h : R� tBu 6h : R� tBu 80:20 69


9 � 98:2 69


10 � 98:2 79


11 � 98:2 84


12 � 98:2 65


[a] Isolated yield of analytically pure products.


Table 3. Absolute [a.u.] and relative energies of ground and transition
structures of the hydroboration borane rearrangement sequence with 3a.[a]


Etot [a.u.] Erel [kJmol�1]


3a-GS-1 � 105.15231 0.0
4a-TS-1 � 105.12680 66.9
4a � 105.16422 � 31.4
4a-TS2 � 105.13886 35.2 (Ea: 66.5)[b]


5 � 105.21836 � 173.2


[a] Oniom (B3LYP/6 ± 311��G**//MNDO). [b] Activation energy.
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Figure 1. Transition state structure 4a-TS-2 of the borane rearrangement.


Scheme 9. Energy diagram for the hydroboration borane rearrangement
sequence.


and thus a zwitterionic structure for the transition state. The
dihedral angle of the atoms C3, C4, C1, B is 32.4�. Since the
following hydride shift is very fast, it can only occur from one
side to form the syn-2,5-substituted borolane. Epimerisation
at the carbon C1 is only observed with the sterically hindered
diols 6g and 6h since in these cases the strong repulsion
between the two substituents in position 1 and 2 disfavours
the above concerted transition state.


Conclusion


We have reported a new stereoselective synthesis of anti-1,4-
diols that employs a new cyclobutylborane rearrangement.


The transition structure for this unprecedented borane rear-
rangement has been identified computationally and shows a
close relationship to Wagner±Meerwein rearrangements.


Experimental Section


General : Unless otherwise indicated, all reactions were carried out under
argon. Solvents were dried and freshly distilled. Reactions were monitored
by gas chromatography (GC and GC-MS) or thin-layer chromatography
(TLC). The ratios between diastereoisomers were determined by 1H or
13C NMR spectroscopy and/or GC-MS analysis; GC-MS: column HP-5MS
(15 m� 250 �m� 0.25 �m); method A: 1 min at 110 �C, ramp of
50 �Cmin�1 to 250 �C, 10 min at 250 �C, method B: 1 min at 90 �C, ramp of
50 �Cmin�1 to 250 �C, 8 min at 250 �C, method C: 1 min at 70 �C, ramp of
50 �Cmin�1 to 250 �C, 8 min at 250 �C.


General procedure A–preparation of 1-aryl-2-phenylsulfonyl-1-cyclobu-
tenes (8): A solution of 1,2-diphenylsulfonyl-1-cyclobutene (3.34 g,
10 mmol) in THF (10 mL) was cooled to 0 �C and treated dropwise with
the Grignard reagent (12 mmol). The reaction mixture was stirred for
30 min. After warming to room temperature, the reaction mixture was
quenched with saturated NH4Cl solution (50 mL). The aqueous phase was
extracted with diethyl ether (3� 50 mL). The combined organic phases
were washed with water and brine, and then dried (MgSO4). After
evaporation of the solvent, the crude product was purified by recrystallisa-
tion to give the desired 1-aryl-2-phenylsulfonylcyclobutene (8).


1-Phenylsulfonyl-2-phenylcyclobutene (8a): According to general proce-
dure A, 1,2-diphenylsulfonyl-1-cyclobutene (3.34 g, 10 mmol) was treated
with PhMgCl (6.7 mL, 12 mmol, 1.8� in THF) to give the corresponding
cyclobutene derivative 8a as a colourless solid. Yield: 2.57 g (95%); m.p.:
102 �C; IR (KBr): �� � 3321, 3067, 2922, 1939, 1860, 1557, 1490, 1377, 1352,
986, 772, 698 cm�1; 1H NMR (300 MHz, CDCl3): �� 7.83 ± 7.75 (m, 4H),
7.49 ± 7.25 (m, 6H), 2.65 ± 2.62 (m, 2H), 2.56 ± 2.54 ppm (m, 2H); 13C NMR
(75 MHz, CDCl3): �� 153.6, 140.2, 133.3, 131.7, 131.5, 130.5, 129.1, 128.7,
128.4, 127.3, 27.2, 26.7 ppm; MS (EI): m/z (%): 270 (8) [M]� , 206 (27), 128
(100), 103 (14), 91 (13), 77 (28), 51 (14); HRMS calcd for C16H14O2S:
270.0715; found: 270.0726.


1-Phenylsulfonyl-2-para-trifluoromethylphenyl-1-cyclobutene (8c): Ac-
cording to general procedure A, 1,2-diphenylsulfonyl-1-cyclobutene
(3.34 g, 10 mmol) was treated with para-CF3-C6H4MgBr (12 mL, 1� in
THF, 12 mmol) to give the corresponding cyclobutene derivative 8c as a
colourless solid. Yield: 2.43 g (72%); m.p.: 105 �C; IR (KBr): �� � 3061,
3027, 2962, 2928, 1492, 1452, 752, 700 cm�1; 1H NMR (300 MHz, CDCl3):
�� 7.87 ± 7.78 (m, 4H), 7.55 ± 7.41 (m, 3H), 6.87 ± 6.82 (m, 2H), 3.76 (s, 3H),
2.68 ± 2.65 (m, 2H), 2.60 ± 2.58 ppm (m, 2H); 13C NMR (75 MHz, CDCl3):
�� 161.9, 153.9, 141.1, 133.6, 131.1, 129.6, 128,9, 127.7, 125.0, 114.3, 55.8,
27.4, 27.1 ppm; MS (EI): m/z (%): 300 (48) [M]� , 235 (45), 221 (21), 175
(17), 158 (32), 144 (76), 128 (57), 115 (100), 89 (16), 77 (34), 51 (15); HRMS
calcd for C17H13F3O2S: 338.0588; found: 338.0610.


1-Phenylsulfonyl-2-para-methoxyphenyl-1-cyclobutene (8b): According to
general procedure A, 1,2-diphenylsulfonyl-1-cyclobutene (3.34 g, 10 mmol)
was treated with para-MeO-C6H4MgBr (22.2 mL, 12 mmol, 0.54� in THF)
to give the corresponding cyclobutene derivative 8b as a colourless solid.
Yield: 2.76 g (92%); m.p.: 108 �C; IR (KBr): �� � 3436, 3063, 2921, 2838,
1605, 1505, 1299, 1148, 593; 1H NMR (300 MHz, CDCl3): �� 8.06 ± 7.92 (m,
4H), 7.72 ± 7.52 (m, 5H), 2.83 ± 2.80 (m, 2H), 2.73 ± 2.70 ppm (m, 2H);
13C NMR (75 MHz, CDCl3): �� 150.6, 138.7, 133.9, 133.6, 132.7, 128.3,
126.6, 124.5, 26.6, 25.9 ppm; MS (EI): m/z (%): 300 (54) [M]� , 259 (21), 256
(14), 233 (17), 205 (100), 128 (12), 115 (25), 91 (21), 77 (10); HRMS calcd
for C17H16O3S: 300.0820; found: 300.0798.


General procedure B, preparation of 1,2-disubstituted cyclobutenes (3): A
solution of 1-aryl-2-phenylsulfonyl-1-cyclobutene (5 mmol) in THF (7 mL)
was cooled to the stated temperature and treated dropwise with the
corresponding lithium or cuprate reagent (8 mmol). After warming to
room temperature the reaction mixture was quenched with saturated
NH4Cl solution (50 mL). The aqueous phase was extracted with pentane
(3� 50 mL). The combined organic phases were washed with water and
brine, and then dried (MgSO4). After evaporation of the solvent, the crude
product was purified by column chromatography (pentane) to give the
desired 1,2-disubstituted cyclobutene (3).


Table 4. Absolute [a.u.] and relative energies of ground and transition
structures of the hydroboration borane rearrangement sequence with 3e.[a].


Etot [a.u.] Erel [kJmol�1]


3e-GS � 105.20623 0.0
4e-TS-1 � 105.18407 58.2
4e-TS-3 � 105.18365 59.4
4e-1 � 105.22125 � 39.3
4e-2 � 105.22596 � 51.9
4e-TS-2 � 105.19444 31.0 (Ea: 70.3)[b]


4e-TS-4 � 105.19095 40.2 (Ea: 92.0)[b]


5e � 105.27385 � 177.4


[a] Oniom (B3LYP/6 ± 311��G**//MNDO). [b] Activation energy.
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1,2-Diphenyl-1-cyclobutene (3a): According to general procedure B,
1-phenylsulfonyl-2-phenyl-1-cyclobutene (1.35 g, 5 mmol) was treated at
0 �C with PhLi (4.2 mL, 1.9� in toluene, 8 mmol) for 30 min to give the
corresponding cyclobutene derivative 3a as a colourless solid. Yield:
906 mg (88%); m.p.: 56 �C; 1H NMR (300 MHz, CDCl3): �� 7.52 ± 7.49 (m,
4H), 7.31 ± 7.10 (m, 6H), 2.74 ppm (s, 4H); 13C NMR (75 MHz, CDCl3): ��
138.7, 136.2, 129.7, 128.1, 125.9, 26.8 ppm; MS (EI): m/z (%): 206 (100)
[M]� , 191 (45), 178 (21), 165 (16), 128 (28), 115 (16), 102 (10), 91 (39), 77
(17); analytical data correspond to those reported previously.[12]


1-(2-Phenyl-1-cyclobuten-1-yl)-para-trifluoromethylbenzene (3b): Ac-
cording to general procedure B, 1-para-trifluoromethyphenyl-2-phenyl-
sulfonyl-1-cyclobutene (1.69 g, 5 mmol) was treated at 0 �C with PhLi
(4.2 mL, 1.9� in toluene, 8 mmol) for 30 min to give the corresponding
cyclobutene derivative 3b as a colourless solid. Yield: 1.06 g (77%); m.p.:
98 �C; IR (KBr): �� � 3436, 3066, 2939, 1607, 1326, 1153, 1069, 848, 724,
627 cm�1; 1H NMR (300 MHz, CDCl3): �� 7.54 ± 7.40 (m, 6H), 7.29 ± 7.16
(m, 3H), 2.75 ± 2.69 ppm (m, 4H); 13C NMR (75 MHz, CDCl3): �� 141.6,
139.4, 139.4, 137.1, 135.7, 128.5, 126.2, 126.1, 125.3 (q, J� 3.5 Hz), 27.2,
26.7 ppm; MS (EI):m/z (%): 274 (69) [M]� , 259 (26), 246 (21), 233 (18), 205
(100), 196 (10), 128 (12), 115 (24), 91 (20); HRMS calcd for C17H13F3:
274.0969; found: 274.0982.


para-(2-Phenyl-1-cyclobuten-1-yl)benzonitrile (3c): According to general
procedure B, 1-phenylsulfonyl-2-phenyl-1-cyclobutene (1.35 g, 5 mmol)
was treated at �78 �C with para-cyanophenyllithium (5.3 mL, 1.5� in
THF, 8 mmol) for 1 h to give the corresponding cyclobutene derivative 3c
as a colourless solid. Yield: 797 mg (69%); m.p.: 91 �C; IR (KBr): �� � 3083,
3060, 2961, 2928, 1493, 1452, 1147, 753, 701 cm�1; 1H NMR (300 MHz,
CDCl3): �� 7.59 (s, 4H), 7.49 ± 7.30 (m, 5H), 2.84 ± 2.77 ppm (m, 4H);
13C NMR (75 MHz, CDCl3): �� 144.3, 143.3, 140.2, 135.5, 132.2, 128.6,
128.3, 126.4, 126.2, 110.4, 27.4, 26.5 ppm; MS (EI): m/z (%): 231 (100) [M]� ,
216 (36), 203 (24), 190 (11), 153 (12), 128 (14), 115 (37), 101 (13), 91 (29), 77
(15); HRMS calcd for C17H13N: 231.1048; found: 231.1042.


1-Methoxy-4-(2-phenyl-1-cyclobuten-1-yl)benzene (3d): According to gen-
eral procedure B, 1-phenylsulfonyl-2-(para-methoxyphenyl)cyclobutene
(1.50 g, 5 mmol) was treated at 0 �C with PhLi (4.2 mL, 1.9� in toluene,
8 mmol) for 30 min to give the corresponding cyclobutene derivative 3d as
a colourless solid. Yield: 968 mg (82%); m.p.: 98 �C; IR film: �� � 3351,
3028, 2956, 1603, 1497, 1451, 698 cm�1; 1H NMR (300 MHz, CDCl3): ��
8.02 ± 7.99 (m, 2H), 7.95 ± 7.92 (m, 2H), 7.68 ± 7.52 (m, 5H), 2.83 ± 2.80 (m,
2H), 2.73 ± 2.70 ppm (m, 2H); 13C NMR (75 MHz, CDCl3): �� 150.6, 138.7,
133.9, 133.6, 132.7, 128.3, 131.1, 128.1, 126.6, 124.5, 26.6, 25.9 ppm; MS (EI):
m/z (%): 236 (100) [M]� , 221 (31), 205 (84), 191 (16), 165 (22), 145 (25), 121
(24), 77 (11); HRMS calcd for C17H13N: 236.1201; found: 236.0988.


(2-Methyl-1-cyclobuten-1-yl)benzene (3e): According to general proce-
dure B, 1-phenylsulfonyl-2-phenyl-1-cyclobutene (1.35 g, 5 mmol) was
treated at 0 �C with MeLi (5.0 mL, 1.6� in diethyl ether, 8 mmol) for
30 min to give the corresponding cyclobutene derivative 3e as a colourless
oil. Yield: 605 mg (84%); 1H NMR (300 MHz, CDCl3): �� 7.36 ± 7.31 (m,
4H), 7.23 ± 7.19 (m, 1H), 2.91 ± 2.63 (m, 2H), 2.47 ± 2.44 (m, 2H), 2.03 ±
2.01 ppm (m, 3H); 13C NMR (75 MHz, CDCl3): �� 139.0, 137.7, 136.4,
128.4, 126.4, 125.5, 29.9, 26.2, 16.2 ppm; MS (EI): m/z (%): 144 (38) [M]� ,
129 (100), 115 (38), 102 (5), 63 (5); analytical data correspond to those
reported previously.[10]


(2-Ethyl-1-cyclobuten-1-yl)benzene (3 f): According to general proce-
dure B, 1-phenylsulfonyl-2-phenyl-1-cyclobutene (1.35 g, 5 mmol) was
treated at 0 �C with EtLi (7.3 mL, 1.1� in dibutyl ether, 8 mmol) for
30 min to give the corresponding cyclobutene derivative 3 f as a colourless
oil. Yield: 624 mg (79%); IR (KBr): �� � 3274, 2886, 1647, 1210, 1039,
943 cm�1; 1H NMR (300 MHz, CDCl3): �� 7.33 ± 7.27 (m, 4H), 2.85 ± 2.60
(m, 2H), 2.46 ± 2.37 (m, 4H), 1.11 ppm (t, J� 7.6 Hz, 3H); 13C NMR
(75 MHz, CDCl3): �� 144.7, 136.3, 128.3, 126.3, 125.5, 26.9, 25.6, 23.1,
11.5 ppm; MS (EI): m/z (%): 158 (97) [M]� , 143 (100), 128 (60), 115 (43), 91
(14), 77 (10); HRMS calcd for C12H14: 158.1096; found: 158.1092.


(2-Isopropyl-1-cyclobuten-1-yl)benzene (3g): According to general proce-
dure B, 1-phenylsulfonyl-2-phenyl-1-cyclobutene (1.35 g, 5 mmol) was
treated at �78 �C with iPr2Zn (1.8 mL, 4.5� in diethyl ether, 8 mmol)
and CuCN ¥ 2LiCl (8 mL, 1� in THF, 8 mmol) for 1 h to give the
corresponding cyclobutene derivative 3g as a colourless oil. Yield:
636 mg (74%); IR (KBr): �� � 3223, 2908, 1638, 1187, 1043 cm�1; 1H NMR
(300 MHz, CDCl3): �� 7.24 ± 7.22 (m, 4H), 7.14 ± 7.06 (m, 1H), 2.94 ± 2.85


(m, 1H), 2.51 ± 2.48 (m, 2H), 2.35 ± 2.33 (m, 2H), 1.01 ppm (d, J� 7 Hz,
6H); 13C NMR (75 MHz, CDCl3): �� 149.3, 136.7, 135.5, 128.7, 126.7, 126.2,
28.7, 25.7, 24.5, 20.9 ppm; MS (EI): m/z (%): 172 (31) [M]� , 157 (99), 142
(25), 129 (100), 115 (22), 91 (10), 77 (12); HRMS calcd for C13H16: 172.1252;
found: 172.1248.


(2-tert-Butyl-1-cyclobuten-1-yl)benzene (3h): According to general proce-
dure B, 1-phenylsulfonyl-2-phenyl-1-cyclobutene (1.35 g, 5 mmol) was
treated at 0 �C with tBuLi (5.3 mL, 1.5� in THF, 8 mmol) for 30 min to
give the corresponding cyclobutene derivative 3h as a colourless oil. Yield:
679 mg (73%); IR (KBr): �� � 3331, 2924, 1651, 1218, 954 cm�1; 1H NMR
(300 MHz, CDCl3): �� 7.33 ± 7.31 (m, 4H), 7.23 ± 7.18 (m, 1H), 2.56 ± 2.54
(m, 2H), 2.44 ± 2.42 (m, 2H), 1.16 ppm (s, 9H); 13C NMR (75 MHz, CDCl3):
�� 151.3, 137.8, 136.1, 128.2, 127.9, 126.7, 33.8, 29.2, 27.2, 25.9 ppm; MS (EI):
m/z (%): 186 (19) [M]� , 171 (100), 156 (12), 143 (50), 129 (39), 115 (19), 91
(14), 77 (10); HRMS calcd for C14H18: 186.1400; found: 186.1382.


Dimethylphenyl-(2-phenyl-1-cyclobuten-1-yl)silane (3 i): According to
general procedure B, 1-phenylsulfonyl-2-phenyl-1-cyclobutene (1.35 g,
5 mmol) was treated at 0 �C with PhMe2SiLi (8.9 mL, 0.9� in THF,
8 mmol) for 30 min to give the corresponding cyclobutene derivative 3 i as a
colourless oil. Yield: 1.04 g (79%); IR (KBr): �� � 3307, 2890, 1658, 1226,
1078, 958 cm�1; 1H NMR (300 MHz, CDCl3): �� 6.93 ± 6.79 (m, 10H),
2.56 ± 2.50 (m, 2H), 2.10 ± 2.10 (m, 2H), 0.00 ppm (s, 6H); 13C NMR
(75 MHz, CDCl3): �� 141.1, 138.7, 136.8, 136.2, 131.9, 130.0, 129.7, 128.1,
125.9, 37.3, 26.8, 0.0 ppm; MS (EI): m/z (%): 264 (74) [M]� , 149 (18), 205
(27), 173 (22), 135 (100), 105 (10); HRMS calcd for C18H20Si: 264.1334;
found: 264.1321.


(2-Ferrocenyl-1-cyclobuten-1-yl)ferrocene (3 l): THF (50 mL) was cooled
to �40 �C and treated with TiCl4 (4.68 g, 25 mmol), Zn (6.5 g, 0.1 mol) and
pyridine (7,66 mL, 0.1 mol). This mixture was stirred for 15 min, and then
1,4-diferrocenylbuta-1,4-dione (4.54 g, 10 mmol) was added. The mixture
was warmed to room temperature and stirred for 5 h. After quenching with
NaHCO3 solution, the aqueous phase was extracted with pentane (3�
50 mL). The combined organic phases were washed with water and brine,
and then dried (MgSO4). After evaporation of the solvent, the crude
product was purified by column chromatography (pentane) to give the
desired 1,2-disubstituted cyclobutene 3 l as a red solid. Yield: 2.36 g (56%);
m.p.: 104 �C; IR (KBr): �� � 3437, 2906, 1635, 1302, 1104, 817, 478 cm�1;
1H NMR (300 MHz, CDCl3): �� 4.17 ± 4.04 (m, 18H), 2.53 ppm (s, 4H);
13C NMR (75 MHz, CDCl3): �� 134.1, 80.9, 69.0, 68.3, 55.8, 27.6 ppm; MS
(EI): m/z (%): 422 (100) [M]� , 355 (21), 236 (25), 211 (13), 178 (11), 121
(18); HRMS calcd for C24H22Fe2: 422.0420; found: 422.0436.


General procedure C, preparation of 1,4-diols (6): A solution of a 1,2-
disubstituted cyclobutene (3 mmol) in THF (15 mL) was cooled to 0 �C and
treated dropwise with BH3 ¥ THF solution (3.3 mL, 1� solution in THF,
3.3 mmol). The solution is stirred further 30 min at 0 �C and then brought to
the stated temperature for the stated time. After complete conversion, the
mixture was cooled to 0�C and quenched dropwise with NaOH (10 mL, 2�
solution in H2O) and H2O2 (10 mL, 30% in H2O). The aqueous phase was
extracted with diethyl ether (3� 50 mL). The combined organic phases were
washed with water and brine, and then dried (MgSO4). After evaporation of
the solvent, the crude product was purified by column chromatography
(pentane/diethyl ether 1:1) to give the desired 1,4-diols (6).


anti-1,4-Diphenyl-1,4-butandiol (6a): According to general procedure C,
1,2-diphenyl-1-cyclobutene (618 mg, 3 mmol) was treated with BH3 ¥ THF
at 50 �C for 3 h to give the corresponding 1,4-diol derivative 6a as a
colourless solid. Yield: 646 mg (89%). The desired diol was obtained as one
diastereoisomer. The benzylic H-C(OH) signal has a chemical shift of
74.3 ppm, whereas the diastereomeric syn-1,4-diol has a chemical shift of
73.9 ppm. M.p.: 112 �C; 1H NMR (300 MHz, CDCl3): �� 7.36 ± 7.28 (m,
5H), 4.79 ± 4.76 (m, 2H), 2.50 (br s, 2H), 1.91 ± 1.84 ppm (m, 4H); 13C NMR
(75 MHz, CDCl3): �� 144.9, 128.8, 127.9, 126.3, 74.3, 35.5 ppm; MS (EI):
m/z (%): 224 (14) [M�H2O]� , 118 (100), 107 (37), 91 (12), 79 (53), 51 (7);
analytical data correspond to those reported previously.[2]


anti-1-Phenyl-4-[4-(trifluoromethyl)phenyl]-1,4-butanediol (6b): Accord-
ing to general procedure C, 1-(2-phenyl-1-cyclobuten-1-yl)-para-trifluoro-
methylbenzene (822 mg, 3 mmol) was treated with BH3 ¥ THF at 50 �C for
5 h to give 6b as a colourless oil. Yield: 828 mg (89%). The desired diol was
obtained as one diastereoisomer. The benzylic H-C(OH) signal has a
chemical shift of 62.9 ppm, whereas the diastereomeric syn-1,4-diol has a
chemical shift of 62.0 ppm. IR (film): �� � 3321, 3067, 2922, 1939, 1860, 1557,
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1490, 1377, 1352, 986, 772, 698 cm�1; 1H NMR (300 MHz, CDCl3): �� 7.76
(d, J� 9 Hz, 2H), 7.52 ± 7.03 (m, 7H), 4.01 ± 3.92 (m, 1H), 3.86 ± 3.77 (m,
1H), 2.54 ± 2.31 (m, 2H), 2.12 ± 2.00 ppm (m, 2H); 13C NMR (75 MHz,
CDCl3): �� 140.2, 137.2, 132.5, 128.1, 127.4, 127.3, 125.5, 62.9, 40.0, 23.5,
18.8 ppm; MS (EI):m/z (%): 310 (11) [M]� , 214 (100), 201 (14), 130 (7), 106
(6); HRMS calcd for C17H17F3O2: 310.1181; found: 310.1178.


anti-1-[4-(Aminomethyl)phenyl]-4-phenyl-1,4-butanediol (6c): According
to general procedure C, 4-(2-phenyl-1-cyclobuten-1-yl)benzonitrile
(693 mg, 3 mmol) was treated with BH3 ¥ THF at 50 �C for 5 h to give 6c
as a colourless oil. Yield: 577 mg (71%). The desired diol was obtained as
one diastereoisomer. The benzylic H-C(OH) signal has a chemical shift of
72.2 ppm, whereas the diastereomeric syn-1,4-diol has a chemical shift of
71.3 ppm. IR (film): �� � 3340, 2855, 1603, 1450, 1357, 1027, 971, 701 cm�1;
1H NMR (300 MHz, DMSO): �� 7.34 ± 7.23 (m, 9H), 4.53 ± 4.51 (m, 2H),
3.74 (s, 2H), 2.56 ± 2.54 (m, 2H), 1.70 ± 1.56 ppm (m, 4H); 13C NMR
(75 MHz, DMSO): �� 146.7, 144.7, 142.1, 128.2, 127.1, 126.9, 126.1, 125.9,
72.8, 72.7, 45.6, 36.2, 36.0 ppm; MS (APCI): m/z (%): 270 (5) [M]� , 254 (47),
199 (100); HRMS calcd for C17H21NO2: 271.1572; found: 271.1585.


anti-1-(4-Methoxyphenyl)-4-phenyl-1,4-butanediol (6d): According to
general procedure C, 1-methoxy-4-(2-phenyl-1-cyclobuten-1-yl)benzene
(708 mg, 3 mmol) was treated with BH3 ¥ THF at 50 �C for 5 h to give 6d
as a colourless oil. Yield: 726 mg (89%). The desired diol was obtained as
one diastereoisomer. The benzylic H-C(OH) signal has a chemical shift of
73.9 ppm, whereas the diastereomeric syn-1,4-diol has a chemical shift of
73.1 ppm. IR (KBr): �� � 3367, 3060, 3028, 2962, 2930, 1493, 1453, 1375, 1106,
757, 704 cm�1; 1H NMR (300 MHz, CDCl3): �� 7.27 ± 7.12 (m, H), 6.80 ±
6.75 (m, H), 4.65 ± 4.53 (m, 2H), 3.70 (s, 3H), 2.50 (br s, 2H), 1.84 ± 1.66 ppm
(m, 4H); 13C NMR (75 MHz, CDCl3): �� 159.4, 145.0, 137.1, 128.8, 127.5,
126.2, 114.2, 74.2, 73.9, 55.7, 35.6, 35.4 ppm; MS (EI): m/z (%): 254 (1) [M]� ,
179 (2), 130 (84), 104 (100), 91 (42), 77(28), 51 (12); HRMS calcd for
C17H20O3: 272.1412; found: 272.1432.


anti-1-Phenyl-1,4-pentanediol (6e): According to general procedure C, (2-
methyl-1-cyclobuten-1-yl)benzene (432 mg, 3 mmol) was treated with
BH3 ¥ THF at 40 �C for 16 h to give 6e as a colourless oil. Yield: 427 mg
(79%). The desired diol was obtained as one diastereoisomer. The benzylic
H-C(OH) signal has a chemical shift of 74.4 ppm, whereas the diastereo-
meric syn-1,4-diol has a chemical shift of 74.7 ppm. IR film: �� � 3351, 2960,
2874, 1602, 1453, 1029, 700 cm�1; 1H NMR (300 MHz, CDCl3): �� 7.29 ±
7.19 (m, 5H), 4.67 (t, J� 6.3 Hz, 1H), 3.87 ± 3.74 (m, 1H), 2.11 (br s, 2H),
1.86 ± 1.74 (m, 2H), 1.64 ± 1.33 (m, 2H), 1.05 ppm (d, J� 6.2 Hz, 3H);
13C NMR (75 MHz, CDCl3): �� 145.0, 128.8, 127.9, 126.2, 74.4, 68.3, 35.5,
35.4, 23.9 ppm; MS (EI): m/z (%): 180 (1) [M]� , 141 (13), 120 (56), 107
(100), 91 (13), 79 (63), 56 (13); HRMS calcd for C11H16O2: 180.1150; found:
180.1144.


anti-1-Phenyl-1,4-hexanediol (6 f): According to general procedure C, (2-
ethyl-1-cyclobuten-1-yl)benzene (474 mg, 3 mmol) was treated with BH3 ¥
THF at 40 �C for 16 h to give 6 f as a colourless oil. Yield: 477 mg (82%).
The desired diol was obtained as one diastereoisomer. The benzylic
H-C(OH) signal has a chemical shift of 74.4 ppm, whereas the diastereo-
meric syn-1,4-diol has a chemical shift of 74.7 ppm. IR film: �� � 3351, 2960,
2874, 1602, 1453, 1029, 700 cm�1; 1H NMR (300 MHz, CDCl3): �� 7.34 ±
7.16 (m, 5H), 4.66 (t, J� 6 Hz, 1H), 3.55 ± 3.47 (m, 1H), 1.81 (q, J� 7 Hz,
2H), 1.64 ± 1.33 (m, 4H), 0.85 ppm (t, J� 9 Hz, 3H); 13C NMR (75 MHz,
CDCl3): �� 144.6, 128.2, 127.2, 125.6, 74.2, 73.0, 34.6, 32.6, 30.0, 9.74 ppm;
MS (EI): m/z (%): 194 (5) [M]� , 176 (14), 147 (30), 120 (68), 107 (100), 91
(20), 79 (51), 55 (8); HRMS calcd For C12H18O2: 194.1307; found: 194.1328.


anti-5-Methyl-1-phenyl-1,4-hexanediol (6g): According to general proce-
dure C, (2-isopropyl-1-cyclobuten-1-yl)benzene (516 mg. 3 mmol) was
treated with BH3 ¥ THF at 40 �C for 16 h to give 6g as a colourless oil.
Yield: 449 mg (72%). The desired diol was obtained as a diastereomeric
mixture of 95:5. The benzylic H-C(OH) signal has a chemical shift of
74.8 ppm, whereas the diastereomeric syn-1,4-diol has a chemical shift of
75.5 ppm. IR film: �� � 3422, 3067, 3041, 3011, 2998, 2967, 2874, 1939, 1855,
1800, 1602, 1494, 1352, 1045, 997, 763, 740, 719, 609 cm�1; 1H NMR
(300 MHz, CDCl3) �� 7.28 ± 7.15 (m, 5H), 4.67 ± 4.56 (m, 1H), 3.48 ± 3.50
(m, 1H), 1.85 ± 1.74 (m, 2H), 1.57 ± 1.25 (m, 4H), 1.14 ± 0.99 (m, 1H), 0.84 ±
0.75 ppm (m, 6H); 13C NMR (75 MHz, CDCl3): �� 145.2, 128.8, 127.7,
126.2, 74.8, 74.2, 40.6, 36.2, 30.7, 26.2, 13.9, 12.2 ppm; MS (EI): m/z (%): 222
(2) [M]� , 204 (10), 147 (76), 129 (39), 120 (90), 107 (100), 91 (52), 79 (43), 70
(28), 57 (14); HRMS calcd for C13H20O2: 208.1463; found: 208.1446.


anti-5,5-Dimethyl-1-phenyl-1,4-hexanediol (6h): According to general
procedure C, (2-tert-butyl-1-cyclobuten-1-yl)benzene (558 mg, 3 mmol)
was treated with BH3 ¥ THF at 40 �C for 16 h to give 6h as a colourless
oil. Yield: 460 mg (69%). The desired diol was obtained as a diastereo-
meric mixture of 80:20. The benzylic H-C(OH) signal has a chemical shift
of 79.3 ppm, whereas the diastereomeric syn-1,4-diol has a chemical shift of
79.0 ppm. IR film: �� � 3480, 3080, 3024, 2960, 2924, 1342, 1055, 702 cm�1;
1H NMR (300 MHz, CDCl3): �� 7.27 ± 7.10 (m, 5H), 4.71 ± 4.67 (m, 0.8H),
4.62 ± 4.58 (m, 0.2H), 3.20 ± 3.15 (m, 0.8H), 3.13 ± 3.11 (m, 0.2H), 1.94 ± 1.18
(m, 4H), 0.82 (s, 1.8H), 0.80 ppm (s, 7.2H); 13C NMR (75 MHz, CDCl3):
�� 144.1, 127.4, 126.3, 124.8, 79.3, 79.0, 73.9, 73.1, 36.4, 35.6, 34.9, 34.0, 27.5,
26.3, 24.7 ppm; MS (EI): m/z (%): 222 (3) [M]� , 204 (7), 186 (2), 147 (100),
120 (81), 107 (58), 91 (56), 70 (38), 57 (24); HRMS calcd for C14H22O2:
222.1620; found: 222.1638.


anti-1-Dimethylphenylsilyl-4-phenyl-1,4-butanediol (6 i): According to
general procedure C, dimethylphenyl-(2-phenyl-1-cyclobuten-1-yl)silane
(792 mg, 3 mmol) was treated with BH3 ¥ THF at 50 �C for 5 h to give 6 i
as a colourless oil. Yield: 621 mg (69%). The desired diol was obtained as
one diastereoisomer. The benzylic H-C(OH) signal has a chemical shift
74.2 ppm, of whereas the diastereomeric syn-1,4-diol has a chemical shift of
74.8 ppm. IR film: �� � 3328, 2945, 2867, 1464, 1028, 883, 833, 663 cm�1;
1H NMR (300 MHz, CDCl3): �� 7.27 ± 6.89 (m, 11H), 4.64 ± 4.60 (m, 1H),
3.49 ± 3.42 (m, 1H), 1.91 ± 1.59 (m, 4H), 0.00 ppm (s, 6H); 13C NMR
(75 MHz, CDCl3): �� 140.9, 136.5, 134.4, 134.1, 129.1, 127.9, 127.5, 126.2,
74.2, 55.0, 32.6, 15.6, 1.0 ppm; MS (EI): m/z (%): 300 (19) [M]� , 283 (24),
266 (100), 165 (33), 131 (11); HRMS calcd for C18H24O2Si: 300.1546; found:
300.1528.


anti-5,8-Tridecanediol (6 j): According to general procedure C, 1-butyl-2-
pentyl-1-cyclobutene (540 mg, 3 mmol) was treated with BH3 ¥ THFat 40 �C
for 16 h to give 6j as a colourless solid. Yield: 512 mg (79%). The desired
diol was obtained as one diastereoisomer. One H-C(OH) signal has a
chemical shift of 70.9 ppm, whereas the diastereomeric syn-1,4-diol has a
chemical shift of 72.2 ppm. M.p.: 89 �C; IR (KBr): �� � 3402, 1960, 1637,
1453, 1059, 698 cm�1; 1H NMR (300 MHz, CDCl3): �� 3.57 ± 3.55 (m,
2H),1.59 ± 1.23 (m, 16H), 0.86 ± 0.80 ppm (m, 6H); 13C NMR (75 MHz,
CDCl3): �� 70.9, 70.8, 36.5, 36.2, 32.2, 30.9, 27.0, 24.4, 21.7, 21.6, 13.1,
13.0 ppm; MS (EI): m/z (%): 215 (1) [M]� , 173 (10), 155 (16), 141 (54), 123
(69), 109 (100), 95 (31), 81 (79), 69 (75), 55 (93); HRMS calcd for C13H28O2:
216.2089; found: 216.2078.


anti-5,8-Dodecanediol (6k): According to general procedure C, 1,2-
dibutyl-1-cyclobutene (498 mg, 3 mmol) was treated with BH3 ¥ THF at
40 �C for 16 h to give 6k as a colourless solid. Yield: 509 mg (84%). The
desired diol was obtained as one diastereoisomer. The H-C(OH) signal has
a chemical shift of 72.4 ppm, whereas the diastereomeric syn-1,4-diol has a
chemical shift of 72.0 ppm. M.p.: 94 �C; IR (KBr): �� � 3337, 2955, 1636,
1466, 1128, 1042 cm�1; 1H NMR (300 MHz, CDCl3): �� 3.59 ± 3.57 (m,
2H), 2.06 (s, 2H), 1.61 ± 1.23 (m, 12H), 0.84 pm (t, J� 7 Hz, 3H); 13C NMR
(75 MHz, CDCl3): �� 72.4, 37.6, 33.6, 28.3, 23.1, 14.4 pm; MS (EI): m/z
(%): 202 (1) [M]� , 183 (1), 127 (77), 109 (100), 83 (14), 70 (38), 57 (25);
HRMS calcd for C12H26O2: 202.1933; found: 202.1946.


anti-1,4-Diferrocenyl-1,4-butandiol (6 l): According to general procedure
C, (2-ferrocenyl-1-cyclobuten-1-yl)ferrocene (1.27 g, 3 mmol) was treated
with BH3 ¥ THF at 50 �C for 5 h to give 6 l as a red solid. Yield: 893 mg
(65%). The desired diol was obtained as one diastereoisomer. The
H-C(OH) signal has a chemical shift of 77.9 ppm, whereas the diastereo-
meric syn-1,4-diol has a chemical shift of 77.1 ppm. M.p.: 124 �C; IR (KBr):
�� � 3391, 3089, 2915, 1409, 1105, 1022, 811 cm�1; 1H NMR (300 MHz,
CDCl3): �� 4.17 ± 3.92 (m, 18H), 2.30 ± 2.18 (m, 2H), 1.49 ± 4.46 (m, 2H),
1.19 ± 1.17 ppm (m, 2H); 13C NMR (75 MHz, CDCl3): �� 88.3, 77.9, 68.0,
67.3, 66.0, 32.2 ppm; MS (EI): m/z (%): 440 (100) [M�H2O]� , 438 (16), 267
(10), 226 (23), 207 (49), 186 (25), 120 (34), 73 (24); HRMS calcd for
C24H26Fe2O2: 458.0632; found: 458.0626.


Acknowledgement


We thank the DFG (SPP 1118) for generous support. We thank also the
BASFAG, Bayer AG, Chemetall GmbH and Degussa AG for the generous
gift of chemicals.


¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2003, 9, 5259 ± 52655264







Stereoselective Rearrangements 5259±5265


[1] a) Stereoselective Synthesis (Eds.: G. Helmchen, R. W. Hoffmann, J.
Mulzer, E. Schaumann), Houben Weyl, Thieme, Stuttgart, New York,
1996 ; b) Comprehensive Asymmetric Catalysis (Eds.: E N. Jacobsen,
A. Pfaltz, H. Yamamoto), Springer, Berlin, New York, 1999.


[2] a) F. Lhermitte, P. Knochel, Angew. Chem. 1998, 110, 2598; Angew.
Chem. Int. Ed. 1998, 37, 2459; b) H. Laaziri, L. O. Bromm, F.
Lhermitte, R. M. Gschwind, P. Knochel, J. Am. Chem. Soc. 1999,
121, 6940; c) J. A. Varela, D. Pena, B. Goldfuss, K. Polborn, P.
Knochel, Org. Lett. 2001, 3, 2395; d) B. Goldfuss, P. Knochel, L. O.
Bromm, K. M. Knapp, Angew. Chem. 2000, 112, 4302; Angew. Chem.
Int. Ed. 2000, 39, 4136.


[3] L. O. Bromm, H. Laaziri, F. Lhermitte, K. Harms, P. Knochel, J. Am.
Chem. Soc. 2000, 122, 10218.


[4] E. Hupe, D. Denisenko, P. Knochel, unpublished results.
[5] For some recently described stereoselective syntheses of 1,4-diols, see:


a) C. Gaul, D. Seebach, Helv. Chim. Acta 2002, 85, 772; b) T. M.
Nguyen, D. Lee, Org. Lett. 2001, 3, 3161; c) J. Eames, N. Kuhnert, F. H.
Sansbury, S. Warren, Synlett 1999, 1211; d) G. A. Molander, K. L.
Bobbitt, J. Org. Chem. 1994, 59, 2676; e) B. Feringa, B. DeLange,
Tetrahedron Lett. 1988, 29, 1303; f) R. Annunziata, M. Cinquini, F.
Cozzi, L. Raimondi, S. Stefanelli, Tetrahedron 1986, 42, 5443.


[6] H. Landen, H. D. Martin, A. Stiegel, Chem. Ber. 1987, 120, 171.
[7] a) W. E. Parham, L. D. Jones, J. Org. Chem. 1976, 41, 1187; b) W. E.


Parham, L. D. Jones, J. Sayed, J. Org. Chem. 1975, 40, 2394; c) W. E.
Parham, L. D. Jones, J. Org. Chem. 1977, 42, 260; e) W. E. Parham,
R. M. Piccirilli, J. Org. Chem. 1977, 42, 257.


[8] A. Boudier, C. Darcel, F. Flachsmann, L. Micouin, M. Oestreich, P.
Knochel, Chem. Eur. J. 2000, 6, 2749.


[9] I. Fleming, R. S. Roberts, S. C. Smith, Tetrahedron Lett. 1996, 37, 9395.
[10] E. Negishi, F. Liu, D. Choueiry, M. M. Mohamud, A. Silveira, Jr., M.


Reeves, J. Org. Chem. 1996, 61, 8325.


[11] a) Y. Ito, T. Konoike, T. Harada, T. Saegusa, J. Am. Chem. Soc. 1977,
99, 1487; b) L. Schwink, P. Knochel, Tetrahedron Lett. 1997, 38, 3711.


[12] a) J. E. McMurry, M. P. Fleming, K. L. Kees, L. R. Krepski, J. Org.
Chem. 1978, 43, 3255; b) A. L. Baumstark, C. J. McCloskey, K. E.
Witt, J. Org. Chem. 1978, 43, 3609.


[13] a) S. Winstein, N. J. Holness, J. Am. Chem. Soc. 1955, 77, 3054;
b) G. K. S. Prakash, V. P. Reddy, G. Rasul, J. Casanova, G. A. Olah, J.
Am. Chem. Soc. 1998, 120, 13362


[14] a) Gaussian 98 (Revision A.5), M. J. Frisch, G. W. Trucks, H. B.
Schlegel, G. E. Scuseria, M. A. Robb, J. R. Cheeseman, V. G. Zakr-
zewski, J. A. Montgomery, R. E. Stratmann, J. C. Burant, S. Dapprich,
J. M. Millam, A. D. Daniels, K. N. Kudin, M. C. Strain, O. Farkas, J.
Tomasi, V. Barone, M. Cossi, R. Cammi, B. Mennucci, C. Pomelli, C.
Adamo, S. Clifford, J. Ochterski, G. A. Petersson, P. Y. Ayala, Q. Cui,
K. Morokuma, D. K. Malick, A. D. Rabuck, K. Raghavachari, J. B.
Foresman, J. Cioslowski, J. V. Ortiz, B. B. Stefanov, G. Liu, A.
Liashenko, P. Piskorz, I. Komaromi, R. Gomperts, R. L. Martin,
D. J. Fox, T. Keith, M. A. Al-Laham, C. Y. Peng, A. Nanayakkara, C.
Gonzalez, M. Challacombe, P. M. W. Gill, B. G. Johnson, W. Chen,
M. W. Wong, J. L. Andres, M. Head-Gordon, E. S. Replogle, J. A.
Pople, Gaussian, Inc., Pittsburgh, PA, 1998 ; b) The XYZ matrix for
4a-TS-2can be found in the Supporting Information.


[15] a) M. J. S. Dewar, W. Thiel, J. Am. Chem. Soc. 1977, 99, 4907;
b) M. J. S. Dewar, M. L. McKee, J. Am. Chem. Soc. 1977, 99, 5231.


[16] a) A. D. Becke, J. Chem. Phys. 1993, 98, 5648; b) C. Lee, W. Yang,
R. G. Parr, Phys. Rev. B 1988, 37, 785.


[17] S. Dapprich, I. Komaromi, K. S. Byun, K. Morokuma, M. J. Frisch,
Theochem 1999, 461 ± 462, 1.


Received: March 3, 2003 [F4902]


Chem. Eur. J. 2003, 9, 5259 ± 5265 www.chemeurj.org ¹ 2003 Wiley-VCH Verlag GmbH& Co. KGaA, Weinheim 5265








Aromaticity of Benzene in the Facial Coordination Mode: A Structural and
Theoretical Study**


Hubert Wadepohl* and Maria Entrialgo Castanƒo[a]


Abstract: The effects of facial coordi-
nation of benzene to a trinuclear tran-
sition-metal cluster have been studied
by structure correlation and DFT calcu-
lational methods. Data taken from the
X-ray crystal structures of twelve com-
plexes [{(�-C5H4R��)Co}3(�3-�2:�2:�2-
C6H4RR�)] 1b ± 1m were analyzed by
using standard statistical methods. The
prototypal facial arene ligand is consid-
erably expanded with respect to free
benzene and shows a small but highly


significant Kekule¡ distortion (dCC� 1.42,
1.45 ä). DFT MO calculations were
carried out on the model complexes
[{(�-C5H5)M}3(�-�2 :�2 :�2-C6H6)] 1a
(M�Co), 2 (M�Rh), and 3 (M� Ir).
Ring currents in the facial benzene and


apical cyclopentadienyl ligands have
been assessed by nucleus independent
chemical shift (NICS) calculations.
Compared to the free ligand (with the
optimized D6h structure as well as with
D3h and a C3v geometries similar to that
in the prototypal facial arene), facial
benzene exhibits somewhat reduced but
still substantial cyclic electron delocali-
zation (CED). The calculated order of
CED is benzene � [(CO)3Cr(�-C6H6)]
4 � 1 � 2 � 3.


Keywords: arene ligands ¥ aroma-
ticity ¥ cluster compounds ¥ density
functional calculations ¥ structure
correlation


Introduction


Among the many known metal complexes of benzene and its
substituted derivatives those with a facial (�3-) coordination of
the arene ring to a triangular array of metals form a distinct
and structurally well characterized class.[2] The wide scope of
such systems is marked by the extremes of adsorption states
on metal surfaces on the one hand, and trinuclear molecular
cluster complexes on the other. In the molecular systems, the
staggered (C3v(�d), A) orientation of the M3 and C6 rings is
preferred to the eclipsed (C3v(�v), B) alternative, with so far
only one notable exception.[3] The situation is less clear cut on
close-packed metal surfaces, where other (on-top, C6v and
bridge, C2v) coordination sites also play a role.[4]


The geometry of benzene inC3v(�d) surface adsorption sites,
in particular a possible trigonal in-plane (Kekule¡ -type)
distortion, has been addressed by many surface structural


studies. An alternating lengthening and shortening of the C�C
bonds would result in the formation of the elusive cyclo-
hexatriene, or Kekule¡ benzene, with a potential loss of
aromaticity. However, due to the difficulties in obtaining
reliable geometries of adsorbed molecules,[5] no definitive
conclusion has as yet been reached. Even on the same
adsorption phases, contradictory results were reported from
investigations carried out with different methods. For exam-
ple, in the coadsorbate Rh(111)� (3� 3)� (C6H6� 2CO), a
strong Kekule¡ distortion (dCC� 1.33(15), 1.81(15) ä) was
found by using electron diffraction (LEED), while photo-
electron spectroscopy (ARUPS) indicated an essentially
undistorted hexagonal structure of the chemisorbed ben-
zene.[6]


In the molecular cluster regime, geometrical structures can
be established with much higher precision due to the
applicability of high-resolution single-crystal X-ray and
neutron diffraction methods. A considerable number of
cluster complexes with facial arene ligands have been
structurally characterized.[2, 3] Based on such data, facial
benzene ligands in ruthenium and osmium cluster complexes
were occasionally regarded as trienes, because of a certain
degree of C�C bond length alternation.[7] General conclusions
are however difficult to draw from any individual structure. In
a particular complex, the structure of the facial benzene
ligand could be influenced by deviations from the ideal
symmetry of its coordination site. In addition, the facial arene
can itself be asymmetric, for example due to the presence of
substituents.


[a] Prof. Dr. H. Wadepohl, Lic. QuÌm. M. Entrialgo Castanƒo
Anorganisch-chemisches Institut der Ruprecht-Karls-Universit‰t
Im Neuenheimer Feld 270, 69120 Heidelberg (Germany)
E-mail : bu9@ix.urz.uni-heidelberg.de


[**] Organometallic Cluster Complexes with Face-Capping Arene Li-
gands, Part 11. For Part 10: See reference [1].
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Here we report a structural study with a class of organo-
metallic �3-arene cluster complexes, the family of tricobalt
complexes [{(�-C5R5)Co}3(�3-arene)] 1. Along with the stat-
istical evaluation of observed Kekule¡ -type distortions of the
facial benzene derivative, an attempt will be made to quantify
a possible diminution of cyclic electron delocalization using
the nucleus-independent chemical shift (NICS) criterium,
obtained from first-principles MO calculations on the model
complexes [{(�-C5H5)M}3(�3-benzene)] 1a (M�Co), 2 (M�
Rh) and 3 (M� Ir).


Experimental Section


Statistical analysis of the structural data was based on published
algorithms.[8] All Hartree ± Fock (HF) and density functional theory[9]


(DFT) MO calculations were carried out with Gaussian98 using the
standard basis sets supplied with this package (for details see next
section).[10] The structures of [{(�-C5H5)M}3(�3-C6H6)] 1a (M�Co), 2
(M�Rh) and 3 (M� Ir) were optimized at the B3LYP/LANL2DZ�ECP
(small-effective-core potential)[11] level, starting from a staggered C3v(�d)-
like structure, with the constraint of overall C3 molecular symmetry. The
optimized structures were shown by frequency calculations to be true
energy minima. NICS indices were obtained from HF or DFT GIAO
calculations.[12]


Results and Discussion


Analysis of crystal structure data; definition of the prototypal
molecule : Known molecular cluster complexes with facial
benzene or substituted benzene ligands fall into only a few
categories. The metal frames may be an oligonuclear carbonyl
metal Mn(CO)m (M mainly Ru or Os) or cyclopentadienyl
metal M3(�-C5R5)3 (M�Ru, Co, Rh) fragment. For our study
we chose a series of tricobalt complexes of the type [{(�-
C5H4R)Co}3(�3-arene)] 1.[13] Our choice was based on the
accuracy of the structural parameters, due to the presence of
only first-row transition metals, and on a reasonable popula-
tion of our sample, which is of paramount importance for any
statistical analysis. Unfortunately, in all known derivatives of 1
the facial arene is invariably an alkyl- or alkenylbenzene
derivative, which, in a very few cases, also has another


substituent on the metal coordinated phenyl ring. We there-
fore have to abstract from the particular derivatives to a
(hypothetical) prototypal molecule [{(�-C5H5)Co}3(�3-
arene)], which reflects the structural features common to all
real derivatives.


Data from twelve crystal structure determinations were
used in our analysis (Table 1). In the language of sampling
theory,[14] the population of all possible complexes of the type
1 is sampled by a limited number of structure determinations.
In our dataset, the lengths of the endocyclic C�C bonds in the
facial arenes range from 1.388 to 1.470 ä. The distribution
appears fairly normal (Figure 1).


Figure 1. Distributions of all endocyclic C�C bond lengths in twelve
cluster complexes of the type [{(�-C5H4R)Co}3(�3-�2 :�2 :�2-arene)] 1.


This is confirmed by a normal probability plot[15] (Figure 2)
and the Shapiro ±Wilk statistical test,[16] which gives �1%
probability for the rejection of normality. However, for the


Table 1. Complexes of the type [{(�-C5H4R)Co}3(�3-�2 :�2 :�2-arene)] 1.


R Arene T [K] Ref code[a]


1b H �-methylstyrene amb. GEHZIC
1c Me �-methylstyrene 203 [b]


1d H p-F-�-methylstyrene 200 FEBLIH
1e H p-F-�-methylstyrene amb. TEZFOT
1 f H p-F-�-methylstyrene 200 [c]


1g H 1,1-diphenylethene amb. KIRWEL
1 h H 1,1-diphenylethane amb. HIPKUM
1 i[d] H 1,1-diphenylethane amb. REPYEQ
1j H 1,2-diphenylethane amb. HIPLAT
1k Me 1,2-diphenylethane 203 [b]


1 l H 2-phenyl-butene-2 amb. FEBNOP
1m H p-distyryldurene 200 [c]


[a] CSD version 5.23, Cambridge Crystallographic Data Centre, 2002.
[b] H. Wadepohl, A. Metz, H. Pritzkow, unpublished results. [c] H.
Wadepohl, T. Borchert, H. Pritzkow, unpublished results. [d] [{(�-
C5H5)Co}3(�3-H)(�3-�2 :�2 :�2-arene)]�.
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Figure 2. Normal probability plot of the data of Figure 1.


moment disregarding the substituent(s) on the facial arene
ring, the threefold symmetry of the coordination site A results
in two sets of ring C�C bonds, those �on top� of the metal
atoms and the noncoordinated bonds �in between� the metals.
Visualization of the respective bond lengths in histogram form
(Figure 3) reveals an apparent difference between the two
groups, the first group of bonds being somewhat shorter than


Figure 3. Dissected distributions of the endocyclic C�C bond lengths in
twelve cluster complexes of the type [{(�-C5H4R)Co}3(�3-�2 :�2 :�2-arene)] 1.
Sampling intervals are 0.005 ä in the range 1.388 ± 1.466 ä. The solid
arrows indicate dmean(�on top� bonds), dmean(all bonds) and dmean(�in between�
bonds), respectively.


the second. However, with comparatively small samples such
as ours, histograms (bar charts) can be misleading and are
often considerably biased by the chosen range of values for
any particular bar (compare Figures 1 and 3). In addition,
considerable overlap of the two groups around dCC �1.43 ä is
obvious from Figure 3.


Before venturing a detailed statistical analysis, we shall
consider possible systematic bias of the data. Some of the
structures (5 out of 12) were determined at low temperature
(around 200 K). The structure of [{(�-C5H5)Co}3(�3-p-F-�-
methylstyrene)], which has been obtained both from ambient
and low temperature data, permits assessment of the effect of
temperature. As expected, the standard deviations � of the
unit cell and atomic parameters are smaller for the low
temperature structure. Relevant C�C bonds differ in length
by 0.002 ± 0.017 ä between the two structures (mean absolute
difference 0.008 ä). With the maximum deviation being
approximately 2�max(dCC), and the mean deviation well below
this value, a systematic effect of data collection temperature
was considered negligible, and hence no distinction was made
between ambient and low-temperature data.


All the arene ligands in 1b ± 1m are mono- or disubstituted
benzene derivatives. The influence of substituents on the ring
geometry of benzene derivatives has been investigated in
some detail.[17] The effects on the endocyclic C�C bond
lengths was found to be quite small, and barely noticeable
mainly in the bonds originating from the substituted ring
carbon atom. In the �3-�2:�2:�2 coordinated ligand these
belong to either of the two groups (�on top� and �in between�)
defined above. Any systematic variation of these bonds would
therefore primarily increase the scatter of the data.


Small modifications of the triscyclopentadienylcobalt frame
(a methyl group on each of the cyclopentadienyl rings, or
protonation of the Co3 cluster; both modifications of the basic
structure narrowing somewhat the coordination site of the
facial arene) may be studied with the pairs of complexes (1 j,
1k), (1b, 1c) and (1h, 1 i), respectively. Again, as far as the
C�C bond lengths are concerned, no systematic pattern shows
in the small deviations (complexes 1b and 1c, �dCC� 0.003 ±
0.012 ä, ��dCC � mean� 0.010 ä, �(dCC)� 0.003 ± 0.005 ä; com-
plexes 1 j and 1k, �dCC� 0.002 ± 0.021 ä, ��dCC � mean�
0.010 ä, �(dCC)� 0.004 ± 0.008 ä; complexes 1h and 1 i,
�dCC� 0.003 ± 0.019 ä, ��dCC � mean� 0.009 ä, �(dCC)�
0.006 ± 0.010 ä). We therefore conclude that the observed
distribution of the C�C bond lengths in facial arenes (Fig-
ure 3) is essentially due to intrinsic factors of this coordination
mode, overlaid by smaller effects of different substituents and
molecular packing in the crystals.


Statistical parameters relevant to our data are collected in
Table 2. To account for the variable accuracy of the structures,
weights proportional to (1.5�bond)�2 were applied, where �bond


Table 2. Prototypal bond lengths [ä] and relevant statistical data derived from the complexes [{(�-C5H4R)Co}3(�3-�2 :�2 :�2-arene)] 1b ±m.


Type nobs. Median Mean(�mean) Weighted mean(�weighted mean) �sample �2 W, p[a]


�-CC[b] 36 1.417 1.418(0.0018) 1.420(0.0016) 0.011 65.1 0.950, 0.14
CC[c] 36 1.447 1.447(0.0018) 1.448(0.0017) 0.011 67.0 0.948, 0.12
all CC 72 1.432 1.433(0.0021) 1.434(0.0020) 0.018 395.6 0.973, 0.35


[a] Shapiro ±Wilk coefficient, significance probability p. [b] �On top� bonds. [c] �In between� bonds.
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is the standard deviation of any individual bond. The factor of
1.5 was used to correct for the fact that standard deviations of
bond lengths obtained from least squares refinement of X-ray
diffraction data (™esds∫) are generally systematically under-
estimated.[18] In Table 2, the six C�C bonds of every �3-arene
ligand have been partitioned into two groups, those �on top�
(usually shorter) and those �in between� the metals (usually
longer). To be able to apply statistical significance tests, we
have to assume an essentially normal distribution of our
populations, that is the lengths of �on top�and �in between�,
respectively, C�C bonds in all possible complexes of type 1.
From what has been discussed above we are confident that
this is actually the case. Our view is corroborated by normal
probability plots (essentially linear) and by Shapiro ±Wilk
testing of the samples. Note that, since we are sampling these
total populations with a rather limited number of crystal
structures, the assumption of normality is not necessarily true
(nor does it have to be true) for our samples,[14] that is the
determined values of the respective bond lengths.


We wish to establish if there is a real, statistically significant,
Kekule¡ distortion in the typical facial arene ring. Hence, the
null hypothesis we have to test for is whether or not the mean
length of the �on top� bonds is significantly different from that
of the �in between� bonds.[19] As a more stringent condition, a
difference between the means implies that the two samples
are indeed taken from two different populations. Application
of Student×s t test gives 99% confidence intervals of 1.415 ±
1.424 ä and 1.442 ± 1.452 ä, respectively, for the weighted
means of our two samples, clearly indicative of a small but
nevertheless highly significant difference. This bond length
alternation by approximately 0.03 ä quantifies the Kekule¡
distortion of the prototypal arene ring when coordinated to a
triscyclopentadienylcobalt cluster in the facial mode.


Molecular orbital calculations : Having established the sig-
nificance of the experimentally-observed Kekule¡ distortion
we now proceed to theoretical calculations on model com-
plexes. For the sake of computational efficiency and ease of
interpretation, the most simple derivatives, [{(�-C5H5)M}3(�3-
�2 :�2 :�2-C6H6)] 1a (M�Co) 2 (M�Rh) and 3 (M� Ir) were
studied. Only one of these, complex 2 (M�Rh), has actually
been prepared and structurally characterized.[20]


Geometries and energies : Geometry optimizations of the
cluster complexes were performed using DFT MO calcula-


tions. Our choice of basis set is discussed below, and details
are given in the Experimental Section. A comparison of
experimental and calculated structural parameters is com-
piled in Table 3. With the exception of the Co�Co bonds,
calculated bond distances in the complexes 1a and 2 are
slightly longer (by 0.02 ± 0.03 ä for the bonds which involve at
least one metal) than in the crystal structures. The difference
is smaller for the C�C bonds of the facial benzene (in the
order of 0.01 ± 0.02 ä). The salient features common to the
minimum structures may be summarized as follows: i) a
staggered,C3v(�d) arrangement of the Co3 and facial C6 rings is
attained, ii) the facial benzene ligands are substantially
expanded with a small Kekule¡ distortion (�d� 0.02 ä for
1a ; 0.03 ä for 2 and 3), and iii) the hydrogen substituents on
the �3-benzene are bent out of the ring plane by 16� (1a, 2)
and 20� (3), away from the metal cluster. An explanation of
these effects has been given previously,[21] based on simple
frontier orbital arguments and approximate (Fenske ±Hall)
MO calculations, and need not be reiterated here. Differences
of the electronic structures between derivatives with saturated
and unsaturated side-chains, respectively, on the �3-arene have
also been examined and discussed earlier.[22] They do not affect
the bonding between the facial arene and the Co3 cluster.


The energetics of the Kekule¡ -type in-plane and C�H out-
of-plane bending distortions of free benzene are illustrated in
Figure 4. It is interesting to note that expansion of the


Figure 4. Relative energy of various distorted structures of benzene.
Energy differences are given in kcalmol�1 (B3LYP/6 ± 311�G**; MP2/6 ±
311�G**) relative to the optimized (B3LYP/6 ± 311�G**//B3LYP/6 ±
311�G**; MP2/6 ± 311�G**//B3LYP/6 ± 311�G**) structure.


Table 3. Comparison of observed and calculated geometric parameters (distances [ä] and angles [�]) for some complexes [{(C5H5)M}3(�3-C6H6)].


[{(C5H5)Co}3(C6H6)] (1a) [{(C5H5)Co}3(arene)][a] [{(C5H5)Rh}3(C6H6)] (2) [{(C5H5)Rh}3(C6H6)] (2)[b] [{(C5H5)Ir}3(C6H6)] 3
calculated[c] experimental calculated[c] experimental calculated[c]


M�M 2.460 2.501 2.655 2.625 2.680
M�C 2.051 2.028 2.182 2.152 2.160
�-C�C 1.444 1.420 1.441 1.424 1.455
C�C 1.460 1.448 1.467 1.453 1.483
all CC 1.452 1.434 1.454 1.439 1.469
M3�C6


[d] 1.92 1.89 2.04 2.01 2.02
angle C-H/C6 16 13 ± 18 16 19 20


[a] Weighted means of the structures in Table 1. [b] Weighted means obtained from a crystal structure analysis.[2] [c] B3LYP/LANL2DZ�ECP.
[d] Perpendicular distance between the ring planes.
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optimized structure (D6h , dCC� 1.394 ä) to resemble the size
of the facial ligand in the cluster complexes (D6h , dCC fixed at
1.440 ä) is about as costly as an out-of-plane distortion of the
C�H bonds by 17�, both at the B3LYP/6 ± 311�G**//B3LYP/
6 ± 311�G** and MP2/6 ± 311�G**//B3LYP/6 ± 311�G**
levels. The energetic effects are roughly additive (the
simultaneously expanded and bent structure has the highest
energy, about twice as much as from expansion or C�H
bending alone). A further trigonal distortion of the expanded
planar and nonplanar molecules, respectively, to give the D3h


and C3v Kekule¡ structures with dCC fixed at 1.430, 1.450 ä,
causes only a very small increase (less than 0.2 Kcalmol�1


both at the B3LYP and MP2 levels of theory) of the total
energy. Hence, as far as the total energy is concerned, C�C
bond alternation in the order of magnitude as observed in the
title complexes is irrelevant.


Cyclic electron delocalization : Now turning to the question of
aromaticity of the facially-coordinated arenes, we first have to
pay tribute to the elusive character of this very property. Not
wishing to indulge ourselves in joining the ongoing passionate
discussion on this subject,[23] we merely note that despite the
frequent use of the term aromaticity in the past and present
literature it is not a measurable quantity and can be described
by several, not necessarily correlated parameters. To over-
come the more historical meanings of aromaticity, cyclic
electron delocalization (CED) has been suggested as a better
descriptive name.[24] In the following, we shall mainly use this
more innocent term for the phenomenon in question.


Traditionally, geometry-based indices of aromaticity have
been playing an important role.[25] With respect to our
problem, in some early reports, researchers were tempted to
interpret the geometric particularities of the facial coordina-
tion mode in terms of the arene ™being bonded as a triene to
the metal cluster,∫ with an implied loss or at least considerable
reduction of aromatic character.[7, 26] This proposal will be
addressed in due course.


Magnetic criteria are another cornerstone of popular
aromaticity scales.[27] Bulk magnetic effects, for example
magnetic susceptibility exaltation and anisotropy, and mag-
netic shieldings, for example as measured by NMR spectro-
scopy, are somehow associated with and perhaps caused by
ring currents,[28] which themselves may be thought of as
directly resulting from CED. To avoid the ubiquitous problem
of a suitable reference system, Schleyer et al. proposed an
additional magnetic criterion for CED: nucleus independent
chemical shift (NICS).[29] NICS is readily available from


quantum-mechanical calculations at various levels of theory,
but is also affected by the local effects of � bonds and lone
pairs. Using an analysis based on the IGLO method,[30] it has
been shown that the total NICS of benzene (and related
molecules) at a particular point in space may be dissected into
paratropic and diatropic components, which mainly arise from
the C�C � and � multiple bonds, respectively.[31] The para-
tropic C�C(�) effects fade out more rapidly with increasing
distance from the ring centroid than the diatropic C�C(�)
contributions. In the absence of a detailed analysis of the
individual contributions of bonds, lone pairs and core
electrons NICS(1) (at 1 ä above the ring centroid) is
recommended as a CED diagnostic.[32] NICS may be mapped
in three-dimensional space;[33] significantly negative NICS
values along the direction normal to a ring system indicate the
presence of induced diatropic ring currents, a characteristic of
CED.


NICS has been calculated for a wide range of organic �-
systems. NICS indices derived from density functional calcu-
lations have also been reported for a few organotransition
metal complexes, notably [(CO)3Cr(�6-C6H6)] 4 and [Cr(�6-
C6H6)2]. The values obtained from calculations at the
PW91IGLO/IIITZ2P level (e.g. first column in Table 4) were
taken as an indication that there is no disruption of the ring
current of benzene on complexation.[34]


One goal of the present study was to make comparisons
throughout the series 1 ± 3. It was therefore essential to
employ the same orbital basis set for all the model complexes.
Calculations with large all-electron basis sets are of course
very costly, and even self-forbidden for the heavier metals Rh
and Ir. To evaluate the effects of smaller basis sets and
effective core potentials (ECP) on NICS of metal coordinated
benzene, preliminary calculations were carried out on com-
plex 4. Our results are summarized in Table 4. Taking NICS(1)
as the critical value, and the data reported by Schleyer et al.[34]


as a reference, it can be seen that nothing is gained in going
beyond the 6 ± 311G* basis with the B3LYP functional.
Although it is clearly inappropriate for the calculation of
magnetic properties in the vicinity of the metal, the
LANL2DZ (�ECP for Cr) basis performs quite well for
our purpose, and was therefore adopted for most further
calculations.


NICS values were calculated for the �3-benzene and �5-
cyclopentadienyl rings in the cluster complexes [{(�-
C5H5)M}3(�3-�2 :�2:�2-C6H6)] 1a, 2 and 3 (Table 5). The data
obtained for 1a with the B3LYP/6 ± 311G** theoretical model
are quite similar to those calculated with B3LYP/


Table 4. Computed NICS(d) indices for [(CO)3Cr(�6-C6H6)] 4 in the centre of the �6-benzene and d [ä] above, calculated with various theoretical methods.
The geometry was optimized at the B3LYP/6 ± 311G* level.


d [ä] PW91 IGLO/III TZ2P[a] HF/6 ± 311G** B3LYP/6 ± 311G* B3LYP/6 ± 311G** B3LYP/6 ± 311�G** B3LYP/LANL2DZ�ECP


3.0 � 1.0 (0.3) � 2.2 � 1.4 � 1.4 � 1.4 � 1.8
2.5 � 1.8 (0.0) � 3.6 � 2.3 � 2.4 � 2.4 � 2.8
2.0 � 3.5 (�0.9) � 6.1 � 4.1 � 4.2 � 4.2 � 4.7
1.5 � 7.0 (�3.3) � 11.0 � 7.6 � 7.7 � 8.0 � 8.0
1.0 � 13.2 (�9.3) � 19.0 � 13.5 � 13.6 � 14.4 � 13.2
0.5 � 20.1 (�17.7) � 28.6 � 20.1 � 20.2 � 21.1 � 18.2
0.0 � 25.8 (�23.2) � 40.4 � 27.0 � 27.2 � 27.8 � 24.1


[a] Given as total NICS with the C�C(�) contributions in parentheses; geometry at B3LYP/6 ± 311�G** (data from ref. [34]).
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LANL2DZ�ECP, again illustrating that this small-core ECP
basis is quite suitable for our problem. Variation of NICS with
the distance d perpendicular to the benzene ring plane is
shown in Figure 5, along with our data for the mononuclear


Figure 5. NICS(d) indices in the centre of the benzene rings and dä above
for three geometries of benzene (solid: hexagonal, dCC� 1.394 ä; dotted:
trigonal, dCC� 1.430, 1.450 ä; dashed: trigonal with CH bonds out of
plane), [(CO)3Cr(�6-C6H6)] 4 and �3-�2:�2 :�2-benzene in the complexes
[{(C5H5)M}3(�3-C6H6)] 1a ± 3 (M�Co, Rh, Ir).


�6 ± benzene complex 4 and for free benzene with an undis-
torted (optimized, dCC� 1.394 ä) or expanded and slightly
distorted frame (dCC� 1.430, 1.450 ä, planar and with the CH
bonds bent out of plane), respectively. NICS(d) indices for the
cyclopentadienyl rings in the cluster complexes are visualized
in Figure 6. From Figure 5, it is immediately evident that
expansion and Kekule¡ distortion of free benzene in the order
of magnitude as observed in 1 does not have an influence on
NICS and hence on CED. The maximum around d� 1 ä in
the curves for free benzene is due to the substantial paratropic
contribution of C�C(�), which counteracts the �-effects near
the centroid of the ring.[31] The somewhat higher NICS values
at d� 1.5 ä for the nonplanar structure are due to the closer
vicinity of the CH bonds, which have a diatropic effect.[31] �-
Effects are small in the mononuclear benzene complex 4
(Table 4), resulting in a monotonously falling curve for
NICS.[34] Judging from the shape of the NICS curves this is
also the case for both the �5-C5H5 and �3-�2 :�2 :�2-C6H6 ligands
in the cluster complexes 1a, 2 and 3. Compared to �5-
cyclopentadienyl and to �6-benzene, calculated NICS are
always smaller for the �3-�2 :�2 :�2-benzene ligand. Consistent
with the ring ±metal(s) interaction becoming stronger, de-


Figure 6. NICS(d) indices in the center of the cyclopentadienyl rings and d
ä above in complexes of the type [{(C5H5)M}3(�3-C6H6)] 1a ± 3 (M�Co,
Rh, Ir)


scending the cobalt group of the periodic table also leads to a
reduction of NICS for both ligands in the corresponding
cluster complexes. NICS(1) indices for �3-benzene of about
�8 (M�Co), �6 (M�Rh) and �4 (M� Ir) however still
indicate substantial CED, but definitely less than in the
cyclopentadienyl rings or in the �6-benzene in 4.


NMR chemical shifts : NICS is not an observable property. To
evaluate the reliability of our NICS calculations we have also
calculated 1H and 13C NMR chemical shifts for the facial
benzene and apical cyclopentadienyl ligands.[35] A comparison
with experimental data is compiled in Table 6. The observed
trend upon facial complexation of benzene–a strong high-
field shift of the carbon and proton resonances–is nicely


Table 5. Computed NICS(d) indices for [{(C5H5)M}3(�3-C6H6)] 1a ± 3 in the centre of the �3-benzene and d [ä] above. The geometries were optimized at the
B3LYP/LANL2DZ�ECP level.


1a (M�Co) 1a (M�Co) 2 (M�Rh) 3 (M� Ir)
B3LYP/LANL2DZ�ECP B3LYP/6 ± 311G** B3LYP/LANL2DZ�ECP B3LYP/LANL2DZ�ECP


d [ä] �3-C6H6 �-C5H5 �3-C6H6 �-C5H5 �3-C6H6 �-C5H5 �3-C6H6 �-C5H5


3.0 � 0.8 � 1.4 � 0.4 � 1.4 � 0.6 � 1.3 � 0.4 � 1.2
2.5 � 1.3 � 2.4 � 0.8 � 2.4 � 0.9 � 2.1 � 0.6 � 2.0
2.0 � 2.2 � 4.1 � 1.8 � 4.3 � 1.6 � 3.5 � 1.0 � 3.5
1.5 � 4.1 � 7.1 � 3.9 � 8.1 � 3.0 � 5.9 � 1.9 � 6.1
1.0 � 7.9 � 12.6 � 8.0 � 14.7 � 5.7 � 10.2 � 4.0 � 10.9
0.5 � 13.9 � 20.3 � 14.5 � 23.7 � 9.7 � 15.8 � 7.6 � 17.1
0.0 � 20.0 � 27.1 � 22.3 � 32.7 � 12.4 � 18.5 � 10.1 � 19.5


Table 6. A comparison of calculated vs. experimental 13C and 1H NMR
chemical shifts[a] (�) for benzene and [{(C5H5)M}3(�3-arene)] 1 ± 3.


Compd Basis C6H6 C6H6 C5H5 C5H5


benzene calcd[b] 6 ± 311G** 134.0 7.5
benzene exptl 128.7 7.4
1a calcd 6 ± 311G** 47.3 ± 47.9 4.1 ± 4.3 88.0 4.6


LANL2DZ 46.3 ± 48.1 3.9 ± 4.0 89.0 5.3
1b ±m exptl 39 ± 45[c] 4.2 ± 4.6 81 ± 83 4.5 ± 4.9
2 calcd LANL2DZ 53.4 ± 54.9 4.1 ± 4.3 92.6 5.7
2 exptl 4.1 5.1
3 LANL2DZ 42.4 ± 45.4 3.3 ± 3.5 88.0 5.4


[a] Relative to Si(Me)4. [b] Geometry optimized at the B3LYP/6 ± 311G**
level. [c] CH groups.
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reproduced by the calculations. Calculated carbon chemical
shifts for the trirhodium complex 2 are consistently larger on
the � scale (i.e. less shifted with respect to free benzene) than
for both the cobalt and iridium complexes 1 and 3. Unfortu-
nately, since experimental carbon NMR data for 2 have not
been reported, comparison with experimental data is restrict-
ed to the cobalt series only. Given the fact that the ordering of
carbon chemical shifts is �(Rh)� �(Co)� �(Ir) in many
organometallic complexes of the cobalt group metals[36] our
calculated values do not appear unreasonable.


Conclusion


With respect to the bonding described above ™as a triene∫ of
the facial benzene we consider the observed and calculated
C�C bond length alternation in the order of �d� 0.03 ä
insufficient by far to warrant such an extreme picture of the
bonding. It should be noted here that a quite similar deviation
from sixfold symmetry, but with a somewhat less pronounced
expansion of the ring, was found in the centrally �6-bonded
benzene ligand of 4 [dCC� 1.406(2), 1.423(2) ä (X-ray and
neutron structures);[37] 1.406(4), 1.422(4) ä (microwave struc-
ture)[38]] . The electronic reasons for these small distortions are
similar and well understood for both �6- and �3-ben-
zene.[21, 39, 40]


In free benzene, bond length alternation correlates with
NICS.[41] However, even a strong Kekule¡ distortion only
results in a relatively small reduction of diatropic NICS.[29, 41]


NICS indices calculated for benzene with dCC fixed at 1.420,
1.450 ä (as in the prototypal �3-�2:�2:�2-benzene ligand) are
essentially the same as for regular benzene (Figure 5). CED
drops in the series free benzene� �6-benzene� �3-�2 :�2 :�2-
benzene, but still with substantial CED left in the cluster-
coordinated facial benzene. Evidently, the moderate diminu-
tion of CED in the facial benzene ligand does not result in a
corresponding Kekule¡-type distortion that is nearly as large.
In other words, �3-�2:�2:�2 coordination of benzene to a
trinuclear transition-metal cluster reduces CED more than
would be expected from the trigonal distortion of the facial
ligand itself. However, CED is still far from being quenched
completely.
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Gas-Phase Activation and Reaction Dynamics of Chiral Ion ±Dipole
Complexes


Antonello Filippi and Maurizio Speranza*[a]


Abstract: A family of enantiomerically
pure oxonium ions, that is O-protonated
1-aryl-1-methoxyethanes, has been gen-
erated in the gas phase by the (CH3)2Cl�


methylation of the corresponding 1-ar-
ylethanols. Some information on their
reaction dynamics was obtained from a
detailed kinetic study of their inversion
of configuration and dissociation. The
activation parameters of the inversion
reaction are found to obey two different
isokinetic relationships depending upon
the nature and the position of the
substituents in the oxonium ions. In
contrast, the activation parameters of
the dissociation reaction obey a single
isokinetic relationship. The inversion


and dissociation rate constants do not
follow simple linear free-energy rela-
tionships. This complicated kinetic pic-
ture has been rationalized in terms of
different activation dynamics in gaseous
CH3Cl, which, in turn, determine the
reaction dynamics of the oxonium ion.
When the predominant activation of the
oxonium ion involves resonant energy
exchange from the 1015 cm�1 CH3 rock-
ing mode of unperturbed CH3Cl, the


inversion reaction proceeds through the
dynamically most favored TS, character-
ized by the unassisted C��O bond elon-
gation. When, instead, the activation of
the oxonium ions requires the formation
of an intimate encounter complex with
CH3Cl, the inversion reaction takes
place via the energetically most favored
TS, characterized by multiple coordina-
tion of the CH3OH moiety with the H�


and Hortho atoms of the benzylic residue.
The activation dynamics operating in
the intimate encounter complex with
CH3Cl is also responsible for the disso-
ciation of most selected oxonium ions.


Keywords: gas-phase activation ¥
ion ± molecule reactions ¥ ion ± di-
pole complexes ¥ kinetics ¥
reaction dynamics


Introduction


Knowledge of the dynamics of ion ± dipole intermediates
involved in ionic reactions represents a crucial step towards
the unequivocal comprehension of the detailed mechanism of
such reactions.[1] Recently, ion ± dipole dynamics have been
probed by fast kinetic methods, but the rate constant for
reorganization of ion ± dipole pairs in the condensed phase
remains essentially unknown. The presence of a nucleophilic
solvent represents a major obstacle, which often affects the
kinetics and the mechanisms of ionic processes. This interfer-
ence is obviously unavoidable in solvolytic reactions, such as
the acid-catalyzed solvolysis of optically active 1-phenylalka-
nols and their methyl ethers.[2, 3] Kinetic investigations of these
reactions are based on the competition between the loss of


optical activity of the chiral substrate and the exchange of the
leaving moiety (YOH in Scheme 1) with a molecule of solvent
(for simplicity, the solvent cage is represented by H2O in
Scheme 1).


Scheme 1.


The effects of the nucleophilic solvent cage was recently
identified by investigating the ™solvolysis∫ of optically active
1-phenylethanol and its methyl ethers in the gas phase.[4] The
absence of the solvent and the possibility of modulating the
concentration of the added nucleophiles in the gas phase
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allow us to assess kinv versus kdiss without any perturbation
from the reaction medium and incursion of spurious bimo-
lecular substitution and elimination ± addition pathways.


The investigation is now extended to differently substituted
1-arylethanols. The aim is to elucidate the intrinsic dynamics
of their acid-catalyzed inversion of configuration and disso-
ciation reactions in the absence of cooperating and perturbing
effects of both the solvent and the counterion.


Chiral oxonium ions IS ± IVS are conveniently produced in
the gas phase by methylating the corresponding optically
active 1-(X-phenyl)ethanols (X� para-CH3 (1S), para-Cl (2S),
meta-CF3 (3S), para-CF3 (4S)) with (CH3)2Cl� ions (Scheme 2).
In the same way, the oxonium ions VR and VIR were obtained
in the gas phase from pure (R)-(�)-1-(pentafluorophenyl)e-
thanol (5R) and (R)-(�)-�-(trifluoromethyl)benzyl alcohol
(6R) by attack of the (CH3)2Cl� ions (Scheme 2). These latter
ions are generated by �-radiolysis of CH3Cl, present as the
bulk component (720 Torr) of gaseous mixtures containing
traces of the alcoholic substrate, H2


18O, a radical scavenger
(i.e. O2), and a powerful base (i.e. (C2H5)3N). This procedure
allows the formation of IS ± IVS and VR±VIR in a gaseous,
chemically inert medium (CH3Cl) at pressures high enough to
ensure their complete thermalization.


Experimental Section


Materials : Methyl chloride and oxygen were high-purity gases from UCAR
Specialty Gases N. V., used without further purification. H2


18O (18O-
content� 97 %) and (C2H5)3N were purchased from ICON Services. Ring
monosubstituted X-styrenes (X� para-CH3 (14), para-Cl (15), meta-CF3


(16), para-CF3 (17), 2,3,4,5,6-pentafluorostyrene (18)) (Scheme 2) were
obtained from Aldrich Co. The racemates of 1-(X-phenyl)ethanols (X�
para-Cl (rac-2), meta-CF3 (rac-3), para-CF3 (rac-4)), the pure (R)- (5R) and
(S)-enantiomers of 1-(pentafluorophenyl)ethanol (5S), and the pure R (6R)
and S enantiomers of �-(trifluoromethyl)benzyl alcohol (6S) (Scheme 2)
were purchased from Aldrich Co. The racemate of 1-(para-tolyl)ethanol
(rac-1) was supplied by Lancaster Co. The S enantiomers of 1-(X-
phenyl)ethanols (X�para-CH3 (1S), para-Cl (2S), meta-CF3 (3S), para-
CF3 (4S)), used as starting substrates, were purified from the corresponding
racemates by enantioselective semipreparative HPLC on the following
chiral columns: i : 1S : FSC-poly-DACH-METACR, 5 �m, 250� 4.0 mm i.d.,
eluent: 70/30/5 (v/v/v) n-hexane/dichloromethane/1,4-dioxane; flow rate:
1.0 mL min�1; detection by UV (254 nm) and ORD (polarimeter) in series;
[k1�(�)� 2.63; �� 1.12; T: 25 �C]; ii : 2S : (R,R)-Ulmo, 5 �m, 250� 4.0 mm
i.d., eluent: 99/1 (v/v) n-hexane/propan-2-ol; flow rate: 2.0 mL min�1;
detection by UV (254 nm) and ORD (polarimeter) in series; [k1�(�)� 3.85;
�� 1.22; T: 25 �C]; iii : 3S : (R,R)-Ulmo, 5 �m, 250� 4.0 mm i.d., eluent: 90/
10/3 (v/v/v) n-hexane/dichloromethane/1,4-dioxane; flow rate:
1.5 mL min�1; detection by UV (254 nm) and ORD (polarimeter) in series;
[k1�(�)� 2.33; �� 1.09; T: 25 �C]; iv : 4S : FSC-poly-DACH-METACR,
5 �m, 250�4.0 mm i.d., eluent: 80/20/3 (v/v/v) n-hexane/dichloromethane/
1,4-dioxane; flow rate: 1.0 mL min�1; detection by UV (254 nm) and ORD
(polarimeter) in series; [k1�(�)� 4.79; �� 1.16; T: 25 �C]. The enantiomeric
purity of the isolated enantiomers was checked by enantioselective HRGC
on: i : MEGADEX DACTBS-� (30 % 2,3-di-O-acetyl-6-O-tert-butyldime-
thylsilyl-�-cyclodextrin in OV 1701; 25 m long, 0.25 mm i.d., df : 0.25�)
fused silica column, at 60�T� 170 �C, 4 �C min�1; ii-MEGADEX 5 (30 %
2,3-di-O-methyl-6-O-pentyl-�-cyclodextrin in OV 1701; 25 m long,
0.25 mm i.d., df : 0.25�) fused silica column at T� 125 �C. The S and R
enantiomers of 1-(X-phenyl)-1-methoxyethanes (S/R : X� para-CH3 (7S/
7R), para-Cl (8S/8R), meta-CF3 (9S/9R), para-CF3 (10S/10R)), of 1-(penta-
fluorophenyl)-1-methoxyethane (11S/11R), and of 1-(�-(trifluoromethyl-
phenyl)-1-methoxyethane (12S/12R) were synthesized from the correspond-
ing alcohols by the dimethyl sulfate method.[5] Their identities were verified
by classical spectroscopic methods.


Procedure : The gaseous mixtures were prepared by conventional techni-
ques by using a greaseless vacuum line. Either the S enantiomer of the
selected 1-(X-phenyl)ethanols (1S ± 4S :0.2 ± 0.6 Torr) or the R enantiomers
of 1-(pentafluorophenyl)ethanol (5R :0.6 ± 1.0 Torr) and �-(trifluorome-
thyl)benzyl alcohol (6R :0.4 Torr), H2


18O (2 ± 3 Torr), the radical scavenger
O2 (4 Torr), and the powerful base B� (C2H5)3N (0.2 ± 1.2 Torr; proton
affinity (PA)� 234.7 kcal mol�1)[6] were introduced into carefully degassed
130 mL Pyrex bulbs, each equipped with a break-seal tip. The bulbs were
filled with CH3Cl (720 Torr), cooled to liquid-nitrogen temperature, and
sealed off. The irradiation experiments were carried out at constant
temperatures ranging from 25 to 160 �C with a 60Co source, to a dose of 2�
104 Gy at a rate of 1� 104 Gy h�1, as determined by a neopentane
dosimeter. Control experiments, carried out at doses ranging from 1� 104


to 1� 105 Gy, showed that the relative yields of products are largely
independent of the dose. The radiolytic products were analyzed by
enantioselective HRGC, with a Perkin-Elmer 8700 gas chromatograph
equipped with a flame ionization detector, on the same columns used to
analyze the starting alcohols. The products were identified by comparison
of their retention volumes with those of authentic standard compounds.
Their identities were confirmed by HRGC ± MS, using a Hewlett-Packard
5890 A gas chromatograph in line with a HP 5970 B mass spectrometer.
Yields were determined from the areas of the corresponding eluted peaks,
using the internal standard (i.e. benzyl alcohol) method and individual
calibration factors to correct for the detector response. Blank experiments
were carried out to exclude the occurrence of thermal decomposition and
racemization of the starting alcohols, as well as of their methylated ethers,
within the temperature range investigated.


The extent of 18O incorporation into the radiolytic products was deter-
mined by HRGC-MS, setting the mass analyzer in the selected ion mode
(SIM). The ion fragments corresponding to 16O-[M�CH3]� and 18O-[M�


Abstract in Italian: Una famiglia di ioni ossonio enantiome-
ricamente puri, i. e. gli ioni 1-aril-1-metossietano protonati
all�ossigeno, sono stati generati in fase gassosa per metilazione
dei corrispondenti 1-ariletanoli mediante ioni (CH3)2Cl�.
Alcune informazioni sulla loro dinamica di reazione si sono
potute ottenere mediante uno studio cinetico della loro
inversione di configurazione e della loro dissociazione. I
parametri di attivazione per la reazione di inversione obbedi-
scono a due diverse relazioni isocinetiche che dipendono dalla
natura e dalla posizione dei sostituenti negli ioni ossonio.
Invece, i parametri di attivazione per la reazione di dissocia-
zione seguono una sola relazione isocinetica. Le costanti
cinetiche dei processi di inversione e dissociazione non
seguono nessuna semplice correlazione lineare di energia
libera. Il comportamento cinetico degli ioni ossonio in fase
gassosa e¡ stato razionalizzato in termini di differenti dinamiche
di attivazione le quali determinano differenti dinamiche di
reazione degli ioni stessi. Quando il processo di attivazione
dominante in CH3Cl gassoso procede attraverso uno scambio
di energia vibrazionale risonante fra lo ione ed l�oscillazione a
1015 cm�1 del metile di una molecola non perturbata di CH3Cl,
la reazione di inversione dell�ossonio procede attraverso lo
stato di transizione dinamicamente favorito, caratterizzato
dalla elongazione non assistita del legame C�-O. Quando,
invece, l�attivazione dello ione ossonio richiede la formazione
di un complesso di collisione intimamente legato con una
molecola di CH3Cl, la reazione di inversione procede attra-
verso lo stato di transizione energeticamente favorito, caratte-
rizzato dalla coordinazione multipla del gruppo CH3OH
migrante con i centri H� e Horto del residuo benzilico. La
dinamica di attivazione che prevale nel complesso di collisione
intimamente legato con una molecola di CH3Cl governa anche
la dinamica di dissociazione degli ioni ossonio considerati.
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CH3]� (M��parent ion) were monitored to analyze alcohols 1 ± 5 and their
methylated ethers 7 ± 11. The ion fragments corresponding to 16O-[M]� and
18O-[M]� were monitored to analyze alcohols 6, while the extent of labeling
of its methylated ethers 12 was measured by using the corresponding 16O-
[M�CF3]� and 18O-[M�CF3]� fragments.


Computational details : Quantum-chemical ab initio calculations were
performed by using the Unix version of the Gaussian 98 set of programs[7]


installed on an Alphaserver Compaq DS20E machine. The geometries of
the investigated species were optimized, by analytical gradient techniques,
at the HF/6 ± 31G* level of theory. The located critical points were
unambiguously characterized as true minima on the potential energy
surface by computing, at the same computational level, the corresponding
analytical vibrational frequencies. The latter values were used to calculate
the zero-point vibrational energies (ZPE).


Results


The main products from the �-radiolysis of the gaseous
CH3Cl/1S ± 6R systems are the corresponding retained and
inverted methyl ethers, as well as the racemate of the starting
alcohol (relative yields denoted in Table 1 as Yretained, Yinverted,
and Yracemate, respectively). These products are accompanied
by appreciable amounts of the corresponding styrenes (rela-
tive yield denoted in Table 1 as Ystyrene).[8] Neither 2,3,4,5,6-
pentafluorostyrene (18) is formed from alcohol 5R, nor is
racemization of alcohol 6R observed. The values in Table 1
represent the mean yield factors of the products, as obtained
from several separate irradiations carried out under the same
experimental conditions and whose reproducibility is ex-
pressed by the uncertainty level quoted. The ionic origins of


the products are demonstrated by the sharp decrease (over
80 %) of their abundance as the (C2H5)3N concentration is
raised from approximately 0.1 to approximately 0.5 mol %.


While the 18O content in racemate rac-1 ± rac-5 amounts to
approximately 40 %, no detectable incorporation of the 18O
label is observed in the ethereal products 7 ± 12 of Table 1.
This observation excludes the involvement of water[9] at any
stage of the formation of the ethereal products and points to
the radiolytic (CH3)2Cl� ions as their exclusive precursors.
The predominance of the retained ether over the inverted one
under all conditions indicates that the attack of (CH3)2Cl� at
the O center of the starting alcohols 1S ± 6R primarily yields
the corresponding oxonium intermediates with the same
configuration as the starting substrates, that is IS ±VIR,
respectively. Alkenes 14 ± 17 and the partially labeled race-
mate of the starting alcohol[10] arise from the partial dissoci-
ation[11] of IS ±VR into the corresponding benzyl cations and
CH3OH prior to its neutralization by the strong base B�
(C2H5)3N. No signs of the unimolecular dissociation of VIR
were observed.


Accordingly, formation of the products of Table 1 conforms
to the reaction networks of Scheme 2. Their kinetic treatment
leads to Equations (1) ± (3).[12]


Yretained � 0.5[e�kdiss� � e-�2kinv�kdiss��] (1)


Yinverted � 0.5[e�kdiss� � e��2kinv�kdiss��] (2)


Ystyrene �Yracemate � 1� e�kdiss� (3)


Scheme 2.
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The kinv and kdiss rate constants, derived from Equa-
tions (1) ± (3), are expressed as Equations (4) and (5), respec-
tively.


kinv� 0.5��1{ln[(Yretained �Yinverted)/(Yretained �Yinverted)]} (4)


kdiss� ��1{ln[1� (Ystyrene �Yracemate)]�1} (5)


The � term represents the lifetime of intermediates I ±VI
before deprotonation by the base B ((C2H5)3N). When the
efficiency of the ion deprotonation by B (e.g. kb in Scheme 2)
is set to one, � is expressed by (kb[B])�1.[13] The Arrhenius plots


of kinv and kdiss for IIS over the 60 ± 160 �C temperature range
are reported in Figure 1. Similar plots are obtained for IIIS,
IVS, and VR. In the case of IS, dissociation largely predom-
inates over inversion, suggesting that the inversion barrier is
very close to the dissociation limit. No dissociation is observed
for VIR within the temperature range investigated (85 ±
160 �C), indicating that its dissociation free energy exceeds
15 kcalories per mol at 100 �C.


Figure 2 and Figure 3, respectively, report the Arrhenius
plots of kinv and kdiss for all the selected alcohols, together with
that concerning the O-methylation of (R)-(�)-1-phenyl-
ethanol (VIIR) already described in a previous paper.[4] The


Table 1. Kinetics of gas-phase methylation-induced inversion and dissociation of chiral 1-arylethanols in the presence of (C2H5)3N.


System Reaction Reaction Yield factor, Y(M)[c] Rate constants (�10�6 s�1)
Composition [Torr][a] temp. time (�) Yinverted Yretained Yracemate Ystyrene kinv


[d] logkinv kdiss
[d] logdiss


Substr. (C2H5)3N [�C] [�108 s][b]


1S Y(7R) Y(7S) Y(rac-1) Y(14)
0.61 1.23 60 2.3 0.034 0.966 ± 1.53 6.18 ±
0.51 1.19 70 2.5 0.058 0.942 ± 2.47 6.39 ±
0.63 1.19 80 2.6 0.110 0.890 ± 4.78 6.68 ±
0.51 1.18 100 2.7 0.137 0.863 ± 5.93 6.77 ±
0.63 1.22 120 2.8 0.226 0.774 ± 10.74 7.03 ±
0.60 1.18 140 3.0 0.313 0.687 ± 16.39 7.21 ±
0.61 1.20 160 3.2 0.414 0.586 ± 27.54 7.44 ±


2S Y(8R) Y(8S) Y(rac-2) Y(15)
0.33 0.80 60 3.7 0.079 0.634 0.103 0.184 3.39 6.53 9.14 6.96
0.22 0.56 70 5.4 0.100 0.466 0.249 0.185 4.05 6.61 10.55 7.02
0.40 0.80 80 3.9 0.076 0.497 0.146 0.281 3.93 6.59 14.29 7.16
0.44 0.81 80 3.9 0.087 0.486 0.165 0.262 4.61 6.66 14.28 7.15
0.40 0.79 100 4.2 0.091 0.362 0.118 0.429 6.08 6.78 18.87 7.28
0.40 0.80 120 4.4 0.082 0.191 0.033 0.694 10.47 7.02 29.56 7.47
0.43 0.83 140 4.4 0.037 0.074 0.068 0.821 12.30 7.09 49.94 7.70
0.50 0.81 160 4.8 0.020 0.031 0.094 0.855 16.46 7.22 61.83 7.79


3S Y(9R) Y(9S) Y(rac-3) Y(16)
0.27 0.35 40 8.1 0.029 0.924 0.046 nd 0.40 5.60 0.57 5.76
0.26 0.46 60 6.6 0.052 0.866 0.077 0.005 0.90 5.96 1.26 6.10
0.24 0.46 80 7.0 0.104 0.571 0.277 0.048 2.61 6.42 5.63 6.75
0.25 0.71 120 5.1 0.097 0.152 0.207 0.544 14.83 7.17 27.24 7.43
0.24 0.63 140 6.0 0.037 0.040 0.137 0.786 27.82 7.44 42.81 7.66


4S Y(10R) Y(10S) Y(rac-4) Y(17)
0.20 0.68 25 4.0 0.025 0.975 nd nd 0.64 5.81 nd nd
0.21 0.89 40 3.2 0.032 0.913 0.055 nd 1.10 6.04 1.78 6.25
0.26 0.69 60 4.4 0.078 0.761 0.095 0.066 2.34 6.37 3.98 6.60
0.32 0.63 80 5.1 0.136 0.516 0.212 0.136 5.31 6.72 8.44 6.93
0.39 0.60 100 5.7 0.112 0.226 0.190 0.472 9.51 6.98 19.01 7.28
0.22 0.66 120 5.5 0.102 0.148 0.052 0.698 15.39 7.19 25.22 7.40


5R Y(11S) Y(11R) Y(rac-5) Y(18)
0.62 0.46 25 5.2 0.004 0.979 0.017 nd 0.08 4.89 3.22 5.51
0.70 0.49 60 6.2 0.024 0.878 0.098 nd 0.43 5.63 1.58 6.20
0.71 0.51 85 6.5 0.031 0.423 0.546 nd 1.14 6.06 12.16 7.08
0.80 0.54 120 6.8 0.078 0.265 0.657 nd 4.48 6.65 15.74 7.20
0.99 0.42 160 9.6 0.001 0.001 0.998 nd 12.30 7.09 79.43 7.90


6R Y(12S) Y(12R) Y(rac-6)
0.37 0.29 85 9.2 0.015 0.985 nd 0.16 5.22 � 0.01
0.37 0.27 100 12.4 0.027 0.973 nd 0.22 5.35 � 0.01
0.38 0.25 120 14.2 0.099 0.901 nd 0.78 5.89 � 0.01
0.38 0.30 140 12.5 0.220 0.780 nd 2.32 6.36 � 0.01
0.38 0.26 160 15.2 0.290 0.710 nd 2.85 6.46 � 0.01


[a] CH3Cl: 720 Torr, H2
18O: 2 ± 3 Torr; O2: 4 Torr. Radiation dose: 2x104 Gy (dose rate: 1x104 Gy h�1). [b] Reaction time, �, calculated from the reciprocal of


the first-order collision constant between the relevant methyloxonium intermediate and (C2H5)3N (see text). [c] The relative yield of rac-1/rac-5 is calculated
by doubling the yield of the inverted starting alcohol (ref. [8]). Each value is the average of several determinations, with an uncertainty level of about 5 %. nd:
Y(M)� 0.001. The dashes denote that formation of 14 by far predominates under all conditions. [d] See text.
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Figure 1. Arrhenius plots for the IIS��IIR intracomplex inversion (kinv)
and the IIS��para-ClC6H4CHCH3


� � CH3OH dissociation (kdiss).


Figure 2. Arrhenius plots for the inversion of configuration of the selected
oxonium intermediates.


relevant linear curves obey the equations reported in Table 2
and Table 3, respectively. The tables give the relevant
activation parameters, as calculated from the transition-state
theory.


Figure 3. Arrhenius plots for the dissociation of the selected oxonium
intermediates.


Discussion


Isokinetic relationships : The solid lines of Figure 2, concern-
ing the inversion of configuration of IS, IIS, IIIS, and VIIR
(henceforth denoted as the F family), exhibit a distinct point
of common intersection at a temperature falling within the
range investigated (25 ± 160 �C). A similar common intersec-
tion region, concerning the inversion of configuration of IVS,
VR, and VIR (henceforth denoted as the G family, broken lines
in Figure 2) and not graphically illustrated in the figure, is
located above the temperature range investigated. The curves
of Figure 3, concerning the dissociation of IIS, IIIS, IVS, VR,
and VIIR (henceforth denoted as the E family), also display a
point of common intersection at a temperature close to the
upper extreme of the temperature range investigated.


These common intersections can safely be regarded as
originating from genuine isokinetic relationships (IKR).[14]


This is demonstrated by the excellent linearity of the
corresponding �H*inv versus �S*inv plots for the F family
inversion (corr. coeff.: r2 � 0.9999; standard deviation:


Table 2. Arrhenius parameters for the gas-phase intracomplex inversion of O-protonated 1-aryl-1-methoxyethanes.


Process Arrhenius equation Corr. coeff. �H*inv �S*inv


(y� 1000/2.303RT) (r2) [kcal mol�1] [cal mol�1 K�1]


IS��IR logkinv � (11.3� 0.3)� (7.8� 0.5)y 0.978 7.0� 0.5 � 9.0� 0.9
IIS��IIR logkinv � (9.6� 0.2)� (4.8� 0.3)y 0.973 4.0� 0.4 � 16.9� 0.9
IIIS��IIIR logkinv � (13.3� 0.2)� (11.1� 0.3)y 0.997 10.4� 0.3 � 0.1� 1.1
VIIR��VIIS logkinv � (10.4� 0.1)� (6.2� 0.2)y 0.994 5.4� 0.3 � 13.3� 1.0
IVS��IVR logkinv � (11.7� 0.1)� (8.0� 0.2)y 0.998 7.3� 0.3 � 7.4� 0.8
VR��VS logkinv � (12.0� 0.1)� (9.7� 0.2)y 0.999 8.9� 0.2 � 5.4� 0.5
VIR��VIS logkinv � (13.1� 0.8)� (13.0� 1.5)y 0.964 12.3� 1.5 � 0.9� 1.0


Table 3. Arrhenius parameters for the gas-phase dissociation of O-protonated 1-aryl-1-methoxyethanes.


Process Arrhenius equation Corr. coeff. �H*inv �S*inv


(y� 1000/2.303RT) (r2) [kcal mol�1] [cal mol�1 K�1]


IIS��pClC6H4CHCH3
� � MeOH logkdiss � (10.6� 0.1)� (5.7� 0.2)y 0.989 4.9� 0.3 � 12.2� 0.7


IIIS��mCF3C6H4CHCH3
� � MeOH logkdiss � (13.9� 0.4)� (11.7� 0.7)y 0.990 10.9� 0.6 � 2.6� 2.0


VIIR��C6H5CHCH3
� � MeOH logkdiss � (11.9� 0.3)� (7.9� 0.2)y 0.992 7.1� 0.3 � 6.7� 1.2


IVS��pCF3C6H4CHCH3
� � MeOH logkdiss � (12.1� 0.3)� (8.4� 0.5)y 0.990 7.7� 0.5 � 5.4� 1.4


VR��C6F5CHCH3
� � MeOH logkdiss � (13.1� 0.7)� (10.3� 1.1)y 0.965 9.6� 1.1 � 0.9� 1.9
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sd� 0.028) (solid line in Figure 4), for the G family inversion
(corr. coeff.: r2 � 0.9998, standard deviation: sd� 0.049)
(broken line in Figure 4), and for the E family dissociation
(corr. coeff. : r2 � 0.9995, standard deviation: sd� 0.063) (Fig-
ure 5), whose statistical uncertainties are well within the
experimental errors.


Figure 4. Enthalpy ± entropy compensation plots for the inversion of IS, IIS,
IIIS, and VIIR (the F family) and IVS, VR, and VIR (the G family).


Figure 5. Enthalpy ± entropy compensation plot for the dissociation of IIS,
IIIS, IVS, VR, and VIIR (the E family).


Indeed, the maximum errors in �H*inv(�) and �S*inv (�) are
1.5 kcal mol�1 and 1.1 cal K�1 mol�1 (Table 2), and ��
1.1 kcal mol�1 and �� 2.0 cal K�1 mol�1 (Table 3). The error
criterion is satisfied in the present study, that is �H*inv � 2�
and ��S*inv � 2�, and hence the �H*inv versus �S*inv corre-
lations of Figure 4 and Figure 5 are real.


The curves of Figure 4 show the existence of two different
enthalpy ± entropy compensation effects on the gas-phase
inversion of the I ±VII ions, related to the nature and the
position of the substituent(s) in their structure. In contrast, the
curve of Figure 5 points to the existence of a single enthalpy ±
entropy compensation in the gas-phase dissociation of the
same ions.


The definition of an IKR implies that, at the isokinetic
temperature (Tiso), �G*iso ��H*�Tiso�S*� const. There-
fore, the slopes of the linear curves of Figure 4 and Figure 5
provide the relevant Tiso values, while the Y intercepts give an


estimate of the corresponding �G*iso terms. Accordingly, the
isokinetic parameters for the F inversion reactions are Tiso �
376� 2 K, �G*iso� 10.37� 0.02 kcal mol�1, and logkiso � 6.84,
whereas those for the G inversion reactions are Tiso � 767�
10 K, �G*iso� 13.00� 0.05 kcal mol�1, and logkiso � 9.35. Sim-
ilarly, the isokinetic parameters for the E dissociations are
Tiso� 409� 5 K, �G*iso � 9.89� 0.04 kcal mol�1, and logkiso �
7.61.


Activation dynamics : Several theories have been advanced to
provide insight into the origin of IKRs. Linert×s model[15] is
based on Kramer×s view[16] of reactant molecules (M),
activated by quantum-mechanical energy exchange with
molecules of the surrounding medium acting as a constant-
temperature ™heat bath∫ (HB). After a random walk over
discrete energy levels of the reactants, they reach, at the
highest point of the barrier, a point of no return. The crossing
of this barrier constitutes the chemical reaction rate.


At the thermal equilibrium, an equation is obtained for the
rate constant, which depends on the collision number, the
energy-barrier height, the temperature of the ™heat bath∫, and
the quantum-mechanical transition probability between any
reactant level and the point of no return. When the ™heat
bath∫ contains energy stored in the form of vibrational
degrees, the transition probabilities for vibrational ± vibra-
tional energy transfer are expressed by Pl,m� lexp(�/	)(where
m is the HB vibrational level associated with 	 and l is that
associated with M) and reach the maximum value for a
resonant vibrational ± vibrational coupling when 	m��l.


In the condensed phase, cooperative supramolecular effects
normally make HB vibrational frequencies (	) available that
are much smaller than those of M (�). In this case, the only
variable parameter for a family of reactions is � and,
therefore, the IKR can be expressed mathematically as
dlnk(�)/d�� 0 at Tiso.


Accordingly, for a homogeneous family of reactions such as
that of the present investigation, a single Tiso should be found
whose value (in K) corresponds to the characteristic vibra-
tional frequency 	 (in cm�1) predominantly exchanging
energy in the HB ([Eq. (6)]; kB �Botzmann constant; h�
Planck constant).


Tiso �
h�


2kB


� 0.719	 (6)


While this is the case for the gas-phase E dissociation
(Figure 3 and Figure 5), the observation in the same gaseous
HB (CH3Cl at 720 Torr) of two isokinetic temperatures for the
I ±VII inversion (Figure 2 and Figure 4) underlines the
existence of a point of discontinuity in the 	/� coupling. This
may be peculiar for gaseous media where cooperative supra-
molecular effects are negligible and thus 	 and � are both
variable parameters for a family of reactions.[15]


In this frame, the two isokinetic relationships of Figure 4
can be rationalized in terms of Larsson×s selective energy
transfer (SET) model,[17] which introduces in Linert×s model
the notion of several possible switchovers in the resonant 	/�
coupling. Thus, in the assumption of full 	/� resonance ([Eq.
(6)], Tiso � 376� 2 K for the inversion of configuration of the
F family corresponds to a vibrational frequency 	F predom-
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inantly exchanging energy of 523� 3 cm�1, whereas Tiso �
767� 10 K the inversion of the G family corresponds to a
predominant vibrational frequency 	G � 1067� 14 cm�1. Ac-
cording to theory, these frequencies should correspond to
intense absorption bands of the vibrational spectrum of
gaseous CH3Cl.


As a matter of fact, the IR spectrum of gaseous CH3Cl
shows characteristic vibrational bands around 1015 cm�1 and
732 cm�1, which are assigned to its 	6(e) CH3-rocking and
	3(a1) C�Cl stretching modes, respectively.[18±20] The same
spectrum does not show any significant band below 	3(a1). The
	G � 1067� 14 cm�1 value, corresponding to Tiso � 767� 10 K
for the G family under the full resonance assumption, closely
approaches 	6(e) (Figure 6).


Figure 6. Dependence of the isokinetic temperature (Tiso) as a function of
the critical vibrational frequency of the G reactant (�, [Eq. (7)]), taking the
resonant 	G� 1067 cm�1 value calculated from Equation (1) as the critical
frequency of CH3Cl. The broken line on the x axis refers to the actual
	6(e)� 1015 cm�1 CH3 rocking mode of the unperturbed CH3Cl molecule
[refs. 18 ± 20]. The black bar on the y axis shows the Tiso � 767� 10 K
measured from the isokinetic relationship for the inversion of configuration
of G (Figure 4).


This means that the unimolecular rearrangement of G is
essentially promoted by resonant energy exchange with the
CH3-rocking mode of CH3Cl. On the contrary, none of the
characteristic absorption bands of the CH3Cl spectrum can
account for the value of Tiso� 376� 2 K obtained for the F
series. Indeed, even considering the possibility of nonresonant
energy exchange with the lowest available CH3Cl frequency
(	3(a1)� 732 cm�1), the minimum Tiso value, calculated from
Equation (7) as a function of � for the F series,[17] always
exceeds the actual value (376� 2 K) by no less than 123 K
(Figure 7).


Tiso �
h	�2 � �2



kB�


���2 � arctg
��


2��2 � �2�


� � (7)


This implies the operation of two different activation
dynamics for the inversion of configuration of the oxonium
ions I ±VII. The activation dynamics of the G ions involves
the resonant energy exchange between their characteristic


Figure 7. Dependence of the isokinetic temperature (Tiso) as a function of
the critical vibrational frequency of CH3Cl (	, [Eq. (7)], taking the critical
frequency of the inversion of the F reactant (�F) equal to that of the C�Cl
stretching mode of the unperturbed CH3Cl, that is 	3(a1)� 732 cm�1. The
asterisk denotes the resonant coupling between 	3(a1) and �F. The black bar
on the y axis shows the Tiso � 376� 2 K measured from the isokinetic
relationship for the inversion of configuration of F (Figure 4).


vibration frequency �G and the CH3-rocking mode of CH3Cl
(	6(e)) (Figure 6). The lack of any correspondence between
the estimated characteristic vibration frequency of the F ions
(�F � 523� 3 cm�1) and any of the fundamental vibrational
modes of the CH3Cl molecule (Figure 7), points to the
activation of the F ions as proceeding by a more intimate
mechanism involving their transient complexation with a
CH3Cl molecule. Indeed, detailed theoretical and spectro-
scopic analyses of van der Waals complexes between CH3Cl
and strong acids AH, both in the gas phase and in liquefied
inert gases, point to the development of low-frequency Cl ¥¥¥
H�A libration and torsional modes in their van der Waals
complexes, falling in the mid-infrared region (500 ±
300 cm�1).[21,25]


Accordingly, HF/6 ± 31G* calculations of a model complex
between O-protonated benzyl methyl ether[26] and CH3Cl
indicate the presence of nine vibrational frequencies addi-
tional to those characteristic of the two isolated components.
Among these that for the out-of-plane C�Cl ¥¥¥ H�O bending
mode occurs at 639 cm�1. Scaling down this value by 0.8953,[27]


leads to a frequency value of 572 cm�1 which may be
compatible with �F � 523� 3 cm�1.


The same vibrational mode at 572 cm�1 coincides with the
critical value of �diss � 569 cm�1 calculated from Equation (1)
for the dissociation of the E family (Tiso� 409� 5 K).


Transition states and reaction dynamics : The reaction dy-
namics of the oxonium ions I ±VII are strictly related to their
activation dynamics. The points of no return for the F
inversion of configuration (henceforth denoted as TSF) and
of the E family dissociation, are attained by the out-of-plane
C�Cl ¥¥¥ H�O bending vibration in the intimate encounter
complexes of the oxonium ions with CH3Cl.


Some insights into the nature of TSF can be obtained from
the inspection of Figure 8, showing the energetically most
favored B3-LYP/6 ± 31G*-calculated TS VIII, involved in the
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Figure 8. B3-LYP/6 ± 31G*-optimized geometries of the critical structures
on the [C6H5CH�CH3,CH3OH] potential energy hypersurface.


VIIR��VIIS inversion reaction.[4] Structure VIII exhibits a
pronounced C��O bond distance between the leaving
CH3OH molecule and the planar �-methylbenzyl cation
(2.86 ä). The CH3OH moiety establishes electrostatic inter-
actions with the acidic � (H�) and ortho (Hortho) hydrogen
atoms of the benzyl ion in much the same way as in the
inversion intermediate IX. It is concluded that the specific
mode of activation of the F members of the family allows
access to the energetically most-favored TSF, characterized by
the C��O bond bending coupled with its elongation assisted
by the rest of the complex. The similarity in the activation
dynamics of the F inversion and the E dissociation suggests
that both processes follow similar reaction coordinates.


The coordination of the CH3OH moiety with H� and Hortho


of the benzylic residue, and the intimate association of a
CH3Cl molecule in the TS, may provide an explanation for
lack of any correlation between the inversion rate constants of
F (Table 1) and any simple combination of field/inductive and
resonance effects of their substituents.[28] Indeed, according to
TSF, the ring substituent in the benzylic moiety exerts its
effects not only toward the C� reaction site, but also on the
acidity and, hence, the coordinating properties of Hortho.


The two isokinetic relationships of Figure 4 imply that the
G inversion reaction proceeds through a reaction coordinate
and a transition state (henceforth denoted as TSG) which are
substantially different from those involved in the F inversion
reaction. The activation dynamics of the G inversion does not
necessarily require intimate complexation with CH3Cl. In-
deed, the point of no return of the G inversion reaction is
achieved by resonant coupling with the 	6(e)� 1015 cm�1


CH3-rocking mode of an unperturbed CH3Cl molecule. A
plausible model for TSG could involve the C��O bond
breaking without any significant coordination of the migrating
CH3OH moiety with the acidic hydrogen atoms of the
benzylic residue. This view is supported by the less negative
�S*inv values measured for the inversion of the G members of
the series relative to those of the F ions (except IIIS)[29]


(Table 2).


Conclusion


Two different isokinetic relationships are observed in the gas-
phase configuration inversion of a family of O-protonated
1-aryl-1-methoxyethanes, depending upon the nature and the


position of the substituents. Since these were observed in
exactly the same gaseous medium (CH3Cl), the dual behavior
is rationalized in terms of two different inversion dynamics
driven by the activation dynamics from the bulk gas. Thus, if
activation proceeds predominantly through a resonant energy
exchange with the 	6(e)� 1015 cm�1 CH3-rocking mode of the
unperturbed molecule of the bath gas (CH3Cl), the inversion
reaction proceeds through the dynamically most accessible TS,
involving unassisted C��O bond rupture (the G family). If,
instead, activation involves the out-of-plane C�Cl ¥¥ ¥ H�O
bending vibration developed in the intimate encounter
complex between CH3Cl and the oxonium ions, the inversion
reaction proceeds through the energetically most accessible
TS. Here the CH3OH motion is assisted by coordination with
the acidic hydrogen atoms of the benzylic residue (the F
family). The same vibrational mode is active in promoting the
dissociation of most members (I ±VII) of the family of
oxonium ions, irrespective of their belonging to the F or G
sets. Since the G inversion reaction does not require any
significant coordination with the CH3Cl molecules, its mech-
anism can be considered as essentially ™unimolecular∫. In
contrast, both the F inversion and the E dissociation can be
regarded as ™bimolecular∫ processes, since they involve
intimate coordination with a CH3Cl molecule. Their transition
states, characterized by extensive coordination of the CH3OH
moiety with the H� and Hortho atoms of the benzylic residue,
justify the observation that, despite the relevant activation
parameters conforming to isokinetic relationships, they never-
theless do not obey any linear free-energy relationships.[30]


The results of the present study show, for the first time, the
possible coexistence of different activation dynamics in the
gas phase and their strict connection with the dynamics and
the mechanism of ionic reactions. Competing processes,
namely the F inversion and the E dissociation, are promoted
by the same activation dynamics. Instead, the same ionic
reaction, namely the I ±VII inversion of configuration, can be
promoted by different activation dynamics depending upon
the nature and the position of the substituents.
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Sensitized Near-Infrared Emission from Complexes of YbIII, NdIII and ErIII by
Energy-Transfer from Covalently Attached PtII-Based Antenna Units


Nail M. Shavaleev,[a] Lucy P. Moorcraft,[a] Simon J. A. Pope,[b] Zˆe R. Bell,[a]
Stephen Faulkner,*[b] and Michael D. Ward*[a]


Abstract: A series of dinuclear platin-
um(��) ± lanthanide����� complexes has
been prepared in which a square-planar
PtII unit, either [(PPh3)2Pt(pdo)]
(H2pdo� 5,6-dihydroxyphenanthroline)
or [Cl2Pt(dppz)] [dppz� 2,3-bis(2-pyri-
dyl)pyrazine], is connected to a
{Ln(dik)3} unit (™dik∫� a 1,3-diketonate
ligand). The mononuclear complexes
[(PPh3)2Pt(pdo)] and [Cl2Pt(dppz)] both
have external, vacant N,N-donor di-
imine-type binding sites that react with
various [Ln(dik)3(H2O)2] units to give
complexes [(PPh3)2Pt(�-pdo)Ln(tta)3]
(series A ; Htta� thenoyltrifluoroace-


tone), [Cl2Pt(�-dppz)Ln(tta)3] (series
B); and [Cl2Pt(�-dppz)Ln(btfa)3] (series
C ; Hbtfa� benzoyltrifluoroacetone); in
all of these the lanthanide centres are
eight-coordinate. The lanthanides used
exhibit near-infrared luminescence (Nd,
Yb, Er). Crystal structures of members
of each series are described. In all
complexes, excitation into the Pt-cen-
tred absorption band (at 520 nm for


series A complexes; 440 nm for series
B and C complexes) results in character-
istic near-IR luminescence from the Nd,
Yb or Er centres in both the solid state
and in CH2Cl2, following energy-trans-
fer from the Pt antenna chromophore.
This work demonstrates how d-block-
derived chromophores, with their in-
tense and tunable electronic transitions,
can be used as sensitisers to achieve
near-infrared luminescence from lantha-
nides in suitably designed heterodinu-
clear complexes based on simple bridg-
ing ligands.


Keywords: dinuclear complexes ¥
energy transfer ¥ lanthanides ¥ lu-
minescence ¥ N ligands ¥ platinum


Introduction


The intense, long-lived and line-like emission from the
lanthanide ions EuIII and TbIII has made their compounds of
intense interest for a wide range of applications such as
display devices, luminescent sensors and probes for clinical
use (e.g., fluoroimmunoassay).[1] In contrast, the longer-
wavelength luminescence from other lanthanides such as
YbIII, NdIII and ErIII, which occurs in the near-infrared (NIR)
region, has only relatively recently become of interest,[2±7] and
the development and exploitation of NIR luminescence in
lanthanide complexes lags a long way behind that of EuIII and
TbIII complexes.


Although NIR luminescence is weak compared to that from
EuIII and TbIII, it is of considerable technological significance
in two quite different fields. Firstly, it could be exploited for


medical-imaging purposes, because of the relative transpar-
ency of human tissue in the NIR region. The use of a NIR
luminophore would not only allow the radiation emitted from
an in vivo probe to be detected outside the body, but would
also allow more penetrating long-wavelength light to be used
for excitation. What makes the use of NIR-emitting lantha-
nides in this way particularly appealing is that many of the
major problems of ligand design, kinetic and thermodynamic
stability of complexes, and their biocompatibility and biodis-
tribution have already been solved during the development of
GdIII complexes as MRI contrast enhancement agents.[8]


The second important application of NIR luminescence
from lanthanides is in optical telecommunications systems
that are based on silica fibres. Silica has windows of trans-
parency at ca. 1330 and 1550 nm, which are the wavelengths
used for optical data transmission. Some attenuation still
occurs and is compensated for by amplifiers that boost the
signal; these amplifiers contain PrIII and ErIII, whose emission
wavelengths are, conveniently, at wavelengths that are close
to the transparency windows of silica.[9]


The very weak (Laporte forbidden) and narrow f ± f
transitions of lanthanides[10] means that direct excitation
requires intense (laser) sources at precise wavelengths. It is
far more common and convenient to stimulate luminescence
by exploiting energy-transfer from a ligand that contains
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suitable strongly absorbing aromatic chromophores such as
pyridyl or phenyl groups.[2±7] Whilst excitation of aromatic
ligands in the UV/blue region, which is necessary with EuIII


and TbIII, can certainly be used to stimulate NIR emission
from other lanthanides, it would be useful–for the reasons
given above–to be able to use longer wavelength (visible/
red) excitation. Therefore, complexes of ErIII, NdIII, and so
forth need to be designed that contain suitable chromophores
for excitation at these wavelengths.


One approach to this is to use as ligands suitably
functionalised organic dyes that have particularly low-energy
� ±�* transitions. By using chromophores such as fluorenone
dyes[5] or tetrazine[4] in the ligands, sensitised emission from
NIR-emitting lanthanides has been observed using excitation
wavelengths of 500 ± 550 nm. A potentially more versatile
approach, which is the subject of this paper, is to exploit
strongly absorbing transition-metal chromophores as antenna
groups to achieve sensitised NIR emission from lanthanides.
There are clear advantages to this approach. Transition-metal
complexes can have very strong charge-transfer absorptions,
at a range of wavelengths that span the visible region, with
extinction coefficients of the order of 104 ��1 cm�1. In many
series of complexes the relationship between ligand substitu-
ents and absorption spectrum is well understood, such that
™fine tuning∫ of the absorption maximum is straightforward.


To exploit the strong light-absorbing properties of d-block
complexes as antenna groups in this way in molecular species,
preparation of heterodinuclear complexes is required in
which the d-block antenna unit is connected to the f-block
NIR luminophore unit by a short bridging ligand that will
allow effective d� f energy transfer to occur. Examples of
this in molecular species are rare, because they are based on
highly asymmetric bridging ligands that have different binding
sites for the d-block and f-block centres; this complicates the
syntheses and means that the examples known are limited and
far from generally applicable to a wide range of antenna/
luminophore combinations. Thus various workers have used
metalloporphyrins as the antenna group to achieve sensitised
NIR emission from lanthanides;[11] van Veggel and co-workers
have used both ferrocenyl and [Ru(bpy)3]2� units as chromo-
phores in a similar way.[12] Piguet and co-workers observed
f� d EuIII�CrIII energy transfer, resulting in sensitised
emission from CrIII in a heterodinuclear EuIII/CrIII triple
helicate,[13a] and sensitisation of lanthanide emission with CrIII


as energy-donor occurs in oxalato-bridged dinuclear complex-
es.[13b] The field of heterodinuclear d/f block assemblies and
the properties that can arise from metal ±metal interactions
has recently been reviewed.[14]


We have recently developed a simple, stepwise method
which allows a wide range of d-block chromophores to be
attached to {Ln(dik)3} luminophores (™dik∫� a 1,3-diketonate
anion; Ln denotes a generic lanthanide ion) using the
™complexes as ligands∫ approach.[15, 16] By using potentially
bridging ligands, such as bipyrimidine, a kinetically inert
d-block metal chromophore can be attached to one site,
leaving the second N,N-donor site free. Attachment of a
{Ln(dik)3} unit to the vacant N,N-donor site of the d-block
™complex ligand∫ is facile and just requires reaction of the
complex ligand with the appropriate [Ln(dik)3(H2O)2] in a


non-polar solvent. The resulting adducts have high enough
stability constants to remain largely associated in non-polar
solvents, allowing d� f energy transfer to occur, resulting in
sensitised luminescence from the lanthanide.[16] In this paper
we describe how this method can be used to prepare a series of
dinuclear Pt ± lanthanide complexes, in which a {Pt(PPh3)2(ca-
techolate)} or {PtCl2(diimine)} unit (as chromophore) is
connected to a {Ln(dik)3} NIR-emitting luminophore. The
crystal structures of several dinuclear complexes of this type
have been determined, and we show how excitation of the Pt-
based chromophore using visible light results in sensitised
NIR emission from the lanthanide unit in each case. A
preliminary communication based on part of this work has
been published recently.[16]


Results and Discussion


Synthesis and characterisation of complexes : The two d-block
™complex ligands∫ used are [(PPh3)2Pt(pdo)], in which a
{Pt(PPh3)2}2� unit is coordinated to the diolate site of 5,6-
dihydroxyphenanthroline (H2pdo) and the phenanthroline
site is free,[17] and [Cl2Pt(dppz)], in which one of the binding
sites of a 2,3-di(2-pyridyl)pyrazine-bridging ligand is occupied
by a {PtCl2} fragment and the other site is vacant;[18] these are
known compounds.[17, 18] Reaction of these with a variety of


[Ln(dik)3(H2O)2] species in CH2Cl2/heptane or benzene/
heptane afforded the dinuclear adducts by displacement of
two water ligands from the coordination sphere of the
lanthanide by the vacant N,N-donor site of the complex
ligand. This synthesis is based on the well-known formation of
eight-coordinate adducts between {Ln(dik)3} units and N,N-
bidentate chelates such as 2,2�-bipyridine (bpy) or 1,10-
phenanthroline (phen).[19] We note that use of
[(PPh3)2Pt(pdo)] as a ™bipyridine equivalent∫ in this way for
the formation of heterodinuclear (d ± d) complexes has been
described by others.[20]


The complexes prepared fall into three series: series A :
[(PPh3)2Pt(�-pdo)Ln(tta)3] (Htta� thenoyltrifluoroacetone),
series B : [Cl2Pt(�-dppz)Ln(tta)3], and series C : [Cl2Pt(�-
dppz)Ln(btfa)3] (Hbtfa� benzoyltrifluoroacetone). For sim-
plicity, the complexes will be referred to by the series label
and the lanthanide, for example, [Cl2Pt(�-dppz)Yb(tta)3] will
be referred to as Yb(B) and so on. All complexes are air- and
moisture-stable crystalline solids and were satisfactorily
characterised on the basis of elemental analyses and some
X-ray crystal structures. Whereas the series A and C
complexes are highly soluble in CH2Cl2, the series B
complexes were much less soluble; this prevented full photo-
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physical characterisation in solution (see later). The crystal
structures of representative complexes of each series are
shown in Figures 1 ± 3 below; isostructural analogues for the
series A complexes are not shown, but their details are
included in the crystallographic tables.


The complexes Yb(A), Er(A), La(A) and Gd(A) are
isostructural; the structure of Er(A) is shown in Figure 1 [the
structure of Gd(A) was described in the earlier communica-
tion[16] and is not reproduced here]. The PtII centre is square


Figure 1. Molecular structure of [(PPh3)2Pt(�-pdo)Er(tta)3] ¥ 0.5C6H6 (sol-
vent and F atoms omitted for clarity). The disorder between S(16) and
C(19) is not shown.


planar; the eight-coordinate ErIII centre has an approximate
square-antiprismatic geometry, with the two square planes
consisting of atoms N(41)/N(51)/O(31)/O(34) and O(11)/
O(21)/O(14)/O(24) Bond lengths and angles around individ-
ual metal centres are unremarkable. The Pt ¥ ¥ ¥Er distance is
8.38 ä. Selected bond lengths and angles for the series A
complexes are collected in Table 1; the bond lengths around
the various lanthanides follow the pattern expected on the
basis of the lanthanide contraction. The bulky PPh3 ligands


preclude any axial Pt ¥ ¥ ¥Pt interactions between adjacent
molecules.


The structure of Nd(B) is shown in Figure 2. Again, the PtII


centre has the usual square-planar geometry, and the NdIII


centre is approximately square antiprismatic with the two sets


Figure 2. Molecular structure of [Cl2Pt(�-dppz)Nd(tta)3] ¥ CH2Cl2 (solvent
and F atoms omitted for clarity) including the disorder of one of the
thiophene rings.
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Table 1. Selected bond lengths [ä] and angles [�] for the series A
complexes.


[(PPh3)2Pt(�-pdo)Er(tta)3] ¥ 0.5C6H6 [Er(A) ¥ 0.5C6H6]


Er(1)�O(11) 2.287(7) Er(1)�N(41) 2.499(7)
Er(1)�O(31) 2.300(7) Er(1)�N(51) 2.522(8)
Er(1)�O(21) 2.304(6) Pt(1)�O(57) 2.021(6)
Er(1)�O(14) 2.320(7) Pt(1)�O(47) 2.040(6)
Er(1)�O(34) 2.322(8) Pt(1)�P(6) 2.238(2)
Er(1)�O(24) 2.326(6) Pt(1)�P(7) 2.241(2)
Er(1) ¥ ¥ ¥Pt(1) 8.381(1)


O(57)-Pt(1)-O(47) 82.9(2) O(57)-Pt(1)-P(7) 167.99(18)
O(57)-Pt(1)-P(6) 92.63(17) O(47)-Pt(1)-P(7) 86.14(16)
O(47)-Pt(1)-P(6) 174.36(18) P(6)-Pt(1)-P(7) 98.57(8)


[(PPh3)2Pt(�-pdo)La(tta)3] [La(A)]


La(1)�O(31) 2.440(9) La(1)�N(41) 2.661(11)
La(1)�O(21) 2.455(9) La(1)�N(51) 2.669(9)
La(1)�O(34) 2.479(9) Pt(1)�O(57) 2.016(8)
La(1)�O(11) 2.479(9) Pt(1)�O(47) 2.041(7)
La(1)�O(14) 2.487(10) Pt(1)�P(6) 2.227(3)
La(1)�O(24) 2.497(8) Pt(1)�P(7) 2.238(3)
La(1) ¥ ¥ ¥Pt(1) 8.543(2)


O(57)-Pt(1)-O(47) 82.0(3) O(57)-Pt(1)-P(7) 86.2(2)
O(57)-Pt(1)-P(6) 174.4(2) O(47)-Pt(1)-P(7) 167.0(2)
O(47)-Pt(1)-P(6) 93.3(2) P(6)-Pt(1)-P(7) 98.76(12)


[(PPh3)2Pt(�-pdo)Yb(tta)3] [Yb(A)]


Yb(1)-O(24) 2.268(11) Yb(1)-N(51) 2.480(10)
Yb(1)-O(31) 2.273(10) Yb(1)-N(41) 2.487(13)
Yb(1)-O(21) 2.304(11) Pt(1)-O(47) 2.002(10)
Yb(1)-O(34) 2.310(10) Pt(1)-O(57) 2.037(9)
Yb(1)-O(11) 2.313(11) Pt(1)-P(6) 2.230(4)
Yb(1)-O(14) 2.326(11) Pt(1)-P(7) 2.231(4)
Yb(1) ¥ ¥ ¥Pt(1) 8.345(2)


O(47)-Pt(1)-O(57) 83.3(3) O(47)-Pt(1)-P(6) 92.4(3)
O(57)-Pt(1)-P(6) 174.0(3) O(57)-Pt(1)-P(7) 85.7(3)
P(6)-Pt(1)-P(7) 98.97(14) O(47)-Pt(1)-P(7) 167.0(3)
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of four donors defining the planes being O(42)/(O44)/N(11)/
N(21) and O(52)/O(54)/O(62)/O(64). The dppz bridging
ligand has a rather distorted geometry, which is necessary to
allow the two pyridyl rings to avoid another; the angles
between the pyridyl rings and the central pyrazine ring are
39.3 and 14.7� for the pyridyl rings containing N(11) and
N(31), respectively. The mean planes of the two pyridyl rings
are at 49.9� to one another. The non-bonded Nd ¥ ¥ ¥Pt
separation is 7.26 ä. Selected bond lengths and angles for
this complex are in Table 2.


An interesting feature of this complex, which complicated
the refinement, is the twofold disorder in the position of the
thiophene ring that incorporates S(69) (see Figure 2). This
ring lies stacked parallel to the planar PtCl2(diimine) unit,
with an average separation between the thiophene ring and
the PtCl2N2 plane of about 3.5 ä, but has one of two different
orientations with the S atom directed ™inwards∫ or ™out-
wards∫ with approximately equal likelihood. When this
thiophene S atom is externally directed, it interacts with a
fluorine atom from the CF3 unit of an adjacent molecule
(S(61) ¥ ¥ ¥F(61�), 2.70 ä). This distance is necessarily very
approximate not only because of the disorder not only in the
thiophene ring, but also due to the rotational disorder in the
CF3 groups; however, the fact that this contact is shorter than
the sum of the van der Waals radii indicates an F ¥ ¥ ¥S donor ±
acceptor interaction. In addition, the absence of steric
crowding around the open face of the planar PtCl2(diimine)
unit ± -in contrast to the series A complexes–means that
these planar units stack together, using the face that is not
stacked with a thiophene unit, giving axial Pt ¥ ¥ ¥Pt contacts
between adjacent molecules with a separation of 3.41 ä. This
solid-state Pt ¥ ¥ ¥Pt interaction may account for the poor
solubility of the series B complexes. The crystal structures of


several other members of this series were determined, but the
weakness of the data arising from disorder means that they
are of poor quality and their details are not included in this
paper; we just note that all of the investigated members of this
series are isostructural with Nd(B).


The structure of Nd(C) is shown in Figure 3; again the
complex contains essentially a square-planar PtII centre and
square-antiprismatic NdIII centres, with the two sets of four


Figure 3. Molecular structure of [Cl2Pt(�-dppz)Nd(btfa)3]. F atoms
omitted for clarity.


donors defining the crude square planes around Nd(1) being
O(51)/O(53)/O(61)/O(63) and N(11)/N(21)/O(41)/O(43).
The dppz bridging ligand has a similar twisted geometry to
that seen in Nd(B), with the mean planes of the pyridyl rings
containing N(11) and N(31) making angles of 38.8 and 17.0�,
respectively, with the mean plane of the pyrazine ring; the two
pyridyl mean planes are at 53.3� to one another. The planar
PtCl2N2 units of two adjacent molecules are stacked together
across an inversion centre; these mean planes are therefore
strictly parallel, with a separation of 3.34 ä and a Pt ¥ ¥ ¥Pt
distance of 3.42 ä. The Pt(1) ¥ ¥ ¥Nd(1) separation within the
complex molecule is 7.26 ä.


UV-visible spectra and stability constants in solution : For
eight-coordinate complexes of the type [Ln(dik)3(NN)], there
is a reversible equilibrium in solution involving association/
dissociation of the NN-donor ligand.[4, 19c] When NN� 2,2�-
bipyridine or 1,10-phenanthroline the association constant for
Equation (1) is of the order of 107 ��1 in hydrocarbon
solvents[19c] and slightly less in more polar solvents such as
CH2Cl2.


[Ln(dik)3(H2O)2]�NN � [Ln(dik)3(NN)]� 2H2O (1)


The association constant for this process was measured by a
UV-visible spectroscopic titration for a member of each of the
three series of complexes; this was achieved by adding
increasing amounts of [Ln(dik)3(H2O)2] to a solution of the
d-block complex ligand [(PPh3)2Pt(pdo)] or [Cl2Pt(dppz)] in
CH2Cl2 and monitoring the absorption spectral changes.
Representative results are shown in Figure 4.


The absorption spectra of mononuclear [(PPh3)2Pt(pdo)]
and the {Gd(tta)3} adduct Gd(A) are shown in Figure 4a.
[(PPh3)2Pt(pdo)], which is orange-brown, has its lowest-
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Table 2. Selected bond lengths [ä] and angles [�] for the series B and C
complexes.


[Cl2Pt(�-dppz)Nd(tta)3] ¥ CH2Cl2 [Nd(B) ¥ CH2Cl2]


Nd(1)�O(52) 2.368(9) Nd(1)�N(11) 2.623(9)
Nd(1)�O(54) 2.371(7) Nd(1)�N(21) 2.728(8)
Nd(1)�O(42) 2.377(8) Pt(1)�N(24) 2.003(8)
Nd(1)�O(62) 2.401(8) Pt(1)�N(31) 2.012(8)
Nd(1)�O(44) 2.410(9) Pt(1)�Cl(12) 2.290(2)
Nd(1)�O(64) 2.463(12) Pt(1)�Cl(11) 2.294(2)
Nd(1) ¥ ¥ ¥Pt(1) 7.220(1)


N(31)-Pt(1)-Cl(12) 174.9(2) N(24)-Pt(1)-Cl(11) 175.8(2)
N(24)-Pt(1)-N(31) 79.8(3) N(31)-Pt(1)-Cl(11) 96.0(2)
N(24)-Pt(1)-Cl(12) 95.2(2) Cl(12)-Pt(1)-Cl(11) 89.06(9)


[Cl2Pt(�-dppz)Nd(btfa)3] [Nd(C)]


Nd(1)�O(61) 2.354(9) Nd(1)�N(11) 2.655(9)
Nd(1)�O(41) 2.360(8) Nd(1)�N(21) 2.700(9)
Nd(1)�O(63) 2.371(7) Pt(1)�N(24) 1.973(10)
Nd(1)�O(51) 2.385(9) Pt(1)�N(31) 2.009(9)
Nd(1)�O(53) 2.411(10) Pt(1)�Cl(12) 2.295(3)
Nd(1)�O(43) 2.429(8) Pt(1)�Cl(11) 2.301(3)
Nd(1) ¥ ¥ ¥Pt(1) 7.257(2)


N(24)-Pt(1)-N(31) 79.5(4) N(24)-Pt(1)-Cl(11) 175.9(3)
N(24)-Pt(1)-Cl(12) 95.5(3) N(31)-Pt(1)-Cl(11) 96.4(3)
N(31)-Pt(1)-Cl(12) 175.0(3) Cl(12)-Pt(1)-Cl(11) 88.59(11)







Pt-based Luminophores 5283±5291


Figure 4. a) Electronic spectra of [(PPh3)2Pt(pdo)] (dashed line) and
Gd(A) (solid line), including (inset) the results of a spectrophotometric
titration in which [Gd(tta)3(H2O)2] was added to a 7.4� 10�5� solution of
[(PPh3)2Pt(pdo)] in CH2Cl2; b) Electronic spectra of [Cl2Pt(dppz)] (dashed
line) and Gd(C) (solid line), including (inset) the results of a spectropho-
tometric titration in which [Gd(btfa)3(H2O)2] is added to a 4.64� 10�5�
solution of [Cl2Pt(dppz)] in CH2Cl2.


energy absorption maximum at 460 nm (�� 1400 ��1 cm�1).[17]


In the dinuclear series A complexes this is red-shifted to
485 nm (�� 1200 ��1 cm�1) and also develops a low-energy
tail, which does not decay until about 650 nm; this results in
the colour becoming a much deeper brown. Absorptions in
the 400 ± 500 nm region are characteristic of [(PPh3)2Pt(OO)]
complexes (in which ™OO∫ denotes a dianionic o-catecholate-
type donor).[21] Although these spectra have not been
analysed in detail, the transitions have been assigned as a
combination of catecholate� phosphine LLCT (ligand ± li-
gand charge transfer) and catecholate�Pt LMCT (ligand ±
metal charge transfer);[22] some Pt-centred d ± d character is
also possible. The structural integrity of the series A com-
plexes in CH2Cl2 was confirmed by a UV-visible spectroscopic
titration, in which portions of [Gd(tta)3(H2O)2] were added to
a 7.4� 10�5� solution of [(PPh3)2Pt(pdo)]. A graph of
absorbance at 550 nm versus the amount of added [Gd(tta)3-
(H2O)2] (Figure 4a) was linear until one equivalent was
added, with no further change thereafter; this implies that
the association between the [(PPh3)2Pt(pdo)] and {Gd(tta)3}
units is at the strong limit at this concentration, that is, K�
1.4� 104��1. In practice association constants of up to about
106��1 can be measured this way as a reasonable degree of
curvature in the titration plot occurs, so the association
constant for formation of Gd(A) will be greater than this, in
agreement with the known association constants of ligands
such as bpy and phen.[19c]


The absorption spectrum of mononuclear [Cl2Pt(dppz)] in
CH2Cl2 has a maximum at 418 nm (�� 4000��1 cm�1), which
has been assigned as a d�(Pt)��*(dppz) MLCT transi-
tion.[18] On addition of portions of [Gd(btfa)3(H2O)2], that is,
to generate Gd(C), this transition becomes red-shifted slightly
to 424 nm and is also broadened, with a substantially
increased absorbance between 430 nm and 500 nm relative
to that of mononuclear [Cl2Pt(dppz)] (Figure 4b). The red-
shift may be ascribed to the lowering in energy of the dppz �*-
level on coordination of the electropositive lanthanide frag-
ment to the second binding site. By using a 4.64� 10�5�
solution of [Cl2Pt(dppz)] in CH2Cl2, a graph of absorbance
at 450 nm versus the amount of added [Gd(btfa)3(H2O)2]
gives a smooth curve that fits well to a 1:1 binding isotherm
yielding K� 1.7� 104��1 (see inset to Figure 4b). This asso-
ciation constant is lower than that obtained by using bpy or
phen and may be ascribed to the relatively low basicity of the
pyrazine unit relative to pyridine; however, is still high
enough to ensure that the complexes remain largely associ-
ated at the concentrations used for photophysical studies (see
later). The poor solubility of the series B complexes precluded
a titration of this sort, as the adduct precipitated during the
procedure; however, since the only difference is the substitu-
ent on the terminal diketonate ligand (thienyl in place of
phenyl), it is reasonable to assume that the association
constants for the series B complexes are comparable to those
for the C series.


Photophysical studies : The luminescence spectra and emis-
sion lifetimes were measured for the Yb, Nd and Er
complexes of each series, both in the solid state and in
CH2Cl2, by using excitation wavelengths of 520 nm for the
series A complexes, and 440 nm for the series B and C
complexes (Figure 5). Importantly, the {Ln(tta)3} and
{Ln(btfa)3} units do not have strong absorptions at wave-
lengths longer than 400 nm, only very the weak f ± f tran-
sitions, so use of an excitation wavelength longer than this will
result in essentially selective excitation of the Pt-based
chromophore. The poor solubility of the series B complexes
in CH2Cl2 meant that a solution lifetime could only be
determined for the Yb complex, which is the most strongly
emitting of the three; however, solid-state emission lifetimes
were determined for all complexes. The results are summar-
ised in Table 3; representative emission spectral profiles and
time-resolved decays are shown in Figure 5.


Excitation of the series A complexes at 520 nm, into the
absorption band of the Pt-based chromophore, produced in
every case the NIR emission characteristic of these lanthanide
ions, with lifetimes on the microsecond timescale comparable
to those of other NIR-emitting complexes for which excita-
tion through a directly coordinated ligand is used.[2±7] This
clearly confirms that the Pt chromophore can act as a
sensitiser of lanthanide luminescence in the same way as do
directly coordinated ligands, following energy transfer from
the Pt-centred chromophore to the emissive excited state of
the lanthanide ion. The luminescence lifetimes are similar in
both the solid state and in solution, confirming the integrity of
these complexes in solution (in agreement with the high
association constant determined from spectroscopic titrations).
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Figure 5. Top: Emission spectral profiles of Er(A), Yb(A) and Nd(A) (the
transitions are 4I13/2� 4I15/2 for ErIII ; 2F5/2� 2F7/2 for YbIII ; and 4F3/2� 4I9/2


and 4F3/2� 4I11/2 for the high- and low-energy NdIII emission lines
respectively). Bottom: Time-resolved decay of solid Nd(A) measured at
1055 nm using excitation at 440 nm. The dashed line shows the detector
response, while the solid line shows the observed signal and the fit obtained
by reconvolution of the detector response with a single exponential decay
component (�� 0.95 �s). These lines superimpose almost exactly; the
residual is shown as alternating dots and dashes, and is offset for clarity.


The series B and C complexes differ only in the substituents
on the terminal diketonate ligands, as described above.
Excitation into the MLCT transition of the PtII ± diimine unit
at 440 nm likewise resulted in sensitised NIR emission from
the lanthanides at their characteristic wavelengths, implying


that d� f energy transfer has occurred. The luminescence
lifetimes of the series B and C complexes are similar to one
another and also comparable to those of the corresponding
series A complexes ; this is reasonable given the similarity of
the lanthanide luminophore in each case and the relative
insensitivity of f-orbitals to the environment provided by the
ligands.


In every case the emission lifetimes are considerably longer
than those of the parent [Ln(dik)3(H2O)2] complexes deter-
mined by excitation at 337 nm (included in Table 3 for
comparison), because of the replacement of two water
ligands–containing four potentially quenching O�H oscilla-
tors–by the N,N-bidentate site of the bridging ligand, in
which most of the CH oscillators (which can also act as
quenchers, especially for NdIII)[3a, 6i] are more remote from the
metal centre. The quantum yield values in Table 3 are
estimated from Equation (2), in which �obs is the observed
emission lifetime and �0 is the radiative or ™natural∫ lifetime,
namely, 14, 2 and 0.25 ms for ErIII, YbIII and NdIII, respecti-
vely;[2a, 3a] these values, therefore, refer only to the quantum
yield of the lanthanide-based emission process and take no
account of factors such as intersystem crossing and energy-
transfer processes.


�Ln� �obs/�0 (2)


The rise-time for the luminescence is in every case within
the envelope of the laser pulse (� 5 ns), indicating that energy
transfer from the Pt-centred excited state is fast, with a rate of
�2� 108 s�1 (see example in Figure 5).


Comments on the energy-transfer process : Energy transfer to
lanthanide centres is generally considered to occur from the
lowest triplet excited state of the sensitiser,[23] implying a
Dexter (double electron exchange) mechanism.[24] This re-
quires orbital overlap between donor and acceptor compo-
nents,[24] which is not a problem when the donor is a directly
coordinated ligand chromophore; however, as soon as there is
a saturated linker separating the two components, energy
transfer becomes slow and may not compete efficiently with
the intrinsic deactivation of the donor chromophore.[12] For
this reason a short, conjugated connector between antenna
(here, the d-block component) and the lanthanide emitter is
desirable, as in the complexes described in this paper. In some
cases, however, there is good evidence to show that energy
transfer can occur by the Fˆrster (dipole ± dipole) pro-
cess,[14, 25] which occurs through-space. In either case, the
energy transfer is facilitated by a good matching of donor and
acceptor energy levels, subject to the restrictions that 1) the
gradient for forward energy transfer is sufficient to prevent
back-transfer of energy,[23d] and 2) the relevant selection rules
are obeyed; these are ��J �� 0, 1 for Dexter energy transfer
(with the special case of J� J�� 0 being excluded) and ��J ��
2, 4, 6 for Fˆrster energy transfer.[23b]


In the complexes described in this paper the energy of the
donor state on the PtII centres is not known, as neither
[(PPh3)2Pt(pdo)] nor [Cl2Pt(dppz)] gives rise to luminescence
(the solid-state luminescence of [Cl2Pt(dppz)] is ascribed to a
metal ±metal interaction that disappears in solution).[18]
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Table 3. Luminescence data for the complexes.


� [�s] �Ln
[a]


CH2Cl2 solid


Nd(A)[b] 0.99 0.95 4� 10�3


Yb(A)[b] 10.6 11.0 5.3� 10�3


Er(A)[b] 2.52 1.56 1.8� 10�4


Nd(B)[c] weak 0.94 ±
Yb(B)[c] 7.30 11.5 3.7� 10�3


Er(B)[c] weak 1.59 ±
Nd(C)[c] 0.82 1.02 3.3� 10�3


Yb(C)[c] 9.50 11.0 4.8� 10�3


Er(C)[c] 1.50 1.41 1.1� 10�4


[Nd(btfa)3(H2O)2][d] 0.15 0.068 6� 10�4


[Yb(btfa)3(H2O)2][d] 0.75 0.40 3.8� 10�4


[Er(btfa)3(H2O)2][d] 0.29 0.14 2.1� 10�5


[a] Quantum yield for metal-based emission process in CH2Cl2 determined
from �Ln� �obs/�0 (see main text). Emission lifetimes were measured at the
following wavelengths: Nd complexes: 1055 nm; Yb complexes: 980 nm;
Er complexes: 1530 nm. Data for the [Ln(tta)3(H2O)2] complexes may be
found in reference [4]. [b] Excitation at 520 nm. [c] Excitation at 440 nm.
[d] Excitation at 337 nm.
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However, based on the typical Stokes shifts for other
luminescent PtII complexes (anything from 2000 ±
10000 cm�1, depending on the nature of excited state in-
volved)[18, 26] it is likely that the triplet excited state energies of
the [(PPh3)2Pt(pdo)] or [Cl2Pt(dppz)] chromophores in our
complexes are at the middle-to-low energy region of the
visible spectrum, based on the positions of their absorption
maxima.


NdIII has numerous electronically excited states that would
be energetically appropriate for sensitisation by the PtII


chromophores, excitation to which is allowed by one or other
of the selection rules (e.g., 4F5/2, 2H9/2 , 4F7/2 and 4F9/2 lie
between ca. 13000 and 15000 cm�1 and have �J� 2, 0, 1 and 0,
respectively, from the 4I9/2 ground state). For ErIII the 4I11/2, 4I9/2


and 4F9/2 levels (lying between 10000 and 16000 cm�1) would
be energetically appropriate, although population of only the
first of these is allowed by the Fˆrster mechanism (�J� 2 with
respect to the 4I15/2 ground state). Dexter energy transfer is
allowed only to the low-lying 4I13/2 level (�J� 1 from the
ground state) at 6500 cm�1, for which the energy-transfer rate
would be very slow, because of the large gap between donor
and acceptor energy levels. However, Reinhard and G¸del
pointed out that energy transfer can involve vibrational as
well as electronic excitation of the acceptor chromophore
(™phonon-assisted energy-transfer∫);[27] this is quite reason-
able when one considers that coordinated water effectively
quenches luminescence from TbIII and EuIII by energy transfer
to a highly vibrationally excited state of the O�H oscillators.
Accordingly, triplet-mediated energy transfer could occur
even when there is no direct overlap between the donor and
acceptor levels, provided the acceptor chromophore has
vibrational modes available that can also be excited; this is
likely when organic ligands are present (as here).


YbIII is a more unusual case as it has only a single excited
state, 2F5/2, which is 10200 cm�1 above the ground state. Direct
sensitisation of this excited state (necessarily by the Dexter
mechanism, since �J� 1 with respect to the 2F7/2 ground state)
would require the energy-donor state of the PtII chromophore
to have a low-energy tail that has significant intensity in the
near-IR region to provide the necessary spectral overlap;
alternatively, the phonon-assisted energy-transfer mechanism
mentioned above could be invoked.


Conclusion


In conclusion, the rapid and facile formation of adducts
between {Ln(dik)3} units and diimine ligands provides a basis
for the straightforward preparation of a wide range of
heterodinuclear complexes, in which strongly absorbing
d-block ™complex ligands∫ with a vacant peripheral binding
site are attached to {Ln(dik)3} units. In principle a very wide
variety of d-block chromophore/lanthanide emitter dyads is
possible based on simple bridging ligands of the type
illustrated in this paper, such that the excitation wavelength
used to stimulate the luminescence can be tuned throughout
the visible region by choice of the appropriate d-block
component.


Experimental Section


Materials and methods : The following reagents were prepared according to
the literature methods: [(PPh3)2Pt(pdo)],[17] [Cl2Pt(dppz)],[18] [Ln(btfa)3-
(H2O)2][28] and [Ln(tta)3(H2O)2].[28] UV/Vis spectroscopic titrations were
carried out as described previously,[4] by using software provided by Prof. C.
Hunter of the University of Sheffield to determine association constants
where appropriate.[29] Photophysical studies (steady-state and time-re-
solved luminescence on solution and solid-state samples) were carried out
by using instrumentation and methods described previously.[4] All time-
resolved luminescence decay measurements could be satisfactorily fitted to
a single-exponential decay.


Syntheses of series A complexes: A mixture of [(PPh3)2Pt(pdo)] (34 mg,
37 �mol) and the appropriate [Ln(tta)3(H2O)2] (37 �mol) in benzene/
heptane (4:1, v/v; 15 cm3) was allowed to slowly evaporate over several
days. Dark brown-red crystals formed, which were filtered off, washed with
hexane and dried to give the Ln(A) complexes in 70 ± 85% yield. The
complexes are stable to air and moisture. Satisfactory analytical data were
obtained (see Table 4). UV/Vis data for La(A): �max (10�3�)� 486 (1.2), 341
(66), 315 (53), 276 nm (68��1 cm�1).


Syntheses of series B complexes : In a similar manner to the series A
complexes (above), the series B complexes were prepared by slow (several
days) evaporation of a mixed CH2Cl2/hexane solution (7:1 v/v, 15 cm3)
containing [Cl2Pt(dppz)] and [Ln(tta)3(H2O)2] in a 1:1 molar ratio, typically
50 �mol of each. Bright red crystals of the dinuclear complexes Ln(B)
formed; these were collected by filtration, washed with a small amount of
CH2Cl2 and then a large volume of hexane before drying. Unlike the
series A and series C complexes, these series B complexes are only
sparingly soluble in CH2Cl2. The complexes are stable to air and moisture.
Satisfactory analytical data were obtained (see Table 4). UV/Vis data for
Gd(B): �max (10�3�)� 424 (3.5), 341 (60), 277 nm (35��1 cm�1).


Syntheses of series C complexes: A mixture of [Cl2Pt(dppz)] and
[Ln(btfa)3(H2O)2] in a 1:1 molar ratio, typically 50 �mol of each, was
dissolved in CH2Cl2 to give a clear red solution, which was stirred for 1 h.
Reduction in volume on a rotary evaporator resulted in precipitation of the
orange/red Ln(C) complex, which was filtered off, washed with hexane and
dried. The complexes are stable to air and moisture. Satisfactory analytical
data were obtained (see Table 4). UV/Vis data for Nd(C): �max (10�3�)�
424 (3.5), 324 (54), 270 nm (36��1 cm�1).


X-ray crystallography : For each complex a suitable crystal was coated with
hydrocarbon oil and attached to the tip of a glass fibre, which was then
transferred to a Bruker-AXS SMART (at 173 K) or APEX (at 100 K)
diffractometer. Details of the crystal parameters, data collection and
refinement for each of the structures are collected in Table 5. After data
collection, in each case an empirical absorption correction (SADABS) was
applied,[30] and the structures were then solved by conventional direct
methods and refined on all F 2 data using the SHELX suite of programs.[31]


In all cases, non-hydrogen atoms were refined with anisotropic thermal
parameters; hydrogen atoms were included in calculated positions and
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Table 4. Yield and analytical data for the new complexes


Yield [%] Elemental analysis[a]


%C %H %N


La(A) 84 49.8 (49.9) 2.6 (2.8) 1.7 (1.6)
Nd(A) 80 49.9 (49.9) 2.7 (2.8) 1.8 (1.6)
Gd(A) 75 49.3 (49.4) 2.6 (2.8) 1.6 (1.6)
Er(A) 73 49.5 (49.1) 2.6 (2.8) 1.7 (1.6)
Yb(A) 72 49.3 (49.0) 2.5 (2.7) 1.7 (1.6)
Nd(B) 69 34.2 (34.8) 1.5 (1.7) 4.1 (4.3)
Gd(B) 67 34.7 (34.6) 1.7 (1.7) 4.2 (4.2)
Er(B) 78 34.3 (34.3) 1.7 (1.7) 4.3 (4.2)
Yb(B) 83 34.1 (34.1) 1.3 (1.7) 3.9 (4.2)
Nd(C) 70 41.5 (41.0) 2.4 (2.2) 4.4 (4.3)
Er(C) 72 40.8 (40.3) 2.1 (2.1) 4.3 (4.3)
Yb(C) 61 40.6 (40.1) 2.2 (2.1) 4.3 (4.3)


[a] Calculated values in parentheses.
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refined with isotropic thermal parameters which were about 1.2� (aro-
matic CH) or 1.5� (Me) the equivalent isotropic thermal parameters of
their parent carbon atoms.


All of the structural determinations were complicated by varying degrees
of disorder in lattice solvent molecules, the orientations of the thiophene
rings (for the series A and B structures) and orientations of the CF3 groups
(for the series A and B structures); this resulted in weak data in every case.
Diffuse solvent corrections were used when lattice solvent molecules were
so badly disordered that they could not be modelled. For the series A
complexes, one of the thiophene rings is disordered over two orientations
involving a 180� rotation about the bond connecting it to the rest of the
ligand, such that the S atom and one of the C atoms exchange positions
(e.g., for Er(A) the atoms concerned are S(16) and C(19)). These two atom
sites were accordingly refined as a mixture of fractional S and C atoms that
were constrained to have identical positional and thermal parameters. In
Nd(B), disorder of one of the thiophene rings again occurred, but the entire
thiophene ring could be split into two positions (see main text) with
geometric restraints being necessary to keep the geometries of the two
components reasonable. In every case the F atoms of the CF3 groups gave
evidence for unresolved rotational disorder and had high thermal
parameters. In some cases it was necessary to use isotropic thermal
parameters for disordered atoms to keep the refinement stable. In all cases
the highest residual electron density peaks were associated with absorption
effects (close to a heavy metal atom) or unresolved disorder (close to a CF3


group).


CCDC 210374 ± 210378 contain the supplementary crystallographic data
for this paper. These data can be obtained free of charge via www.ccdc.
cam.ac.uk/conts/retrieving.html, or from the Cambridge Crystallographic
Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax: (�44)1223 ±
336033; or email : deposit@ccdc.cam.ac.uk.
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Table 5. Crystal, data collection and refinement details for the new crystal structures.


La(A) Er(A) ¥ 0.5C6H6 Yb(A) Nd(B) ¥CH2Cl2 Nd(C)


formula C72H48F9LaN2O8P2PtS3 C75H51ErF9N2O8P2PtS3 C72H48F9N2O8P2PtS3Yb C39H24Cl4F9N4NdPtS3 C44H28Cl2F9N4NdO6Pt
Mr 1732.94 1799.65 1766.37 1392.93 1289.93
Diffractometer Bruker SMART Bruker APEX Bruker SMART Bruker SMART Bruker APEX
T [K] 173 100 173 173 100
system triclinic triclinic triclinic monoclinic monoclinic
space group P1≈ P1≈ P1≈ P21/c P21/c
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V [ä3] 4275(2) 4156(2) 4188(7) 5333.8(10) 5307(3)
Z 2 2 2 4 4
data/restraints/parameters 14770/0/884 18988/1/911 14344/1/824 12248/14/589 12157/2/570
� [mm�1] 2.303 2.867 2.958 3.975 3.777
R1/wR2[a] 0.0843/0.2221 0.0734/0.1895 0.0861/0.2276 0.0693/0.1997 0.0719/0.1677


[a] The value of R1 is based on selected data with I� 2	(I); the value of wR2 is based on all data.
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Nanomorphology of Polymer Frameworks and their Role as Templates for
Generating Size-Controlled Metal Nanoclusters
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Abstract: The microporous (gel-type)
functional resin co-poly-N,N-dimethyl-
acrylamide (DMAA) (88% mol)/meth-
acrylic acid (MAA) (8% mol)/N,N�-
methylenebisacrylamide (MBAA)
(4% mol) (MPIF(H)) is employed as
the hosting framework for the produc-
tion of resin-supported Pd0 nanoclusters.
The obtained composite MPIF�Na�/Pd0


is prepared upon reducing, in ethanol,
MPIF�Pd2�


0.5 , obtained upon previous
homogeneous dispersion of ™Pd2�∫ in-
side the resin particles (XRMA control)


through ion-exchange. Metal nanoclus-
ters appear to be size-controlled (2.0�
0.2 nm) and are seen to reasonably fit
the predominant resin ™nanopores∫ di-
ameter, determined in ethanol (3.2 nm)
by means of inverse steric exclusion
chromatography (ISEC).


Keywords: nanoclusters ¥ nano-
structures ¥ gel-type resins ¥
palladium


Introduction


We have been active during the last decade in elucidating the
molecular bases of some industrial catalysts based on
palladium(0) supported on functional resins that were dis-
covered and commercialized by Bayer AG in the sixties and
early seventies.[1±3] When we entered the field,[4] we were
struck by the incredible paucity of relevant published data
available in the literature and by the great potentialities
embodied in this family of catalysts, in which the chemical
potency of active metals nanoclusters may be conjugated with


the fine physico-chemical features of the macromolecular
support.[5±7]


We note that our work has contributed to the ration-
alization of metallation and reduction protocols,[3] as well as to
the quantitative evaluation of nanomorphology and molec-
ular accessibility of the polymer frameworks.[6]


We have recently published in this journal both on results
relevant to the exploitation of fine physico-chemical features
of the polymer framework to act on the selectivty of the
catalyst as a whole[8] , and on results relevant to the
technological value of these catalysts in terms of resistance
to hydrogenolysis and to mechanical attrition.[9] We wish to
report now on another fine feature of these catalysts, that is,
the size of the metal clusters contained inside them when the
catalyst is activated upon reduction of PdII to Pd0.


Just few years ago we noticed that 4% mol cross-linked gel-
type resins seemed to be able to control in some way the the
size of Pd0 nanoclusters generated inside of their polymer
framework,[10] and we started in 1997 a project aimed at
providing an insight into this attractive aspect of resins
chemistry and physics. The working hypothesis stemming
from the preliminary results reported in reference [11] is
illustrated in Figure 1.


The polymer framework of a gel-type resin produced in the
presence of a 2 ± 8% mol bifunctional co-monomer (the cross-
linker) can be depicted as a three-dimensional mesh system
made of intercommunicating ™cavities∫, a two-dimensional
section of which is depicted in Figure 1. The picture illustrates
a section of a spheroidal volume element with a diameter
equal to about 15 nm in which the polymer chains are drawn
in scale with their effective diameter of 0.4 nm. Cavities in this
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Figure 1. Model for the generation of size-controlled metal nanoparticles
inside metallated resins. a) PdII is homogeneously dispersed inside the
polymer framework; b) PdII is reduced to Pd0; c) Pd0 atoms start to
aggregate in subnanoclusters; d) a single 3 nm nanocluster is formed and
™blocked∫ inside the largest mesh present in that ™slice∫ of polymer
framework.


framework have a lumen ranging from 0.6 to 3.0 nm. This
qualitative and quantitative picture is provided by porosi-
metric analysis by means of inverse steric exclusion chroma-
tography (ISEC).[12] A geometrically simple quantitative
description of pore morphology of a given swollen polymer
framework is provided by the so-called Ogston×s model,[13]


which depicts pores as spaces among randomly oriented
cylindrical rods. A pictorially useful geometric representation
of the system of cavities defining the polymer framework is
also provided by the conventional cylindrical pores model.[14]


In this context, it is important to stress that depicting pores in
the swollen gel as cylindrical holes featuring a solid matter
may produce incorrect information as far as the specific pore
volume is concerned. Moreover, owing to the intrinsic
irregularity of the size of the spaces located among expanded
polymer chains,[5] the framework will turn out to be described
as if it were built up with cavities of different size, but some of
them may be more abundant than others (this is in fact the
case of our material MPIF�Na�/Pd0, see Table 1) and, there-
fore, conditioning the predominant size of the obtained metal
nanoclusters.


The working hypothesis expressed by Figure 1 can now be
illustrated in the following terms. Pd0 atoms are generated
isotropically in every domain of the polymer framework and
they tend to freely aggregate to growing metal nanoclusters
that can move through the spheroidal volume until the
nanocluster reaches the largest mesh available in that volume.
At this point the size control inside of the spheroidal space
volume is achieved. Off course the same can be said for all
other volume elements of the polymer framework, and, at the
very end, the size of the observed metal nanoclusters will be


dictated by the size of the largest and most abundant three-
dimensions meshes (™cylindrical pores∫) available in the
whole of the body of a given resin particle.


This paper aims at a critical confirmation of results and
arguments presented above and roughly anticipated in
reference [11]. To this end a slightly different polymer
backbone was utilized and a careful nano-morphological
(ISEC and ESR) control was carried out in the materials
involved in the two synthetic steps [Eq. (1) and (2)] :


resin(H)� 0.5Pd(OAc)2 ��AcOH
resin�Pd2�


0.5 (1)


resin�Pd2�
0.5 ��NaBH4resin�Na�/Pd0


0.5�products (2)


Results and Discussion


The co-polymerization of N,N-dimethylacrylamide (DMAA)
(ca. 88% mol), methacrylic acid (MAA) (ca. 8% mol) and
N,N�-methylenebisacrylamide (MBAA) (ca. 4% mol) under
�-ray irradiation[7] at room temperature affords a gel-type
resin, after suitable working up, as transparent, robust micro-
particles that are used after sieving (180 ± 400 �m). The
polymerization yield is greater than 96%. The resin will be
named hereafter as MPIF(H). SEM analysis exhibits the
expected compact structure down to the maximum magnifi-
cation available to the instrument. The resin undergoes facile
palladiation with Pd(OAc)2 (MPIF�Pd2�


0.5 , brown) and sub-
sequent reduction with excess NaBH4 in absolute ethanol to
give MPIF�Na�/Pd0, (dark black), according to consolidated
procedures[7, 11] . Both MPIF�Pd2�


0.5 and MPIF�Na�/Pd0 were
analyzed with XRMA (Figure 2).


Notice the remarkable homogeneity of Pd distribution
(resolution power is ca. 5 �m) before and after metal
reduction). XPS analysis fits the presence of only Pd0 metal
centers with no evidence of PdII species (EPd3d5/2� 335.4 eV
and EPd3d3/2� 340.8 eV)[15] . EN1s, EO1s, and EC1s do not change
appreciably from MPIF(H) to MPIF�Pd2�


0.5 to MPIF�Na�/
Pd0.


Low-resolution TEM pictures of MPIF�Na�/Pd0 micro-
particles (two different inspected fields) (Figure 3) reveal that


Table 1. Rotational mobility data of TEMPONE moving inside our
investigated materials, after swelling in water and ethanol.


Solvent Sample � 25 �C
[ps� 5%] [a]


aN
[G� 0.03 G] [b]


Ea


[kJmol�1� 0.5] [c]


bulk 13 15.85 18.0
MPIF(H) 91 15.73 23.5


water MPIF�Na� 51 15.89 24.1
MPIF�Pd2�


0.5 93 15.71 24.2
MPIF�Na�/Pd0 75 15.73 23.9
bulk 21 14.88 13.4
MPIF(H) 87 14.83 22.7


ethanol MPIF�Na� 77 14.83 22.1
MPIF�Pd2�


0.5 85 14.83 23.4
MPIF�Na�/Pd0 79 14.83 22.8


[a] Rotational correlation time. [b] 14N isotropic hyperfine coupling con-
stant. [c] Arrhenius activation energy of rotational diffusion.
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Pd nanoclusters are evenly distributed inside the inspected
area and their size distribution is centred around 2 nm in
diameter. HRTEM analysis reveals that the inter-row distance
in Pd nanoclusters is close to 0.2 nm, in good agreement with
literature data.[16]


The correlation of these dimensional observations with the
nanomorphology of resins MPIF(H), MPIF�Pd2�


0.5 ,
MPIF�Na�, and MPIF�Na�/Pd0 requires detailed information
on their swollen-state morphology. The best swelling medium
for this would be of course ethanol, in which the generation of
the Pd nanoclusters actually occurs. Unfortunately, it is
impossible to perform ISEC measurements in ethanol, owing
to a serious risk of enthalpic interaction of the standard
solutes (steric probes) with the polymer matrix.[12, 14] Con-
sequently, we carried out an ISEC investigation in an aqueous
environment.


In order to evaluate the relevance of the analysis in water to
the resins nanostructure in ethanol, ISEC analysis was
preceded by an ESR investigation in ethanol and in
water.[17, 18] In fact, we have shown that the rotational mobility
of the spin probe TEMPONE (2,2,6,6-tetramethyl-4-oxo-1-
oxyl-piperidine) in these and other solvents can be reliably
correlated just with resins nanostructure stemming from ISEC
in the same solvents. The relevant rotational mobility data are
collected in Table 1.


Table 1 reveals that the relevant crucial parameters in both
solvents, that is, correlation times of rotational diffusion �, are
very close to each other in water and ethanol, especially for


MPIF�Na�/Pd0. The temperature dependence of �, as ex-
pressed by an apparent Arrhenius activation energy Ea, which
in bulk media reflects the different temperature dependence
of viscosity of water and ethanol, also converges when water
and ethanol are confined inside the different materials. On the
other hand, polarity experienced by the spin probe inside the
polymer network is comparable with that of pure solvent, as
demonstrated by the practical constancy of the 14N isotropic
hyperfine coupling constant aN of both media.


It can be concluded that, while diffusion substantially
occurs in the liquid medium confined inside of the polymer
network, the same polymer framework moderately influences
the mechanism of TEMPONE reorientation. This effect, as
witnessed by the increase in Ea , is comparable in water and
ethanol and can be ascribed to polymer chain motions that
hinder the spin-probe diffusion more and more as temper-
ature increases.


Consequently, this finding supports the reasonable assump-
tion that the nanomorphologies of the polymer framework of
MPIF�Na�/Pd0 in water and alcohol are practically identical.
This important statement makes the ISEC data reported in
Table 2 particularly relevant.


It is seen that MPIF�Na�, the ultimate template able to
control the nanoclusters size (see Introduction), is character-
ized by 3.2 nm cylindrical pores; compared with diameters of
1.8 ± 2.4 nm observed for Pd nanoclusters. Consequently, the
close similarity of the predominant pore diameter observed in
water (ca. 3 nm) and the predominant metal-nanocluster


Figure 2. Palladium distribution through a section of MPIF�Pd2�
0.5 and MPIF�Na�/Pd0 particles. Top: SEM picture (left) and XRMA scanning picture


(right) of MPIF�Pd2�
0.5 . Bottom: SEM picture (left) and XRMA scanning picture (right) of MPIF�Na�/Pd0.
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Figure 3. Low-resolution TEM picture of MPIF�Na�/Pd0 (above) and size
distribution of the metal nanoclusters determined by computer image
analysis (below).


diameter produced upon reducing MPIF�Pd2�
0.5 in methanol


(ca. 2 nm) appears a convincing support of the conceptual
model depicted in Figure 1.


Conclusion


In summary, previous preliminary observations on the possi-
bility of controlling the size of Pd nanoclusters generated


inside gel-type functional resins appear to be confirmed.
Lightly cross-linked resins (2 ± 6% mol) appear to be effective
templates for generating metal nanoclusters with diameters
of2 ± 3 nm, that is, a size that is typical of industrially relevant
supported metal catalysts.


Experimental Section


Apparatus : SEM and XRMA, Cambridge Stereoscan 250 EDX PW 9800;
TEM, JEOL 2010 with GIF; ESR, X-band JEOL JES-RE1X apparatus at
9.2 GHz (modulation 100 KHz) equipped with a variable temperature unit
Steler. ISEC measurements were carried out by using an established
procedure and a standard chromatographic set-up described elsewhere.[12]


Samples for TEM analysis were prepared by extensive grinding of the as-
prepared material to be examined; this was subsequently ultrasonically
dispersed in methanol and then transferred as a suspension to a copper grid
covered with a lacey carbon film.


Solvents and chemicals : Solvents and chemicals, from various commercial
sources, were of reagent grade and were used as received. Methacrylic acid
(MA), N,N�-dimethylacrylamide (DMAA) and N,N�-methylene bisacryla-
mide (MBAA) were from Polysciences.


Synthesis of MPIF�Na�/Pd0 : In a typical experiment, DMAA (17.40 g,
87.90% mol), (1.37 g MA , 7.97% mol), and MBAA (1.27 g, 4.13% mol)
were mixed in a cylindrical glass vessel to give a clear colorless solution,
which, after oxygen removal by means of nitrogen bubbling, underwent �-
irradiation (60Co) for 18 h, at a distance of 17.1 cm from the source (total
dose was ca. 10 KGy), at room temperature. The solution was transformed
into a transparent pale yellow cylindrical block, which was triturated in
methanol, washed with methanol (3� 50 mL), and dried at 70 �C under
about 5 mbar pressure. The polymerization yield was 96%. The resin was
fully ground with an IKAA10 impact grinder, sieved to 180 ± 400 �m, re-
washed with methanol (3� 50 mL), and re-dried as above. Volumetric
acid ± base titration gave approximately 0.72 meq H�g�1. Elemental anal-
ysis was consistent with the expected composition. Palladiation and
reduction of PdII to Pd0 were carried out as described in previous papers.[3, 7]


Pd content was found to be 2.45%.
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Photomechanical Control of the Electronic Properties of Linear
�-Conjugated Systems


Bruno Jousselme,[a] Philippe Blanchard,*[a] Nuria Gallego-Planas,[b] Eric Levillain,[a]
Jacques Delaunay,[b] Magali Allain,[b] Pascal Richomme,[c] and Jean Roncali*[a]


Abstract: Photodynamic molecular ar-
chitectures have been synthesized by
covalent fixation of a photoisomerizable
dimethylazobenzene group at two fixed
points of conformationally flexible �-
conjugated quater- and sexithiophene
chains. Theoretical geometry optimiza-
tion shows, in excellent agreement with
crystallographic structures, that the
mode of fixation of the azo group plays
a determining role in the geometry of
the final molecular architecture and on
its ability to perform the expected pho-
toinduced molecular motion. Thus, co-


valent fixation of meta-dimethylazoben-
zene on a quaterthiophene chain results
in a conformationally locked system in
which photoisomerization of the azo
group is hindered. However, the exper-
imental results of optical, 1H NMR spec-
troscopic, and electrochemical investi-
gations show that when an azobenzene
group is connected at the para positions


of the phenyl rings, trans-to-cis photo-
isomerization of the azo group induces a
conformational transition and dimen-
sional changes in the underlying �-con-
jugated oligothiophene chain. These ex-
perimental results unequivocally show
that the photochemically induced geo-
metrical changes produce in turn an
increase in the HOMO level and a
narrowing of the HOMO±LUMO gap.
This therefore provides the first evi-
dence of photomechanical control of the
electronic properties of linear �-conju-
gated systems.


Keywords: azo compounds ¥ molec-
ular actuation ¥ nanostructures ¥
oligothiophenes ¥ photochemistry


Introduction


The synthetic chemistry of nanoscale molecular devices is
acquiring an increasing importance in the rapidly expanding
field of nanosciences. In addition to the continuing develop-
ment of molecular wires,[1] rectifiers,[2] switches,[3]or logic
gates,[4] the recent emergence of dynamic molecular devices[5]


opens a new field of research in the chemistry of nano-objects.
Thus, in the past few years, molecular architectures such as
gears,[6] shuttles,[7] ratchets,[8] motors,[9] and muscles[10] capable
of converting thermal, chemical, or photochemical energy
into molecular motion and hence mechanical energy have
been described. Such molecular machines and motors are


thought to pave the way toward the development of the
futuristic field of nanorobotics.
Initial prototypes of molecular machines capable of pro-


ducing a repeatable and directionally controlled motion were
essentially powered by means of changes in the oxidation
state of a mobile part of the molecular architecture. Thus,
Stoddart and co-workers have developed molecular shuttles
in which modifications of the oxidation state of a redox-active
system embedded in a rotaxane induces its translocation along
a linear axis.[7a] Sauvage and co-workers have synthesized
molecular machines and muscles powered by chemically or
electrochemically induced changes of the redox state and
hence coordination sphere of a metal complexed in rotaxanes
containing tetra- and pentacoordination sites.[7b]


Among the various possible power sources for molecular
dynamic devices, light presents a number of specific advan-
tages such as rapid, easy, and direct access to the target active
site of the system and the absence of foreign chemicals. Some
examples of photochemically powered molecular machines
have already been described and, in particular, Ferringa and
co-workers have synthesized molecular machines that under-
go circular motion,[9] while Hugel et al. have investigated a
polymeric system that undergoes a single-molecule optome-
chanical cycle.[11]


Thiophene-based monodisperse �-conjugated oligomers
have been widely investigated as active materials in field-
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effect transistors or light-emitting diodes.[12, 13] Although these
oligomers have also been considered as molecular wires for
molecular electronic devices,[1, 14] their possible use in dynamic
nanosystems has scarcely been considered so far. Bulk
electrochemical actuators based on the volume changes
associated with the doping/dopant-removal process of con-
jugated polymers have been known for some time,[15] but the
molecular parent systems are still to be developed. Marsella
et al. recently reported a first step in this direction by
investigating a model of a molecular actuator based on
poly[cyclooctatetrathiophene].[16]


Recently, we have shown that response to stimulation of a
sensitive group covalently attached at two fixed points of an
oligothiophene (nT) chain allows a novel concept relevant for
both molecular actuation and molecular electronics to be
developed. In fact, such as stimuli-responsive system can be
used to indirectly generate reversible conformational changes
in the �-conjugated system.[17]


The interest of this approach is twofold. Because the �-
conjugated system is the target of the generated molecular
motion, it represents an interesting optical and redox probe
allowing the real-time monitoring of the produced movement
by simple electrochemical and optical techniques. Further-
more, because of the high sensitivity of the electronic
properties of linear �-conjugated systems on deviation from
planarity,[18] this concept makes it possible to achieve an
indirect mechanical control of the electronic properties of the
conjugated system by stimulation of the attached driving
group.
The validity of this approach was first demonstrated for


crown-annealed nTs built by fixing a polyether loop to two
fixed points of an nT chain. Theoretical and experimental
analyses showed that in that case cation-binding induces a
conformational transition in the �-conjugated system, which
in turn produces reversible changes in its electronic proper-
ties.[17]


In a recent short communication we reported an extension
of the same concept in which a photoactuating governor was
used to achieve a photomechanical conformational switch
between two electronically different states of a �-conjugated
nT chain.[19]


As the photoactive driving group we used the azobenzene
chromophore, which can be reversibly switched at two
different wavelengths between an extended trans and a
shorter cis configuration.[20] This property has been widely
used to achieve stimulus-response-based control over the
electronic properties of conjugated polymers[21] and dendri-
mers.[22]


As a next step, we report here further investigations on the
design, synthesis, structure, and photodynamic properties of
this new class of dynamic �-conjugated systems. The effects of
the mode of attachment of the azobenzene group (meta or
para) have been investigated by theoretical modeling and
X-ray crystallographic structural analysis of compoundsm-4T
and p-4T. A longer system based on sexithiophene (p-6T) was
also synthesized in order to confirm the possible general-
ization of this new approach to longer molecular wires.
The photodynamic behavior of these various compounds


has been investigated by a joint theoretical and experimental


study. Results of optical, NMR spectroscopic, and electro-
chemical investigations provide consistent results that un-
equivocally demonstrate photomechanical control of the
electronic properties of the �-conjugated system through
photoactuation.


Results and Discussion


Synthesis : The target azobenzene-derivatized quater- and
sexithiophenes m-4T, p-4T, and p-6T were synthesized
according to the procedures depicted in Scheme 1. Our
strategy involves the preparation of an oligothiophene with
two protected thiolate groups at defined positions of the
conjugated chain.[17, 23] The target compounds are then ob-
tained in one pot by deprotection of the thiolate functionality


Scheme 1.
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with cesium hydroxide[24] and ring closure by treatment with a
bis(bromomethyl)-derivatized azobenzene.
Meta- and para-bis(bromomethyl)-azobenzenes (m-2) and


(p-2) were prepared in 44 and 32% yield, respectively, by
oxidative coupling ofmeta-toluidine (m-1) and para-toluidine
(p-1) in the presence of Cu2Cl2 and oxygen.[25] Radical
bromination of m-2 and p-2 by using N-bromosuccinimide
(NBS) in DMF in the presence of (azobisisobutyronitrile)
AIBN or benzoylperoxide led to bis(bromomethyl)azoben-
zenes m-3 and p-3 in 30% yield. Bis(cyanoethylsulfanyl)qua-
terthiophene 4, prepared according to the method already
described,[23] was treated with bis(bromomethyl)azobenzenes
m-3 and p-3 under high-dilution conditions to give the targets
quaterthiophenes m-4T and p-4T in 63% and 18% yield,
respectively.
Bromination of 4 with NBS in DMF gave dibromoquater-


thiophene 5 in 62% yield. Commercially available 2-hexyl-
thiophene was treated with butyllithium and tributyltin
chloride to afford 2-(tributylstannyl)-5-hexylthiophene (6)
(yield 98%). A Stille coupling reaction between compounds 5
and 6 in the presence of a palladium catalyst led to
bis(cyanoethylsulfanyl)sexithiophene 7 in 26% yield. This
compound was subsequently treated with bis(bromometh-
yl)azobenzene p-3 to give the target compound p-6T in 17%
yield. All compounds were fully characterized by 1H and
13C NMR spectroscopy, mass spectrometry, and elemental
analysis, which gave satisfactory results.


Theoretical study : Theoretical calculations of the electronic
structure and optimal geometry of compoundsm-4Tand p-4T
were performed by using density functional methods. All
geometries were optimized with hybrid functionals (Becke×s
three-parameter gradient-corrected functional) and a polar-
ized 6-31G* basis for all atoms with the Gaussian 98
program.[26]


The geometries of the model compounds of the various
constitutive building blocks of the systems, namely meta- and
para-dimethylazobenzenes m-2 and p-2 and 3,3���-dimethyl-
sulfanylquaterthiophene (Me24T) were first optimized inde-
pendently.
As suggested by Figure 1, trans-to-cis isomerization of the


azo group should result in a decrease of the distance between
the carbon atoms of the two methyl groups from 9.2 to 6.1 ä
for m-2 and from 12.1 to 8.6 ä for p-2.
On the other hand, examination of the optimized geo-


metries corresponding to the energy minima found for the
different possible conformers of MeS24T shows that the
distance between the two sulfur atoms serving as possible
anchoring points for the azobenzene group decreases from the
syn-anti-syn conformation (SAS) to the ASA one in the
following order SAS (12.1 ä) � SSS (11.2 ä) �AAA
(10.8 ä) � SSA (10.7 ä) �AAS (10.3 ä) �ASA (7.5 ä).
Contrary to what could be intuitively expected, the AAA
conformation usually observed for unsubstituted nTs[27] does
not lead to the greatest distance between the sulfide groups.
Comparison of the various sulfur ± sulfur distances to those


found between the two methyl groups of trans- and cis-
dimethylazobenzenesm-3 and p-3 clearly shows that the S ¥ ¥ ¥ S


Figure 1. Geometry optimization for MeS24T. Top: SAS conformation,
bottom: ASA conformation.


distances in the SAS and ASA conformations of MeS24T
(Figure 1) represent the best fit for trans- and cis-p-3,
respectively. On the other hand, the ASA conformation
appears to be the only possibility for trans-m-3. Since this
conformation corresponds to the smallest S ¥ ¥ ¥S distance, it
can already be anticipated that isomerization of the azo group
will be severely hindered in the assembled m-4T system.
Figure 2 shows the theoretically optimized structures of the


complete molecules ofm-4Tand p-4T. The structure ofm-4T
(top) shows that the trans azo group lies in a plane orthogonal
to that of the 4T chain. The latter adopts a quasiplanar
geometry with the expectedASA conformation. Optimization
predicts a quite different geometry for p-4T. The 4T chain
deviates slightly from planarity with the sulfur atoms of the
terminal thiophene rings pointing upward and downward in
order to maximize the distance between the sulfide S atoms.
Nevertheless, the azo group appears slightly bent; this
suggests that a constraint persists. In sharp contrast to m-4T,
the two conjugated systems now lie in parallel planes.
When the azobenzene group is in its trans configuration, the


4T chain adopts a SAS conformation and undergoes a
transition to the ASA geometry upon trans-to-cis photo-
isomerization of the driving azo group. These results show
that the fixation of the trans azo group results in an increase of
the S ¥ ¥ ¥S distance from 10.8 ä (for the usual AAA con-
formation of nTs), to 12.1 ä for the SAS one, while the SAS-
to-ASA transition produces a decrease of this distance to
7.5 ä. Computations also show that the trans-azobenzene-
SAS isomer of p-4T is more stable than the cis-azobenzene-
ASA one by 52.6 kJmol�1.
The electronic structure of the optimized geometry of p-4T


was also investigated, and showed that the SAS-to-ASA
conformational transition increases the HOMO level from
�5.10 to �5.02 eV and decreases the HOMO±LUMO gap
from 3.24 to 3.03 eV. However, further analysis of the atomic







FULL PAPER J. Roncali, P. Blanchard et al.


¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2003, 9, 5297 ± 53065300


contributions to the LUMO shows that this orbital is
essentially localized on the azo group (Figure 3), and it is
therefore necessary to consider the HOMO± (LUMO� 1)
gap in order to evaluate the changes induced by the
conformational switch in the electronic properties of the 4T
chain.


Crystallographic analysis : Figure 4 shows the crystallographic
structures of single crystals of p-4T and m-4T. In both cases
the X-ray structure agrees well with the conclusions of
molecular modeling. For m-4T, the 4T chain adopts the
expected ASA conformation, while the 4T and azobenzene
systems lie in almost perpendicular planes. The azobenzene
system remains perfectly planar, while the two end thiophene
rings of the 4T chain present a small dihedral angle relative to
the central bithiophene core. The S1 ¥ ¥ ¥S6 distance of 8.5 ä is
in satisfying agreement with the theoretically predicted value
of 7.5 ä. It is worth noting that the observed ASA conforma-
tion exactly corresponds to that expected for p-4Tafter trans-
to-cis isomerization of the azo group. For p-4T, the X-ray
structure confirms the small deviation from planarity pre-
dicted for the 4T chain and the slightly bent structure of the
azo group. The 4T chain adopts the expected SAS conforma-
tion, and the 12.3 ä distance found between the two sulfur
atoms bearing the azobenzene group is in excellent agreement
with the theoretically predicted value of 12.1 ä. The two
conjugated systems lie in two quasiparallel planes with an
average spacing of 3.6 ä.[19] Based on these strongly different
relative orientations of the azo and 4T systems in p-4Tandm-
4T, markedly different interactions between the two conju-
gated systems can be anticipated.
Despite several attempts, single crystals of p-6T of suffi-


cient quality for X-ray structural analysis could not be
obtained. However, based on theoretical results and on the
X-ray structure of p-4T, it seems reasonable to assume that
the position of the azo group relative to the nT chain is similar
to that found in p-4T.Figure 2. Optimized geometries for m-4T (top), trans-p-4T (middle), and


cis-p-4T (bottom).


Figure 3. Orbitals of p-4T. a) LUMO� 1, b) LUMO, c) HOMO, d) HOMO� 1.







Photomechanical Control of �-Conjugated Systems 5297±5306


Chem. Eur. J. 2003, 9, 5297 ± 5306 www.chemeurj.org ¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 5301


Optical properties : Figure 5 compares the electronic absorp-
tion spectra of p-4T and m-4T to those of their constituent
building blocks namely bis-3,3����-cyanoethylsulfanylquater-
thiophene 4, m-2, and p-2. The spectrum of 4 has a broad


Figure 5. Electronic absorption spectra recorded in CH2Cl2. Top: m-4T
(––), m-2 (¥ ¥ ¥ ¥ ), 4 (- - - -). Bottom: p-2 (¥ ¥ ¥ ¥ ), p-4T (––), 4 (- - - -).


structureless absorption band typical for nTs, with a maximum
at 403 nm (Table 1). Dimethylazobenzenes m-2 and p-2 have
similar spectra with an intense band corresponding to the
� ±�* transition with maxima at 324 and 335 nm, respectively,
and a weak band with a maximum around 440 nm corre-
sponding to the n ±�* transition.[21]


Comparison of the UV/Vis spectrum ofm-4T to those of its
constitutive parts shows that the �max of both the azo and 4T
systems undergoes a small bathochromic shift of 3 and 6 nm,
respectively. Although these shifts may be indicative of weak
interactions between the two conjugated systems in the
ground state, other factors should also be taken into account
such as differences in conformation (AAA for compound 4
and ASA for m-4T) and deviation from planarity (see
Figures 3 and 4).
Comparison of the UV/Vis data for compounds 4, p-2, and


p-4T shows that the red shifts of the �max of both the azo and
the 4T bands (25 and 17 nm, respectively) are significantly
larger than form-4T. This different behavior strongly suggests
that the short distance between the planes containing the azo
and 4T system in p-4T favors through-space �-orbital


Figure 4. Crystallographic structures of m-4T (left) and p-4T (right).


Table 1. UV/Vis spectroscopic data measured in CH2Cl2 and fluorescence
emission data. Quantum yields were determined at an optical density of
0.05 with perylene in 95% ethanol as standard.


Compound �max Azo [nm] �max nT [nm] �em [%]


m-2 324 ±
p-2 335 ±
DPS4T ± 405 16.0
4 ± 403 14.4
m-4T 327 409 2.00
p-4T 360 420 0.90
7 ± 452 30.2
p-6T 359 457 2.30
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interactions in a process similar to that well known for
aromatic cyclophanes.[28]


Further evidence for the influence of the mode of fixation
of the azo group on its through-space interactions with the 4T
chain are given by the photoluminescence properties of the
various compounds. The fluorescence-emission quantum
yields (�em) of m-4T, p-4T, and p-6T have been measured
in CH2Cl2 and compared to those of quater- and sexithio-
phenes 4 and 7. The �em value of 3,3����-dipentylsulfanylqua-
terthiophene (DPS4T) was also measured in order to
ascertain the effect of the cyanoethyl groups on the fluo-
rescence properties of the nT chain. The measured value of
�em for DPS4T (16%) agrees well with that reported for
dimethylsulfanylquaterthiophene (17%).[29]


The data in Table 1 show that the �em values for the
oligomers without azo groups are comparable to those of
unsubstituted nTs,[30] and confirm that the cyanoethyl sub-
stituents have little influence on the photoluminescence.
Conversely, the data for the azo-derivatized compounds
clearly show that the azo group induces a dramatic quenching
of the fluorescence of the nT chain. A closer examination of
the data in Table 1 shows that the quenching ratio increases
from a factor of 7 for m-4T to 16 and 13 for p-4T and p-6T,
respectively. These results suggests that, as expected, the
parallel orientation and short distance of the two conjugated
systems in p-4T and p-6T allow the development of stronger
�-orbital through-space interactions.


Photodynamic behavior: The dynamic behavior of m-4T,
p-4T and p-6T under photoirradiation has been investigated
by UV/Vis and 1H NMR spectroscopy and by cyclic voltam-
metry. A control experiment performed on a 10�4� solution
of p-2 in CH2Cl2 shows that, as expected, irradiation with
340 nm monochromatic light causes bleaching of the 335 nm
band with an hypsochromic shift of �max to 305 nm and a slight
intensification of the n ±�* transition at 439 nm. Return to the
initial conditions can be achieved either thermally or by
irradiation at 480 nm.
Despite the use of different substrate concentrations,


irradiation of m-4T under the same conditions failed to
produce any spectral change. This absence of effect can be
explained by the fact that the initial structure of m-4T is
already in a ASA conformation and therefore, there is no
possibility of shortening the S ¥ ¥ ¥S distance in order to
accommodate the cis configuration of the azobenzene group.
This locking of the system thus inhibits the isomerization of
the azo group.
As shown in Figure 6, irradiation of p-4T at 360 nm


produces a decrease of the intensity of the 360 nm � ±�*
azo band with an enhancement of the resolution of the
vibronic fine structure. Concurrently, the intensity of the
420 nm band corresponding to the superimposition of the
n ±�* transition of azobenzene and � ±�* transition of 4T
increases significantly. It is noteworthy that the intensification
of this band is considerably larger than that observed with the
model azo compound p-2 (not shown). This important
difference shows that the intensification of the 420 nm band
cannot be attributed to the sole intensification of the n ±�*
transition of azobenzene.


Figure 6. Changes in the UV/Vis spectrum of top: p-4T (2� 10�5� in
CH2Cl2) and bottom: p-6T (1.5� 10�5� in CH2Cl2) during photoirradiation
at 360 nm: initial spectrum (- - - -) and after 3 h irradiation at 360 nm ( ¥¥¥ ¥ ).


As predicted by modeling, the SAS-to-ASA conformational
transition of the 4T chain results in a decrease in the HOMO±
LUMO gap and, thus, in a red shift of �max with an increase in
the molecular absorption coefficient. This process was ana-
lyzed in detail in a recent theoretical and experimental study
of crown-annealed nTs.[18] On the other hand, the spectra in
Figure 5 show that, before photoisomerization of the azo
group, through-space interactions between the azobenzene
and 4T conjugated systems produce a 17 nm red shift of the
�max of the 4T chain. On these grounds, the invariance of the
�max of the 4T chain can be interpreted as the consequence of
two counteracting effects, that is, a red shift associated with
the SAS-to-ASA conformational transition and a blue shift
resulting from the decrease in the through-space interactions
with the azobenzene group.
As shown in Figure 6 (bottom), the behavior of p-6T is


qualitatively very similar to that of p-4T. The smaller
magnitude of the change in the intensity of the absorption
bands can be attributed to the fact that a part of the �-
conjugated chain (i.e., the two terminal thiophene rings) is not
involved in the conformational change. Furthermore, because
of the limited power of our monochromatic light source, the
higher absorption coefficient of p-6T probably also contrib-
utes to limiting the magnitude of the photoisomerization
process. For both p-4T and p-6T, these spectral changes are
fully reversible, and the initial spectrum is recovered after
irradiation with 480 nm light.
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Figure 7 shows the aromatic region of the 1H NMR
spectrum of compound p-4T in CDCl3 before and after
irradiation with a 360 nm monochromatic light. Assignments
of the proton chemical shifts of the initial spectrum (Figure 7,


Figure 7. Aromatic region of the 1H NMR spectrum of p-4T (9� 10�4�) in
CDCl3. Bottom: initial spectrum, top: after 5 h irradiation with 360 nm
monochromatic light.


top) were completed by comparing HMQC, HMBC, and
NOESY data; this allowed the following to be firmly
identified: Hb/Hb� (�� 6.73 ppm, br s or d, J� 8.5 Hz, 2H at
333 K,), Hc/Hc� (�� 7.50 ppm, d, J� 8.5 Hz, 2H), H4/H5���
(�� 7.23 ppm, d, J� 5.0 Hz, 2H), H5/H4��� (�� 7.19 ppm, d,
J� 5.0 Hz, 2H), H3�/H4�� (�� 7.18 ppm, d, J� 4.0 Hz, 2H),
and H4�/H3�� (�� 6.56 ppm, d, J� 4.0 Hz 2H). In this respect,
H3�/H4�� were differentiated from H4�/H3�� through the
observation of the 3J correlation to C2/C2��� that the former
shared with H4/H4���. The unusual upfield chemical shifts of
Hb/Hb� and H4�/H3�� was attributed to their location in the
shielding cones of their respective facing thiophenic or
benzenic system. After irradiation with 360 nm monochro-
matic light, the 1H NMR spectrum exhibits additional signals
associated with the new geometry of the molecule (Figure 7).
The chemical shifts of the Hb/Hb� couples can be deduced
from a 2D dipole ± dipole interaction proton correlation
analysis (NOESY), which shows a strong nOe between these
protons on the one hand and the thiomethylene group on the
other.
Thus, the broad singlet for the four Hb/Hb� protons at ��


6.79 ppm becomes a doublet at �� 7.32 ppm, while the H4�/
H3�� doublet is downfield shifted from �� 6.58 to 7.17 (or 7.23)
ppm. These increases in chemical shift are thus related to the
corresponding protons exiting the shielding cones of the
opposite aromatic systems; this, in turn, is due to the changes
in the geometry of the azobenzene and 4T systems. Before
irradiation, the NOESY spectrum also shows strong inter-
actions between H3�/H4�� and Hc/Hc� as well as between H4�/
H3�� and Hc/Hc�; this shows the short distances between these
various protons.


The disappearance of this nOe after irradiation thus
indicates that the isomerization process pushes away protons
Hb/Hb� and H3�/H4��. Integration of the cis/trans signals shows
that after 5 h of irradiation, 47% of compound p-4T has been
isomerized. Irradiation with a 480 nm monochromatic light
leads to the disappearance of the new signals formed during
the forward process and to the recovery of the initial
spectrum. After 3 h of irradiation at 480 nm, only 12% of
azobenzene remains in the cis configuration. After a complete
forward/backward cycle, no new signal appears in the
spectrum, thus demonstrating the absence of degradation of
the molecule.
Further information on the effects of photoisomerization of


the attached azo group on the electronic properties of the nT
chain have been obtained by analyzing the electrochemical
behavior of p-4T and p-6T before and after photoirradiation.
A control experiment on p-dimethylazobenzene p-2 showed
that the azo group is electrochemically inert up to �1.70 V
versus Ag/AgCl.
The cyclic voltammogram (CV) of p-4T in methylene


chloride in the presence of Bu4NPF6 shows a reversible
oxidation wave with a redox potential E0 at 0.94 V, corre-
sponding to the oxidation of 4T into its radical cation
(Figure 8). Irradiation at 360 nm produces a progressive


Figure 8. Cyclic voltammograms recorded in 0.1� Bu4NPF6/CH2Cl2, scan
rate 100 mVs�1. Top p-4T (5� 10�4�), before irradiation ( ¥¥ ¥ ¥ ) and after
2 h irradiation at 360 nm (––). Middle: cyclic voltammograms obtained by
application of recurrent potential scans to the same solution under
irradiation at 360 nm. Bottom: cyclic voltammograms of p-6T (5�
10�4 �). Dotted line before irradiation, solid line after 2 h irradiation at
360 nm.
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decrease in the intensity of this wave and the emergence of a
new redox system at lower potential (E0� 0.78 V). These
changes are fully reversible, and the initial CV can be
recovered by irradiation with 480 nm monochromatic light
or by a slow thermal process in the dark. These results clearly
demonstrate that photoisomerization of the azo group
produces conformational changes in the 4T chain that result
in an increase of the HOMO level.
Application of recurrent potential scans between 0.00 and


�1.10 V to a solution of p-4T that has been irradiated for
2 hours at 360 nm leads to the growth of a new broad redox
system at less positive potential (0.40 to 0.80 V region). This
process is accompanied by the electrodeposition of a thin dark
film onto the platinum electrode. A control experiment done
prior to irradiation confirmed that the initial CV is stable
under cycling in the dark and that electrodeposition occurs
exclusively after photoisomerization of the attached azo
group and hence after the SAS-to-ASA transition of the 4T
chain (Scheme 2). This result suggests that the conformational


Scheme 2.


switch of the 4T chain enhances the reactivity of the free �-
positions of the terminal thiophene rings thus allowing the
radical cation to form a more extended �-conjugated system,
in a process similar to the electropolymerization of thiophene
derivatives.[31]


The CVof p-6T exhibits two successive one-electron redox
processes corresponding to the successive generation of the
radical cation and dication at redox potentials E01 and E02 of
0.85 and 1.04 V. After 2 hours of irradiation at 360 nm, the
intensity of the first redox system undergoes a slight decrease,
while a new redox system emerges with E0 at 0.70 V. As for
optical experiments, the magnitude of the observed effect is
smaller than for p-4T presumably because of the combined
effects of the higher molecular-absorption coefficient of p-6T
and the fact that a part of the �-conjugated system is not
involved in the conformational transition. As expected, the
application of recurrent potentials under continuous irradi-
ation does not lead to any electrodeposition process. This
result confirms that the stabilization of the radical cation
associated with chain extension and, of course, the blocking of
the terminal �-positions by hexyl chains prevent the chemical
coupling of the electrogenerated radical cation.


Conclusion


Quater- and sexithiophenes with a photoisomerizable azo-
benzene group covalently attached to two fixed positions of
the �-conjugated system have been synthesized. Theoretical
modeling of the structure and electronic properties provides a
powerful tool for the design of molecular architectures that
combine synthetic accessibility, conformational flexibility,
and, thus, efficient and reversible photomechanical control
of the electronic properties of the �-conjugated system
through conformational transitions.
In addition to contributing to the enrichment of the tool-


box of dynamic molecular devices such as actuators or
machines, extension of the concepts developed in this work
to other classes of oligomers and polymers can open interest-
ing perspectives for various fields of research including
molecular electronics and stimuli-responsive nanostructured
materials. Work in this direction is now underway and will be
reported in future publications.


Experimental Section


NMR spectra were recorded with a Bruker Avance DRX500 (1H,
500.13 MHz and 13C, 125.75 MHz). Chemical shifts are given in ppm
relative to TMS. IR spectra were recorded with a Perkin ±Elmer 841
spectrophotometer and UV/Vis spectra with a Perkin ±Elmer Lambda2
spectrometer. Melting points are uncorrected. Mass-spectrometry analyses
were performed on a JMS-700 (JEOL LTD, Akishima, Tokyo, Japan)
double-focusing mass spectrometer with reversed geometry and equipped
with a pneumatically assisted electrospray ionization (ESI) source. Nitro-
gen was used as the nebulizer gas. The sample, diluted in a chloroform or in
CHCl3/CH3CN (70:30), was introduced into the ESI interface with a
syringe pump (PHD2000 infusion; Harvard Apparatus, Holliston, MA,
USA) at a 40 �Lnm�1 flow rate. A 5 kV acceleration voltage was applied,
and the elemental composition of the ions was checked by high-resolution
measurements by using an electric-field scan with a mixture of PEGs as
internal standard and nominal molecular weights centered around 1000.


X-ray data collection was performed at 294 K on an Enraf ±Nonius MACH3
four-circles diffractometer equipped with a graphite monochromator utiliz-
ing MoK� radiation (��0.71073 ä). The structures were solved by direct
methods (SIR) and refined on F by full-matrix least-squares techniques with
MolEN package programs. For the two compounds, absorption was
corrected by DIFABS and the H atoms were included in the calculation
without refinement. The crystallographic data are given in Table 2.


CCDC-207283 (m-4T)contains the supplementary crystallographic data for
this paper. These data can be obtained free of charge via www.ccdc.cam.
ac.uk/conts/retrieving.html (or from the Cambridge Crystallographic Data
Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax: (�44)1223-
336033; or deposit@ccdc.cam.uk).


Irradiation was performed with a 150 W high-pressure Xenon lamp by
using band pass filters. The incident light power was X 0.64 mWcm�2 at
360 nm and X 1.52 mWcm�2 at 480 nm.


Cyclic voltammetry was performed in acetonitrile or dichloromethane
purchased from SDS (HPLC grade). Tetrabutylammonium hexafluoro-
phosphate was purchased from Fluka (puriss) and used without purifica-
tion. Solutions were deaerated by nitrogen bubbling prior to each
experiment, which was run under a nitrogen atmosphere. Experiments
were performed in a one-compartment cell equipped with a platinum
working microelectrode (È� 1 mm) and a platinum-wire counter elec-
trode. An Ag/AgCl electrode checked against the ferrocene/ferricinium
couple (Fc/Fc�) before and after each experiment was used as reference.
Electrochemical experiments were carried out with a PAR273 potentiostat
with positive feedback compensation.


Materials : 3,3���-Bis(2-cyanoethylsulfanyl)-2,2�:5�,2��:5��,2���-quaterthiophene
(4) was prepared according to the procedure already reported.
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Trans-azo-m-toluene (m-2): A pyridine/Cu2Cl2 catalyst was prepared by the
introduction of anhydrous CuCl (5 g, 0.7 equiv) into anhydrous pyridine
(50 mL). The mixture was stirred for 10 min, and the insoluble residue was
eliminated by filtration. 3-Toluidine (m-1; 7 g, 65.3 mmol) was then
dissolved in the filtered solution, which was stirred for two hours under
O2 bubbling. After addition of water (200 mL) and Et2O (150 mL), the
organic phase was separated, washed with aqueous HCl (1�), dried
(Na2SO4), and concentrated. The residue was washed with ethanol to give
m-2 (3.0 g, 44%) as an orange solid. M.p. 144 ± 145 �C; 1H NMR (CDCl3)
�� 2.44 (s, 6H), 7.30 (d, 3J� 8.2 Hz, 4H), 7.82 (d, 3J� 8.2 Hz, 4H); UV/Vis
(CH2Cl2): �max (log�)� 335 (4.60), 439 nm (3.32).
Trans-azo-p-toluene (p-2): This compound was prepared by using the same
procedure as above from CuCl (5 g, 0.7 equiv), pyridine (50 mL), and
4-toluidine (p-1) (7 g, 65.3 mmol). Chromatography on silica gel (CH2Cl2)
gave p-2 (2.15 g, 32%) as an orange solid. M.p. 55 ± 56 �C; 1H NMR
(CDCl3) �� 2.47 (s, 6H), 7.30 (d, 3J� 7.4 Hz, 2H), 7.41 (m, 2H), 7.73 (m,
4H); UV/Vis (CH2Cl2): �max (log �)� 324 (4.60), 441 nm (3.32).
Trans-1,1�-azobis(4-bromomethylbenzene) (p-3): A mixture of p-2 (1 g,
4.8 mmol), N-bromosuccinimide (NBS) (2.5 g, 2.9 equiv), and benzoyl
peroxide (60 mg, 0.01 equiv) in CCl4 (60 mL) was heated at reflux for
30 min under a N2 atmosphere. The succinimide formed was separated by
filtration of the hot mixture and washed with hot CCl4. The organic phases
were combined, washed with hot water, dried over Na2SO4, and evaporated
in vacuo. The residue was recrystallized twice from butan-2-one to give
500 mg (28%) of an orange solid. M.p. 217 ± 218 �C; 1H NMR (CDCl3) ��
4.56 (s, 4H), 7.54 (d, 3J� 8.3 Hz, 4H), 7.89 (d, 3J� 8.3 Hz, 4H); UV/Vis
(CH2Cl2): �max (log�)� 334 (4.59), 437 nm (3.30).
Trans-1,1�-azobis(3-bromomethylbenzene) (m-3): This compound was
prepared by using the same procedure as above from m-2 (2 g, 9.6 mmol),
NBS (5 g, 2.9 equiv), and AIBN (120 mg) in anhydrous CCl4 (120 mL). Two
recrystallizations in CH3CN, gave 1 g (28%)of an orange solid. M.p. 141 ±
143 �C; 1H NMR (CDCl3) �� 4.59 (s, 4H), 7.53 (m, 4H), 7.85 (m, 2H), 7.95
(m, 2H); UV/Vis (CH2Cl2): �max (log�)� 331 (4.59), 447 nm (3.30).


3,3���-[Trans-1,1�-azobis(4-benzylsulfandiyl)]-2,2�:5�,2��:5��,2���-quaterthio-
phene (p-4T): A solution of CsOH ¥H2O (150 mg, 2.2 equiv) in degassed
MeOH (5 mL) was added dropwise to a solution of quaterthiophene 4
(273 mg, 0.54 mmol) in degassed DMF (20 mL) under a N2 atmosphere.
After being stirred for 30 min, this solution and a solution of p-3 (200 mg,
1 equiv) in degassed DMF (25 mL) were added simultaneously, at room
temperature and under a N2 atmosphere, to anhydrous degassed DMF
(100 mL) over ca. 6 h by using perfusor pumps. After 10 h of stirring, the
reaction mixture was concentrated in vacuo. The residue was dissolved in
CH2Cl2 (200 mL) and washed with water. After drying (Na2SO4), the
solution was concentrated in vacuo to give a residue that was separated by
chromatography on silica gel (CH2Cl2/hexane 1:1). After dissolution of the
obtained powder in hot CHCl3/hexane (2:1), addition of cold hexane gave a
precipitate that was filtered to give 60 mg (18%) of an orange solid. M.p.
�250 �C; 1H NMR (CDCl3) �� 3.79 (s, 4H), 6.56 (d, 3J� 3.8 Hz, 2H), 6.73
(br s, 4H), 7.19 (m, 4H), 7.23 (d, 3J� 5.1 Hz, 2H), 7.50 (d, 3J� 7.6 Hz, 4H);
13C NMR (CDCl3) �� 43.2, 123.0, 123.4, 123.8, 123.9, 126.6, 128.9, 133.7,
135.6, 136.3, 140.9, 142.1, 151.3; UV/Vis (CH2Cl2): �max (log�)� 360 (4.52),
417 nm (4.30); HRMS (ESI): calcd for C30H20N2S6� Na� : 622.9848; found:
622.9844; elemental analysis calcd (%) for C30H20N2S6: C 59.96, H 3.35,
S 30.02, N 4.66; found: C 59.55, H 3.46, S 30.56, N 4.55.


3,3���-[Trans-1,1�-azobis(3-benzylsulfandiyl)]-2,2�:5�,2��:5��,2���-quaterthio-
phene (m-4T): This compound was prepared by using the same procedure
as above from quaterthiophene 4 (400 mg, 0.8 mmol), CsOH (252 mg,
2.1 equiv), and m-3 (290 mg, 1 equiv). Chromatography on silica gel
(CH2Cl2/petroleum ether 7:3) gave m-4T as an orange solid (300 mg,
62.5%). M.p. 229 ± 231 �C; 1H NMR (CDCl3) �� 3.91 (s, 4H), 6.58 (d, 3J�
7.1 Hz, 2H), 6.80 (d, 3J� 3.8 Hz, 2H), 6.83 (, 3J� 3.8 Hzd, 2H), 7.10 (t, 3J�
7.6 Hz, 2H), 7.18 (d, 3J� 5.2 Hz, 2H), 7.20 (d, 3J� 5.2 Hz, 2H), 7.63 (d, 3J�
7.9 Hz, 2H), 7.77 (s, 2H); 13C NMR (CDCl3) �� 42.2, 122.5, 122.8, 123.3,
123.4, 124.2, 127.6, 127.9, 130.7, 133.1, 134.7, 137.1, 137.9, 142.1, 152.5; UV/
Vis (CH2Cl2): �max (log�)� 322 (4.52), 409 nm (4.41); MS (70 eV, EI): m/z
(I%): 600 (100) [M�], 446 (10), 391 (30), 358 (24), 196 (14), 155 (12), 84
(47), 69 (16); HRMS (ESI) calcd for C30H20N2S6 599.9951; found 599.9959;
elemental analysis calcd (%) for C 59.96, H 3.35, S 30.02, N 4.66; found: C
59.91, H 3.26, S 31.61, N 4.51.


2-Tributylstannyl-5-hexylthiophene (7): A solution of n-BuLi (2.5�) in
hexane (13 mL, 1.1 equiv) was added dropwise to a solution of 2-n-
hexylthiophene (6 ; 5 g, 29.7 mmol) in anhydrous THF (20 mL) under N2 at
�25 �C. After 30 min of stirring at �25 �C, Bu3SnCl (8.5 mL, 1.05 equiv)
was slowly added. The reaction mixture was warmed up to room temper-
ature and stirred for 1 h. After dilution with CH2Cl2 (60 mL), the organic
phase was successively washed with a saturated aqueous NH4Cl and water,
dried over Na2SO4, and evaporated in vacuo. The colorless oil (13.3 g,
98%) was directly used in the next step without further purification.
1H NMR (CDCl3) �� 0.92 (m, 12H), 1.08 (m, 6H), 1.34 (m, 12H), 1.28 (m,
6H), 1.72 (q, 3J� 7.3 Hz, 2H), 2.85 (t, 3J� 7.7 Hz, 2H), 6.90 (d, 3J� 3.2 Hz,
1H), 7.98 (d, 3J� 3.2 Hz, 1H).
5,5���-Dibromo-3,3���-bis(2-cyanoethylsulfanyl)-2,2�:5�,2��:5��,2���-quaterthio-
phene (5): A solution of NBS (0.825 g, 2 equiv) in DMF was added
dropwise to a solution of quaterthiophene 4 (1.16 g, 2.32 mmol) in DMF
under N2 at 0 �C in the absence of light. The mixture was stirred 6 h at room
temperature and concentrated in vacuo, and the residue was dissolved in
CH2Cl2 (150 mL). The organic phase was washed with water, dried over
Na2SO4, and evaporated in vacuo. The orange solid (0.935 g, 61.5%) was
directly used in the next step.


5,5�����-Dihexyl-4�,3����-bis(2-cyanoethylsulfanyl)-2,2�:5�,2��:5��,2���:5���,2����:5����
,2�����-sexithiophene (8): A mixture of compounds 5 (0.935 g, 1.43 mmol) and
7 (1.42 g, 2 equiv) plus Pd(PPh3)4 (500 mg, 0.05 equiv) in anhydrous toluene
(50 mL) was heated at reflux 48 h under a N2 atmosphere. After being
cooled, the mixture was concentrated, and the residue was dissolved in
CH2Cl2, washed with water, dried over Na2SO4, and evaporated in vacuo.
Chromatography on silica gel (CH2Cl2/petroleum ether 8:2) gave 8 as an
orange-red solid (310 mg, 26%). M.p. 125 ± 127 �C; 1H NMR (CDCl3) ��
0.90 (t, 3J� 6.8 Hz, 6H), 1.42 ± 1.30 (m, 12H), 1.69 (q, 3J� 7.5 Hz, 4H), 2.62
(t, 3J� 7.3 Hz, 4H), 2.81 (t, 3J� 7.6 Hz, 4H), 3.07 (t, 3J� 7.3 Hz, 4H), 6.71
(d, 3J� 3.5 Hz, 2H), 7.01 (d, 3J� 3.5 Hz, 2H), 7.04 (s, 2H), 7.18 (d, 3J�
3.9 Hz, 2H), 7.31 (d, 3J� 3.9 Hz, 2H); 13C NMR (CDCl3) �� 14.0, 18.5,
22.6, 28.7, 31.2, 31.5, 31.6, 31.8, 117.8, 123.9, 124.3, 124.5, 125.1, 127.5, 128.4,
133.1, 133.9, 136.1, 137.3, 137.9, 146.8; IR (KBr) 2252 cm�1 (CN); UV/Vis
(CH2Cl2): �max (log�)� 452 nm (4.64); MS MALDI: 832 [M�].


Table 2. X-ray experimental data for m-4T.


Formula C30 H20 N2 S6
Mw 600.89
crystal system orthorhombic
space group P212121
a [ä] 8.276(1)
b [ä] 14.258(1)
c [ä] 23.411(4)
� [�] 90
� [�] 90
� [�] 90
V [ä3] 2762(1)
Z 4
color orange
crystal dims [mm] 0.60� 0.31� 0.26
Dcalcd [g cm�3] 1.44
F000 1240
m [mm�1] 0.520
trans. min and max � 0.5274/1.0000
T [K] 294
radiation MoK� graphite monochromated
� [ä] 0.71073
diffractometer Enraf Nonius CAD4
scan mode W
hkl limits � 11,0/� 20,0/0,32
� limits [�] 2.5/29.99
number of reflns measured 4536
number of reflns with I� 3�(I) 1712
weighting scheme 4F 2o /(�2(F 2o � � 0.0064F4o�
number of variables 193
R 0.053
Rw 0.072
GOF 1.329
largest peak in final 0.718
difference [eä�3]
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5,5�����-Dihexyl-4�,3����-[trans-1,1�-azobis(4-benzylsulfandiyl)]-2,2�:5�,2��:5��,
2���:5���,2����:5����,2�����-sexithiophene (p-6T): This compound was prepared
according the procedure already described for m-4T from 8 (310 mg,
0.37 mmol), CsOH (130 mg, 2.2 equiv) and p-3 (137 mg, 1 equiv). Chro-
matography on silica gel (CH2Cl2/hexane 1:1) and recrystallization from
CHCl3 gave p-6Tas an orange solid (60 mg, 17%). M.p.�250 �C; 1H NMR
(CDCl3) �� 0.92 (t, 3J� 6.5 Hz, 6H), 1.50 ± 1.20 (m, 12H), 1.71 (q, 3J�
7.4 Hz, 4H), 2.83 (t, 3J� 7.5 Hz, 4H), 3.82 (s, 4H), 6.55 (d, 3J� 3.8 Hz, 2H),
6.73 (d, 3J� 3.4 Hz, 2H), 5.86 (br s, 4H), 7.03 (d, 3J� 3.4 Hz, 2H), 7.19 (m,
4H), 7.50 (d, 3J� 8.3 Hz, 4H); UV/Vis (CH2Cl2): �max (log�)� 359 (4.61),
457 nm (4.62); MS MALDI: 932 [M�]; HRMS (ESI) calcd for C30H20N2S6:
932.1583; found: 932.1611.
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Creation of Double Silica Nanotubes by Using Crown-Appended
Cholesterol Nanotubes


Jong Hwa Jung,*[a, b] Seok-Hoon Lee,[a] Jong Shin Yoo,[a] Kaname Yoshida,[b]
Toshimi Shimizu,[b] and Seiji Shinkai*[c]


Abstract: New crown-appended choles-
terol-based organogelators 1 ± 3, which
have one or two cholesterol skeletons as
a chiral aggregate-forming site, two
amino groups as an acidic proton bind-
ing site, and one crown moiety as a
cation binding site, were synthesized,
and the gelation ability was evaluated in
organic solvents. These gelators could
gelatinize several organic solvents under
1.0 wt%, indicating that 1 ± 3 act as a
versatile gelator of various organic sol-
vents. We observed CD spectra of the
acetic acid or propionic acid gels of 1 ± 3
to characterize the aggregation mode in
the organogel system. In the CD spec-
trum of the acetic acid gel 1, the positive
sign for the first Cotton effect indicates
that the dipole moments of azobenzene
chromophores tend to orient into the
clockwise direction. On the other hand,


propionic acid gels 2 and 3, bearing only
one cholesterol, moiety exhibit a nega-
tive sign for the first Cotton effect,
strongly suggesting that the dipole mo-
ments of the azobenzene chromophores
orient into the anticlockwise direction.
The TEM images of the 1�acetic acid
gel resulted in the helical ribbon and
tubular structures. Sol-gel polyconden-
sation of tetraethoxysilane (TEOS) was
carried out with 1 ± 3 as templates in the
gel phase. The silica obtained from the
1�acetic acid gel showed the helical
ribbon with 200 ± 1700 nm width and the
tubular structure of the silica with con-


stant about 560 nm outer diameter. As
far as can be recognized, all the helicity
possesses a right-handed helical motif.
Since the exciton coupling band of the
organogel also shows P (right-handed)
helicity, we consider that a microscopic
helicity is reflected by a macroscopic
helicity. On the other hand, the tubular
structure of the silica obtained from the
organogels 2 and 3 is somewhat different
from that prepared from the organogel
1. The careful examination of SEM and
TEM pictures revealed that the tube
wall of the silica features a roll-paper-
like multilayer structure. Thus, this pa-
per demonstrates successful and rare
examples for precise transcription of gel
superstructures into inorganic silica ma-
terials.


Keywords: crown compounds ¥
double-layered tubes ¥ gels ¥ helical
structures ¥ silicates ¥ sol-gel proc-
esses


Introduction


Both in natural and artificial systems, the self-assembly of
organic building blocks give rise to supramolecular structures
of various sizes, shapes, chemical compositions, and functions.
In order to develop novel inorganic materials that closely


correspond to these organic assemblies, one potential ap-
proach is to transcribe them to produce inorganic replicas,
thus mimicking biomineralization processes. Amphiphilic
molecules, for example, exhibit one of the richest polymor-
phism of structures and mesophases.[1] Among these, vesi-
cles,[2] ultra-thin membranes,[3] and others[4] have been utilized
as templates to create nano-sized inorganic materials.[5] In
order to ™design∫ the sizes and shapes of such materials (as
organic compounds and assemblies can be ™designed∫), it is
essential to explore and elucidate the transcription mecha-
nisms of various organic precursors.
Recently, numerous thermoreversible physical gels formed


with low-molecular-weight organic molecules have been
reported.[6±10] The interest shown lies in the numerous
potential applications envisaged for these materials, such as
hardeners of solvents, drug delivery systems, membranes, and
sensors. Very recently, organogels were applied as novel
media to produce various structures of the silica such as
linear,[11a,b] lamellar,[11c±e] and helical fibers,[11f] and spheri-
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cal[11g] structures by sol-gel polycondensation. These results
indicate that the superstructures formed in organogels are
useful as templates to create various silica structures. One
particularly interesting class of gelators, crown-appended
cholesterol-based gelators, frequently resulted in various
novel structures such as the fibrous, lamellar,[11d] vesicular,[11g]


and multilayered tubular[11c] structures.
The groups of Kunitake and Schnur


found that certain amphiphiles can
form the tubular structure through the
helical ribbon structure in aqueous
solution.[1, 12] They possess a polar head
group and suitable chiral hydrophobic
groups to form stable aggregates. On
the other hand, certain gemini-type
gelators which consist of two compo-
nents, gave helical ribbon structures in
aqueous and organic solvents;[13] how-
ever, the formation mechanism of the
tubular structure was not confirmed in
these gel systems. It thus occurred to us
that judging from the versatility of
crown-appended cholesterol-based ge-
lators,[11d,e,g] one might be able to find
both structures, growing from the twist-
ed ribbon to the tubule (as suggested by
Kunitake et al.[12] for the aqueous sol-
ution system). In addition, superstruc-
tures created from these gelators might
be useful as templates for the tran-
scription into the silica structures.
With these objects in mind, we have


designed compounds 1 ± 3, which have
one or two cholesterol skeletons as a
chiral aggregate-forming site, two ami-
no groups as an acidic proton binding site, and one crown
moiety as a cationic binding site. We have studied the
influence of the crown size induced into the amphiphiles by
circular dichroism (CD), SEM, and TEM, and evaluated their
sol-gel transcription into the silica structures. We have found
that 1 ± 3 not only gelate various organic solvents under 1.0
wt%, but enable us to observe both the helical ribbon and
tubule structures. In addition, 1 acts as a template for sol-gel
polycondensation of TEOS to produce the novel ™helical
ribbon∫ silica and the ™double-layered tubular∫ silica, where-
as 2 and 3 induce only the ™roll-paper-like multilayered
tubular∫ structure of silica. Also, we could synthesize various
morphologies of silica, such as double-layer, helical, and
vesicular structures, by changing the sol-gel reaction temper-
ature using the organogel 1. To the best of our knowledge the
influence of of changes in the sol ± gel reaction temperature
on the silica morphologies and the growth mechanism from
the helical ribbon of an organogel into the tube has not yet
been reported. To the best of our knowledge, these are the
first examples not only for the morphology control of the
silica in the self-assembled superstructure system, but also for
the growth mechanism from the helical ribbon of an organic
self-assembly into the tubular structure through sol-gel tran-
scription.


Results and Discussion


Characterization of organogel superstructures by circular
dichroism (CD), SEM, and TEM : Compounds 1 ± 3 were
synthesized according to the method reported previously
(Scheme 1).[11c] The gelation ability of compounds 1 ± 3 was


estimated in various organic solvents. As summarized in
Table 1, they can gelate acetic acid, propionic acid, acetoni-
trile, 1-hexanol, DMSO, and/or DMF under 1.0 wt%, indicat-
ing that they act as a versatile gelator of various organic
solvents.
To characterize the aggregation mode in the organogel


phase, we observed CD spectra of acetic acid and propionic
acid gels of 1 ± 3. In the CD spectrum of acetic acid gel 1, the


Table 1. The gelation ability of 1 ± 3 in organic solvents.[a]


1 2 3


methanol I I I
ethanol I I I
1-butanol G P P
1-hexanol G G G
DMSO G G G
DMF G G G
acetic acid G P P
propionic acidG G G
acetone G I I
acetonitrile G I I
chloroform S S S
tetrahydrofuran S S S


[a] Gelator� 1.0 wt%; G� stable gel formed at room temperature; S�
solution; I� insoluble, P� precipitation.


Scheme 1. Reagents and conditions of crown-appended cholesterol gelators 1 ± 3. a) Dibromobutane,
KOH, ethanol; b) cholesterol, DCC, DMAP, dichloromethane; c) PdC, H2, dimethylacetamide
anhyrate; d) Na2CO3, n-butyronitrile.
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���0 value appears at 353 nm, which is consistent with the
absorption maximum at �max� 353 nm. One can thus assign
the CD spectrum to the exciton coupling band, although it is
somewhat asymmetric (Figure 1). It is known that azoben-
zene-appended cholesterol gelators with natural (S)


Figure 1. CD spectra of the organogels a) 1, b) 2, and c) 3.


C-3 configuration tend to give a positive sign for the first
Cotton effect (Figure 1a), indicating that the dipole moments
of azobenzene chromophores tend to orient into the clockwise
direction.[11e,f] In contrast, gels 2 and 3 bearing only one or two
cholesterol moiety exhibit a negative sign for the first Cotton
effect (Figure 1b and c), indicating that the dipole moments of
the azobenzene chromophores orient into the anticlockwise
direction. In all cases, it was confirmed that the contribution
of linear dichroism (LD) to the true CD spectra is negligible.
These CD data support the view that the aggregation mode of
1 is somewhat different from those of 2 and 3. It is undoubted
that the organogels of 2 and 3 are formed by both intermo-
lecular cholesterol ± cholesterol and azobenzene ± azoben-
zene interactions; the former interaction in the central
columnar aggregate and the latter in the side chain aggregate
around the central column. On the other hand, in the
organogel compound 1 may adopt a folded conformation to
enjoy efficient intramolecular cholesterol ± cholesterol and
azobenzene ± azobenzene interactions; this may be the origin
of the positive sign for the first Cotton effect.
To obtain visual insights into the aggregation mode, we


observed the xerogel structures of organogels 1 ± 3 by TEM
and SEM. Figure 2 shows a TEM and SEM pictures of the
xerogels 1 ± 3 obtained from acetic acid or propionic acid.
Very interestingly, the xerogel 1mainly consists of the tubular
structures with about 520 nm outer diameter, but also
contains the helical ribbon with 1700 nm pitch (Figure 2a
and b). In addition, the SEM picture of the xerogel 1 also
reveals the characteristic right-handed helical ribbon struc-
ture. These results indicate that the structure of the organogel
process involves several metastable intermediate structures,
namely, the linear ribbon, the helical ribbon, and the tubule.
However, observation of the growing step for helical ribbon


Figure 2. SEM (a) and TEM (b) pictures of the xerogel 1 prepared from
acetic acid, and SEM pictures of the xerogels 2 (c) and 3 (d) prepared from
propionic acid.


structure into at tube is very difficult due to an extremely fast
growing rate.
To the best of our knowledge, it is very a rare example for


the direct observation of the growing process of these
superstructures by self-assembly. Most of organic tubes
reported so far are produced in aqueous solution, and not in
gel systems. In particular, the structure of 1 is quite different
from those of sugar amphiphiles, previously reported by our
group, which have long aliphatic groups.[14] These amphiphiles
were transformed from the helical ribbon structure (its
presence is assumed) into the tubular structure with 10 ±
100 nm of diameters in aqueous solution by heating, whereas
1 can form both the helical ribbon structure and the tubular
structure with approximately 520 nm out diameter.
The organogels 2 and 3 featured the tubular-like structures


with 45 ± 75 nm wall thickness and 170 ± 390 nm inside tube
diameter as shown in Figure 2c and d. Very careful examina-
tion of these pictures reveals that the wall consists of a
multilayer-like structure. These results indicate that the
balance between the hydrophilicity and the hydrophobicity
in amphiphiles is of importance to develop the tubular
structure through the helical ribbon structure.


Influences on sol ± gel transcription temperature : To tran-
scribe the superstructure formed in the organogel into the
silica structure, we carried out sol ± gel polycondensation of
TEOS using 1 ± 3 in the acetic acid or propionic acid gel phase
according to the method described previously.[11] We observed
SEM and TEM pictures of the silica obtained from 1 ± 3 after
calcination. Figure 3 shows the TEM pictures: the silica
obtained from acetic acid gel 1 possesses the helical ribbon
structure with various width (450 ± 1500 nm) of ribbon and the
tubular structure of the silica with a constant outer diameter
of about 560 nm. As far as can be recognized, all the helicity
possesses a right-handed (P) helical motif. Since the exciton-
coupling band of the organogel also shows P helicity, we
consider that a microscopic helicity is reflected by a macro-
scopic helicity. These results indicate that the novel helical
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Figure 3. TEM pictures (a, b, c, and d) of the silica obtained from the
1�acetic acid gel after calcinations.


ribbon structure and the tubular structure of the organogel 1
have successfully been transcribed into the silica structures.
Also, these findings strongly suggest that the organic tube
formed by self-assembly was produced with the growth of
width of the helical ribbon and constant pitch angle as shown
in Figure 4b, rather than by the mechanism in Figure 4a; also


Figure 4. Representation for tubular formation mechanisms of the 1�
acetic acid gel; a) tube formed by changing of pitch angle, b) tube formed
with the growth in width of the helical ribbon.


the growth of organic tube was fixed by absorption of rigid
silica particles (Figure 4b). This mechanism is quite different
from observed for natural cholesterol tube by Chung et al.,[16]


which had two different pitch angles. In addition, it was
confirmed by high-magnification TEM that the silica consists
of double layers with an interlayer distance of 8 ± 9 nm
(Figure 5a). The size of the space between layers of the silica
obtained by Method A (see Experimental Section) suggests
that helical ribbon and tubular structures of the incipient
organogel 1 are encapsulated in the silica particles. In
addition, these results indicate that TEOS (or oligomeric
silica particles) was adsorbed onto both surfaces of the tubules
with 8 ± 9 nm thickness. Therefore, the tubular silica possesses
two hollow cavities. The smaller hollow with 8 ± 9 nm layers
was created by organogel template, whereas the larger hollow,
with inner diameters of approximately 480 nm, was created by
the growth of the helical ribbon.


Figure 5. SEM or TEM pictures a) of the silica obtained from the 1�acetic
acid gel by method A, b) and c) by method B, and d) by method C after
calcination.


In the absence of heating after TEOS and water addition
(Method B), the silica resulted in the tubular structure with
600 nm outer diameter, 340 nm inner diameter, and 90 ±
100 nm spaces (Figure 5b and c); however, no helical ribbon
structure was observed. This result consistently supports the
view that the organic tube is made up of the multi-layered
packing structure. Also, this strongly confirms the aforemen-
tioned assumption that the silica particles are adsorbed onto
both the surface and the inner of tubular structure of the
organogel 1 obtained through several metastable intermedi-
ate structures.
In method C, the silica gave the vesicular structure with


30 ± 50 nm diameters by sol ± gel polycondensation at a
temperature above the sol ± gel phase-transition temperature
of organogel 1 (Figure 5d). This result suggests that the self-
assembled superstructure of organogel 1 exists as the vesicle
at temperatures above the sol ± gel phase-transition temper-
ature. In addition, these findings indicate that a variety of
superstructural silica materials, such as vesicular and tubular
structures, can be created at different temperatures of sol ± gel
polycondensation by using the organic tube as a template.
Figure 6 displays SEM pictures of the silica obtained from


propionic acid gels 2 and 3 after calcination. The tubular
structure of the silica obtained from the organogels 2 and 3 is
somewhat different from that prepared from the organogel 1.
Very interestingly, the tube wall of the silica features a roll-
paper-like multilayer structure, as shown by careful examina-
tion of SEM and TEMmeasurements. Also, the helical ribbon
structure of the silica was not obtained by this method.
We now propose the mechanism for the formation of both


spherical structures and the co-existence of helical ribbons
and double tubes with 8 ± 9 nm and 90 ± 100 nm spaces as
shown in Figure 7. In case of Method A, oligomeric silica
particles are adsorbed onto the surface of the helical ribbon,
to give a tubular structure with 8 ± 9 nm thickness, before
complete growth into the tube (Figure 7a); this leads to a
mixture of the helical ribbon and double layered tubes with
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Figure 6. SEM pictures of the silica obtained from the 2�propionic acid
gel (a and b) and the 3�propionic acid gel (c).


Figure 7. Schematic representation of sol ± gel transcription of the organo-
gel 1: i) template, ii) sol ± gel polycondensation, iii) before calcination, and
iv) after calcination (SEM and TEM images in Figures 2, 3, and 5).


8 ± 9 nm spaces between layers. In contrast, in case of
Method B, silica particles are adsorbed onto the surface of
the tubular structure with 90 ± 100 nm wall thickness of acetic
acid gel 1 (Figure 7b); this gave only the double-layered silica


tube. Also, this silica morphology is clearly different between
1 and 3 : compound 1 gave the tubular and the helical ribbon
structures, whereas 3 gave the roll-paper-like structure.[11c]


This implies that growth mechanism for tubular structure of
the self-assembled 1 is quite different from that of 3. The self-
assembled 1 spontaneously grows up from vesicle to the
helical ribbon to the tubular structure, whereas the compound
3 self-assembles into the roll-paper-like structure. In addition,
these two different morphologies of the self-assembly are
accurately reflected into the silica structures by the sol ± gel
method.


Conclusion


The present paper has demonstrated that the organogelators
1 ± 3, bearing different crown-ring size, such as dibenzo[30]-
crown-10 and dibenzo[24]crown-8, create the novel helical
and/or tubular structures in organic solvents. The organogel
morphology is clearly different between 1, and 2 and 3 ;
compound 1 gave the tubular structure from the helical
ribbon, whereas organogelators 2 and 3 formed the paper-like
tubular structures. Also, the tubular structure of organogel 1 is
formed from the growth in the ribbon width and with constant
diameter. Sol ± gel polycondensation of TEOS in the presence
of the helical structure of 1 leads to the formation of the
helical ribbon and double-layered tubular structures of silica
in the gel phase. This is a very rare example of chiral inorganic
materials. The helical ribbon structures of silica are created
with aid of hydrogen-bonding as well as electrostatic inter-
actions. On the other hand, the organogel 1 also produced the
vesicular structure of the silica at temperatures above the
sol ± gel phase-transition temperature. The organogels 2 and 3
induced the tubular structures of silica. The results clearly
indicate the versatility of the template method by using
organogels for the creation of various silica structures.
In general, organic materials are capable of constructing a


variety of supramolecular structures that reflect their own
molecular shape, whereas ™shape design∫ is very difficult from
inorganic materials. The present findings suggest, as also
suggested by a few other research groups, that various novel
assembly structures created by weak intermolecular forces
can be imprinted as permanent structures in inorganic
materials. The present study clearly demonstrates that the
organogel system is one of the most suitable molecular
assemblies for this transcription. We believe that the silica
structures presented here, with the unique higher-order
morphology, are still very useful as unique catalysts for
asymmetric syntheses without chiral organic ligands.[17]


Experimental Section


Apparatus for spectroscopy measurements : 1H and 13C NMR spectra were
measured on a Bruker ARX 300 apparatus. IR spectra were obtained in
KBr pellets using a Shimadzu FT-IR 8100 spectrometer, and MS spectra
were obtained by a Hitachi M-250 mass spectrometer.


TEM and SEM observations : For transmission electron microscopy
(TEM), a piece of the gel was placed on a carbon-coated copper grid
(400 mesh) and removed after 1 min, leaving some small patches of the gel
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on the grid. After specimens had been dried at low pressure, its was stained
with 10� 15 �L drops of uranyl acetate (2.0 wt% aqueous solution). Then,
this was dried for 1 h at low pressure. The specimen was examined with an
Hitachi H-7100 microscope, with an accelerating voltage of 75 ± 100 kVand
a 16 nm working distance. Scanning electron microscopy (SEM) was
performed on a Hitachi S-4500 microscope. The silica was coated with
palladium±platinum and observed by 5-±15 kVof the accelerating voltage
and the emission current of 10�A.


Gelation test of organic fluids : The gelator and the solvent were put in a
septum-capped test tube and heated in an oil bath until the solid was
dissolved. The solution was cooled to room temperature. If the stable gel
was observed at this stage, it was classified as G in Table 1.


Sol-gel polycondensation of TEOS


Method A : Compounds 1 ± 3 (6.63� 10�3 mol) were dissolved in acetic acid
or propionic acid (200 mg) by heating. The gel sample was cooled to room
temperature. TEOS (20 mg) and water (6.0 mg) were then added to gel
sample. The reaction mixture was then reheated until it became homoge-
neous, and then it was placed at room temperature for 2 ± 14 days.


Method B : Compound 1 (6.63� 10�3 mol) was dissolved in acetic acid
(200 mg) by heating. The gel sample was cooled to room temperature.
TEOS (20 mg) and water (6.0 mg) were the added to gel sample. Without
the heating process, this reaction mixture was placed at room temperature
for 2 ± 14 days.


Method C : Compound 1 (6.63� 10�3 mol) was dissolved in acetic acid
(200 mg) by heating. The gel sample was cooled to room temperature.
TEOS (20 mg) and water (6.0 mg) were then added to gel sample. The
reaction mixture was then reheated until it became homogeneous, and then
it was maintained at 80 �C for 2 days. The products obtained by three
methods were calcinated at 200 �C for 2 h, 500 �C for 2 h under a nitrogen
atmosphere, and then kept at 500 �C under aerobic conditions for 4 h to
remove the gelators. The silica thus obtained was colorless.


4-(Hydroxyphenyl)azobenzoic acid (4) and 4-(n-bromobutoxylphenyl)-
azobenzoic acid (5): These compounds were prepared as described
previously.[11c] ,[11g]


4-n-bromobutoxyl-4�-[(cholesteryloxy)carbonyl]azobenzene (6): Com-
pound 5 (0.7 g, 1.86 mmol) and cholesterol (0.718 g, 2.23 mmol) were
dissolved in dichloromethane (20 mL) under a nitrogen atmosphere. The
solution was maintained at 0 �C by an ice bath. Dicyclohexylcarbodiimide
(DCC, 0.383 g, 1.86 mmol) and dimethylaminopyridine (DMAP) (0.022 g,
0.186 mmol) were then added, and the reaction mixture was stirred for 4 h
at 0 �C. The reaction mixture was filtered, and the filtrate was washed with
acidic and basic aqueous solutions (50 mL each). The organic layer was
evaporated to dryness. The residue was purified by a silica-gel column
chromatography eluting with THF/n-hexane (1:6 v/v) to give compound 6
in 26% yield as yellow solid. M.p. 141.5 �C; 1H NMR (300 MHz, CDCl3):
�� 8.17 (d, J� 9.0 Hz, 2H), 7.72 (d, J� 9.0 Hz, 2H), 7.90 (d, J� 9.0 Hz,
2H), 7.10 (d, J� 9.0 Hz, 2H), 5.45 (d, J� 6.3 Hz, 1H), 5.02 ± 4.88 (m, 1H),
41 (t, J� 6.3 Hz, 2H), 3.52 (t, J� 6.2 Hz, 2H), 2.49 (d, J� 6.2 Hz, 2H),
2.28 ± 0.94 (m, 35H), 0.88 ppm (s, 3H); 13C NMR (75 MHz, CDCl3): ��
165.1, 161.88, 155.20, 146.98, 139.9, 130.2, 125.18, 122.84, 122.28, 114.72,
67.22, 66.67, 56.67, 56.11, 50.01, 42.30, 39.71, 39.50, 38.20, 37.01, 36.64, 36.17,
35.79, 33.32, 31.92, 31.86, 29.3, 28.32, 28.01, 27.88, 27.78, 24.28, 23.82, 22.83,
22.56, 21.04, 19.38, 19.38, 18.71, 11.86 ppm; IR (KBr): �� � 3005, 1722, 1603,
1579, 1500, 1468, 1284, 1116, 1047 cm�1; MS(SIMS): m/z : 745 [M�H]� .
Dinitrodibenzo[30]crown-10 (8): HNO3 (60%, 1 mL) was added dropwise
to a stirred solution of dibenzo[30]crown-10 (0.15 g, 0.28 mmol) in acetic
acid (5 mL) and water (1 mL) at 5.0 �C. The reaction mixture was warmed
to room temperature over a period of 30 min and stirred for an additional
2 h at room temperature. Then, NaOHaq (1.0�) was added to the reaction
mixture until the solution became neutral. The precipitate was filtered off,
to give compound 8 in yield 85.0% as yellow powder. M.p. 133 ± 135 �C;
1H NMR (300 MHz, CDCl3): �� 3.69 (br s, 8H), 3.77 (br s, 8H), 3.93 (br s,
8H), 4.22 (br s, 8H), 6.87 (d, J� 8.4 Hz, 2H), 7.73 (s, 2H), 7.84 ppm (d, J�
8.4 Hz, 2H); IR (KBr): �� � 3005, 2987, 1508, 1210 cm�1; MS(SIMS): m/z :
644.5 [M�2H]� ; elemental analysis calcd (%) for C29H42N2O14: C 54.20, H
6.59, N 4.36; found: C 54.50, H 6.55, N 4.30.


Diaminodibenzo[30]crown-10 (7): Compound 8 (0.134 g, 0.21 mmol) was
added to dimethylacetamide anhydrate (20 mL), and the solution was
stirred until the solid was dissolved. Then, PdC (10%, 0.10 g) was added,
and hydrogen gas was introduced into the solution for 3 h at room


temperature. The reaction mixture was filtered to remove PdC, and the
filtrate was evaporated in vacuo to dryness. The residue was purified by a
silica gel column chromatography eluting with methanol/chloroform (1:9 v/
v) to give 7 as brown solid (0.10 g, 84% yield). M.p. 68 ± 71 �C; 1H NMR
(300 MHz, CDCl3): �� 3.48 (br s, 4H), 3.68 (br s, 8H), 3.74 (br s, 8H), 3.84
(brd, J� 12.4 Hz, 8H), 4.08 (br s, 8H), 6.21 (dd, J� 8.4, 2.5 Hz, 2H), 6.29
(br s, 2H), 6.88 ppm (d, J� 8.4 Hz, 2H); IR (KBr): ��3350, 3007, 2985, 1521,
1504, 1340, 1205 cm�1; MS(SIMS):m/z : 557.2 [M�2 H]� ; elemental analysis
calcd (%) for C29H42N2O10: C 59.78, H 7.96, N 4.81; found: C 60.02, H 7.90,
N 4.53.


Dinitrodibenzo[24]crown-8 (9): This compound was prepared as described
above for 8. 1H NMR (300 MHz, CDCl3): �� 3.60 (br s, 8H), 3.73 (br s,
8H), 4.15 (br s, 8H), 6.80 (d, J� 8.2 Hz, 2H), 7.73 (s, 2H), 7.79 ppm (d, J�
8.2 Hz, 2H); IR (KBr): �� � 3005, 2987, 1508, 1210 cm�1; MS(SIMS): m/z :
538.5 [M�2H]� ; elemental analysis calcd (%) for C24H30N2O12: C 53.53, H
5.62, N 5.20; found: C 54.02, H 5.65, N 5.25.


Diaminodibenzo[24]crown-8 (10): This compound was prepared as descri-
bed above for 7. 1H NMR (300 MHz, CDCl3): �� 3.53 (br s, 8H), 3.63 (br s,
8H), 4.15 (br s, 8H), 6.21 (dd, J� 8.4, 2.5 Hz, 2H), 6.29 (br s, 2H), 6.88 ppm
(d, J� 8.4 Hz, 2H); IR (KBr): �� � 3350, 3007, 2985, 1521, 1504, 1340,
1205 cm�1; MS(SIMS): m/z : 478.5 [M�2H]� ; elemental analysis calcd (%)
for C24H34N2O8: C 60.24, H 7.16, N 5.85; found: C 60.05, H 7.15, N 5.80.


4-[Bis(diaminodibenzo[30]crown-10-butoxy]-4�-[(cholesteyloxy)carbony-
l]azobenzene) (1): A mixture of compound 4 (0.24 g, 0.32 mmol),
compound 7 (0.085 g, 0.15 mmol), and sodium carbonate (0.317 g,
3.00 mmol) in dry n-butyronitrile (30 mL) was refluxed for 72 h. The
solution was filtered after cooling and the filtrate was evaporated in vacuo
to dryness. The residue was purified by aluminum oxide column chroma-
tography eluting with ethanol/chloroform (1:30 v/v) to give the desired
product as yellow solid (20% yield). M.p. 168.2 ± 168.7 �C; 1H NMR
(300 MHz, CDCl3): �� 0.70 (s, 6H), 0.87 (d, J� 6.6 Hz, 12H), 0.92 ± 2.06
(m, 70H), 2.48 (d, J� 6.4 Hz, 4H), 3.16 (t, J� 6.4 Hz, 4H), 3.43 (br s, 2H),
3.51 ± 3.79 (m, 16H), 3.83 ± 3.92 (m, 8H), 4.08 (br s, 8H), 4.78 ± 4.93 (m,
2H), 5.44 (d, J� 3.9 Hz, 2H), 6.17 (dd, J� 2.4 Hz, 4H), 6.22 (br s, 2H), 6.27
(d, J� 2.4 Hz, 2H), 6.75 (dd, J� 9.1 Hz, 4H), 7.01 (d, J� 8.4 Hz, 4H), 7.90
(d, J� 8.4 Hz, 4H), 7.94 (d, J� 8.7 Hz, 4H), 8.17 ppm (d, J� 8.4 Hz, 4H);
IR (KBr): �� � 3350, 3007, 2987, 1600, 1585, 1500, 1220 cm�1; MS(SIMS):
m/z : 1898.6 [M�2H]� ; elemental analysis calcd (%) for C116H162N6O16: C
73.46, H 8.61, N 4.43; found: C 72.71, H 8.73, N 4.45.


4-(Diaminodibenzo[30]crown-10-butoxy)-4�-[(cholesteyloxy)carbonyl]-
azobenzene (2): This compound was prepared as described above for 1.
Yellow solid (25% yield; M.p. 159.5 ± 160.2 �C; 1H NMR (300 MHz,
CDCl3): �� 0.70 (s, 6H), 0.87 (d, J� 6.6 Hz, 12H), 0.92 ± 2.06 (m, 70H),
2.48 (d, J� 6.4 Hz, 4H), 3.16 (t, J� 6.4 Hz, 4H), 3.43 (br s, 2H), 3.51 ± 3.79
(m, 16H), 3.83 ± 3.92 (m, 8H), 4.08 (br s, 8H), 4.78 ± 4.93 (m, 2H), 5.44 (d,
J� 4.0 Hz, 2H), 6.17 (dd, J� 2.6 Hz, 4H), 6.22 (br s, 2H), 6.27 (d, J�
2.6 Hz, 2H), 6.75 (dd, J� 9.1 Hz, 4H), 7.01 (d, J� 8.4 Hz, 4H), 7.90 (d,
J� 8.4 Hz, 4H), 7.94 (d, J� 8.7 Hz, 4H), 8.17 ppm (d, J� 8.4 Hz, 4H); IR
(KBr): �� � 3355, 3007, 2983, 1600, 1585, 1500, 1220 cm�1; MS(SIMS): m/z :
1231.78 [M�2H]� ; elemental analysis calcd (%) for C72H102N4O13: C 70.22,
H 8.35, N 4.55; found: C 70.52, H 8.21, N 4.50.


4-[Bis(diaminodibenzo[24]crown-8-butoxy)-4�-[(cholesteyloxy)carbonyl]-
azobenzene) (3): This compound was prepared as described above for 1.
Yellow solid (32% yield); m.p. 153.2 ± 155.1 �C; 1H NMR (300 MHz,
CDCl3): �� 0.70 (s, 6H), 0.87 (d, J� 6.6 Hz, 12H), 0.92 ± 2.06 (m, 70H),
2.48 (d, J� 6.4 Hz, 4H), 3.16 (t, J� 6.4 Hz, 4H), 3.43 (br s, 2H), 3.51 ± 3.79
(m, 16H), 3.83 ± 3.92 (m, 8H), 4.08 (br s, 8H), 4.78 ± 4.93 (m, 2H), 5.44 (d,
J� 4.0 Hz, 2H), 6.17 (dd, J� 2.5 Hz, 4H), 6.22 (br s, 2H), 6.27 (d, J�
2.5 Hz, 2H), 6.75 (dd, J� 9.2 Hz, 4H), 7.01 (d, J� 8.4 Hz, 4H), 7.90 (d,
J� 8.4 Hz, 4H), 7.94 (d, J� 8.7 Hz, 4H), 8.17 (d, J� 8.4 Hz, 4H); IR (KBr):
�� � 3352, 3005, 2982, 1600, 1585, 1500, 1220 cm�1; MS(SIMS): m/z : 1820.31
[M�2H]� ; elemental analysis calcd (%) for C112H154N6O14: C 74.38, H 8.58,
N 4.65; found: C 73.81, H 8.73, N 4.70.
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Structural Study of the Thermal and Photochemical Spin States in the Spin
Crossover Complex [Fe(phen)2(NCSe)2]
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Abstract: The first structural data for
[Fe(phen)2(NCSe)2] (obtained using the
extraction method of sample prepara-
tion) in its high-spin, low-spin and
LIESST induced metastable high-spin
states have been recorded using syn-
chrotron radiation single crystal diffrac-
tion. The space group for all of the spin
states was found to be Pbcn. On cooling
from the high-spin state (HS-1) at 292 K
through the spin crossover at about
235 K to the low-spin state at 100 K
(LS-1) the iron coordination environ-
ment changed to a more regular octahe-


dral geometry and the Fe�N bond
lengths decreased by 0.216 and 0.196 ä
(Fe�N(phen)) and 0.147 ä
(Fe�N(CSe)). When the low-spin state
was illuminated with visible light at
about 26 K, the structure of this LIESST
induced metastable high-spin state (HS-
2) was very similar to that of HS-1 with
regards to the Fe�phen bond lengths,


but there were some differences in the
bond lengths in the Fe ±NCSe unit
between HS-1 and HS-2. When HS-2
was warmed in the dark to 50 K, the
resultant low-spin state (LS-2) had an
essentially identical structure to LS-1. In
all spin states, all of the shortest inter-
molecular contacts (in terms of van der
Waals radii) involved the NCSe ligand,
which may be important in describing
the cooperativity in the solid state. The
quality of the samples was confirmed by
magnetic susceptibility and IR measure-
ments.


Keywords: iron ¥ LIESST ¥
1,10-phenanthroline ¥ spin crossover
¥ X-ray crystallography


Introduction


Among the octahedral transition metal complexes with a d4,
d5, d6 or d7 electronic configuration which undergo a temper-
ature or pressure induced spin crossover, those involving FeII


and N-donor ligands are probably the most studied.[1, 2]


Complexes of bidentate N-donor ligands such as 1,10-
phenanthroline (phen) are often regarded as prototypical as


the first evidence of a high-spin (5T2) to low-spin (1A1)
equilibrium for FeII was demonstrated for [Fe(phen)2(NCS)2]
and [Fe(phen)2(NCSe)2] in 1966.[3] Following on from the
serendipitous discovery[4] that at sufficiently low temperatures
visible light can convert a low-spin ground state into a
metastable high-spin excited state, it became clear that stimuli
other than T or P could be used to induce spin-state
transitions. The process involving visible light is usually
known as light-induced excited spin state trapping
(LIESST),[2, 5, 6] although susceptibility of transient electron
paramagnetic states (STEPS) has also been used.[7] It is now
known that both LIESST and reverse-LIESST (photo-trans-
formation of the metastable state back to the ground state)
may in principle be observed for all iron(��) complexes
exhibiting a thermal spin crossover. However, the lifetime
of the light-induced metastable state is dependent on: the
ligand field strength; differences in the metal ± ligand bond
lengths in the two states; and the extent of cooperativity
between the metal centres.[6] In addition to visible light, it has
also been shown that nuclear decay during Mˆssbauer
emission spectroscopy (nuclear decay induced excited spin
state trapping (NIESST)[8]) and soft X-rays (soft X-ray
induced excited spin state trapping (SOXIESST)[9]) can also
result in the population of metastable high-spin states at low
temperatures. As a result of this ability to change spin state


[a] Dr. N. A. Young, Dr. C. M. McGrath, J. M. W. Seddon,
Prof. E. Sinn,[�] Dr. F. E. Sowrey
Department of Chemistry, The University of Hull
Kingston upon Hull, HU6 7RX (UK)
Fax: (�44) 1482 466410
E-mail : n.a.young@hull.ac.uk


[b] Dr. E. J. MacLean, Dr. S. J. Teat
CLRC Daresbury Laboratory, Daresbury, Warrington
Cheshire, WA4 4AD (UK)


[c] Dr. A. E. Terry, Dr. G. B. M. Vaughan
European Synchrotron Radiation Facility
38043 Grenoble (France)


[d] Prof. C. J. O×Connor, Dr. C. Sangregorio
Advanced Materials Research Institute
Department of Chemistry, University of New Orleans
New Orleans, LA 70148 (USA)


[�] Present address:
Department of Chemistry, University of Missouri-Rolla
Rolla, MO 65409-0010 (USA)


FULL PAPER


¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim DOI: 10.1002/chem.200304865 Chem. Eur. J. 2003, 921, 5314 ± 53225314







5314±5322


with temperature, pressure or photons, spin-crossover com-
pounds are widely studied with potential uses as data storage
media, display devices or sensors.[10] Whilst the IR and
Mˆssbauer spectroscopic fingerprints and magnetic suscepti-
bilities of the LIESST induced states have been observed
since their original discovery, the structures of the LIESST
states have remained more elusive. EXAFS has been
used,[11, 12] but it is only very recently that single crystal
X-ray diffraction data have been obtained for the LIESST
metastable high-spin states in [Fe(propyltetrazo-
le)6](BF4)2],[13] [Fe(methyltetrazole)6](BF4)2],[14] [Fe-
(phen)2(NCS)2],[15] and [Fe(2,6-di(pyrazol-1-yl)pyridi-
ne)2](BF4)2.[16] It is clearly important to know how the
LIESST induced metastable high-spin state (usually denoted
HS-2) is different to the ground high-spin state (usually
indicated HS-1) and that is the purpose of this investigation.
Whilst [Fe(phen)2(NCS)2] is regarded as one of the proto-


typical spin crossover compounds, and the abrupt spin cross-
over near 175 K has been investigated in great detail using a
wide range of techniques,[17] the spin crossover at �235 K in
the selenocyanate analogue, [Fe(phen)2(NCSe)2], has been
much less studied despite its magnetic behaviour being
reported in the same initial work as that of [Fe-
(phen)2(NCS)2].[3, 18, 19] In addition to magnetic susceptibility
measurements,[20] [Fe(phen)2(NCSe)2] has been investigated
using Mˆssbauer,[3, 18, 19, 21] IR,[3, 18, 19, 22±25] and electronic ab-
sorption spectroscopy;[3, 19] powder X-ray diffraction;[3, 18, 19]


heat capacity and calorimetric experiments;[24] 1H NMR
spin-lattice relaxation times and linewidths;[26] and soft
X-ray absorption spectroscopy.[9] In all cases its behaviour is
very similar to that of [Fe(phen)2(NCS)2]. LIESST in [Fe-
(phen)2(NCSe)2] has been demonstrated using IR data,[25]


which indicated a transition temperature of �29 K for the
thermally driven HS-2 to LS-2 transition. There is no high
quality structural data (single crystal X-ray or EXAFS)
available for [Fe(phen)2(NCSe)2] in any of its spin states. In
this paper we present synchrotron radiation single crystal
X-ray diffraction data for [Fe(phen)2(NCSe)2] in its high-spin
(HS-1), low-spin (LS-1), metastable high-spin (HS-2) and
low-spin state (LS-2) after relaxation of the LIESST state.
This is the first reliable structural data available for this
important compound.


Results and Discussion


As it has been shown previously[19, 27] that the spin state
behaviour in these compounds is critically dependent on the
method of sample preparation, the recommended[21, 23, 24, 26]


pyridine Soxhlet extraction method was used,[9] which yielded
a good crop of very small crystals. The same batch of these
crystals was used for all the experiments described below. It
should be noted that the alternative diffusion method of
sample preparation usually results in incomplete conversion
to the low-spin state at low temperature.


Magnetic susceptibility measurements : The spin-crossover
quality of the sample was confirmed by the variable temper-
ature magnetic susceptibility data shown in Figure 1. The very


sharp transition from high- to low-spin at �234 K, with very
little hysteresis between the cooling and heating cycles is in
excellent agreement with the previous data for samples
prepared by the extraction method as compared to those
obtained by diffusion.[3, 18±20] It is instructive to note that the
diffraction quality single crystals of [Fe(phen)2(NCSe)2] in
this work have been obtained using the extraction method
with �eff values for the low temperature data of about 0.5 BM,
or �MT values of �0.1 cm3mol�1K, indicating complete
conversion to the low-spin state. In contrast, the previously
reported single crystal data[12, 15, 28±30] for [Fe(phen)2(NCS)2]
employed samples prepared using the diffusion method which
had �eff values for the low temperature data of�2 BM, or �MT
values of �0.6 cm3mol�1K; this indicates incomplete con-
version to the low-spin state at low temperature with a
residual high-spin fraction of �16%. This behaviour is well
known for these different methods of sample prepara-
tion.[12, 31] Therefore, as it has been shown previously that
X-ray diffraction data gives an average view of mixed spin
state systems,[32] we expect to obtain excellent quality data for
both the high- and low-spin state forms of [Fe(phen)2(NCSe)2]
from these crystals.


Figure 1. Variable temperature magnetic susceptibility data for
[Fe(phen)2(NCSe)2]: Open symbols �eff, solid symbols �MT. Squares
represent the cooling cycle, circles the warming cycle.


Infrared studies : In order to confirm that this batch of crystals
underwent LIESST, a series of variable temperature IR
spectra were recorded, and selected ones are shown in
Figure 2. The bands at 2072.6 and 2062.9 cm�1 in the 292 K
spectrum (Figure 2a) are the �NC modes of high-spin [Fe-
(phen)2(NCSe)2] and are in excellent agreement with the
previous literature values.[22, 25] The broad peak at 2100 cm�1


may represent a small low-spin fraction (�5% based on
relative areas) which is not unexpected given the magnetic
susceptibility data. On cooling (Figure 2b), the characteristic
�NC modes[22] of low-spin [Fe(phen)2(NCSe)2] at 2110.6 and
2104.6 cm�1 are clearly evident by 200 K. The spectrum at
75 K (Figure 2c) confirms that the spin transition is essentially
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Figure 2. Variable temperature KBr disc IR data for [Fe(phen)2(NCSe)2].
a) 292 K, b) during cooling (292, 270, 250 K then at 25 K intervals to 75 K),
c) at 75 K, d) at 15 K after irradiation with visible light.


complete. The discrepancy in the spin-crossover behaviour in
terms of transition temperatures and sharpness between the
IR KBr disc data and the magnetic susceptibility data has
been noted previously for [Fe(phen)2(NCS)2]. The origin is
thought to be related to the thermal conductivity of the KBr
disc in vacuum compared to a He gas environment for the
magnetic studies, as well as the grinding and pressure needed
for the preparation of the KBr discs.[25, 33, 34] On cooling, the
position of the high-spin �NC modes changes by less than
0.5 cm�1, and once the low-spin modes have become dominant
their position is also temperature independent. When the
sample was illuminated with visible white light at 75 K only a
very small reduction in the low-spin and slight increase in
high-spin band intensities was observed. At 65 K, the change
was slightly more pronounced but within a minute or so in the
dark the sample reverted completely to low-spin. As the
temperature was reduced, the proportion of the LIESST
induced metastable high-spin state increased, as did its
lifetime in the dark. At each temperature there appeared to
be a limit to the extent of the formation of the metastable
high-spin state, and this only took a few minutes to achieve.
This effect was noticed right down to 30 K (at or below the
formal limit of many low temperature diffraction devices).


Illumination at 15 K (Figure 2d) resulted in only a marginal
increase (as compared to the 30 K data) in the intensity of the
metastable high-spin bands at 2073.8 and 2062.8 cm�1, and
shows that at these temperatures the LIESST process is
essentially complete. The position of these bands is very close
to the values observed for HS-1 and it is intriguing that the
lower intensity band at 2073.8 cm�1 associated with the
symmetric mode,[35] shifts by 1.3 cm�1, whereas the asymmet-
ric mode at 2062.8 cm�1 is unaffected. The previous IR studies
of the HS-1 and HS-2 states of [Fe(phen)2(NCS)2] appear
contradictory with reported shifts[25] of 4 ± 6 cm�1, insignificant
shifts,[12] or no reported band positions of the HS-2 state.[34]


There are also some subtle differences in the �CH region of the
IR spectrum with the �CH(heterocyclic) mode[22] being ob-
served at 725.6 cm�1 in both HS-2 and HS-1 whilst the
�CH(carbocylic) mode vibrations are found at 847.3 cm�1 in
HS-1 and 850.6 cm�1 in HS-2. In LS-1 the �CH(heterocyclic)
and �CH(carbocylic) modes occur at 722.1 and 845.3 cm�1,
respectively. There are also some small differences between
the unassigned bands[22] at 965 and 765 cm�1 in the IR spectra
of HS-1 and HS-2. Whilst LIESST in [Fe(phen)2NCSe)2] has
been monitored previously by IR,[25] neither the spectra nor
band positions were given for the HS-2 state. Even at 15 K, a
5% reduction in the intensity of the metastable high-spin
bands was observed over a 25 min period in the dark, but
when the lamp was turned back on, the full intensity returned
within a minute or so. When the sample was slowly warmed,
the metastable state persisted up to �40 K, but at higher
temperatures there was a rapid decrease in the intensity of its
characteristic bands. These observations are in excellent
agreement with the previous reports[25] and clearly indicate
that the [Fe(phen)2(NCSe)2] samples prepared in this work
fully participate in the LIESST process. During preliminary
EXAFS experiments on both [Fe(phen)2(NCS)2] and [Fe-
(phen)2(NCSe)2] diluted in polyethylene pressed discs, it was
found that the LIESST conversion was only complete if the
disc was sufficiently optically transparent to allow the light to
penetrate through the whole sample. Therefore, these obser-
vations show that it is imperative to use the smallest available
crystal at the lowest possible temperature and to keep the
crystal illuminated throughout the data collection in order to
maintain the highest proportion of the LIESST induced
metastable state for the diffraction experiments.


Structural studies using synchrotron radiation single crystal
X-ray diffraction : Having demonstrated the high-quality
magnetic and optical properties of the crystalline sample of
[Fe(phen)2(NCSe)2], a single crystal X-ray diffraction study
was made of [Fe(phen)2(NCSe)2] in its high-spin (HS-1), low-
spin (LS-1), low temperature LIESST induced metastable
high-spin (HS-2) state and low-spin (LS-2) state after
relaxation of the LIESST state. The average crystal size was
fairly small (�0.06� 0.04� 0.02 mm) and because it was
necessary to use the smallest crystals in order to ensure
complete light penetration, the synchrotron radiation single
crystal X-ray diffraction facilities of both the SRS at Dares-
bury (station 9.8) and the ESRF in Grenoble (ID11) were
utilized.
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The high-spin (293 K) (HS-1) and low-spin (100 K) (LS-1a)
structures of [Fe(phen)2(NCSe)2] were determined sequen-
tially using the same crystal at station 9.8 at Daresbury. The
structures of the low-spin (45 K) (LS-1b), low-temperature
(26 K) LIESST induced metastable high-spin state (HS-2) and
low-spin state at 50 K (LS-2) after warming from the LIESST
state were also obtained sequentially, but at the ESRF using
one crystal for all the experiments, and from the same batch as
the Daresbury data. The crystal and refinement details are
given in Table 1. Although the ESRF was used for the low-
temperature data because of the availability of suitable
cryostats, it was not possible to obtain room temperature
data at the ESRF due to significant radiation damage
resulting in a loss of diffracted intensity after a few tens of
minutes. The radiation damage at low temperature was
sufficiently slow to enable at least four data sets to be
collected on each crystal. The observed room temperature
radiation damage is not surprising given the increased
brilliance of the ESRF compared with Daresbury, coupled


with the previous observation of soft X-ray photochemistry in
both [Fe(phen)2(NCS)2] and [Fe(phen)2(NCSe)2].[9]


The space group for all spin states in [Fe(phen)2(NCSe)2]
was found to be Pbcn (Table 1), and the lack of evidence for a
significant phase change (i.e., change of space group) between
any of the spin states is to be expected from the narrow
hysteresis observed in the magnetic susceptibility data.[36] The
[Fe(phen)2(NCSe)2] molecules (Figure 3) consist of an iron
atom surrounded by two isoselenocynate ligands in a mutually
cis configuration, with two nearly orthogonal bidentate 1,10-
phenanthroline (phen) ligands giving an approximately octa-
hedral FeN6 coordination environment. Although the indi-
vidual molecules are chiral, the space group is non-chiral as
each unit cell contains four molecules, two left-handed and
two right-handed. The same space group and similar lattice
parameters were also found in the previous X-ray structural
determinations for the [Fe(phen)2(NCS)2] analogue[12, 15, 28±30]


indicating that [Fe(phen)2(NCSe)2] and [Fe(phen)2(NCS)2]
are isostructural. However, due to the excellent quality of the
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Table 1. Crystal data and conditions for crystallographic data collection and structure refinement for [Fe(phen)2(NCSe)2].


HS-1 LS-1a LS-1b HS-2 LS-2


formula C26H16FeN6Se2 C26H16FeN6Se2 C26H16FeN6Se2 C26H16FeN6Se2 C26H16FeN6Se2
Mw 626.22 626.22 626.22 626.22 626.22
crystal system orthorhombic orthorhombic orthorhombic orthorhombic orthorhombic
space group Pbcn Pbcn Pbcn Pbcn Pbcn
a [ä] 13.2080(6) 12.8066(18) 12.8242(17) 13.3204(16) 12.8618(16)
b [ä] 10.1828(4) 10.1381(14) 10.137(2) 10.0453(18) 10.1574(16)
c [ä] 17.6681(8) 17.413(2) 17.342(3) 17.391(3) 17.382(3)
� [�] 90 90 90 90 90
� [�] 90 90 90 90 90
� [�] 90 90 90 90 90
V [ä3] 2376.26(18) 2260.8(5) 2254.4(7) 2327.0(6) 2270.8(6)
Z 4 4 4 4 4
�calcd [gcm�3] 1.750 1.840 1.845 1.787 1.832
absorption coefficient [mm�1] 3.726 3.917 2.078 2.013 2.063
F(000) 1232 1232 1232 1232 1232
crystal size [mm] 0.06� 0.04� 0.02 0.06� 0.04� 0.02 0.05� 0.03� 0.02 0.05� 0.03� 0.02 0.05� 0.03� 0.02
data collection
� [ä] 0.6878 0.6878 0.46409 0.46409 0.46409
T [K] 293(2) 100(2) 45(2) 26(2) 50(2)


dark dark dark light dark
	min ± 	max 2.23 ± 29.25 2.26 ± 29.05 1.53 ± 18.00 1.53 ± 16.86 1.67 ± 18.01
scan type 
 
 � � �
limiting indices


� 14� h� 18 � 13�h� 17 � 16� h� 16 � 16� h� 16 � 16�h� 16
� 14� k� 6 � 13�k� 13 � 13� k� 13 � 12� k� 12 � 13�k� 13
� 24� l� 24 � 24� l� 23 � 23� l� 22 � 21� l� 21 � 23� l� 17


total reflections collected 10151 14 130 12603 14511 8468
indep refl 3205 3074 2762 2354 2611
Rint 0.0361 0.0383 0.0399 0.0891 0.0556
refl with I � 2�(I) 2207 2521 2307 1823 2003
absorption correction 0.79/0.94 0.77/0.94 0.88/0.97 0.91/0.95 0.89/0.96
refinement
data/restrains/parameters 3205/0/159 3074/0/159 2762/0/159 2354/134/159 2611/140/159
final R indices [I� 2�(I)]
R1 0.0427 0.0330 0.0338 0.0414 0.0519
wR2 0.1037 0.0735 0.0894 0.0929 0.1157
final R indices (all data)
R1 0.0716 0.0461 0.0436 0.0563 0.0730
wR2 0.1163 0.0784 0.0956 0.1021 0.1237
GoF on F 2 1.006 1.074 1.056 1.067 1.045
final (�/�)max 0.000 0.000 0.000 0.000 0.000
largest diff. peak and hole [e ä�3] 0.587/� 0.707 0.712/� 0.680 0.617/� 1.240 1.209/� 1.183 1.945/� 1.387
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Figure 3. Molecular structure of high-spin [Fe(phen)2(NCSe)2] (HS-1) at
293 K showing the atom numbering scheme.


crystalline sample in this work, we expect this data to be of
very high quality, and much more representative of the
individual spin states.


Structure of high-spin [Fe(phen)2(NCSe)2] at 298 K (HS-1):
The iron local coordination geometry in the room temper-
ature high-spin state (Figure 3) is based on a distorted
octahedron, with Fe�N(CSe) bond lengths of 2.080(3) ä,
and Fe�N(phen) bond lengths of 2.187(2) and 2.188(2) ä (see
Table 2). These Fe�N bond lengths result in significant
distortion from octahedral geometry, with the largest being
observed for the ligand bite angle (N(1)-Fe-N(2)) of 75.77(9)�,
the 102.55(10)� angle between cis phen and NCSe ligands
(N(2a)-Fe-N(3)) and the 160.92(12)� angle between the trans
nitrogen atoms of the phen ligands (N(2)-Fe-N(2a)). The


angle between the NCSe and trans N of the phen ligands
(N(3)-Fe-N(1)) is 166.23(10)�. Guionneau et al.[37] have re-
cently recommended the use of the distortion parameter, �
(defined as the sum of the absolute values of the deviation
from 90� of the 12 cis angles within the coordination sphere[38])
for the study of iron(��) spin crossover compounds. ForHS-1, a
value of 61.1� is obtained, which is very close to that observed
for high-spin [Fe(phen)2(NCS)2].[15] The RMS deviation from
planarity of the phen groups is 0.0217 ä with the largest
deviation being found for C(2) and N(1) (one above, the
other below), with the iron atom 0.104 ä out of the plane
in the same direction as N1, and the angle between the planes
of the two phen ligands is 86.33�. [All the atoms in the
phen ligand were used with the following equation:
0.2243(0.0073)x�6.9658(0.0043)y�12.8838(0.0068)z�
5.4729(0.0021).] The NCSe units are approximately linear
(178.8(3)�), and the Fe-N-C(Se) bond angles are 165.6(3)�.
The Se sits in a pocket of H atoms from the phen ligands from
the neighbouring molecules. The Fe-N-C(Se) linkage seems
fairly flexible as bond angles from 130 to 171� have been
observed in the previous four single crystal X-ray studies of
iron(��) compounds with NCSe ligands.[39]


The molecular packing (Figure 4) is best described as sheets
of complexes in the ab plane with the essentially planar phen
ligands forming a herring-bone pattern alternating in direc-
tion between the sheets in the c direction. The shortest


Figure 4. Molecular packing diagram of high-spin [Fe(phen)2(NCSe)2]
(HS-1) in the bc plane. (Hydrogen atoms omitted for clarity).


intermolecular contacts (less than the sum of the van der
Waals radii[40]) (see Table 3) all involve the NCSe ligand and
are 3.359 ä between Se(1) and C(6), 2.761 ä between C(13)
and H(8), and 3.096 ä between Se(1) and H(1). The short
Se(1)�C(6) intermolecular interaction results in a 2D network
(see Figure 5) extending in the ac plane, and inclusion of the
C(13)�H(8) contacts results in a 3D network. The nonbond-
ing contact interactions between the carbon atoms of the phen
ligands are all in excess of the sum of the van der Waals radii,
and up until 0.4 ä greater than this all of the contacts are
within the sheets.


Structure of low-spin [Fe(phen)2(NCSe)2] at 100 K (LS-1a):
The space group at 100 K is the same as at 298 K, and the
reduction in unit cell volume from 2376 to 2261 ä3 is a result
of a reduction in the a, b and c dimensions of 0.401, 0.045 and
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Table 2. Bond lengths [ä] and angles [�] for the iron coordination environment
in [Fe(phen)2(NCSe)2].


HS-1 LS-1a LS-1b HS-2 LS-2


Fe�N(1) 2.187(2) 1.971(2) 1.978(2) 2.197(3) 1.987(4)
Fe�N(2) 2.188(2) 1.992(2) 1.997(2) 2.202(3) 2.003(3)
Fe�N(3) 2.080(3) 1.933(2) 1.937(2) 2.095(3) 1.943(4)
N(3)�C(13) 1.146(4) 1.153(3) 1.151(3) 1.164(5) 1.155(6)
C(13)�Se(1) 1.785(3) 1.796(2) 1.806(3) 1.799(4) 1.809(5)
N(1)-Fe-N(2) 75.77(9) 82.36(8) 82.33(9) 75.81(12) 82.27(15)
N(1a)-Fe-N(2a) 75.77(9) 82.36(8) 82.33(9) 75.81(12) 82.27(15)
N(1)-Fe-N(1a) 89.81(14) 92.31(11) 92.35(13) 89.25(16) 92.3(2)
N(1)-Fe-N(2a) 90.63(9) 92.38(8) 92.16(9) 89.28(12) 92.03(15)
N(1a)-Fe-N(2) 90.63(9) 92.38(8) 92.16(9) 89.28(12) 92.03(15)
N(1)-Fe-N(3a) 89.58(10) 89.19(8) 89.07(9) 90.10(12) 89.08(16)
N(1a)-Fe-N(3) 89.58(10) 89.19(8) 89.07(9) 90.10(12) 89.08(16)
N(2)-Fe-N(3) 90.48(10) 90.87(8) 90.90(9) 89.86(12) 90.88(15)
N(2a)-Fe-N(3a) 90.48(10) 90.87(8) 90.90(9) 89.86(12) 90.88(15)
N(2)-Fe-N(3a) 102.55(10) 94.48(8) 94.71(8) 104.44(12) 94.89(14)
N(2a)-Fe-N(3) 102.55(10) 94.48(8) 94.71(8) 104.44(12) 94.89(14)
N(3)-Fe-N(3a) 94.25(16) 90.11(12) 90.30(13) 94.02(18) 90.4(2)
N(2)-Fe-N(2a) 160.92(12) 172.43(11) 172.06(13) 159.14(17) 171.81(18)
N(1)-Fe-N(3) 166.23(10) 173.12(8) 173.12(9) 165.66(12) 173.07(15)
N(1a)-Fe-N(3a) 166.23(10) 173.12(8) 173.12(9) 165.66(12) 173.07(15)
Fe-N(3)-C(13) 165.6(3) 165.45(19) 165.0(2) 164.1(3) 165.0(3)
N(3)-C(13)-Se(1) 178.8(3) 178.2(2) 178.6(2) 178.8(3) 178.4(4)
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Figure 5. 2D-network of short intermolecular contacts between Se(1) and
C(6) in the ac plane (left) and the bc plane (right) of low-spin
[Fe(phen)2(NCSe)2] (LS-1b) (Hydrogen atoms omitted for clarity).


0.255 ä, respectively. These reductions are greater than would
be expected from thermal effects alone. There is very little
change in the angle between the planes of the two phen
ligands (87.65�) and the phen ligands are still essentially planar
with a RMS deviation of 0.0262 ä and the largest deviation
being found for N(1), C(2) and C(3), with N(1) lying below
the plane and C(2) and C(3) above the plane. The iron
atom has also moved slightly more out of the plane (0.138 ä)
than in HS-1, in the same direction as N1. [All the atoms
n the phen ligand were used with the following equation:
�0.4912(0.0051)x�7.0205(0.0033)y�12.5445(0.0056)z�
5.5126 (0.0016).] The Fe-N-
C(Se) bond angle (165.45�) re-
mains essentially the same as
does the linearity of the N-C-Se
unit (178.2�). The changes in
the cell dimensions are due to a
shortening of all of the Fe�N
bonds. The Fe�N(CSe) bond
lengths shorten by 0.147 to
1.933(2) ä, whereas the Fe�N(-
phen) bond lengths have short-
ened by 0.216 and 0.196 ä to


1.971(2) (Fe�N(1)) and 1.992(2) ä (Fe�N(2)), respectively.
The largest changes are observed for the Fe�N(phen) bonds
trans to the NCSe ligands, indicating that phen is a better �-
acceptor ligand than NCSe. The reduction in the Fe�N bond
lengths also causes a change in the iron coordination
environment; this results in a much more regular octahedron,
and this is reflected in a large reduction in the � distortion
parameter to only 34.8�. These changes are shown in Figure 6.
The reduction in bond lengths and close approach to a


regular octahedral geometry is common for iron(��) spin
crossover compounds on going from high-spin to low-spin,[36]


and is usually explained by an increase in the �-backbonding
expected for the low-spin isomers. It is generally assumed
that phen is a better � acceptor ligand than NCSe, and
therefore these bond lengths show a greater reduction when
going from high- to low-spin, as observed above. If the Fe�N
bond lengths are shortened by an increase in back-donation to
the ligands, then it is also to be expected that other bonds will
also be affected, and as the donation is into �* antibonding
orbitals on either the phen or NCSe ligands a slight increase in
these bond lengths is anticipated. In the earlier crystallo-
graphic study[28] of [Fe(phen)2(NCS)2], no significant changes
were observed in the phen interatomic distances but a
decrease of 0.018 ä in the N�C(S) bond length and a small
increase in the S�C bond length of 0.014 ä in the thiocyanate
ligands was observed on cooling from 293 to 130 K. In
contrast, in this work there is a very small increase on cooling
in both the N�C(Se) (1.146 to 1.153 ä) and C�Se (1.785 to
1.796 ä) bond lengths in the NCSe ligands, and changes of this
order have also been observed in [Fe(bipy)2(NCS)2].[41] In
addition to these changes, small increases in most of the inter-
atomic distances in the phen ligands (see Table 4) were also
observed. Whilst most of these differences are small, the fact
that the data was collected from the same crystal in sequential
data sets and that the majority of the differences are in the
same direction, leads us to believe that they are probably a
genuine reflection of the difference in back-bonding between
the two spin states. The packing is essentially the same inHS-1
and LS-1a, but there are some slight differences in the Se ±H
distances and coordination environment. The three closest
intermolecular contacts (in terms of van der Waals radii)
(Table 3) in the low-spin structure are 3.363 ä (Se(1)�C(6)),
2.705 ä (C(13)�H(8)) and 3.050 ä (Se(1)�H(1)) which are
longer, shorter and shorter, respectively, than their high-spin
counterparts. In the low-spin structure there are now a total of
seven short contacts less than the sum of the van der Waals
radii compared to three for the high-spin structure, and all of
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Table 3. Shortest intermolecular contacts [ä] in [Fe(phen)2(NCSe)2].[a]


Sum of
van der Waals radii[b]


HS-1 LS-1a LS-1b HS-2 LS-2


Se(1)�C(6) $3 3.60 3.359 3.363 3.341 3.249 3.341
Se(1)�C(5) $3 3.60 3.622 3.738 3.716 3.492 3.718
Se(1)�H(1) $1 3.10 3.096 3.050 3.037 3.067 3.044
Se(1)�H(3) $2 3.10 3.175 3.098 3.088 3.128 3.102
Se(1)�H(5) $2 3.10 3.175 3.164 3.145 3.077 3.148
Se(1)�H(6) $3 3.10 3.178 3.077 3.064 3.117 3.062
C(13)�H(8) $5 2.90 2.761 2.705 2.701 2.748 2.704
C(13)�H(6) $5 2.90 3.098 2.888 2.877 3.104 2.897
C(13)�H(3) $2 2.90 2.969 2.884 2.863 2.861 2.876
N(3)�H(8) $5 2.75 2.808 3.030 3.004 2.635 3.008


[a] $3 etc. indicate intermolecular contacts with different molecules in the unit
cell. [b] van der Waals radii:[40] C 1.70 ä, H 1.20 ä, N 1.55 ä, Se 1.90 ä.


Figure 6. Comparison of the molecular structures of [Fe(phen)2(NCSe)2] in its high-spin (HS-1) (left), and low-
spin (LS-1a) (centre) states, and the two structures superimposed (right). (Hydrogen atoms omitted for clarity).
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these involve the NCSe ligand. Whilst it is interesting and
often instructive to identify the small variations in the
intermolecular interactions between the spin states in order
to understand the cooperativity, it is important to remember
that after a very detailed crystallographic study of the spin
transitions in a number of iron(��) complexes Guionneau et al.
came to the conclusion that it is ™.. .the whole topology of the
interaction which has to be taken into account.. .∫.[36]


The differences in the Fe�N bond lengths observed
between the high-spin (HS-1) and low-spin (LS-1) states in
this work are larger than those observed previously for
[Fe(phen)2(NCS)2] using either single crystal diffrac-
tion[15, 28, 29] or EXAFS.[12, 42] This is most likely to be due to
the fact that the crystals of [Fe(phen)2(NCSe)2] were grown
using the extraction method, whereas the diffusion method
was used for [Fe(phen)2(NCS)2], and from the magnetic
susceptibility data it is clear that the sample of [Fe-
(phen)2(NCSe)2] used in this work undergoes an essentially
complete spin transition, whereas there is around 16% of the
high-spin form still present in the low-spin state of [Fe-
(phen)2(NCS)2]. Therefore, we believe that our data is the
most accurate available for the structural changes associated
with the spin transition in [Fe(phen)2(NCS)2] or [Fe-
(phen)2(NCSe)2] complexes. [In one report, the Fe�N bond
length differences derived from single crystal experiments on
[Fe(phen)2(NCSe)2] were more similar to those observed
herein, but no details were reported for the data acquisition
and refinement at 300 K.[12]]


Structure of the LIESST induced metastable high-spin state
of [Fe(phen)2(NCSe)2] (HS-2): In order to provide a direct
comparison of the structural changes occurring during the
LIESST process we tried to record data for the room
temperature high-spin state of [Fe(phen)2(NCSe)2] (HS-1) at
the ESRF, but this was not possible due to radiation damage
problems. However, data for the low temperature, low-spin
state (LS-1) were recorded at �50 K, both before (LS-1b)
and after (LS-2) the visible irradiation. (It was not possible to
use 100 K for these data due to technical constraints of the
cryostats.) The initial work on the structure of the LIESST


induced metastable high-spin state, HS-2, made use of an
Oxford Cryosystems Helix cryostat (combined closed cycle
and He flow gas) at the ESRF.Whilst the structure of the LS-1
state determined from these experiments was essentially
identical to that obtained from the Daresbury data, only very
small changes in the cell volume, lattice parameters and Fe�N
bond lengths were observed after irradiation at �35 ± 40 K,
and these were well below the values anticipated from the
previous EXAFS experiments.[12] (The single crystal data[15]


on the [Fe(phen)2(NCS)2] HS-2 structure had not been
submitted or published at this time.) This non-observation
of a structural change upon irradiation at low temperature is
thought to have arisen from a combination of two effects:
i) the sample not being sufficiently cold for a significant
proportion of the HS-2 state to be stabilized as the Helix
cryostat has a formal base temperature of �30 ± 40 K, and the
alignment of the sample within the cold zone is very critical;
and ii) the fact that the crystals are very deeply coloured, and
that it is seems necessary to use crystals that are not totally
opaque. Therefore, on a subsequent occasion at ID11 of the
ESRF the smallest crystals possible were used together with
an Oxford Diffraction HeliJet cryostat (liquid He and He flow
gas cryostat) which has a formal base temperature of �15 K,
and a much larger cold zone. The experiments described
below all made use of this equipment, although the base
temperature was limited to �25 K.
The data collected from the low-spin state at 100 K at


Daresbury (LS-1a) and at 45 K at the ESRF (LS-1b) are
essentially identical (see Figure 7a, Tables 3 and 4) with cell
volumes of 2260.8 and 2254.4 ä3, respectively. All of the Fe�N
bond lengths are within 3.5�, which is very acceptable given


Figure 7. Comparison of the low-spin structures (superposition of LS-1a,
LS-1b, LS-2) of [Fe(phen)2(NCSe)2] (left), and comparison of the high-spin
structures (superposition of HS-1 and HS-2) of [Fe(phen)2(NCSe)2] (right)
(Hydrogen atoms omitted for clarity).


that the data were collected at two different synchrotron
sources using different wavelengths. The data at 45 K was
collected in the dark to reduce the extent of ambient light
induced LIESST. In order to avoid shattering the crystal when
irradiated below the LIESST critical temperature, the sample
was illuminated and rotated during cooldown from 45 to 26 K,
and was kept illuminated throughout the data collection (HS-
2). Even with these precautions, broadening of the diffraction
peaks indicated some strain in the crystal due to several
significant structural modifications. At 26 K, when bathed in
visible light the cell volume expanded by 73 ä3 (3.3%) from
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Table 4. Bond lengths [ä] within the 1,10-phenanthroline ligands in
[Fe(phen)2(NCSe)2].


HS-1 LS-1a LS-1b HS-2 LS-2


N(1)�C(1) 1.316(4) 1.333(3) 1.333(3) 1.329(5) 1.338(6)
N(1)�C(12) 1.358(4) 1.366(3) 1.367(3) 1.367(5) 1.376(5)
N(2)�C(10) 1.332(4) 1.336(3) 1.335(3) 1.332(5) 1.341(5)
N(2)�C(11) 1.356(3) 1.362(3) 1.363(3) 1.365(5) 1.366(6)
C(11)�C(12) 1.433(4) 1.423(3) 1.427(3) 1.444(5) 1.432(6)
C(1)�C(2) 1.393(4) 1.402(3) 1.404(4) 1.411(5) 1.395(6)
C(4)�C(12) 1.402(4) 1.398(3) 1.401(3) 1.406(5) 1.393(6)
C(7)�C(11) 1.405(4) 1.406(3) 1.406(3) 1.411(5) 1.413(6)
C(9)�C(10) 1.379(5) 1.396(3) 1.405(3) 1.394(5) 1.406(6)
C(2)�C(3) 1.359(5) 1.366(4) 1.371(4) 1.372(6) 1.372(6)
C(3)�C(4) 1.390(5) 1.407(3) 1.414(3) 1.422(5) 1.421(6)
C(4)�C(5) 1.427(5) 1.429(3) 1.438(4) 1.437(5) 1.443(6)
C(5)�C(6) 1.354(5) 1.355(4) 1.363(4) 1.364(5) 1.367(6)
C(6)�C(7) 1.430(4) 1.437(3) 1.437(4) 1.447(5) 1.436(6)
C(7)�C(8) 1.392(5) 1.405(3) 1.415(3) 1.408(6) 1.416(6)
C(8)�C(9) 1.366(5) 1.374(3) 1.375(4) 1.388(6) 1.379(6)
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2254.4 to 2327.0 ä3, compared with a cell volume for HS-1 of
2376.3 ä3. Some reduction of the cell volume is to be expected
between HS-1 and HS-2 due to lower thermal motion. As to
be expected from these data both the lattice parameters and
the Fe�N bond lengths for HS-1 and HS-2 are also are very
similar. It should be noted that in the previous work on the
HS-2 state of [Fe(phen)2(NCS)2],[15] the increase in cell
volume for the LS-1 to HS-2 conversion was only 24 ä3,
although the difference between the cell volumes ofHS-1 and
LS-1 of [Fe(phen)2(NCS)2] at 119 ä3 is comparable to that for
[Fe(phen)2(NCSe)2] at 115 ä3. As noted earlier we attribute
these discrepancies to the higher quality crystal/sample
available for the [Fe(phen)2(NCSe)2] work. The Fe�N bond
lengths are all slightly longer in HS-2 compared to HS-1, but
the differences between Fe�N(phen) bond lengths in HS-1
and LS-1a, and in LS-1b and HS-2 are probably not very
significant. However, the differences between the Fe�N(CSe)
bond lengths in HS-1 (2.080(3) ä) and HS-2 (2.095(3) ä)
appear to be more significant, and this correlates with an
increase of 0.018 ä in N(3) ±C(13) on going from LS-1b to
HS-2, whereas a reduction of the order of 0.007 ä would be
expected from theHS-1 to LS-1a transition. The change in the
C(13)�Se(1) bond length is slightly smaller, but of the
expected sign between LS-1b and HS-2. The changes in the
bond lengths in the phenthroline ligands are probably not
significant. A comparison of the HS-2 and HS-1 structures is
shown in Figure 7b, where the difference in the NCSe unit can
be seen clearly. The behaviour of the NCSe ligand in HS-2
also has a strong effect on the non-bonded intermolecular
contacts. For example in HS-2 as compared to LS-1b the
Se(1) ±C(6) and Se(1) ±C(5) interactions decrease by 0.09
and 0.22 ä, respectively, and the N(3) ±H(8) interaction
reduces by 0.369 ä. These interactions are also 0.11, 0.13
and 0.17 ä shorter in HS-2 than HS-1. Therefore, whilst it is
clear that the structure ofHS-2 in terms of Fe�N bond lengths
and N-Fe-N bond angles (with a � value of 64.0�) is very
similar to that of HS-1, there are some subtle, and probably
very important differences between the high-spin structures
which can give insight into the cooperativity that must be
present in the solid state. It should be remembered that there
were also small but significant differences in the IR spectra of
HS-2 and HS-1. All the shortest intermolecular contacts
involve the NCSe ligand in all cases. In the previous report[15]


on the HS-2 structure of [Fe(phen)2(NCS)2] a similar obser-
vation regarding the Se(1)�C(6) non-bonded interactions was
made. However, some of their conclusions regarding the
cooperativity mechanism may need to be re-assessed, as these
were based on a much smaller cell volume change, possibly
due to incomplete conversion either due to the temperature
or the need for optically transparent crystals.
In order to demonstrate the reversibility of the LIESST


process (reverse-LIESST is not possible with [Fe-
(phen)2(NCS)2] or [Fe(phen)2(NCS)2] due to the overlap of
the electronic absorption bands[25, 33, 34]) the same crystal was
warmed to 50 K in the dark and a data set was obtained for
LS-2. The cell volume reduced to 2270.8 ä3 compared with
2327.0 ä3 forHS-2 and 2254.4 ä3 for LS-1b. The � parameter
returned to 35.6�, and all of the Fe�N bond lengths are within
2� of those for LS-1b. The new, short, non-bonded inter-


actions that appeared inHS-2 reverted to their original values
in LS-1b. Therefore, the structure of LS-1b and LS-2 can be
regarded as identical, indicating the complete structural
reversibility of the photochemical process. The structural
similarity of the LS-1a, LS-1b and LS-2 structures is clearly
demonstrated in Figure 7a where all three are superimposed
on top of each other.


Conclusion


This work has provided the first structural data for [Fe-
(phen)2(NCSe)2] in its high-spin (HS-1) or low-spin (LS-1)
states, and because of the quality of the sample and the
crystals we believe that this data contains the best example of
structural changes occurring upon spin crossover in iron(��)
phenanthroline complexes. In addition, the first structural
data from the LIESST induced metastable high-spin state
(HS-2) of [Fe(phen)2(NCSe)2] at �26 K has been reported.
These data show that whilst the structures of HS-1 and HS-2
are very similar there appear to be a number of significant
differences involving the NCSe ligand. In all spin states the
shortest intermolecular contacts involve the NCSe ligand,
which may be of relevance to understanding the cooperativity
that facilitates the abrupt spin transitions. The structure of the
LS-2 low-spin state that forms when HS-2 is allowed to warm
to �50 K has also been obtained, and this demonstrates that
the process is completely reversible as the structures of the
low-spin states before (LS-1b) and after (LS-2) LIESST are
essentially identical.


Experimental Section


Synthesis : The synthesis and characterization of [Fe(phen)2(NCSe)2] by
Soxhlet extraction of [Fe(phen)3](NCSe)2 using pyridine under nitrogen for
2 d has been described in detail elsewhere.[9]


Physical measurements : The LIESSTexperiments were carried out using a
tungsten lamp and fibre guide to eliminate thermal effects at the sample.
The variable temperature magnetic susceptibility measurements were
made using a Quantum Design Physical Property Measurement System
(PPMS) operating at 1.0 T. The variable temperature IR spectra were
recorded using a Bruker Equinox55 FTIR spectrometer, with the samples
in the form of pressed KBr discs mounted on the cold station of an APD
DE204 closed cycle cryostat within a vacuum chamber.


X-ray crystallographic measurements : HS-1 and LS-1a were collected on
station 9.8[43] at the Daresbury Laboratory Synchrotron Radiation Source
(SRS), using a Bruker SMART 1K CCD area detector diffractometer and
silicon monochromated radiation (�� 0.6878 ä) at 293 and 100 K, respec-
tively. LS-1b, HS-2 and LS-2 were collected at station ID11 of the
European Synchrotron Radiation Facility (ESRF) on a Bruker SMART
6500 CCD system using silicon monochromated radiation (�� 0.46409 ä)
at 45 K (dark), 26 K (light), 50 K (dark), respectively. SAINT[44] was used to
integrate the data sets and apply the Lorentz and polarisation corrections.
Crystal data and details of the data collection and refinement are given in
Table 1. SADABS[45] was used to apply the absorption correction to all data
and the incident beam decay correction for SRS data. The incident beam
decay correction for ESRF data was provided by a feedback system on the
monochromator. The structures were solved by direct methods using
SHELXS-97.[46] The structures were refined on F 2 using full-matrix least
squares (SHELXL-97).[47] For all data sets all non-hydrogen atoms were
refined with anisotopic displacement parameters. H atoms were placed
geometrically and refined by riding models with Uiso(H)� 1.2Ueq(C). The
largest peaks and holes in the difference maps are around the heavy atoms.


Chem. Eur. J. 2003, 921, 5314 ± 5322 www.chemeurj.org ¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 5321







FULL PAPER N. A. Young et al.


Neutral atom scattering factors were taken from the International Tables
for Crystallography[48] and anomalous dispersion corrections were calcu-
lated using CROSSEC.[49]


CCDC-203747 (HS-1), -203745 (LS-1a), -203746 (LS-1b), -203749 (HS-2),
-203748 (LS-2) contain the supplementary crystallographic data for this
paper. These data can be obtained free of charge via www.ccdc.cam.ac.uk/
conts/retrieving.html (or from the Cambridge Crystallographic Data
Centre, 12 Union Road, Cambridge CB21EZ, UK; (fax: (�44)1223-336-
033; or e-mail : deposit@ccdc.cam.ac.uk).


Acknowledgement


We gratefully acknowledge the support of the EPSRC for equipment,
personnel (C.M.McG. and F.E.S.) and SRS beamtime (GR/K 64662), a
post-graduate studentship (J.M.W.S.) and access to the EPSRC Chemical
Database Service at Daresbury Laboratory;[50] DARPA funding for AMRI
(MDA972-97-1-0003); the Director of the Synchrotron Radiation Division
at Daresbury Laboratory and the Director General of the ESRF for access
to synchrotron and computing facilities.


[1] a) E. Kˆnig, Coord. Chem. Rev. 1968, 3, 471; b) H. A. Goodwin,
Coord. Chem. Rev. 1976, 18, 293; c) E. Kˆnig, G. Ritter, S. K.
Kulshreshtha, Chem. Rev. 1985, 85, 219; d) M. Bacci, Coord. Chem.
Rev. 1988, 86, 245; e) E. Kˆnig, Prog. Inorg. Chem. 1987, 35, 527; f) H.
Toftlund, Coord. Chem. Rev. 1989, 94, 67; g) E. Kˆnig, Struct. Bonding
1991, 76, 51; h) A. Hauser, J. Jeftic¬, H. Romstedt, R. Hinek, H.
Spiering, Coord. Chem. Rev. 1999, 190 ± 192, 471; i) H. Spiering, T.
Kohlhaas, N. Romstedt, A. Hauser, C. Bruns-Yilmaz, J. Kusz, P.
G¸tlich, Coord. Chem. Rev. 1999, 190 ± 192, 629; j) J. A. Real, A. B.
Gaspar, V. Niel, M. C. Munƒoz, Coord. Chem. Rev. 2003, 236, 121.


[2] P. G¸tlich, Y. Garcia, H. A. Goodwin, Chem. Soc. Rev. 2000, 29, 419.
[3] E. Kˆnig, K. Madeja, Chem. Commun. 1966, 61.
[4] a) S. Decurtins, P. G¸tlich, C. P. Kˆhler, H. Spiering, A. Hauser,Chem.


Phys. Lett. 1984, 105, 1; b) S. Decurtins, P. G¸tlich, K. M. Hasselbach,
A. Hauser, H. Spiering, Inorg. Chem. 1985, 24, 2174; c) S. Decurtins, P.
G¸tlich, C. P. Kˆhler, H. Spiering, J. Chem. Soc. Chem. Commun.
1985, 430.


[5] P. G¸tlich, A. Hauser, H. Spiering, Angew. Chem. 1994, 106, 2109;
Angew. Chem. Int. Ed. Engl. 1994, 33, 2024.


[6] P. G¸tlich, Y. Garcia, T. Woike, Coord. Chem. Rev. 2001, 219 ± 221,
839.


[7] a) C. J. O×Connor, E. Sinn, T. J. Bucelot, B. S. Deaver, Chem. Phys.
Lett. 1980, 74, 27; b) A. W. Addison, S. Burman, C. G.Wahlgren, O. A.
Rajan, T. M. Rowe, E. Sinn, J. Chem. Soc. Dalton Trans. 1987, 2621.


[8] a) P. G¸tlich, J. Ensling, F. Tuczek, Hyperfine Interact. 1994, 84, 447;
b) P. G¸tlich, Mol. Cryst. Liqd. Cryst. A 1997, 305, 17.


[9] D. Collison, C. D. Garner, C. M. McGrath, J. F. W. Mosselmans, M. D.
Roper, J. M. W. Seddon, E. Sinn, N. A. Young, J. Chem. Soc. Dalton
Trans. 1997, 4371.


[10] a) J. Zarembowitch, O. Kahn, New J. Chem. 1991, 15, 181; b) O. Kahn,
J. Krober, C. Jay, Adv. Mater. 1992, 4, 718; c) C. Jay, F. Groliere, O.
Kahn, J. Krober, Mol. Cryst. Liqd. Cryst. A 1993, 234, 255; d) P.
G¸tlich, Nucl. Instrum. Methods Phys. Res. Sect. B 1993, 76, 387; e) O.
Kahn, Curr. Opin. Solid State Mater. Sci. 1996, 1, 547; f) O. Kahn, E.
Codjovi, Y. Garcia, P. J. Vankoningsbruggen, R. Lapouyade, L.
Sommier, ACS Symp. Ser. 1996, 644, 298; g) O. Kahn, E. Codjovi,
Philos. Trans. R. Soc. London A 1996, 354, 359; h) O. Kahn, C. J.
Martinez, Science 1998, 279, 44; i) O. Kahn, Chem. Br. 1999, 35, 24;
j) J. B. Gaudry, L. Capes, P. Langot, S. Marcen, M. Kollmannsberger,
O. Lavastre, E. Freysz, J. F. Le¬tard, O. Kahn, Chem. Phys. Lett. 2000,
324, 321; k) Y. Garcia, V. Ksenofontov, P. G¸tlich, Hyperfine Interact.
2002, 139, 543.


[11] L. X. Chen, Z. Wang, J. K. Burdett, P. A. Montano, J. R. Norris, J.
Phys. Chem. 1995, 99, 7958.


[12] J. J. Lee, H. S. Sheu, C. R. Lee, J. M. Chen, J. F. Lee, C. C. Wang, C. H.
Huang, Y. Wang, J. Am. Chem. Soc. 2000, 122, 5742.


[13] J. Kusz, H. Spiering, P. G¸tlich, J. Appl. Crystallogr. 2000, 33, 201.
[14] J. Kusz, H. Spiering, P. G¸tlich, J. Appl. Crystallogr. 2001, 34, 229.


[15] M. Marchivie, P. Guionneau, J. A. K. Howard, G. Chastanet, J. F.
Le¬tard, A. E. Goeta, D. Chasseau, J. Am. Chem. Soc. 2002, 124, 194.


[16] V. A. Money, I. R. Evans, M. A. Halcrow, A. E. Goeta, J. A. K.
Howard, Chem. Commun. 2003, 158.


[17] a) E. Kˆnig, Coord. Chem. Rev. 1968, 3, 471; b) P. G¸tlich, Struct.
Bonding 1981, 44, 83.


[18] W. A. Baker, H. M. Bobonich, Inorg. Chem. 1964, 3, 1184.
[19] E. Kˆnig, K. Madeja, Inorg. Chem. 1967, 6, 48.
[20] K. F. Purcell, M. P. Edwards, Inorg. Chem. 1984, 23, 2620.
[21] J. Pebler, Inorg. Chem. 1983, 22, 4125.
[22] E. Kˆnig, K. Madeja, Spectrochim. Acta A 1967, 23, 45.
[23] J. H. Takemoto, B. Hutchinson, Inorg. Chem. 1973, 12, 705.
[24] M. Sorai, S. Seki, J. Phys. Chem. Solids 1974, 35, 555.
[25] R. H. Herber, Inorg. Chem. 1987, 26, 173.
[26] B. Maiti, B. R. McGarvey, P. S. Rao, L. C. Stubbs, J. Magn. Reson.


1983, 54, 99.
[27] P. Ganguli, P. G¸tlich, E. W. M¸ller, W. Irler, J. Chem. Soc. Dalton


Trans. 1981, 441.
[28] B. Gallois, J. A. Real, C. Hauw, J. Zarembowitch, Inorg. Chem. 1990,


29, 1152.
[29] J. A. Real, B. Gallois, T. Granier, F. Suezpanama, J. Zarembowitch,


Inorg. Chem. 1992, 31, 4972.
[30] T. Granier, B. Gallois, J. Gaultier, J. A. Real, J. Zarembowitch, Inorg.


Chem. 1993, 32, 5305.
[31] E. W. M¸ller, H. Spiering, P. G¸tlich, Chem. Phys. Lett. 1982, 93, 567.
[32] C. M. McGrath, C. J. O×Connor, C. Sangregorio, J. M. W. Seddon, E.


Sinn, F. E. Sowrey, N. A. Young, Inorg. Chem. Commun. 1999, 2, 536.
[33] R. Herber, L. M. Casson, Inorg. Chem. 1986, 25, 847.
[34] K. U. Baldenius, A. K. Campen, H. D. Hohnk, A. J. Rest, J. Mol.


Struct. 1987, 157, 295.
[35] a) G. Brehm, M. Reiher, S. Schneider, J. Phys. Chem. A 2002, 106,


12024; b) M. Reiher, Inorg. Chem. 2002, 41, 6928.
[36] P. Guionneau, J. F. Le¬tard, D. S. Yufit, D. Chasseau, G. Bravic, A. E.


Goeta, J. A. K. Howard, O. Kahn, J. Mater. Chem. 1999, 9, 985.
[37] P. Guionneau, C. Brigouleix, Y. Barrans, A. E. Goeta, J. F. Le¬tard,


J. A. K. Howard, J. Gaultier, D. Chasseau, C.R. Chim. 2001, 4, 161.
[38] a) F. A. Deeney, C. J. Harding, G. G. Morgan, V. McKee, J. Nelson,


S. J. Teat, W. Clegg, J. Chem. Soc. Dalton Trans. 1998, 1837; b) M. G. B.
Drew, C. J. Harding, V. McKee, G. G. Morgan, J. Nelson, J. Chem. Soc.
Chem. Commun. 1995, 1035.


[39] a) A. Ozarowski, Y. Shunzhong, B. R. McGarvey, A. Mislankar, J. E.
Drake, Inorg. Chem. 1991, 30, 3167; b) T. J. Mizoguchi, S. J. Lippard,
Inorg. Chem. 1997, 36, 4526; c) N. Moliner, M. C. Munƒoz, S. Le¬tard,
J. F. Le¬tard, X. Solans, R. Burriel, M. Castro, O. Kahn, J. A. Real,
Inorg. Chim. Acta 1999, 291, 279; d) N. Moliner, M. C. Munƒoz, J. A.
Real, Inorg. Chem. Commun. 1999, 2, 25.


[40] A. Bondi, J. Phys. Chem. 1964, 68, 441.
[41] E. Kˆnig, K. J. Watson, Chem. Phys. Lett. 1970, 6, 457.
[42] G. Sankar, J. M. Thomas, V. Varma, G. U. Kulkarni, C. N. R. Rao,


Chem. Phys. Lett. 1996, 251, 79.
[43] a) R. J. Cernik, W. Clegg, C. R. A. Catlow, G. Bushnell-Wye, J. V.


Flaherty, G. N. Greaves, I. Burrows, D. J. Taylor, S. J. Teat, M.
Hamichi, J. Synchr. Radiat. 1997, 4, 279; b) W. Clegg, M. R. J.
Elsegood, S. J. Teat, C. Redshaw, V. C. Gibson, J. Chem. Soc. Dalton
Trans. 1998, 3037.


[44] SMART and SAINT, Area-Detector Control and Integration Soft-
ware, Bruker, Madison, WI (USA), 1997.


[45] G. M. Sheldrick, SADABS, Program for Scaling and Correction of
Area Detector Data, University of Gˆttingen, 1997.


[46] G. M. Sheldrick, SHELXS-97, Program for the Solution of Crystal
Structures, University of Gˆttingen, 1997.


[47] G. M. Sheldrick, SHELXL-97, Program for the Refinement of Crystal
Structures, University of Gˆttingen, 1997.


[48] J. E. Wilson, International Tables for Crystallography, Vol. C, 1992,
Kluwer, Dordrecht.


[49] a) D. T. Cromer, J. Appl. Crystallogr. 1983, 16, 437; b) S. Bailey, Acta
Crystallogr. Sect. D Biol. Crystallogr. 1994, 50, 760.


[50] D. A. Fletcher, R. F.McMeeking, D. Parkin, J. Chem. Inf. Comput. Sci.
1996, 36, 746.


Received: February 20, 2003
Revised: May 12, 2003 [F4865]


¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2003, 921, 5314 ± 53225322








Mild Synthesis of Polyfunctional Benzimidazoles and Indoles by the
Reduction of Functionalized Nitroarenes with Phenylmagnesium Chloride


Wolfgang Dohle, Anne Staubitz, and Paul Knochel*[a]


Abstract: Phenylmagnesium chloride has been used for the conversion of selected
nitroarenes into nitrenes. Their insertion into a neighboring sp2 C�H bond yielded
functionalized heterocycles. A novel and mild synthesis of polyfunctional benzim-
idazoles and indoles is described.


Keywords: Grignard reaction ¥
heterocycles ¥ magnesium nitrenoids
¥ nitrenes


Introduction


The preparation of functionalized heterocycles is an impor-
tant synthetic objective, since many of these molecules have
interesting pharmaceutical properties.[1] Recently, we have
studied the reaction of functionalized nitroarenes 1 with
arylmagnesium reagents (Ar2MgX).[2, 3] We have found that
nitroarenes react with arylmagnesium reagents, leading first
to an intermediate nitrosoarene of type 3,[4] which reacts with
a second equivalent of Ar2MgX to furnish the magnesiated
diarylhydroxylamine of type 4. Reduction of this gives
diarylamines of type 5 in good yields (Scheme 1).[2] This
method proved to be quite general and practical.


Scheme 1. Reaction of arylmagnesium halides (Ar2MgX) with nitroarenes
(Ar1NO2): formation of diarylamines.


However, ortho-iodo-substituted nitroarenes undergo io-
dine ± magnesium exchange reactions with phenylmagnesium
chloride and usually no reduction of the nitro group is
observed.[5] During our studies the question arose of whether
this iodine ± magnesium exchange reaction could also be
performed in the presence of a nitro group by use of protected
amines as directing groups.[6] Therefore, the iodo-substituted


nitroarene 6 a (Scheme 2) was prepared and treated with
phenylmagnesium chloride. Neither an iodine ± magnesium
exchange reaction, nor the reduction of the nitro group to the


Scheme 2. Formation of benzimidazole 7a by treatment of nitroarene 6a
with phenylmagnesium chloride.


corresponding diarylamine was observed, but a clean reduc-
tive cyclization reaction occurred, leading to the correspond-
ing benzimidazole 7 a, which was isolated in 75 % yield
(Scheme 2).


This unexpected result led us to explore the scope of this
reaction. Thus, we have noticed that when nitroarenes of type
1 bear bulky substituents (Scheme 3), nitrosoarenes of type 3


Scheme 3. Reaction of arylmagnesium halides (Ar2MgX) with nitroarenes
(Ar1NO2): formation of nitrenes.


are still formed, but due to steric hindrance the second
equivalent of the Grignard reagent does not add–as was
previously the case–at the nitrogen atom. Rather, it attacks
the more readily available oxygen atom of the nitroso
intermediate 3, leading to the magnesium ± nitrenoid 8
(Scheme 3). This behavior is further favored if the aromatic
system is electron poor.


Here we report the use of intermediates such as 8 (or
nitrenes of type 9 generated in situ) for the preparation of
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benzimidazoles of type 7 and indoles of type 10 under very
mild reaction conditions, starting from ortho-nitro-substituted
amidine and imine derivatives of type 6 and stilbenes of type
11, respectively (Scheme 4).


Scheme 4. Preparation of functionalized benzimidazoles and indoles.


Results and Discussion


Preparation of the starting materials : The anilines 12 a ± e
were prepared by iodination of ortho-nitroanilines with silver
sulfate and iodine in ethanol at room temperature
(Scheme 5).[7]


Scheme 5. Preparation of iodinated nitroanilines 12 a ± e.


The amidines 6 a ± i and the imines 6 j ± k were readily
prepared from the corresponding anilines of type 12 by
treatment either with (MeO)2CHNMe2 in toluene[8] at 140 �C
for 18 h or with ArCHO in the presence of catalytic amounts
of conc. H2SO4 and MS (4 ä), respectively (Scheme 6 and
Table 1).


Scheme 6. Preparation of amidines 6a ± i and imines 6j ± k.


The aryl-substituted compounds 6 g ± j were prepared by
palladium-catalyzed cross-coupling reactions between 6 a ± b
and 6 k and the corresponding functionalized arylzinc halide
in THF at room temperature (Scheme 7 and Table 2).[9]


The ortho-nitro-substituted stilbenes 11 a ± e were prepared
by condensation reactions from the corresponding ortho-
nitrotolyl derivatives 13 a ± c with aromatic aldehydes in the
presence of piperidine at elevated temperatures (Scheme 8
and Table 3).[10]


Scheme 7. Preparation of aryl-substituted compounds 6g ± j.


Preparation of the functionalized benzimidazoles 7 a ± l : The
protected ortho-nitro-substituted anilines 6 a ± m were treated
with PhMgCl at �40 �C. (Scheme 9 and Table 4).


The functionalized benzimidazoles 7 a ± l were obtained in
satisfactory to good yields (42 ± 87 %). Various substituents R1


and R2 can be attached to the aromatic ring. The iodo-
substituted compounds 6 a ± d and 6 l (entries 1 ± 4 and en-
try 11 in Table 4) undergo the reductive cyclization reaction to
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Table 1. Preparation of nitro-substituted amidine and imine derivatives
6a ± m.


Entry Aniline type 12 Amidine and imine type 6 Yield [%][a]


1 12a : R1�CF3 6a : R1 �CF3 95
2 12b : R1 �CO2Et 6b : R1 �CO2Et 91
3 12c : R1�CN 6c : R1 �CN 83
4 12d : R1 �Cl 6d : R1 �Cl 78


5 95


6 94


7 79


8 70


9 68


[a] Isolated yield of analytically pure product.
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give the functionalized benzimidazoles 7 a ± d and 7 k much
more rapidly than iodine ± magnesium exchange, which was
not observed under our reaction conditions. These mild
reaction conditions, allowing the performance of the ring
closures at �40 �C, assure broad functional group compati-
bility, so various functionalities (CN, CO2Et, CF3, Br, Cl,
OMe; entries 1 ± 5 and entry 7 in Table 4) are tolerated. The
substituent R2 can also contain functionalized aryl substitu-
ents (entries 8 ± 10 in Table 4) as well as a second nitro
functionality (entries 6 ± 7 in Table 4).


Scheme 8. Preparation of functionalized ortho-nitro stilbenes 11 a ± e.


Preparation of functionalized indoles 10 a ± e : This method
can also be used for the reductive cyclization of the nitro-
substituted stilbenes 11 a ± e, furnishing the corresponding
indoles 10 a ± e in good yields (56 ± 76 %; Scheme 10 and
Table 5).


This new indole synthesis shows the same functional group
tolerance as the new procedure described above for the
preparation of benzimidazoles. Ester, bromo, methoxy, het-
eroaryl, and also a second nitro functionality can be present in


the corresponding ortho-nitrostilbene (entries 1 ± 5 in Ta-
ble 5).


As a tentative mechanism of this reaction we propose
nitrenes of type 9 as intermediates (Scheme 3). Closely
related reductive cyclization reactions with triethylphosphite
as deoxygenation agent proceed under much harsher reaction
conditions. This method, which has been described by
Cadogan[11] and others,[12] is also proposed to proceed through
nitrenes as intermediates. In order to check whether we could
compare our method to these known procedures, we also
treated 2-nitrobiphenyl with phenylmagnesium chloride at
�40 �C. As expected, carbazole was formed and could be
isolated in 24 % yield (Scheme 11).


Conclusion


Treatment of phenylmagnesium chloride with various 2-ami-
no-1-nitroaromatics or 2-nitrostilbenes under mild conditions
furnishes polyfunctional benzimidazoles of type 7 and indoles
of type 10, respectively, in satisfactory to good yields. The
reaction occurs very rapidly under mild conditions and is best
explained by the involvement of functionalized nitrenes as
intermediates.
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Table 2. Arylfunctionalized nitro-substituted amidines 6 g ± j obtained by
palladium-catalyzed cross-coupling reactions.


Entry Amidine type 6 Cross-coupling product Yield [%][a]


1 82


2 80


3 6b : R1�CO2Et 6 i : R1 �CO2Et 85
4 6a : R1 �CF3 6 j : R1 �CF3 80


[a] Isolated yield of analytically pure product.


Table 3. Preparation of functionalized ortho-nitro stilbenes 11a ± e.


Entry Nitrotolyl
compound
type 13


Aldehyde Nitrostilbene type 11 Yield
[%][a]


1


73


2 21


3 67


4 59


5 20


[a] Isolated yield of analytically pure product.
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Scheme 9. Preparation of functionalized benzimidazoles 7a ± l by treat-
ment of nitro-substituted amidines and imines 6a ± m with phenylmagne-
sium chloride.


Scheme 10. Preparation of functionalized indoles 10 a ± e by treatment of
nitro-substituted stilbenes 11a ± e with phenylmagnesium chloride.


Scheme 11. Formation of carbazole by treatment of 2-nitrobiphenyl with
phenylmagnesium chloride.


Experimental Section


General methods : THF was distilled from sodium/benzophenone and
toluene from sodium. Reactions in solution were monitored by thin-layer
chromatography (TLC) and gas chromatography (GC) analysis of worked-
up reaction aliquots. Analytical TLC was performed on Merck silica gel
(60 F-254) plates (0.25 mm) precoated with a fluorescent indicator. Column
chromatography was carried out on silica gel 60 (70 ± 230 mesh). NMR data
were recorded on 300 and 600 MHz NMR spectrometers from Bruker. IR
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Table 4. Functionalized benzimidazoles 7a ± l obtained by treatment of nitro-
substituted amidines and imines 6a ± m with phenylmagnesium chloride.


Entry Amidine and imine type 6 Benzimidazole type 7 Yield [%][a]


1 6a : R1�CF3 7 a : R1 �CF3 75
2 6b : R1�CO2Et 7 b : R1 �CO2Et 79
3 6c : R1 �CN 7 c : R1 �CN 48
4 6d : R1�Cl 7 d : R1 �Cl 61


5 70


6 62


7 87


8 45


9 6 i : R1 �CO2Et 7 i : R1 �CO2Et 56
10 6j : R1�CF3 7 j : R1 �CF3 77


11 42


12 77


[a] Isolated yield of analytically pure product.


Table 5. Functionalized indoles 10a ± e obtained by treatment of nitro-sub-
stituted stilbenes 11a ± e with phenylmagnesium chloride.


Entry Nitrostilbene of type 11 Indole of type 10 Yield
[%][a]


1 76


2 70


3 75


4 56


5 60


[a] Isolated yield of analytically pure product.
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spectra were performed with a Nicolet 510 FT-IR spectrometer. The
ionization method used for mass spectroscopy was electron impact
ionization (EI, 70 eV). Melting points were measured on a B¸chi B 540
and are uncorrected.


Starting materials : The following starting materials were prepared by
literature procedures: ethyl 4-amino-3-nitrobenzoate[13] and ethyl 3-bromo-
4-methyl-5-nitrobenzoate.[14]


Typical procedure A: 2-Iodo-6-nitro-4-(trifluoromethyl)aniline (12 a):
4-Trifluoromethyl-2-nitroaniline (6.18 g, 30.0 mmol) was treated with
iodine (10.64 g, 42.0 mmol) and Ag2SO4 (13.09 g, 42.0 mmol) in ethanol
(300 mL) at room temperature for 36 h. The reaction mixture was filtered
and the solid was washed with ethyl acetate (3� 100 mL). The filtrate was
concentrated in vacuo, and the residue was dissolved in CH2Cl2 (250 mL).
The organic layer was then washed with aqueous NaOH (5 %; 100 mL) and
water (100 mL), dried over Na2SO4, filtered, and concentrated in vacuo.
The crude product was purified by flash column chromatography (silica gel,
CH2Cl2). Compound 12 a was isolated as a yellow/orange solid (7.99 g,
24.1 mmol, 80%). M.p. 101 ± 102 �C; 1H NMR (CDCl3, 300 MHz): ��
8.41 ± 8.39 (m, 1H), 8.06 (d, J� 2.1 Hz, 1H), 6.96 ppm (br s, 2H);
13C NMR (CDCl3, 75 MHz): �� 145.9, 141.5 (q, J� 3.3 Hz), 130.4, 124.7
(q, J� 4.3 Hz), 124.2, 120.6, 87.2 ppm; IR (KBr): �� � 3463 (s), 3351 (s),
3096 (w), 1633 (s), 1578 (m), 1519 (m), 1455 (s), 1342 (s), 1298 (s), 1252 (s),
1154 (m), 1123 (s), 906 (m), 765 (w), 720 (w), 658 (m), 467 cm�1 (w); MS
(EI): m/z (%): 332 [M]� (100), 286 (14), 274 (10), 159 (84), 140 (14);
elemental analysis calcd (%) for C7H4F3IN2O2 (332.02): C 25.32, H 1.21, N
8.44; found: C 25.54, H 1.03, N 8.32.


Ethyl 4-amino-3-iodo-5-nitrobenzoate (12 b): Ethyl 4-amino-3-nitroben-
zoate (6.30 g, 30.0 mmol) was treated with iodine (10.65 g, 42.0 mmol) and
Ag2SO4 (13.10 g, 42.0 mmol) in ethanol (150 mL) at room temperature for
36 h as described in procedure A. After workup, the crude product was
purified by flash column chromatography (silica gel, CH2Cl2). Compound
12b was isolated as a yellow/orange solid (8.19 g, 24.4 mmol, 81 %). M.p.
136 �C; 1H NMR (CDCl3, 300 MHz): �� 8.83 (d, J� 2.1 Hz, 1H), 8.53 (d,
J� 2.1 Hz, 1 H), 7.01 (br s, 2 H), 4.36 (q, J� 7.2 Hz, 2H), 1.39 ppm (t, J�
7.2 Hz, 3H); 13C NMR (CDCl3, 75 MHz): �� 163.7, 146.4, 145.8, 130.8,
129.1, 120.1, 86.5, 61.5, 14.3 ppm; IR (KBr): �� � 3459 (s), 3346 (s), 3084 (m),
2980 (m), 1715 (s), 1620 (s), 1510 (s), 1450 (m), 1398 (m), 1371 (m), 1334 (s),
1268 (vs), 1141 (s), 1026 (m), 867 (m), 756 (s), 717 (m), 677 (m), 478 cm�1


(m); MS (EI): m/z (%): 336 [M]� (100), 308 (53), 291 (95), 262 (12), 245
(25), 135 (10), 118 (14), 90 (21), 63 (11); elemental analysis calcd (%) for
C9H9IN2O4 (336.08): C 32.16, H 2.70, N 8.34; found: C 32.42, H 2.51, N 8.29.


4-Amino-3-iodo-5-nitrobenzonitrile (12 c): 4-Amino-3-nitrobenzonitrile
(3.26 g, 20.0 mmol) was treated with iodine (7.11 g, 28.0 mmol) and Ag2SO4


(8.74 g, 28.0 mmol) in ethanol (150 mL) at room temperature as described
in procedure A. The reaction was stopped after 4 d (approximately 50%
conversion) and worked up. The crude product was purified by flash
column chromatography (silica gel, CH2Cl2) to yield compound 12 c as a
yellow/orange solid (2.43 g, 8.41 mmol, 42%). The starting material was
also reisolated (1.47 g, 9.02 mmol, 45%). M.p. 175 ± 176 �C; 1H NMR
(CDCl3, 300 MHz): �� 8.42 (d, J� 2.4 Hz, 1H), 8.04 (d, J� 2.4 Hz, 1H),
7.14 ppm (br s, 2H); 13C NMR (CDCl3, 75 MHz): �� 146.5, 145.6, 131.6,
130.4, 116.1, 100.8, 87.2 ppm; IR (KBr): �� � 3448 (m), 3329 (m), 3087 (w),
2229 (s), 1614 (vs) 1535 (s), 1508 (s), 1453 (m) 1402 (w), 1356 (m), 1280 (s),
1204 (w), 1087 (w), 930 (w), 896 (w), 756 (w), 526 cm�1 (w); MS (EI): m/z
(%): 289 [M]� (100), 243 (19), 231 (8), 163 (11), 116 (36); HRMS (EI) calcd
for C7H4IN3O2 [M]�: 288.9348; found: 288.9349.


4-Chloro-2-iodo-6-nitroaniline (12 d): 4-Chloro-2-nitro-aniline (5.16 g,
30.0 mmol) was treated with iodine (10.66 g, 42.0 mmol) and Ag2SO4


(13.10 g, 42.0 mmol) in ethanol (300 mL) at room temperature for 36 h as
described in procedure A. After workup, the crude product was purified by
flash column chromatography (silica gel, CH2Cl2). Compound 12 d was
isolated as an orange solid (6.26 g, 21.0 mmol, 70 %). M.p. 132 ± 133 �C;
1H NMR (CDCl3, 300 MHz): �� 8.04 (d, J� 2.4 Hz, 1H), 7.80 (d, J�
2.4 Hz, 1 H), 6.70 ppm (br s, 2H); 13C NMR (CDCl3, 75 MHz): �� 144.3,
142.4, 130.3, 125.3, 120.7, 87.1 ppm; IR (KBr): �� � 3462 (s), 3350 (s),
3090 (w), 1622 (s), 1552 (m), 1498 (s), 1440 (m), 1386 (m), 1345 (m),
1319 (m), 1246 (s), 1130 (m), 1078 (w), 896 (w), 880 (m), 762 (m), 726 (m),
708 (m), 547 (w), 456 cm�1 (w); MS (EI): m/z (%): 300/298 [M]� (32/100),
254/252 (10/32), 127 (38), 90 (10); HRMS (EI) calcd for C6H4IClN2O2 [M]�:
297.9006; found: 297.8988.


4-Iodo-2,6-dinitroaniline (12 e): 2,6-Dinitroaniline (1.83 g, 10.0 mmol) was
treated with iodine (3.61 g, 14.2 mmol) and Ag2SO4 (4.37 g, 14.0 mmol) in
ethanol (30 mL) at room temperature for 18 h as described in procedure A.
After workup, the crude product was purified by flash column chromatog-
raphy (silica gel, CH2Cl2). Compound 12 e was isolated as a red/orange solid
(2.33 g, 7.54 mmol, 75%). M.p. 173 ± 174 �C; 1H NMR (CDCl3, 300 MHz):
�� 8.76 (s, 2H), 8.45 ppm (br s, 2 H); 13C NMR (CDCl3, 75 MHz): ��
141.9, 140.9, 135.8, 71.4 ppm; IR (KBr): �� � 3451 (m), 3353 (m), 3078 (w),
1632 (s), 1513 (s), 1388 (m), 1354 (m), 1259 (s), 898 (m), 769 (m), 539 cm�1


(m); MS (EI): m/z (%): 309 [M]� (100), 263 (6), 217 (5), 90 (14), 78 (9), 63
(9); HRMS (EI) calcd for C6H4IN3O4 [M]�: 308.9247; found: 308.9261.


Typical procedure B: N�-[2-Iodo-6-nitro-4-(trifluoromethyl)phenyl]-N,N-
dimethylimidoformamide (6 a): Compound 12 a (6.65 g, 20.0 mmol) was
treated with N,N-dimethylformamide dimethylacetal (DMF-DMA, 4.79 g,
40.3 mmol) in toluene (100 mL) at 140 �C for 36 h. After cooling down to
room temperature the reaction mixture was filtered. The filtrate was
concentrated in vacuo and the residue was purified by flash column
chromatography (silica gel, CH2Cl2). Compound 6a was isolated as a
yellow/orange solid (7.37 g, 19.0 mmol, 95 %). M.p. 85 ± 86 �C; 1H NMR
(CDCl3, 300 MHz): �� 8.18 (s, 1 H), 7.98 (s, 1 H), 7.28 (s, 1H), 3.08 ppm (s,
6H); 13C NMR (CDCl3, 75 MHz): �� 154.1, 150.1, 141.6, 138.8 (q, J�
2.5 Hz), 124.8, 124.3, 122.3 (q, J� 3.8 Hz), 98.9, 40.3, 34.5 ppm; IR (KBr):
�� � 3436 (w), 3087 (w), 1648 (s), 1604 (s), 1547 (m), 1521 (m), 1436 (m),
1378 (m), 1307 (s), 1272 (m), 1218 (w), 1157 (m), 1132 (m), 1104 (s),
906 (w), 772 (w), 718 (w), 682 cm�1 (w); MS (EI): m/z (%): 387 [M]�


(100), 368 (15), 341 (36), 327 (15), 314 (14), 260 (17), 214 (16), 199 (9),
187 (13), 173 (38), 159 (13), 143 (16), 72 (24); elemental analysis calcd (%)
for C10H9F3IN3O2 (387.10): C 31.03, H 2.34, N 10.86, I 32.78; found: C 31.08,
H 2.32, N 10.84, I 32.75.


Ethyl 4-{[(E)-(dimethylamino)methylidene]amino}-3-iodo-5-nitroben-
zoate (6 b): Compound 12b (6.72 g, 20.0 mmol) was treated with DMF-
DMA (4.77 g, 40.1 mmol) in toluene (100 mL) at 140 �C for 36 h as
described in procedure B. After workup, the crude product was purified by
flash column chromatography (silica gel, CH2Cl2). Compound 6b was
isolated as a yellow/orange solid (7.14 g, 18.3 mmol, 91%). M.p. 80 �C;
1H NMR (CDCl3, 300 MHz): �� 8.58 (d, J� 2.1 Hz, 1 H), 8.34 (d, J�
2.1 Hz, 1 H), 7.28 (s, 1 H), 4.35 (q, J� 7.2 Hz, 2H), 3.07 (s, 6H), 1.37 ppm
(t, J� 7.2 Hz, 3H); 13C NMR (CDCl3, 75 MHz): �� 163.6, 153.9, 150.5,
142.9, 141.8, 126.2, 124.7, 98.0, 61.5, 40.3, 34.5, 14.2 ppm; IR (KBr): �� �
3435 (m), 2923 (w), 1708 (s), 1647 (s), 1588 (s), 1541 (s), 1516 (m), 1386 (m),
1350 (m), 1270 (s), 1136 (m), 1104 (m), 1078 (m), 1024 (m), 759 (m), 716 cm�1


(m); MS (EI): m/z (%): 391 [M]� (100), 345 (25), 317 (18), 290 (15), 264
(12), 190 (9), 145 (12), 72 (16); elemental analysis calcd (%) for
C12H14IN3O4 (391.16): C 36.85, H 3.61, N 10.74, I 32.44; found: C 36.69, H
3.62, N 10.89, I 32.42.


N�-(4-Cyano-2-iodo-6-nitrophenyl)-N,N-dimethylimidoformamide (6 c):
Compound 12c (1.73 g, 6.0 mmol) was treated with DMF-DMA (1.40 g,
11.8 mmol) in toluene (20 mL) at 140 �C for 36 h as described in
procedure B. After workup, the crude product was purified by flash
column chromatography (silica gel, CH2Cl2). Compound 6 c was isolated as
an orange solid (1.72 g, 5.00 mmol, 83%). M.p. 123 �C; 1H NMR (CDCl3,
300 MHz): �� 8.18 (d, J� 1.8 Hz, 1H), 8.01 (d, J� 1.8 Hz, 1H), 7.30 (s,
1H), 3.10 (s, 3H), 3.09 ppm (s, 3 H); 13C NMR (CDCl3, 75 MHz): �� 153.8,
150.9, 144.5, 141.4, 128.9, 116.1, 105.7, 99.2, 40.4, 34.6 ppm; IR (KBr): �� �
3437 (m), 3062 (m), 2921 (m), 2230 (s), 1643 (vs), 1585 (vs), 1540 (s),
1462 (m), 1388 (s), 1254 (m), 1220 (m), 1104 (s), 1085 (s), 982 (m), 894 (w),
790 (w), 769 (m), 720 (m), 599 cm�1 (w); MS (EI): m/z (%): 344 [M]� (100),
298 (28), 284 (18), 271 (14), 217 (11), 171 (16), 144 (10), 130 (31), 116 811),
100 (16), 72 (22); HRMS calcd for C10H9IN4O2: 343.9770; found: 343.9766
[M]� .


N�-(4-Chloro-2-iodo-6-nitrophenyl)-N,N-dimethylimidoformamide (6 d):
Compound 12d (2.38 g, 8.0 mmol) was treated with DMF-DMA (1.94 g,
16.3 mmol) in toluene (30 mL) at 140 �C for 36 h as described in
procedure B. After workup, the crude product was purified by flash
column chromatography (silica gel, CH2Cl2). Compound 6 d was isolated as
an orange solid (2.23 g, 6.31 mmol, 78%). M.p. 74 ± 75 �C; 1H NMR
(CDCl3, 300 MHz): �� 7.95 (d, J� 2.1 Hz, 1 H), 7.72 (d, J� 2.1 Hz, 1H),
7.23 (s, 1 H), 3.05 ppm (s, 6H); 13C NMR (CDCl3, 75 MHz): �� 164.6, 146.1,
142.0, 141.8, 126.9, 124.6, 98.8, 40.2, 34.5 ppm; IR (KBr): �� � 3436 (w),
3075 (w), 2927 (w), 1639 (vs), 1590 (s), 1540 (s), 1514 (s), 1463 (m), 1416 (m),
1399 (s), 1376 (s), 1342 (s), 1254 (s), 1212 (m), 1106 (s), 1082 (m), 885 (m),
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770 (m), 751 (m), 716 cm�1 (m); MS (EI): m/z (%): 355/353 [M]� (32/100),
309/305 (11/33), 293 (15), 280 (12), 226 (11), 180 (14), 153 (10), 139 (21), 124
(12), 109 (10), 72 (19); HRMS (EI) calcd for C9H9IClN3O2: 352.9428;
found: 352.9421 [M]� .


N�-(2,4-Dibromo-6-nitrophenyl)-N,N-dimethylimidoformamide (6 e): 2,4-
Dibromo-6-nitroaniline (1.76 g, 6.0 mmol) was treated with DMF-DMA
(1.45 g, 12.2 mmol) in toluene (20 mL) at 140 �C for 36 h as described in
procedure B. After workup, the crude product was purified by flash column
chromatography (silica gel, CH2Cl2). Compound 6e was isolated as a
yellow/orange solid (2.30 g, 6.55 mmol, 95%). M.p. 90 ± 91 �C; 1H NMR
(CDCl3, 300 MHz): �� 7.83 (d, J� 2.1 Hz, 1 H), 7.78 (d, J� 2.1 Hz, 1H),
7.31 (s, 1 H), 3.05 (s, 3H), 3.02 ppm (s, 3 H); 13C NMR (CDCl3, 75 MHz):
�� 154.6, 144.4, 144.3, 138.4, 126.3, 121.2, 112.8, 40.2, 34.3 ppm; IR (KBr):
�� � 3436 (m), 2926 (w), 1643 (s), 1582 (m), 1542 (m), 1461 (m), 1397 (m),
1248 (m), 1106 (m), 723 cm�1 (w); MS (EI): m/z (%): 353/351/349 [M]� (50/
100/51), 321 (5/9/4), 307/305/303 (23/45/25), 280/278/276 (12/21/13), 264/262
(13/11), 183 (27), 170 (10), 155 (12), 88 (9), 72 (21); HRMS (EI) calcd for
C9H9Br2N3O2: 348.9061; found: 348.9070 [M]� .


N�-(2,6-Dinitrophenyl)-N,N-dimethylimidoformamide (6 f): 2,6-Dinitro-
aniline (550 mg, 3.0 mmol) was treated with DMF-DMA (723 mg,
6.1 mmol) in toluene (100 mL) at 140 �C for 18 h as described in
procedure B. After workup, the crude product was purified by flash
column chromatography (silica gel, CH2Cl2). Compound 6 f was isolated as
a yellow/orange solid (673 mg, 2.83 mmol, 94 %). M.p. 69 �C; 1H NMR
(CDCl3, 300 MHz): �� 7.85 (d, J� 8.1 Hz, 2H), 7.39 (s, 1 H), 7.04 (t, J�
8.1 Hz, 1H), 3.05 (s, 3H), 2.96 ppm (s, 3H); 13C NMR (CDCl3, 75 MHz):
�� 154.6, 145.4, 141.3, 127.7, 120.2, 40.3, 34.2 ppm; IR (KBr): �� � 3436 (w),
2922 (w), 1648 (s), 1600 (s), 1523 (s), 1404 (m), 1345 (m), 1258 (m), 1106 (m),
1083 (m), 852 (w), 749 (m), 702 cm�1 (m); MS (EI):m/z (%): 238 [M]� (100),
192 (23), 178 (19), 165 (22), 149 (11), 146 (11), 133 (10), 119 (16), 103 (16),
90 (23), 75 (20), 72(70), 63 (15); elemental analysis calcd (%) for C9H10N4O4


(238.20): C 45.38, H 4.23, N 23.52; found: C 45.58, H 3.96, N 23.72.


Typical procedure C : N�-(4�-Methoxy-3,5-dinitro[1,1�-bi-phenyl]-4-yl)-
N,N-dimethylimidoformamide (6 g): Compound 6k (364 mg, 1.0 mmol)
was dissolved in a solution of the preformed catalyst {[Pd(dba)2] (14.4 mg,
0.025 mmol) and tris-2-furyl-phosphine (TFP, 12.0 mg, 0.050 mmol) in THF
(2 mL)} and treated with 4-methoxyphenylzinc bromide (3.0 mL, 0.5� in
THF, 1.5 mmol) at room temperature for 2 h. The reaction mixture was
quenched by the addition of aqueous NH4Cl solution (5 mL), poured into
water (30 mL), and extracted with ethyl acetate (3� 30 mL). The combined
organics were washed with brine (30 mL), dried over MgSO4, filtered, and
concentrated in vacuo. The crude product was purified by flash column
chromatography (silica gel, pentane/ethyl acetate 75:25). Compound 6g
was isolated as an orange solid (425 mg, 1.23 mmol, 82%). M.p. 123 ±
124 �C; 1H NMR (CDCl3, 300 MHz): �� 8.04 (s, 2H), 7.52 ± 7.46 (m, 2H),
7.43 (s, 1H), 7.02 ± 6.96 (m, 2H), 3.85 (s, 3 H), 3.07 (s, 3 H), 2.99 ppm (s, 3H);
13C NMR (CDCl3, 75 MHz): �� 160.1, 154.7, 145.7, 19.4, 133.7, 129.2, 127.7,
125.2, 114.7, 55.4, 40.3, 34.3 ppm; IR (KBr): �� � 3436 (m), 2929 (m),
1652 (vs), 1516 (vs), 1472 (s), 1412 (s), 1376 (s), 1295 (s), 1249 (vs), 1184 (s),
1102 (s), 1069 (s), 1032 (m), 985 (m), 924 (m), 899 (m), 831 (s), 802 (m),
775 (m), 720 (m), 529 cm�1 (m); MS (EI): m/z (%): 344 [M]� (100), 312 (7),
298 (10), 196 (17), 135 (13), 72 (24); elemental analysis calcd (%) for
C16H16N4O5 (344.32): C 55.81, H 4.68, N 16.27; found: C 55.96, H 4.57, N
16.48.


Diethyl 6-{[(E)-(dimethylamino)methylidene]amino}-5-nitro-[1,1�-biphen-
yl]-3,4�-dicarboxylate (6 i): Compound 6 b (587 mg, 1.5 mmol) was treated
with 4-ethoxycarbonylphenylzinc bromide (4.0 mL, 0.56� in THF,
2.25 mmol) in the presence of [Pd(dba)2] (21.6 mg, 0.037 mmol) and TFP
(17.4 mg, 0.075 mmol) in THF (2 mL) at room temperature for 2 h as
described in procedure C. After workup, the crude product was purified by
flash column chromatography (silica gel, pentane/ethyl acetate 90:10 and
2% NEt3). Compound 6 i was isolated as a yellow oil (524 mg, 1.27 mmol,
85%); 1H NMR (CDCl3/[D6]DMSO, 300 MHz): �� 8.35 (d, J� 2.1 Hz,
1H), 8.10 (d, J� 2.1 Hz, 1 H), 8.05 (d, J� 8.4 Hz, 2 H), 7.51 (d, J� 8.4 Hz,
2H), 7.01 (s, 1 H), 4.33 (q, J� 7.1 Hz, 2H), 4.32 (q, J� 7.0 Hz, 2 H), 2.88 (s,
3H), 2.80 (s, 3H), 1.35 (t, J� 7.1 Hz, 3H), 1.33 ppm (t, J� 7.0 Hz, 3H);
13C NMR (CDCl3/[D6]DMSO, 75 MHz): �� 166.4, 164.9, 153.8, 147.9,
144.5, 143.0, 136.2, 134.3, 129.8, 129.3, 125.3, 123.6, 61.4, 60.1, 40.0, 34.3,
14.3 ppm; IR (KBr): �� � 2982 (s), 1715 (s), 1651 (s), 1597 (s), 1532 (s),
1369 (s), 1244 (s), 1183 (s), 1106 (s), 1073 (s), 1021 (s), 862 (m), 767 (s),
739 (m), 716 cm�1 (s); MS (EI): m/z (%): 413 [M]� (59), 381 (11), 369


(100), 368 (31), 367 (25), 352 (9), 267 (10), 72 (11); HRMS (EI) calcd for
C21H23N3O6: 413.1587; found: 413.1623 [M]� .


Ethyl 2�-{[(E)-(dimethylamino)methylidene]amino}-3�-nitro-5�-(trifluoro-
methyl)[1,1�-biphenyl]-4-carboxylate (6 j): Compound 6 a (581 mg,
1.5 mmol) was treated with 4-ethoxycarbonylphenylzinc bromide
(4.0 mL, 0.56� in THF, 2.25 mmol) in the presence of [Pd(dba)2]
(21.3 mg, 0.037 mmol) and TFP (17.1 mg, 0.074 mmol) in THF (2 mL) at
room temperature for 2 h as described in procedure C. After workup, the
crude product was purified by flash column chromatography (silica gel,
pentane/ethyl acetate 90:10 and 2% NEt3). Compound 6j was isolated as a
yellow solid (493 mg, 1.21 mmol, 80%). M.p. 123 �C; 1H NMR (CDCl3,
300 MHz): �� 8.03 (d, J� 8.4 Hz, 2 H), 7.97 ± 7.96 (m, 1 H), 7.66 ± 7.65 (m,
1H), 7.52 (d, J� 8.4 Hz, 2H), 7.02 (s, 1H), 4.40 (q, J� 7.1 Hz, 2 H), 2.89 (s,
3H), 2.81 (s, 3 H), 1.42 ppm (t, J� 7.1 Hz, 3 H); 13C NMR (CDCl3, 75 MHz):
�� 166.3, 153.9, 146.2, 147.2, 142.5, 137.3, 130.0, 129.8, 129.6, 129.4, 123.8,
123.3 (q, J� 32.5 Hz), 121.4, 61.1, 40.0, 34.3, 14.3 ppm; IR (KBr): �� �
3431 (m), 3069 (w), 2977 (m), 1714 (s), 1646 (s), 1605 (s), 1525 (s), 1441 (m),
1370 (s), 1331 (s), 1290 (s), 1258 (s), 1206 (s), 1181 (s), 1156 (s), 1124 (s),
1071 (s), 1019 (m), 991 (m), 899 (m), 866 (m), 810 (m), 784 (m), 756 (m),
707 (m), 692 (m), 666 cm�1 (w); MS (EI): m/z (%): 409 [M]� (49), 390 (9),
366 (20), 365 (100), 364 (20), 363 (20), 337 (24), 319 (10), 292 (11), 291 (20),
275 (10), 249 (11), 246 (12), 235 (10), 72 (22); HRMS (EI) calcd for
C19H18F3N3O4: 409.1249; found: 409.1258 [M]� .


N�-(4-Iodo-2,6-dinitrophenyl)-N,N-dimethylimidoformamide (6 k): Com-
pound 12 e (1.85 g, 6.0 mmol) was treated with DMF-DMA (1.45 g,
12.2 mmol) in toluene (30 mL) at 140 �C for 18 h as described in
procedure B. After workup, the crude product was purified by flash
column chromatography (silica gel, CH2Cl2). Compound 6 k was isolated as
a yellow/orange solid (1.73 g, 4.75 mmol, 79 %). M.p. 137 �C; 1H NMR
(CDCl3, 300 MHz): �� 8.12 (s, 2H), 7.38 (s, 1H), 3.06 (s, 3 H), 2.97 ppm (s,
3H); 13C NMR (CDCl3, 75 MHz): �� 154.4, 145.8, 141.0, 136.0, 79.1, 40.4,
34.3 ppm; IR (KBr): �� � 3436 (m), 3088 (m), 2930 (m), 1639 (vs), 1596 (s),
1535 (s), 1463 (m), 1428 (m), 1412 (s), 1400 (s), 1336 (m), 1250 (m), 1106 (m),
1000 (m), 920 (m), 888 (m), 774 (m), 718 (m), 554 cm�1 (w); MS (EI): m/z
(%): 364 [M]� (100), 318 (28), 304 (15), 291 (26), 245 (11), 217 (12), 189
(12), 99 (19), 88 (12), 75 (22), 72 (80); HRMS (EI) calcd for C9H9IN4O4:
363.9669; found: 363.9677 [M]� .


2,4-Dibromo-6-nitro-N-[(E)-phenylmethylidene]aniline (6 m): 2,4-Dibro-
mo-6-nitroaniline (1.77 g, 6.0 mmol) was treated with benzaldehyde (1.91 g,
18.0 mmol) in the presence of molecular sieves (4 ä, 400 mg) and 3 drops
of conc. H2SO4 in toluene (12 mL) at 140 �C for 30 h. The reaction mixture
was allowed to cool to room temperature, filtered, and concentrated in
vacuo. The crude product was purified by flash column chromatography
(silica gel, pentane/ethyl acetate 85:15 and 2% NEt3). Compound 6 m was
obtained as a yellow solid (1.56 g, 4.06 mmol, 68%). M.p. 117 �C; 1H NMR
(C6D6, 300 MHz): �� 7.70 ± 7.65 (m, 3H), 7.47 (d, J� 2.1 Hz, 1H), 7.37 (d,
J� 2.1 Hz, 1H), 7.12 ± 7.00 ppm (m, 3 H); 13C NMR (C6D6, 75 MHz): ��
166.9, 144.9, 142.1, 140.7, 139.0, 135.1, 132.8, 129.7, 129.0, 126.8, 117.4,
116.0 ppm; IR (KBr): �� � 3466 (s), 3355 (s), 3075 (w), 1624 (s), 1581 (m),
1545 (s), 1505 (s), 1446 (m), 1387 (m), 1346 (s), 1318 (m), 1260 (s), 1192 (m),
1120 (m), 1099 (m), 876 (m), 762 (m), 726 (m), 692 (m), 544 cm�1 (w); MS
(EI):m/z (%): 386/384/382 [M]� (20/38/21), 178 (13), 177 (21), 151 (19), 150
(12), 106 (11), 105 (100), 89 (17), 77 (17); HRMS (EI) calcd for
C13H8Br2N2O2: 381.8952; found: 381.8963 [M]� .


Typical procedure D : Ethyl 3-bromo-4-[(E)-2-(4-methoxyphenyl)ethenyl]-
5-nitrobenzoate (11 a): Compound 13a (864 mg, 3.00 mmol) was placed in a
dry 50 mL round-bottomed flask, equipped with a magnetic stirrer and a
reflux condenser, and treated with 4-methoxybenzaldehyde (1.23 g,
9.0 mmol) and piperidine (383 mg, 4.50 mmol) in the presence of molecular
sieves (4 ä, 600 mg) in toluene (5 mL) at 100 �C for 4 d. After the mixture
had cooled to room temperature, THF (5 mL) was added, the reaction
mixture was filtered, and the remaining residue was washed with CH2Cl2


(3� 5 mL). The solvent was removed under reduced pressure and the crude
product was purified by flash column chromatography (silica gel, pentane/
diethyl ether 96:4). A yellow solid was obtained; this still contained some
aldehyde, which was mostly removed by Kugelrohr distillation. The
remaining residue was washed with diethyl ether, to afford compound
11a (630 mg, 52 %) as a yellow solid. The filtrate was concentrated in vacuo
and the residue was purified by Kugelrohr distillation to afford compound
11a (259 mg, 21 %; total yield 889 mg, 2.19 mmol, 73 %). M.p. 129 �C;
1H NMR (CDCl3, 300 MHz): �� 8.43 (d, J� 1.8 Hz, 1H), 8.26 (d, J�
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1.8 Hz, 1 H), 7.44 (d m, J� 8.8 Hz, 2 H), 6.98 (d, J� 16.6 Hz, 1H), 6.91 (d m,
J� 8.8 Hz, 2 H), 6.73 (d, J� 16.6 Hz, 1H), 4.43 (q, J� 7.1 Hz, 2H), 3.83 (s,
3H), 1.42 ppm (t, J� 7.1 Hz, 3H); 13C NMR (CDCl3, 75 MHz): �� 163.3,
160.5, 150.2, 137.1, 136.6, 136.5, 130.4, 128.6, 128.4, 125.4, 123.6, 119.4, 114.2,
62.2, 55.3, 14.2 ppm; IR (KBr): �� � 3420 (m), 3076 (m), 2982 (m), 2937 (m),
2842 (w), 1718 (vs), 1631 (m), 1600 (s), 1574 (m), 1532 (s), 1513 (s), 1462 (m),
1422 (m), 1362 (s), 1250 (vs), 1178 (s), 1142 (m), 1034 (m), 970 (m), 907 (w),
822 (m), 767 (m), 748 (m), 726 (m), 545 cm�1 (w); MS (EI):m/z (%): 407/405
[M]� (6/7), 390 (14), 388 (14), 362 (14), 360 (15), 271 (13), 269 (13), 243 (17),
241 (11), 216 (11), 214 (10), 164 (24), 163 (41), 152 (14), 136 (64), 135 (100),
134 (31), 121 (48), 77 (10); HRMS (EI) calcd for C18H16BrNO5: 405.0212;
found: 405.0219 [M]� .


Ethyl 3-bromo-5-nitro-4-[(E)-2-(3-pyridinyl)ethenyl]benzoate (11 b):
Compound 13a (864 mg, 3.00 mmol) was treated with nicotinaldehyde
(964 mg, 9.00 mmol) and piperidine (383 mg, 4.50 mmol) in the presence of
molecular sieves (4 ä, 600 mg) in toluene (5 mL) as described in
procedure D. The solution was heated at 110 �C for 4 d. As the conversion,
as determined by GC, was still incomplete, the mixture was heated at 140 �C
for 1 d, after which the conversion remained still incomplete (43 %). After
the mixture had cooled to room temperature, THF (5 mL) was added, the
reaction mixture was filtered, and the remaining residue was washed with
CH2Cl2 (3� 5 mL). The solvent was removed under reduced pressure and
the crude product was purified by flash column chromatography (silica gel,
pentane/ethyl acetate 65:35) and was subsequently recrystallized to afford
compound 11b as a light yellow solid (238 mg, 0.63 mmol, 21 %). M.p.
101 �C; 1H NMR (CDCl3, 300 MHz): �� 8.72 ± 8.69 (m, 1H), 8.57 (dd, J�
4.9, 1.8 Hz, 1H), 8.48 (d, J� 1.8 Hz, 1 H), 8.35 (d, J� 1.8 Hz, 1 H), 7.87 ± 7.82
(m, 1 H), 7.33 (dd, J� 8.0, 4.9 Hz, 1H), 7.20 (d, J� 16.8 Hz, 1H), 6.75 (d, J�
16.8 Hz, 1H), 4.44 (q, J� 7.1 Hz, 2 H), 1.43 ppm (t, J� 7.1 Hz, 3H);
13C NMR (CDCl3, 75 MHz): �� 163.1, 150.2, 150.0, 148.9, 137.0, 135.9,
133.6, 133.3, 131.4, 125.5, 124.2, 123.8, 123.7, 62.3, 14.2 ppm; IR (KBr): �� �
3410 (w), 3080 (m), 2998 (m), 1729 (s), 1608 (m), 1533 (vs), 1480 (m),
1465 (m), 1384 (m), 1364 (s), 1274 (s), 1206 (m), 1152 (s), 1023 (m), 906 (m),
870 (m), 854 (m), 770 (m), 748 (m), 729 cm�1 (m); MS (EI):m/z (%): 378/376
[M]� (8/8), 361/359 (67/68), 333/331 (64/65), 305/303 (28/27), 271/269 (81/
81), 260 (27), 256/254 (26/23), 243/241 (64/65), 226/224 (41/38), 216/214 (70/
73), 199/197 (52/54), 178 (70), 177 (55), 166 (35), 151 (66), 150 (78), 139 (28),
125 (18), 106 (74), 92 (100), 78 (53), 75 (42), 63 (19), 51 (15); HRMS (EI)
calcd for C18H13BrN2O5: 376.0059; found: 376.0068 [M]� .


Ethyl 3-bromo-5-nitro-4-[(E)-2-phenylethenyl]benzoate (11 c): Compound
13a (720 mg, 2.50 mmol) was treated with benzaldehyde (795 mg,
7.50 mmol) and piperidine (319 mg, 3.75 mmol) in the presence of
molecular sieves (4 ä, 600 mg) in toluene (5 mL) at 80 �C for 4 d as
described in procedure D. After the mixture had cooled to room temper-
ature, THF (5 mL) was added, the reaction mixture was filtered, and the
remaining residue was washed with CH2Cl2 (3� 5 mL). The solvent was
removed under reduced pressure and the crude product was purified by
flash column chromatography (silica gel, pentane/ethyl acetate 96:4), which
afforded compound 11 c as a yellow solid (629 mg, 1.67 mmol, 67%). M.p.
124 �C; 1H NMR (CDCl3, 300 MHz): �� 8.46 (d, J� 1.8 Hz, 1 H), 8.30 (d,
J� 1.8 Hz, 1H), 7.54 ± 7.48 (m, 2 H), 7.43 ± 7.31 (m, 3 H), 7.13 (d, J� 16.4 Hz,
1H), 6.78 (d, J� 16.4 Hz, 1 H), 4.44 (q, J� 7.1 Hz, 2H), 1.43 ppm (t, J�
7.1 Hz, 3H); 13C NMR (CDCl3, 75 MHz): �� 163.3, 150.3, 137.4, 136.7,
136.4, 135.6, 130.8, 129.2, 128.8, 127.1, 125.5, 123.6, 121.9, 62.2, 14.2 ppm; IR
(KBr): �� � 3428 (w), 3080 (w), 1721 (s), 1539 (m), 1366 (m), 1279 (m),
1257 (m), 1149 (m), 1024 (w), 974 (w), 758 (m), 727 (w), 694 cm�1 (w); MS
(EI):m/z (%): 377/375 [M]� (5/5), 360/358 (43/43), 332/330 (51/51), 304/302
(28/28), 271/269 (42/42), 243/241 (39/39), 226 (20), 224 (27), 216/214 (38/41),
199/197 (27/28), 177 (40), 176 (100), 165 (38), 163 (21), 151 (33), 134 (10),
105 (33), 91 (69), 88 (38), 77 (31); HRMS (EI) calcd for C17H14BrNO4:
375.0106; found: 375.0092 [M]� .


Ethyl 4-[(E)-2-(4-methoxyphenyl)ethenyl]-3,5-dinitrobenzoate (11 d):
Compound 13 b (2.54 g, 10.0 mmol) was treated with 4-methoxybenzalde-
hyde (4.08 g, 30.0 mmol) and piperidine (1.28 g, 15.0 mmol) in the presence
of molecular sieves (4 ä, 2.00 g) in toluene (25 mL) at 80 �C for 1 d as
described in procedure D. After the mixture had cooled to room temper-
ature, THF (25 mL) was added, the reaction mixture was filtered, and the
remaining residue was washed with CH2Cl2 (3� 25 mL). The filtrate was
concentrated in vacuo and the crude product was purified by flash
chromatography (silica gel, pentane/ethyl acetate 95:5) to afford com-


pound 11 d as a yellow solid (2.19 g, 5.89 mmol, 59%). M.p. 108 �C;
1H NMR (CDCl3, 300 MHz): �� 8.59 (s, 2 H), 7.41 (d m, J� 8.8 Hz, 2H),
7.17 (d, J� 16.8 Hz, 1 H), 6.90 (d, J� 8.8 Hz, 2H), 6.67 (d, J� 16.8 Hz, 1H),
4.47 (q, J� 7.1 Hz, 2 H), 3.83 (s, 3H), 1.44 ppm (t, J� 7.1 Hz, 3H); 13C NMR
(CDCl3, 75 MHz): �� 162.5, 160.9, 150.2, 137.6, 131.7, 130.7, 128.9, 128.1,
127.7, 114.7, 114.3, 62.7, 55.34, 14.2 ppm; IR (KBr): �� � 3431 (w), 2977 (w),
1715 (s), 1604 (s), 1539 (s),1515 (s), 1460 (m), 1425 (w), 1353 (m), 1286 (s),
1255 (s), 1179 (s), 1033 (m), 978 (m), 918 (w), 834 (m), 768 (w), 749 (m),
723 (m), 540 cm�1 (w); MS (EI): m/z (%): 372 [M]� (9), 163 (15), 152 (10),
137 (27), 136 (75), 135 (100), 121 (17); HRMS (EI) calcd for C18H16N2O7:
372.0958; found: 372.0915 [M]� ; elemental analysis calcd (%) for
C18H16N2O7 (372.34): C 58.06, H 4.33, N 7.52; found: C 58.05, H 4.54, N 7.56.


1,3-Dinitro-2-[(E)-2-phenylethenyl]benzene (11 e):[10a ,10e] Compound 13 c
(1.82 g, 10.0 mmol) with benzaldehyde (3.18 g, 30.0 mmol) and piperidine
(1.28 g, 15.0 mmol) in the presence of molecular sieves (4 ä, 2.00 g) at
110 �C for 4 d was treated as described in procedure D. After the mixture
had cooled to room temperature, THF (25 mL) was added, the reaction
mixture was filtered, and the remaining residue was washed with CH2Cl2


(3� 25 mL). The filtrate was concentrated in vacuo and the crude product
was purified by flash chromatography (silica gel, pentane/ethyl acetate
95:5) to afford compound 11e as a yellow solid (540 mg, 2.0 mmol, 20%).
1H NMR (CDCl3, 300 MHz): �� 7.99 (d, J� 7.8 Hz, 2H), 7.54 (t, J� 7.8 Hz,
1H), 7.45 ± 7.40 (m, 2 H), 7.37 ± 7.28 (m, 4H), 6.58 ppm (d, J� 16.2 Hz, 1H);
13C NMR (CDCl3, 75 MHz): �� 150.3, 135.9, 135.5, 129.0, 128.7, 128.5,
128.1, 127.3, 127.0, 118.3 ppm.


Typical procedure E : N,N-Dimethyl-4-iodo-6-(trifluoromethyl)-1H-benz-
imidazole-2-amine (7 a): Compound 6 a (387 mg, 1.0 mmol) in THF (2 mL)
was treated at �40 �C with PhMgCl (1.20 g, 25% in THF, 2.2 mmol). After
15 min the reaction was quenched by the addition of methanol (0.5 mL),
and the solvent was removed under reduced pressure. The crude product
was purified by flash column chromatography (silica gel, pentane/ethyl
acetate 50:50). Compound 7a was isolated as a white solid (266 mg,
0.75 mmol, 75%). M.p. 226 �C; 1H NMR (CDCl3/[D6]DMSO, 300 MHz):
�� 9.60 (br s, 1 H), 7.54 (s, 1H), 7.28 (s, 1H), 3.10 ppm (s, 6 H); 13C NMR
(CDCl3/[D6]DMSO, 75 MHz): �� 157.6, 146.2, 134.5, 126.1 (q, J� 3.9 Hz),
125.8, 122.5, 122.1, 106.9, 38.1 ppm; IR (KBr): �� � 3435 (w), 2933 (m),
1637 (s), 1606 (s), 1570 (m), 1433 (s), 1370 (m), 1317 (vs), 1269 (m), 1238 (m),
1189 (m), 1153 (s), 1118 (s), 1074 (m), 963 (w), 924 (m), 863 (m), 758 (w),
687 (m), 664 (w), 452 cm�1 (w); MS (EI):m/z (%): 355 [M]� (100), 340 (62),
326 (49), 213 (22), 186 (15); elemental analysis calcd (%) for C10H9F3IN3


(355.10): C 33.82, H 2.55, N 35.74; found: C 33.85, H 2.61, N 35.81.


Ethyl 2-(dimethylamino)-4-iodo-1H-benzimidazole-6-carboxylate (7 b):
Compound 6b (391 mg, 1.0 mmol) in THF (2 mL) was treated at �40 �C
with PhMgCl (1.20 g, 25% in THF, 2.2 mmol) for 15 min as described in
procedure E. After workup, the crude product was purified by flash column
chromatography (silica gel, pentane/ethyl acetate 50:50). Compound 7b
was isolated as a white solid (285 mg, 0.79 mmol, 79%). M.p. 250 ± 251 �C;
1H NMR (CDCl3/[D6]DMSO, 300 MHz): �� 7.87 (d, J� 1.5 Hz, 1H), 7.55
(d, J� 1.5 Hz, 1 H), 4.09 (q, J� 7.2 Hz, 2H), 2.94 (s, 6H), 1.14 ppm (t, J�
7.2 Hz, 3H); 13C NMR (CDCl3/[D6]DMSO, 75 MHz): �� 165.6, 157.6,
148.2, 133.1, 130.9, 121.7, 110.2, 59.9, 37.6, 13.8 ppm; IR (KBr): �� � 3429 (m),
2930 (w), 1687 (m), 1636 (s), 1601 (s), 1558 (m), 1432 (m), 1368 (m), 1293 (s),
1228 (m), 1181 (m), 1096 (w), 1020 (w), 925 (w), 862 (w), 767 cm�1 (w); MS
(EI): m/z (%): 359 [M]� (100), 344 (22), 330 (29), 316 (25), 302 (17), 286
(11), 144 (8); HRMS (EI) calcd for C12H14IN3O2: 359.0131; found: 359.0138
[M]� ; elemental analysis calcd (%) for C12H14IN3O2 (359.16): C 40.13, H
3.93, N 35.33; found: C 40.06, H 3.81, N 35.46.


2-(Dimethylamino)-4-iodo-1H-benzimidazole-6-carbonitrile (7 c): Com-
pound 6c (344 mg, 1.0 mmol) in THF (2 mL) was treated at �40 �C with
PhMgCl (1.20 g, 25% in THF, 2.2 mmol) for 15 min as described in
procedure E. After workup, the crude product was purified by flash column
chromatography (silica gel, pentane/ethyl acetate 50:50). Compound 7 c
was isolated as a white solid (151 mg, 0.48 mmol, 48 %). M.p. 261 �C;
1H NMR ([D6]DMSO, 300 MHz): �� 7.91 (d, J� 1.5 Hz, 1H), 7.61 (d, J�
1.5 Hz, 1H), 3.13 ppm (s, 6H); 13C NMR ([D6]DMSO, 300 MHz): �� 156.9,
146.1, 134.7, 130.7, 120.3, 118.6, 104.0, 95.7, 37.6 ppm; IR (KBr): �� �
3435 (m), 2924 (w), 2229 (m), 1642 (s), 1592 (vs), 1544 (s), 1481 (w),
1423 (m), 1376 (s), 1197 (w), 1114 (m), 832 (w), 781 cm�1 (w); MS (EI):
m/z (%): 312 [M]� (100), 297 (63), 283 (54), 170 (20), 143 (14); HRMS (EI)
calcd C10H9IN4 311.9872; found: 311.9881 [M]� ; elemental analysis calcd
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(%) for C10H9IN4 (312.11): C 38.48, H 2.91, N 17.95; found: C 38.30, H 2.75,
N 18.10.


N-(6-Chloro-4-iodo-1H-benzimidazol-2-yl)-N,N-dimethylamine (7 d):
Compound 6d (354 mg, 1.0 mmol) in THF (2 mL) was treated at �40 �C
with PhMgCl (1.20 g, 25% in THF, 2.2 mmol) for 15 min as described in
procedure E. After workup, the crude product was purified by flash column
chromatography (silica gel, pentane/ethyl acetate 50:50). Compound 7d
was isolated as a light brownish solid (197 mg, 0.61 mmol, 61 %). M.p. 228 ±
229 �C; 1H NMR ([D6]DMSO, 600 MHz): �� 7.29 (d, J� 1.8 Hz, 1 H), 7.13
(d, J� 1.8 Hz, 1 H), 3.07 ppm (s, 6 H); 13C NMR ([D6]DMSO, 150 MHz):
�� 157.0, 144.8, 133.3, 127.6, 122.5, 108.3, 80.7, 37.7 ppm; IR (KBr): �� �
3435 (m), 1630 (s), 1593 (s), 1565 (m), 1430 (s), 1315 (m), 1266 (m), 1180 (w),
923 (m), 838 (w), 744 cm�1 (w); MS (EI): m/z (%): 323/321 [M]� (32/100),
308/306 (17/53), 294/292 (19/58), 179 (13), 152 (12); HRMS (EI) calcd for
C9H9IClN3: 320.9530; found: 320.9507 [M]� ; elemental analysis calcd (%)
for C9H9IClN3 (321.55): C 33.62, H 2.82, N 13.07; found: C 33.54, H 2.70, N
13.21.


4,6-Dibromo-N,N-dimethyl-1H-benzimidazole-2-amine (7 e): Compound
6e (349 mg, 1.0 mmol) in THF (2 mL) was treated at �40 �C with PhMgCl
(1.20 g, 25 % in THF, 2.2 mmol) for 15 min as described in procedure E.
After workup, the crude product was purified by flash column chromatog-
raphy (silica gel, pentane/ethyl acetate 50:50). Compound 7 e was isolated
as a light brownish solid (223 mg, 0.70 mmol, 70%). M.p. 214 �C; 1H NMR
(CDCl3/[D6]DMSO, 300 MHz): �� 10.40 (br s, 1H), 7.16 (s, 2H), 3.07 ppm
(s, 6 H); 13C NMR (CDCl3/[D6]DMSO, 75 MHz): �� 157.1, 143.5, 134.4,
127.6, 124.3, 120.7, 110.9, 38.0 ppm; IR (KBr): �� � 3434 (m), 1630 (m),
1597 (m), 1434 (m), 1317 (w), 1267 (w), 922 cm�1 (w); MS (EI): m/z (%):
321/319/317 [M]� (50/100/52), 306/304/302 (39/80/41), 292/290/280 (41/85/
41), 278/276/274 (10/20/10), 223 (10), 196 (19), 144 (9); HRMS (EI) calcd
for C9H9Br2N3: 316.9163; found: 316.9166 [M]� ; elemental analysis calcd
(%) for C9H9Br2N3 (319.00): C 33.89, H 2.84, N 13.17; found: C 33.63, H
2.70, N 13.28.


N,N-Dimethyl-N-(4-nitro-1H-benzimidazole-2-yl)amine (7 f): Compound
6 f (239 mg, 1.0 mmol) in THF (2 mL) was treated at �40 �C with PhMgCl
(1.20 g, 25 % in THF, 2.2 mmol) for 15 min. After workup, the crude
product was purified by flash column chromatography (silica gel, ethyl
acetate/methanol 90:10). Compound 7 f was isolated as a red/orange solid
(129 mg, 0.62 mmol, 62%). M.p. 168 ± 170 �C; 1H NMR (CDCl3, 300 MHz):
�� 10.13 (br s, 1 H), 7.68 (d, J� 8.4 Hz, 1H), 7.55 ± 7.48 (m, 1 H), 7.06 ± 6.98
(m, 1 H), 3.16 ppm (s, 6H); 13C NMR (CDCl3, 75 MHz): �� 157.1, 146.3,
128.9, 121.1, 120.2, 113.7, 37.9 ppm; IR (KBr): �� � 3398 (m), 1648 (s),
1610 (s), 1583 (m), 1512 (m), 1433 (m), 1334 (m), 1297 (m), 1247 (m),
924 (m), 809 (w), 738 (m), 560 cm�1 (w); MS (EI): m/z (%): 206 [M]�


(100), 191 (39), 189 (30), 177 (33), 159 (71), 144 (24), 130 (14), 119 (12);
HRMS (EI) calcd for C9H10N4O2: 206.0804; found: 206.0811 [M]� .


6-(4-Methoxyphenyl)-N,N-dimethyl-4-nitro-1H-benzimidazol-2-ylamine
(7 g): Compound 6g (172 mg, 0.5 mmol) in THF (1 mL) was treated at
�40 �C with PhMgCl (0.60 g, 25 % in THF, 1.1 mmol) for 15 min. After
workup, the crude product was purified by flash column chromatography
(silica gel, ethyl acetate). Compound 7 g was isolated as a red/orange solid
(137 mg, 0.44 mmol, 87%). M.p. 179 ± 180 �C; 1H NMR (CDCl3, 300 MHz):
�� 7.99 (s, 1 H), 7.75 (s, 1 H), 7.60 (d, J� 8.7 Hz, 2 H), 7.04 (d, J� 8.7 Hz,
2H), 3.87 (s, 3H), 3.27 ppm (s, 6 H); 13C NMR (CDCl3, 75 MHz): �� 161.1,
156.1, 146.3, 141.0, 139.9, 139.0, 136.1, 129.8, 120.2, 112.4, 110.8, 55.3,
37.8 ppm; IR (KBr): �� � 3400 (m), 2934 (m), 1651 (m), 1610 (s), 1513 (s),
1430 (m), 1304 (m), 1246 (s), 1179 (m), 1037 (m), 922 (m), 830 (m), 762 (w),
558 cm�1 (m); MS (EI): m/z (%): 312 [M]� (100), 297 (29), 283 (20), 265
(19), 250 (25), 207 (81); HRMS (EI) calcd for C16H16N4O3: 312.1222; found:
312.1235 [M]� .


Ethyl 2-(dimethylamino)-4-[4-(ethoxycarbonyl)phenyl]-1H-benzimidaz-
ole-6-carboxylate (7 i): Compound 6 i (207 mg, 0.5 mmol) in THF (2 mL)
was treated at �40 �C with PhMgCl (617 mg, 25 % in THF, 1.1 mmol).
After 30 min the reaction mixture was quenched by the addition of
methanol (0.5 mL), poured into water, and extracted with ethyl acetate
(4� 20 mL). The combined organics were washed with brine (20 mL),
dried over Na2SO4, filtered, and concentrated in vacuo. The crude product
was purified by flash column chromatography (silica gel, pentane/ethyl
acetate 75:25). Compound 7 i was isolated as a white solid (107 mg,
0.28 mmol, 56%). M.p. 223 ± 224 �C; 1H NMR ([D6]DMSO, 300 MHz): ��
8.27 (d, J� 8.1 Hz, 2 H), 8.04 (d, J� 8.1 Hz, 2H), 7.96 (d, J� 1.3 Hz, 1H),


7.75 (d, J� 1.3 Hz, 1 H), 4.34 (q, J� 7.2 Hz, 2 H), 4.32 (q, J� 7.2 Hz, 2H),
3.14 (s, 6H), 1.35 (t, J� 7.2 Hz, 3H), 1.34 ppm (t, J� 7.2 Hz, 3 H); 13C NMR
([D6]DMSO, 75 MHz): �� 166.3, 165.6, 158.9, 142.8, 136.6, 129.0, 128.2,
127.8, 123.5, 121.1, 109.3, 60.6, 60.2, 37.6, 14.2, 14.1 ppm; IR (KBr): �� �
3432 (m), 1840 (w), 1709 (m), 1663 (w), 1608 (s), 1505 (w), 1394 (m),
1378 (m), 1367 (m), 1352 (w), 1322 (m), 1306 (w), 1248 (m), 1162 (w),
1104 (m), 1053 (w), 1022 (w), 957 (w), 926 (w), 910 (w), 765 cm�1 (w); MS
(EI):m/z (%): 381 [M]� (100), 367 (20), 352 (28), 336 (14), 324 (11), 308 (7),
265 (5), 192 (4); HRMS (EI) calcd for C21H23N3O4: 381.1689; found:
381.1657 [M]� .


Ethyl 4-[2-(dimethylamino)-6-(trifluoromethyl)-1H-benzimidazol-4-yl]-
benzoate (7 j): Compound 6j (205 mg, 0.5 mmol) in THF (2 mL) was
treated at �40 �C with PhMgCl (602 mg, 25% in THF, 1.1 mmol). After
30 min the reaction mixture was quenched by the addition of methanol
(0.5 mL), poured into water, and extracted with ethyl acetate (4� 20 mL).
The combined organics were washed with brine (20 mL), dried over
Na2SO4, filtered, and concentrated in vacuo. The crude product was
purified by flash column chromatography (silica gel, pentane/ethyl acetate
85:15). Compound 7j was isolated as a white solid (145 mg, 0.38 mmol,
77%). M.p. 191 �C; 1H NMR (CDCl3, 300 MHz): �� 8.03 (d, J� 8.4 Hz,
2H), 7.84 (d, J� 8.4 Hz, 2H), 7.47 (s, 1H), 7.40 (s, 1H), 4.37 (q, J� 7.1 Hz,
2H), 3.17 (s, 6 H), 1.41 ppm (t, J� 7.1 Hz, 3 H); 13C NMR (CDCl3, 75 MHz):
�� 166.5, 157.6, 142.5, 129.9, 129.2, 128.3, 126.8, 124.5, 123.2, 117.3, (q, J�
32.5 Hz), 108.9, 61.1, 38.3, 14.3 ppm; IR (KBr): �� � 3350 (m), 2983 (m),
1698 (s), 1638 (s), 1609 (s), 1581 (s), 1421 (s), 1395 (s), 1368 (m), 1335 (s),
1263 (s), 1237 (s), 1165 (s), 1109 (s), 1022 (m), 969 (w), 926 (m), 857 (m),
783 (m), 707 (m), 620 cm�1 (w); MS (EI):m/z (%): 377 [M]� (100), 362 (28),
348 (33), 334 (15), 332 (13), 320 (13), 158 (10); HRMS (EI) calcd for
C19H18F3N3O2: 377.1351; found: 377.1359 [M]� .


4,6-Dibromo-2-phenyl-1H-benzimidazole (7 l): Compound 6m (384 mg,
1.0 mmol) in THF (2 mL) was treated at �40 �C with PhMgCl (1.22 g, 25%
in THF, 2.2 mmol). After 30 min the reaction mixture was quenched by the
addition of methanol (0.5 mL) and poured into water (15 mL), and
saturated NH4Cl solution (15 mL) was added. The mixture was extracted
with ethyl acetate (4� 30 mL). The combined organics were washed with
brine (30 mL), dried over MgSO4, filtered, and concentrated in vacuo. The
crude product was transferred onto silica gel and purified by flash column
chromatography (silica gel, pentane/ethyl acetate 90:10). Compound 7 l
was isolated as a light brownish solid (271 mg, 0.77 mmol, 77 %). M.p. 177 ±
178 �C; 1H NMR (CDCl3/[D6]DMSO, 300 MHz): �� 8.19 ± 8.15 (m, 2H),
7.51 (d, J� 1.9 Hz, 1H), 7.42 (d, J� 1.3 Hz, 1H), 7.37 ± 7.35 ppm (m, 3H);
13C NMR (CDCl3/[D6]DMSO, 75 MHz): �� 149.0, 134.6, 130.2, 128.7,
128.2, 127.6, 127.5, 115.3, 113.4, 111.4 ppm; IR (KBr): �� � 3432 (m),
1618 (m), 1570 (m), 1447 (m), 1397 (m), 1286 (m), 946 (m), 842 (m),
751 (m), 691 (m), 583 cm�1 (m); MS (EI): m/z (%): 354/352/350 [M]� (50/
100/51), 192 (19); HRMS (EI) calcd for C13H8Br2N2: 349.9054; found:
349.8982 [M]� .


Ethyl 4-bromo-2-(4-methoxyphenyl)-1H-indole-6-carboxylate (10 a):
Compound 11a (406 mg, 1.0 mmol) in THF (1 mL) was treated at �40 �C
with PhMgCl (1.9� in THF, 1.1 mL, 2.1 mmol) for 30 min as described in
procedure E. After workup, the crude product was purified by flash column
chromatography (pentane/ethyl acetate 80:20 to 50:50). Compound 10a
was isolated as a yellow solid (285 mg, 0.76 mmol, 76%). M.p. 230 �C;
1H NMR ([D5]pyridine, 300 MHz,): �� 8.30 (s, 2 H), 8.01 (d, J� 8.8 Hz,
2H), 7.18 ± 7.16 (m, 1 H), 7.10 (d, J� 8.8 Hz, 2 H), 4.33 (q, J� 7.1 Hz, 2H),
3.70 (s, 3H), 1.22 ppm (t, J� 7.1 Hz, 3H); 13C NMR ([D5]pyridine,
75 MHz): �� 166.5, 160.6, 143.7, 137.4, 134.1, 127.9, 124.8, 124.7, 123.7,
115.0, 113.6, 113.0, 99.3, 61.0, 55.3, 14.4 ppm; IR (KBr): �� � 3346 (s),
2985 (w), 2837 (w), 1690 (s), 1610 (s), 1566 (m), 1543 (m), 1495 (s), 1440 (m),
1368 (m), 1311 (s), 1254 (s), 1228 (s), 1180 (s), 1096 (w), 1026 (m), 980 (w),
878 (w), 832 (m), 794 (m), 766 (m), 598 cm�1 (m); MS (EI):m/z (%): 375/373
(100/97), 347/345 (37/35), 330 (42), 302 (17), 221(8), 206 (12); HRMS (EI)
calcd for C18H16BrNO3: 373.0314; found: 373.0292 [M]� ; elemental analysis
calcd (%) for C18H16BrNO3 (374.23): C 57.77, H 4.31, N 3.74; found: C:
57.74, H 4.28, N 3.72.


Ethyl 4-bromo-2-(3-pyridinyl)-1H-indole-6-carboxylate (10 b): Compound
11b (195 mg, 0.52 mmol) in THF (1 mL) was treated at �40 �C with
PhMgCl (1.9� in THF, 0.77 mL, 1.47 mmol) for 30 min as described in
procedure E. After workup, the crude product was purified by flash column
chromatography (pentane/ethyl acetate 80:20 to 50:50). Compound 10b
was isolated as a yellow solid (124 mg, 0.36 mmol, 70%). M.p. 264 �C;
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1H NMR ([D5]pyridine, 300 MHz): �� 13.03 (br s, 1 H), 9.35 (s, 1H), 8.68 ±
8.62 (m, 1H), 8.27 ± 8.21 (m, 2 H), 8.20 ± 8.14 (m, 1 H), 7.34 ± 7.26 (m, 1H),
7.15 (s, 1 H), 4.34 (q, J� 7.1 Hz, 2H), 1.24 ppm (t, J� 7.1 Hz, 3 H); 13C NMR
([D5]pyridine, 75 MHz): �� 166.4, 148.1, 140.4, 138.0, 133.8, 133.4, 128.4,
126.3, 124.1, 114.4, 113.5, 101.7, 89.2, 61.2, 14.5 ppm; IR (KBr): �� � 3350 (w),
2984 (w), 1701 (m), 1567 (w), 1366 (w), 1315 (m), 1279 (w), 1230 (m),
1094 (w), 1024 (w), 790 (w), 764 cm�1 (w); MS (EI): m/z (%): 346/344 (99/
100), 318/316 (30/32), 301/299 (46/44), 273/271 (14/15), 192 (31), 164 (8);
HRMS (EI) calcd for C16H13BrN2O3: 344.0160; found: 344.0151 [M]� .


Ethyl 4-bromo-2-phenyl-1H-indole-6-carboxylate (10 c): Compound 11 c
(282 mg, 0.75 mmol) in THF (1 mL) was treated at �40 �C with PhMgCl
(1.9� in THF, 1.21 mL, 1.58 mmol) for 30 min as described in procedure E.
After workup, the crude product was purified by flash column chromatog-
raphy (pentane/ethyl acetate 90:10 to 75:25). Compound 10c was isolated
as a yellow solid (194 mg, 0.57 mmol, 75%). M.p. 216 �C; 1H NMR (CDCl3/
[D6]DMSO, 300 MHz): �� 11.39 (br s, 1 H), 7.76 ± 7.73 (m, 1 H), 7.52 ± 7.45
(m, 3H), 7.09 (t m, J� 7.4 Hz, 2H), 6.99 (t m, J� 7.4 Hz, 1H), 6.48 ± 6.45 (m,
1H), 4.00 (q, J� 7.4 Hz, 2H), 1.05 ppm (t, J� 7.4 Hz, 3H); 13C NMR
(CDCl3/[D6]DMSO, 75 MHz): �� 165.4, 141.3, 135.7, 132.0, 130.5, 128.0,
127.6, 124.9, 123.3, 122.1, 112.2, 112.1, 98.3, 59.9, 13.5 ppm; IR (KBr): �� �
3328 (m), 2977 (w), 1692 (m), 1618 (w), 1566 (w), 1487 (w), 1367 (m),
1316 (m), 1276 (m), 1231 (s), 1177 (w), 1027 (w), 877 (w), 762 (m), 734 (w),
691 cm�1 (w); MS (EI):m/z (%): 345/343 (97/100), 317/315 (38/40), 300/298
(44/46), 272/270 (16/14), 207 (25), 192 (10), 191 (41), 190 (38), 177 (36), 163
(16), 96 (10); HRMS (EI) calcd for C17H14NO2: 343.0208; found: 343.0180
[M]� ; elemental analysis calcd (%) for C17H14NO2 (264.31): C 59.32, H 4.10,
N 4.07; found: C 59.61, H 4.21, N 4.05.


Ethyl 2-(4-methoxyphenyl)-4-nitro-1H-indole-6-carboxylate (10 d): Com-
pound 11d (372 mg, 1.0 mmol) in THF (2 mL) was treated at �40 �C with
PhMgCl (1.9� in THF, 1.11 mL, 2.1 mmol) for 30 min as described in
procedure E. After workup, the crude product was purified by flash column
chromatography (pentane/ethyl acetate 75:25). Compound 10d was
isolated as a yellow solid (190 mg, 0.56 mmol, 56%). M.p. 245 ± 246 �C;
1H NMR (CDCl3/[D6]DMSO, 300 MHz): �� 11.73 (br s, 1 H), 8.65 (s, 1H),
8.28 ± 8.22 (m, 1H), 7.77 ± 7.71 (m, 2H), 7.40 ± 7.34 (m, 1 H), 6.94 ± 6.86 (m,
2H), 4.34 (q, J� 7.1 Hz, 2 H), 3.84 (s, 3 H), 1.24 ppm (t, J� 7.1 Hz, 3H);
13C NMR (CDCl3/[D6]DMSO, 75 MHz): �� 165.6, 160.5, 146.2, 138.8,
138.2, 131.5, 127.5, 126.1, 123.0, 121.5, 118.4, 114.1, 98.6, 60.8, 55.0, 14.0 ppm;
IR (KBr): �� � 3351 (m), 2982 (w), 1712 (m), 1688 (s), 1630 (m), 1609 (s),
1501 (s), 1484 (s), 1369 (m), 1332 (s), 1256 (vs), 1182 (s), 1028 (m), 835 (w),
798 cm�1 (w); MS (EI): m/z (%): 340 (3), 322 (100), 250 (18), 236 (8);
HRMS (EI) calcd for C18H16N2O5: 340.1059; found: 340.1072 [M]� ;
elemental analysis calcd (%) for C18H16N2O5 (340.33): C 63.52, H 4.74, N
8.23; found: C 63.41, H 4.64, N 8.31.


4-Nitro-2-phenyl-1H-indole (10 e):[10a] Compound 11e (242 mg, 0.9 mmol)
in THF (2 mL) was treated at �40 �C with PhMgCl (1.9� in THF, 1.0 mL,
1.9 mmol) for 30 min as described in procedure E. After workup, the crude
product was purified by flash column chromatography (pentane/ethyl
acetate 80:20). Compound 10 e was isolated as an orange solid (129 mg,
0.54 mmol, 60 %); 1H NMR (CDCl3/[D6]DMSO, 300 MHz): �� 11.59 (br s,
1H), 8.00 (d, J� 8.1 Hz, 1 H), 7.84 ± 7.80 (m, 2 H), 7.69 (d, J� 8.4 Hz, 1H),
7.48 ± 7.37 (m, 3 H), 7.34 ± 7.27 (m, 1H), 7.12 ppm (t, J� 8.1 Hz, 1H);
13C NMR (CDCl3/[D6]DMSO, 75 MHz): �� 142.4, 139.1, 138.9, 130.8,
128.3, 128.0, 125.3, 122.6, 119.5, 117.6, 116.7, 98.6 ppm.


9H-Carbazole (15):[15] 2-Nitrobiphenyl 14 (199 mg, 1.0 mmol) was treated
with phenylmagnesium chloride (0.67� in THF, 3.15 mL, 2.1 mmol) as
described in procedure E. The reaction mixture was quenched by the
addition of methanol (0.5 mL). The solvent was removed, and the residue
was dissolved in ethyl acetate and poured into saturated NH4Cl solution
(25 mL). Water (25 mL) was added, and the aqueous layer was extracted
with ethyl acetate (2� 50 mL). The combined organics were washed with
brine, dried over MgSO4, filtered, and concentrated in vacuo. The crude
product was purified by flash column chromatography (pentane/diethyl
ether� 85:15). Compound 15 was isolated as a white, crystalline solid
(41 mg, 0.24 mmol, 24%). 1H NMR (CDCl3, 300 MHz): �� 8.12 (d, J�
7.7 Hz, 2 H), 7.51 (d, J� 8.0 Hz, 2H), 7.39 (dd, J� 8.0, 7.2 Hz, 2H), 7.20 ppm
(dd, J� 7.7, 7.2 Hz, 2H); 13C NMR (CDCl3, 75 MHz): �� 139.6, 125.2,
122.8, 120.1, 118.6, 110.9 ppm.
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Intrinsically Stable Secondary Structure Elements of Proteins:
A Comprehensive Study of Folding Units of Proteins by Computation
and by Analysis of Data Determined by X-ray Crystallography�


Andra¬s Perczel,*[a] Imre Ja¬kli,[a] and Imre G. Csizmadia[a, b]


Abstract: Different protein architec-
tures show strong similarities regardless
of their amino acid composition: the
backbone folds of the different secon-
dary structural elements exhibit nearly
identical geometries. To investigate the
principles of folding and stability prop-
erties, oligopeptide models (that is,
HCO-(NH-�-CHR-CO)n-NH2) have
been studied. Previously, ab initio struc-
ture determinations have provided a
small amount of information on the
conformational building units of di-
and tripeptides. A maximum of nine
differently folded backbone types is
available for any natural �-amino acid
residue, with the exception of proline.
All of these conformers have different
relative energies. The present study
compiles an ab inito database of opti-
mized HCO-(�-Xxx)n-NH2 structures,


where 1� n� 8 and Xxx�Ala or Gly.
All homoconformers (� helix, � sheet,
collagen helix, etc.) of the different
backbone folds were optimized, along
with additional �-turn-type heterocon-
formers. The comprehensive analysis of
more than 150 fully optimized polyala-
nine and polyglycine structures reveals
the same energy-preference profile of
major secondary structures as is found in
globular proteins. The analysis of rela-
tive energies at three different levels of
theory (RHF/3-21G, RHF/6-
311��G(d,p)//RHF/3-21G, and RHF/
6-311��G(d,p)) for the above-men-


tioned achiral (Xxx�Gly) and chiral
(Xxx�Ala) molecular structures shows
how these common secondary structure
elements gradually become more and
more stable folds in the oligopeptides as
the length of the peptide chain increases.
This indicates that stability (local energy
preference) of conformational building
units seems to be a major driving force
in peptide and protein folding. Further-
more, the preferred conformers of the
gas phase are rather similar to those
observed in proteins crystallized from
aqueous media. Indeed, the relative
energies for the different computed
conformers show remarkable agreement
with the frequency of occurrence of the
same structural motifs retrieved from a
nonhomologous X-ray crystallography
database.


Keywords: ab initio calculations ¥
peptides ¥ protein structures ¥
secondary structure elements ¥
structure ± energy correlations


Introduction


Proteins exhibit certain conformational structures due to their
numerous internal torsional modes. Such structural patterns
may be determined experimentally by NMR spectroscopy or
X-ray crystallography. One cannot be certain what fraction of


the stability of proteins originates from internal (or intrinsic)
effects, which are also present in the gas phase, and what
fraction is due to environmental features (for example,
solvation or structural water of crystallization). One efficient
method to answer such questions is quantum molecular
computations. When such computations are carried out on
isolated molecules, thus ignoring the environmental influence,
they can provide reliable stability data on selected molecular
conformers. Such theoretical studies can help determine and
classify the driving force, as well as its components, operative
in the folding processes of proteins.
One important problem is to determine whether typical


secondary structure elements of proteins (� helices, � sheets,
collagen helices, different types of � turns, etc.) are intrinsi-
cally stable or whether they are more or less stable folds that
are further stabilized by favorable external influences. The
present study uses ab initio molecular computational results
on a series of chiral and achiral peptide models of increasing
chain length (see Scheme 1) to answer such questions.
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Scheme 1. Oligopeptide models of increasing chain length (1� n� 8)
composed from chiral (R�CH3) or achiral (R�H) natural �-amino acid
residues.


Methods


Computational details : Computations were carried out by
using the Gaussian 98 program[1] at the RHF level of theory
and applying two different basis sets, 3-21G and
6-311��G(d,p). For oligopeptide models geometries were
optimized at two levels of theory, RHF/3-21G and RHF/6-
311��G(d,p). However, energies were also computed at a
third level of theory, RHF/6-311��G(d,p)//RHF/3-21G, as
single-point calculations to show their similarity to the
geometry optimizations demanding 20 ± 40 times more com-
puter processing. Minima were optimized by using the recent
implementation[2] of the GDIIS algorithm,[3±5] built into the
Gaussian 98 program. The conformational and stability


properties of nine basic oligopeptide conformers (see Figure 1
for Ala6 models) were computed, as a function of their chain
length, both for HCO-(�-Ala)n-NH2 and HCO-(Gly)n-NH2


model peptides.


Computational accuracy and reliability : Conventional wis-
dom, acquired in molecular computations, dictates that the
larger the basis set and the higher the level of theory used the
more reliable are the results obtained. This implies that
restricted Hartree ± Fock (RHF) results are not as ™valuable∫
as those obtained by post-Hartree ± Fock methods, such as
MP2 or DFT, which include electron correlation. The
validation of such an overwhelming generalization was
suspect as early as the mid-1990s,[6] when MP2 relative
energies obtained with large basis sets were compared to
those obtained by RHF calculations with smaller basis sets. In
1998Mohle and Hoffman[7] pointed out in their study of Ac-�-
Ala-NHCH3 that ™...at the Gibbs free energy level the
conformers are again of comparable stability as already
predicted at the Hartree ± Fock level.. .∫ due to ™.. .consider-
able compensation of correlation and entropy effects. . .and a
small destabilizing effect of the thermal energies.∫ Subse-
quently, this conclusion was confirmed in the case of diglycine
triamide (Ac-Gly-Gly-NHCH3).[7] . Most recently, it has been
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Figure 1. The different homo- and heteroconformers of a hexaalanine oligopeptide (HCO-(�-Ala)6-NH2): A) Repeated inverse � turn ([�L]6); B) repeated
™normal∫ � turn ([�D]6); C) right-handed � helix ([�L]6); D) left-handed � helix ([�D]6); E) [�D]6; F) left-handed collagen helix ([�D]6); G) type II � turn
preceded and followed by antiparallel � sheets (�L�L�L�D�L�L); H) type I � turn preceded and followed by antiparallel � sheets (�L�L�L�L�L�L); I) single-
stranded � sheet ([�L]6).
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pointed out[8] that higher-level CCSD(T) energies of different
conformers of small peptide models show surprisingly good
correlation with RHF/3-21G data. In view of these results it is
safe to say that RHF relative energies (�E) obtained by using
small basis sets are not fundamentally different from the
relative Gibbs free energies (�G) computed at higher levels
of theory with the inclusion of electron correlation.
Currently, geometric and energy properties of only small


molecules can be computed at state-of-the-art accuracy. Since
accuracy and economy form opposing requirements, there
arises a competition between the level of theory applied in the
calculation and the size of the studied molecule. Thus, the
possibilities for a calculation are clearly limited by the
available computer processing time. However, due to a
fortuitous cancellation of errors, it becomes possible, at least
in the case of oligopeptides, to carry out quantum chemical
computations at a modest level of theory (for example, RHF/
3-21G) and obtain acceptable structures with relative energies
(�E) almost as accurate as thermodynamic stabilities (�G)
determined at higher levels of theory (such as DFT, MP2,
CCSD(T)).


Databases : A total of 1211 proteins, with a homology level
equal to or lower than 25%[9, 10] and containing 206889 amino
acid residues, were grouped in this database. These proteins
were analyzed for all sequence units (Xxx)n, where 1� n� 8,
without any preference for particular amino acid sequences.
All entries correspond to high-resolution X-ray crystal
structures (no NMR spectroscopy structures) taken from the
1998 issue of the Protein Databank. Each typical conforma-
tion was defined by its backbone values, a sequence of
consecutive � and � units with an a priori determined
tolerance value denoted by k.


Nomenclature for backbone and side-chain conformers : As
with any other surface with periodic nature, the Ramachan-
dran potential energy surface (PES),[11] E�E(�,�), can be
divided into conformational subsets according to numerous
concepts. For the torsional angle pair � and �, multidimen-
sional conformation analysis[12] predicts nine catchment
regions. According to IUPAC/IUB recommendations[13] the
gauche� (g� ), anti (a), and gauche� (g� ) descriptors can
be used for notation of the basic backbone conformers of
peptides. Incorporating traditional elements and the afore-
mentioned recommendation, the following shorthand nota-
tion of typical backbone folds of peptides and proteins was
introduced:[12] �L� (g� ,g� ), �D� (g� ,g� ), �L� (a,a), �L�
(g� ,g�), �D� (g� ,g�), �L� (a,g�), �D� (a,g�), �L�
(g� ,a), and �D� (g� ,a). Peptides composed of �-amino acid
residue(s) with S absolute configuration (typically � relative
configuration), prefer backbone conformers from the �
regions of the PES. Their mirror-image configurational
counterparts (R absolute and typically � relative configura-
tion) favor the mirror-image backbone folds (conformers
from the � region). For glycine no relative energy preference
is operative. Thus, for labeling typical backbone conformers of
glycine either both indices are used or the Greek symbol is
given without any specification (for example, �LD or �).


Peptide folding as a model for protein folding : In general, it is
true for complex systems that the whole is more than the sum
of its components. Nevertheless, we cannot formulate a
comprehensive description of a complex system, for example,
a full-length linear polymer such as a protein, without
understanding its components. This implies that understand-
ing details of peptide folding (such as intrinsic stability of the
different secondary structure elements) could have a signifi-
cant impact on our views of how proteins are folded and
stabilized.[14±19] .
The assumption that quantum-mechanically computed


structures of peptides will reveal some basic principles
important in the understanding of peptide and protein folding
has a considerably long history. In the early stages (1965 ±
1980) semiempirical methods were introduced.[20±24] Subse-
quently, in the early 1980s ab initio HF computations were
carried out without geometry optimizations. The next phase
was a few years thereafter, when selected fully relaxed
conformers of a few amino acid derivatives were obtained
first by Sch‰fer and co-workers[25±28] and subsequently by
others.[29] Systematic studies first of dipeptides and later on
tripeptides became feasible in the early 1990s (for reviews, see
refs. [30 ± 32]).


Results and Discussion


Out of the nine different, topologically meaningful backbone
structures, only seven conformers are typically distinguishable
on the ab initio Ramachandran surfaces of most amino acid
diamides. In the case of HCO-�-Ala-NH2 the �D, �L, �L, �D,
�L, �D, and �D backbone orientations turn out to be minima at
the RHF/3-21G level of theory, while neither the �L nor the �L
structures are found to be minima. Thus, it is reasonable to
consider first the homoconformers of the former structural
building units (for example, [�L]n) as conformational motifs of
oligopeptides (for example, (Ala)n). Some of these homocon-
formers are well-known secondary structure elements in
proteins, while others rarely occur or are not observed at all.
For example [�L]n stands for the extended conformation, also
called a � sheet, and occurs very frequently. In contrast to this,
left-handed helices, [�D]n, are occasionally observed in
proteins as short segments (n� 3) but never as fully evolved
left-handed helical structures. Furthermore, the conforma-
tional building unit of inverse � turns, �L, is an intrinsically
stable and low-energy structure, however, it forms homocon-
formers of only short length ([�L]n where n� 4). On the other
hand, according to ab initio calculations, the structural
building unit of right-handed helical conformations, �L, is
not a stable structure for most amino acid dipeptides.
However, [�L]n gains stability as the chain length increases.
Interestingly, �L is a stable conformer of single amino acid
diamides but with increasing chain length the [�L]n conforma-
tion constantly shifts towards [�L]n, a fact suggesting that the
right-handed helical structure becomes an important back-
bone structure of peptides.
What is the driving force of such a selection? In order to


answer this question, seven homoconformers (Figure 2), both
for chiral alanine and for achiral glycine, were optimized and
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Figure 2. Ideal location of selected conformational building units of
polypeptide homoconformers on a Ramachandran surface.


analyzed in terms of structure and energy. For this purpose, all
seven homoconformations of both HCO-(�-Ala)n-NH2 and
HCO-(Gly)n-NH2 were fully optimized with two different
basis sets.
The shorthand notations stand for the following backbone


structures: [�L]n� single-stranded �-pleated sheet, [�L]n�
repeated inverse � turns, [�D]n� repeated �turns, [�L]n� po-
lyproline II or collagen helix, [�D]n�mirror-image structure
of polyproline II or collagen helix, [�L]n� right-handed �


helix, and [�D]n� left-handed � helix. No obvious name is
known for the backbone structure of [�D]n. In addition to
homoconformers, two important secondary structure ele-
ments were also considered, namely the two major classes of �
turns (types I and II). Both structures were optimized and
incorporated into the present comprehensive analysis. If the
polypeptide chain was long enough, � turns were embedded in
the central part of two antiparallel �-pleated sheets. Thus, if
(n� k�l�2) amino acid residues form two extended regions
of polypeptide separated by a type I � turn in the central part,
the name of the polypeptide is abbreviated as [�L]k-�L�L-[�L]l.
The same structure with a type II � turn is denoted as [�L]k-
�L�D-[�L]l. For labeling schemes and structural data, see
refs. [33 ± 36], in which selected turn conformers of diamino
acid dipeptides were previously computed and analyzed.


Molecular geometry : The backbone conformational parame-
ters (� and �) in the fully relaxed peptide models show some
variation as the length of the main chain increases. In our
analysis, our first goal was to distinguish local and insignificant
perturbation from perhaps small but significant structural
shifts. As an example, the backbone conformational param-
eters, optimized with small (3-21G) and larger (6-
311��G(d,p)) basis sets, of alanine and glycine octapeptides
with �-pleated-sheet and �-helix structures are presented in
the Supporting Information (Table S1).


For �-pleated-sheet conformers, standard deviation of the
average dihedral angles is small (see the last line of Table S1 in
the Supporting Information) at both levels of theory for both
models (Gly8 and Ala8). Although the average values for the
achiral (Gly8) and for the chiral (Ala8) must be different, the
repetitive backbone values show insignificant fluctuation
(values always smaller than 0.7�). The larger basis set (6-
311��G(d,p)) results in average � and � data (���154.7�,
���160.4�) close to the typical text book values of �150�
and �150�, however, the values obtained with the smaller
basis set are different from the frequently observed values in
proteins.
In contrast to the homoconformer �-pleated sheet ([�L]n),


most theoretical studies of the right-handed helical confor-
mation have resulted in a type I �-turn subunit (�L�L) at the C
terminus of the peptide chain.[37, 38] . Rather than using the
™obvious∫ notation of this homoconformer ([�L]n), the back-
bone conformation should be denoted as [�L](n�1)�L to signal
the significant structural shift at the C terminus of this fold.
(Instead of the �L catchment region, the last � and � values
belong to �L catchment region.) This structural shift also
results in a change of the � value of residue (n� 1) from that
of a typical right-handed helical value. Nevertheless, residues
1 to (n� 1) show insignificant fluctuation, thereby providing�
and � values rather typical of a 310 helix at both levels of
theory.
All homo- and heteroconformers incorporating alanine(s)


and glycine(s) were analyzed in a similar manner at both
levels of theory. As for the two major secondary structural
elements above, the average � and � values for all seven
homoconformers, as well as for both types of � turns (types I
and II), were computed and are summarized in Table 1. As the
length (n) of the peptide chain increases from 1 to 8 these
average � and � values, typical for any type of backbone
conformation, change on a very small scale, and therefore,
such variation is insignificant. For example, when comparing
the backbone torsional values of repeated inverse � turns with
n� 2 or 8 the shift of average backbone values (� and �) is
clearly marginal (Ala2: ���84.6�, ���66.7� ; Ala8: ��
�84.3�, ���65.3�). Although in the case of the left-handed
� helix, [�D]n, backbone torsional values undergo a slightly
more systematic shift (Ala1: �≈��63.8�, ����32.7� ; Ala8:
�≈��56.7�, ����27.1�), the magnitude of this change varies
to a small degree; it falls in the range of �1�, on average, per
residue length increase.
A number of interesting observations can be made for �


turns, the central parts of the antiparallel � sheets in our
oligopeptide model (Figure 1g and h). Table 2 summarizes
the optimized dihedral angles both for positions (i�1) and
(i�2) with the numbering convention typically applied for �
turns. Both shorter and longer peptide models, all having
either type I or II � turns at their center, incorporate an
almost ideal � turn. Furthermore, these rather typical back-
bone values show almost no conformational change as a
function of the length of the oligopeptide (see Figure S1 in the
Supporting Information). Thus, these ™longer∫ peptides with
� turns (either type I or type II) can be regarded as realistic
models of this type of secondary structure element. Systems of
� turns embedded in shorter or longer �-pleated sheet
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segments are also useful to investigate the structural proper-
ties of antiparallel �-pleated sheets. A peptide model con-
taining (k�l�2) amino acid residues can adopt a hairpin
conformation where a � turn is embedded in a �-pleated
sheet. If k� l the hairpin part can be positioned in the central
region in a symmetric manner, but if k�l the model becomes
asymmetric. With a type I � turn (�L�L) in its hairpin part the
symmetric or asymmetric model will have the conformational
code [�L]k-�L�L-[�L]l. Similarly, a type II � turn (�L�D) located


at the central part of the molecule can be denoted as [�L]k-
�L�D-[�L]l. (The average � and � values of the extended parts
of the antiparallel � sheets containing type I and type II �


turns are summarized in the Supporting Information (Ta-
ble S3).) The average value of � (�≈) is approximately �140�
both for Ala4 and Gly4; this is different from that measured in
longer peptide models (approximately�170� ; see Figure S2A
in the Supporting Information). The latter value stabilizes in
model systems composed of more than six amino acid residues
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Table 1. Average backbone torsional values [�] of ab initio optimized homoconformers of HCO-(�-Ala)n-NH2 of increasing main-chain length (1� n� 8)
optimized at two levels of theory.[a]


Level of theory n [�D]n [�D]n [�D]n [�D]n [�L]n [�L]n [�L]n
right-handed
collagen helix


� turn left-handed
� helix


inverse
� turn


right-handed
� helix


extended


� � � � � � � � � � � � � �


RHF/3-21G 1 67.2 � 177.3 � 178.4 � 44.2 74.1 � 57.4 63.8 32.7 � 84.5 67.3 ±[b] ±[b] � 168.3 170.6
2 65.7 � 174.3 � 177.5 � 47.6 74.1 � 56.2 61.3 26.6 � 84.6 66.7 � 68.5 � 17.5 � 168.1 170.7
3 65.7 � 175.7 � 175.7 � 49.4 74.0 � 55.4 59.5 27.0 � 84.5 66.2 � 67.4 � 15.7 � 168.1 170.8
4 65.7 � 176.1 � 174.8 � 50.9 74.0 � 54.9 58.6 26.7 � 84.5 65.9 � 65.5 � 17.5 � 168.1 170.8
5 65.7 � 176.4 � 174.1 � 51.9 73.9 � 54.6 57.9 26.8 � 84.4 65.7 � 64.3 � 18.4 � 168.1 170.9
6 65.7 � 176.7 � 173.4 � 52.6 73.9 � 54.3 57.4 26.9 � 84.4 65.6 � 63.5 � 19.1 � 168.1 170.9
7 65.7 � 177.0 � 172.8 � 53.2 73.8 � 54.1 57.0 27.0 � 84.3 65.4 � 62.8 � 19.6 � 168.1 171.0
8 65.6 � 177.1 � 172.3 � 53.6 73.8 � 54.0 56.7 27.1 � 84.3 65.3 � 62.3 � 20.1 � 168.2 171.0
average 65.9 � 176.3 � 174.9 � 50.4 73.9 � 55.1 59.0 27.6 � 84.4 66.0 � 64.9 � 18.3 � 168.1 170.8
deviation 0.5 1.0 2.2 3.2 0.1 1.2 2.5 2.1 0.1 0.7 2.3 1.5 0.1 0.1


RHF/6-311��G(d,p) 1 ±[b] ±[b] 165.2 42.1 75.3 � 55.4 69.0 26.9 � 86.2 78.8 ±[b] ±[b] � 151.1 161.0
2 60.3 � 143.9 ±[b] ±[b] 76.0 � 54.0 63.3 28.7 � 87.9 76.9 � 72.2 � 17.3 � 154.8 160.4
3 60.7 � 146.3 ±[b] ±[b] 76.1 � 54.3 60.9 28.6 � 88.3 75.4 � 68.9 � 17.9 � 154.8 160.3
4 61.0 � 148.1 ±[b] ±[b] 76.2 � 54.1 59.7 28.7 � 88.5 74.6 � 67.4 � 18.9 � 154.7 160.3
8 61.7 � 152.8 ±[b] ±[b] 76.2 � 53.9 57.2 29.4 � 88.7 73.0 � 65.0 � 20.5 � 154.7 160.4
average 60.9 � 147.8 165.2 42.1 76.0 � 54.3 62.0 28.5 � 87.9 75.7 � 68.4 � 18.7 � 154.0 160.5
deviation 0.5 3.3 ±[b] ±[b] 0.1 0.2 2.3 0.4 0.4 1.4 2.6 1.2 0.3 0.1


[a] Polyalanine adopts neither a left-handed collagen helix [�L]n nor a [�L]n type set of homoconformers in vacuum at these levels of theory. [b] No minima
found at this level of theory.


Table 2. Backbone torsional values [�] of ab initio optimized type I and type II � turns of HCO-(�-Ala)n-NH2 and HCO-(Gly)n-NH2 embedded in the central
part of the polypeptide.


Level of theory Polypeptide n Type I � turn Type II � turn
�(i� 1) �(i� 1) �(i� 2) �(i� 2) �(i� 1) �(i� 1) �(i� 2) �(i� 2)


RHF/3-21G (Ala)n 2 � 68.5 � 17.5 � 113.1 21.3 � 70.0 101.9 66.2 32.3
4 � 60.7 � 29.8 � 107.5 25.0 � 70.0 95.3 67.0 32.5
6 � 56.6 � 32.3 � 129.4 30.5 � 63.6 108.0 67.1 33.1
8 � 56.5 � 32.4 � 127.6 28.69 � 62.89 108.9 66.8 32.3
average � 60.6 � 28.0 � 119.4 26.4 � 66.6 103.5 66.8 32.6
deviation 5.6 7.1 10.8 4.1 3.9 6.3 0.4 0.4


(Gly)n 2 � 66.5 � 20.7 � 109.1 19.8 � 61.1 134.0 106.3 � 22.1
4 � 64.9 � 21.7 � 105.5 19.8 � 78.4 77.7 123.4 � 0.7
6 � 64.3 � 20.2 � 103.9 17.2 � 76.0 83.8 145.7 � 16.8
8 � 64.21 � 20.3 � 103.5 16.85 � 75.87 83.79 145.68 � 16.7
average � 65.0 � 20.7 � 105.5 18.4 � 72.9 94.8 130.3 � 14.1
deviation 1.1 0.7 2.6 1.6 7.9 26.3 19.1 9.3


RHF/6-311��G(d,p) (Ala)n 2 � 72.2 � 17.3 � 92.3 � 2.1 � 60.9 132.7 67.4 22.8
4 � 65.2 � 28.2 � 98.9 2.8 � 76.8 98.7 64.6 29.8
8 � 70.8 � 22.5 � 137.7 16.2 � 72.3 112.2 64.3 30.8
average � 69.4 � 22.7 � 109.6 5.6 � 70.0 114.5 65.4 27.8
deviation 3.7 5.4 24.5 9.5 8.2 17.1 1.7 4.4


(Gly)n 2 � 73.1 � 15.4 � 99.6 7.1 � 61.3 134.2 95.3 � 8.4
4 � 68.3 � 24.7 � 109.9 28.6 � 83.0 81.4 99.5 5.4
8 � 71.1 � 16.8 � 108.1 20.9 � 82.9 84.2 117.8 � 0.9
average � 70.8 � 19.0 � 105.8 18.9 � 75.7 99.9 104.2 � 1.3
deviation 2.4 5.0 5.5 10.9 12.5 29.7 12.0 6.9
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(k�l�2� 6). On the other hand, the average value of the
other backbone conformational value � (�) shows practically
no such change (see Figure S2B in the Supporting Information).


Molecular stability : With the increase of the length of the
peptide chain of selected conformers of alanine and glycine
oligopeptides, relative energies were obtained at three differ-


ent levels of theory (Tables 3, 4, Figure 3). The conformation
of a fully extended single strand of �-pleated sheet approx-
imates the unfolded structure. Thus, the corresponding energy
of this conformer, E([�L]n), is the reference energy which may
also be regarded as the energy of the unfolded structure. The
relative energies of all other optimized structures mentioned
above (folded conformers) can be calculated against E([�L]n).
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Table 3. Relative energies [kcalmol�1] of selected conformers of HCO-(�-Ala)n-NH2 at three levels of theory relative to the unfolded or fully extended �-
pleated sheet conformer [�L]n.


Level of theory Conformer (Ala)1 (Ala)2 (Ala)3 (Ala)4 (Ala)5 (Ala)6 (Ala)7 (Ala)8


RHF/3-21G �L � 1.25 � 2.05 � 3.31 � 4.66 � 6.14 � 7.67 � 9.23 � 10.83
�L 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
�L 2.57 1.08 � 1.18 � 4.66 � 8.72 � 13.07 � 17.81 � 22.83
�D 4.70 2.69 0.22 � 3.36 � 7.58 � 12.18 � 17.13 � 22.32
�D 6.05 12.28 18.93 25.79 32.63 39.45 46.30 53.16
�D 6.91 12.52 18.50 24.51 30.51 36.49 42.50 48.50
�D 1.28 2.64 3.40 3.97 4.37 4.69 4.95 5.17


� turn type II[a] ±[b] 2.39 3.66, 6.25 � 0.49 � 8.74, 1.08 � 13.33 � 10.7, �10.59 � 16.31
� turn type I[a] ±[b] 1.08 1.84, 3.81 � 2.02 � 7.04, �1.82 � 12.89 � 9.34, �10.28 � 15.84


RHF/6-311��G(d,p)//RHF/3-21G �L � 0.01 0.49 0.76 0.97 1.15 1.31 1.45 1.57
�L 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
�L 1.94 1.74 1.72 0.86 � 0.33 � 1.80 � 3.49 � 5.28
�D 4.84 6.17 7.61 8.31 8.70 8.83 8.74 8.48
�D 5.65 11.71 17.88 24.24 30.50 36.66 42.78 48.91
�D 6.20 11.08 16.74 22.27 27.79 33.32 38.86 44.38
�D 2.54 5.65 8.42 11.11 13.74 16.33 18.89 21.43


� turn type II[a] ±[b] 4.51 5.64, 6.33 5.56 2.14, 6.26 � 1.05 0.88, 3.09 � 0.74
� turn type I[a] ±[b] 1.74 3.67, 6.64 4.83 3.22, 5.16 � 0.54 2.9, 1.39 � 0.11


RHF/6-311��G(d,p) �L � 0.11 0.37 0.61 0.83 n.d. n.d. n.d. 1.32
�L 0.00 0.00 0.00 0.00 n.d. n.d. n.d. 0.00
�L 2.12 1.81 1.47 0.40 n.d. n.d. n.d. � 6.82
�D 4.45 5.89 7.08 7.53 n.d. n.d. n.d. 6.39
�D 5.29 ± ± ± n.d. n.d. n.d. ±
�D ± 9.23 14.25 19.21 n.d. n.d. n.d. 39.21
�D 2.43 5.31 7.90 10.40 n.d. n.d. n.d. 19.81


� turn type II/A[a] ±[b] 3.10 3.59, 3.66 4.54 n.d. n.d. n.d. � 3.22
� turn type I/A[a] ±[b] 1.81 2.64, 2.23 3.76 n.d. n.d. n.d. � 2.76


[a] Model peptides formed by an odd number of alanine residues ((Ala)3, (Ala)5, and (Ala)7) have at least two different type I and two different type II �
turn conformers. (Figure 5 reports their arithmetical averages.) [b] This type of conformer requires at least a dipeptide (triamide model system).


Table 4. Relative energies [kcalmol�1] of selected conformers of HCO-(Gly)n-NH2 at three levels of theory relative to the unfolded or fully extended �-
pleated sheet conformer [�L]n.


Level of theory Conformer (Gly)1 (Gly)2 (Gly)3 (Gly)4 (Gly)5 (Gly)6 (Gly)7 (Gly)8


RHF/3-21G �L � 0.65 � 1.28 � 2.40 � 3.65 � 5.03 � 6.47 � 7.96 � 9.48
�L 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
�L 2.62 0.56 � 1.68 � 5.65 � 10.09 � 14.94 � 20.19 � 25.67
� turn type II[a] ±[b] 0.37 1.59, �3.53 � 3.53 � 12.13, �3.02 � 17.25 � 14.43, �14.03 � 20.30
� turn type I[a] ±[b] 0.56 2.08, �2.66 � 4.71 � 10.09, �4.2 � 17.71 � 15.14, �14.37 � 20.85


RHF/6-311��G(d,p)//RHF/3-21G �L 1.23 2.62 3.69 4.72 5.69 6.63 7.56 8.45
�L 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
�L 2.66 3.44 3.95 3.84 3.09 2.25 1.20 � 0.01
� turn type II[a] ±[b] 2.38 3.29, 2.99 3.31 0.31, 3.87 � 1.63 0.38, 1.8 � 1.18
� turn type I[a] ±[b] 3.44 4.47, 4.19 2.83 2.72, 3.41 � 1.94 � 0.13, 1.54 � 1.48


RHF/6-311��G(d,p) �L 0.75 1.65 2.28 2.85 n.d. n.d. n.d. 4.69
�L 0.00 0.00 0.00 0.00 n.d. n.d. n.d. 0.00
�L ± 2.50 2.68 1.96 n.d. n.d. n.d. � 3.79
� turn type II/A[a] ±[b] 1.38 2.23, 0.91 1.19 n.d. n.d. n.d. � 4.77
� turn type I/A[a] ±[b] 2.50 3.50, 2.21 0.26 n.d. n.d. n.d. � 4.68


[a] Model peptides formed by an odd number of glycine residues ((Gly)3, (Gly)5, and (Gly)7) have at least two different type I and two different type II � turn
conformers. (Figure 5 reports their arithmetical averages.) [b] This type of conformer requires at least a dipeptide (triamide model system).
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Variation of these relative energies as function of the number
of amino acid residues (n) in the peptide chain is reported in
Figure 3.
Before discussing the observed stability trends, a few


general cases are to be established. The three simplest cases
are as follows for all values of n investigated:


A)E([x]n)�E([�L]n)
B) E([x]n)�E([�L]n)
C) E([x]n)�E([�L]n)


Case A represents a conformer which turns out to be less
stable, at any length of the peptide chain, than the appropriate
extended structure. Case B is where the energy difference
between conformer x and that of �L is nearly zero, a situation
indicating a more or less equal stability. Finally, if case C
holds, the relative energy of the given conformer is consis-
tently lower than that of the extended structure; this suggests
greater stability of such conformers than of a single strand of
�-pleated sheet. Besides these three, there are additional
cases to be expected. If there is a crossing point between the
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Figure 3. Relative energies of selected conformers computed at the RHF/6-311��G(d,p)//RHF/3-21G level of theory for: Top: HCO-(�-Ala)n-NH2 and
Bottom: HCO-(Gly)n-NH2 as a function of the length of the oligopeptide chain. All energies are relative to the single-stranded extended conformer [�L]n.
Glycine doesn×t contain a stereocenter, thus its oligopeptides form enantiomeric-type homoconformers; for example, the left-handed and right-handed
helices of HCO-(Gly)n-NH2 have identical geometric end energetic properties.
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functionsE�E([x]n) andE([�L]n), it is denoted as case D; this
describes the situation where, compared to �L, the relative
stability of conformer x changes as function of n. In other
words, a conformer can be more stable (or less stable) for a
given length of peptide chain than its fully extended counter-
part. However, at a critical value of n (n�m), for some
reason, the relative energy between these two conformers
switches over and the less-stable conformer becomes more (or
less) stable than (�L)n. Case D is considered if only a single
crossing point is observed. If, with the further increase of the
length of the peptide chain, additional crossing points are
detected then energy oscillation is observed. Such a situation
is labeled as case E. All these cases can be examined in
Tables 3 and 4, where results are presented at three levels of
theory. However, for practical reasons, only one level of
theory is presented in Figure 3.
In the case of the alanine series, (Ala)n, the following points


should be emphasized on the basis of Figure 3 and Table 3.
All structures built up and optimized from �-type homo-


conformers, [xD]n, such as the mirror image of the collagen
helix ([�D]n), repeated � turns ([�D]n), or the left-handed �


helix ([�D]n), have higher relative energy for all values of n
investigated (1� n� 8). In fact, the relative energy of these
structures constantly increases as the length of the peptide
chain increases. Therefore, at any level of theory, the situation
of E�E([�D]n), E�E([�D]n), and E�E([�D]n) relative to E�
E([�L]n) is that of case A.
No case B was observed for any of the tabulated results.
When the repeated forms of inverse � turns ([�L]n) are


investigated at the RHF/3-21G level of theory their stability,
E�E([�L]n), can be classified as case A, but at higher levels of
theory (RHF/6-311��G(d,p)//RHF/3-21G and RHF/6-
311��G(d,p)) the tendency is that of case C (Table 3). In
other words, at a higher level of theory inverse �-turn
structures are expected to be less stable than �-pleated sheet
structures.
The relative stability of the right-handed � helix, [�L]n, falls


into the category of case D. Compared to the fully extended
form of the �-pleated sheet, [�L]n, there is a crossing point at
m� 3 at the lower level andm� 5 at the higher level of theory.
This means that if the peptide chain is too short (n�m) then
the �-helical structure is less stable then the extended
structure. However, at about the length where the first
intramolecular hydrogen bond can be formed in a helix, this
structure becomes more stable, and this stability increases as n
becomes greater and greater than m.
The left-handed � helix shows a somewhat different energy


profile. At the lower level of theory (RHF/3-21G) E�
E([�D]n) behaves similarly to E�E([�L]n), thereby providing
an additional example of case D but with a crossing point at
m� 4. However, at the higher level of theory case A appears
to be a more appropriate classification. At all three levels of
theory investigated, the left-handed � helix is always less
stable then the right-handed helical conformation. Further-
more, at the higher level of theory, [�D]n is computed to be as
unstable as any other xD-type homoconformer.
Finally, the stability of type I and II � turns embedded in an


antiparallel �-sheet structure is to be discussed. Clearly, there
are some minor differences in stability between type I and


type II � turns. It seems that for shorter peptides type I is the
more stable structure, while for longer ones the type II hairpin
conformer is more stable. These differences vary over a range
of 1 ± 2 kcalmol�1. On the other hand, when stability values of
these � turns are compared with that of a single stranded �


sheet (unfolded structure), the hairpin structures are clearly
more stable if the peptide chain is long enough. At the lower
level of theory even a tetrapeptide can be more stable then the
unfolded structure, while at a higher level of theory a
hexapeptide is more stable than a � sheet, regardless of
whether a type I or type II �-turn conformation is at the
reversal of the peptide chain. Although, peptides composed of
more than eight residues still need to be investigated to obtain
final proof, both types of major � turns look like examples of
case D. In other words, turns embedded in antiparallel �


sheets become a stable structure.
Simple glycine diamide models (for example, HCO-Gly-


NH2 or Ac-Gly-NHCH3) contain achiral structural building
units for which the conformational mirror-image structures
have the same relative energy: E(�L)�E(�D), E(�L)�E(�D),
etc.[12] The only exception to this rule is that of the fully
extended �-pleated sheet conformation located at the very
center of the Ramachandran surface; it is an unpaired
structure. This symmetry also holds also for oligopeptides
composed from glycine only: E[(�L)n]�E[(�D)n], E[(�L)n]�
E[(�D)n], etc. In conclusion, the left-handed and right-handed
�-helix structures are isoenergetic: E[(�L)n]�E[(�D)n].
Therefore, in terms of stability the glycine series, (Gly)n, is
much more simple than the alanine one, (Ala)n. The energy
curve computed for the helical [�]n conformation of glycine,
relative to the unfolded [�]n structure, is representative of
case D. The crossing point of these two curves varies with the
level of theory applied (Table 4). When comparing the
stability of oligoglycine in its repeated �-turns form, [�]n,
case A is found: E([�]n)�E([�L]n) at any value of n (Table 4
and Figure 3).
The clear difference between the (Ala)n and (Gly)n series is


simply due to the lack of point chirality of oligoglycines. There
is no possibility to distinguish the stability of mirror-image
conformers because stereocenters are not present in the latter
type of polymer. On the other hand, in oligoalanine, or in any
other amino acid residue with a chiral � carbon atom, such
energetic degeneracy of mirror-image backbone folds disap-
pears. Thus, energy discrimination of mirror-image structural
pairs of oligopeptides is due to local asymmetry or axis
chirality in the presence of point chirality. In order to
demonstrate this, the arithmetical average of selected mir-
ror-image structural pairs of (Ala)n were plotted together with
those computed for (Gly)n and great similarity was found
(Figure 4).
In the case of oligopeptides, the question of computational


accuracy is even more important than it was in the case of
dipeptides such as Gly2 or Ala2. The haunting question is
whether the inaccuracies are accumulative with the increase
of the length of the polypeptide chain or whether they remain
more or less constant. A practical way to assess the accuracy
or reliability is to correlate results obtained at different levels
of theory. This can be carried out both for geometrical
parameters, like � and � torsional angles, and relative


Chem. Eur. J. 2003, 9, 5332 ± 5342 www.chemeurj.org ¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 5339







FULL PAPER A. Perczel et al.


energies. The correlation of the relative stabilities determined
at two levels of theory for over 30 structures of oligoalanine
has resulted in an R2 value higher than 0.98.


Correlation of computed energy with X-ray structure pop-
ulations : In order to perform a comprehensive analysis of the
relative stability order of ab initio computed secondary
structural elements and their experimental counterparts in
proteins, a selected nonhomologous X-ray data set was


analyzed (see Methods section for details). Table 5 summa-
rizes the relative occurrence of typical conformational
subunits (px) in proteins as a function of the length of the
peptide chain. (see Table S4 in the Supporting Information)
Figure 5 shows the raw data converted into the negative
logarithm of the relative populations compared to the
unfolded [�L]n structure. This quantity, �RTln(px/p�L


), is
related to the relative energy by a Boltzmann-type distribution:


�E � �RT ln(px/p�L
)
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Figure 4. Relative energies of selected conformers of alanine- and glycine-containing oligopeptides computed at the RHF/6-311��G(d,p)//RHF/3-21G
level of theory. Relative energies associated with left- and right-handed helical structures, �E[�D]n and �E[�L]n, as well as those of ™normal∫ and inverse �
turns, �E[�D]n and �E[�L]n, of HCO-(�-Ala)n-NH2 were averaged (�E� 1/2[�E1��E2]) and plotted with the relative energies of HCO-(Gly)n-NH2 against
the ™length∫ (n) of the oligopeptide (1�n� 8).


Table 5. Number of the different types of backbone folds found in proteinsobserved for oligopeptides of increasing length.[a]


Type of secondary structure Abbreviation of conformation (Xxx)1[b] (Xxx)2[b] (Xxx)3[b] (Xxx)4[b] (Xxx)5[b]


(Xxx)6[b]


inverse � turn [�L]n 7984 546 51 6 1 ±
extended [�L]n 17722 3951 1120 365 127 45


[�L]n 13580 970 75 8 ± ±
right-handed � helix (1): repeated type I � turn [�L�L]n 11178 10549 9134 6224 5519 5192
right-handed � helix (2): 310 helix [�L3�10]n 84871 65632 54874 47572 41687 36342
right-handed � helix (3): � helix [�L]n 79831 61540 51935 45212 39513 34285
right-handed collagen helix: polyproline II [�L]n 31414 7873 1926 520 145 42
left-handed � helix [�D]n 7080 713 43 3 ± ±


[�D]n 734 23 2 ± ± ±
left-handed collagen helix [�D]n 1376 26 ± ± ± ±
™normal∫ � turn [�D]n 868 14 ± ± ± ±
type of � turn at the end of antiparallel �-sheets � turn type II/A ± 1245 147 33 6 4


� turn type II/B ± 1245 844 33 14 4
� turn type I/A ± 10549 340 24 12 8
� turn type I/B ± 10549 822 24 4 8


[a] The data set used contains 1211 nonhomologues proteins composed from a total of 206889 amino acid residues. px/p�L� the number of x type conformer
relative to the number of extended structures (�L) observed for the oligopeptide composed from n amino acid residues. [b] Xxx stands for any of the 20
natural amino acid residues that are found in proteins.
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For selected conformers, results (see Figure S3 in the Sup-
porting Information) demonstrate clearly that a significant
correlation can be obtained between ab initio computed
relative energies and experimental abundance. The size of the
protein database used, although large, gives natural limita-
tion. As mentioned above, the repeated inverse �-turn form,
[�L]n, is a stable structure but its relative stability decreases
with the increase of the length of the polypeptide chain. The
significant correlation found between experimental and
theoretical probabilities (see Figure S3A in the Supporting
Information) of [�L]n for both the Gly and Ala series suggests
that for longer peptides this type of conformer is less and less
populated because it is less and less stable relative to the
unfolded main-chain structure. Furthermore, the correlation
established both for the right-handed and the left-handed �


helix (see Figure S3B and C in the Supporting Information)
suggests that the intrinsic stability and instability of these
structures is primarily due to local energetic preferences of
the backbone conformation. Undoubtedly, side-chain back-
bone interaction, molecular cooperativity of different secon-
dary structure elements, and different environmental factors
will fine tune the final fold of the macromolecule. However,
local energetics play a crucial role when secondary structure
elements are selected.


Conclusions


HCO-(�-Ala)n-NH2 peptides were introduced as the simplest
model systems of chiral oligo- and polypeptides. In the case of


the alanine series, regardless of the level of theory applied, the
most stable secondary structure element among the inves-
tigated conformers for an oligopeptide composed of more
than six residues is the right-handed � helix. Furthermore,
both type I and II � turns embedded in antiparallel �-pleated
sheets of different length become more stable then the
unfolded fully extended reference structure. Solitary poly-
proline II (a component of the collagen triple helix) is an
unstable structure on its own in the case of the presently used
polyalanine model, thus it was not part of our present analysis.
Although, the repeated inverse �-turn form contains a series
of intramolecular hydrogen bonds, it is slightly less stable then
the reference unfolded structure. Finally, all oligo-�-alanine
homoconformers composed of ™�-type∫ conformational sub-
units are significantly less stable then their ™�-type∫ con-
formational counterparts, especially with the increase of the
polypeptide chain length. All of these facts agree perfectly
with the accumulated data and are generally accepted in
structural biology. Thus, the folding of peptides on their own,
as well as the selection of these well-known secondary
structural elements for the folded proteins, is in fact due
to the intrinsic properties of the peptide chain. Even for
the simplest chiral oligopeptide and even in a vacuum
these secondary structure elements are found to be
folded in the same shape and geometry that are commonly
observed in proteins. Furthermore, the relative stability
order of these intrinsically stable structures shows signifi-
cant correlation with the natural abundance of the same
conformers assigned in a nonhomologous protein data-
base.
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Figure 5. The �RTln[px/p�L
] values of the different types of backbone folds typical in proteins, observed as a function of the length of the oligopeptide chain


(see Table 4). A total of 206889 amino acid residues were analyzed from 1211 nonhomologues proteins. The type of the amino acid was ignored when the
occurrence of the conformational types were counted. px/p�L


is the number of the x type of conformer relative to the number of extended structures (�L)
observed for the oligopeptide composed from n amino acid residues.
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Addition Reaction of Vinylic Reagents, Derived from �-Chloroenones,
to Carbonyl Compounds Promoted by Samarium Diiodide


Jose¬ M. Concello¬n,*[a] Pablo L. Bernad,[a] Mo¬nica Huerta,[a]
Santiago GarcÌa-Granda,[b] and M. Rosario DÌaz[b]


Abstract: A new samarium diiodide-promoted addition reaction of vinylsamarium
reagents, derived from (Z)-�-chloro-�,�-unsaturated phenones 1, to both ketones (in
THF) and aldehydes (in acetonitrile) led to (Z)-2-(1-hydroxyalkyl)-2,3-unsaturated
ketones in good yield. These transformations took place with total or very high
inversion of the stereochemistry of the C�C double bond of the starting chloroenone,
producing the Z diastereoisomer. A new methodology to prepare SmI2 in acetonitrile
by sonic treatment of 1,2-diiodoethane with Sm powder is also described. A
mechanism to explain this transformation is proposed.


Keywords: Baylis ±Hillman reaction
¥ diastereoselectivity ¥ nucleophilic
addition ¥ samarium ¥ vinyl reagents


Introduction


Samarium diiodide has become a useful reagent for organic
synthesis.[1] It can be used to create C�C bonds through
radical or anionic mechanisms. Although deuteration of the
anionic intermediate with CH3OD demonstrated the forma-
tion of a vinylsamarium reagent stabilized by a silyl group,[2] to
the best of our knowledge, only one example of the addition
reaction of vinylic reagents (from acrylamides)[3] to carbonyl
compounds, promoted by SmI2, has been described.[4]


On the other hand, treatment of vinyl organometallic
compounds with aldehydes or ketones can afford multi-
functionalized natural or unnatural molecules,[5] these prod-
ucts being the same as those prepared by the Baylis ±Hillman
reaction.[6] However, one of the most serious limitations of the
Baylis ±Hillman reaction is the impossibility of preparing �-
branched Baylis ±Hillman adducts,[7] and this is the reason for
the limited application of �-branched adducts in organic and
medicinal chemistry. Thus, alternative methods need to be
developed for synthesizing �-branched Baylis ±Hillman ad-
ducts. Moreover, the Baylis ±Hillman reaction is difficult to


carry out with ketones (high pressure is necessary),[8] and the
reaction times are long.[9]


Previously, we have reported different C�C bond-forma-
tion reactions promoted by SmI2[10] and a new synthesis of
(Z)-�-chloro-�,�-unsaturated ketones.[11]


In the present contribution, we report a new methodology
for the addition of vinylsamarium reagents, derived from (Z)-
�-chloro-�,�-unsaturated phenones 1, to aldehydes or ketones
to produce (Z)-�-alkylidene-�-hydroxyketones 3. These
transformations are highly stereoselective, and a total or very
high inversion[12] of the stereochemistry of the C�C double
bond takes place, isolating the Z diastereoisomer.


Results and Discussion


Samarium-mediated addition reactions of vinylic reagents to
ketones : Initially, we studied the reaction of two (Z)-�-chloro-
�,�-unsaturated phenones[11] 1 (as the sole starting com-
pound) with samarium diiodide[13] in THF at room temper-
ature. By using these reaction conditions, a vinylic reagent was
generated from 1 and added to a second equivalent of 1. After
hydrolysis, the corresponding (Z,Z)-�-alkylidene-�-hydroxy-
�-chloro-�,�-unsaturated ketone 2 was isolated (Scheme 1).
Only one diastereoisomer was detected (1H and 13C NMR
spectroscopy), andZ stereochemistry of the C�C double bond
of the alkylidene group was assumed based on NOESY
experiments of compounds 3 (see below). The yields and Z/E
ratio of compounds 2 are given in Table 1.


With these precedents, we studied the reaction of chloro-
enones 1 with different ketones. Thus, treatment of different
�-chloro-�,�-unsaturated phenones 1 with several ketones in
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Scheme 1. Synthesis of dimers 2.


the presence of a solution of 2.5 equiv of SmI2 in THFat room
temperature afforded (Z)-�-alkylidene-�-hydroxyketones
(Scheme 2). The yields and Z/E ratio of compounds 3a ± g
are given in Table 2.


Scheme 2. Reaction between compounds 1 and ketones.


The reaction seems to be general and �-chloro-�,�-unsatu-
rated phenones react with both aromatic and aliphatic
ketones, and R1 on the starting chloroenone can be aliphatic
(linear, branched or cyclic) or aromatic.[14]


The Z/E ratio of the C�C bond of compounds 3 was
determined on the crude reaction products by 1H NMR
spectroscopy (300 MHz) and GC/MS. The relative Z config-
uration in the C�C double bond was established by NOE
experiments in compounds 3d and 3e, and the configuration
of the other compounds 3 was assigned by analogy.


Addition reactions of chloroenones to aldehydes promoted by
samarium diiodide : Significant differences were detected
when the same reaction conditions were used to react with
aldehydes instead of ketones, and compounds 3were obtained
in a very unpurified form.


Taking into account descriptions of the enhancement of the
selectivity of samarium reactions by using acetonitrile as
solvent,[15] we carried out the reaction of 1 with aldehydes in
acetonitrile. In order to do this, it was necessary to generate
SmI2 in acetonitrile, a process that has been previously
described in two methodologies. Kagan et al[15] prepared a
solution of SmI2 in acetonitrile by treatment of Sm with
diiodomethane for 8 hours, a long reaction time. The other
protocol[16] described the synthesis of SmI2 in acetonitrile,
however some doubt has been cast on this methodology.[1g, 15]


We have previously described a rapid and easy methodology
for obtaining SmI2 in THF by
sonic treatment of different io-
dated compounds and Sm.[13]


By generalizing this methodol-
ogy we prepared SmI2 in aceto-
nitrile. Thus, SmI2 was easily
and rapidly prepared in aceto-
nitrile by reaction of 1,2-diiodo-
ethane and samarium powder
in the presence of ultrasonic
waves.


Treatment of a mixture of
chloroenones 1 and different
aldehydes with a solution of
2.5 equiv of SmI2 in acetonitrile
at room temperature over
16 hours gave the correspond-


ing (Z)-�-alkylidene-�-hydroxyketones 3h ±k, in good yields,
the Z/E ratio being high or very high (Scheme 3 and Table 2).
In general, slight decreases of theZ/E ratio (except compound
3h) were obtained with aldehydes in comparison with
ketones.


Scheme 3. Reaction between compounds 1 and aldehydes.
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Abstract in Spanish: El diyoduro de samario produce la
reaccio¬n de adicio¬n de aniones vinÌlicos derivados de fenonas
(Z)-�-cloro-�,�-insaturadas 1 a cetonas (en THF) o a aldehÌ-
dos (en CH3CN), obtenie¬ndose cetonas (Z)-2-(1-hidroxial-
quil)-2,3-insaturadas con buen rendimiento. Estas transforma-
ciones tienen lugar con total o muy alta inversio¬n de la
estereoquÌmica del doble enlace de la cloroenona de partida,
obtenie¬ndose el diastereoiso¬mero Z. Tambie¬n se describe una
nueva metodologÌa para la preparacio¬n de SmI2 en acetonitrilo,
por tratamiento de 1,2-diyodoetano y Sm en polvo en un banƒo
de ultrasonidos. Se propone un mecanismo para explicar este
proceso.


Table 1. Synthesis of dimers 2.


R1 Yield[a] [%] Z/E [b] [%]


1 n-C4H9 65 � 98/� 2
2 cyclohexyl 89 � 98/� 2


[a] Isolated yield after column chromatography based on compound 1.
[b] Determined on the crude reaction by 1H NMR spectroscopy.


Table 2. Synthesis of compounds 3.


Product R1 R2 R3 Yield[a] Z/E[b]


1 3a n-C4H9 C2H5 CH3 55 97/3
2 3b n-C4H9 Ph Ph 87 � 99/� 1
3 3c cyclohexyl C2H5 CH3 80 95/5
4 3d cyclohexyl (CH2)5 61 97/3
5 3e cyclohexyl CH2Ph CH3 69 98.5/1.5
6 3 f Ph Ph n-C3H7 80 � 99/� 1
7 3g PhCH(CH3) (CH2)4 65 97.5/2.5
8 3h n-C4H9 cyclohexyl H 75 89/11
9 3 i cyclohexyl cyclohexyl H 52 96.5/3.5


10 3j cyclohexyl Ph H 60 96.5/3.5
11 3k cyclohexyl n-C7H15 H 72 96/4


[a] Isolated yield after column chromatography based on compound 1. [b] Z/E ratio determined by 1H NMR and
GC-MS analysis.







Reactions of Vinylic and Carbonyl Compounds 5343±5347


As is shown in Table 2, the reaction also seems to be
general, and �-chloro-�,�-unsaturated phenones can react
with aromatic and aliphatic aldehydes. When benzaldehyde
was used, the pinacol coupling product was observed in the
crude reaction mixture (30%, 13C NMR). To the best of our
knowledge, this addition reaction of vinylsamarium reagents
to an aromatic aldehyde is the first example described in the
bibliography. The addition of the previously described vinyl-
samarium reagents (from acrylamides)[3] to benzaldehyde
afforded the benzyl alcohol instead of the corresponding
addition product.


As with the compounds derived from ketones, the Z/E ratio
of compounds 3h ± k was determined on the crude reaction
products by 1H NMR spectroscopy (300 MHz) and GC/MS. In
this case, their structure and, consequently, the relative Z
configuration in their C�C double bonds, was established by
single-crystal X-ray analysis of 3 i.[17]


Mechanism : This transformation and the observed stereo-
chemistry of the C�C of products 3 may be explained by
assuming that anionic species are involved in the reaction.
Initially an equivalent of SmI2 reduces the C�Cl bond,
affording a radical, which can suffer further reduction with a
second equivalent of SmI2 giving the corresponding vinyl-
samarium reagent. Alternatively, this reagent could also be
obtained by a SmI2-promoted reduction of the starting
phenone to a ketyl radical, then reduction to the anion, and,
finally, elimination of chloride to the same vinylsamarium
reagent (Scheme 4). The addition reaction of the vinylsamar-
ium reagent to the carbonyl compounds might proceed
through an allenolate intermediate to give (Z)-�-alkylidene-
�-hydroxyketones 3. Two transition states I and II are
possible, but transition state I is preferred, due to the steric
repulsions between R1 and R2 in II.


The lower Z/E ratio obtained in the case of aldehydes can
be explained by the minor steric repulsion in transition state II
between R1 and R3 or R2 (R3 or R2�H).


Support for the anionic mechanism is provided by the
synthesis of (E)-enone 4, from treatment of 2-chloro-3-
cyclohexyl-1-phenylprop-2-en-1-one with SmI2 in the pres-
ence of MeOH (Scheme 5). In addition, when the same
reaction was performed with MeOD instead MeOH, a
complex mixture of product was obtained: other side reac-
tions of the vinylsamarium reagent should be faster than
deuterium abstraction from MeOD (isotopic effect).


Conclusion


We have described a new nucleophilic addition of vinylic
reagents, derived from (Z)-�-chloro-�,�-unsaturated ketones,
to ketones or aldehydes that is promoted by samarium
diiodide. A total or very high inversion of the stereochemistry
of the C�C double bond takes place, and (Z)-�-alkylidene-�-
hydroxyketones 3 were isolated as the only or very much the
major product. The reaction between chloroenones and
aldehydes was carried out in acetonitrile, and a new method-
ology to synthesize SmI2 in this solvent has been described. A


Scheme 4. Proposed mechanism for the addition reaction.


Scheme 5. Reduction with SmI2/MeOH.


mechanism to explain the described addition reaction is
proposed.


Experimental Section


General : Reactions requiring an inert atmosphere were conducted under
dry nitrogen in oven-dried (120 �C) glassware. THF was distilled over
sodium/benzophenone immediately prior to use. All reagents were
purchased from Aldrich or Merck and were used without further
purification. Samarium diiodide in THF was prepared by the sonication
of HCI3 or CH2I2 and samarium powder.[13] (Z)-�-chloroenones were
prepared by the dehydration of �-chloro-�-hydroxyketones with acetic
anhydride/4-dimethylaminopyridine/pyridine at 0 �C.[11] Activated alumi-
nium oxide (neutral) for column chromatography was purchased from
Scharlau (AL0835); compounds were visualized on analytical thin-layer
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chromatograms (TLC) by exposure to UV light (254 nm) and by cerium
molybdate developer.


Synthesis of dimers 2 : A solution of the corresponding �-chloroketone 1
(0.4 mmol) in dry THF (2 mL) was added in one go to a solution of SmI2
(0.4 mmol) in THF (5 mL), and the mixture was stirred at room temper-
ature for thirty minutes. The reaction was quenched with HCl (0.1�), and
the crude product was extracted with dichloromethane and purified by
column chromatography over alumina (hexane/ethyl acetate 20:1).


(Z,Z)-4-Chloro-3-hydroxy-2-pentylidene-1,3-diphenylnon-4-en-1-one
(2a): Rf� 0.3 (hexane/AcOEt, 10:1); 1H NMR (300 MHz, CDCl3): ��
8.03 ± 7.36 (m, 10H), 6.08 (t, J� 7.04 Hz, 1H), 5.83 (t, J� 7.82 Hz, 1H),
3.94 (br s, 1H), 2.30 (q, J� 7.00 Hz, 2H), 1.88 (q, J� 7.35 Hz, 2H), 1.45 ±
1.39 (m, 8H), 0.92 (t, J� 6.92 Hz, 3H), 0.78 (t, J� 6.92 Hz, 3H); 13C NMR
(75 MHz, CDCl3): �� 198.9 (C), 141.8 (C), 140.2 (C), 137.9 (C), 137.7 (CH),
136.6 (C), 133.2 (CH), 131.0 (CH), 129.4 (CH), 128.4 (CH), 127.9 (CH),
127.7 (CH), 127.3 (CH), 83.2 (C), 30.9 (CH2), 30.3 (CH2), 29.7 (CH2), 28.4
(CH2), 22.2 (CH2), 22.0 (CH2), 13.8 (CH3), 13.6 (CH3); IR (neat): �� � 3486,
3084, 3059, 3027, 2956, 2930, 2857, 1667, 1595, 1579, 1447, 1377, 1258, 1233,
1175, 1033; MS (70 eV):m/z (%): 410 (�1) [M�], 392 (7), 375 (5), 357 (30),
317 (24), 301 (14), 105 (100), 77 (25).


(Z,Z)-4-Chloro-5-cyclohexyl-2-cyclohexylmethylene-3-hydroxy-1,3-diphe-
nylpent-4-en-1-one (2b): Rf� 0.4 (hexane/AcOEt 5:1); 1H NMR
(200 MHz, CDCl3): �� 8.02 ± 7.33 (m, 10H), 5.91 (d, J� 8.70 Hz, 1H),
5.59 (d, J� 10.76 Hz, 1H), 3.67 (br s, 1H), 1.87 ± 0.91 (m, 22H); 13C NMR
(50 MHz, CDCl3): �� 198.6 (C), 141.9 (CH), 141.8 (C), 138.4 (C), 138.1 (C),
136.2 (CH), 134.8 (C), 133.1 (CH), 129.3 (CH), 128.2 (CH), 127.8 (CH),
127.7 (CH), 127.4 (CH), 82.8 (C), 38.6 (CH), 37.9 (CH), 32.0 (CH2), 31.6
(CH2), 25.8 (CH2), 25.4 (CH2), 25.0 (CH2); IR (neat): �� � 3477, 3084, 3003,
2925, 2851, 1673, 1595, 1447, 1371, 1266, 1222, 1072; MS (70 eV): m/z (%):
463 (1) [M�], 462 (3) [M��H], 444 (4), 427 (92), 426 (35), 409 (35), 379
(16), 343 (91), 327 (36), 261 (9), 105 (100), 77 (18).


Synthesis of compounds 3a ± g : A solution of the corresponding �-
chloroenone 1 and ketone (0.8 mmol) in THF (2 mL) was added in one
go to a solution of SmI2 (1 mmol) in THF (12 mL). The reagents turned
yellow in a few seconds. The resulting reaction mixture was stirred at room
temperature for two hours, quenched with aqueous HCl (0.1�) and
extracted with dichloromethane. Purification by flash column chromatog-
raphy over alumina (hexane/ethyl acetate 20:1 or 40:1) yielded the
corresponding pure compound 3a ± g.


(Z)-3-Hydroxy-3-methyl-2-pentylidene-1-phenylpentan-1-one (3a): 1H
NMR (300 MHz, CDCl3): Rf� 0.2 (hexane/AcOEt 5:1); �� 7.96 ± 7.42 (m,
5H), 5.90 (t, J� 7.70 Hz, 1H), 2.41 (br s, 1H), 1.82 ± 1.64 (m, 4H), 1.36 (s,
3H), 1.30 ± 1.15 (m, 4H), 0.94 (t, J� 7.40 Hz, 3H), 0.75 (t, J� 7.26 Hz, 3H);
13C NMR (75 MHz, CDCl3): �� 200.7 (C), 144.2 (C), 137.8 (C), 133.3 (CH),
129.3 (CH), 128.5 (CH), 74.8 (C), 34.4 (CH2), 31.3 (CH2), 29.4 (CH2), 27.1
(CH3), 22.0 (CH2), 13.7 (CH3), 8.2 (CH3); IR (neat): �� � 3464, 3062, 3026,
2960, 2930, 2858, 1660, 1595, 1449, 1231, 1131, 918; MS (70 eV): m/z (%):
245 (5) [M��C2H5], 231 (84), 175 (15), 145 (15), 105 (100), 97 (18), 91 (17),
77 (65), 55 (26).


(Z)-3-Hydroxy-2-pentylidene-1,3,3-triphenylpropan-1-one (3b): Rf� 0.3
(hexane/AcOEt 5:1); 1H NMR (200 MHz, CDCl3): �� 8.01 ± 7.23 (m,
15H), 5.79 (t, J� 7.82 Hz, 1H), 4.56 (br s, 1H), 1.90 (q, J� 7.16 Hz, 2H),
1.35 ± 1.10 (m, 4H), 0.78 (t, J� 6.92 Hz, 3H); 13C NMR (50 MHz, CDCl3):
�� 200.5 (C), 145.0 (C), 143.1 (C), 139.1 (CH), 138.1 (C), 133.2 (CH), 129.4
(CH), 128.4 (CH), 127.8 (CH), 127.4 (CH), 127.1 (CH), 82.6 (C), 31.0 (CH2),
30.1 (CH2), 22.0 (CH2), 13.6 (CH3); IR (neat): �� � 3564, 3054, 2985, 2960,
2929, 2860, 1634, 1595, 1446, 1265, 1025; MS (70 eV): m/z (%): 182 (42)
[C13H11O�], 181 (6), 105 (98), 77 (100), 51 (52).


(Z)-2-Cyclohexylmethylene-3-hydroxy-3-methyl-1-phenylpentan-1-one
(3c): Rf� 0.2 (hexane/AcOEt 10:1); 1H NMR (300 MHz, CDCl3): ��
8.00 ± 7.41 (m, H), 5.68 (d, J� 10.53 Hz, 1H), 2.34 (br s, 1H), 1.80 ± 1.52
(m, 8H), 1.32 (s, 3H), 1.04 ± 0.98 (m, 6H), 0.92 (t, J� 7.38 Hz, 3H);
13C NMR (75 MHz, CDCl3): �� 200.4 (C), 142.3 (C), 137.9 (C), 135.0 (CH),
133.2 (CH), 129.2 (CH), 128.3 (CH), 74.5 (CH), 38.5 (CH), 34.4 (CH2), 32.6
(CH2), 32.4 (CH2), 27.2 (CH3), 25.5 (CH2), 25.2 (CH2), 25.1 (CH2), 8.1
(CH3); IR (neat): �� � 3476, 3062, 2926, 2853, 1655, 1585, 1580, 1449, 1374,
1312, 1248, 1221, 1174, 1063, 1041, 999; MS (70 eV): m/z (%): 257 (69) [M�


� C2H5], 175 (20), 105 (100), 97 (24), 91 (12), 77 (53), 55 (22).


(Z)-3-Cyclohexyl-2-(1-hydroxycyclohexyl)-1-phenylpropenone (3d): Rf�
0.3 (hexane/AcOEt 5:1); 1H NMR (200 MHz, CDCl3): �� 7.96 ± 7.40 (m,


5H), 6.00 (d, J� 3.72 Hz, 1H), 2.60 (br s, 1H), 1.85 ± 0.96 (m, 21H);
13C NMR (50 MHz, CDCl3): �� 201.1 (C), 144.2 (C), 137.9 (C), 134.3 (CH),
133.3 (CH), 129.3 (CH), 128.3 (CH), 72.7 (C), 38.3 (CH), 37.1 (CH2), 32.4
(CH2), 25.5 (CH2), 25.2 (CH2), 25.1 (CH2), 21.6 (CH2); IR (neat): �� � 3484,
3053, 2984, 2930, 2853, 1659, 1579, 1448, 1265; MS (70 eV):m/z (%): 312 (5)
[M�], 294 (8), 269 (13), 237 (11), 229 (9), 196 (17), 105 (100), 99 (11), 91
(13), 77 (51), 55 (34).


(Z)-2-Cyclohexylmethylidene-3-hydroxy-3-methyl-1,4-diphenylbutan-1-
one (3e): Rf� 0.3 (hexane/AcOEt 5:1); 1H NMR (300 MHz, CDCl3): ��
8.00 ± 7.30 (m, 10H), 5.40 (d, J� 10.71 Hz, 1H), 3.09 (AB, J� 13.17 Hz,
2H), 2.09 (br s, 1H), 1.37 (s, 3H), 1.20 ± 0.93 (m, 5H); 13C NMR (75 MHz,
CDCl3): �� 200.2 (C), 141.5 (C), 138.0 (C), 136.4 (C), 135.3 (CH), 133.2
(CH), 131.1 (CH), 129.3 (CH), 128.4 (CH), 127.8 (CH), 126.5 (CH), 74.0
(C), 47.7 (CH2), 38.4 (CH), 32.4 (CH2), 32.2 (CH2), 27.9 (CH3), 25.5 (CH2),
25.2 (CH2), 25.1 (CH2); IR (neat): �� � 3494, 3061, 3028, 2923, 2850, 1660,
1595, 1494, 1447, 1372, 1116; MS (70 eV): m/z (%): 257 (95) [M��C7H7],
175 (26), 105 (82), 97 (34), 91 (100), 77 (38), 65 (16), 55 (10).


(Z)-3-Hydroxy-1,3-diphenyl-2-phenylmethylidenehexan-1-one (3 f): Rf�
0.3 (hexane/AcOEt 5:1); 1H NMR (300 MHz, CDCl3): �� 7.71 ± 7.05 (m,
16H), 4.14 (br s, 1H), 2.27 (t, J� 8.28 Hz, 3H), 1.61 ± 1.25 (m, 2H), 0.97 (t,
7.28 Hz, 3H); 13C NMR (75 MHz, CDCl3): �� 201.7 (C), 144.5 (C), 143.5
(C), 136.2 (C), 135.1 (C), 132.9 (CH), 131.0 (CH), 129.4 (CH), 128.9 (CH),
128.0 (CH), 127.9 (CH), 127.8 (CH), 126.7 (CH), 126.0 (CH), 79.1 (C), 42.5
(CH2), 16.7 (CH2), 14.3 (CH3); IR (neat): �� � 3476, 3061, 3028, 2957, 2871,
1955, 1888, 1809, 1729, 1643, 1494, 1446; MS (70 eV): m/z (%): 148 (23)
[C11H14O�], 130 (5), 120 (19), 106 (14), 105 (100), 78 (12), 77 (84), 51 (46).


(Z)-2-(1-Hydroxycyclopentyl)-1,4-diphenylpent-2-en-1-one (3g): 1H NMR
(200 MHz, CDCl3): �� 7.99 ± 6.99 (m, 10H), 6.15 (d, J� 10.76 Hz, 1H), 3.26
(dq, J� 6.92 Hz, J� 10.76 Hz, 1H), 2.56 (br s, 1H), 1.88 ± 1.68 (m, 8H), 1.28
(d, J� 6.92 Hz, 3H); 13C NMR (50 MHz, CDCl3): �� 200.6 (C), 144.3 (C),
142.3 (C), 137.4 (C), 133.6 (CH), 129.5 (CH), 128.5 (CH), 128.4 (CH), 126.7
(CH), 126.2 (CH), 82.6 (C), 39.4 (CH), 39.2 (CH2), 39.1 (CH2), 22.8 (CH2),
21.7 (CH3); MS (70 eV):m/z (%): 319 (�1) [M�� 1], 302 (3), 215 (42), 197
(6), 184 (8), 169 (3), 155 (8), 137 (9), 129 (11), 115 (12), 105 (100), 91 (18), 77
(70); IR (neat): �� � 3429, 3082, 3028, 2955, 2871, 1727, 1667, 1594, 1493,
1454, 1372, 1225, 1042; Rf� 0.2 (hexane/AcOEt 5:1).


Synthesis of SmI2 in acetonitrile : Samarium powder (0.172 g) was placed in
a Schlenk tube and heated under vacuum to 150 �C. When it had cooled
down again, the Schlenk tube was filled with nitrogen and submerged in an
ultrasonic bath. Then a solution of 1,2-diiodoethane (0.282 g) in dry
acetonitrile (12 mL) was added to the samarium powder. Sonication of the
mixture for two hours gave a deep green solution of samarium diiodide that
was used immediately after preparation.


Synthesis of compounds 3h ± k : A mixture of the starting �-chloroenone 1
(0.4 mmol) and the corresponding aldehyde (0.5 mmol) in dry acetonitrile
(2 mL) was added in one go to a solution of samarium diiodide (1 mmol) in
acetonitrile. The solution changed immediately from green to yellow. The
reaction mixture was stirred at room temperature overnight and quenched
with aqueous HCl (0.1�). Usual workup gave the crude products 3h ± k,
which were purified by flash column chromatography over alumina
(hexane/ethyl acetate 20:1).


(Z)-3-Cyclohexyl-3-hydroxy-2-pentylidene-1-phenylpropan-1-one (3h):
Rf� 0.3 (hexane/AcOEt 5:1); 1H NMR (300 MHz, CDCl3): �� 7.96 ± 7.46
(m, 5H), 5.97 (t, J� 7.76 Hz, 1H), 4.04 (d, J� 6.69 Hz, 1H), 2.67 ± 0.85 (m,
18H), 0.78 (t, J� 7.20 Hz, 3H); 13C NMR (75 MHz, CDCl3): �� 200.0 (C),
140.0 (C), 137.8 (C), 135.7 (CH), 133.3 (CH), 129.2 (CH), 128.5 (CH), 80.3
(CH), 42.2 (CH), 31.2 (CH2), 30.0 (CH2), 29.5 (CH2), 28.2 (CH2), 26.3
(CH2), 25.9 (CH2), 25.8 (CH2), 22.1 (CH2), 13.7 (CH3); IR (neat): �� � 3448,
3062, 3026, 2959, 2852, 1734, 1661, 1448, 1259, 1232, 1175, 1001; MS (70 eV):
m/z (%): 300 (2) [M�], 217 (100), 161 (18), 105 (92), 91 (13), 83 (56), 77
(51), 55 (84).


(Z)-3-Cyclohexyl-2-cyclohexylmethylidene-3-hydroxy-1-phenylpropan-1-
one (3 i): Rf� 0.3 (hexane/AcOEt 5:1); 1H NMR (300 MHz, CDCl3): ��
8.00 ± 7.44 (m, 5H), 5.73 (d, J� 10.52 Hz), 1H, 4.00 (t, J� 6.16 Hz, J�
5.64 Hz, 1H), 2.44 (d, J� 5.64 Hz, 1H), 1.98 ± 0.92 (m, 22H); 13C NMR
(75 MHz, CDCl3): �� 199.9 (C), 140.0 (CH), 138.3 (C), 137.9 (C), 133.2
(CH), 129.2 (CH), 128.4 (CH), 79.7 (CH), 42.2 (CH), 38.4 (CH), 32.6
(CH2), 32.5 (CH2), 29.9 (CH2), 28.0 (CH2), 26.3 (CH2), 25.9 (CH2), 25.8
(CH2), 25.6 (CH2), 25.1 (CH2); IR (neat): �� � 3449, 3061, 2925, 2862, 2667,
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1720, 1655, 1596, 1579, 1450, 1377; MS (70 eV): m/z (%): 326 (�1) [M�],
243 (64), 161 (22), 105 (94), 91 (14), 83 (58), 77 (52), 55 (100).


(Z)-2-Cyclohexylmethylidene-3-hydroxy-1,3-diphenylpropan-1-one (3 j):
Rf� 0.2 (hexane/AcOEt 5:1); 1H NMR (300 MHz, CDCl3): �� 7.73 ± 7.20
(m, 10H), 5.73 (d, J� 10.6 Hz, 1H), 5.51 (s, 1H), 3.29 (br s, 1H), 1.80 ± 0.90
(m, 11H); 13C NMR (75 MHz, CDCl3): �� 200.1 (C), 141.4 (C), 139.5
(CH), 139.4 (C), 137.7 (C), 133.2 (CH), 129.0 (CH), 128.2 (CH), 127.5 (CH),
126.3 (CH), 76.4 (CH), 38.3 (CH), 32.4 (CH2), 32.1 (CH2), 25.5 (CH2), 25.1
(CH2), 25.0 (CH2); IR (neat): �� � 3452, 3062, 3029, 2929, 2850, 1737, 1660,
1596, 1493, 1449, 1372, 1251, 1094, 1024; MS (70 eV): m/z (%): 320 (9)
[M�], 319 (3) [M��H], 302 (6), 237 (21), 197 (8), 105 (88), 91 (14), 79 (39),
77 (100), 55 (16).


(Z)-2-Cyclohexylmethylidene-3-hydroxy-1-phenyldecan-1-one (3k): 1H
NMR (200 MHz, CDCl3): �� 7.95 ± 7.42 (m, 5H), 5.75 (d, J� 10.50 Hz,
1H), 4.29 (t, J� 6.02 Hz, 1H), 2.61 (br s, 1H), 1.59 ± 0.82 (m, 26H);
13C NMR (75 MHz, CDCl3): �� 200.1 (C), 139.9 (C), 138.0 (CH), 137.8 (C),
133.3 (CH), 129.2 (CH), 128.4 (CH), 74.4 (CH), 38.2 (CH), 36.3 (CH2), 32.5
(CH2), 32.4 (CH2), 31.6 (CH2), 29.2 (CH2), 29.1 (CH2), 25.7 (CH2), 25.5
(CH2), 25.1 (CH2), 22.5 (CH2), 13.9 (CH3); IR (neat): �� � 3271, 3082, 3062,
3028, 2971, 2924, 2851, 1729, 1655, 1596, 1580, 1312, 1267, 1221, 1174, 1072,
956; Rf� 0.3 (hexane/AcOEt 5:1); MS (70 eV): m/z (%): 342 (6) [M�], 324
(22), 259 (21), 243 (90), 225 (26), 197 (7), 161 (35), 155 (14), 105 (100), 91
(28), 83 (33), 77 (80), 67 (23), 57 (39).


Synthesis of compound 4 : (Z)-2-Chloro-3-cyclohexyl-1-phenylpropenone
(0.4 mmol) and MeOH (1.2 mmol) in dry THF (2 mL) were added in one
go to a solution of SmI2 (1 mmol) in THF at �10 �C. The reaction mixture
was stirred for 4 hours at the same temperature, quenched with HCl (0.1�),
extracted with dichloromethane and filtered through an alumina column.
Compound 4 was identified by comparison of the 1H and 13C NMR spectra
with the previously isolated pure compound spectra.


(E)-3-Cyclohexyl-1-phenylpropenone 4 : Rf� 0.4 (hexane/AcOEt 10:1);
1H NMR (300 MHz, CDCl3): �� 7.93 ± 7.26 (m, 5H), 7.01 (dd, J� 15.38,
6.68 Hz, 1H), 6.82 (dd, J� 15.38, 1.14 Hz, 1H), 2.26 ± 2.22 (m, 1H), 1.85 ±
1.70 (m, 5H), 1.36 ± 1.19 (m, 5H); 13C NMR (50 MHz, CDCl3): �� 191.3
(C), 154.9 (CH), 138.0 (C), 132.5 (CH), 128.4 (CH), 123.2 (CH), 41.0 (CH),
31.7 (CH2), 25.8 (CH2), 25.7 (CH2); IR (neat): �� � 3084, 3057, 3025, 2996,
2925, 2851, 1725, 1665, 1614, 1578, 1446, 1336, 1016; MS (70 eV): m/z (%):
214(13) [M�], 157 (6), 120(9), 115 (9), 105 (100), 91 (9), 79 (12), 77 (60), 67
(14), 55 (21), 51 (20).
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Controlling Multivalent Interactions in Triply-Threaded Two-Component
Superbundles


Vincenzo Balzani,*[a] Miguel Clemente-Leo¬n,[a, d] Alberto Credi,*[a] James N. Lowe,[b, e]


Jovica D. Badjic¬,[b] J. Fraser Stoddart,*[b] and David J. Williams*[c]


Abstract: We have investigated the
1H NMR spectra, the absorption spec-
tra, the fluorescence spectra and decays,
and the electrochemical properties of
i) a tritopic receptor in which three
benzo[24]crown-8 macrorings are fused
onto a triphenylene core, ii) a trifurcated
trication wherein three dibenzylammo-
nium ions are linked 1,3,5 to a central
benzenoid core, and iii) their 1:1 adduct
which constitutes a triply-threaded, two-
component supramolecular bundle.
X-Ray crystallography has established
the precise geometry of this paucivalent
recognition motif in the solid state. In
addition to [N�-H ¥ ¥ ¥O] hydrogen bond-
ing and [C-H ¥ ¥ ¥O] interactions between
the NH2


� centers on the three dibenzyl-
ammonium ion containing arms of the
trication and the three crown ether rings
in the tritopic receptor, there is a
stabilizing [� ¥ ¥ ¥�] stacking interaction
between the two aromatic cores. Mass
spectrometry and 1H NMR spectroscopy
have confirmed the integrity of the 1:1
adduct beyond the solid state, provided
the solvents are relatively apolar (e.g.,


chloroform and acetonitrile). The in-
tense fluorescence emissions of the two
recognition components are quenched
upon association with the concomitant
appearance of a lower energy, broad
fluorescence band originating from the
� ±� stacking in the 1:1 adduct of the
aromatic cores in the two matching
components. Titration experiments, in-
cluding Job plots, establish the 1:1 stoi-
chiometry of the adduct, an observation
which is also confirmed by electrochem-
ical experiments. The electrochemical
results show that, both in the tritopic
receptor and in the superbundle itself,
the first oxidation process is associated
with the hexaalkoxytriphenylene core.
The successive oxidation processes of
the peripheral dioxybenzene units are
affected by charge-transfer interactions
in the tritopic receptor, whereas, in the


superbundle, such units are not interact-
ing. In acetonitrile solution, dethread-
ing/rethreading of the 1:1 adduct can be
controlled quantitatively by addition of
base and acid. Dethreading and re-
threading is also observed by 1H NMR
spectroscopy when dimethylsulfoxide is
added to a solution of the 1:1 adduct in
equal volumes of acetonitrile and
chloroform. A trifurcated trication
where methyl groups are located on
the para positions of the three dibenzyl-
ammonium ions, which are linked 1,3,5
to the neutral benzenoid core, has been
employed to demonstrate that dethread-
ing of the 1:1 adduct involves doubly-
threaded and singly-threaded species,
that is, the paucivalent site is dismem-
bered in a sequence of logical steps
involving stable intermediates. This mo-
lecular recognition system is a rare
example of a supramolecular entity
based on a cooperative binding motif
that can be switched on and off by
chemical means.


Keywords: hydrogen bonds ¥
luminescence ¥ molecular machines
¥ molecular recognition ¥
self-assembly
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Introduction


The concept of threading a secondary dialkylammonium
(RCH2NH2


�CH2R) ion containing an NH2
� center through


the cavity of a macrocyclic polyether with a [24]crown ether
constitution minimally was first demonstrated[1, 2] in 1995. This
recognition motif, which relies primarily upon [N�-H ¥ ¥ ¥O]
hydrogen bonds and [C-H ¥ ¥ ¥O] interactions,[3] has been
exploited extensively[4±6] in the noncovalent synthesis[7] of
supermolecules (complexes including pseudorotaxanes) and
in supramolecular assistance[7] to the covalent synthesis of
interlocked molecular compounds such as catenanes and


rotaxanes. These activities also led to the design of molecular-
level devices and machines activated by acid ± base inputs,[8±10]


as well as to the modification of surfaces and to the control of
the aggregation of silver nanocrystals.[11]


In an effort to achieve enhanced association using this
particular recognition motif, we have recently launched an
investigation[12] into the complexation properties of matching
components, each containing multiple recognition sites. This
clustering of weak interactions is a well known phenomen-
on[13] in biological systems and is variously referred to[14] as the
cluster effect or multivalency. For our initial investigations on
multivalency in a wholly unnatural supramolecular system, we
have chosen, as the matching components, i) a tritopic
receptor in the form of a tris-crown ether derivative 1, which
consists of three benzo[24]crown-8 macrorings fused onto a
triphenylene core, and ii) the trifurcated trication [2-H3]3�, as
its hexafluorophosphate salt,[15] wherein three dibenzylam-
monium ions are linked 1,3,5 to a central benzenoid core.
Matching the components gives rise (Scheme 1) to the
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Abstract in Italian: Sono stati studiati gli spettri 1H NMR, gli
spettri di assorbimento elettronico, gli spettri ed i decadimenti
di fluorescenza e le proprieta¡ elettrochimiche di i) un recettore
tritopico formato da tre macrocicli benzo[24]corona-8 costruiti
su un gruppo trifenilene centrale, ii) un tricatione ramificato in
cui tre ioni dibenzilammonio sono legati ad un×unita¡ benzenica
centrale in posizione 1,3,5 e iii) il loro addotto 1:1. Quest×ulti-
mo costituisce una sorta di ™fascio∫ supramolecolare, in cui
ciascun ramo del componente tricationico e¡ infilato in un
macrociclo del recettore tritopico. L×analisi cristallografica ai
raggi X ha permesso di stabilire la geometria dell×addotto allo
stato solido e di evidenziare le interazioni fra i suoi compo-
nenti. Oltre a legami a idrogeno [N�-H ¥ ¥ ¥O] e [C-H ¥ ¥ ¥O] tra
gli ioni dibenzilammonio di un componente e gli eteri corona
dell×altro, si osservano interazioni di stacking [� ¥ ¥ ¥ �] tra le
due unita¡ aromatiche centrali. L×addotto 1:1 e¡ stabile anche in
soluzione, come dimostrato da esperimenti di spettrometria di
massa e di spettroscopia 1H NMR, purche¬ in solventi relativa-
mente poco polari come il cloroformio o l×acetonitrile.
L×intensa fluorescenza dei due componenti molecolari viene
spenta in seguito alla loro associazione, con la concomitante
comparsa di una banda di fluorescenza larga e a bassa energia
dovuta alle interazioni [� ¥ ¥ ¥ �] tra le due unita¡ aromatiche
centrali nell�addotto. La stechiometria 1:1 dell×addotto e¡
confermata da titolazioni, Job plot ed esperimenti elettrochi-
mici. I risultati di questi ultimi esperimenti mostrano che il
primo processo di ossidazione osservato sia nel recettore


Scheme 1. The equilibrium between the tris-crown ether 1 and the tris-ammonium ion [2-H3]3� which lies very much over to the right in favor of the 1:1
adduct [1� 2-H3]3� in solvents such as MeCN and CH2Cl2. In DMSO, the 1:1 adduct becomes completely dissociated into its components. The graphical
representation of the 1:1 adduct portrays the good surface-to-surface match between the two interpenetrating components. The dots indicate the [N�-H ¥ ¥ ¥O]
hydrogen bonds between the NH2


� centers (indicated by the symbol H� placed inside a circle) of [2-H3]3� and the fused benzo[24]crown-8 rings in 1 and the
horizontal dashes, the [� ¥ ¥ ¥�] stacking interactions between the central aromatic core units.


tritopico che nell×addotto e¡ attribuibile all×unita¡ centrale
esaossitrifenilene. I successivi processi di ossidazione delle
unita¡ diossibenzene periferiche nel recettore tritopico sono
influenzati da interazioni di trasferimento di carica, mentre tali
unita¡ non interagiscono tra loro quando si trovano nell×addot-
to. In acetonitrile l×addotto 1:1 puo¡ essere sfilato e reinfilato in
maniera quantitativa e controllata mediante l×aggiunta di acido
e di base. I processi di sfilamento e reinfilamento si osservano
anche aggiungendo dimetilsolfossido ad una soluzione del-
l×addotto in acetonitrile/cloroformio 50:50 (v/v), attraverso la
spettroscopia 1H NMR. Utilizzando un tricatione ramificato in
cui si sono introdotti gruppi metilici in posizione para nelle tre
unita¡ dibenzilammonio, e¡ stato possibile dimostrare che lo
sfilamento dell×addotto 1:1 coinvolge specie doppiamente e
singolarmente infilate. In altre parole, l×addotto si disassembla
secondo una sequenza logica che passa attraverso specie
intermedie stabili. Questo sistema di riconoscimento moleco-
lare costituisce un raffinato esempio di architettura supramo-
lecolare basata su interazioni che cooperano tra loro e che
possono essere attivate e disattivate mediante stimoli chimici.
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formation of a 1:1 adduct [1� 2-H3]3� in the shape of a triply
threaded, two-component supramolecular bundle or super-
bundle with C3v symmetry.


In this paper, we describe 1) the synthesis of 1 and a
derivative [3-H3][PF6]3 of the parent[14] trifurcated tricationic
salt [2-H3][PF6]3, 2) the characterization of the 1:1 adducts
formed between 1 and [2-H3]3�, and 1 and [3-H3]3� in solution
by 1H NMR spectroscopy and mass spectrometry, and 3) the
solid-state superstructure of [1� 2-H3][PF6]3, obtained by
X-ray crystallography on a single crystal of the 1:1 adduct. On
account of their extended aromatic structures, both 1 and [2-
H3]3� are expected to be photo- and redox-active. Stimulated
by the growing interest in the excited-state and redox
properties of supramolecular systems,[8±10, 16±23] we have inves-
tigated the 4) photophysical and 5) electrochemical proper-
ties of the interwoven superbundle [1� 2-H3]3� and its free
components 1 and [2-H3]3�. We have also shown that
6) assembling/disassembling of the superbundle, which in-
volves a triple threading/dethreading process, can be rever-
sibly and quantitatively controlled by the addition of acid and
base to an acetonitrile solution. Some of the results reported
in this paper have been the subject of a preliminary
communication.[24, 25]


Results and Discussion


Synthesis of the tritopic recog-
nition components : Of the
three components–namely 1,
[2-H3][PF6]3, and [3-H3][PF6]3–
the synthesis of the tris-ammo-
nium salt has been described
previously,[15] starting from the
known[26] trialdehyde 4 as de-
picted in Scheme 2. The deriv-
ative [3-H3][PF6]3 of [2-H3]-
[PF6]3 with three terminal
p-methylbenzyl groups was ob-
tained (Scheme 2) by condens-
ing 4 with p-methylbenzyla-
mine in PhMe in a Dean ±
Stark apparatus to afford a
trisimine, which was subse-
quently reduced (NaBH4/THF/
MeOH) to form a trisamine.
The trisamine was protonated
(HCl/THF/MeOH/H2O) and
the counterions were ex-
changed (NH4PF6/H2O) to give
[3-H3][PF6]3.


The tris-crown ether deriva-
tive 1 was obtained (Scheme 3)
in 10% yield following a triple
macrocyclization (Cs2CO3/
DMF) between 2,3,6,7,10,11-
hexahydroxytriphenylene
(HHTP, 5) and the appropriate
bistosylate 7 under high dilu-


Scheme 2. The synthesis of the tris-ammonium salts [2-H3][PF6]3 and
[3-H3][PF6]3.


tion conditions. HHTP (5) was prepared according to
literature procedures.[27] The bistosylate 7 was obtained[28]


from catechol in two steps–its bisalkylation (K2CO3/KI/
MeCN) with 2[2(2-chloroethoxy)ethoxy]ethanol to give a diol
6 which, on tosylation (TsCl/CH2Cl2), gave the desired
product 7.


Characterization of the parent superbundle in solution : Fast
atom bombardment (FAB) mass spectrometry performed on
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Scheme 3. The synthesis of the tris-crown ether derivative 1.


Figure 1. 1H NMR Spectra [500 MHz, CDCl3/CD3CN (1:1), 7.5 m�, 300 K] recorded on a) the 1:1 adduct [1�
2-H3][PF6]3, b) the tris-crown ether 1, and c) the tris-ammonium salt [2-H3][PF6]3.
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a sample obtained from an equimolar solution of the tris-
crown ether derivative 1 and the tris-ammonium salt [2-
H3][PF6]3 revealed intense signals in the spectrum at m/z 2295,
2149, and 2004 corresponding to the [1�2-H3�2PF6]� , [1�2-
H3�PF6]� , and [1�2-H3]� ions, respectively. This evidence for
a strong 1:1 adduct being formed in relatively apolar solvents
was supported by 1H NMR spectroscopy. A spectrum,
recorded in CDCl3/CD3CN (1:1) of an equimolar mixture
(7.5 m�) of 1 and [2-H3][PF6]3 reveals (Figure 1a) a very
highly dispersed array of almost isolated resonances. A
comparison of this spectrum with those recorded under the
same conditions for pure 1 (Figure 1b) and pure [2-H3][PF6]3
(Figure 1c) indicates that there are no signals for these free
species present in the 1H NMR spectrum of the 1:1 adduct.
Indeed, only when the concentration of [1� 2-H3][PF6]3 is
lowered from 7.5 to 0.05 m� is there any evidence of free
species being present in the CDCl3/CD3CN (1:1) solution.
With the aid of 1H,1H COSY (Figure 2) and 2D 1H NMR
T-ROESY (Figure 3) experiments,[29, 30] it is possible to assign
the resonances as shown in Figure 1a, to a single C3v sym-
metrical adduct–namely, the [1� 2-H3]3� superbundle–that
is kinetically stable on the 1H NMR timescale.[31] The large
downfield shifts (Table 1) and multiplicities of the resonances
for the benzylic methylene protons Hd and He adjacent to the
NH2


� centers are characteristic[32] of the formation of a 1:1
complex between dibenzo[24]crown-8 (DB24C8) and the
dibenzylammonium ion ([DBA]�). In addition, substantial
changes in the chemical shifts of the aromatic core protons–
that is, Hf (�0.55 ppm) in 1 and Ha (�0.44 ppm) in [2-H3]3�–
are observed, a phenomenon which suggests that these cores
are [� ±�] stacked with respect to each other. On complex-
ation with the [2-H3]3� trication, the OCH2 protons, such as Hi/
Hi� and Hj/Hj� in the tris-crown ether derivative separate into
two different sets of signals as a consequence of 1 losing its
plane of symmetry orthogonal to the principal axis in the
molecule. Stated another way, the pairs of protons in each
OCH2 group that are directed toward the bound [2-H3]3�


trication become diastereotopic with respect to those which
are directed away from the [2-H3]3� trication. The diaster-
eotopicities of the OCH2 protons Hi/Hi� and Hj/Hj� in 1 can be
observed (Figure 1a) in the 1H NMR spectrum of the 1:1
adduct. In fact, for Hj/Hj� , the anisochronous effect is quite
dramatic: in comparison with the free tris-crown ether
derivative 1, the resonances for one set of protons are shifted
by �0.2 ppm (downfield) while those for the other set are
shifted by �0.5 ppm (upfield). These observations lend
further support to the conclusion that the 1:1 adduct is a
highly stable supramolecular entity in CDCl3/CD3CN (1:1)–
and the fact that complexation ± decomplexation is slow on
the 1H NMR timescale.


Solid-state superstructure of the superbundle : A single crystal
X-ray investigation[33] confirmed the formation in the solid
state of a 1:1 adduct in which the three unique cationic arms of
the triply charged guest are inserted through the centers of the
three crown ether components of the neutral host. In contrast
with the time-averaged C3v symmetry observed in solution for
the 1:1 adduct, here, in the solid state, a geometry that
approximates more closely to Cs is adopted (Figure 4).


Figure 2. Selected areas of the 1H,1H COSY NMR spectrum [500 MHz,
CDCl3/CD3CN (1:1), 7.5 m�, 300 K] of the 1:1 adduct [1� 2-H3][PF6]3.
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Figure 3. Selected areas of the T-ROESY NMR spectrum [500 MHz,
CDCl3/CD3CN (1:1), 7.5 m�, 300 K] of the 1:1 adduct [1� 2-H3][PF6]3.


Although the C3 symmetry of the tri-cationic component is
essentially retained, two distinctly different conformations are
evident for the crown-ether components of the host: two of
these macrocycles have a U-shaped conformation whereas the
third adopts an extended conformation with a pseudo-Ci


symmetry (Figure 5). The two-component superbundle is
stabilized by a combination of [� ¥ ¥ ¥�], [N�-H ¥ ¥ ¥O] and
[C-H ¥ ¥ ¥O] interactions as discussed previously.[24] The two
components overlay each other with the planes of their
central aromatic rings nearly parallel and a centroid-centroid
separation of 3.6 ä, consistent with stabilizing [� ¥ ¥ ¥�] inter-
actions. A secondary conformational feature is the adoption


Figure 4. Ball-and-stick representation of the solid-state superstucture of
the 1:1 adduct [1� 2-H3]3�.


Figure 5. Space-filling representation of the solid-state superstucture of
the 1:1 adduct [1� 2-H3]3�. The lighter shaded molecule is the tris-crown
ether component and the darker shaded one, the tris-ammonium ion
component. The discoid-shaped superbundle has a surface radius of
approximately 14 ä and thickness of 16 ä, i.e., overall dimensions of ca.
2.8� 1.6 mm.


of nonplanar conformations by the three biphenylene units of
the trication. Here, the local symmetry is C3 , the planes of the
three radial phenylene rings being inclined (by between ca. 15
and 23�) in a propeller-like manner with respect to the central
pivotal benzenoid ring in the guest. Accompanying these
twists, there is a commensurate but smaller, distortion of the
triphenylene unit of the host. The only inter-superbundle
interaction of note is a [� ¥ ¥ ¥�] stacking of one of the radial
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Table 1. The chemical shifts (�) of the protons[a] in the uncomplexed tris-
crown ether 1, the uncomplexed tris-ammonium salt [2-H3][PF6]3, and the
superbundle [1� 2-H3][PF6]3–and the change (��) in chemical shift on
complexation.


Proton[b] �(uc) �(c) ��


Ha 7.89 7.45 � 0.44
Hb 7.58 7.59 � 0.01
Hc 7.86 7.63 � 0.23
Hd/He 4.27 4.80 ± 4.90 � 0.5 ± 0.6
Ph 7.46 7.58 & 7.42 ±
Hf 7.86 7.35 � 0.51
Hh/Hg 6.85 6.88 ± 6.94 � 0.03 ± 0.09
Hi 4.09 4.13 � 0.04
Hi� 4.09 4.20 � 0.11
Hj 4.37 3.90 � 0.47
Hj� 4.37 4.57 � 0.20


[a] The 1H NMR spectra were recorded at 500 MHz in CDCl3/CD3CN (1:1)
at a concentration of 7.5 m� at ambient temperature. [b] The proton
designations are shown in Scheme 1.
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phenylene rings of the tricationic component with its Ci-
related counterpart (mean interplanar separation of 3.65 ä).


Absorption and fluorescence spectra : The absorption and
fluorescence data for the compounds recorded in CH2Cl2[34]


are given in Table 2. Figure 6 shows the absorption spectra of


Figure 6. Absorption spectra of the 2.0� 10�5 molL�1 CH2Cl2 solutions of
the tris-crown ether 1 (����), the tris-ammonium ion [2-H3]3� (±±±) and the
superbundle [1� 2-H3]3� (––).


free 1, free [2-H3]3�, and their 1:1 mixture, that is, of the
superbundle [1� 2-H3]3� in CH2Cl2 solution. It is evident that
the formation of the superbundle causes relatively small
changes in the absorption spectrum. The spectra obtained in
MeCN do not differ significantly from those recorded in
CH2Cl2.


The emission spectra of free 1, free [2-H3]3� and the
superbundle [1� 2-H3]3� in CH2Cl2 are illustrated in Figure 7.
The tris-crown ether derivative 1 shows a relatively strong and
structured emission band, quite similar to that observed[35] for
its triphenylene core with �max� 384 nm and �� 10 ns. No
fluorescence band typical of DB24C8 or of its 1,2-dioxyben-


Figure 7. Emission spectra (�exc� 252 nm) of 2.0� 10�5 molL�1 CH2Cl2
solutions of the tris-crown ether 1 (����), the tris-ammonium ion [2-H3]3�


(±±±), and the superbundle [1� 2-H3]3� (––).


zene subunits (�max� 310 nm)[10b] is observed. The [2-H3]3�


tricationic component shows the characteristic strong fluo-
rescence band[35] of its 1,3,5-triphenylbenzene core with �max�
356 nm and �� 17.5 ns; no emission typical (�max� 337 nm) of
the [DBA]� ion is observed. In the emission spectrum of the
1:1 mixture, the fluorescence bands of the two components
are no longer present, a result which is to be expected if a 1:1
adduct had been formed. The superbundle [1� 2-H3]3�


exhibits a broad unstructured luminescence band at longer
wavelengths (�max� 410 nm) which decays according to a
single exponential with a lifetime of 12.5 ns. The excitation
spectrum of [1� 2-H3]3�, recorded at �max� 410 nm, reveals
that the excitation of both components leads quantitatively to
the fluorescent excited state of the superbundle. By contrast,
the fluorescence spectrum of DB24C8 is hardly affected[10d] by
its being threaded by [DBA]� ions. The dramatic changes in
the spectra observed upon titration of 1 and [2-H3]3� indicate
that the two components are tightly connected in the resulting
1:1 adduct which, in fact, behaves as a novel fluorophoric unit.
The new fluorescence emission observed in the superbundle
most likely originates from a lower lying excited state, which
results from the [� ±�] stacking of the aromatic cores of the
two components (Scheme 1). This is evident from the solid-
state superstructure where the centroid ± centroid separation
was observed to be 3.6 ä. In MeCN solution, the fluorescence
spectra and lifetimes of this tris-crown ether derivative 1 (��
9.6 ns) and the tris-ammonium trication [2-H3]3� (�� 17 ns)
and the 1:1 adduct (�� 11.6 ns) are very similar to those
observed in CH2Cl2 solution.


Titration experiments : In order to establish that the associ-
ation of 1 with [2-H3]3� is strong and also to confirm the 1:1
stoichiometry of the supramolecular species, we have carried
out numerous titration experiments. Figure 8 shows the
changes in the emission spectra (�exc� 252 nm) observed on


Figure 8. Changes in the emission spectra (�exc� 252 nm) of a 2.0�
10�5 molL�1 CH2Cl2 solution of the tris-ammonium ion [2-H3]3� on titration
with the tris-crown ether 1. The numbers of equivalents of tris-crown ether
added are 0 (a), 0.13 (b), 0.29 (c), 0.45 (d), 0.59 (e), 0.75 (f), 0.92 (g), 1.01
(h). The inset shows the corresponding titration curve obtained by reading
the luminescence intensity at 490 nm.


the addition of small volumes of a concentrated CH2Cl2
solution of the tris-crown ether derivative 1 to a 2.0�
10�5 molL�1 CH2Cl2 solution[34] of the tris-ammonium salt
[2-H3][PF6]3. A decrease in the intensity of the emission band
(�max� 356 nm) of [2-H3]3� is accompanied by an increase in
the intensity of the band (�max� 410 nm) of the superbundle.


Chem. Eur. J. 2003, 9, 5348 ± 5360 www.chemeurj.org ¹ 2003 Wiley-VCH Verlag GmbH& Co. KGaA, Weinheim 5353


Table 2. Absorption and fluorescence data for the compounds examined in
CH2Cl2 at room temperature.


Absorption Fluorescence
Compound �max [nm] � [��1 cm�1] �max [nm] � [ns]


1 278 88000 384 10
[2-H3]3� 262 69000 356 17.5
[1� 2-H3]3� 270 122000 410 12.5
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From the titration curve (inset in Figure 8) obtained at �em�
490 nm,[36] a Ka value in excess of 107 Lmol�1 can be
estimated. Titration experiments in MeCN solutions yielded
a Ka value of 106 Lmol�1. Such very high association constants,
compared with those[31] for the [2]pseudorotaxane formed
between DB24C8 and [DBA][PF6]–27000 and 420 Lmol�1 in
CHCl3 and MeCN, respectively–proved that association of 1
with [2-H3]3� is strongly favored by cooperative action[37±39]


between the three binding sites, emphasizing the highly
complementary nature of the two components. Not surpris-
ingly, the 1:1 adduct is even more stable[40] in CH2Cl2 than in
MeCN.


We have also constructed Job plots for the association
process by measuring the emission light intensities of the 1:1
adduct at 490 nm[36] in CH2Cl2 (Figure 9) and MeCN solutions


Figure 9. Job plot of the intensity of the emission at 490 nm of different
mixtures of the tris-crown ether 1 and the tris-ammonium ion [2-H3]3� as a
function of the molar fraction of [2-H3]3�. Excitation was performed at
270 nm, where the two components exhibit the same molar absorption
coefficient (Figure 6). The solvent was CH2Cl2 and the sum of the
concentrations of the two components was 4.0� 10�5 molL�1 in all cases.
The curve simulating the formation of a 1:1 adduct with a stability constant
of 1.5� 107 Lmol�1 is also shown.


containing different molar frac-
tions of the two components. The
maximum observed at x� 0.5
proves conclusively that the
complex has 1:1 stoichiometry.
Moreover, the sharpness of the
curve, which is more pronounced
in the CH2Cl2 experiment, con-
firms the association constant is
extremely high, that is, Ka�
1.5� 107 Lmol�1.


Electrochemical behavior: We
have performed electrochemical
investigations on the tris-crown
ether 1, the tris-ammonium ion
[2-H3]3� and the 1:1 adduct [1�
2-H3]3� both in MeCN and in
CH2Cl2. Correlations between
these species and some model
compounds and complexes are
shown in Figure 10. To begin
with, we investigated the electro-
chemical behavior in MeCN of


[2-H3]3�–and then of 1. The former does not exhibit any
redox processes in the potential window examined whereas
the latter was found to behave in a complex manner,
exhibiting three irreversible oxidation processes. The poten-
tial values, obtained from differential pulse voltammogram
(DPV) measurements on 1 were �0.99, �1.29 and �1.44 V in
CH2Cl2 and �1.00, �1.23 and �1.38 V in MeCN. The second
peak is more appropriately described as a shoulder; the
second and third peaks are more intense than the first one.
The superbundle [1� 2-H3]3� exhibits only two oxidation
peaks–at �1.01 and �1.44 V in CH2Cl2 and at �1.08 and
�1.43 V in MeCN. In an attempt to assign these observed
processes, and associate them with structural features, we
have also examined the electrochemical behavior of some
model compounds. We have found that 1) in CH2Cl2,
2,3,6,7,10,11-hexamethoxytriphenylene–a model compound
for the central triphenylene core of the tris-crown ether 1–
reveals an irreversible process at �1.02 V, 2) in MeCN,
DB24C8 exhibits two irreversible oxidation peaks at �1.32
and �1.47 V, a result that can be attributed to a donor± ac-
ceptor interaction between the two dioxybenzene subunits
arising when the first one is oxidized[10e] and 3) in MeCN, the
[2]pseudorotaxane formed between DB24C8 and the [DBA]�


ion displays only one oxidation process at �1.46 V, an
observation which can be assigned to the two equivalent
dioxybenzene subunits separated by the threaded [DBA]�


ion.[10e] These results allow us to assign the first oxidation
process (�1.01 V) involving the superbundle [1� 2-H3]3� to
the oxidation of the hexaoxytriphenylene core and the second
one (�1.44 V) to the oxidation of the three peripheral
dioxybenzene subunits. Since all the processes are irreversi-
ble,[41] it does not seem appropriate to overspeculate. We
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Figure 10. Correlation diagram of the potential values for the oxidation processes of the 2,3,6,7,10,11-
hexamethoxytriphenylene model compound, the tris-crown ether 1 and the supramolecular bundle [1� 2-H3]3� in
CH2Cl2 solution. The potential values for the oxidation processes of DB24C8 and its 1:1 complex formed with the
[DBA]� ion in MeCN solution are also shown for comparison. For more details, see the text.
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would only like to make the point that, after the first oxidation
process, the oxidized hexaoxytriphenylene core becomes an
electron acceptor. Therefore, in the free tris-crown ether 1, the
oxidized hexaoxatriphenylene core may interact with the
electron-donating peripheral dioxybenzene subunits, affect-
ing their oxidation potentials. Further donor± acceptor inter-
actions, involving the dioxybenzene subunits may occur upon
successive oxidations of these subunits as observed[10e] for
DB24C8. However, donor ± acceptor interactions arising from
successive oxidation processes are likely to be prevented in
the superbundle [1� 2-H3]3� because the [2-H3]3� component
rigidifies the superstructure and keeps the redox-active units
separated from each other. Under such conditions, the three
dioxybenzene peripheral units become equivalent and hence
are oxidized at the same potential, just as in the case
(Figure 10) of the two dioxybenzene subunits present in the
[2]pseudorotaxane formed when DB24C8 binds the [DBA]�


ion. The values of the peak potentials for the oxidation
processes indicate that one-electron oxidation of the super-
bundle, which takes place on the central hexaoxytriphenylene
unit, does not lead to dethreading. Such a result, unexpected
at a first glance, suggests that the removal of one electron
from the triphenylene unit of the tris-crown ether component
does not weaken considerably the [N�-H ¥ ¥ ¥O] hydrogen-
bonding interactions that provide the principal stabilization to
the superbundle.


Solvent-induced dissociation of the superbundle : Since it is
known[2, 31] that DB24C8 and [DBA][PF6] do not form a
complex in CD3SOCD3 solution, it was not surprising to us
that addition of CD3SOCD3 to an equimolar mixture (7.5 m�)
in CDCl3/CD3CN (1:1) causes the superbundle [1� 2-H3]3� to
undergo complete decomplexation. This observation[42] is
undoubtedly a result of the fact that CD3SOCD3 is a much
better hydrogen-bond acceptor than CDCl3 or CD3CN. Thus,
CD3SOCD3 competes successfully with the crown ether×s
oxygen atoms to hydrogen bond
to the NH2


� centers in the tris-
ammonium trication. The de-
complexation was monitored
by recording a series of
1H NMR spectra (Figure 11),
while gradually increasing the
proportions of CD3SOCD3 pres-
ent in the mixed solvent system,
namely CDCl3/CD3CN (1:1).
These spectra reveal that a com-
plete transition takes place from
the fully complexed species, that
is, the superbundle [1� 2-H3]3�


to the completely free tris-
crown ether derivative 1 and
trisammonium trication [2-
H3]3� at 33% CD3SOCD3. A
closer inspection of the spectra
leads to the identification of
resonances which correspond
to neither the triply-threaded
1:1 complex nor the free com-


ponents. These resonances must result from the intermediate
complexes on the pathway between these two extreme
situations. They are probably doubly- and singly-threaded
1:1 complexes which are formed as the three arms of the [2-
H3]3� trication dissociate progressively from the three macro-
cyclic polyethers present in 1. The 1H NMR spectra are
exceedingly complicated, when these numerous species are all
present under conditions of slow-exchange.


For this reason, we decided to use a simple 1H NMR probe
by locating methyl groups at the para-positions of the three
benzyl groups in [2-H3]3�. The CD3SOCD3-driven decom-
plexation of the resulting superbundle [1� 3-H3]3� was
followed by monitoring (Figure 12) the resonances for the
different methyl groups as aliquots of CD3SOCD3 were added
to [1� 3-H3][PF6]3 dissolved initially in CDCl3/CD3CN (1:1).
In principle, during the dissociation of [1� 3-H3]3� to the free
species via the doubly- and singly-threaded complexes there
are six different methyl environments which could possibly
lead to the observation of six separate singlets in 1H NMR
spectra. The triply-, doubly- and singly-threaded trications
each provide different ™complexed methyl∫ environments,
while the doubly-, singly-threaded and free trications each
provide different ™uncomplexed methyl∫ environments. In
the event, four different singlets are observed (Figure 12) at �
2.350 (B), 2.345 (C), 2.336 (D), and 2.311 (A) in the 1H NMR
spectrum recorded with 14% CD3SOCD3 present. It seems
not unreasonable that the methyl groups located in all of the
bound side arms will resonate with identical or near identical
chemical shifts (A), irrespective of whether they are located in
singly, doubly or triply threaded complexes. On this assump-
tion, it has to be the methyl groups in the unbound arms of the
free, singly and doubly threaded species that give rise
(Figure 13) to the signals C, B, and D, respectively. It is
evident from inspection of the partial spectra portrayed in
Figure 12 that, as the proportion of CD3SOCD3 is raised, the
intensity of the resonance C increases, while those for
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Figure 11. A series of 1H NMR spectra (500 MHz, 300 K) recorded on addition of CD3SOCD3 to a 7.5 m�
CDCl3/CD3CN (1:1) solution of the 1:1 adduct [1� 2-H3][PF6]3 showing the progressive decomposition of the
superbundle to give the tris-crown ether 1 and the tris-ammonium salt [2-H3][PF6]3.
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Figure 12. Partial 1H NMR spectra [500 MHz, (100� x)% CDCl3/CD3CN
(1:1) � x% CD3SOCD3, x� a) 0, b) 7.4, c) 13.8, d) 19.4, e) 24.3, f) 28.6, and
g) 33.3] showing the resonances corresponding to the methyl groups in an
equimolar mixture of the tris-crown ether 1 and the tris-ammonium salt
[3-H3][PF6]3.


Figure 13. A schematic representation of the equilibration between the
tris-crown ether 1 and the tris-ammonium ion [3-H3]3� involving species
that are triply-, doubly-, and singly-threaded, as well as free.


resonances B and D decrease. Hence, C would appear to be
the resonance for the free trication. Resonances B and D can
only be assigned tentatively.[43] Since resonance B, in general,
has a greater intensity than that of D, then resonance B
probably corresponds to the methyl groups in the unbound
arms of the singly-threaded complex, leaving resonance D to
correspond to the methyl groups in the unbound arm of the
doubly-threaded complex. One conclusion can be drawn with


some certainty: the dissociation of [1� 3-H3]3� is a stepwise
process.


Dethreading/rethreading with base/acid inputs : An important
feature of pseudorotaxanes based on hydrogen-bonding
interactions between crown ethers and NH2


� ion centers is
the possibility of controlling the dethreading/rethreading
processes using base/acid inputs.[8, 9, 10a,b,d,f] We have therefore
investigated the possibility of dethreading the [1� 2-H3]3�


superbundle in CH2Cl2[34] by addition of tri-n-butylamine
(NBu3). In an experimental foray, we examined the behavior
of [2-H3]3� on addition of NBu3. It is well known[44] that
deprotonation of aromatic ammonium salts often causes
quenching of their fluorescence because of the appearance of
an n ±�* excited state below the fluorescent � ±�* level. We
established that addition of a stoichiometric amount of NBu3


to a solution of [2-H3]3� does not cause fluorescence quench-
ing. The possibility that NBu3 is not sufficiently strong a base
to deprotonate the NH2


� ion centers in [2-H3]3� was dis-
counted[45] by the fact that we found that addition of one
equivalent of NBu3 does cause complete quenching of the
fluorescence of the [DBA]� ion (�max� 337 nm). Thus, we
have to conclude that NBu3 is strong enough to deprotonate
the NH2


� ion centers in [2-H3]3� and that the fluorescence of
[2-H3]3� is not quenched upon deprotonation because, in
CH2Cl2 solution, the n ±�* excited state of 2 is higher in
energy than the emitting � ±�* level. On the basis of this
result, dethreading of [1� 2-H3]3� caused by deprotonation of
the [2-H3]3� component implies the disappearance of the
broad [1� 2-H3]3� emission (�max� 410 nm) and the re-
instatement of both the fluorescence of the tris-crown ether
(�max� 384 nm) and the (deprotonated) tris-ammonium ion
(�max� 356 nm). Upon titration of [1� 2-H3]3� with NBu3,
changes in the shape and intensity of the fluorescence spectra
in the expected directions were indeed observed–but to a
lesser extent than expected, which indicates that dethreading
was not complete. Apparently, the stabilization caused by
hydrogen bonding in the [1� 2-H3]3� adduct makes deproto-
nation of the NH2


� center in the threaded compound more
difficult than in the case of the free [2-H3]3� component. An
alternative explanation would be that the deprotonation of
the NH2


� centers in the bound [2-H3]3� component is not a
sufficient condition for complete dethreading because of a
significant contribution from the � ±� stacking interaction to
the stability of the 1:1 adduct. This hypothesis, however, can
be rejected since no association between the tris-crown ether
1 and the deprotonated thread 2 is observed in solution.


Contrary to what happens in CH2Cl2 solution, addition of
NBu3 to an MeCN solution of [2-H3]3� causes the quenching
of its fluorescence band with �max� 356 nm. The different
fluorescence behavior of the deprotonated compound 2 in the
two solvents is most likely related to the greater stabilization
of the n ±�* charge-transfer excited state in the more polar
MeCN solvent. Titration experiments show that addition of
one equivalent of base quenches the fluorescence of [2-H3]3�


completely, indicating that, as expected, deprotonation of
only one NH2


� ion center is sufficient to cause the formation
of a low energy n ±�* excited state. According to the above
results, in MeCN solution, dethreading of [1� 2-H3]3� by
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deprotonation of the [2-H3]3� component should lead to the
disappearance of the broad emission typical of the 1:1 adduct
(�max� 410 nm) and the re-instatement of the fluorescence of
the tris-crown ether (�max� 384 nm). This behavior is exactly
what was observed upon titration of [1� 2-H3]3� with NBu3.
After addition of three equivalents of NBu3 to [1� 2-H3]3�,
the fluorescence spectrum was the same as that observed
(Figure 14) for the tris-crown ether 1 alone and no further


Figure 14. Fluorescence spectra (�exc� 307 nm) of a MeCN solution of
[1� 2-H3]3� (a), after addition of three equivalents of NBu3 (b), and after
successive addition of three equivalents of triflic acid (c).


change was observed on addition of an excess of the amine.
The occurrence of dethreading was also shown by changes in
the absorption spectrum, which–at the end of the titration–
matches exactly the sum of the spectra of the free components
1 and 2. After the addition of three equivalents of NBu3,
successive addition of three equivalents of triflic acid caused
the restoration of the initial absorption and emission spectra
(Figure 14), indicating that the dethreading-rethreading proc-
ess is fully reversible (Scheme 4).


The dethreading/rethreading process has also been inves-
tigated (Figure 15) by 1H NMR spectroscopy. The 1H NMR
spectrum (Figure 15a) of an equimolar mixture of the tris-
crown ether 1 and the tris-ammonium salt [2-H3][PF6]3 in
CD3CN revealed (cf. Figure 1a) the quantitative formation of
the [1� 2-H3]3� superbundle. Upon addition of slightly more
than three equivalents of diisopropylethylamine (NEtiPr2) to
the CD3CN solution of the superbundle, significant changes
were observed in the spectrum (Figure 15b). The resonances
for the benzylic methylene Hd/e protons in [1� 2-H3]3� are
shifted upfield from about �� 4.9 to about �� 3.8, indicating
complete deprotonation of the [2-H3]3� trication to give the
tris-amine 2. The chemical shifts of all the other protons in
both the 1 and [2-H3]3� components of the superbundle
change (Figure 15b) quite dramatically as well. In particular,


resonances of the central aromatic-core protons Ha (�� 7.48
in the [2-H3]3� component) and Hf (�� 7.40 in the 1
component), influenced by the [� ±�] stacking interaction of
the two aromatic systems, are shifted downfield to �� 7.87
and � 7.86, respectively, clearly demonstrating the absence of
any [� ±�] stacking upon the addition of base. Moreover, the
diastereotopicities of the o-methylene protons (Hi/i� and Hj/j�)
expressed by their pronounced anisochronous behavior in the
1H NMR spectrum (Figure 15a) of the [1� 2-H3]3� trication,
are lost (Figure 15b) completely on addition of base. All of the
1H NMR spectroscopic evidence points unambiguously to the
complete dethreading of the superbundle and the presence of
only two separate species–the tris-crown ether 1 and the tris-
amine 2–in the CD3CN solution treated with NEtiPr2.
Subsequent addition of a slight excess of trifluoroacetic acid
compared with the previously added amine brought about
complete rethreading as evidenced by the ™restored∫ 1H NMR
spectrum (Figure 15c) of the [1� 2-H3][PF6]3 superbundle.
The results of these 1H NMR experiments–on top of the
fluorescence studies–demonstrate the reversibility of the
dethreading and rethreading of [1� 2-H3][PF6]3 and the fact
that it can be controlled (Scheme 4) by inputs of base and
acid, respectively.


Conclusions


An artificial recognition motif, wherein one reasonably flat
and rigid component with three trigonally arranged orifices is
triply penetrated by the three trigonally disposed tentacles of
a slightly more flexible component has been demonstrated by
numerous spectroscopic, photophysical and electrochemical
experiments to be, both kinetically and thermodynamically,
extremely stable in appropriate solvents.[46] More specifically,
a tritopic receptor in the shape of the tris-crown ether 1 is the
near-perfect match for certain trifurcated trications–namely
[2-H3]3� and [3-H3]3�–to form [2]pseudorotaxanes three
times over within the same 1:1 adducts. The availability of
single crystals, suitable for X-ray crystallography, of one of
these adducts, that is, [1� 2-H3][PF6]3 has established the
stabilizing cooperative actions of a few key strong [N�-H ¥ ¥ ¥O]
hydrogen bonds in addition to [C-H ¥ ¥ ¥O] and [� ¥ ¥ ¥�] stacking
interactions, leading to the formation of a compact and
efficient binding site.


While complexation can be suppressed completely in
solvents such as dimethylsulfoxide, which competes favorably
as a hydrogen-bond acceptor for hydrogen-bond donors, other
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Scheme 4. A graphical representation of the reversible dethreading and rethreading caused by base and acid, respectively.
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organic solvents, such as dichloromethane, chloroform, and
even acetonitrile, can sustain very strong superbundle for-
mation. In the particular case of the [1� 2-H3]3� superbundle,
the 1:1 adduct is only slightly more stable (Ka� 107 molL�1) in
CH2Cl2 than it is (Ka� 106 molL�1) in the more polar MeCN.
The photophysical properties of this superbundle are partic-
ularly interesting because both the separated free components
exhibit characteristic fluorescent bands. These properties
helped to establish beyond any doubt the 1:1 stoichiometry
of the superbundle in solution. Fluorescence titration experi-
ments have produced spectacular Job plots in support of this
1:1 adduct formation, a result which has been confirmed by
both electrochemical experiments and 1H NMR spectroscopy.


Complete and reversible dethreading/rethreading of the 1:1
adduct can be achieved in acetonitrile using base/acid inputs.
This particular supramolecular species represents a prime
example of a cooperative, multivalent recognition site[47] that
can be switched on and off by chemical means. As such, it
lends itself to the construction of molecular machines[7, 8] of
nanometer-scale dimensions, as well as to the self-assembly of
supramolecular polymers[48] of considerable size and stability
with rigid architectures that could be extremely sensitive to
pH and solvent polarities.


Experimental Section


General methods : All solvents and reagents were used as received unless
stated otherwise. All solvents were dried prior to use according to standard
literature procedures.[49] For the spectroscopic and electrochemical experi-
ments, respectively, CH2Cl2 and MeCN were Merck Uvasol and Romil Hi-
Dry and were used as received. Reactions were monitored by thin-layer
chromatography on aluminum sheets coated with silica gel 60F (Merck
5554). The plates were inspected by UV light and, if required, developed in
iodine vapor. Column chromatography was carried out by using silica gel 60


(Merck 9385, 230 ± 400 mesh). Melting
points were determined on an Electro-
thermal 9100 apparatus and are uncor-
rected. 1H and 13C NMR spectra were
recorded on a Bruker ARX400 spec-
trometer (at 400 MHz and 100 MHz,
respectively) and on either Bruker
ARX500 or Bruker Avance 500 spec-
trometers (at 500 MHz and 125 MHz,
respectively) at ambient temperature.
They were referenced using their resid-
ual signals as internal standards. The
chemical shifts are expressed in ppm
and the coupling constants from the
1H NMR spectra in Hertz (Hz). Elec-
tron impact mass spectra (EI-MS) were
obtained from a VB Prospec mass
spectrometer. Fast atom bombardment
mass spectra (FAB-MS) were obtained
on a VB ZAB-SE spectrometer equip-
ped with a krypton primary atom beam
using a 3-nitrobenzyl alcohol matrix.
Matrix-assisted laser desorption ioniza-
tion time-of-flight (MALDI-TOF-MS)
were recorded on an PerSeptives Bio-
systems instrument using a trans-indole
acrylic acid matrix and an average of 50
laser shots per sample. The absorption
spectra, fluorescence spectra and life-
times, and electrochemical experiments
were carried out[34] in CH2Cl2/MeCN


(99:1)–hereafter referred to as CH2Cl2–and MeCN solutions at room
temperature. The concentration of each component was 2.0� 10�5 molL�1


for the spectroscopic measurements and 5.0� 10�4 molL�1 for the electro-
chemical experiments. Absorption and luminescence spectra were record-
ed with a Perkin ± Elmer �16 spectrophotometer and a Perkin ± Elmer LS-
50 spectrofluorometer, respectively. Luminescence lifetimes were meas-
ured with an Edinburgh DS 199 single photon counting instrument,
equipped with a deuterium-filled arclamp (excitation in the range of 250 ±
320 nm). In the titration experiments, the luminescence data were
corrected for the luminescence intensity versus absorbance instrumental
response.[50] Cyclic voltammetric (CV) and differential pulse voltammetric
(DPV) experiments were carried out in argon purged solutions at room
temperature with an Autolab 30 multipurpose instrument interfaced at a
PC. All potentials are referred to SCE; the potential window examined was
�2 to �1.5 and �2 to �2 V versus SCE in CH2Cl2 and MeCN, respectively.
The working electrode was a glassy carbon electrode (Amel, 0.08 cm2) and
the counter electrode was a Pt spiral contained in a fine glass frit. A silver
wire was employed as a quasi-reference electrode. Tetraethylammonium
hexafluorophosphate (5� 10�2 molL�1) was added as supporting electro-
lyte and ferrocene was used as an internal standard for the potential values.
CVs were obtained at sweep rates of 20, 50, 100, 200, and 500 mVs�1. DPVs
were performed with scan rates of 20 mVs�1, a pulse height of 75 mV, and a
duration of 40 ms. Experimental errors are estimated to be: wavelengths,
�1 nm; luminescence lifetimes, �5%; redox potential values, �10 mV.


Tris-crown ether 1: An oven-dried 2 L three-necked, round-bottomed flask,
equipped with a stirrer bar, a gas inlet tube, an addition funnel, and a
condenser, was purged with argon for 10 min and then charged with
anhydrous DMF (300 mL). Cs2CO3 (30.1 g, 92 mmol) was added to the
flask and the white suspension stirred vigorously and heated to 100 �C. The
addition funnel was charged with a solution of 2,3,6,7,10,11-hexahydroxy-
triphenylene[27] (5) (2.5 g, 7.7 mmol) and 1,2-bis(2-(2-(2-(2-p-tolylsulfonyl-
oxy)ethoxy)ethoxy)ethoxy) benzene[28] (7) (15.8 g, 23 mmol) in anhydrous
DMF (500 mL). This solution was added dropwise during 24 h to the
suspension which was heated under reflux for an additional 6 d. On cooling
the reaction mixture down to room temperature, the suspension was
filtered off and the residue was washed with CHCl3 (250 mL). The filtrate
and CHCl3 washings were concentrated under reduced pressure. The
resulting dark tar was dissolved in CH2Cl2 (500 mL) and washed with 10%
aqueous K2CO3 (2� 300 mL) and finally H2O (300 mL). The organic layer
was dried (MgSO4), filtered, and concentrated under reduced pressure to
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Figure 15. 1H NMR spectra (500 MHz, CD3CN, 148 m�, 298 K) of a) the superbundle [1� 2-H3][PF6]3, i.e., an
equimolar mixture of 1 and [2-H3][PF6]3, b) the deprotonated tris-amine 2 and the free tris-crown ether 1 upon
addition of 5 �L (3.2 equiv) of diisopropylethylamine to the superbundle, and c) the rethreaded superbundle [1�
2-H3][PF6]3 upon addition of 2.2 �L (3.2 equiv) of trifluoroacetic acid (TFA).







Two-Component Superbundles 5348±5360


afford a crude product which was subjected to column chromatography
(silica gel; gradient elution CHCl3/iPrOH 25:1	 4:1) to yield the pure tris-
crown ether 1 as an off-white solid (1.03 g, 10%). M.p. 110 ± 112 �C;
1H NMR (400 MHz, CDCl3): �� 3.87 ± 3.94 (m, 36H), 4.03 ± 4.08 (m, 12H),
4.15 ± 4.21 (m, 12H), 4.39 ± 4.42 (m, 12H), 6.85 (m, 12H), 7.80 (s, 6H);
13C NMR (100 MHz, CDCL3): �� 69.3, 69.8, 70.0, 71.3, 71.3, 107.4, 114.1,
121.4, 123.8, 148.7, 148.9; FAB-MS: m/z : 1338 [M�]; HRMS (MALDI-
TOF): calcd for C72H90O24Na: 1361.5720; found: 1361.5927.


Tris-ammonium salt [3-H3][PF6]3 : A mixture of 1,3,5-tris(4-formylphenyl)-
benzene[26] (4) (100 mg, 0.26 mmol) and p-methylbenzylamine (93 mg,
0.77 mmol) in PhMe (40 mL) was heated under reflux overnight and the
H2O was collected in a Dean ± Stark apparatus. The solution was allowed to
cool down to room temperature and the solvent was evaporated off under
reduced pressure to give 1,3,5-tris[(4-tolyliminomethyl)phenyl]benzene as
an off-white solid (170 mg, 95%). 1H NMR (200 MHz, CDCl3): �� 2.36 (s,
9H), 4.84 (s, 6H), 7.16 ± 7.30 (m, 12H), 7.76 (d, J� 8 Hz, 6H), 7.86 (d, J�
8 Hz, 6H), 7.93 (s, 3H), 8.45 (s, 3H). This solid was dissolved in dry THF
(5 mL) and dry MeOH (5 mL). After the portionwise addition of NaBH4,
the reaction mixture was left to stir overnight. Aqueous 5� HCl was added
to the reaction mixture until the pH was just less than 1. This mixture was
concentrated in vacuo and the residue was partitioned between aqueous 2�
NaOH solution (40 mL) and CH2Cl2 (40 mL). The aqueous layer was then
extracted further with CH2Cl2 (30 mL). The combined organic extracts
were washed with H2O (30 mL) and then dried (MgSO4). Filtration,
followed by evaporation, gave, 1,3,5-tris[(4-tolylaminoethyl)phenyl]ben-
zene (3) (134 mg, 79%) as a clear oil. 1H NMR (200 MHz, CDCl3): �� 2.35
(s, 9H), 3.82 (s, 6H), 3.86 (s, 6H), 7.15 (d, J� 8 Hz, 6H), 7.27 (d, J� 8 Hz,
6H), 7.45 (d, J� 8 Hz, 6H), 7.65 (d, J� 8 Hz, 6H), 7.74 (s, 3H). This oil was
heated overnight under reflux in 12� HCl. On cooling, the reaction mixture
was filtered and the residue washed with H2O (20 mL) and Me2CO (5 mL).
The resulting white solid was dissolved in hot H2O (80 mL) and saturated
aqueous NH4PF6 solution was added. The resulting suspension was
extracted with MeNO2 (2� 50 mL). The combined extracts were washed
with H2O (2� 100 mL), dried (MgSO4), filtered and the solvent was
removed under reduced pressure to give the trisammonium salt [3-
H3][PF6]3 as an off-white solid (187 mg, 86%). M.p. 110 �C (decomp);
1H NMR (400 MHz, CD3CN):�� 2.36 (s, 9H), 4.23 (m, 6H), 4.29 (m, 6H),
7.12 (br s, 6H), 7.28 (d, J� 8 Hz, 6H), 7.36 (d, J� 8 Hz, 6H), 7.57 (d, J�
8 Hz, 6H), 7.89 (d, J� 8 Hz, 6H), 7.95 (s, 3H); 13C NMR (100 MHz,
CD3CN): �� 20.3, 51.0, 51.4, 125.3, 125.3, 127.9, 129.7, 130.0, 130.2, 130.8,
140.1, 141.5, 141.6; FAB-MS: m/z : 852 [M�PF6�HPF6]� .
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Coordination Solids via Assembly of Adaptable Components: Systematic
Structural Variation in Alkaline Earth Organosulfonate Networks


Adrien P. Co√ te¬ and George K. H. Shimizu*[a]


Abstract: A family of alkaline earth
organosulfonate coordination solids is
reported. In contrast to more typical
crystal engineering approaches, these
solids are sustained by the assembly of
building blocks that are coordinatively
adaptable rather than rigid in their
bonding preferences. The ligand, 4,5-
dihydroxybenzene-1,3-disulfonate, L,
progressively evolves from a 0D, 1D,


2D, to a 3D microporous network with
the Group II cations Mg2�, Ca2�, Sr2�,
and Ba2�, (compounds 1 ± 4), respective-
ly. This trend in dimensionality can be


explained by considering factors such as
hard ± soft acid ± base principles and cat-
ion radii, a rationalization which follows
salient crystal engineering principles.
The selective gas sorption properties of
the microporous 3D network [Ba(L)-
(H2O)] ¥H2O, 4, with different gaseous
guests are also presented.


Keywords: alkaline earth metals ¥
coordination complexes ¥ crystal
engineering ¥ host ± guest systems ¥
sulfonate ligands


Introduction


The identification and development of novel solid-state
architectures is a general theme in the pursuit of new
functional materials. A major goal is to derive relationships
between a solid×s structure and its properties and then use
these correlations to design new materials. However, at times,
finding strategies to prepare a designed solid-state architec-
ture can be highly empirical, and obtaining a phase with the
desired organization of components becomes a trial and error
process. Thus, there is an inherent value to forming a pool of
information from the a posteriori structural rationalization of
compounds from which a set of principles can be extracted to
allow future structures to be predicted. The first approach is to
identify trends within a narrow set of parameters, for example,
by systematically changing the nature of one component in a
solid-state compound.


A promising method to prepare designed solid-state
materials is to employ organic ligands and metal ions as
building blocks.[1] By taking into account the coordination
modes and ligating preferences of metal cations and bridging
ligands, the concepts of crystal engineering of coordination
solids have evolved over recent years.[2] In efficiently designed


metal-polycarboxylates and -polypyridines, often predictions
can be made based upon the usual coordination geometry of
the chosen metal center and the denticity and shape of the
ligand.[3] Crystal engineering descriptors such as ™net top-
ologies∫ with associations made to atomic network solid
structures have evolved a means to categorize coordination
solids and as design starting points for preparing extended
networks.[4]


The vast majority of work on coordination solids concerns
transition metals, however, s-block metals have received
relatively little attention.[5] From a synthetic standpoint,
transition-metal cations as tectons are more natural choices
owing to the well-defined coordination geometries of d-block
cations and cation clusters. Comparatively, aversions to using
s-block cations as building blocks arise from their unpredict-
able coordination numbers and geometries as no ligand field
stabilization effects govern their bonding.[6] The observed
coordination trends in s-block chemistry are better correlated
with the less exacting parameters of cation radius and charge
density. Another issue for framework assembly with s-block
ions is their high affinity for oxygen donors, particularly water.
This tendency to form solvated metal centers upon crystal-
lization inhibits the metal-ligand cross-linking required to
form an extended structure. Given the less predictable nature
of s-block assemblies, it seems counter-intuitive to use them as
building blocks for coordination solids. However, less struc-
tural predictability does not preclude high degrees of order
nor functionality, as will be shown in this work.


Research in our group is focussing on the use of organo-
sulfonates (RSO3


�). Sulfonates are structurally analogous to
organophosphonates (RPO3


2�), another class of ligands
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successfully used for the formation of functional coordination
solids.[7] Similarly with the other types of ligands previously
discussed, phosphonates strongly bind to transition metals
and are valued because they very predictably form layered
networks with a well-defined mode of connectivity between
ligands and metal ions. In comparison, sulfonates have less
ligating ability due to their lowered anionic charge, and are
broadly classified as soft and weakly coordinating. So, upon
aqueous complexation with harder transition-metal cations,
sulfonates tend to form hydrated compounds, with the
sulfonate groups forming hydrogen bonds to the aquo ligands
(i.e., second-sphere complexes).[8] When softer cations, such
as 3rd ± 5th row alkali or alkaline earth are employed, direct
coordination of sulfonate ligands can be enabled. With
appropriate ligands, this can result in cross-linking between
metal centers to form network structures,[9±11] even when
crystallized from water. Within these networks it is observed
that -SO3 groups can achieve every possible mode of bridging
(Figure 1). The observation that sulfonates have a wide range
of bonding modes in these structures has led us to describe the
group as a ™ball of Velcro∫.[9a, 12]


Figure 1. Observed coordination modes for sulfonate ions.


Our approach towards the preparation of new coordination
networks uses a less rigorous adherence to current crystal
engineering concepts: If one employs a ligand with weaker,
more variable coordinative tendencies, in our case organo-
sulfonates (RSO3


�), in conjunction with metals ions with
pliant coordination spheres, such as s-block cations, the
energetic minimum to form the most stable network becomes
more accessible because both the metal and ligand are
coordinatively adaptable.[13] This strategy follows hallmark
supramolecular concepts in that multiple weak interactions
are being employed cooperatively to ultimately form stable
structures.[14] In this sense, transition metal polycarboxylate, -
polypyridyl, and -phosphonate coordination networks may be
regarded as being engineered from the ™rigid ± rigid∫ associ-
ation of highly preorganized building blocks. s-Block metal ±
sulfonate networks result from the assembly of coordinatively
adaptable metal and ligand building blocks.


Herein, we have studied the coordination chemistry of the
disulfonated catechol, 4,5-dihydroxybenzene-1,3-disulfonate,
L, with alkaline earth cations. L forms more aggregated
structures with higher Group II cations, progressively forming
a 0D solvent separated structure with Mg2� (1), 1D columnar


structure with Ca2� (2), 2D
layered structure with Sr2� (3),
to finally a 3D microporous
coordination framework with
Ba2� (4). In previous studies
with disulfonated ligands and


Group II cations, it has been generally observed that lamellar
networks are formed.[15±16] Significantly, [Ba(L)(H2O)] ¥H2O,
4, is a robust network, stable to �400 �C, which possesses
selective and reversible gas sorption properties.[17] These
different structural trends can be correlated with cation
radius, which directly affects chemical softness and coordina-
tion number. Moreover, this work shows that, from coordi-
natively adaptable building blocks, stable and functional
solids are attainable.


Results and Discussion


Single crystal structures : Single crystal structures were
obtained as hydrates for all the alkaline earth salts of L. For
the sake of visualization, Figures 2 ± 5 are presented as an
initial view of the overall structures of 1 ± 4, respectively. Each
compound is discussed in more detail. The Mg2� structure, 1,


Figure 2. Packing arrangement of [Mg(H2O)6] ¥L ¥ 3H2O, 1, viewed along
the crystallographic c axis showing the solvent separated arrangement of
the structure provided by the coordinated and included H2O. Mg(H2O)62�


centers are represented by polyhedra.


Figure 3. View onto the 1D columns in [Ca(L)(H2O)4] ¥H2O, 2, which run
parallel to the a axis.


can be classified as a 0D network and is a solvent separated
ion-pair solid (Figure 2). However, the Ca2�, 2, Sr2�, 3, and
Ba2�, 4, salts form extended coordination networks through
both bonding to the catechol moiety and the -SO3 groups of L.
An increasing degree of aggregation is observed between
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Figure 4. Layered 2D structure of [Sr(L)(H2O)4] ¥H2O, 3, viewed along the
crystallographic a axis. Lamella lie parallel to the ab plane with the
included and coordinated water molecules projecting into the interlayer
region.


Figure 5. 3D pillared layered structure of [Ba(L)(H2O)] ¥H2O, 4, viewed
along the a axis. The water filled�4 ä channels lie between molecules of L
in the interlayer region which support the 2D [BaSO3]� aggregation in the
ab plane.


ligands and metals in 2 ± 4 re-
sulting in a 1D columnar motif
for Ca2� (Figure 3), 2D lamellar
structure for Sr2� (Figure 4), to a
3D pillared layered structure for
Ba2� (Figure 5). This increase in
dimensionality stems from the
larger radii and polarizability of
heavier M2� ions, and the result-
ing compatibility with soft sul-
fonate anions. A parallel trend is
the lowered affinity for the soft-
er cations to coordinate to water
molecules, allowing for more
cross-linking. The structural unit
M2�L, where the catechol (4,5-
diol) moiety of L chelates the
metal center in a doubly proto-
nated form, can be viewed as a
synthon in these networks, as,
undoubtedly, this strongly ligat-
ed unit would form first.[18]


More detailed features of 2 ± 4
are illustrated in the asymmetric
units presented in Figure 6a ± c
discussed below. Details of the
single crystal X-ray analyses are
given in Table 1.


[Mg(H2O)6] ¥ L ¥ 3 H2O (1): This structure is an example of a
purely second sphere network as the catechol moiety of L
does not coordinate to Mg2� (Figure 2). Mg2� is present as a
hexaaquo species and forms charge assisted hydrogen bonds
with sulfonate ligands, typical of Mg2� sulfonate salts.[19]


Overall, the extended structure can be perceived as having a
layered motif with hexaaquo Mg centers and interstitial water
molecules alternating with sheets of L. There are two
crystallographically distinct molecules of L that exist as a �-
stacked pair (3.2 ä) in the asymmetric unit. This dimer further
�-stacks (3.3 ä) with neighboring pairs of L along the z
direction. The sulfonate groups form hydrogen bonds to
[Mg(H2O)6]2� centers (Figure 7). The number of hydrogen-
bonding contacts between sulfonate oxygens and coordinated
water molecules ranges from two to five for each SO3 group
(D ¥ ¥ ¥A 2.72 ± 2.91 ä).[20] All Mg�O bond lengths and angles
are within normal limits ranging 2.027(2) to 2.134(2) ä.


[Ca(L)(H2O)4] ¥ H2O (2): The building block for this structure
(as well as 3 and 4) can be viewed as 1:1 M:L complex where L
chelates to Ca2� via the catechol moiety (O7�Ca1 2.579(2),
O8�Ca1 2.508(2) ä). The columnar motif observed in this
network originates from a 1D aggregation of these chelated
CaL units via sulfonate ligation (Figure 3). Only one CaL unit
present is in the asymmetric unit. These units link along the z
direction to give a 1D chain (Figure 8). Each CaL unit is
joined to the next via the sulfonate group in the 1-position to
bridge metal centers in an �2,�2-coordination mode (O1�Ca1
2.358(2) ä, O2�Ca1 2.395(2) ä), leaving the second sulfonate
group uncoordinated. The coordination spheres are complet-
ed to 8-coordination by bridging sulfonate groups and four
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Figure 6. Elaborated asymmetric units for a) [Ca(L)(H2O)4] ¥H2O, b) [Sr(L)(H2O)4] ¥H2O, c) [Ba(L)(H2O)] ¥
H2O in ORTEP representation. Note the increased number for metal ± sulfonate contacts going from Ca2� to
Ba2�. Ellipsoids are displayed at 50% probability.
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Figure 7. Hydrogen bonding network and �-stacking observed between
molecules of L in [Mg(H2O)6] ¥L ¥ 3H2O. Hydrogen bonding with included
water molecules has been omitted for clarity.


aquo ligands. The 1D [CaL(H2O)4]8 assemblies connect
through hydrogen bonding between coordinated water mol-
ecules of adjacent columns (D ¥ ¥ ¥A: O9 ¥ ¥ ¥O11 2.912(3) ä, Figure 8. The 1D column formed in [Ca(L)(H2O)4] ¥H2O.


O11 ¥ ¥ ¥O10 2.808(3) ä), and coordinated water molecules and
sulfonate groups (D ¥ ¥ ¥A 2.705(3) ± 3.182(3) ä). From the
distance between inter-column Ca2� centers, the [CaL]�
columnar aggregates are separated by 11.03 ä in the y dir-
ection, and 10.20 ä in the z direction. A molecule of water is
bordered by the uncoordinated sulfonate groups, and is held
by four hydrogen bonds (D ¥ ¥ ¥A 2.604(3) ± 3.043 ä).


[Sr(L)(H2O)4] ¥ H2O (3): The Sr2� layered structure (Figure 4)
can be regarded as a further aggregated version of the Ca2�


network. In 3, core catechol bound SrL units are again
observed (O7�Sr1 2.813(2) ä, O8�Sr1 2.693(2) ä) which link
into a similar columnar motif, as in 2, via a sulfonate group
(O1�Sr1 2.534(2) ä, O2�Sr1 2.570(2) ä). However, the
second sulfonate group, previously uncoordinated, now
penetrates the cation×s coordination sphere in a monodentate
fashion (O4�Sr1 2.675(3) ä), to crosslink the columns. This
forms a two-dimensional motif and makes the coordination
number of Sr2� nine versus eight for Ca2�, still with four aquo
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Table 1. Crystal data and refinement summaries for [Mg(H2O)6] ¥L ¥ 3H2O, [Ca(L)(H2O)4] ¥H2O, [Sr(L)(H2O)4] ¥H2O, and [Ba(L)(H2O)] ¥H2O.


[Mg(H2O)6] ¥L ¥ 3H2O [Ca(L)(H2O)4] ¥H2O [Sr(L)(H2O)4] ¥H2O [Ba(L)(H2O)] ¥H2O
C12H8O34S4Mg2 C6H14O13S2Ca C6H14O13S2Sr C6H8O10S2Ba


Fw 873.04 398.37 445.91 441.58
cryst. system triclinic triclinic triclinic triclinic
space group P1≈ (no.2) P1≈ (no.2) P1≈ (no.2) P1≈ (no.2)
a [ä] 12.6470(2) 6.9670(1) 7.1504(4) 7.3374(6)
b [ä] 13.5720(2) 10.1960(1) 9.4068(5) 8.6976(7)
c [ä] 13.6570(2) 11.0340(2) 11.2044(6) 9.2006(8)
� [�] 98.0670(9) 63.3090(7) 68.005(1) 81.923(2)
� [�] 108.111(1) 84.6170(7) 83.4916(9) 89.367(2)
� [�] 117.0071(8) 85.978(1) 81.708(1) 84.313(2)
V [ä3] 1872.21(5) 696.85(2) 690.01(6) 578.74(8)
Z 2 2 2 2
�calcd [gcm�3] 1.549 1.899 2.146 2.535
� [mm�1] 0.396 0.819 4.279 3.842
� [ä] 0.71073 0.71073 0.71073 0.71073
Rf (sig reflns)[a] 0.050 0.027 0.026 0.028
Rw (sig reflns)[b] 0.153 0.085 0.067 0.067


[a] Rf� (�(Fo�Fc)/�(Fo). [b] Rw� (�w(Fo�Fc)2/�w(Fo)2)0.5.


Table 2. Selected bond lengths [ä], angles [�] and torsion plane angles [�]
for [Ca(L)(H2O)4] ¥H2O.


Ca1�O1 2.358(2)
Ca1�O7 2.579(2)
Ca1�O9 2.502(2)
Ca1�O11 2.415(2)
Ca1�O2 2.395(2)
Ca1�O8 2.5081(2)
Ca1�O10 2.558(2)
Ca1�O12 2.339(2)
O1-Ca1-O2 150.62(7)
S1-O2-Ca1a 146.09(1)
C5-O8-Ca1 124.13(2)
S1-O1-Ca1 157.95(2)
C4-O7-Ca1 121.43(2)
O7-Ca1-O8 61.79(6)
C5-C4-O7-Ca1 0.2(3)
O8-Ca1-O7-C4 � 0.35(2)
C4-C5-O8-Ca1 � 0.6(3)
O7-Ca1-O8-C5 0.49(2)


[a] The equivalent positions for P1≈ are 1) x,y,z and 2) � x,� y,� z.
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ligands (Figure 9). The distances between columns are less
than in the Ca2� network, with Sr�Sr distances measuring
9.41 ä in the y direction, and 8.23 ä along the z direction. The
sheets lie in the ab plane with a d spacing of 10.6 ä. The
coordinated water molecules mostly occupy the interlayer
region. The layers are held together by a network of hydrogen
bonds between coordinated water molecules (D ¥ ¥ ¥A
2.773(3) ± 3.135(3) ä), while three hydrogen bonds bind guest
water to the framework (D ¥ ¥ ¥A 2.650(3) ± 2.900(3) ä).


Figure 9. The 2D layer in [Sr(L)(H2O)4] ¥H2O formed by the cross linking
the 1D chain motif observed in the Ca structure (Figure 8). For all but the
labeled Sr center, coordinated H2O molecules have been omitted for
clarity.


[Ba(L)(H2O)] ¥ H2O (4): The columnar motif is lost in the
Ba2� network, giving way to a microporous pillared layered
structure (Figure 5). The structure consists of layers of
sulfonate-bridged Ba2� centers, in the ab plane (Figure 10)
pillared by the 1,3-sulfonate substituted phenyl rings. Again
chelation by the catechol moiety of L to Ba2� center present is
observed (Ba1 ±O7 2.843(3), Ba1 ±O8 2.791(3) ä). This
chelation orients the sulfonate groups relative to the layers.


Figure 10. Aggregation pattern within the layer structure in [Ba(L)-
(H2O)] ¥H2O. Coordinated H2O molecules have been omitted for clarity.


Each Ba2� is nine coordinate (cf. seven in 2 and eight in 3) with
an irregular geometry, and a coordination sphere composed of
six sulfonate oxygen atoms, from five different sulfonate
groups, the catechol oxygen atoms, and a water molecule
(Ba1 ±O9 2.751(3) ä) that projects into the interlayer. The
construction of the layers is complex. Each molecule of L
coordinates to six different Ba2� centers. For L, in addition to
the catechol chelation, the sulfonate group in the 3-position
coordinates to two different Ba2� centers, which are part of
the same layer as the catechol-chelated Ba2�, via a �2,�2- mode
(Ba1 ±O5 2.750(3) ä, Ba1 ±O6 2.749(3) ä). Sulfonate groups
in the 1-position adopt a �3,�3-coordination mode where all
three Ba2� ions are in the adjacent layer to those coordinating
to the sulfonate in the 3-position. Each Ba2� centers is
chelated by two of the sulfonate oxygen atoms resulting in
four coordinating interactions in total (Ba1 ±O1 2.737(3) ä,
3.002(3) ä, Ba1 ±O2 2.875(3) ä, Ba1 ±O3 2.765(3) ä).


The catechol chelation to Ba1 directs L as a pillar to bridge
layers through the sulfonate groups in the 1,3-positions to give
a d spacing of 9.24 ä.[21] The BaL pillars pack inefficiently and
open up 16-membered rings in the interlayer bordered by the
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Table 3. Selected bond lengths [ä], angles [�] and torsion plane angles [�]
for [Sr(L)(H2O)4] ¥H2O.


Sr1�O1 2.534(2)
Sr1�O4a 2.675(2)
Sr1�O8 2.693(2)
Sr1�O10 2.696(2)
Sr1�O12 2.5721(2)
Sr1a�O2 2.534(2)
Sr1�O7 2.813(2)
Sr1�O9 2.614(2)
Sr1�O11 2.678(2)
O1-Sr1-O2 139.10(6)
S1-O2-Sr1a 142.9(1)
C5-O8-Sr1 125.4(1)
S1-O1-Sr1 146.9(1)
C4-O7-Sr1 120.6(1)
O7-Sr-O8 57.19(5)
C5-C4-O7-Sr1 14.3(3)
O8-Sr1-O7-C4 � 14.5(2)
C4-C5-O8-Sr1 � 14.7(3)
O7-Sr1-O8-C5 15.0(2)


[a] The equivalent positions for P1≈ are 1) x,y,z and 2) � x,� y,� z.


Table 4. Selected bond lengths [ä], angles [�] and torsion plane angles [�]
for [Ba(L)(H2O)] ¥H2O.


Ba1�O1 2.737(3)
Ba1�O2 2.875(3)
Ba1a�O5 2.750(3)
Ba1�O7 2.843(3)
Ba1�O9 2.751(3)
Ba1�O1a 3.002(3)
Ba1�O3 2.765(3)
Ba1a�O6 2.765(3)
Ba1�O8 2.791(3)
S1-O1-Ba1 97.8(1)
O1-Ba1-O2 48.0(1)
S2-O5-Ba1b 161.6(1)
C4-O7-Ba1 125.8(2)
O7-Ba1-O8 54.66(8)
S1-O2-Ba1 103.7(2)
Ba1-O1-Ba1a 114.9(1)
S2-O6-Ba1c 132.8(2)
C5-O8-Ba1 127.1(2)
C5-C4-O7-Ba1 8.8(5)
O8-Ba1-O7-C4 6.1(4)
C4-C5-O8-Ba1 � 1.1(5)
O7-Ba1-O8-C5 � 2.5(3)


[a] The equivalent positions for P1≈ are 1) x,y,z and 2) � x,� y,� z.
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1,3-sulfonate groups. The rings align to form channels,
measuring approximately 4 ä in diameter, filled with water
molecules. Significantly, protons of the channel water of 4
were readily located in the Fourier difference map during the
crystallographic refinement. The location of hydrogen atoms
on water molecules in X-ray structures, especially uncoordi-
nated, is not typical due to their weak ability to scatter X-ray
radiation. This is notable as it indicates that these guests are
strongly ordered by hydrogen bonding (D ¥ ¥ ¥A: O8 ¥ ¥ ¥O10
2.616(3), O10 ¥ ¥ ¥O4 2.752(3), O10 ¥ ¥ ¥O10* 2.930(3) ä). Fur-
thermore, it may indicate preferences of the framework for
molecules of that particular shape.


Straightforward methods were used to prepare all the
networks of L. Polycrystalline forms of the Ca2� and Sr2�net-
works, 2 and 3, were afforded in high yields by neutralizing the
disulfonic acid form of H2L with the appropriate alkaline
earth hydroxide. This is a convenient approach as the only by-
product from the reaction is H2O, as opposed to a second
binary salt. H2L was obtained by passing a solution of the
commercially available Na2L salt through a cation exchange
resin. Preparation of [Mg(H2O)6] ¥L ¥ 3H2O (1); directly from
H2L(aq) was not possible. The product upon neutralization with
Mg(OH)2 was not amenable to recrystallization from H2O
owing to its very high solubility. Analytically pure MgL could
be obtained as [Mg(L)(MeOH)4] when the crude product was
recrystallized from methanol.[27] This salt could then be
dissolved in H2O followed by slow evaporation to form 1.
The Ba2� network, 4, can be made metathetically in excellent
yield upon mixture of aqueous solutions of BaCl2 and Na2L. A
pure microcrystalline phase precipitates rapidly from solu-
tion.


To summarize the structures, in 1, no catechol ligation nor
direct metal ± sulfonate contacts are formed and a solvent
separated hydrogen bonded structure results. Compounds 2 ±
4 are catechol ligated. Additionally, in 2, one -SO3 group is
able to coordinate and bridge Ca2� centers into columns. The
increased affinity of Sr2� in 3 for softer bases draws a second -
SO3 group into its coordination sphere and cross-links the
columns together. In the 3D Ba2� structure, 4, there is
markedly lower level of hydration of the metal ion compared
with the other polymers, decreased from four to one aquo
ligand, and a doubling of metal ± sulfonate contacts from three
to six. The increasing polarizability and atomic radii for
alkaline earth ions and summary of the connectivity of the
structures formed by L are shown in Table 5.[28] The coordi-
nation numbers are six for Mg2�, eight for Ca2�, and nine for
both the Sr2� and Ba2� structures with L.


Identifying strategies to control network structures is
important for the design and synthesis of functional solids
whose properties are inherent to their 1D, 2D, or 3D
structure.[2c, 29±32] For s-block coordination networks, only
recently have trends in dimensionality been studied. Li et al.
have examined the structures of the Ca2�, Sr2�, and Ba2� salts
of 3,5-pyrazoledicarboxylic acid (H3pdc) formed under sol-
vothermal conditions at differing levels of pH.[33] With this
ligand, the network dimensionality was increased by sequen-
tial deprotonation of the ligand at higher pH levels. Although
increasing the coordination ability of H3pdc was the primary
driving force for structure direction, the ability of Sr2� and
Ba2� cations to accommodate more interactions due to their
large radii was noted. Fromm has investigated the polymeric
structures formed by hydrated Ca2� and Ba2� polyether
complexes as their iodide salts.[34] Here, hydrated polyether
M2� units are cross-linked by hydrogen bonds between
coordinated water molecules and uncomplexed iodide ions.
The authors concluded that the dimensionality of the polymer
that formed was primarily related to the number of water
molecules per cationic complex, which in turn, could be
controlled by the denticity of the polyether ligand and the
radii of the cation used. More specifically with sulfonate ions,
Squatritto and Cai have studied the coordination behavior of
mono-[15] and disulfonate[16] ligands with alkali and alkaline
earth cations. From these works only lamellar structures were
obtained. There was an increase in coordination ability of the
sulfonate ligands with the increasing charge/radius ratio of the
cation.


Gas sorption studies with [Ba(L)(H2O)] ¥ H2O, 4 : The PXRD
and elemental analysis of the ™as synthesized∫ bulk form of 4
match those of the single crystal, indicating the same
structure. Thermal gravimetric analysis of 4 revealed that
two mass losses before decomposition at 420 �C. Guest water
molecules are lost up to 110 �C, followed by a second gradual
mass loss between 130 and 164 �C corresponding to the loss of
the coordinated water. Significantly, the PXRD analysis of
heated samples of the dihydrate showed that the framework
remained intact after loss of the channel water molecules.
Loss of the second water molecule results in a substantial, yet
efficient, phase transition to a different structure as judged by
the sharp line shapes in the PXRD pattern of the fully
dehydrated network (Figure 11).[22] The original [Ba(L)-
(H2O)] ¥H2O phase can be regenerated by immersion of the
fully dehydrated powder in a 1:20 H2O:EtOH solution, in
which the network is insoluble, for 4 h (Figure 11).[23]


Given that the framework of
4 was sustained after removal of
the channel water, this partially
desolvated state was tested for
its ability to include other
guests. The following series of
gaseous potential substrates
was tested: CO, Cl2, CH4,
NH3, CO2, SO2, O2, and
H2S.[22] For these experiments,
[Ba(L)(H2O)], 4 with channel
water removed, was generated
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Table 5. Atomic radii and polarizabilities for Group II elements and connectivity summary for M2�L structures.


Alkaline earth Atomic Polarizability[b] Dimensionality of CN Total no. SO3


atom radius[a] [ä] [10�24 cm3] network formed with L O atoms coordinated
(no. different SO3 groups linked)


Mg 1.60 10.6 0 6 0 (0)
Ca 1.97 22.8 1 8 2 (2)
Sr 2.15 27.6 2 9 3 (3)
Ba 2.17 39.7 3 9 6 (5)


[a] Radii are based on the shortest distances in the metal. [b] Calculated static average electric dipole
polarizabilities for ground state atoms. D: dimensionality. CN: coordination number. Values in the last column
are the number of oxygen contacts to M2� from -SO3 groups; numbers in parentheses indicate the number of
contacts to different -SO3 groups.
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Figure 11. Powder X-ray diffraction patterns for the different phases of
dehydrated forms and resolvated 4.


in situ using the thermobalance, followed by changing the
oven atmosphere from N2 to the substrate gas. An increase in
sample mass was taken as evidence for guest uptake. With H2S
at 50 �C, a mass increase of 7.5% was observed, corresponding
to the uptake of 0.93 equivalents of H2S with respect to the
equivalent of expelled water.[10, 24] Additional evidence for the
sorption of H2S was obtained using a gravimetric analysis. A
sample of [Ba(L)(H2O)] ¥H2Sx was prepared by mono-dehy-
drating 4 in a N2 purged flask, followed by H2S purging. After
removing excess H2S, the sample was dissolved in 1�
Pb(NO3)2.[25] A highly insoluble black PbS precipitate formed
instantaneously, indicating H2S in the sample. Quantification
of the precipitate showed 0.62 equivalents of H2S were
included by [Ba(L)(H2O)].[25±26] A lower measured capacity
by this method than by the thermobalance is to be expected
due to loss of H2S during sample handling. Significantly, no
other guests showed any uptake, implying selectivity for H2S.


The ability of [Ba(L)(H2O)] to resorb water vapor to
regenerate 4 was also studied using the same methodology for
measuring H2S uptake. The optimal reversibility was found by
heating 4 to 90 �C followed by cooling and introduction of
humid N2 (Figure 12). This degree of heating only results in
partial dehydration of the network (75%). This was necessary
to lower the statistical loss of the second molecule of water
which leads to deactivation by forming [Ba(L)]. Reversion of
the structure to the channel form, by replacing the coordi-
nated water molecule from humid N2, is a much slower
process than the sorbing of channel water. Resorption of
water was quantitative for 2 cycles of sorption/desorption but
was lowered to 33% after seven cycles.


Compound 4 represents a microporous solid with selective
gas uptake features. We regard L as acting as a ™bent pillar∫
for the layers that packs inefficiently and, therefore, generates
porosity in the interlayer. A comparison with prototypical
layered metal ± phosphonate structures is useful at this point.
With a linear diphosphonate ligand, the organic moieties of
the phosphonate pack efficiently, rendering the layered
network ineffectual with regard to guest inclusion. This
circumstance can be, in part, remedied by using mixed


Figure 12. Temperature and thermogram curves for two cycles of sorption/
desorption of H2O in 4. Solid line�mass profile; broken line� tempera-
ture profile.


phosphonate/phosphate systems were the pillar alternates
with a smaller, non-pillaring phosphonate group (e.g. methyl
phosphonate or phosphate), to generate porosity.[35] However,
in addition to complicating the synthesis, this may result in a
loss of structural regularity and greater pore size distribu-
tion.[36] Use of a ™bent∫ pillar, offers a facile two component
synthesis of an ordered network with regular pores.


The selectivity of this network for H2O and H2S suggests
that the empty channels are imprinted with the shape of a
water molecule. This is corroborated by the fact the hydrogen
atoms on the uncoordinated channel water molecules were
readily located in the X-ray structure of 4, indicating very
strong hydrogen bonding. This hydrogen bonding has a
prominent role in the sorption properties of 4 as methane
(CH4), which has a similar van der Waals radius to H2S, but
does not have hydrogen bond donor/acceptor capabilities, is
not absorbed by the network. Compounds exhibiting sorption
selectivity of H2S over CH4 are attractive candidates for
industrial separations. For example, materials for sour gas
abatement are highly sought after in natural gas production[37]


and for the polishing of methane feedstocks for proton
exchange membrane fuel cells.[38] Other examples of solid
materials capable of H2S uptake include micro- and meso-
porous activated carbons,[39] cation exchanged zeolites,[40] and
uncalcined and calcined limestone.[41]


The formation of the Ba2� network, 4, demonstrates the
potential for preparing functional network solids from the
assembly of coordinatively adaptable metals and ligands.
Compound 4 is thermally stable to �400 �C and also towards
reversible gas sorption. Another consideration is the synthesis
of 4, which is a highly efficient metathetical reaction.
Compound 4 is prepared simply by combining equimolar
aqueous solutions of Na2L and BaCl2, to spontaneously form
a phase pure, microcrystalline precipitate in 93% yield.
Efficient metathesis reactions such as this indicate a strong
thermodynamic driving force for the components towards a
single structure. This is germane to the utility of sulfonates in
the assembly of extended solids. Given that the instantaneous
interactions that exist between Ba2� and L in solution are


Chem. Eur. J. 2003, 9, 5361 ± 5370 www.chemeurj.org ¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 5367







FULL PAPER G. K. H. Shimizu and A. P. Co√ te¬


relatively weak and non-directional, these building blocks are
able to rapidly adapt to one another to precipitate as a single,
highly ordered phase rather than an amorphous compound.


Conclusion


With Group II cations, this study presents a strategy to form
coordination networks not only with different levels of
aggregation between metal ions and ligands, but also with
different degrees of dimensionality. difference in the number
of metal ± sulfonate interactions that can form, as rationalized
by hard ± soft acid ± base principles and cation radii, manifests
into a dimensional evolution between the networks, progress-
ing down the periodic family. In compound 4 there is a strong
electronic correspondence between the chemically soft Ba2�


and L building blocks resulting in a highly cross-linked and
stable structure results. This demonstrates that stable and
functional coordination networks can be formed with organo-
sulfonate ligands and soft closed shell cations. More generally,
s-block cations should not be discounted as potential candi-
dates for building blocks in extended coordination networks.
Sulfonates represent an excellent choice of complementary
ligand for these metals, where the variable coordination
numbers and geometries of s-block cations are accommodat-
ed by the adaptive bonding capabilities of RSO3 ligands.


Experimental Section


Materials and methods : All materials were obtained fromAldrich and used
without further purification. Aqueous solutions of H2L used to prepare the
Mg2�, Ca2�, and Sr2� salts were deoxygenated by sparging these solutions
with nitrogen for 1 min to prevent oxidation of L. Once in the presence of a
metal cation, L is stable in solution. All reported yields are isolated yields.
Electrospray-ionization mass spectra (ESI-MS) were obtained using a
Bruker Esquire 3000 spectrometer. Infrared spectra were obtained as KBr
pellets on a Nicolet Nexus 470 Fourier transform spectrometer. Elemental
analyses (C,H) were conducted by the Department of Chemistry Analytical
Services at the University of Calgary. Powder XRD data was collected
using a Rigaku Multiflex diffractometer operated using 0.02� step scan
from 2 ± 60� in 2� and an exposure time of 1.0 s per degree.


General preparation of H2L : ([Na2(L)(H2O)]) (1.00 g, 3.01 mmol) was
dissolved in water (3 mL) and passed down a column containing Dowex
30� 50 cation exchange resin (bed volume (BV)� 100 mL, 200 mesh)
converted to the acid form by pretreatment with 1 BVof 6� HCl. The H2L
was generated by eluting the column at a flow rate of �3 mLmin�1 and
collecting a 40 mL fraction. The eluted solution was then directly treated
with 3.01 mmol of the corresponding alkaline earth hydroxide and filtered.


Synthesis of [Mg(L)(MeOH)4]: Mg(OH)2 (0.174 g, 3.01 mmol) was added
to an aqueous solution containing H2L (3.01 mmol) and left to stir at room
temperature for 6 h until all the Mg(OH)2 had dissolved and the pH of the
solution was �6. Evaporation of the solvent under reduced pressure
resulted in a blue-black semi-solid of no definite composition. This residue
was then taken up in MeOH (10 mL) with heating, cooled to 4 �C and
filtered. To this solution Et2O/MeOH 20:1 (20 mL) was added to
precipitate a white polycrystalline powder that was then isolated by
filtration. FT-IR (KBr): �� 3415.4(br), 2361.2(s), 2333.8(s), 1651.0(s),
1481.l(s), 1181.2(br), 1104.7(s), 1033.7(s), 946.3(m), 858.2(m), 656.8(s),
596.7(s) cm�1; DSC/TGA: 104 ± 130 �C (408 Jg�1, endo) �28.6% obsd,
�30.4% calcd for loss of 4MeOH, 339.4 �C decomposition of L; yield:
0.840 g, 79%; elemental analysis (%) calcd for: Mg(C6H4O8S2)(MeOH)4: C
28.57, H 4.80; found: C 20.94, H 3.54.


Synthesis of [Mg(H2O)6] ¥ L ¥ 3H2O (1): In a minimum amount of water
[MgL(MeOH)4] (0.250 g, 0.708 mmol) was dissolved and left to evaporate
at room temperature to yield a white polycrystalline precipitate. FT-IR
(KBr): �� 3420.9(br), 2361.2(w), 2328.4(w), 1645.2(m), 1481.6(m),
1481.6(m), 1421.6(m), 1186.7(s), 1099.2(s), 1044.6(s), 946.3(w), 858.9(w),
755.1(w), 738.7(w), 667.7(m), 596.7(m) cm�1; DSC/TGA: 78 ± 102 �C
(158.6 Jg�1, endo) �10.5% obsd, �11.2 for loss of 2.5H2O; 122 ± 155 �C
(155.4 Jg�1, endo) �15.1% obsd, �15.8% for loss of 3.5 H2O; 344 �C
decomposition of L; yield: 0.301 g, 94%; elemental analysis (%) calcd for:
Mg(C6H4O8S2)(H2O)6: C 17.99, H 4.03; found: C 17.92, H 4.03. Single block
shaped single crystals were selected from this solution at an intermediate
stage of drying.


Synthesis of [Ca(L)(H2O)4] ¥ H2O (2): Ca(OH)2 (0.223 g, 3.01 mmol) was
added to an aqueous solution containing H2L (3.01 mmol) and stirred at
room temperature for 1 h until all Ca(OH)2 and dissolved and the pH of the
solution was �6. The water was removed under reduced pressure and the
resulting residue redissolved in the minimum amount of water. Addition of
an equal volume of a 1:1 solution of iPrOH and EtOH followed by cooling
to 4 �C precipitated the product as a polycrystalline white solid, which was
filtered off and washed with MeOH (3� 5 mL). Yield: 1.01 g, 85%; FT-IR
(KBr): �� 3546.6(br), 3464.6(br), 3071.3(br), 2710.8(br), 2361.2(w),
2333.8(w), 1623.7(m), 1394.2(m), 1285.0(s), 1197.6(br), 1104.7(s),
1071.9(s), 1030.1(s), 858.9(w), 755.1(w), 667.7(m), 602.1(s), 563.9(w),
520.2(w) cm�1; DSC/TGA: 81 ± 91 �C (232 Jg�1, endo) �9.24% obsd,
�9.97% calcd for loss of 2 H2O; 195 ± 233 �C (248 Jg�1, endo) �4.96%
obsd, �4.99% calcd for loss of 1 H2O, 402 �C decomposition of L;
elemental analysis (%) calcd for: Ca(C6H4O8S2)(H2O)3: C 19.89, H 2.78,
found: C 20.94, H 1.71. Single crystalline material, obtained as plate-like
crystals, was generated from vapor diffusion of EtOH into an aqueous
solution of the product.


Synthesis of [Sr(L)(H2O)4] ¥ H2O (3): This compound was obtained
analogously to the Ca salt for both the bulk material and single crystals
using Sr(OH)2 (0.366 g, 3.01 mmol). Yield: 1.10 g, 80.3%. FT-IR (KBr):
�� 3563.0(br), 3218.8(br), 3071.3(br), 2732.6(w), 2355.7(w), 2333.8(w),
1640.1(w), 1585.4(w), 1448.7(w), 1377.9(w), 1285.0(m), 1225.0(s), 1192.1(s),
1099.1(s), 1044.6(s), 886.2(w), 858.9(w), 755.1(w), 651.3(m), 602.1(s),
558.4(w) cm�1; DSC/TGA: 47 ± 72 �C (221 Jg�1, endo) �12.0% obsd,
12.1% calcd for loss of 3 H2O; 81.9 ± 154.6 �C (51.3 Jg�1, endo) �4.2%
obsd,�4.0% calcd for loss of 1 H2O; 158 ± 185 �C (104 Jg�1, endo)�3.75%
obsd,�4.0% calcd for loss of 1 H2O; 396 �C decomposition of L; elemental
analysis (%) calcd for: Sr(C6H4O8S2)(H2O)2: C 18.39, H 2.05; found: C
18.32, H 1.91.


Synthesis of [Ba(L)(H2O)] ¥ H2O (4):[10] [Na2(L)(H2O)] (1.00 g, 3.01 mmol)
was dissolved in a minimum amount of water and a saturated solution of
BaCl2 ¥ 2H2O (0.735 g, 3.01 mmol) was added instantly forming a white
polycrystalline powder that was filtered off and washed with MeOH (3�
5 mL). Yield: 1.43 g, 93%. FT-IR (KBr): �� 3462.5(br), 3065.9(w),
2355.7(w), 2333.8(w), 1645.6(w), 1490.3(w), 1436.7(w), 1286.8(m),
1210.6(s), 1179.1(s), 1103.1(m), 1042.2(s), 886.2(w), 858.9(w), 755.1(w),
654.9(w), 604.6(m), 553.0(w), 536.6(w) cm�1; DSC/TGA: 67 ± 98 �C
(35.2 Jg�1, endo) �3.60% obsd, �4.08% calcd for loss 1 H2O; 130 ±
164 �C (30.7 Jg�1, endo) �3.85% obsd, �4.08% calcd for loss 1 H2O;
415 �C decomposition of L; elemental analysis (%) calcd for: Ba(C6H4-


O8S2)(H2O)2: C 16.25, H 1.63; found: C 16.32, H 1.83. Single crystals were
obtained by the vapor diffusion of acetone into a saturated aqueous
solution of the product.


Powder X-ray diffraction : The precipitate from the bulk syntheses of 4 was
used as the ™as synthesized∫ sample. The sample was prepared at different
stages of solvation by heating in an oven just prior to analysis in accord with
TGA measurements. All data were collected at room temperature in air
using Al sample trays. No background corrections were applied to the data.
An external calibration check was performed to assure proper alignment of
the instrument.


General X-ray crystallography : Single crystal X-ray data for 1 and 2 were
collected on a Nonius Kappa CCD diffractometer, for 3 and 4 on a Bruker
SMART 1000 diffractometer. For all data sets, empirical absorption
corrections were made using corrections routines associated with the
respective instruments. The structures were solved using direct methods,
refined, and hydrogen atoms located from Fourier difference maps for
water molecules where possible, and constrained to maintain normal bond
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lengths and angles, while all other hydrogen atoms were generated as riding
spheres to their parent atoms, using the SHELXTL 97 suite of programs.[43]


CCDC-213065 (1), -213063 (2), -213064 (3) and -158325 (4) contain
the supplementary crystallographic data for this paper. These data can be
obtained free of charge via www.ccdc.cam.ac.uk/conts/retrieving.html, or
from the Cambridge Crystallographic Data Centre, 12 Union Road,
Cambridge CB2 1EZ, UK; fax: (�44)1223 ± 336033; or email:
deposit@ccdc.cam.ac.uk.


Thermogravimetric analysis procedures : Thermogravimetric analysis
(TGA) and differential scanning calorimetry (DSC) were performed on a
Netzsch 449C Simultaneous Thermal Analyzer with Al sample pan and an
empty Al pan, as reference. The dynamic heating programs were conducted
with a constant flow of dried (CaCl2) N2 being maintained. For gas sorption
experiments, the apo-host was generated in situ with the thermal analyzer
via a dynamic heating program (10 Kmin�1 to 90 or 110 �C) followed by an
isothermal time at peak temperature for 1 min. The heating was then
ceased and the instrument allowed to cool to ambient temperature. At this
time also, the oven atmosphere was switched to a mixture of the substrate
gas and N2 in a 15:1 v/v ratio. The uptake of the gas, was evidenced by an
increase in the observed mass and recorded as a function of time. All
substrate gasses were dehydrated according to standard procedures.[43] For
water uptake experiments, humidified N2 gas was introduced by allowing a
portion (93%) of the nitrogen feed to the instrument to pass over a ca.
12 cm2 pool of water at flow rate of 40 mLmin�1. All temperature programs
were run in the absence of sample and this data subtracted from samples to
correct for effects of the instrument and for changes in buoyancy from the
introduction of different atmospheres and temperatures.


Identification of H2S in 4 : A sample [Ba(L)(H2O)] ¥H2O (0.250 g,
0.566 mmol) in a nitrogen purged round bottom flask was subjected to a
temperature program required to generate [Ba(L)(H2O)], compound 4
with channel H2O removed. Subsequently, the flask was purged, then
pressurized to 1.34 atm (5 psi) for 1 min with H2S, and again purged with
nitrogen to remove excess H2S. This material was then removed from the
flask then dissolved in a 1 molL�1 aqueous solution of Pb(NO3)2 (15 mL).
Observation of the highly insoluble black PbS precipitate was instanta-
neous. The solubility of the Ba salt is markedly enhanced in aqueous
1 molL�1 Pb(NO3)2 due to the presence of a large excess of cations driving
complex ion formation.
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On the Mechanism of the Laccase ±Mediator System in the Oxidation
of Lignin


Claudia Crestini,*[a] Lubo Jurasek,[b] and Dimitris S. Argyropoulos[c]


Abstract: In an effort to elucidate the
role of phenolic and non-phenolic lignin
subunits in a laccase mediator (LM)
system, vanillyl alcohol was oxidized
with laccase in the presence and absence
of the mediator 1-hydroxybenzotriazol
(HBT). Furthermore, the role of phe-
nolic, aliphatic hydroxyl, and carboxylic


acid moieties in lignin degradation was
elucidated by selectively blocking them.
The modified samples were then sub-


jected to laccase and laccase ±HBT
treatments. On the basis of this data it
was possible to establish the role of this
mediator. HBT mediates the oxidation
of lignin by inducing side-chain oxida-
tion and oxygen-addition products rath-
er than oxidative coupling reactions.


Keywords: bond energy ¥ laccase ¥
laccase ±mediator system ¥ lignin ¥
oxidation


Introduction


Laccase, benzenediol:oxygen oxidoreductase 1.10.3.2, is a
multicopper oxidase that performs the reduction of oxygen to
water. The enzyme contains four copper centers, one type 1
Cu (T1), one type 2 Cu (T2) and a coupled binuclear type 3
(T3) Cu center.[1, 2] The T2 and T3 sites form a trinuclear Cu
cluster onto which O2 is reduced.[3] The T1 Cu atom oxidizes
the reducing substrate and transfers electron to the T2 and T3
Cu atoms.[1, 2]


The typical substrates for laccase are phenolic systems.
Their oxidation proceeds through an outer-sphere electron-
transfer process that generates a radical cation, which after
fast proton abstraction generates a phenoxyl radical.[4]


This enzyme shows a high thermal resistance (stable at
60 �C)[5] and low substrate specificity by being able to oxidize a
number of different aromatic substrates. Its lack of substrate
inhibition coupled with its high oxidation rates (10 ± 100-fold
higher than those of lignin peroxidase or manganese perox-
idase) make laccase an ideal candidate for the development of
enzymatic pulping processes.[5±7]


The enzyme displays different redox potentials depending
on the fungal species that have been used for its production.


Such potentials range from 780 to 785 mV versus NHE.[5] In
any case the oxidation of non-phenolic substrates is prevented
by their high redox potential.
However, laccase itself has a poor effect on pulps, while


when used in the presence of radical mediators such as
1-hydroxybenzotriazole (HBT) it has been shown to effec-
tively demethylate kraft pulps.[8] Since a universal increase in
laccase reactivity in the presence of radical mediators has
been demonstrated, extensive efforts have been made to
understand the mechanism of the laccase ±mediator (LM)
system. Several reports have appeared in the literature
attempting to deal with the LM oxidation of non-phenolic
compounds; the increased delignification of the LM systems
being ultimately ascribed to their ability to effect the
oxidation of non-phenolic lignin subunits.[8±17] More specifi-
cally in the presence of the LM system it has been shown that
low amounts of oxidation of non-phenolic �-O-4 aryl ether
model compounds can occur.[10]


Despite the large body of information that exists on the
reaction of laccase with several substrates and lignins, to date
a comprehensive understanding of the reaction mechanism of
the LM system is lacking. The rate-limiting step of laccase-
catalyzed N�OH oxidation involves an electron-transfer
process from the substrate to the T1 Cu site in laccase.[18] It
has been shown that laccase in the presence of HBT generates
the oxybenzotriazolyl radical, HBT, a long-lived radical
species that can oxidize both phenolic and some non-phenolic
lignin models.[19]


Even though radicals are soft species and their reactivity is
under the control of the frontier orbitals, reactivity and rate
predictions of the HBT mediator cannot be done without a
clear detailed insight of the operating reaction mechanism.[16]


Recently it was shown that HBT, as opposed to laccase
itself, reacts with non-phenolic lignin models by a radical
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mechanism involving of hydrogen atom abstraction rather
than an electron-transfer process.[20, 21] However, since the
early finding that laccases in the presence of radical mediators
are able to bring about the oxidation of some non-phenolic
model compounds, little or no attention has been devoted to
their behavior toward phenolic lignin subunits.[22]


Within the context of our efforts to further comprehend the
mechanism of activity of the radical mediators ABTS and
HBT on laccase oxidations,[23] we have selected an array of
model compounds resembling the fundamental bonding
patterns of residual kraft lignin. The experiments were carried
out on diphenylmethane, 4-O-5� and 5-5� coupling products,
and stilbene phenolic model compounds; structures that
constitute the bulk of residual kraft lignin.[24±27] Such models
represent the lignin subunits most recalcitrant to oxidative
degradation. Reactions with laccase and laccase � HBT or
laccase �ABTS (2,2�-azinobis-(3-ethyl-benzthiazoline-6-sul-
fonate)) showed that in the presence of HBT or ABTS only
side-chain oxidation reactions and demethoxylations occur-
red.[23] Alternatively the oxidation of the corresponding non-
phenolic compounds did not occur. On the basis of these data
we suggested that the role of radical mediators in the presence
of condensed lignin substructures is to act as diffusible lignin
oxidizing agents of phenolic systems, since such compounds
can access the inner lignin structure with greater facility than
the enzyme itself.[23]


In our efforts to further elucidate the role of phenolic or
non-phenolic lignin subunits in the LM system we designed a
set of experiments aimed at clarifying this issue. More
specifically vanillyl alcohol was used as monomeric model
compound. It was oxidized with laccase in the presence and in
the absence of HBT. The role of phenolic, aliphatic OH, and
COOH moieties in lignin degradation was elucidated by
selectively blocking each of
them by diazomethane methyl-
ation, acetylation, and acetyla-
tion followed by alkaline hy-
drolysis, and the modified sam-
ples were then submitted to
laccase and laccase ±HBT
treatment.
The modifications induced


on the lignin polymer were
determined by means of quan-
titative 31P NMR spectroscopy
of lignin samples suitably phos-
phitylated with 2-chloro-
4,4,5,5-tetramethyl-1,3,2-dioxo-
phospholane.[28±33] These ex-
periments provided a clear in-
sight to the actual structure
structural modifications of lig-
nin and permitted the clarifica-
tion of the role of HBT during
laccase the oxidation of resid-
ual kraft lignin. The LM system
was able to modify the content
and distribution of phenolic
and aliphatic hydroxyl groups


only when they were not etherified. On the basis of this data it
is now possible to state that the role of HBT in laccase
oxidation is to allow radical mediated reactions that involve
the oxidation of the side chains and oxygen addition in lignin.
In addition, the presence of HBT reduces the probability of
formation of oxidative coupling reactions


Results and Discussion


Oxidation of vanillyl alcohol : Vanillyl alcohol 1, a phenolic
substrate, was submitted to laccase oxidation in the presence
and in the absence of HBT. After ten minutes, the reaction
mixtures were acidified, extracted with ethyl acetate, and the
residues were analyzed by quantitative GC-MS analyses in
the presence of a suitable amount of 2,4-dimethoxy toluene as
an internal standard.
The % conversions of vanillyl alcohol under different


reaction conditions, are shown in Table 1 and Scheme 1. It is
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Table 1. Product identity and yields detected after laccase and laccase�
HBT treatments of vanillyl alcohol.[a]


Product Laccase Laccase�HBT
(% of the starting product)


1 14.8 12.4
2 trace trace
3 0.8 1.3
4 ± trace
5 ± 4.0
6 ± 4.0
7 ± 6.9


[a] The products missing from the mass balance have been tentatively
assigned as radical oxidative-coupling polymeric products and/or volatile
one-carbon fragments.


Scheme 1. Conversion of vanillyl alcohol under different reaction conditions.
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evident that the presence of HBT did not significantly affect
the conversion amount. However, the distribution of the
oxidation products produced under the two conditions is
fundamentally important for the interpretation of the operat-
ing mechanisms. Unfortunately, under our experimental
conditions the bulk of reaction products were not identified
due to their high molecular weight (�550). In fact, in a control
experiment all the reaction mixtures were freeze dried and the
residue was submitted to silylation and GC-MS analyses.
Our experiments showed that no further low-molecular-


weight reaction products were lost during the reaction
workup, with the exception of volatile one carbon fragments
such as methanol.
In the presence of laccase alone, only traces of vanillin 2, a


product of side-chain oxidation, and a low amount of 3, an �-
1-diphenylmethane compound arising probably from oxida-
tive coupling, were detected. In contrast, when the LM system
was used in the oxidation of 1, the reaction pathway seems to
be more complex. The presence of HBT in the reaction
mixture induced a major change in the mechanism, yielding p-
quinone 4, o-quinone 5, phenol 6, and muconic acid 7
(Scheme 1).
It is assumed that laccase catalyzes the reduction of oxygen


to water with the generation of a phenoxyl radical from a
phenolic substrate by a one-electron oxidation process and
loss of a proton. Phenoxyl
radicals are long-lived species
with half-life times of hours.[4]


The phenoxyl radicals generat-
ed by the laccase-mediated
oxidation of phenolic lignin
subunits, in its early steps, can
in principle undergo several
different reactions. More spe-
cifically, disproportionation re-
actions yield side-chain oxida-
tion products (Scheme 2,
route A); radical coupling re-
actions yield condensed prod-
ucts (Scheme 2, route B); fur-
ther oxidation/oxygen addition
in the C-3 position yields o-
quinones and methanol
(Scheme 2, route D) with the
eventual aromatic ring cleav-
age via dioxetane intermedi-
ates (Scheme 2, route C).[7] Ox-
idation in C-1 yields alkyl ± aryl
cleavage with p-quinone for-
mation (Scheme 2, route E).[7]


However, since phenoxyl radi-
cals do not react with molec-
ular oxygen to a noticeable
extent[34, 35] (k� 10�2��1 s�1)
the observed formation of qui-
nones and aromatic-ring cleav-
age products should be brought
about by superoxide anion rad-
icals reacting with phenoxyl


radicals.[36] In the presence of laccase and HBT it is assumed
that the HBTradical is generated.[19] One may hypothesize, by
analogy to the oxidation mechanism of non-phenolic models,
that HBT. can react with phenolic lignin subunits by hydrogen
abstraction regenerating HBT.
Hydrogen abstraction from vanillyl alcohol is believed to


occur either at the phenolic hydroxyl group or at the benzylic
carbon atom. To further clarify this issue we carried out a
series of computations using the B3LYP/6-31�G(d,p)//
B3LYP/6-31G(d) method in order to estimate the bond
dissociation energies (�HDBE) for the mentioned abstraction
sites. We computed the total electronic energies of vanillyl
alcohol (�0VA), its benzylic carbon-centered radical (�0R), its
phenoxyl radical (�0PR), and hydrogen atom (�OH). The energy
change (��0) for the benzylic hydrogen abstraction was
calculated as ��0BHA� �0BR� �0H� �0VA� 88.7 kcalmol�1 and
the energy change for the phenolic hydrogen abstraction as
��0PHA� �0PR� �0H� �0VA� 89.4 kcalmol�1. The values ��0B-
HA ��� ��0PHA represent biased estimates of the bond
dissociation energies since no corrections (e.g., for temper-
ature) were included. In an effort to obtain more representa-
tive values we constructed a calibration graph, including
experimental �HDBE values,[37] of six compounds and ��0
values computed for these compounds as described above
(Figure 1).
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Scheme 2. Reactions of the phenoxyl radicals generated by the laccase-mediated oxidation of phenolic lignin
subunits.
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Figure 1. Calibration line for the �HDBE values. The experimental �HDBE


values (from the bottom up) are those of phenol (O-H), methanethiol (S-
H), hydrogen sulfide, propane(n-propyl), methane, and benzene. The ��0
values were computed by means of the B3LYP/6 ± 31�G(d,p)//B3LYP/6 ±
31G(d) method.


The equation of the calibration line is given in Equation (1)
(r2� 0.97; standard error� 1.8 kcalmol�1):


�HDBE [kcalmol�1]���0 [kcalmol�1]0.777� 18.1 (1)


By using this equation and the computed ��0 values, we
obtained a �HDBE value of 87.5 kcalmol�1 for the benzylic
C�H bond of vanillyl alcohol, while for the phenolic O�H
bond the value of �HDBE was 87.0 kcalmol�1. Apparently, the
difference is not significant suggesting that hydrogen abstrac-
tions are thermodynamically similar both at the phenolic
O�H and at the benzylic C�H bonds.
Our computations also revealed information about charge


distribution and spin densities on the examined species.
Figure 2 shows orbital plots obtained from the semi-empirical
PM3 computations. These plots illustrate the large differences
between the carbon-centered (B) and the oxygen-centered
(C) vanillyl alcohol radicals. Their spin densities show
approximately complementary patterns.


Figure 2. Plots of the highest occupied molecular orbital (HOMO) of
vanillyl alcohol (A) and total positive spin densities of the benzylic (B) and
phenoxyll (C) radicals.


Table 2 lists quantitative data about spin densities of the
radicals, obtained by the B3LYP/6-31�G(d,p)//B3LYP/6-
31G(d) method, in close agreement with the semi-empirical
plots. Total spin density values indicate the sites at which
reactions with other radicals are likely to occur. The phenoxyl
radical shows high-spin densities at the phenolic oxygen and
at C1 and C3 atoms. This spin distribution is in complete
agreement with the observed formation of o- , p-quinones,
1,2,4-trihydroxybenzene, and the muconic acid derivative. The
benzylic radical shows by far the highest spin density at the
benzylic carbon, at which the reactions leading to the
formation of vanillin and of dimer 3 take place. Furthermore,


Table 2 lists charges on all heavy atoms and energies of the
highest occupied molecular orbitals, signifying substantial
differences among the compounds at some parts of their
molecular structure.
In principle, hydrogen abstraction can occur either at the


phenolic or at the benzylic position. In the former case a
phenoxyl radical would be formed. As such HBT. would
simply act as a diffusible radical mediator. If hydrogen
abstraction occurs at the benzylic position a benzylic radical
would be formed. This latter intermediate is likely to undergo
rapid oxygen addition and after loss of superoxide radical
anion, to yield the side-chain oxidation products shown in
Scheme 3. It has been shown that benzylic radicals are
reactive toward oxygen addition at rates of 1010��1 s�1.[38]


The superoxide radical anions formed during this step would
in turn readily react with phenoxyl radicals allowing the
formation of further oxidation products.
Attack at the C3-position would cause the formation of o-


quinones and methanol, while addition at the C4-position
ultimately would cause the formation of aromatic-ring
cleavage products (muconic acids). Finally addition at the
C1-position, followed by aryl ± alkyl cleavage, would result in
the formation of p-quinones (Scheme 3). This reaction
mechanism could explain the formation of products 3 ± 6
from the LM system on vanillyl alcohol. This rationale is in
accord with previously reported laccase-mediated oxidations
of lignins in which the formation of condensed units, quinones,
methanol, aryl ± alkyl cleavage, side-chain oxidation, and
aromatic-ring oxidation products were reported.[7, 8, 11, 39, 40]


Oxidation of residual kraft lignin : Residual kraft lignin
(RKL) was oxidized in the presence of either laccase or
laccase�HBT. The lignin samples isolated after the treat-
ments were phosphitylated and then subjected to quantitative
31P NMR analyses in the presence of a suitable amount of
cyclohexanol as an internal standard. The assignment of the
different signals was carried out on the basis of earlier
work.[31, 32, 41]
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Table 2. Computed electronic properties of vanillyl alcohol (VanAlc) and
its benzylic (C .) and phenoxyl (O.) radicals, by means of the B3LYP/6 ±
31�G(d,p)//B3LYP/6 ± 31G(d) method.


Charge (H included) Total spin density
Atom VanAlc VanAlc C . VanAlc O. VanAlc C . VanAlc O.


C1 � 0.20 0.13 0.31 � 0.21 0.31
C2 0.46 0.77 � 0.09 0.30 � 0.18
C3 0.31 0.01 0.33 � 0.12 0.31
C4 � 0.36 � 0.33 0.11 0.25 � 0.03
C5 0.61 0.62 0.33 � 0.15 0.20
C6 � 0.55 � 0.81 � 0.50 0.22 � 0.09
OPhe � 0.15 � 0.15 � 0.52 0.04 0.37
OMeOH � 0.45 � 0.45 � 0.36 0.00 0.09
CMeOH 0.34 0.33 0.34 0.00 0.00
C� 0.15 � 0.05 0.19 0.65 � 0.02
O� � 0.16 � 0.07 � 0.15 0.07 0.00


Orbital Eigenvalue [Hartrees]


HOMO � 0.22
SOMO � 0.15 � 0.22
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All experiments were carried out in triplicate and the
quantitative data collected is shown in Table 3. The analysis of
the amount and distribution of aliphatic OH, phenolic OH,
and COOH groups showed a different oxidation pathway in
the presence and in the absence of HBT. Irrespective of the
presence or absence of HBT the aliphatic OH and the
guaiacyl phenolic OH groups were found in lower amounts
than in the original RKL, despite the fact that the decrease
was more remarkable in the presence of HBT. This is in
agreement with the previously hypothesized role of HBT in
lignin degradation. The COOH content was found to increase
by 20%, (from 0.34 to 0.41 mmolg�1), upon laccase treatment.


WhenHBTwas present in the reaction mixture no variation in
COOH content was evident. The corresponding decrease of
guaiacyl OH, condensed phenolic OH, and aliphatic OH
groups could be due to the loss of small oxidized fragments.
The distribution of the condensed phenolic units present in


residual kraft lignin under different reaction conditions was
significantly modified. The diphenylmethane substructures
(31P NMR range 144.3 ± 142.8 ppm)[42] were found to increase
slightly upon laccase treatment. This could be due to either a
reaction with phenolate units or formation of one-carbon
fragments. In contrast, when HBTwas present in the reaction
medium the amount of diphenylmethane did not significantly
change. This is indicative of oxidative reactions occurring by a
different pathway. In the same fashion the abundance of 4-O-
5� subunits (31P NMR range 142.75 ± 141.75 ppm), which are
formed by radical coupling reactions, increased by 75%,
(from 0.36 to 0.63 mmolg�1), after the laccase treatment. In
the presence of HBT, however, their abundance did not
change. Condensed 5-5� units (31P NMR range 141.75 ±
137.4 ppm), that is, radical coupling products, were also found
to be somewhat increased upon laccase treatment, and
significantly decreased in the presence of HBT (Table 3).
From these data a clear trend becomes apparent: the


laccase and the laccase ±mediator oxidation of residual kraft
lignin (RKL) proceed through different reaction pathways. In
the presence of HBT, side-chain oxidation reactions are
favored as opposed to radical-coupling and condensation
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Scheme 3. Reactions of the benzylic radicals.


Table 3. Phenolic, aliphatic, and carboxylic OH groups present on residual
kraft lignin before and after treatment with laccase and laccase�HBT
determined by quantitative 31P NMR analysis.[a]


Functional RKL[b] RKL� laccase RKL� laccase�HBT
group [mmolg�1] [mmolg�1] [mmolg�1]


aliphatc OH 2.50 2.36 2.10
diphenylmethane OH 0.23 0.31 0.22
4-O-5� condensed OH 0.36 0.63 0.35
5-5� Condensed OH 0.66 0.68 0.59
guaiacyl OH 1.25 1.00 0.85
COOH 0.34 0.41 0.34


[a] Errors applicable to these measurements are as those reported in
ref. [33]. [b] Residual kraft lignin.
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reactions. When the treatment was carried out in the absence
of HBT, the formation of condensed units occurred as the
main reaction.
It is likely that HBT could act as a radical mediator by


readily diffusing into the lignin×s inner structure. Consequent-
ly HBT radicals generated by laccase oxidation could drive
the overall reaction toward the C� oxidation pathway by
hydrogen-atom abstraction (HAT) reactions. The superoxide
radical anions formed in this step (Scheme 3) would be
responsible for aromatic-ring cleavage and quinone formation
reactions.[43]


Oxidation of lignin with selectively protected moieties : In an
effort to establish the role of non-phenolic units during the
laccase-HBT catalyzed oxidation of RKL, a selective protec-
tion scheme for the various functional groups containing
labile protons was devised (Scheme 4). More specifically RKL
was submitted to exhaustive diazomethane methylation; this
allowed the selective methylation of the phenolic OH and
COOH groups, while leaving free the aliphatic OH groups.
The quantitative 31P NMR spectrum of the diazomethylated
residual kraft lignin (RKML) after phosphitylation showed
the effective presence of aliphatic OH groups only.
Diazomethylated residual kraft lignin was treated with


laccase and laccase�HBT. The 31P NMR spectra of the


recovered samples after phosphitylation were found to be
unaltered. In particular, neither condensed phenolic or
guaiacyl OH groups were formed. In the presence of laccase
alone, an increase in COOH units was apparent, most
probably arising from residual acetate buffer. Neither laccase
nor laccase�HBTwere able to modify the distribution or the
amount of aliphatic OH, phenolic OH, and COOH groups in
RKML.
The role of COOH groups was studied by exposing


diazomethylated RKL to alkaline hydrolysis (RKMHL)
(Scheme 4). This scheme liberated the COOH and aliphatic
OH groups, while the phenolic OH groups were still protected
as confirmed by P NMR spectroscopy. Accordingly, RKMHL
was submitted to treatment with laccase and laccase�HBT
and was then examined by quantitative 31P NMR spectro-
scopy. Once again, no degradation of the lignin polymer with
respect to the control experiment was apparent. Analogous


behavior was found when RKL was submitted to extensive
acetylation (RKAL). Under these conditions only COOH
groups were free. Neither laccase, nor laccase�HBT were
able to modify the amount and/or distribution of the
carboxylic acid groups.
These data when coupled with our earlier studies on RKL


model compounds,[23] imply that the activity of the laccase ±
mediator system does not depend on the nature of the non-
phenolic lignin subunits. In actual fact, LM system reactions
with lignin-containing protected or unprotected phenolic,
aliphatic, and carboxylic acid groups, did not result in any
appreciable lignin degradation. On the contrary, when the LM
system was employed on RKL, HBT showed the ability to
drive the degradation pathway toward side-chain oxidation
products, and suppressed the formation of condensed struc-
tures.
Our data indicates that in the presence of HBT the side-


chain oxidation pathway is strongly favored over oxidative
coupling reactions.[38] Previous reports describe that the
depolymerization of lignin occurs only when treated with
laccase and HBT. Earlier accounts indicate that when lignin is
treated with the LM system an increase in carbonyl and
quinone content is apparent, while in the absence of HBT no
depolymerization occurs.[19, 39, 44] These accounts are in com-
plete agreement with the present effort. The fact that the LM


system induces the formation of
darker pulps that are easily
bleached with hydrogen perox-
ide, than those obtained from
treatments in the absence of a
mediator, is most likely due to
an increased quinone content.


Conclusion


Experiments with vanillyl alco-
hol showed that in the presence
of laccase only side-chain oxida-
tion and oxidative coupling re-
actions occur. However, in the
presence of the LM system the


formation of o- and p-quinones, demethylation, aromatic-ring
cleavage, and oxidative coupling reactions were apparent.
Estimates of the bond dissociation energies for the hydrogen
abstraction from vanillyl alcohol at the phenolic hydroxyl
group or at the benzylic carbon atom were found to be
thermodynamically equivalent. The LM system does not
operating when the phenolic OH groups of residual kraft
lignin are protected. Extensive experiments carried out on
residual kraft lignins showed the occurrence of coupling
reactions during laccase oxidation. In the presence of the LM
system, however, the reaction pathway was driven toward
side-chain oxidation and oxygen addition products, while the
formation of condensed structures was suppressed.
One may argue that HBT does not act as a mediator in the


oxidation of non-phenolic lignin subunits. The principal sites
of oxidative attack in the laccase/HBT system are the free
phenolic groups in lignin.[39] In our view HBT. is able to
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Scheme 4. Selective protection of phenolic, aliphatic and carboxylic OH groups.
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promote the oxidative reactivity of laccase toward side-chain
oxidation processes. A possible mechanism is the benzylic
hydrogen-abstraction reaction. The benzylic radical is a
species with a high degree of reactivity toward oxygen. Such
an intermediate reacts by oxygen addition yielding a side-
chain oxidation product with the simultaneous generation of
superoxide radical anion (Scheme 3). In turn the superoxide
radical anion reacts with the phenoxyl radical by adding in
positions 1, 3, or 4 of the aromatic ring. Thus the formation of
side-chain oxidation, oxygen addition, and aromatic-ring
cleavage products or substructures are favored, while and
5-5� and/or 4-O-5� coupling reactions are depressed.


Experimental Section


Quantitative 31P NMR spectra were obtained on a Varian XL-300
spectrometer by using methods identical to those described by Argyr-
opoulos et al.[28±33] The chemical shifts were referenced to phosphoric acid.
The 31P NMR data reported in this effort are averages of three
phosphitylation experiments followed by quantitative 31P NMR acquis-
itions. The maximum standard deviation of the reported data was 2�
10�2 mmolg�1, while the maximum standard error was 1.10�2 mmolg�1.
�erivatization of the lignin samples with 2-chloro-4,4,5,5-tetramethyl-
1,3,2-dioxaphospholane(��)[29, 31, 32, 42] were performed as previously de-
scribed. Samples of lignin (30 mg), accurately weighed, were dissolved
in a solvent mixture composed of pyridine and deuterated chloroform, 1.6:1
v/v ratio (0.5 mL). The phospholane (100 �L) was then added, followed by
the internal standard and the relaxation reagent solution (100 �L each).


Isolation of residual kraft lignin : Residual kraft lignin was isolated from
kraft pulp (picea mariana, kappa no. 31.5) by using a slightly modified
acidolysis procedure.[45, 46] The yield was 38%, and the purity was
confirmed by UV and klason lignin content measurements.


Lignin methylation : Lignin (200 mg) was suspended in diethyl ether (5 mL)
and then treated with an excess of diazomethane for 24 h in the dark at
room temperature. The treatment was repeated three times. The mixture
was centrifuged, washed with ethyl ether, and centrifuged again. The
residue was dried under reduced pressure.[29]


Lignin hydrolysis : Lignin (100 mg) was dissolved in NaOH (2�, 10 mL)
and stirred under a nitrogen atmosphere at 25 �C for 48 h. HCl (4�) was
then added to obtain pH 3, and the mixture centrifuged, washed with water,
centrifuged again, and freeze-dried.[29]


Lignin acetylation : Acetylation was carried out with pyridine/acetic
anhydride (1:1) at 25 �C for 48 h. HCl (4�) was then added to obtain
pH 3, and the mixture was stirred 12 h. The residue was centrifuged,
washed with water, centrifuged again, and freeze-dried.[29]


Enzyme assays : Laccase activity was determined by oxidation of ABTS.
The assay mixture contained ABTS (0.5 m�), sodium acetate (0.1�),
pH 5.0, and a suitable amount of enzyme. Oxidation of ABTS was followed
by absorbance increase at 420 nm (�420� 3.6� 104M�1 cm�1). Enzyme
activity was expressed in units (U� mmol of ABTS oxidized per
minute).[47]


Characterization of metabolites : Gas chromatography and gas chroma-
tography/mass spectrometry of the reaction products were performed by
using a DB1 column (30 m� 0.25 mm and 0.25 mm film thickness), and an
isothermal temperature profile of 80 �C for the first 2 min, followed by a
5 �Cmin�1 temperature gradient to 200 �C and a 15 �Cmin�1 gradient to
280 �C, and finally an isothermal period at 280 �C for 10 min. The injector
temperature was 250 �C. Chromatography grade helium was used as the
carrier gas. The fragmentation patterns were compared to those of
authentic samples. The GC-MS fragmentation patterns are reported in
Table 4.


Laccase treatments of vanillyl alcohol 1: The oxidation was performed in a
dioxane/water 1:3 (v/v) solvent mixture. The substrate (2 m�) was
dissolved in dioxane: acetate buffer pH 5 (0.05�, 4 mL, 1:3 v/v), in the
presence or absence of HBT (1m�), and treated with purified laccase
(0.5 UmL�1) from Trametes versicolor at 40 �C. The reaction mixtures were


kept in open vials under vigorous stirring in order to ensure constant
oxygen saturation of the solutions throughout the experiment. The
reactions were conducted in the dark in order to avoid possible photo-
chemical oxidation. After 10 min the reactions were stopped by acid-
ification with hydrochloric acid; a suitable amount of 2,4-dimethoxy
toluene was then added to act as an internal standard (2 m�), dissolved in
dioxane. The reaction mixtures were extracted with ethyl acetate. The
solutions were dried over anhydrous MgSO4 and filtered. The organic
solvent was evaporated under reduced pressure. In order to analyze the
reaction products the residues were dissolved in pyridine (1 mL) and
silylated with N,O-bis(trimethylsilyl)acetamide. After 30 min the mixtures
were subjected to gas chromatography (GC) and gas chromatography/mass
spectrometric (GC-MS) analyses.


Laccase treatments of residual kraft lignin : Lignin (100 mg) was suspended
in an acetate buffer pH� 5 (0.05�, 10 mL) in the presence or absence of
HBT (1m�) and treated at 40 �C with purified laccase (10 UmL�1) from
Trametes versicolor. The reaction vessel was purged with oxygen. Oxygen
was then applied until a positive pressure was obtained. After 24 h the
mixture was cooled, acidified at pH 3 with acetic acid, and centrifuged. The
residue was washed with water three times, and then freeze-dried.


Computational methods : The initial structures of all compounds were
drawn by using a model builder (HyperChem 5.11 Professional, Hyper-
Cube, Inc.). The structures were then subjected to preliminary geometry
optimization with the MM� molecular mechanics[48] force field (to root
mean square (RMS) gradient 0.06 kcalmol�1ä�1). A short (10 cycles) semi-
empirical PM3 (3rd parametrization method[49, 50]) geometry optimization
was then performed to assign partial charges on all atoms. The charges
permitted the use of an improved MM� force field (HyperChem), based
on non-bonded electrostatic interactions. Using this force field, we
generated the starting structures by simulated annealing (molecular
dynamics under increasing and then decreasing temperature). The starting
geometries were then optimized with MM� and finally with the PM3
semi-empirical method with self-consistent-field convergence set to 0.01
and the optimization convergence to RMS gradient 0.06 kcalmol�1ä�1.
The unrestricted Hartree ± Fock (UHF) algorithm was used for the
PM3 calculations.


The PM3 geometries of the compounds served as starting structures for the
higher-level geometry optimizations by using the B3LYP/6-31G(d) method
as implemented by Gaussian 98.[51] B3LYP is a density functional method
created by Becke[52] and based on a Lee, Yang, and Parr[53] method. The
optimization was followed by a single-point computation of the electronic
energies using the B3LYP/6-31�G(d,p) method. Thus, by the conventional
notation, the method can be described as B3LYP/6-31�G(d,p)//B3LYP/6-
31G(d).
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Table 4. Mass spectrometric data.


Product Derivative[a] MS (m/z) data [%]


2 ± 152 (100) [M]�, 151 (95), 109 (65), 81 (97)
3 �Si(CH3)3 418 (4) [M]�, 403 (2), 387 (3), 343 (5), 281 (5),


207 (23), 147 (6), 96 (11), 75 (26), 73 (100)
4 ± 138 (70) [M]�, 123 (11), 110 (68), 108 (100), 95 (75)


82 (63), 69 (98), 55 (46), 54 (69)
5 ± 136 (45) [M]�, 121 (34), 104 (41), 79 (30), 75 (100)
6 �Si(CH3)3 342 (5) [M]�, 145 (13), 132 (30), 129 (19), 117 (68)


83 (11), 75 (67), 73 (100)
7 �Si(CH3)3 315 (6) [M�1]�, 314 (20) [M]�, 207 (17), 131 (24), 129 (16),


117 (80), 111 (18), 106 (11), 97 (13), 85 (14),
82 (20), 75 (93), 73 (100)


[a] ± : underivatized; �Si(CH3)3: trimethylsilylated with N,O-bis(trimethylsilyl)-
acetamide.
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Mechanism of Hydroxyl Radical-Induced Breakdown of the Herbicide
2,4-Dichlorophenoxyacetic Acid (2,4-D)


Julie Peller, Olaf Wiest,* and Prashant V. Kamat[a]


Abstract: Oxidative transformations by
the hydroxyl radical are significant in
advanced oxidation processes for the
breakdown of organic pollutants, yet
mechanistic details of the reactions are
lacking. A combination of experimental
and computational methods has been
employed in this study to elucidate the
reactivity of the hydroxyl radical with
the widely used herbicide 2,4-D (2,4-
dichlorophenoxyacetic acid). The exper-
imental data on the reactivity of the
hydroxyl radical in the degradation of
the herbicide 2,4-D were obtained from


�-radiolysis experiments with both 18O-
labeled and unlabeled water. These
were complemented by computational
studies of the .OH attack on 2,4-D and
2,4-DCP (2,4-dichlorophenol) in the gas
phase and in solution. These studies
firmly established the kinetically con-
trolled attack ipso to the ether function-


ality as the main reaction pathway of
.OH and 2,4-D, followed by homolytic
elimination of the ether side chain. In
addition, the majority of the early inter-
mediates in the reaction between the
hydroxyl radical and 2,4-DCP, the major
intermediate, were identified experi-
mentally. While the hydroxyl radical
attacks 2,4-D by .OH-addition/elimina-
tion on the aromatic ring, the oxidative
breakdown of 2,4-DCP occurs through
.OH addition followed by either elimi-
nation of chlorine or formation of the
ensuing dichlorophenoxyl radical.


Keywords: advanced oxidative
processes ¥ computer chemistry ¥
herbicide remediation ¥ oxidation ¥
reaction mechanisms


Introduction


The hydroxyl radical, .OH, is the major oxidizing species
involved in the advanced oxidation processes of photocatal-
ysis, sonolysis, radiolysis, Fenton-type reactions,[1] UV-O3, and
UV-H2O2 reactions. These processes are linked by the strong
oxidative power of the hydroxyl radical. Some of these
methods are currently used in environmental remediation
processes[2±4] and others show potential use in the cleanup of
contaminated waters and other waste sites.[5±11] The hydroxyl
radical is also generated in living organisms, and its role and
effect on the body×s chemistry have been under intensive
study.[12] In biological systems, .OH is considered a damaging
oxidizer and is believed to be associated with many health
problems, diseases, and aging.[13±15] It is also credited with the


production of other reactive radicals under both normal and
stressed physiological conditions. Moreover, radiation ther-
apy creates hydroxyl radicals, which increase the level of
cellular damage.[16±18]


An understanding of the mechanistic details of hydroxyl
radical attack on organic compounds is developing slowly and
shows variation according to the reaction substrates and
conditions. Although a large amount of information concern-
ing the rates of .OH reactions with organic compounds has
been compiled,[19, 20] the details of the reaction mechanisms
are incomplete. In order to understand the degradation of
environmentally problematic compounds and to determine
how damage is caused or prevented in biological processes,
the detailed chemistry of the hydroxyl radical with organic
compounds must be clarified. The elucidation of the mech-
anistic pathways is essential for the advancement of these
important fields.


Generation of the powerful hydroxyl radical oxidant for
environmental applications can be accomplished by several
different means. For example, TiO2 photocatalysis has been
the subject of many investigations.[21±24] Depending on the
source and conditions of its generation, the hydroxyl radical is
often accompanied by a variety of other oxidants in the
reacting system. These additional oxidants may include
hydrogen peroxide (H2O2), TiO2 holes, oxygen, the hydro-
peroxide radical (HOO.), and the peroxide radical anion
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(O2
.�). Due to the inevitable presence of more than one


oxidant in most advanced oxidation systems, the mechanisms
of the oxidative transformations involved are quite complex.
It then becomes difficult to discern the reactivity of the
hydroxyl radical itself. For example, for the TiO2/UV light
system, Jenks and co-workers identified a lengthy list of
intermediates involved in the breakdown of 4-chlorophe-
nol.[25, 26] Because more than one oxidant is involved in the
heterogeneous TiO2 system, the precise role of the hydroxyl
radical is unclear. Radiolytic oxidation, on the other hand,
provides an environment in which the number of oxidants can
be controlled with the appropriate conditions. Gamma
radiolysis thus provides the cleanest experimental system for
the study of hydroxyl radical reactivity in aqueous solutions.


If the hydroxyl radical is produced by radiolytic means (�
rays), conditions can be established under which .OH is
practically the sole oxidant.[27] Therefore, in experimental
studies of aqueous systems, radiolysis is the most useful
method for obtaining information on the extent of the
hydroxyl radical reactivity and for determining the products
of its reaction with dissolved substances. In the radiolysis of
aqueous solutions, .OH is produced by the processes depicted
in Equations (1) and (2).[28]


H2O�e�(aq) (2.7) � H . (0.55) � .OH (2.7) � H2 (0.45)
� H2O2 (0.71) � H3O� (2.7) (1)


The numbers in parentheses represent the G values, the
number of species formed per 100 eVof energy. As long as the
concentration of the solute in water is moderate (�0.1�), the
yields of aqueous electrons and hydroxyl radicals are equal.


When an aqueous solution is saturated with nitrous oxide,
aqueous electrons are scavenged by the gas to form N2O�,
which immediately decomposes to N2 and O.� . The pKa of O


.�


is 11.9; therefore, it is readily protonated by the water to form
.OH.[29] The oxygen in this hydroxyl radical originates from
the nitrous oxide gas. Half of the hydroxyl radicals from the �


radiolysis of aqueous solutions are produced through the
scavenging of the aqueous electron [Eq (2)], the other half are
formed from the water solvent [Eq (1)]. Under these exper-
imental conditions, over 90% of the radicals formed in
aqueous solutions are the oxidizing .OH, while the reducing
.H makes up the remainder of the radical population.[27]


N2O(g) � e�(aq) � H2O�N2(g) � .OH � OH� (2)


The herbicide 2,4-dichlorophenoxyacetic acid (2,4-D) is a
compound of great agricultural, economic, and environmental
significance. Starting in 1947, 2,4-D has been used as a


herbicide in an effort to enhance
agricultural productivity. The
use of 2,4-D spread very fast
and it ultimately turned into the
most utilized herbicide.[30] In the
US alone, it is estimated that
23 ± 30 million kilos of 2,4-D are


used annually.[31] Since the agricultural industry has become
dependent upon this compound and its derivatives, concern
over its presence in the environment has evolved. Even


though 2,4-D is eventually broken down by microbes in the
soil and water with half-lives averaging 3 ± 14 days,[32] ad-
vanced technology is deemed necessary, as the use of this
herbicide continues to be great and ubiquitous. The presence
of 2,4-D in natural water supplies is a problem that cannot be
ignored. Another concern is biological toxification through
the formation of stable, toxic intermediates in the herbicide×s
degradation pathway that can accumulate. In an effort to
address these issues, many advanced oxidation processes have
been utilized to study and optimize the breakdown of 2,4-D in
aqueous solutions.[33±45]


A major breakdown product identified in studies on the
advanced oxidation of 2,4-D in aqueous solutions is 2,4-
dichlorophenol (2,4-DCP).[46] This intermediate is considered
to be more toxic than the parent compound, as determined by
the microtox bioassay.[47, 48] Eventually, the oxidative degra-
dation leads to short-chain organic acids, which are much less
hazardous substances, before final mineralization to carbon
dioxide and water. It is clear that the kinetic data of many
organic compounds only relay part of the concerns involved in
the remediation processes, since intermediates generated in
the breakdown may still be problematic. A complete under-
standing of the reaction mechanisms and intermediates that
take place in the degradation of these compounds is needed to
fully address the contamination problems and optimize the
oxidation processes.


Here, we report a study on the reactivity of the hydroxyl
radical in the degradation of the herbicide 2,4-D. In order to
elucidate the mechanism of the hydroxyl radical attack in the
degradation of 2,4-D, data from �-radiolysis experiments with
both 18O-labeled water and unlabeled water were analyzed.
The experimental work is complemented by computational
studies that model the environment in which .OH is the sole
or major oxidant in aqueous solutions in order to determine
the type and location of the initial reaction between the .OH
radical and 2,4-D in the degradative oxidation. This is
followed by an analysis of the reactivity of the main
intermediate, 2,4-DCP, with the hydroxyl radical in the
formation of ensuing intermediates.


Results and Discussion


Reactivity of 2,4-D and the hydroxyl radical : 2,4-D undergoes
efficient degradation when subjected to the oxidative con-
ditions of � radiolysis since it is highly susceptible to attack by
the hydroxyl radical.[37] The intermediates formed in this
oxidative breakdown of 2,4-D are 2,4-DCP, 4-chlorocatechol,
2-chlorohydroquinone, hydroxylated 2,4-dichlorophenols,
2,4-dichloroanisole, 1,2,4-trihydroxybenzene, and small
amounts of several unidentified compounds. The most
prevalent intermediate formed during the early course of
the breakdown is 2,4-dichlorophenol, a more toxic compound
than 2,4-D. Figure 1 shows the variation in formation of 2,4-
dichlorophenol as the concentration of 2,4-D decreases over
time when a 0.20 m� aqueous solution was subjected to �


radiolysis. Total organic carbon (TOC) analyses, shown in
Figure 2, were performed on the aqueous solutions at various
times during the radiolysis, and indicate that most of the


¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2003, 9, 5379 ± 53875380







Breakdown of 2,4-D 5379±5387


Figure 1. Radiolytic degradation of N2O saturated aqueous 2,4-D
(0.21 m�), and the formation and subsequent degradation of 2,4-DCP.


Figure 2. Change in the total organic carbon in the � radiolysis of 2,4-D
(20 ppm carbon) over a 4 hour time period.


organic carbon remained in solution well after the 2,4-D and
2,4-DCP were completely consumed. This established the
presence of other later intermediates formed from the
degradation of 2,4-D.


In all experimental oxidative transformations, the single
most prevalent intermediate in the reaction between hydroxyl
radicals and 2,4-D is 2,4-DCP.[36±39, 43, 44] As depicted in Fig-
ure 1, radiolytic degradation leads to a small build-up of this
intermediate. From a mechanistic viewpoint, the formation of
this intermediate would indicate a specific site for .OH
addition to the 2,4-D ring. For this transformation, an .OH
attack at C1 of the aromatic ring, followed by loss of an alkoxy
radical or anion to form 2,4-DCP could be envisioned.
Alternatively, hydrogen abstraction from the methylene
carbon, followed by trapping of the ensuing radical and
breaking of the C1��O bond, in analogy to the mechanism
proposed in an earlier study by Li and Jenks, is also
possible.[49] These two pathways differ by which C�O bond,
C1�O or C1��O, is broken.


In order to obtain more definitive experimental informa-
tion on the hydroxyl radical attack on the ring, 18O-labeled
water was used in the � radiolysis experiments. A solution of
2,4-D in 18O-labeled water (87% H2


18O) was subjected to �


rays, and 18O-labeled, as well as unlabeled 16O, hydroxyl
radicals, were generated. Both labeled and unlabeled hydrox-


yl radicals reacted with the herbicide. The experiment was
allowed to run for 5 minutes to obtain information about the
early stages of the radical pathway. The products were then
adsorbed onto a SPME fiber and analyzed by mass spectrom-
etry as described in the Experimental Section.


The mass spectral data revealed the presence of the two
expected isotopomers of 2,4-dichlorophenol from the .18OH/
.OH reactions with 2,4-D (Scheme 1). The labeled 2,4-DCP


Scheme 1. Initial hydroxyl radical attack on 2,4-D by 18O-labeled and
unlabeled hydroxyl radicals. The accuracy of the water analysis is estimated
to be �5%.


intermediate was calculated to be present at 38� 4%. Once
again, the 18O content of the solvent water was 87%, where
half of the hydroxyl radicals were formed from the water and
half from the nitrous oxide gas. Within experimental accuracy,
all the phenolic oxygens of 2,4-DCP originated from hydroxyl
radicals. Consequently, the bond between the aromatic carbon
and the ether oxygen (C1�O) is broken in this reaction. The
low concentration of 2,4-DCP early in the reaction (see
Figure 1) and the slightly higher rate constant of the reaction
of the hydroxyl radical with 2,4-D,[37, 46] make 18O incorpo-
ration at the 2,4-DCP stage unlikely. An exchange at the stage
of the phenoxy radical can also be excluded since its sta-
tionary concentration is low and the reaction is known to lead
to different products than the ones observed.[50] It can
therefore be concluded that the formation of 2,4-DCP
proceeds by hydroxyl radical addition to the ring in the first
step of the mechanism, followed by the loss of the alkoxy
group.


While these product studies give strong evidence for a
preferred reaction pathway, they do not provide insights into
the origin of the observed selectivity. Further analysis of the
reaction pathway was therefore pursued by using computa-
tional methods. In the initial hydroxyl radical attack on 2,4-D,
the energies of the reactants and products were calculated in
the gas phase and in a cavity model representing an aqueous
solution.


Scheme 2 summarizes the computed results for the reaction
energies in the gas phase and in water. The results of these
calculations suggest that all addition reactions to the aromatic
ring of 2,4-D are energetically favorable. Ipso attacks (at
carbons 1, 2 and 4 of the aromatic ring) are preferred over
attacks at the unsubstituted positions of the ring by a
significant margin. This is consistent with the observation
that no hydroxylated 2,4-D intermediates were identified in
the experimental work.[37, 46] Attacks at the unsubstituted
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Scheme 2. Energies (gas-phase and water-continuum-model) of the rad-
ical intermediates formed from various hydroxyl radical attacks on 2,4-D;
energies calculated by using B3LYP/6-31G*.


positions are therefore not considered further. The most
relevant pathways in the context of the breakdown of 2,4-D
are the hydroxyl radical additions at the functionalized
positions on the aromatic ring. We will therefore initially
focus the discussion of the computational results on the three
possible ipso attacks.


For the three substituted positions on the 2,4-D molecule,
two different types of pathways were found, one for attack at
the chlorine-substituted positions C2 and C4, and the other
for attack at the oxygen-substituted C1. Reaction of .OH at
C1 leads to the formation of a �-type adduct that is
24.6 kcalmol�1 lower in energy than the separated species.
The length of the newly formed C1�O bond is 1.45 ä, while
that of C1 and the ether oxygen is 1.40 ä. Scans of both the
C�O bond lengths show that .OH attack at carbon 1 of the
ring is barrierless in the gas phase (see Supporting Informa-
tion).


In contrast, no such �-type intermediate could be located
for the attack of .OH at either C2 or C4. Instead, the initial
product of the approach of a hydroxyl to C2 or C4 of 2,4-D is a
�-complex, such as the one shown in Figure 3. The formation
of this complex has a reaction energy of �38.8 kcalmol�1 and
is even more exothermic than the formation of the �-type
intermediate discussed above. The carbon ± chlorine bond


Figure 3. �-Complex formed by .OH addition at carbon 4 of the aromatic
ring.


length is �2.4 ä, far from a normal bond length of �1.7 ä,
and only a weak interaction of the chlorine radical and the
aromatic system persists. Due to the rearomatization of the
ring, the formation of this � complex from attacks at C2 and
C4 is more exothermic by 13.8 kcalmol�1 and 6.6 kcalmol�1,
respectively, than the formation of the �-type adduct. How-
ever, none of the products of .OH attack on C2 or C4 of 2,4-D
were detected in this or earlier experimental studies.[37, 46]


Since the energetic preference for the �-type intermediates
is significantly larger than the margin of error expected for the
computational methodology used, the discrepancy between
theory and experiment is not solely explained by the relative
stability of the intermediates. We thus studied the pathways
leading to the formation of the � complexes in more detail.
The results of these calculations are summarized in Figure 4.


Figure 4. Energy profiles (�E�ZPE and �G) in the .OH additions on
carbon 2 (top) and carbon 4 (bottom) of the aromatic ring (gas-phase
values). �G values are given in parentheses.


.OH addition to the aromatic ring at either C2 or C4 begins
with the establishment of a � complex in which the forming
carbon ± oxygen bond is approximately 2.0 ä. In both cases,
the initial complex formation is exothermic, �6.1 kcalmol�1


for addition at C2 and�3.1 kcalmol�1 for addition at C4. This
complex then proceeds to the transition structure with the
input of energy. The activation energies are 5.7 and
7.7 kcalmol�1 at C2 and C4, respectively, from their original
� complexes. Thus, a small but significant activation barrier
exists in the hydroxyl radical ipso attacks at C2 and C4. On the
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free-energy surface, these differences are even more pro-
nounced due to the more ordered structure and the resulting
loss in entropy. The initial � complex is now 2.2 kcalmol�1


higher in energy than the reactants, while the overall
activation energy is 9.1 kcalmol�1. While a direct free energy
comparison to the .OH attack at C1 is difficult because no
normal-mode analysis can be performed for this pathway in
the absence of a true stationary point, it is clear that there is a
true activation barrier on the �G surface for the attacks of
.OH at C2 and C4 that is significantly larger than the one for
the attack at C1.


From the transition structure, the reaction pathway imme-
diately proceeds energetically downhill in a concerted fashion
to form a second � complex, which has the chlorine weakly
interacting with the aromatic system. These are the lowest-
energy structures depicted in Scheme 2 and Figure 3 from the
.OH ipso attacks at C2 and C4. In the .OH attack at C2, the
downhill process from the transition structure is exothermic
by 37.9 kcalmol�1. With the attack at C4, the energy release
amounts to 31.2 kcalmol�1. Although these calculations do
not include solvent effects, it can be expected that the relative
barriers for the different modes of attack are similar to the
gas-phase values.


The thermodynamic data indicate the preferential forma-
tion of the products of the .OH attack at C2 and C4. However,
the product of the reaction is determined by the barriers for
attack of the hydroxyl radical on the ring: 5.7 kcalmol�1 and
7.7 kcalmol�1, respectively. Similarly, hydrogen abstraction
from the side-chain methylene carbon, which had a reaction
energy of �22.9 kcalmol�1 in the gas phase that was
thermodynamically competitive with OH attack on C1, has
a small but significant activation barrier of 3.5 kcalmol�1. The
reaction conditions and the high exothermicity of either
reaction do not allow the establishment of an equilibrium.
Thus, none of the reaction pathways for which a barrier is
predicted by the computations is experimentally observed. In
agreement with the calculated barrierless attack at C1, the
major observed product is 2,4-DCP. This pathway is also
consistent with the results of the labeling studies discussed
above. Thus, it is clear that the reaction is kinetically
controlled and the barrierless hydroxyl radical attack at C1,
leading to the experimentally observed product 2,4-dichloro-
phenol, is predicted to be dominant pathway.


Details of the .OH attack at carbon 1 were investigated
further by computational analyses. Once the position of the
initial attack is established, extrusion of the alkoxy side chain
leads to the formation of 2,4-DCP. This bond breakage
between the aromatic carbon and the oxygen of the ether can
take place in either a heterolytic or homolytic manner. This
breakage may be solvent dependent due to the formation of
highly solvated ions in the heterolytic cleavage. Therefore,
cleavage of the ether group after .OH addition to the ring was
calculated in both gas-phase and water solvent systems. The
conductor-like polarizable continuum (CPCM) model simu-
lates the effect of the water solvent[51] at least in a qualitatively
correct manner and has, for example, recently been utilized to
calculate pKa values for organic acids.[52] Scheme 3 summa-
rizes the results of the calculations. As expected, the
homolytic cleavage of the C�O bond is overwhelmingly


Scheme 3. Energies of the homolytic and heterolytic cleavage of the
alkoxy group of 2,4-D.


favored over heterolytic break again in the gas phase.
However, it is also highly favored in water. Although the
cavity model used does not consider specific solvent inter-
actions that could lead to subsequent reactions of either ion
formed (such as protonations and deprotonations), the
energetic preference of 34.5 kcalmol�1 for the homolytic
process is large enough to make this the favored process.
Unlike the reaction energies shown in Scheme 2, a large
difference is noted between the energies in the heterolytic
formation of the 2,4-DCP radical cation and alkoxy anion in
water and in the gas phase. Since ions are well stabilized in the
water solvent, this large difference was expected. Even so, the
stabilization of the ions by water still does not compete well
with the more favored homolytic cleavage and formation of
the stable 2,4-DCP.


These results suggest that the mechanism of hydroxyl
radical attack on 2,4-D begins with .OH addition to the
aromatic ring, followed by loss of the alkoxy group. This
mechanism differs from the proposed mechanisms of the
.OH-induced decomposition of anisole by Li and Jenks.[49] In
their study, two competitive pathways, hydrogen abstraction
and .OH addition, were proposed for the hydroxyl-mediated
reaction of isotopically labeled anisole with the TiO2 ad-
vanced-oxidation system. In the present study, based on the
observed 18O incorporation, we can rule out the hydrogen
abstraction pathway. It can thus be concluded that for the
.OH-mediated oxidation of 2,4-D, an addition ± elimination
pathway dominates. This inconsistency between the two
studies is probably due to the different advanced oxidative
processes utilized in their experiments (photocatalysis and
hydrogen peroxide/UV light) versus the radiolytic system
used in our experiments. Gamma radiolysis of N2O-sparged
aqueous solutions generates the hydroxyl radical as the
prominent oxidizing species, whereas other advanced oxida-
tive systems involve more than just the hydroxyl radical as the
oxidizing species and/or heterogeneous effects at the solid/
liquid interface.


The finding that the initial reaction is followed by loss of the
alkoxy group leading to 2,4-DCP as the primary product is
further supported by previous experimental work, in which
the buildup of chloride ions did not occur to any measurable
extent in the first few minutes of the radiolysis experiments.[37]


The delayed accumulation of chloride ions suggests that
chloride is not lost from the aromatic ring in the initial
hydroxyl radical attacks. In fact, the �-radiolysis experiments
revealed a buildup of chloride ions only after the decay of 2,4-
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DCP. This observation further supports the fact that 2,4-D
transforms to 2,4-DCP before the Cl� is displaced.


A minor product formed in the � radiolysis of 2,4-D is 2,4-
dichloroanisole. This compound is formed through a minor
pathway of decarboxylation, followed by hydrogen abstrac-
tion from the solvent. Phenoxyacetic acid compounds are
known to undergo decarboxylation reactions under oxidizing
conditions.[53, 54] A very small amount of 2,4-dichloroanisole
with no incorporation of labeled oxygen was detected in the
18O water experiments. This further confirms that the
decarboxylation pathway that accounts for the presence of
this intermediate is a minor side reaction.


Reactivity of 2,4-DCP and the OH radical : The reactivity of
the hydroxyl radical with 2,4-dichlorophenol shows several
similarities to that with 2,4-D. 2,4-DCP is efficiently degraded
in �-radiolysis experiments; this shows that the hydroxyl
radical is comparably effective in attacking the chlorinated
phenol. The lifetime of 2,4-DCP upon irradiation with a dose
rate of 5.3 kradmin�1 is somewhat longer than that of 2,4-D,
with a half-life of 13 minutes compared with 9 minutes for 2,4-
D. The difference in the calculated lifetimes is explained, at
least in part, by the ineffective reaction of the OH radical at
carbon 1. Intermediates formed in the hydroxyl-mediated
degradation include hydroxylated 2,4-dichlorophenols,
4-chlorocatechol, and 2-chlorohydroquinone. Forty minutes
into the radiolysis of 2,4-DCP, only a few aromatic species are
still present in very small amounts; this indicates that the
reactions between the aromatic intermediates and the hy-
droxyl radical are also fast. Conversely, the slow loss of
organic carbon shows that the smaller nonaromatic com-
pounds have much longer lifetimes in aqueous solution under
the radiolytic oxidizing conditions. After 3 hours of � radiol-
ysis, only about half of the organic carbon was mineralized.
Figure 5 shows the change in organic carbon in the � radiolysis
of 2,4-DCP.


Figure 5. Change in the total organic carbon in the � radiolysis of N2O-
saturated aqueous 2,4-DCP (16 ppm carbon) over a 3 hour period.


The preferred pathway in the hydroxyl radical reaction with
chlorinated phenols is radical addition to the aromatic ring.
Many pulse-radiolysis studies on phenol and other benzene
derivatives have demonstrated the formation of the cyclo-
hexadienyl radicals upon .OH addition.[55±60] Hydroxyl radical
additions have also been verified by other experimental work


with substituted phenol compounds.[61±63] We have investigat-
ed the reaction of 2,4-DCP with the hydroxyl radical using
computational methods. Our calculations indicate that all the
hydroxyl radical additions to the aromatic ring of 2,4-DCP are
highly exothermic reactions and are not strongly solvent-
dependent. In addition, phenoxyl-radical formation though a
hydrogen-abstraction reaction is also a favorable reaction.
Scheme 4 shows the energies calculated for the various .OH
reactions with 2,4-DCP.


Scheme 4. Gas-phase and water-continuum-model energies of the various
hydroxyl radical attacks on 2,4-DCP. Energies calculated by using B3LYP/
6-31G*.


Addition of the hydroxyl radical to the substituted carbon
atoms is favored over .OH addition at the unsubstituted
position (carbon 6) of the aromatic ring. Formation of the
chlorinated phenoxyl radical from the .OH reaction with 2,4-
DCP is comparable in energy to the .OH additions at the
substituted positions of the aromatic ring. Since the existence
and stability of the phenoxyl radical and related species (i.e.,
tyrosyl radical in biological systems[64±67]) are well document-
ed, this radical intermediate is considered a viable intermedi-
ate in 2,4-DCP oxidation. Experimental .OH-induced oxida-
tions (� radiolysis) of 2,4-DCP generate the intermediates
4-chlorocatechol and 2-chlorohydroquinone. Their presence
in the oxidation pathway supports the theory of .OH attack at
the carbons bonded to the chlorines on the aromatic ring,
exemplified in the first two reactions of Scheme 4.


The calculated structures of the reaction intermediates
from the .OH additions vary according to position of attack.
For .OH attack at carbon 4, the optimized geometry consists
of two separated species, the phenoxyl radical and hydrogen
chloride, while the .OH attack at carbon 2 proceeds via a �


complex. These reaction intermediates are different from
those formed from .OH addition at carbons 1 and 6. More-
over, the high exothermicity of the .OH addition at carbon 4
(�45.1 kcalmol�1) is partly due to the re-establishment of
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aromaticity. The other reaction that leads to an optimized
intermediate with aromatic character is the hydrogen ab-
straction reaction, which forms the chlorinated phenoxyl
radical.


A comparison of reaction energies can be made between
the intermediates formed from the .OH attacks at carbons 1
and 6. The hydroxyl radical adds to the ring at both of these
positions to form optimized � complexes. The calculated
energies for these reactions are substantially different. For
attack at carbon 1, 34.2 kcalmol�1 of energy is released, while
attack at carbon 6 is exothermic by only 13.9 kcalmol�1. Once
again, these computational results indicate that .OH addition
at the nonsubstituted positions of the ring is not likely.


All three hydroxylated isomers of 2,4-DCP have been
detected experimentally in the .OH-mediated oxidation of
2,4-DCP. Since .OH attack at the unsubstituted positions of
the ring is energetically less favored than the alternative
reactions (Scheme 4), a pathway that involves a phenoxyl
radical intermediate is postulated in the formation of these
compounds. According to our calculations, the energy of
reaction of 2,4-DCP with the hydroxyl radical to form the
chlorinated phenoxyl radical is �29.4 kcalmol�1, as shown in
Scheme 4. Also, the phenoxyl radical may be formed after an
.OH addition to the ring, for example at carbon 4, which is
followed by loss of HCl.


ESR studies and other theoretical studies have shown that
the radical character of phenoxyl radicals is well dispersed in
the aromatic ring, giving relatively high stability to the
radical.[68±71] The spin densities obtained from our calculations
confirm this radical dispersion. Figure 6 shows the spin-
density values for the 2,4-dichlorophenoxyl radical. The
carbons bear a large part of the radical character; this
indicates that further radical reactions are possible on the
ring.


Figure 6. Spin densities of the 2,4-dichlorophenoxyl radical, calculated in
both the gas phase (left) and in a water solvent continuum (right).


The postulated .OH reaction pathway for the formation of
hydroxylated dichlorophenols, is shown in Scheme 5. The
phenoxyl radical is formed first. After an .OH attack on an
unsubstituted position of the phenoxyl radical, the compound


Scheme 5. Proposed reaction pathway in the formation of the dihydroxyl-
ated 2,4-DCP molecule


tautomerizes to the lower-energy aromatic system. The over-
all scheme requires two .OH and is highly exothermic with an
overall reaction energy of �101.3 kcal.


An alternative pathway to the formation of the hydroxy-
lated 2,4-DCP isomers is direct .OH addition to 2,4-DCP.
Direct additions to unsubstituted positions of the ring will
lead to the hydroxylated 2,4-DCP isomers. (Scheme 4, reac-
tion 3) These transformations require the loss of a hydrogen
atom (a highly reactive reducing species) after the hydroxyl
radical addition. The computational analysis of this path-
way indicates a slightly endothermic process overall
(4.8 kcalmol�1). This pathway is therefore not competitive
with the highly exothermic reactions discussed above.


Conclusion


Mechanistic information on the reactivity of the hydroxyl
radical with the herbicide 2,4-D has been obtained by using a
combination of experimental and computational investiga-
tions. The major pathway begins with .OH addition to the
aromatic ring of 2,4-D, which is followed by the loss of the
alkoxy radical to form 2,4-DCP, the prominent intermediate
in the degradation. The .OH-mediated transformations of 2,4-
DCP are similar in reactivity to those of 2,4-D, but probably
also include the chlorinated phenoxyl radical in the formation
of some of the intermediates. As the reaction proceeds
beyond the early intermediates of the 2,4-DCP oxidation,
more polar and ionic non-aromatic species form. Detection of
these types of compounds requires the use of different
analytical tools than those used for the early stages of the
mechanism. The experimental work to investigate the further
fate of these species is currently in progress.


Experimental Section


Chemicals : 2,4-dichlorophenoxyacetic acid (Aldrich, 99%), 2,4-dichloro-
phenol (Aldrich, 99%), catechol (Aldrich, 99%), chlorohydroquinone
(Aldrich, 85%), 4-chlorocatechol (TCI, 99%), hydroquinone (Aldrich,
99%), 4,6-dichlororesorcinol (Aldrich, 97%), 2,4-dichloroanisole (Lancas-
ter, 99%), 2,4-D methyl ester (Chem Service, 99.5%), 18O-labeled water
(Isotec, minimum 95 atom% 18O; Medical Isotopes, Inc. 95.1% H2


18O.)
were used as supplied. Unbuffered aqueous solutions were prepared by
using Milli-Q purified water. High-purity N2O gas was supplied by Mittler
Supply Co., South Bend, IN and further filtered through a drying agent.


�-Radiolysis experiments : �-radiolysis experiments were conducted with a
Shepherd 109 60Co source. The aqueous solutions were sparged with
N2O(g) for 45 min in glass vials, which were capped with a rubber septum
before � irradiation. Samples were taken at the indicated times. Fricke
dosimetry was performed to determine the dose rate. A dose rate of
5.3 kradmin�1 was determined by using a H2SO4/FeNH4SO4 (0.40:10.0 m�)
dosimetry solution.


Isolation of intermediates by using SPME methods for GC/MS analysis :
Solid-phase microextraction (SPME) fibers were obtained from Supelco
Chromatography. Two different fiber types were utilized, 65 �m and 70 �m
carbowax/divinylbenzene on a StableFlex fiber. For each trial run, the fiber
was submerged in the aqueous solution for 1 h with stirring. It was then
immediately placed into the GC/MS injector, where it was allowed to
desorb for 10 min at 230 �C. GC/MS data were acquired on a Varian Saturn
2000GC/MS system equipped with a Varian Star 3400CX gas chromato-
graph. The GC column was a J&W#38;W Scientific DB-5 column
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measuring 30 m� 0.250 mm, with a 0.25 �m film thickness. The temper-
ature program began at 50 �C, at which it was maintained for 10 min for
complete desorption of the organics on the fiber. The column oven
temperature was then increased by 10 �Cmin�1 to 250 �C and then held
constant.


Identification of intermediates : Intermediates were identified by compar-
ison with authentic samples by using a Waters HPLC system (Millen-
nium32 2010, Waters717 plus Autosampler, Waters600 Controller Solvent
Pump) with an Alltech Econosphere C8 column: 5 �m; 250� 4.6 mm. A
solvent gradient was utilized that consisted of methanol, water, and 1%
aqueous acetic acid for 30 minutes at 1.2 mLmin�1. The solvent mixture
started as 6% methanol, 92% water and 2% of the acetic acid solution. By
18 minutes, the mixture was 70% methanol, 27% water and 3% acetic acid
solution, then it was returned to the original composition by the 30 minute
mark. The intermediates were monitored at 285 nm with a photo diode
array detector and were also identified by using the Varian GC/MS system
described earlier.


Total organic carbon analyses : Mineralized carbon was measured by using
a Shimadzu total organic carbon (TOC) analyzer, model TOC-5050
equipped with an ASI-500A autosampler. All analyses were performed
in triplicate.


Experiments with H218O : 18O water was purchased from Isotec and from
Medical Isotopes, Inc. and contained 95.4 and 95.1 atom% 18O, respec-
tively, according to the specification sheets. We analyzed all of the H2


18O
samples by GC/MS and determined the labeled-compound enrichment
(H2


18O) to be 87 and 88% for the Isotec samples and 87% for the Medical
Isotope samples (see Supporting Information). 5.0 mL of a solution of 2,4-
D in methanol (0.5 m�) were transferred to a round-bottom flask and
evaporated to dryness. The flask was then set on a vacuum line for 3 hours.
Approximately 1 mL of 18O-labeled water was transferred by syringe from
the original vial to the flask. It was stirred for several minutes and
transferred to a small sealed vial. Nitrous oxide was bubbled into the vial
for several minutes, and then the solution was subjected to � rays for
5 minutes. Reaction products were adsorbed onto the SPME fiber and
analyzed by GC/MS. The isolation and analysis of intermediates was
repeated with the SPME fiber and GC/MS five times. The 18O water was
also checked after the � radiolysis experiments and the isotopic concen-
tration remained at 87%; this indicated that no significant contamination
by moisture had taken place.


GC/MS studies of labeled compounds : GC/MS experiments were per-
formed on a JEOL GC Mate equipped with an HP6890 GC and
autosampler. The GC was operated under the following conditions:
column, HP-5 30 m� 0.32 mm i.d., 0.25 �m film thickness; injector
temperature, 180 �C; column program, 50 �C for 1 min ramp to 250 �C at
10 �Cmin�1. EI mass spectra were acquired by using magnet scans over the
mass range 10 ± 50 at a rate of 0.8 s per scan.


Analysis of the 2,4-dichlorophenol MS data : The isotopic pattern, due to
the presence of two chlorines on the ring, should show mass spectrum peaks
for the 2,4-DCP compound at 162, 164, and 166 in a 9:6:1 ratio. The
compound was tested several times on the GC/MS, and the response of the
instrument to the peak at 164 in comparison to the peak at 162 was 72%�
2%, instead of the expected 67%. When this response was combined with
the data from the labeled water experiments, the percentage of the labeled
2,4-dichlorophenol was determined to be 38%� 4 (see Supporting
Information).


Computational studies : All geometries were optimized at the B3LYP/6-
31G* level of theory by using the Gaussian 98 series of programs.[73] This
level of theory has been shown to adequately predict reaction energies and
transition-state energies for radical pathways.[74±76] In particular, Hadad and
co-workers demonstrated that for additions of .OH to aromatic hydro-
carbons, the activation energies calculated by B3LYP/6-31G* matched well
with the experimental data.[74] B3LYP/6-31�G* single-point calculations
demonstrated that this basis set is converged (see Supporting Information).
All energies are corrected for zero-point energies from harmonic-
frequency analysis of the B3LYP/6-31G* optimized structures. Solvent
effects were evaluated by using the CPCM model for water and the default
values for the cavity with �� 1.4 and 60 tesserae. Energies from the CPCM
calculations were corrected for zero-point energies by using the results of
the gas-phase calculations.


Acknowledgements


We extend special thanks to Bill Boggess in the Mass Spectrometry Facility
at the University of Notre Dame for his help in the analysis of the various
labeled compounds, to Ian Duncanson for construction of the glass
apparatus used in the labeling experiments, to K. Vinodgopal, Indiana
University Northwest, for assistance with the SPME experiments, and to
the IUN Chemistry Department for the use of their facilities. The work
described herein was supported by the Office of Basic Energy Sciences of
the US Department of Energy. This is contribution no. NDRL 4351 from
Notre Dame Radiation Laboratory.


[1] B. Ensuing, F. Buda, P. Blochl, E. J. Baerends, Angew. Chem. 2001,
113, 2977; Angew. Chem. Int. Ed. 2001, 40, 2893.


[2] N. Getoff in Environmental Applications of Ionizing Radiation (Eds.:
W. J. Cooper, R. D. Curry, K. E. O×Shea), Wiley, New York, 1998,
p. 231.


[3] M. G. Nickelson, D. C. Kajdi, W. J. Cooper, C. N. Kurucz, T. D. Waite,
F. Gensel, H. Lorenzl, U. Sparka in Environmental Applications of
Ionizing Radiation (Eds.: W. J. Cooper, R. D. Curry, K. E. O×Shea),
Wiley, New York, 1998, p. 451.


[4] F. Taghipou, G. Evans in Environmental Applications of Ionizing
Radiation (Eds.: W. J. Cooper, R. D. Curry, K. E. O×Shea), Wiley, New
York, 1998, p. 477.


[5] H. Destaillats, T. Lesko, M. Knowlton, H. Wallace, M. R. Hoffman,
Ind. Eng. Chem. Res. 2001, 40, 3855.


[6] H. Al-Ekabi, A. Safarzadeh-Amir, W. Sifton, J. Story, Int. J. Environ.
Pollut. 1991, 1, 125.


[7] F. J. Rivas, F. J. Beltran, O. Gimeno, J. Frades, J. Agric. Food Chem.
2001, 49, 1873.


[8] G. Li Puma, P. L. Yue, Ind. Eng. Chem. Res. 2001, 40, 5162.
[9] L. H. Thompson, L. K. Doraiswamy, Ind. Eng. Chem. Res. 1999, 38,


1215.
[10] S.-A. Lee, K.-H. Choo, C.-H. Lee, H.-I. Lee, T. Hyeon, W. Choi, H.-H.


Kwon, Ind. Eng. Chem. Res. 2001, 40, 1712.
[11] S. S. Gupta, M. Stadler, C. A. Noser, N. Ghosh, B. Steinhoff, D. Lenoir,


C. Horwitz, K.-W. Schramm, T. J. Collins, Science 2002, 296, 326.
[12] B. N. Ames, M. K. Shigenaga, T. M. Hagen, Biol. Oxid. Antioxid. 1994,


90, 193.
[13] Z. Shen, W. Wu, S. L. Hazen, Biochemistry 2000, 39, 5474.
[14] B. Halliwell in Free Radical in Biology (Eds.: B. Halliwell, J. C.


Gutteridge), Claredon Press, New York, 1989.
[15] C. von Sonntag, The Chemical Basis of Radiation Biology, Taylor &


Francis, London, 1987.
[16] M. D. Sevilla, D. Becker in Advances in Radiation Biology, Vol. 17


(Ed.: J. Lett), Academic Press, New York, 1993, p. 121.
[17] M. Mori, S.-I. Teshima, H. Yoshimoto, S.-I. Fujita, R. Taniguchi, H.


Hatta, S.-I. Nishimoto, J. Phys. Chem. B 2001, 105, 2070.
[18] W. Adam, S. Marquardt, C. R. Saha-Moller, Photochem. Photobiol.


1999, 70, 287.
[19] G. Buxton, C. Greenstock, W. P. Helman, A. B. Ross, J. Phys. Chem.


Ref. Data 1988, 17, 513.
[20] S. Gordon, J. C. Sullivan, A. B. Ross, J. Phys. Chem. Ref. Data 1986, 15,


1357.
[21] D. F. Ollis, H. Al-Ekabi, Photocatalytic Purification and Treatment of


Water and Air, Vol. 3, Elsevier, Amsterdam, 1993.
[22] D. F. Ollis, N. Serpone, E. Pelizzetti in Photocatalysis. Fundamentals


and Applications (Eds.: N. Serpone, E. Pelizzetti), Wiley, New York,
1989, p. 603.


[23] C. S. Turchi, D. F. Ollis, J. Phys. Chem. 1988, 92, 6852.
[24] C. S. Turchi, D. F. Ollis, J. Catal. 1990, 122, 178.
[25] X. J. Li, J. W. Cubbage, T. A. Tetzlaff, W. S. Jenks, J. Org. Chem. 1999,


64, 8509.
[26] X. J. Li, J. W. Cubbage, W. S. Jenks, J. Org. Chem. 1999, 64, 8525.
[27] R. V. Bensasson, E. J. Land, T. G. Truscott, Flash Photolysis and Pulse


Radiolysis: Contributions to the Chemistry of Biology and Medicine,
Pargamon, New York, 1983.


[28] A. J. Swallow, Radiation Chemistry, Wiley, New York, 1973.
[29] G. V. Buxton, Trans. Faraday Soc. 1970, 66, 1656.


¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2003, 9, 5379 ± 53875386







Breakdown of 2,4-D 5379±5387


[30] I. C. Munro, G. L. Carlo, J. C. Orr, K. G. Sund, R. M. Wilson, E.
Kennepohl, B. S. Lynch, M. Jablinski, N. L. Lee, J. Am. Coll. Toxicol.
1992, 2.


[31] S. O. Archibald, C. K. Winter in Chemicals in the Human Food Chain,
Van Nostrand ±Reinhold, NY, 1990, p. 1.


[32] R. G. Wilson, H. H. Cheng, Weed Sci. 1976, 24, 461.
[33] J. M. Herrmann, J. Disdier, P. Pichat, S. Malato, J. Blanco, Appl. Catal.


B 1998, 17, 15.
[34] K. Djebbar, T. Sehili, Pest. Sci. 1998, 54, 269.
[35] A. D. Modestov, O. Lev, J. Photochem. Photobiol. A 1998, 112, 261.
[36] T. S. Muller, Z. L. Sun, G. Kumar, K. Itoh, M. Murabayashi, Chemo-


sphere 1998, 36, 2043.
[37] J. Peller, MS thesis, University of Notre Dame (USA), 1999.
[38] P. Pichat, J.-C. D×Oliveira, J.-F. Maffre, D. Mas in Photocatalytic


Purification and Treatment of Water and Air (Ed.: D. F. Ollis, H. Al-
Ekabi,), Elsevier, Amsterdam, 1993.


[39] J. J. Pignatello, Environ. Sci. Technol. 1992, 26, 944.
[40] J. Prado, J. Arantegui, E. Chamarro, S. Esplugas, Ozone Sci. Eng. 1994,


16, 235.
[41] L. Sanchez, J. Peral, X. Domenech, Electrochim. Acta 1996, 41, 1981.
[42] a) Y. Sun, J. J. Pignatello, Environ. Sci. Technol. 1993, 27, 304; b) Y.


Sun, J. J. Pignatello, J. Agric. Food Chem. 1993, 41, 1139. c) Y. Sun, J. J.
Pignatello, Environ. Sci. Technol. 1995, 29, 2065.


[43] R. Zona, S. Solar, K. Sehested, J. Holcman, S. P. Mezyk, J. Phys. Chem.
A 2002, 106, 6743.


[44] M. Trojanowicz, P. Drzewicz, P. Panta, W. Gluszewski, G. Nalecz-
Jawecki, J. Sawicki, M. H. O. Sampa, H. Oikawa, S. I. Borrely, M.
Czaplicka, M. Szewczynska, Rad. Phys. Chem. 2002, 65, 357.


[45] M. Trillas, J. Peral, X. Domenech, Appl. Catal. B 1995, 5, 377.
[46] a) J. Peller, O. Wiest, P. V. Kamat, J. Phys. Chem. A 2001, 105, 3176;


b) J. Peller, O. Wiest, P. V. Kamat, Environ. Sci. Technol. 2003, 37,
1926.


[47] M.-C. Lu, J.-N. Chen, Water Sci. Technol. 1997, 36, 117.
[48] Y. Beaton, L. J. Shaw, L. A. Glover, A. A. Meharg, K. Killham,


Environ. Sci. Technol. 1999, 33, 4086.
[49] X. Li, W. S. Jenks, J. Am. Chem. Soc. 2000, 122, 11864.
[50] S. Gopalan, P. E. Savage, J. Phys. Chem. 1994, 98, 12646.
[51] V. Barone, M. Cossi, J. Phys. Chem. A 1998, 102, 1995.
[52] M. D. Liptak, G. C. Shields, J. Am. Chem. Soc. 2001, 123, 7314.
[53] C. S. Rajesh, T. L. D. S. Thanulingam, Tetrahedron 1997, 53, 16817.
[54] N. Somasundaram, C. Srinivasan, J. Photochem. Photobiol. A 1996, 99,


67.
[55] M. Roder, L. Wojnarovits, G. Foldiak, S. S. Emmi, G. Beggiato, M.


D×Angelantonio, Radiat. Phys. Chem. 1999, 54, 475.
[56] E. Bjergbakke, A. Sillesen, P. Pagsberg, J. Phys. Chem. 1996, 100, 5729.


[57] G. E. Adams, J. W. Boag, J. Currant, M. B. Michael in Pulse Radiolysis
(Eds.: M. Ebert, J. P. Keene, A. J. Swallow, J. H. Baxendale),
Academic Press, New York, 1965, p. 131.


[58] X.-M. Pan, M. N. Schuchmann, C. von Sonntag, J. Chem. Soc. Perkin
Trans. 2 1993, 2, 289.


[59] A. Wahner, C. Zetzsch, J. Phys. Chem. 1983, 87, 4945.
[60] E. J. Land, M. Ebert, Trans. Faraday Soc. 1967, 63, 1181.
[61] U. Stafford, K. Gray, P. V. Kamat, J. Phys. Chem. 1994, 98, 6343.
[62] S. Solar, Radiat. Phys. Chem. 1985, 26, 103.
[63] K. I. Priyadarsini, T. P. A. Devasagayam, M. N. A. Rao, S. N. Guha,


Radiat. Phys. Chem. 1999, 54, 551.
[64] C. D. Borman, C. G. Saysell, C. Wright, A. G. Sykes, Pure Appl. Chem.


1998, 70, 897.
[65] A. Ivancich, P. Dorlet, D. B. Goodin, S. Un, J. Am. Chem. Soc. 2001,


123, 5050.
[66] P. Dorlet, A. W. Rutherford, S. Un, Biochemistry 2000, 39, 7826.
[67] F. Dole, B. A. Ciner, C. W. Hoganson, G. T. Babcock, R. D. Britt, J.


Am. Chem. Soc. 1997, 119, 11540.
[68] P. Neta, R. W. Fessenden, J. Phys. Chem. 1974, 78, 523.
[69] D. Chipman, R. Liu, X. Zhou, P. Pulay, J. Phys. Chem. 1994, 100, 5023.
[70] G. N. R. Tripathi, J. Phys. Chem. A 1998, 102, 2388.
[71] B. C. Gilbert, P. Hanson, W. J. Ishham, A. C. Whitwood, J. Chem. Soc.


Perkin Trans. 2 1988, 12, 2077.
[72] M. J. Lundqvist, L. A. Eriksson, J. Phys. Chem. B 2000, 104, 848.
[73] Gaussian 98 (Revision A.9), M. J. Frisch, G. W. Trucks, H. B. Schlegel,


G. E. Scuseria, M. A. Robb, J. R. Cheeseman, V. G. Zakrzewski, J. A.
Montgomery, Jr., R. E. Stratmann, J. C. Burant, S. Dapprich, J. M.
Millam, A. D. Daniels, K. N. Kudin, M. C. Strain, O. Farkas, J. Tomasi,
V. Barone, M. Cossi, R. Cammi, B. Mennucci, C. Pomelli, C. Adamo,
S. Clifford, J. Ochterski, G. A. Petersson, P. Y. Ayala, Q. Cui, K.
Morokuma, D. K. Malick, A. D. Rabuck, K. Raghavachari, J. B.
Foresman, J. Cioslowski, J. V. Ortiz, A. G. Baboul, B. B. Stefanov, G.
Liu, A. Liashenko, P. Piskorz, I. Komaromi, R. Gomperts, R. L.
Martin, D. J. Fox, T. Keith, M. A. Al-Laham, C. Y. Peng, A.
Nanayakkara, M. Challacombe, P. M. W. Gill, B. Johnson, W. Chen,
M. W. Wong, J. L. Andres, C. Gonzalez, M. Head-Gordon, E. S.
Replogle, J. A. Pople, Gaussian, Inc., Pittsburgh, PA, 1998.


[74] C. Barckholtz, T. Barckholtz, C. M. Hadad, J. Phys. Chem. A 2001,
105, 140.


[75] a) T. S. Dibble, J. Am. Chem. Soc. 2001, 123, 4228; b) J. R. B. Gomes,
M. A. V. Ribeiro da Silva, J. Phys. Chem. A 2003, 107, 869.


[76] J. Korchowiec, J. Phys. Org. Chem. 2002, 15, 524.


Received: October 1, 2002
Revised: June 26, 2003 [F4469]


Chem. Eur. J. 2003, 9, 5379 ± 5387 www.chemeurj.org ¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 5387








Facial Selectivity of the (R)-1,3-Dimethyl-1-Cyclohexyl Cation
in the Gas Phase


Antonello Filippi*[a]


Abstract: The model reaction between
the (R)-1,3-dimethyl-1-cyclohexyl cation
(I) and methanol has been investigated
under gas-phase radiolytic conditions
(750 Torr; 25 ± 120 �C) with the aim of
evaluating the intrinsic factors that gov-
ern the facial selectivity of biased car-
bocations. The peculiarity of the exper-
imental approach allows the formation
of different CH3


18OH ¥ I ionic adducts.
Subsequent conversion of these adducts
to give the corresponding E/Z covalent


products follows different reaction co-
ordinates, which are characterized by
their own activation parameters. On the
grounds of density functional theory
(DFT) results, several [CH3OH ¥ I] struc-
tures have been located on the relevant


potential-energy surface (PES). The ex-
perimental results point to a gas-phase
facial selectivity, which is mainly gov-
erned by entropic factors that arise as a
result of the occurrence of different
noncovalent ion ± molecule ™facial ad-
ducts∫ (FA). The formation of FAs may
also play an important role in both the
reaction dynamics and the positional
selectivity. The present results cannot be
interpreted by any of the models based
on solution-phase experiments.


Keywords: diastereoselectivity ¥
facial selectivity ¥ gas-phase
reactions ¥ ion ± molecule reactions ¥
kinetics ¥ noncovalent interactions


Introduction


The growing use of optically pure chiral compounds in many
areas of chemistry and biochemistry has recently sparked an
intense effort to understand the facial selectivity of planar
carbon centers. Over the years, a number of factors have been
proposed as having an influence on the facial selectivity of
reactive species towards trigonal carbon centers;[1] these
include steric hindrance, conformational and chelation effects,
and ion pairing, as well as orbital and electronic interactions.
Solvation and temperature effects are also important. Assess-
ing the relative roles of these factors is not easy. Reactions of
different 2-methyl-5-X-2-adamantyl cations with a number of
nucleophiles in condensed media have been investigated by
several research groups.[2] All the studies indicate that the
facial selectivity of these rigid cations is due to the differential
hyperconjugative stabilization of the competing syn and anti
transition states. Irrespective of its electrostatic or orbital
origin, such an intrinsic factor should play a major role in the
gas phase, owing to the lack of the mediating effects of the


solvent. However, a completely different picture emerges
from the gas-phase investigation of 2-methyl-5-X-adamantyl
cations (X�F, Si(CH3)3).[3] In this study, which was performed
by means of the radiolytic technique, the gas-phase facial
selectivity of the selected ions towards methanol was consid-
ered to be the result of entropy rather than enthalpy, and the
negative activation entropies obtained could be attributed to
the increased rigidity of the relevant transition structures. We
used the same gas-phase radiolytic approach to evaluate the
kinetics of the addition of methanol to a flexible cation,
namely, the (R)-1,3-dimethyl-1-cyclohexyl cation (I). It is
hoped that the results of this model reaction will provide
greater insight into the role that intrinsic factors play in
determining the facial selectivity of biased and conforma-
tionally mobile cyclohexyl cations, a class of reactive inter-
mediates recently investigated both experimentally and
theoretically.[4]


Results


Gas-phase protonation of the substrate : The radiolytic
technique allowed the gas-phase protonation of 1 to be
carried out in two ways. In CH4/1/CH3


18OH mixtures, �-
radiolysis of the bulk gas CH4 generates stationary concen-
trations of CnH5


� (n� 1,2) ions. These strong Br˘nsted acids
are able to protonate 1[5] (path i in Scheme 1) yielding the
chiral (R)-1,3-dimethyl-1-cyclohexyl cation (I) in the presence
of small amounts of nucleophile (CH3


18OH, 18O� 94 %), an
efficient radical scavenger (O2), and a powerful base
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[(N(C2H5)3)]. The base ensures that the oxonium-ion inter-
mediates are efficiently deprotonated (kb and k�b in
Scheme 1). In CH3F/1/H2


18O mixtures, �-radiolysis of CH3F
generates stationary concentrations of (CH3)2F�, whose
reaction with H2


18O yields CH3
18OH2


� ions, in the absence
of any neutral CH3


18OH molecules.[6] The so formed
CH3


18OH2
� then acts both as a Br˘nsted acid catalyst[7]


(path ii in Scheme 1) and as a nucleophile (CH3
18OH)


generator. The substantial difference between the two ap-
proaches is that, in route i (henceforth called the extracom-


plex route), the products
(1R,3R)-1-methoxy-1,3-dimeth-
ylcyclohexane (3E) and
(1S,3R)-1-methoxy-1,3-dimeth-
ylcyclohexane (3Z) arise when
external CH3


18OH molecules
present in the gaseous mixture
react with preformed I to firstly
give the encounter complexes
IIsyn and IIanti. On the other
hand, in route ii (henceforth
called the intracomplex route),
the same products arise from
the intimate IIsyn and IIanti com-
plexes characterized by an ini-
tial specific orientation be-
tween the incipient ion I and
the incipient CH3


18OH mole-
cule, which is internally gener-
ated by proton transfer from
CH3


18OH2
� to 1. The high pres-


sure of the inert gaseous me-
dium (CH4 or CH3F; 750 Torr)
ensures effective collisional
thermalization (7 ± 50� 109


collisions s�1)[8] of the ion ± mo-
lecule complexes before their


conversion to IIIZ and IIIE (vide infra).
To evaluate the extent of oxonium-ion epimerization


(IIIE� IIIZ, kE�Z and kZ�E in Scheme 1) prior to neutral-
ization, a third set of experiments was performed with
(1R,3R)-1,3-dimethylcyclohexanol (2E) or (1S,3R)-1,3-dime-
thylcyclohexanol (2Z) (enantiomeric excess (ee) ca. 99 %) as
the starting substrates, CH3Cl as the bulk gas, and traces of
H2


18O, O2, and N(C2H5)3. �-Irradiation of such gaseous
mixtures generates stationary concentrations of the Lewis
acid (CH3)2Cl�, which barely reacts with H2


18O,[9] but which is
strong enough to methylate the alcoholic chiral substrates to
yield the corresponding oxonium intermediates IIIE and IIIZ
(path iii in Scheme 1).[10] All the irradiations were performed
at a constant temperature in the range 25 ± 120 �C.


Radiolytic experiments : The upper part of Table 1 reports the
relative distribution and the total absolute yield of the 18O-
labeled ethereal products (3E and 3Z) obtained from the �-
irradiated CH4/1/CH3


18OH gaseous mixtures (the extracom-
plex reaction). The product yields from the CH3F/1/H2


18O
mixtures (the intracomplex reaction) are reported in the
lower part of Table 1. Over 95 % of the 18O incorporated into
3E and 3Z occurs through the extracomplex reaction; this is
in agreement with the isotopic composition of the nucleophile
(CH3


18OH, 18O� 94 %). For the same products in the intra-
complex reaction (CH3F/1/H2


18O systems), this percentage
decreases to 50 %, due to the presence of ubiquitous H2


16O[11]


in the gaseous mixtures. However, the yield of both labeled or
unlabeled 3E and 3Z decreases substantially (by over 80 %)
when the molar fraction of the strong base N(C2H5)3 is
quintupled in the starting mixtures; this is evidence that the
ethereal products in Table 1 are ionic in origin.
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Abstract in Italian: Al fine di valutare il ruolo dei fattori
intrinseci che determinano la selettivita¡ facciale di carbocationi
non simmetrici, la cinetica della reazione fra il metanolo e il
catione chirale (R)-1,3-dimetil-1-cicloesile (I) e¡ stata studiata in
fase gassosa utilizzando la tecnica della radiolisi (750 torr; 25 ±
120 �C). La peculiarita¡ del metodo impiegato consente la
formazione di diversi addotti CH3


18OH�I, i quali evolvono
verso i corrispondenti prodotti covalenti E/Z seguendo diverse
coordinate di reazione, ciascuna caratterizzata da parametri di
attivazione specifici. Alcune strutture [CH3OH ¥ I] sono state
localizzate mediante uno studio teorico (DFT) della superficie
di energia potenziale. I risultati sperimentali evidenziano che,
in fase gassosa, la selettivita¡ facciale e¡ determinata principal-
mente da fattori entropici, i quali riflettono la dinamica di
reazione di diversi ™addotti facciali∫ ione-molecola non
covalenti (FA). La loro formazione puo¡ avere un ruolo
importante nel determinare sia la dinamica delle reazioni sia
la selettivita¡ posizionale. I risultati ottenuti non possono essere
razionalizzati utilizzando i modelli elaborati sulla base di studi
condotti in fase condensata.


Scheme 1. Reaction pathways for the extracomplex (path i), intracomplex (path ii), and epimerization (path iii)
experiments.
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In the CH4/1/CH3
18OH experiments, besides the ethereal


products, appreciable amounts of unlabeled 2E and 2Z, as
well as (R)-1,3-dimethylcyclohexene and (R)-1,5-dimethylcy-
clohexene are formed. In the CH3F/1/H2


18O mixtures, the
ethereal products are accompanied by 18O-labeled 2E and 2Z
in yields that are comparable to those obtained for the
unlabeled analogues. The alcoholic products 2E and 2Z are
thought to arise from attack of the free I ion by labeled and/or
unlabeled[11] water molecules followed by N(C2H5)3-neutral-
ization of the oxonium intermediates so formed. Direct
N(C2H5)3-deprotonation of I is the most probable route to
the formation of (R)-1,3-dimethylcyclohexene and (R)-1,5-
dimethylcyclohexene. The fact that the diastereomeric 18O-
labeled products are not accompanied by their enantiomers
indicates that the tertiary cation I does not undergo extensive
prototropic rearrangement. Therefore, the neutral 18O-la-
beled products 3E and 3Z do indeed arise from the reactions
depicted in Scheme 1. If the efficiency of the deprotonation
steps (kb and k�b) depicted in Scheme 1 are taken to be equal,
the relative quantities of neutral 18O-labeled products 3E and
3Z reflect those of the corresponding oxonium intermediates
IIIE and IIIZ.[12] The ksyn/kanti ratio can then be inferred from
the relative concentration of IIIE and IIIZ, once the extent of
their interconversion, under the same experimental condi-
tions, is considered. To this end, intermediates IIIE and IIIZ
were generated by path iii in Scheme 1, and their epimeriza-
tion constants (kE�Z and kZ�E) were calculated using the
Equations (1a) ± (1d):[3]


kZ�E �
�eq


�
ln
� �eq


�eq � �


�
(1 a)


�eq �
Keq


1 � Keq


(1 b)


kE�Z �
�eq


�
ln
� �eq


�eq � �


�
(1 c)


�eq �
1


1 � Keq


(1 d)


whereby � and � indicate the extent of epimerization of IIIZ
and IIIE, respectively, during their lifetime �. These epimer-
ization factors are evaluated as the molar fraction of
unlabeled ethers, 3E and 3Z, obtained from the chiral
alcohols 2Z and 2E, respectively.


At any given temperature, the IIIZ� IIIE equilibrium
constant (Keq) can be calculated from Equation (2). The
results are given in Table 2.


Keq �
�


�
(2)


Linear correlations were found between logkE�Z (and
logkZ�E) and T�1. A similar correlation was also obtained for
logKeq (logKeq� (0.5� 0.3)� (0.9� 0.4)1000/(2.303RT); r2�
0.533), as depicted in Figure 1.


Table 3 gives the relevant Arrhenius equations and the
corresponding activation parameters calculated according to
the transition-state theory. Activation enthalpies indicate that
IIIZ is more stable than IIIE by 0.9 kcal mol�1.


The Arrhenius equations in Table 3 allow the � and � terms
for each � value in Table 1 to be evaluated. In turn, this data,
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Table 1. Relative distribution of the 18O-labeled ethereal products from
attack of methanol on I in the gas phase.[a]


T CH3
18OH B �[c]


[�C] [Torr] [Torr] [�108 s] 3E[d] 3Z[d] G(M)
[e]


path i[b]


25 1.05 0.70 3.61 0.463 0.537 0.99
40 1.06 0.67 4.01 0.485 0.515 0.92
40 1.17 0.69 3.88 0.473 0.527 0.67
40 0.53 0.59 4.49 0.482 0.518 0.52
50 0.92 0.71 3.89 0.510 0.490 0.60
60 1.04 0.71 4.02 0.502 0.498 0.53
60 0.97 0.71 4.02 0.477 0.523 0.84
70 1.14 0.75 3.94 0.510 0.490 0.48
80 1.03 0.69 4.41 0.509 0.491 0.59
80 1.03 0.70 4.36 0.487 0.513 0.37


100 0.56 0.79 3.34 0.511 0.489 0.43
100 1.12 0.75 4.28 0.498 0.502 0.83


path ii[f]


25 3.10 0.70 3.61 0.450 0.550 0.06
40 2.89 0.71 3.76 0.436 0.564 0.11
50 3.02 0.72 3.81 0.424 0.576 0.12
50 3.02 0.73 3.77 0.419 0.581 0.14
60 3.12 0.71 4.02 0.420 0.580 0.13
70 3.01 0.68 4.31 0.400 0.600 0.07
70 3.13 0.68 4.32 0.402 0.598 0.10
80 2.90 0.65 4.69 0.412 0.588 0.11


100 2.97 0.73 4.43 0.409 0.591 0.08


[a] Substrate 1 (0.5 Torr), O2 (5 Torr), B�N(C2H5)3; radiation dose 1�
104 Gy (dose rate� 5� 103 Gy h�1). [b] The extracomplex pathway; bulk
gas CH4 (750 Torr). [c] Reaction time, calculated as the reciprocal of the
pseudo-first-order collision constant between intermediates IIIE and IIIZ
and B (ref. [8]). [d] Mean values from repeated experiments; uncertainty
level ca. 5 %. [e] G(M)� number of molecules M produced per 100 eV of
absorbed energy. [f] The intracomplex pathway; bulk gas CH3F (750 Torr).


Table 2. Kinetics of the gas-phase epimerization of IIIE and IIIZ.[a]


Substrate T B �[b] kE�Z
[d]


[�C] [Torr] [�108 s] �[c] [�10�6 s�1] Keq
[d]


2E 25 0.74 3.40 0.047 1.44 (6.16) 0.58 (�0.24)
2E 40 0.71 3.75 0.060 1.68 (6.23) 0.62 (�0.21)
2E 50 0.71 3.88 0.106 3.01 (6.48) 0.67 (�0.17)
2E 60 0.69 4.14 0.135 3.69 (6.57) 0.67 (�0.17)
2E 70 0.71 4.11 0.168 4.87 (6.69) 0.80 (�0.09)
2E 80 0.66 4.57 0.238 6.81 (6.83) 0.80 (�0.10)
2E 100 0.64 5.00 0.281 8.23 (6.92) 0.99 (0.00)
2E 120 0.63 5.38 0.464 17.07 (7.23) 0.70 (�0.15)


Substrate T B �[b] kZ�E
[d]


[�C] [Torr] [�108 s] �[c] [�10�6 s�1] Keq
[d]


2Z 25 0.75 3.37 0.027 0.83 (5.92) 0.58 (�0.24)
2Z 40 0.74 3.61 0.037 1.08 (6.03) 0.62 (�0.21)
2Z 50 0.71 3.88 0.071 2.01 (6.30) 0.67 (�0.17)
2Z 60 0.67 4.24 0.091 2.43 (6.39) 0.67 (�0.17)
2Z 70 0.71 4.11 0.135 3.92 (6.59) 0.80 (�0.09)
2Z 80 0.67 4.51 0.191 5.53 (6.74) 0.80 (�0.10)
2Z 100 0.65 4.94 0.279 8.29 (6.92) 0.99 (0.00)
2Z 120 0.65 5.23 0.327 12.37 (7.09) 0.70 (�0.15)


[a] Substrate (0.5 Torr), bulk gas CH3Cl (750 Torr), O2 (5 Torr), H2
18O (ca.


3 Torr), B�N(C2H5)3; radiation dose 1� 104 Gy (dose rate� 5�
103 Gy h�1). [b] Reaction time, calculated as the reciprocal of the pseudo-
first-order collision constant between intermediates IIIE and IIIZ and B
(ref. [8]). [c] �� [3Z]/([3E]� [3Z]) and �� [3E]/([3E]� [3Z]) are mean
values from repeated experiments; uncertainty level ca. 5%; 18O-ethers
� 3%. [d] See text for k and Keq definitions; logk and logKeq in
parentheses.
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Figure 1. Temperature dependence of logkE�Z (full circles), logkZ�E (open
circles), and logKeq (full triangles) for the epimerization reaction IIIE�
IIIZ.


along with the molar concentrations of 3E and 3Z given in
Table 2, have been used to calculate the ksyn/kanti ratio by using
Equation (3).[3]


ksyn


kanti


� �3Z� � �


�3E� � �
(3)


The results for both the extracomplex and intracomplex
reactions are plotted as log(ksyn/kanti) against T�1 in Figure 2.


Figure 2. Differential Arrhenius plots (log (ksyn/kanti) vs T�1) for intra-
complex (full circles) and extracomplex (open circles) attack of ion I by
methanol in the gas phase.


The relevant differential Arrhenius equations and the
corresponding activation parameters were calculated from


the slope and y axis intercept of the straight lines obtained by
linear regression analysis (Table 4). Surprisingly, opposite
differential activation parameters are observed. The entropic
contributions are large enough to invert the enthalpic facial
selectivity in both the extra- (T� 43 �C) and the intracomplex
(T� 5 �C) reaction.


Theoretical calculations : A comprehensive and high-level ab
initio investigation of the PES of the reaction network
depicted in Scheme 1 is practically inaccessible either intrinsi-
cally, because of the conformational mobility of the system,
and computationally, because of the need for an extended
basis set. However, several critical points have been located at
the B3LYP/6 ± 31G* level of theory;[13] their energies are
reported in Table 5, while the relevant optimized structures
are shown in Figure 3. It is worth noting that the structural


deformation of both Ieq and Iax is similar to that of the C�C
hyperconjomer of the 1-methylcyclohexyl cation.[4a] In partic-
ular, there is: 1) bond elongation of C2�C3 and C5�C6; 2)
C�H bond elongation in the methyl group, which eclipses the
empty p orbital; 3) C1�C2�C3 angle contraction; and 4) slight
equatorial pyramidalization (Ieq� 172.39� ; Iax� 173.37�) of
the charged C1 atom. Also, at least at the B3LYP/6 ± 31G*
level of theory, a C�H hyperconjomer of I (the carbocation
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Table 3. Kinetics of the epimerization of IIIZ and IIIE in the gas phase:
Arrhenius equations and relevant activation parameters.


Arrhenius equation[a] corr. Coeff �H� �S�


r2 [kcal mol�1] [cal mol�1 K�1]


logkE�Z� (10.6� 0.3)� (6.1� 0.4)x 0.974 5.5� 0.4 � 12.1� 1.2
logkZ�E� (11.0� 0.2)� (7.0� 0.4)x 0.985 6.4� 0.4 � 9.9� 1.1


[a] x� 1000/2.303RT.


Table 4. Differential Arrhenius equations and relevant differential activation
parameters for extracomplex (i) and intracomplex (ii) attack of methanol on I
in the gas phase.


Path Arrhenius equation[a] corr. coeff. ��H� ��S�


r2 [kcal mol�1] [cal mol�1 K�1]


i log (ksyn/kanti)� (�0.7� 0.1)
� (�1.0� 0.2)x


0.773 � 1.0� 0.2 � 3.1� 0.5


ii log (ksyn/kanti)� (1.0� 0.1)
� (1.2� 0.1)x


0.933 1.2� 0.1 4.4� 0.4


[a] x� 1000/2.303RT.


Table 5. B3LYP/6-31G*//B3LYP/6-31G* results.


E[a] ZPE[b] E�ZPE E�ZPE
[Hartree] [Hartree] [Hartree] [kcal mol�1]


CH3OH � 115.714406 0.051458 � 115.662948
CH3OH2


� � 116.015745 0.064381 � 115.951364
1eq


[c] � 313.278724 0.203706 � 313.075018 0.0
1ax � 313.276204 0.203943 � 313.072261 1.7
Ieq � 313.620403 0.214103 � 313.406300 0.0
Iax � 313.616850 0.214188 � 313.402662 2.3
IIIE � 429.364812 0.271732 � 429.093080 0.0
IIIZ � 429.364040 0.271748 � 429.092292 0.5
IIanti � 429.353500 0.267317 � 429.086183 4.3
IIasyn � 429.353348 0.267151 � 429.086197 4.3
IIbsyn � 429.352705 0.267255 � 429.085450 4.8
TSinv


[d] � 429.350565 0.266908 � 429.083657 5.9
Ieq�CH3OH � 429.334810 0.265561 � 429.069249 15.0
1eq�MeOH2


� � 429.294469 0.268087 � 429.026382 41.8


[a] Total energy. [b] Zero-point energy. [c] Calculated B3LYP/6-31G* proton
affinity: 208.9 kcal mol�1. [d] Imaginary frequency: i64.92 cm�1.
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axially oriented by C2�Hax and C6�Hax hyperconjugation)
does not exist. This could be due to the fact that I contains just
one 3-methyl group.[4b]


According to the E�ZPE column of Table 5, the 1eq and Ieq
chair structures, in which the methyl group is equatorial, are
1.7 and 2.3 kcal mol�1 more stable than the corresponding
chair conformers, 1ax and Iax, respectively. This is in agreement
with the experimental value obtained for the conformational
energy of the methyl group (1.9 ± 2.1 kcal mol�1).[4b, 14] There-
fore, 1eq and Ieq are, by far, the most abundant conformers of 1
and I. The oxonium ion IIIE has the lowest E�ZPE value on
the [I ¥ CH3OH] PES (C1�O binding energy: 15.0 kcal mol�1),


while diastereomer IIIZ is
0.5 kcal mol�1 higher in energy.
Epimerization of the two spe-
cies involves the transition
structure TSinv (5.9 kcal mol�1


higher than IIIE). Taking into
account the uncertainty of
the method used (ca.
2 kcal mol�1),[15] the theoretical
results correspond closely to
those obtained experimen-
tally (Table 3: �H�


Z�E�
6.4 kcal mol�1; �H�(IIIZ�
IIIE)� 0.9 kcal mol�1). Only a
single IIanti structure (4.3
kcal mol�1) has been located,
but two different syn adducts
have been found; IIasyn


(4.3 kcal mol�1), which has a
single methyl C�H interaction,
and the less stable IIbsyn


(4.8 kcal mol�1), in which the
oxygen atom is coordinated to
both the axial C2 and C6 hydro-
gen atoms. At the same level of
theory, the proton affinity of
3-methyl-1-methylenecyclohex-
ane (208.9 kcal mol�1) has also
been calculated.


Discussion


The addition reaction : In the
intracomplex reaction, enthal-
py favors anti rather than syn
attack of I by methanol
(1.2 kcal mol�1) (Table 4). How-
ever, as a result of entropy
(4.4 cal mol�1 K�1), at T� 5 �C
syn attack predominates. A
completely different result aris-
es in the extracomplex expe-
riments: although enthalpy
(�1.0 kcal mol�1) favours syn
attack, entropy (�3.1
cal mol�1 K�1) reverses the se-


lectivity at T� 43 �C. Such divergent results obtained for the
same reaction (Figure 2) cannot be interpreted in terms of any
of the theories so far proposed to explain the facial selectivity
of trigonal carbon centers,[1, 16, 17] but must be related to the
different behavior of the reactive intermediates in the extra-
and intracomplex reactions.


As reported in the previous section, the vastly different
proton affinities of the involved species ensures that ion ±
molecule adducts like IIsyn and IIanti (Scheme 1) are stable
intermediates in both the extra- and intracomplex reaction.
The hypothesis that IIsyn and IIanti reach a rapid equilibrium
prior to being converted into IIIZ and IIIE is not supported
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Figure 3. Optimized structures and relevant geometrical parameters of the critical points located on the
[CH3OH ¥ I] PES at the B3LYP/6 ± 31G* level of theory. Bond lengths are given in ä, angles are italicized and
given in degrees.
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by the present results. In fact, the plots in Figure 2 clearly
indicate that in the extra- and intracomplex attack of I by
methanol, facial selectivity has a different temperature
dependence, which is the result of opposite ��H� and ��S�


contributions to ��G�. The alternative hypothesis that the
IIsyn and IIanti intermediates react through the same species in
both the extra- and intracomplex reaction is also not
supported by the current results. In fact, because different
reaction partners are involved (steps i and ii in Scheme 1), it is
likely that the relative populations of IIsyn and IIanti formed are
not the same, contributing to the difference in ��S� values
seen in Table 4. Moreover, the presence of the same IIsyn and
IIanti reactive structures in the two processes should lead to the
same ��H� values, in contrast to the experimental evidence.
From this analysis, the experimental results clearly indicate
that: 1) along the extra- and intracomplex reaction pathways,
the IIsyn and/or IIanti structures are different and their relative
abundance depends on the formation process (i or ii in
Scheme 1); and 2) interconversion among different IIsyn
structures must be slow relative to their conversion into IIIZ.
The same holds true for the IIanti adducts.


The occurrence of different ™facial adducts∫ (FAs) between
methanol and I, that is, noncovalent ion ± molecule adducts in
which the neutral molecule is coordinated to different points
on the same face of the ion, is not unexpected. Indeed, proton
transfer from CH3


18OH2
� to 1 (path ii in Scheme 1) is thought


to lead to the IIasyn and IIanti adducts depicted in Figure 3, in
which the CH3


18OH molecule is primarily coordinated to a
methyl hydrogen atom of Ieq. In contrast, more than one
center of interaction on both faces of I is kinetically accessible
to CH3


18OH (path i in Scheme 1). The theoretical results
(Table 5 and Figure 3) support the above view, and suggest
that a single adduct (IIasyn) is generated in the syn intra-
complex reaction, while two different FAs (IIasyn and IIbsyn)
are involved in the syn extracomplex process. On the other
hand, the IIanti adduct is favored in both extra- and intra-
complex anti attack.


Facial selectivity : Conversion of II to the corresponding
oxonium ions IIIE and IIIZ must involve rather small
activation barriers. This point is supported by: 1) the relatively
low experimental activation enthalpy for IIIE� IIIZ epimer-
ization (6.4 kcal mol�1), 2) the poor dependence of the
absolute yields of the ethereal products 3E and 3Z upon
temperature (G(M) in Table 1), and 3) the computational
evidence. Moreover, since the theoretical results indicate that
an identical IIanti adduct is involved in the anti attack of I by
methanol in both the extra- and intracomplex reaction, the
��H� values in Table 4 suggest that �H� for the syn
extracomplex reaction (IIbsyn� IIIZ) is approximately
2.2 kcal mol�1 lower in energy than �H� for the syn intra-
complex reaction (IIasyn� IIIZ). It should be noted, that this
value is 4.4 times greater than the theoretical IIbsyn� IIasyn


relative energy (Table 5: 4.8� 4.3� 0.5 kcal mol�1); this sug-
gests that the syn transition-state structures involved in the
conversion of IIbsyn and IIasyn to IIIZ are different.


The occurrence of more than one FA has already been
reported by Speranza et al. in their paper on the isomerization
of protonated para-sec-butyltoluenes in the gas phase.[18] If


one considers, in the absence of solvent-mediating properties,
that any type of interaction is better than none, the existence
of FAs in gas-phase ion-neutral reactions should be rather
common. In fact, when an ion and a neutral molecule
approach each other, more than one reciprocal stabilizing
interaction can be sought. FAs that interconvert quickly will
not be kinetically distinguishable, but if their conversion to
the corresponding �-bonded intermediates is faster than their
interconversion, they will dictate the reaction troposelectiv-
ity.[19] Indeed, in the latter case, the relative populations of
different FAs that operate along parallel reaction coordinates
will reflect the positional selectivity.[18] However, if converging
reaction coordinates are involved, these will contribute to the
overall kinetic constant (as in the syn extracomplex reaction:
IIasyn� IIIZ	 IIbsyn).


As similar investigations in solution have not been con-
ducted, a direct comparison of the present gas-phase results
cannot be made. Facial selectivity observed in condensed
media has often been interpreted on the grounds of intrinsic
stereoelectronic factors, which favor anti attack by nucleo-
philic reagents of both charged and neutral unsaturated
carbon atoms of methylenecyclohexane derivatives and their
carbonyl analogues.[1, 16, 17] This enthalpic approach assumes
that entropic factors in the competing syn and anti processes
are compensating or negligible, which can be accepted only in
low-temperate investigations. The present investigation, along
with a previous report in which the rigid 2-methyl-5-X-2-
adamantyl cation (X�F, Si(CH3)3) was used, suggests that
facial selectivity of charged trigonal carbon centers in the gas
phase is strongly influenced by entropic rather than enthalpic
factors. A comprehensive analysis of the geometric parame-
ters for the structures in Figure 3 indicates that hyperconju-
gation may play a role, but, above all, it suggests that facial
selectivity in the gas phase is strongly dependent upon the
intrinsic ability of both the ionic substrate and the nucleophile
to make different ion ± molecule adducts, and on their
evolution dynamics. In the condensed phase, the solvent
cage not only modifies the intrinsic hyperconjugative features
of ions like I,[4b] but it also mediates the electrostatic
interaction between the ion and the neutral nucleophile.
Thus, the pronounced solvent effect on the facial selectivity of
biased substrates in the condensed phase[1] may be primarily
ascribed to the polarizability and dielectric properties of the
solvent, and to differential face solvation.[4b]


Conclusion


The kinetics of the reaction between methanol and the (R)-
1,3-dimethyl-1-cyclohexyl cation (I) have been investigated in
the gas phase using the radiolytic technique at a pressure of
750 Torr and temperatures ranging from 25 to 120 �C. The
results have revealed that entropy contributes to the free
activation energy of the competing syn and anti processes, and
plays a major role in determining the facial selectivity by
increasing the temperature. The key role of a number of FAs,
as suggested by experimental differential activation parame-
ters, is further supported by DFT calculations. The combined
results indicate that gas-phase facial selectivity of biased
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carbocations is mainly dependent upon the intrinsic aptitude
of both the ionic substrate and the neutral nucleophile to form
different FAs, and upon the reaction dynamics whereby these
FAs interconvert or form the products. FAs are common
intermediates in gas-phase ion chemistry, while their occur-
rence in condensed media may be mediated by solvation.


Experimental Section


Materials : Methane, methyl fluoride, methyl chloride, and oxygen were
high-purity gases, which were purchased from UCAR Specialty Gases N.V.,
and used without further purification. H2


18O (18O� 94.6 %) and CH3
18OH


(18O� 94%) were purchased from ICON Services. Research grade
N(C2H5)3 and (R)-3-methylcyclohexanone (98 %, ee� 99 %) were supplied
by Aldrich.


Synthesis of the substrates : (R)-3-Methyl-1-methylenecyclohexane (1) was
synthesized from (R)-3-methylcyclohexanone (98 %, ee� 99%) by using
Corey×s procedure[20] for the Wittig reaction. The same starting chiral
ketone was treated with CH3MgBr in dry diethyl ether to give, after
hydrolysis, both (1R,3R)-1,3-dimethylcyclohexanol (2E) and (1S,3R)-1,3-
dimethylcyclohexanol (2Z). Each diastereomer was initially assigned on
the basis of the product ratio (E/Z� 68:32) reported in the literature,[16] and
was further confirmed by NMR spectroscopic analysis of the corresponding
methyl ethers (see below). NaNH2 and subsequently CH3I were added to a
stirred sample of the latter crude reaction mixture to afford the
diastereomers (1R,3R)-1-methoxy-1,3-dimethylcyclohexane (3E) and
(1S,3R)-1-methoxy-1,3-dimethylcyclohexane (3Z). All the synthesized
compounds were purified by preparative gas ± liquid chromatography
(GLC) on either a 5 m� 4 mm [inside diameter (i.d.)] stainless steel
column packed with 10 % Carbowax 20M on 80 ± 100 mesh Chromosorb
WAW at 110 �C (Chrompack), or on a 3 m� 4 mm (i.d.) stainless steel
column packed with 10% OV-17 on 80 ± 100 mesh Chromosorb WAW at
80 �C (Chrompack). The chemical (�99.9 %) and optical (ee ca. 99%)
purity of 1, 2E, 2Z, 3E, and 3Z was verified by analytical GLC by using the
same chiral columns that were used for the analysis of the �-irradiated
gaseous mixtures (MEGADEX DACTBS-� (30 % 2,3-di-O-acetyl-6-O-
tert-butyldimethylsilyl-�-cyclodextrin in OV 1701, 25 m long, 0.25 mm i.d.,
df� 0.25 �m), 40�T� 170 �C, 2 �C min�1; CP-Chirasil-DEX CB, 25 m long,
0.25 mm i.d., df� 0.25 �m), 40�T� 180 �C, 5 �C min�1). A sample of the
ethers 3E and 3Z was analyzed by 13C and 1H NMR spectroscopy.


Procedure : A greaseless vacuum line was used to prepare the gaseous
mixtures according to conventional procedures. The starting chiral
substrate and the labeled nucleophile (1 and CH3


18OH or H2
18O; 2E or


2Z and H2
18O), as well as a thermal radical scavenger (O2), and a powerful


base [N(C2H5)3] (proton affinity� 234.7 kcal mol�1)[5a] were introduced into
carefully outgassed 130 mL Pyrex bulbs, each equipped with a break-seal
tip. The bulbs were filled with 750 Torr of CH4 (1/CH3


18OH mixtures),
CH3F (1/H2


18O mixtures), or CH3Cl (2E or 2Z/H2
18O mixture), cooled to


liquid-nitrogen temperature, and sealed off. The gaseous mixtures were
then submitted to irradiation at a constant temperature (25 ± 120 �C) in a
60Co source (dose: 1� 104 Gy; dose rate: 5� 103 Gy h�1, determined with a
neopentane dosimeter). Control experiments, carried out at doses ranging
from 1� 103 to 1� 105 Gy, showed that the relative yields of products are
largely independent of the dose. The radiolytic products were analyzed on
the above-mentioned chiral columns by GLC using a Chrompack-9002 gas
chromatograph equipped with a flame-ionization detector. The products
were identified by comparing their retention volumes with those of
authentic standard compounds, and were further confirmed by GLC ± MS
by using a Hewlett-Packard 5890A gas chromatograph in sequence with a
HP-5970B mass spectrometer. The yields were determined from the areas
of the corresponding eluted peaks by using the internal standard (i.e.,
benzyl alcohol) method, and individual calibration factors were used to
correct the detector response. Blank experiments were carried out in order
to ensure that thermal decomposition of the starting substrates and their
ethereal products, as well as the thermal racemization of 1, and the
epimerization of 2E and 2Z was not occurring within the temperature
range investigated.


The extent of 18O incorporation into the radiolytic products was deter-
mined by GLC ± MS, whereby the mass analyzer was set on the selected-ion
mode (SIM). The ion fragments at m/z� 127 (16O-[M�CH3]�) and m/z�
129 (18O-[M�CH3]�) were monitored in order to analyze the 3E and 3Z
ethers. The corresponding alcohols 2E and 2Z were examined by using the
fragments at m/z� 113 (16O-[M�CH3]�) and m/z� 115 (18O-[M�CH3]�).
The ion fragment at m/z� 110 ([M]�) was monitored in order to analyze
substrate 1 and any possible isomers.


Computational details : Quantum-chemical calculations were performed by
using the GAUSSIAN 98 set of programs.[21] The geometry of the
investigated species was optimized at the B3LYP/6 ± 31G* level of
theory.[13] The structures corresponding to the critical points were
submitted to frequency calculations, at the same level of theory, in order
to ascertain their real-minimum or transition-structure character on the
PES, and to evaluate the corresponding ZPE.[22]
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Investigation of the Origin of Selectivity in Cavitand-Based Supramolecular
Sensors


Roberto Paolesse,*[a, c] Corrado Di Natale,[b, c] Sara Nardis,[a] Antonella Macagnano,[c]
Arnaldo D×Amico,[b, c] Roberta Pinalli,[d] and Enrico Dalcanale*[d]


Abstract: The sensing properties of
functionalized cavitands have been stud-
ied by thin-film coating TMSR chemical
sensors and by measuring their respons-
es towards model analytes. We studied
the relationship between the sensor
performance, in terms of sensitivity and
selectivity, and the molecular recogni-
tion properties of the cavitands. The
Langmuir-like shape of the adsorption
isotherm, obtained in the case of short-
chain alcohols, demonstrated that selec-
tive binding can be achieved by the


synergistic interactions of the cavity and
the bridging POin groups. In the absence
of these substituents, the peripheral
alkyl chains necessary for the formation
of highly permeable thin films attenuate
the cavity effect because of nonspecific
dispersion interactions. This completely
overrides the response originating from


molecular recognition. The same effect
is observed when the PO groups are
oriented outward from the cavity. The
use of multivariate chemometrics and
the study of the correlations between
sensors sensitivity and analyte proper-
ties provided further evidence of molec-
ular recognition phenomena, whose in-
tensity is enhanced by the permanent
free volume created by the rigid cavity
surrounding the POin group.


Keywords: alcohols ¥ cavitands ¥
hydrogen bonding ¥ molecular
recognition ¥ sensors


Introduction


In the last few years there has been a huge demand for the
monitoring of different chemical environments, such as urban
indoor and outdoor atmospheres, food aromas, and others.
Chemical sensors are among the most promising devices to be
exploited for these applications because they have the great


advantage of allowing online measurement suitable to remote
control.[1]


The structure of a generic chemical sensor can ideally be
divided in two subunits: the sensing material and the trans-
ducer. The sensing material interacts with the chemical
species present in the environment by changing some of its
physicochemical properties, while the transducer transforms
these variations into a readable signal, generally an electrical
signal.
The sensor performance, in terms of sensitivity, reproduci-


bility, and selectivity, strictly depends on the properties of the
sensing materials. For this reason, a great effort has been
made to develop sensing materials with improved proper-
ties.[2] However, whereas sensitivity, reproducibility, and
stability are properties that need to satisified, selectivity
needs to be further discussed.
From this point of view, the exploitation of organic


compounds as sensing materials is particularly attractive.
The progress made in designing synthetic receptors[3] allows
sensor selectivity modulation towards different classes of
compounds by mastering the weak interactions that occur
between the sensing material and the analytes.
Among the large manifold of possibilities, host ± guest


multiple interactions, such as in crown ethers, cyclodextrins,
calixarenes, and cavitands, look extremely appealing. The
synthetic chemistry and solution-binding studies of these
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compounds is a well developed discipline; however, when
these compounds are exploited in chemical sensors, we have
to take into account that complexation with analytes occurs
either at the solid ± gas or solid ± liquid interface where non-
specific interactions such as dispersion forces come into play.
In addition, it is necessary to ensure that the deposition


process preserves both the occurrence and the efficiency of
the selective interactions, since the thickness, morphology,
permeability, and mechanical and chemical stability of the
sensing material thin layer can influence both the interaction
mechanism and the sensor responses. Frequently, functional
groups are introduced into the molecular skeleton of receptor
molecules to allow or to improve thin film depositions of
sensing materials. All of these features should be addressed in
the development of reliable chemical sensors.
Absolute selectivity, that is the ability to detect only a single


analyte in any complex mixture, is needed when we must
qualitatively and quantitatively detect a target compound,
such as a toxin. On the other hand, it is only of limited help
when we have to assess the quality of an indoor environment
or to judge the edibility of a food sample, in which the
complexity of the perceived odor in terms of number of
molecular species and relative concentration is mostly un-
predictable. For this reason a different concept of selective
sensors was introduced in the 1980s.[4] In this new approach,
the sensors should not be specific, but rather should respond
to many chemical compounds with different affinities for each
of them.[5] At the molecular level this approach requires the
use of many partially selective receptors. These sensors should
be used in an array configuration, which may make it possible
to develop artificial olfaction systems capable of mimicking
the olfaction systems of mammals.[6]


Although absolute selectivity is not strictly essential for
many applications, orthogonality in the responses is highly
desired. In this way, the sensor responses will not be
completely correlated and the maximum of chemical infor-
mation can be extracted by the sensor array, which can
provide recognition and classification of the different meas-
ured matrices.[7]


In the last few years, we have been involved in the study of
cavitand sensing properties.[8] These compounds exhibit
remarkable properties as sensing materials, which can be
finely tuned by synthetic modifications. High selectivity
towards short-chain linear alcohols has been obtained by
introducing an H-bond acceptor P�O group as a bridging unit
at the upper rim of the receptor. Of the two diastereomers
obtained, which either have the P�O group oriented inward
(POin) or outward (POout) with respect to the cavity, only the
POin version is capable of two synergistic interactions with the
analytes, namely H-bonding with the PO and CH-� inter-
actions with the cavity.[8d]


Herein, we elucidate the key factors affecting the sensing
properties of phosphorus-bridged cavitands, focussing on
selective intracavity complexation versus unselective extrac-
avity absorption. These derivatives have been deposited onto
thickness shear mode resonator (TSMR) transducers and
their performances have been tested with a set of model
analytes and interpreted in the frame of the linear sorption
energy relationship model (LSER).


Experimental Section


Materials : The molecular structures of the compounds used as sensing
materials are reported in Scheme 1. Cavitands 1 ± 5 were prepared as
previously reported.[8d] Spectroscopic characterization and elemental
analyses of all of these compounds are consistent with the proposed
structures. ACS grade pentane, benzene, triethylamine, methanol, ethanol,
and 2-propanol were used without further purification.


Scheme 1. Molecular structures of the cavitands employed as sensing
materials.


Sensors : TSMRs are AT-cut quartzes (Electroquartz) with a fundamental
frequency of 20 MHz; the quartz crystal diameter is 7.0 mm, the gold
electrodes diameter is 5.0 mm. Thin films of sensing materials were
deposited by spray-coating technique on both sides of TSMR quartz disks
from 10�3� CHCl3 solution. TSMRs sensors are mass transducers[9] for
which the resonance frequency shift is linearly correlated to mass loading
according to the Sauerbrey equation [Eq. (1)].[10]


�f��kq�m (1)


The quartz constant was experimentally estimated to be kq� 4.8 Hzng�1


with a mass resolution of 0.2 ng, based on a minimum reliable frequency
measurement of 1 Hz. TSMRs were connected to an oscillator circuit
during the deposition process and the frequency decrease was measured
with a frequency counter. A frequency variation of about 60 KHz was
obtained for all deposited layers.


Coated TSMRs were housed in a 10-mL stainless steel measurement
chamber and were maintained at the constant temperature of 298 K. Each
sensor was connected to an electronic oscillator circuit and frequency
variations were measured by means of an integrated frequency counter.


Organic vapors of the different analytes were generated by bubbling an N2


stream into a liquid sample of the compounds. The concentration of the
volatile organic compound (VOC) in these saturated vapors was calculated
by the Antoine×s law.[11] These saturated vapors were diluted with nitrogen
and allowed to flow into the sensor chamber by a computer-driven four
channel mass-flow controller (MKS). The flow rate was kept at a constant
value of 200 mLmin�1. The sensors were exposed to the following VOCs: n-
pentane, methanol, ethanol, isopropanol, benzene, and triethylamine. The
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maximum analyte concentration was kept at 20% of the saturation
pressure in order to avoid condensation effects.


Data analysis : To study the influence of molecular modifications on sensing
properties it was useful to consider the whole set of sensors as members of
an array and to study their collective properties by using multivariate
chemometrics. In particular, the classification of different analytes was
investigated in order to study which sensor, and then which molecular
configuration, could play a dominant role in the identification of every
single analyte. For this purpose, principal component analysis (PCA) was
utilized.[12]


PCA offers the advantage of displaying the results in a representation plot
in which most of the data variance is preserved and the data distribution
and relative importance of each sensor in the array are depicted. All
calculations were performed in Matlab.


Results and Discussion


The preparation of the sensing material is the first step of
chemical sensor fabrication. One advantage of supramolecu-
lar receptors is that they can be rationally designed according
to the class of analytes to be detected.
The next step is matching the sensing material with the


transducer. Usually, this operation consists of a thin film
deposition onto the sensitive surface of the transducer.
TSMRs are particularly valuable for these studies because
they respond to all material ± analyte interactions that lead to
mass variations, when they are not accompanied by strain ±
stress deformations of the layer. Furthermore, the relation-
ship between mass variation and the sensor signal being
linear, the transducer does not influence the properties of the
sensing layers; this allows for a straightforward comparison
between different sensing layers. The only precaution neces-
sary in comparing different sensing materials concerns control
of the thickness of the deposited film in order to keep the
influence on the sensor signal from the limited stiffness of the
organic films at a negligible level.
The introduction of long alkyl chains at the lower rim was


adopted to increase the permeability of the cavitand layers.
For this reason, questions arose about the location of the
sorbed vapor, which can be located either in the preorganized
cavities at the upper rim or among the alkyl chains at the
lower rim. Because the selectivity patterns of several cav-
itands or other receptors (cyclophanes, cyclodextrins) towards
different organic vapors often resemble those of polymeric
sensing materials, doubts about the real influence of host ±
guest interactions have been raised.[13] Related to this issue is
the selectivity mechanism, which in many cases can be
correlated to dispersion interactions rather than to specific
host ± guest interactions. Translated into molecular terms this
means analyte inclusion within the lower rim alkyl chains or in
the lattice voids of the layer instead of complexation within
the cavity. Indeed, the mere presence of a preorganized cavity
in the receptor does not guarantee selectivity in gas sensing,[14]


since on transfer from the gas phase to the condensed phase
the analyte experiences a net gain in dispersion interactions,
which often override weak host ± guest interactions. Geo-
metrically defined and energetically sizable specific interac-
tions between the receptor and the analyte are needed.


We have recently proven that this result can be achieved
using a synergistic combination of hydrogen bonding and
CH±� interactions.[8d] Comparison of the responses of
isomeric POin and POout cavitands 1 ± 4 towards linear alcohols
clearly indicates that the presence of cooperative interactions
is the key for achieving selectivity. The selectivity pattern
observed for the POin cavitands 1 and 3 deviates significantly
from that of polymers like PIB and PECH, while that of
unselective POout isomers 2 and 4 correlates nicely.
Here we report a detailed analysis of the molecular


recognition phenomenon in gas sensing based on the adsorp-
tion isotherms of selected cavitands towards different analy-
tes. Figures 1 ± 6 depict the responses of five different
cavitand-coated sensors to increasing concentrations of the
following analytes: methanol, ethanol, isopropanol, benzene,
pentane, and triethylamine. Methylene-bridged cavitand 5,
presenting a 4.15 ä deep cavity,[15] has been added to the
phosphonate/phosphate cavitand isomers 1 ± 4 to assess the
influence of CH±� interactions in the absence of hydrogen
bonding.
Langmuir-type isotherms are observed only for the POin


isomers 1 and 3 exposed to methanol, ethanol, and isopropa-
nol vapors (Figure 1, Figure 2 and Figure 3), while the other


Figure 1. Experimental isotherms for modified TMSR sensors 1 ± 5 in the
presence of methanol.


three cavitand coatings show linear responses under the same
conditions. The exponential trend at low vapor concentrations
is the result of an effective complexation between the analyte
and the cavitand receptor. Once the receptor layer becomes
saturated, the isotherm flattens assuming a linear course.
Moreover, the better H-bond acceptor capability of phospho-
nates versus phosphates[16] is reflected in the higher responses
of 1 versus 3. The same trend has been observed in a different
experimental set up: two sets of sensors were prepared by
coating quartzes with different amounts of cavitands 1 ± 5
(10 KHz and 20 KHz respectively) and exposed to 1500 ppm
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Figure 2. Experimental isotherms for modified TMSR sensors 1 ± 5 in the
presence of ethanol.


Figure 3. Experimental isotherms for modified TMSR sensors 1 ± 5 in the
presence of 2-propanol.


of ethanol. The selective layers of 1 and 3 increased their
responses four times upon doubling the coating, while the
unselective layers of 2, 4, and 5 just doubled them.
In the cases of pentane, triethylamine, and benzene, all


sensors responded in a linear fashion, differentiating their
sensitivity in the order: 1� 3� 5� 2,4 (Figure 4, Figure 5 and
Figure 6). This trend can be rationalized by comparing the
exposed surfaces of the receptors, assuming that no specific
interactions are operating in the cases of 1 ± 5 with these three
analytes. Occlusion of the cavity by the aryl substituents on
the PO group in the cases of 2 and 4 drastically reduces the
available surface for unspecific dispersion interactions with
the analytes. Cavitand 5 lies in an intermediate situation
presenting a wide concave surface. Cavitands 1 and 3


Figure 4. Experimental isotherms for modified TMSR sensors 1 ± 5 in the
presence of pentane.


Figure 5. Experimental isotherms for modified TMSR sensors 1 ± 5 in the
presence of triethylamine.


offer the largest surface available having a concave cavity with
one appended substituent.
The overall trend can be rationalized assuming a dual mode


interaction:[17] the energetically more favorable cavity binding
dominates at low analyte concentration, whereas nonspecific
extracavity absorption is preponderant at high analyte con-
centration. As a consequence, when the exponential trend is
absent (Figures 4 ± 6), the molecular recognition events are
either absent or negligible.
To further confirm this hypothesis, we investigated the


sensitivity of the five cavitands. For some sensors, a nonlinear
behavior between sensor response and concentration is
expected, in particular, for those cavitands functionalized to
improve hydrogen-bonding interactions. For these sensors the
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Figure 6. Experimental isotherms for modified TMSR sensors 1 ± 5 in the
presence of benzene.


sensitivity, defined as S��f


�c
, is a function of the concen-


tration with its maximum value at low concentrations. This
behavior is easily explained considering that, the number of
interaction sites being limited, the isotherm is expected to be
steeper at low concentrations and to have a lower slope at
higher concentrations when most of the interaction sites are
occupied. These behaviors have been recorded several times,
in cases where an absorbing layer also has specific interaction
sites.[18, 19] To take account of this fact and also to consider the
sensor sensitivity at its best, the sensitivity of these sensors
was calculated at low concentrations where its value is higher.
The results obtained are reported in Table 1.


In the case of nonspecific interactions, the sensitivity is
constant over the entire concentration range because the
adsorption mechanism is regulated by Henry×s law. This is
confirmed for cavitands 2 and 4. The same behavior is present
for cavitands 1 and 3 in the case of benzene, pentane, and
triethylamine, showing that molecular recognition is not
present. On the other hand, cavitands 1 and 3 show higher
sensitivities for alcohols at low concentrations and a signifi-
cant decrease at higher concentrations. This result confirms
the presence of specific interactions at lower concentrations,


where the adsorption interactions are dominated by the
synergistic cavity hydrogen-bonding sensing mechanism,
while at higher concentrations the vast majority of the
molecular recognition sites are occupied and only dispersion
interactions are active for analyte binding.
The different magnitudes of the sensitivities of cavitands 1


and 3 towards the three alcohols is a direct effect of the mass
transduction performed by the TSMR, where the frequency
shift (�f) is directly proportional to the number of absorbed
molecules multiplied by their molecular mass. The sensitiv-
ities of 1 and 3 to alcohols is then linearly proportional to the
molecular mass of the alcohol as shown in Figure 7.


Figure 7. Dependence of sensor sensitivity S on analyte molecular weight
for cavitands 1 and 3.


A quantitative expression of
the importance of these syner-
gic cavity hydrogen-bonding in-
teractions for the sensing be-
havior can be obtained by eval-
uating the increase in sensitivity
expressed as the sensitivity ra-
tio between POin/POout func-
tionalized cavitands. In Table 2
we report the results obtained.
Again, we observe a negligible
difference of sensitivity for ben-
zene, pentane, and triethyl-
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Table 1. Sensitivities[a] of cavitands 1 ± 5 toward different analytes.


Analyte Cavitand 1 Cavitand 2 Cavitand 3 Cavitand 4 Cavitand 5
S1 [Hzppm�1] S2 [Hzppm�1] S3 [Hzppm�1] S4 [Hzppm�1] S5 [Hzppm�1]


methanol 0.088 0.004 0.053 0.005 0.005
ethanol 0.226 0.006 0.112 0.006 0.007
2-propanol 0.955 0.012 0.509 0.011 0.017
pentane 0.023 0.008 0.022 0.011 0.015
triethylamine 0.122 0.060 0.120 0.060 0.106
benzene 0.079 0.039 0.066 0.041 0.051


[a] These values are extrapolated from the fitting of the isotherms.


Table 2. Selected sensitivity ratios.


Analyte S1/S2 S3/S4 S5/S2


methanol 22.0 10.6 1.2
ethanol 37.7 18.7 1.2
2-propanol 79.6 46.3 1.4
pentane 2.9 2.0 1.9
triethylamine 2.0 2.0 1.8
benzene 2.0 1.6 1.3
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amine, where the molecular recognition phenomenon is not
present, while a significant increase is observed in the case of
alcohols, up to 80 times for isopropanol in the case of S1 versus
S2. The comparison between S5 and S2 indicates a limited
effect on selectivity of the preorganized cavity alone.
We further investigated the influence of peripheral alkyl


groups and molecular recognition phenomena on the sensing
properties of the corresponding sensors by exposing the five
coated TSMRs to variable concentrations of the same
analytes and analyzing the results by data analysis techniques.
A deeper insight about the relationship between sensor


response and interaction mechanism can be gained by
considering the way in which each volatile compound is
expected to interact when in contact with a solid phase. In our
case the material is deposited as amorphous solid, as shown by
optical microscopy experiments.[20] These interactions can be
modeled using the linear sorption energy relationship model
(LSER).[21]


According to this method and under the hypothesis of weak
solubility interactions, the logarithm of the partition coef-
ficient of a sorbent layer with respect to a certain volatile
species is the linear combination of five terms expressing the
intensity of five basic interaction mechanisms. They are in the
order: polarizability, dipolarity, H-bond acidity and basicity,
and the solubility terms related to dispersion interactions.
The relation can be expressed as Equation (2), in which Kp


is the layer partition coefficient and R2, �H
2 , �H


2 , �H
2 , and logL16


are the solute parameters of the volatile compounds and r, s, a,
b, and l are coefficients relative to the absorbing material.


logKp� c� r ¥R2� s ¥�H
2 � a ¥�H


2 �b ¥ �H
2 � l ¥ logL16 (2)


The values of the five parameters for the six volatile
compounds we considered are listed in Table 3.[21] All these
compounds have a strong solubility interaction, nonetheless


Figures 1 ± 6 highlight different sensitivities depending on the
molecular configuration of the cavitands. This suggests that
the differences between the other four interaction terms are
essential in studying their interaction with cavitands. It is
worth noting that pentane interacts only through solubility
and benzene has a very small hydrogen-bonding term, while
H-bonding is strongly present for alcohols.
For a TSMR sensor, the partition coefficient turned out to


be proportional to the overall sensitivity of the sensor.[22]


Consequently, to study the qualitative dependence of sensor
response on the features of the volatile compounds, the
partition coefficient can easily be replaced by the sensor
sensitivity. Table 4 reports the linear correlation coefficients


between the logarithm of the sensor sensitivity and each
LSER parameter.
The responses of cavitands 2, 4, and 5 are strongly


correlated with the dispersion interaction term. In Figure 8
the sensitivities of these cavitands towards all analytes are
plotted versus the solvation parameter logL16, which measures
the importance of dispersion interactions. The almost linear
relationship demonstrates that the sensing mechanism in
these sensors is driven by dispersion interactions. This result
confirms the assumption that nonspecific interactions are
operating in the sensing mechanism of such receptors. On the
other hand, in the cases of cavitands 1 and 3, the function-
alization increases the dependence of sensor sensitivity on
hydrogen-bonding and polarization parameters, again con-
firming that these interactions dominate in the sensing
mechanism of these compounds, and the selectivity towards
alcohols is a consequence. Furthermore, the functionalization
effect is so strong as to completely hide the dependence on the
dispersion interaction, whose correlation coefficients become
negligible.


Figure 8. Plots of sensor sensitivity S of cavitands 2, 4, and 5 (on
logarithmic scale) versus logL16 of the six analytes.


At this point it is worth considering why the hydrogen-
bonding ability of POout in 2 and 4 is totally ineffective in
alcohol detection. A possible explanation could be related to
the different environment experienced by the POin and POout


groups. For the POin isomers 1 and 3 the presence of a rigid,
preorganized cavity embracing the PO group eliminates the
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Table 3. LSER analyte vapor solvation parameters.


Analyte R � � � logL16


methanol 0.278 0.44 0.43 0.47 0.97
ethanol 0.246 0.42 0.37 0.48 1.485
2-propanol 0.236 0.42 0.37 0.48 2.031
pentane 0.000 0.00 0.00 0.00 2.162
triethylamine 0.101 0.15 0.00 0.79 3.04
benzene 0.610 0.52 0.00 0.14 2.786


Table 4. LSER regression coefficients for cavitands 1 ± 5.


LSER coefficients 1 2 3 4 5


r 0.17 0.23 0.14 0.19 0.10
s 0.53 � 0.10 0.44 � 0.18 � 0.24
a 0.60 � 0.73 0.44 � 0.80 � 0.79
b 0.55 0.23 0.59 0.15 0.19
l � 0.11 0.95 0.07 0.96 0.97
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need for generating a void in the lattice for the incoming
analyte. On the other hand, the PO group in 2 and 4 is on the
exterior surface of the receptor, in close contact to other
molecules. The analyte must carve out a space to hydrogen-
bond with the POout, which is energetically demanding.
Therefore, we propose that the role played by the cavity is
twofold: it complexes the analyte through CH±� interactions,
and it generates a permanent ™free volume∫ in the POin


neighbor, which facilitates hydrogen bonding.[23]


For the sake of completeness and to gain a different insight
into the differences in sensor behavior resulting from the
structural modifications of the cavitands, the sensor data have
been treated from a multivariate point of view. In this way, the
cooperative effects of the different materials are studied and
the characteristics of each sensor are easily compared with
those of the other sensors. The most simple and useful
approach to this is to consider the principal component
analysis (PCA) of the matrix formed by all the measurements.
Such a matrix has a number of columns equal to the number
of sensors and a number of rows equal to the number of
measurements.
Each measure can be thought as an element of a vector


space whose dimension is the number of sensors. In such a
space, PCA defines a representation subspace of reduced
dimensionality in which most of the data variance is pre-
served. The linear projections of the measures in the
representation space are called scores, and the coordinates
of the original axis (the sensors) are the loadings. In most of
the cases, as will be explained later, the representation space is
a plane, making the graphical representation of high-dimen-
sion data possible.
Figure 9 shows, in the same plot, the scores and the loadings


in the plane identified by the first two principal components of
the sensor dataset. More than 99% of the total data variance
is explained in this plot. Measurements of different com-


Figure 9. Biplot representation of scores and loadings of the PCA of all the
collected sensor responses. Scores are labeled with circles and the number
identifies the volatile compound. Multiple points for each compound are
related to different concentrations and the arrows indicate the direction of
increasing concentration. Loadings are labeled with crosses and referred to
the cavitand numbering as in the text.


pounds are arranged along paths that follow concentration.
The first evidence in this plot is represented by the different
directions of the three alcohols with respect to the rest of the
compounds. This demonstrates that the interactions of
triethylamine, pentane, and benzene with this sensor array
are substantially similar, while for alcohols another kind of
interaction takes place.
The position of the sensors is also of great interest.


Cavitands 1 and 3 lie in the same direction of the alcohol, in
accordance with their peculiar selectivity towards this species,
while cavitands 2, 4, and 5 behave similarly and are thus
superimposed on the plot.
Multivariate analysis indicates that this array can selective-


ly identify the alcohols with respect to other compounds. This
identification overcomes the concentration problem, since
these sensors, although oriented towards one molecular class,
still preserve a residual sensitivity towards many other species.
This behavior makes the response of any one such sensors
ambiguous, because the same sensor signal can correspond
either to an alcohol at low concentration or to any other
species at higher concentration. The use of the array of
functionalized and nonfunctionalized cavitands allows the
selective identification of alcohol, regardless of analyte
concentration, since alcohols and other species evolve, with
concentration, along well-defined directions.


Conclusion


Herein, we investigated the properties of chemical sensors
based on the mass transduction of solid-state films of
cavitands. The basic resorcinarene framework is generally
functionalized by the introduction of alkyl chains at the lower
rim, to give a sensing material with acceptable sensitivity and
response time. On the other hand, the presence of these alkyl
chains results in an increase of dispersion interactions that
override the selectivity interactions attributed to the aromatic
cavity, leading to unselective sensors.
The introduction of phosphate or phosphonate substituents


at the upper rim of the resorcinarene skeleton, with the PO
groups oriented towards the cavity, allows synergistic H-bond-
ing/�-cavity interactions, which give rise to an effective
molecular recognition of alcohols. The molecular recognition
effect for these molecules becomes so important as to make
negligible, in the low concentration regime, the dependence of
the amount of absorbed molecules on the dispersion inter-
actions, as demonstrated by adsorption isotherm shape and
sensitivity analysis.
On the other hand, the presence of the same PO group, but


in an outward direction with respect to the cavity, does not
qualitatively change the interactions between volatile com-
pounds and absorbing film, which are completely dominated
by the dispersion interaction term. This last finding implies a
hitherto unrevealed role of the cavity in providing the free
volume pivotal for effective hydrogen bonding.
The application of such sensors in an array configuration,


with the consequent multivariate analysis of sensor response
through the PCA, gave rise to evidence that an array
composed of both POin- and POout-functionalized cavitands
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can lead to the selective identification, at any concentration,
of alcohols from other substances.
Overall, our results are relevant because they highlight


possible solutions to the general problem of minimizing the
undesired dispersion interactions among analytes and sensing
materials. Two major alternatives can be envisioned: 1)
boosting specific responses by favoring the access of analytes
to the receptor sites, which requires the presence of perma-
nent free volume around each interaction site in the solid
state, using receptors with enclosed cavities permeable only to
the desired analytes; and 2) eliminating the need for
peripheral alkyl chains by resorting to nanoporous materials
equipped with appropriate receptor sites.[24] Both approaches
are currently being pursued in our laboratories.
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Phosphodiester Cleavage of Ribonucleoside Monophosphates and
Polyribonucleotides by Homo- and Heterodinuclear Metal Complexes of a
Cyclohexane-Based Polyamino ±Polyol Ligand


Attila Jancso¬ ,*[a] Satu Mikkola,[a] Harri Lo»nnberg,[a] Kaspar Hegetschweiler,[b] and
Tama¬s Gajda[c]


Abstract: The ability of the dinuclear
complexes of tdci [1,3,5-trideoxy-1,3,5-
tris(dimethylamino)-cis-inositol] to pro-
mote the cleavage of the phosphodiester
bonds of nucleoside 2�,3�-cyclic mono-
phosphates, dinucleoside monophos-
phates and polyribonucleotides has been
studied. The homodinuclear copper(��)
and zinc(��) complexes efficiently pro-
mote the hydrolysis of cyclic nucleo-
tides. The second-order rate constant
(k2� 0.44 ��1 s�1) estimated for the
cleavage of 2�,3�-cAMP induced by di-
nuclear copper(��) complexes is about
107 times greater than that for the
hydroxide-ion-catalysed reaction. The
complex selectively cleaves the 2�O�P
bond of 2�,3�-cUMP and forms the 3�-
product in 91% yield. An equimolar
mixture of copper(��), zinc(��) and tdci
proved to be more efficient than either


of the binary systems: a 7 ± 20-fold rate
enhancement was observed for the
cleavage of 2�,3�-cNMP substrates. The
half-life for the hydrolysis of 2�,3�-cAMP
decreased from 300 days to five minutes
at 25 �C when the concentration of each
of the three components was 2.5m�. In
contrast to the copper(��) or zinc(��)
complexes of tdci, the heterodinuclear
species promoted the hydrolysis of sev-
eral dinucleoside monophosphates. For
two ApA isomers, cleavage of the 3�,5�-
bond was about 6.5 times faster than
cleavage of the 2�,5�-bond. On the basis
of the kinetic data, a trifunctional mech-


anism is suggested for the heterodinu-
clear-complex-promoted cleavage of the
phosphodiester bond. Double Lewis
acid activation occurs when the metal
ions bind to the phosphate oxygen
atoms. In particular, a metal-bound
hydroxide ion serves as a general base
or a nucleophilic catalyst, and, presum-
ably, a zinc(��)-bound aqua ligand be-
haves as a general acid and facilitates the
departure of the leaving alkoxide group.
The effect of the complexes on the
hydrolysis of poly(U), poly(A) and
type III native RNAwas also investigat-
ed, and, for the first time, kinetic data on
the cleavage of the phosphodiester
bonds of polyribonucleotides by a dinu-
clear complex was obtained.


Keywords: heterometallic com-
plexes ¥ kinetics ¥ phosphodiester
cleavage ¥ phosphoesterase models
¥ RNA


Introduction


The cleavage of biomolecular phosphodiester bonds (e.g.,
RNA, DNA, ATP, etc.) plays a crucial role in various
fundamental biochemical processes.[1] In living organisms,


such processes are catalysed by phophoesterase enzymes,
which contain, in many cases, two or three metal ions in their
active sites.[2] The use of dinuclear (or trinuclear) metal
complexes of lowmolecular weight ligands as mimics for these
centres has been the focus of bioinorganic/bioorganic re-
search for more than a decade.[3] Numerous homodinuclear
species have been proposed as structural or functional models
of the bimetallic centres of phosphoesterases,[4, 5] and in many
cases, their solid phase and/or solution structure has been
determined.[5] A spacer group or a bridging functional group
(e.g., alkoxide, phenoxide, phthalazine, etc.) that separates
the metal-binding sites in the molecule, is the key structural
motif of binucleating ligands. It has been observed that proper
positioning of the metal ions and a certain flexibility around
the metal centres are both required for efficient acceleration
of the hydrolytic processes. The activity of the dinuclear
species is also highly dependent upon the metal ±metal
distance.[6, 7] In a recent report, in which the dinuclear zinc(��)
complex efficiently promoted the hydrolytic cleavage of
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plasmid DNA, the precise distance between the metal centres
was provided by the pitch of the tailored heptapeptide
helix.[7] . However, questions that concern the optimal struc-
tural properties of a ligand, including the ideal donor sets of a
metal binding site, still have to be answered.


The advantage of having two metal ions in close proximity
has been clearly proven by comparing the activity of
bimetallic systems to their mononuclear counterparts.[8]


Double Lewis acid activation of the bound phosphoester
substrates provided by the two metal ions has been re-
garded as an important factor in reaction rate enhance-
ment.[4c±e, 8a, 9, 10] Nevertheless, a general base or a nucleophilic
catalyst is substantial for the cleavage of phosphoester bonds,
as was shown by the comparison of the catalytic activity of
successively formed alkoxide-bridged dinuclear zinc(��) com-
plexes of an asymmetric ligand.[10c] The central hydroxy group
and the zinc(��)-bound water molecule were deprotonated in
well-defined steps; this allowed the authors to unambiguously
identify the hydroxo/mixed-ligand dinuclear complex as the
catalytically active species. In general, a metal-bound hy-
droxide can assist cleavage either by acting as a general
base,[4d,e, 8f,g, 10] or as a direct nucleophilic catalyst.[4d, 6a, 7, 8c] This
has also been suggested to be the case with the hydrolytic
reactions of nucleoside phosphoesters promoted by uncom-
plexed metal ± aqua ions.[11] While the hydrolytic transforma-
tions of activated esters [e.g., (4-nitrophenyl)phosphate (NPP),
bis(4-nitrophenyl)phosphate (BNPP), 2,4-dinitrophenylethyl
phosphate (DNEP) and 2-hydroxypropyl-4-nitrophenyl phos-
phate (HPNP)] do not require stabilisation of the leaving
group, stabilisation of the transition state of the reaction by
the dinuclear core can strongly enhance the catalytic activi-
ty.[8f] On the other hand, the departure of an alkoxide leaving
group from an unactivated nucleoside phosphoester is most
likely a catalysed process. It has been suggested that metal-
bound water molecules in aqua ions or in mononuclear com-
plexes, metal ± aqua ions or serve as general acid catalysts that
enhance the cleavage of the dinucleoside monophosphate
5�O�P bond.[11a] Indeed, a kinetic study conducted on a series
of uridine 3�-alkyl and aryl phosphates proved that this was
the case.[12] It has also been proposed that dinuclear copper(��)
complexes catalyse the release of the leaving group.[8e, 10b]


The spectacular catalytic activity of dinuclear (or trinu-
clear) complexes is undoubtedly based on the cooperative
behaviour of the metal centres during their catalytic cycles.
Therefore, the use of two metal ions that have different
characteristics (e.g., size, Lewis acidity, favoured coordination
geometry, etc.) may be even more advantageous. A number of
hydrolytic metalloenzymes clearly display metal-ion cooper-
ation.[2a] Amongst them, purple-acid phosphatases (PAP)
have been extensively studied, and the crystal structures of
several different types of PAPs have been determined (e.g. red
kidney bean (BBPAP),[13a] and rat (TRAP)[13b]). In turn, the
above results have instigated model studies with heterodinu-
clear FeIII and ZnII,[10c, 14] FeIII and MnIII,[15] or FeIII and NiII[16]


complexes aimed at mimicking the structure or function of
native enzymes. Other groups have demonstrated that
dinucleoside monophosphate cleavage is enhanced when the
reaction is mediated by heterodinuclear[17a,b] or heterotrinu-
clear[17c] complexes of different ligands.


Copper(��) and/or zinc(��) complexes of several triamine
ligands, amongst them cis-1,3,5-triaminocyclohexane and its
congener 1,3,5-trideoxy-1,3,5-triamino-cis-inositol, have been
found to promote the hydrolysis of both activated[18a,c] [2,4-
dinitrophenyldiethyl phosphate (DNDEP)] and unactivated
(DNA) phosphoesters.[18b,c] In a recent publication, we re-
ported a kinetic and equilibrium study, as well as the structure
determination in solution, of the copper(��) complexes of a
polyamino ± polyol ligand tdci (1,3,5-trideoxy-1,3,5-tris(di-
methylamino)-cis-inositol).[19] Due to the unique steric ori-
entation of the three amino and three hydroxyl groups, tdci
can bind up to three metal ions in aqueous solutions. These
studies indicated that a complicated equilibrium exists for the
complexes, since differently protonated mono-, di- and
trinuclear species are formed depending on the pH and
metal-to-ligand ratio. The dinuclear complex Cu2LH�3


showed outstanding catalytic activity towards the activated
phosphoester BNPP, the hydrolysis obeying Michaelis ±
Menten kinetics. As mentioned above, catalysis for the
cleavage of activated esters and unactivated nucleoside
phosphoesters may be different. Consequently, a species that
is able to cleave nitrophenyl phosphates is not necessarily a
good catalyst for the cleavage of unactivated esters,[8g] and
vice versa.[20]In the present paper, we report on the catalytic
activity of dinuclear copper(��) complexes of tdci (1) for
the cleavage of two cyclic nucleoside monophosphates
(2�,3�-cUMP and 2�,3�-cAMP; 2) and a dinucleoside mono-
phosphate (∫3�,5�-UpU, 3a). For comparison, kinetic studies
on the binary tdci ± zinc(��) system have also been per-


formed. As an extension of the studies conducted on
nucleotide monomers and dimers, the hydrolysis of homo-
polynucleotides [poly(U) and poly(A)] and native type III
RNA was also investigated. To the best of our knowledge,
kinetic data on the cleavage of polyribonucleotides by
dinuclear metal complexes have not yet been published.
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Besides binary systems that contain the ligand and one type
of metal ion, solutions of tdci and two different metal ions,
copper(��) and zinc(��) (ternary system), have also been
investigated. The effect of the ternary system on the
hydrolysis of four cyclic ribonucleoside monophosphates 2,
several dinucleoside mono- and diphosphates, 3a,b and 4,
respectively, as well as polyribonucleotides, has been studied
in detail. For a comparison the results of kinetic measure-
ments for the activated ester BNPP 5 are also reported. The


rates of the reactions were followed as a function of pH,
metal-to-ligand ratio, copper(��)-to-zinc(��) ratio and catalyst
concentration. The aim of replacing one of the copper(��) ions
by zinc(��) was to provide a more flexible coordination
environment with similar Lewis acid properties. The combi-
nation of the two metal ions may facilitate the binding of the
catalyst to the substrate, generate an attacking nucleophilic
reactant and promote departure of the leaving group. Hence,
markedly enhanced cleavage of the phosphoester bond is
expected.


Results and Discussion


Spectrophotometric measurements and matrix rank analysis
(MRA) of the absorbance matrices : The composition and
stability of dinuclear copper(��) complexes of tdci 1 are well
established,[19] but data on the system that contains both a
copper(��) and a zinc(��) ion are scarce. The dinuclear
copprer(II) complexes of tdci have been characterised by
means of EPR measurements.[19] Partial replacement of
copper(��) ions by zinc(��) ions in an equimolar tdci ±CuII


solution at pH 11 resulted in a significant increase in the
intensity of the EPR signal relative to that obtained for the
dinuclear copper(��) complexes. This indicated the presence of
a mixed dinuclear complex that contained one copper(��) and
one zinc(��) ion at pH 11. pH-Metric studies at lower pH would
not show conclusively that a heterodinuclear species had been
formed, due to the complexity of the species distribution
equilibria. To elucidate the possible formation of a hetero-
dinuclear complex, spectrophotometric measurements on the
tdci ± copper(��) system, in the absence (Figure 1A) and
presence (Figure 1B) of zinc(��), were performed. A continu-
ous blue shift of the d ± d transition band from 722 to 654 nm
was observed on decreasing the copper(��)-to-tdci ratio; this is


Figure 1. Visible spectra measured for the tdci ±CuII (A) and tdci ±CuII ±
ZnII (B) systems in which the metal-to-ligand ratio for A is 2.98:1 ± 0.35:1,
while the ZnII/CuII ratio is 0:2 ± 2:1 for B. (A, [tdci]� 1.35� 10�3 ± 7.49�
10�3�, [CuII]� 4.02� 10�3 ± 2.65� 10�3� ; B, 2 [tdci]� [CuII]� [ZnII]�
4.00� 10�3�).


consistent with transformations of the trinuclear complexes
into di- and mononuclear species. Figure 2A shows the species
distribution (% CuII) as a function of the copper(��)/tdci ratio
at pH 8.6.[19] Matrix rank analysis (MRA), according to
Peintler et al.,[21] was performed on the spectral data, and
the results are summarised in Table 1. Standard deviations at
the corresponding wavelength (rows) and copper(��)/tdci ratio
values (columns) are also given. In general, a diagonal
element can be considered to deviate from zero when it is
significantly larger than the reproducibility of the spectra (i.e.,
the accuracy of the equipment), and if it is at least twice as
large than the standard deviation. However, experimental
accuracy and the starting values used for the error propaga-
tion calculations remarkably influence the number of ele-
ments detected, especially when the minor components are
concerned. Calculation of the residual absorbance curves
(RAC) was used to verify the existence of ambiguous species,
as these curves represent features of the spectra that cannot
be explained by the presence of the (n� 1)th species. The
simple MRA calculation clearly showed the presence of four
linearly independent complexes. This was consistent with the
species distribution studies, and was also supported by the
wavelength-dependent RAC curves (Figure S1A in the Sup-
porting Information). The rows and columns of the non-zero
diagonal elements are generally very informative with respect
to the absorbing species. Unfortunately, in the present case,
the individual spectra are relatively similar, which signifi-
cantly reduces the information that can be obtained from such
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Figure 2. CuII (A) and ligand (B) distribution at pH 8.60 for the tdci ±CuII


binary system as a function of the metal-to-ligand ratio ([tdci]� 0.002�,
stability constants from reference [19] were used for the calculations).


data. However, the columns of the original matrix, from which
the first three diagonal elements are chosen, are characteristic
for the three main complexes present in solution at pH 8.6.


In a parallel experiment, a solution of tdci and zinc(��) in a
1:2 ratio, was gradually added to a similar solution of tdci and
copper(��) at pH 8.6 (Figure 1B). In this way, the concentration
of the ligand and the total metal-ion/ligand ratio remained
constant, while the copper(��) ions were gradually replaced
with zinc(��). As seen in Figure 1B, a blue shift similar to the
one observed for the tdci ± copper(��) binary system occurred,
but the change was not as great. After the zinc(��)-to-copper(��)


ratio is greater than about 1.00 ± 1.25 (�max� 671 nm), the
shape of the spectrum remains unchanged. If addition of the
zinc(��) ± tdci solution did not have any influence on the
copper(��) ± tdci complex speciation, a simple dilution effect,
that is, a decrease in intensity without other spectral changes,
should be observed. This is clearly not the case. Indeed,
spectral changes are observed that cannot be explained by a
shift of equilibrium from tri- and dinuclear complexes to
mononuclear species. Such processes would result in the
occurence of free zinc(��) and consequently a zinc(��) hydrox-
ide precipitate would be formed. As it did not happen, a
plausible explanation for the blue shift is that the homodinu-
clear species are transformed to give heterodinuclear com-
plexes. MRAwas performed on the latter spectral data set and
on the matrices of both experiments. In drawing conclusions
on the basis of the data evaluated, it should be kept in mind
that: 1) if heterodinuclear complexes are only formed to a
small extent, they may only have a slight effect on the spectra
and 2) if the presence of zinc(��) causes only a slight
disturbance in the coordination environment of the copper(��)
ion(s) in the heterodinuclear species, the number of non-zero
diagonal elements may not increase when the two sets of
experiments are evaluated together. The simple MRA of the
spectra recorded for the solution of zinc(��) and copper(��) in
different ratios shows the existence of at least two, but not
more than three, linearly independent absorbing species
(Table 1). The first diagonal element, which was chosen from


the spectrum that did not con-
tain zinc(��), corresponds to the
same complex as the first ele-
ment of the MRA of the binary
system. On the other hand, the
second diagonal element, which
was chosen from the spectrum
that contained the two metal
ions in an equimolar ratio,
probably corresponds to a het-
erodinuclear complex. The
wavelength-dependent residual
spectra suggest that three ab-
sorbing species exist in solution
(Figure S1B in the Supporting
Information). In fact, the fourth
residual curve (number of in-
dependent absorbing species
(NIAS)� 3) depicted a non-
random shape in certain wave-
length ranges, but these values


are within the experimental error of the measurements. Then
the two data sets were evaluated together, and, on this basis,
four or five absorbing species were suggested (Table 1).
Calculated residual curves indicated the presence of a fifth
absorbing species (Figure S1C in the Supporting Informa-
tion), as the residuals obtained on the assumption that four
species (NIAS� 4) exist, contained non-random variations
larger than the experimental error of the data. Although the
similarities of the individual spectra do not allow a detailed
analysis, the increased number of non-zero diagonal elements,
as well as all the other data available about the ternary system
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Table 1. Diagonal elements from MRA calculations[a] performed on the spectral data matrices of the tdci ±CuII


(pH� 8.63), tdci ±CuII ±ZnII (pH� 8.67) and tdci ±CuII/tdci ±CuII ±ZnII systems (evaluation range (�): 450 ±
900 nm).


Diagonal element� 1 2 3 4 5 6


tdci ±CuII 0.2016 0.0400 � 0.0187 0.0164 � 0.0044 � 0.0035
�[b] 0.0020 0.0023 0.0038 0.0058 0.0041 0.0073
� [nm] [c] 695 553 629 450 897 892
R[d] 1.76 0.35 2.98 2.50 0.70
tdci ±CuII ±ZnII 0.2022 0.0143 � 0.0068 � 0.0036 0.0029 � 0.0023
�[b] 0.0020 0.0030 0.0037 0.0051 0.0078 0.0067
� [nm] [c] 709 642 843 450 755 864
R [d] 0.00 1.00 0.25 2.00 0.12 0.37
tdci ±CuII/tdci ±CuII ±ZnII 0.2022 0.0418 � 0.0205 0.0177 0.0075 � 0.0048
�[b] 0.0020 0.0023 0.0029 0.0041 0.0042 0.0075
� [nm] [c] 709 558 450 647 874 658
R(s)[d] 0[f] 0.35[e] 2.98[e] 1.25[f] 1.53[e] 2.74[e]


[a] The elements considered to be non-zero and their standard deviations are marked with italics. [b] Standard
deviation of the given element. [c] Wavelength of the chosen element. [d] CuII/tdci (tdci ±CuII system) or ZnII/CuII


(tdci ±CuII ±ZnII system) ratio belonging to the column from which the element was chosen. [e] tdci ±CuII system.
[f] tdci ±CuII ±ZnII system.
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(EPR, kinetics–see below), strongly suggests the presence of
heterodinuclear complexes.


Hydrolysis of nucleoside 2�,3�-cyclic monophosphates in the
tdci ± copper(��) system : According to formerly published
potentiometric results on the binary system,[19] several differ-
ently protonated mono-, di- and trinuclear species exist in a
complicated equilibrium that is dependent both on pH and
the metal-to-ligand ratio. The main species formed between
pH 6 and 10 are depicted in Scheme 1. Detailed kinetic


Scheme 1. The main species present in the tdci ±CuII binary system
according to reference [19] for the pH range marked.


measurements for the hydrolysis of BNPP (5) indicated
outstanding activity of the dinuclear Cu2LH�3 species. On the
basis of these results, kinetic experiments for two ribonucleo-
side 2�,3�-cyclic monophosphates (2�,3�-cUMP, 2�,3�-cAMP; 2)
have been performed. Pseudo-first-order rate constants for
the hydrolysis of the two substrates in the presence of a
twofold metal excess were determined as a function of pH
(Figure 3). The observed bell-shaped pH± rate profiles and


Figure 3. pH±Rate profiles for 2�,3�-cAMP and 2�,3�-cUMP hydrolysis in
the tdci ±CuII 1:2 system (T� 25 �C, [2�,3�-cAMP] and [2�,3�-cUMP]� 1�
10�4�, 2 [tdci]� [CuII]� 5.0� 10�3�).


the pH maxima of the curves (pHmax� 8.5) are very similar to
those found earlier for the activated esters.[19] Since the higher
total concentrations used in the present study have only a
slight effect on the speciation the observed kinetic activity can
also be attributed to the above mentioned Cu2LH�3 complex.
To further support this assignment, the hydrolysis of 2�,3�-
cAMP was also studied as a function of the ligand-to-metal
ratio at pH 8.5 (Figure 4). The maximum of the resultant


Figure 4. Pseudo-first-order rate constants and regioselectivity for the
hydrolysis of 2�,3�-cAMP at pH 8.45 as a function of the CuII ± tdci ratio
(T� 25 �C, [tdci]� 1.85� 10�3�, [2�,3�-cAMP]� 1� 10�4�, Selectivity: [2�-
AMP]/[3�-AMP]).


curve occurred when there was a twofold excess of metal to
ligand. Remarkable catalytic activity was also observed at the
equimolar ligand-to-metal ion ratio[19] ; this can be attributed
to the presence of the dinuclear species even in the equimolar
solution (see Figure 2). At higher metal ion to ligand ratios,
trinuclear complexes are formed, and these become the
predominant species at [CuII]:[tdci] �2.3 (Figure 2B). These
trinuclear complexes also enhance the hydrolytic process, but
their catalytic activity is lower than that of the dinuclear
species; the observed rate constants decrease as the metal-
ion-to-ligand ratio increases (Figure 4).


Although the shapes of the kobs versus pH plots are similar
for both 2�,3�-cUMP and 2�,3�-cAMP, the reactions of 2�,3�-
cAMP are seven times faster than those of 2�,3�-cUMP
(Figure 3). Nevertheless, the active complexes significantly
enhance the reaction rates for both compounds. In the
absence of metal complexes, hydroxide-ion catalysis contrib-
utes to the observed rate constant, kuncat , but hydronium-ion
catalysis is negligible {kuncat� kH2O� (kOH[OH�])}.[22a±c] At
25 �C, data is available for the uncatalysed reaction of 2�,3�-
cUMP[22a,d] (kuncat(pH� 8.57)� 1.3� 10�8 s�1), but on the basis
of the data obtained at different temperatures,[22b±d] a slightly
higher value may be estimated for 2�,3�-cAMP at the 25 �C
(kuncat(pH� 8.57)� 1.9� 10�8 s�1). The maximum observed
kobs values at 2.5m� ligand concentration represent approx-
imately a 5000- and 25000-fold rate enhancement for the
hydrolysis of 2�,3�-cUMP and 2�,3�-cAMP, respectively. The
proportion of active Cu2LH�3 species present can be calcu-
lated from the stability constants,[19] and at the pH of the
maximum kobs values (Table 2) was calculated to be 1.1m�.
The second-order rate constants that can be estimated from
the data at pH 8.57 (k2,cUMP� 0.061��1 s�1, k2,cAMP�
0.44 ��1 s�1)[22c,d] are approximately 23 and 107 times higher
than the rate constants of the hydroxide-ion-catalysed reac-
tions of 2�,3�-cUMP and 2�,3�-cAMP, respectively.


Protein nucleases selectively cleave the 2�O�P bond of
cyclic nucleoside monophosphates, but base-catalysed reac-
tions produce comparable amounts of two possible products,
the 3�-O-phosphorylated compound generally being slightly
favoured.[22c, 23] Only a few metal complexes that have been
studied as nuclease mimics are able to hydrolyse nucleoside
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cyclic monophosphates regioselectively.[8e, 24] The dashed
curve in Figure 4 represents the ratio of the two products,
2�-AMP and 3�-AMP, as a function of the metal-to-ligand ratio
for the tdci ± copper(��) system at pH 8.50. The reaction
exhibits a clear preference for 2�O�P over 3�O�P bond
cleavage (see Table 2). Product distribution varies only
slightly up to a CuII:tdci ratio of about two, and suggests that
the observed activity and regioselectivity can be attributed
mostly to one species (Cu2LH�3).[19] Further increases of the
metal-ion excess results in a decrease in the selectivity
(Figure 4). Although the observed selectivity is lower than
for the dinuclear complex, cleavage of the 2�O�P bond is still
preferred. The difference in selectivity between the cAMP
cleavage catalysed by di- and trinuclear complexes may arise
from differences in the coordination of the substrate to the
catalysts.


Cleavage of the 2�O�P bond is even more favoured for 2�,3�-
cUMP than for 2�,3�-cAMP (see Table 2), as the mole fraction
of 2�-UMP is only 0.091. In the past, interactions (hydrogen
bonding or stacking) between the base moiety of the substrate
and the complexed ligand were believed to account for the
observed selectivities,[8e] because there did not appear to be
any clear correlation between the regioselectivity and the
base sizes and the known metal-ion affinities[25] for the bases.
Hydrogen-bond formation, which would promote a certain
orientation of the substrate in the substrate ± catalyst adduct,
is also possible in the present system; however, there is no
proof to support this suggestion. Such interactions may also
play a role in the observed base selectivity (see Figure 3 and
Table 2), although this may originate from metal ± base
interactions (see below).


Hydrolysis of 3�,5�-UpU (3a) was also studied for the tdci ±
copper(��) binary system. The reaction in the presence of
2.5m� tdci and 5m� CuII at pH 8.57 and 35 �C turned out to
be very slow, since less than 5% of the substrate was cleaved
in 15 days (kobs� 4� 10�8 s�1). At a higher pH (9.5), the
reaction was somewhat faster, but the observed rate constant
(kobs� 2� 10�7 s�1) was only about four times greater than
that observed for the uncatalysed cleavage.[26]


The shape of the pH± rate profiles and the pH at the
maximum rate acceleration suggests that a metal-bound


hydroxide is involved in the nucleophilic attack of the
phosphorous, either as a general base or as a nucleophile. A
metal-bound alkoxide group from the ligand could be the
nucleophilic reactant, but this would result in the phosphor-
ylation of the ligand and subsequent formation of a ligand ±
nucleotide adduct: this was not observed by high-perform-
ance liquid chromatography (HPLC). The second-order rate
constants estimated for the dinuclear-complex-promoted
cleavage of the cyclic nucleotides are much higher than those
for the hydroxide-ion-catalysed reactions, in spite of the fact
that the nucleophilicity of a metal-bound hydroxide ion is
undoubtedly lower than that of a free hydroxide ion. These
findings suggest that direct intracomplex nucleophilic attack
on the phosphorous atom by a hydroxo ligand takes place
during the cleavage of the cyclic phosphodiesters. Further-
more, the reaction is probably enhanced by double Lewis acid
activation induced by the phosphate-coordinated metal
centres. The proposed mechanism depicted in Scheme 2
explains the experimental observations, apart from the
regioselectivity.


Hydrolysis of the cyclic nucleotides was found to be
significantly different than hydrolysis of the dinucleoside
monophosphate 3�,5�-UpU; cleavage of the former com-
pounds being much more efficient. Hydrolytic cleavage of
dinucleoside monophosphates is a complicated process, and,
according to the results discussed above, catalysis by the
homodinuclear copper(��) complex of tdci is not enough to
efficiently cleave the phosphodiester bond of 3�,5�-UpU.


Scheme 2. Proposed mechanism for the hydrolysis of 2�,3�-cNMP promot-
ed by the Cu2LH�3 complex.


Kinetic studies with the tdci ± zinc(��) system : In light of the
solution equilibrium properties and catalytic behaviour of the
tdci ± copper(��) system, kinetic studies of the tdci ± zinc(��)
system were mainly focused on solutions that contained tdci
and zinc(��) in a 1:2 ratio. Hydrolysis of 2�,3�-cUMP 2 was
monitored as a function of pH. A bell-shaped pH± rate profile
was obtained with a maximum at around pH 8.25. At a ligand
concentration of 2.5m�, the maximum first-order rate con-
stant is about 2600 times greater than for the uncatalysed
reaction. The rate acceleration is slightly higher (ca. 4600) for
2�,3�-cAMP 2 under the same conditions (see Table 2).
Cleavage of 3�,5�-UpU 3a was also studied, but similarly to
the copper(��) complexes, only a modest rate acceleration was
observed.


Hydrolysis of nucleoside 2�,3�-cyclic monophosphates in the
tdci ± copper(��) ± zinc(��) ternary system : Since efficient hy-
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Table 2. Observed rate constants[a] and product distribution for the
hydrolysis of nucleoside 2�,3�-cyclic monophosphates at T� 25 �C ([sub-
strate]� 5 ± 10� 10�5�).


System Substrate kobs �105 [s�1] Selectivity[b]


tdci ±CuII 1:2 [c] 2�,3�-cUMP 6.6	 0.1 0.10	 0.01
2�,3�-cAMP 48	 1 0.19	 0.01


tdci ±ZnII 1:2 [d] 2�,3�-cUMP 2.3	 0.1 0.51	 0.01
2�,3�-cAMP 5.2	 0.1 0.58	 0.02


tdci ±CuII ±ZnII 1:1:1[e] 2�,3�-cUMP 47	 1 0.66	 0.03
2�,3�-cAMP 230	 5 0.33	 0.03
2�,3�-cCMP 62	 1 1.10	 0.02
2�,3�-cGMP 87	 2 0.47	 0.01


[a] The errors given refer to the standard deviaton of the kobs values
determined from the slope of the curves obtained after applying the
integrated first-order rate law for the data points of each kinetic run. The
values are the average of duplicate measurements with a reproducibility
�15%. [b] Ratio 2�-NMP/3�-NMP. [c] [tdci]� 2.5� 10�3�, pH� 8.57.
[d] [tdci]� 2.5� 10�3�, pH� 8.26, [e] [tdci]� 2.5� 10�3�, pH� 8.75.
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drolysis was observed in the binary system when the
copper(��)-to-tdci ratio was 2:1, the first experiments were
performed in solutions that contained the ligand, copper(��)
and zinc(��) ions in a ratio of 1:1:1. Several salts were tested to
adjust the ionic strength, but they caused precipitate forma-
tion at about pH 8. Therefore, the constant ionic strength
(0.05�) was adjusted by the buffers (HEPES, CHES). All the
four natural ribonucleoside 2�,3�-cyclic monophosphates 2
were studied, and the catalytic properties of the ternary
system were investigated in detail with 2�,3�-cUMP as the
substrate. The rate constants and product distributions are
summarised in Table 2.


The pH dependence of the kobs values for the hydrolysis of
2�,3�-cUMP is depicted in Figure 5. The rate profile is sym-
metrically bell-shaped and has a maximum around pH 8.7.
The rate constants are approximately seven and 20 times


Figure 5. pH± rate profile for the hydrolysis of 2�,3�-cUMP in the tdci ±
CuII ±ZnII 1:1:1 system (T� 25 �C, [2�,3�-cUMP]� 1� 10�4�, [tdci]�
[CuII]� [ZnII]� 2.5� 10�3�).


larger than the values determined for the copper(��) ± tdci and
zinc(��)-tdci binary systems, respectively (see Table 2). This
indicates that the presence of two different transition-metal
ions has a favourable effect on catalysis and that the increased
activity very likely results from the formation of heterodinu-
clear complexes. As described above, the existence of such
species is further supported by spectrophotometric and EPR
experimental data.


Several other investigations of the catalytic properties of
the heterodinuclear complexes were performed in order to
determine the ideal metal-to-ligand and copper(��)-to-zinc(��)
ratio for the cleavage of 2�,3�-cUMP. Figure 6 shows the result
of an experiment that applied Job×s method at the pH
maximum of the pH± rate profile. The concentration of the
ligand was kept at 2.5m�, while the concentration of the two
metal ions was varied between 0.0 ± 5.0m�, maintaining a
constant 2:1 total metal-to-ligand ratio (and a constant 5.0 m�
metal ion concentration); meanwhile the ratio of the two
metal ions themselves was varied from 0:2 to 2:0. The pseudo-
first-order rate constants as a function of [CuII]:([CuII]�
[ZnII]) ratios afforded a nearly symmetric bell-shaped curve
that has a maximumwhen the components are equimolar. The
end points of the curve represent the kinetic activity of the
homodinuclear complexes at the same pH and are in a good


Figure 6. Pseudo-first-order rate constants at pH 8.75 for the hydrolysis of
2�,3�-cUMP as a function of the CuII ± total metal-ion ratio (T� 25 �C, 2�
[tdci]� [CuII]�[ZnII]� 5.00� 10�3�, [cUMP]� 1� 10�4�).


agreement with those determined for the binary systems. The
maximum activity displayed at a CuII/ZnII ratio of 1:1 suggests
that a heterodinuclear complex is responsible for the cleavage
of the cyclic phosphodiester. As trimetallic species were
detected in the copper(��) ± tdci binary system, the hydrolysis
rate for 2�,3�-cUMP was also determined as a function of the
metal-to-ligand ratio, Figure S2A and Figure S2B in the
Supporting Information). The kinetic maximum was found at
a ratio of 2:1 ([CuII]� [ZnII]� [tdci]� 2.5 m�), though nota-
ble cleavage was also observed at a 3:1 ratio, especially for the
solution that contained a twofold excess of zinc(��) over tdci
and copper(��) (Figure S2A in the Supporting Information). A
trinuclear species must be responsible for this activity, since
the presence of dinuclear complexes would also require the
presence of free metal ions, which in turn would result in the
precipitation of a metal hydroxide under the experimental
conditions applied. Kinetic measurements for solutions that
contained a threefold excess of the metal ions were also
obtained as a function of pH. The highest kobs values occurred
around pH 8.5 when the CuII/ZnII ratio was 1:2 and between
pH 7.5 ± 8.5 for a 2:1 CuII/ZnII ratio (data not shown). The
notable shift in pH relative to the maximum pH observed in
the equimolar solution of the three components also indicates
that trinuclear complexes possess catalytic activity.


Cleavage of 2�,3�-cUMP to give phosphomonoesters was
also monitored as a function of the total concentration of the
ligand and the two metal ions. The concentration of the three
components was varied from 7.8� 10�5 ± 2.4� 10�3�, while
the tdci, copper(��) and zinc(��) ratio was kept at 1:1:1. As
depicted in Figure 7, the observed rate constants are linearly
related to the concentration of the ligand and metal ions, and
the intercept occurs close to the origin. Moreover, a straight
line with a slope of 1.12 is obtained when a logarithmic plot is
used; this means that the reaction is first-order with respect to
the complex concentration. Since the mole fraction of the
active complex in the ternary system is not known, only a
lower limit for the second-order rate constant may be
estimated based on the assumption that the active complex
is the only species present. In this manner, a value of
0.19 ��1 s�1 was obtained; this is more than 70 times greater
than the second-order rate constant for the hydroxide-ion-
catalysed reaction. This again suggests a mulitfunctional
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Figure 7. Pseudo-first-order rate constant at pH 8.75 for the hydrolysis of
2�,3�-cUMP as a function of the total concentration of tdci, CuII, and ZnII


(T� 25 �C, tdci:CuII :ZnII� 1:1:1, [2�,3�-cUMP]� 1� 10�4�. The value de-
termined from the slope of the curve refers to the lower limit of the second-
order rate constant).


mechanism in which the (double) Lewis acid activation most
likely plays a significant role.


Cleavage of diribonucleotides and oligoribonucleotides : The
hydrolysis of six different dinucleoside monophosphates
(3a,b) and one dinucleoside diphosphate (4) was investigated
in equimolar solutions of tdci, copper(��) and zinc(��). Since the
reaction rates were slower[26] than those observed for the
cyclic nucleotides, the experiments were performed at a
slightly higher temperature (35 �C). A full pH± rate profile for
the metal-complex-dependent hydrolysis of 3�,5�-UpU was
measured (Figure 8). The shape of the curve is distorted


Figure 8. pH± rate profile for the hydrolysis of 3�,5�-UpU in the tdci ±
CuII ±ZnII 1:1:1 system (T� 35 �C, [3�,5�-UpU]� 8� 10�5�, [tdci]�
[CuII]� [ZnII]� 2.5� 10�3�).


relative to the symmetric profile obtained for 2�,3�-cUMP at
25 �C. Instead of a sharp maximum at pH 8.7, a relatively wide
plateau in the pH range of 9 ± 9.5 is observed; this suggests a
speciation change, and/or that hydrolysis is promoted by at
least one more species beside those already considered. The
observed rate constant at about pH 9 is approximately 50- and
10-fold higher than the values obtained at the same pH for the
copper(��) ± tdci and zinc(��) ± tdci binary systems, respectively.
Hydrolysis of five other dinucleoside monophosphates and a
dinucleoside diphosphate was also studied at this pH, and the
kobs values obtained are presented in Table 3. The differences
in the rate constants for the cleavage of various dinucleoside


monophosphates are rather modest. As with the cyclic
phosphodiesters, the presence of an adenine base in the
substrate results in faster cleavage. Surprisingly, the cleavage
rate of 2�,5�-ApA is only 15% of that determined for the 3�,5�-
ApA isomer. As a result, it can be speculated that the base
moiety somehow participates in binding the catalyst, although
the nature of the interaction (direct coordination, water-
mediated coordination, or hydrogen bonding) is not clear.
This interaction appears to place the catalyst in a position in
which it is better able to cleave the 3�,5�-bond than the 2�,5�-
bond. Direct coordination of the N3 uracil nitrogen atoms of
3�,5�-UpU to the copper(��) centres of a trinuclear complex was
recently assumed to be a key factor in the observed substrate
specifity.[27]


The 3�-phosphorylated dinucleoside diphosphate
(3�,5�ApU-3�p, 4) is considerably less susceptible to cleavage
by the metal complexes discussed above. The rate increase for
the catalysed system over the uncatalysed system is only 11%
of that observed for 3�,5�-ApU (see Table 3).[28] Evidently, the
active complex is unable to bind the substrate through two
adjacent phosphate groups or this type of binding mode is not
advantageous for cleavage. Exclusive coordination to the
dianionic 3�-phosphate is believed to predominate; this in turn
retards the cleavage of the 3�,5�-phosphodiester bond. In this
respect, the above cleavage differs from the metal ± aqua ion
promoted cleavage of di- and oligoribonucleotides that have a
3�-terminal monophosphate group[29] because the 3�-phos-
phate group markedly accelerates hydrolysis even when the
scissile phosphodiester bonds are situated several nucleoside
units apart.[29e,f]


The metal-ion-induced hydrolysis of polyribonucleotides
(poly(U) and native RNA) and a number of different
oligonucleotides has previously been studied.[29±31] Metal ions
and some of their tri- and tetraazamacrocyclic chelates have
been shown to enhance the cleavage of poly(U) more
efficiently than the cleavage of UpU.[30a, 32] To our knowledge,
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Table 3. Observed rate constants[a] for the hydrolysis of dinucleoside
mono- and diphosphates (T� 35 �C) and polyribonucleotides (T� 60 �C) in
the tdci ±CuII ±ZnII 1:1:1 system at pH� 9.0: [substrate]� 1� 10�4�,
[tdci]� 2.5� 10�3� (dinucleoside mono- and diphosphates) and 1.0�
10�3� (polynucleotides).


Substrate kobs �106 [s�1] kobs,uncat �106 [s�1] [b]


3�,5�-ApA 15	 1 0.0053
2�,5�-ApA 2.3	 0.1 0.016
3�,5�-UpU 4.1	 0.1 0.017
2�,5�-UpU 5.0	 0.1 0.025
3�,5�-UpA 11	 1 0.018
3�,5�-ApU 6.6	 0.1 0.0056
3�,5�-ApU-3�p 0.56	 0.02 0.0042 [c]


poly(U) 2.1	 1 0.57 [d]


poly(A) 12	 1 0.18 [d]


RNA 8 [e] ±


[a] The errors given refer to the standard deviaton of the kobs values
determined from the slope of the curves obtained after applying the
integrated first-order rate law for the data points of each kinetic run.
[b] Extrapolated from the data in reference [26]. [c] Calculated on the basis
of reference [28]. [d] The rate of the uncatalysed reactions were assumed to
be equal to that of 3�,5�-UpU or 3�,5�-ApA[31] and kuncat was extrapolated
from the data given in reference [26]. [e] Due to precipitate formation data
has to be considered as rough estimation.
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data on the cleavage of oligoribonucleotides by dinuclear
metal complexes is not available. Studies that involved
poly(U), poly(A), or type III RNA in tdci ± copper(��) ± zinc(��)
ternary systems were carried out at 60 �C in order to reduce
the influence of base-stacking interactions within the polymer
chains.[33] The data obtained are presented in Table 3. Notable
activity was found, especially with poly(A); this is consistent
with the base selectivity observed for mono- and dinucleo-
tides. The rate constants determined indicate approximately a
66- and 4-fold rate increase ([tdci]� 1m�) relative to the
metal-complex-independent reaction of poly(A) and poly(U),
respectively. Taking into account the different conditions
(temperature, pKw, concentration of the catalyst), these data
indicate that the cleavage of polynucleotides is significantly
slower than the hydrolysis of dinucleoside monophosphates.
In agreement with the low catalytic activity observed for the
ternary system towards the cleavage of 3�,5�-ApU-3�p, the
presence of neighbouring phosphodiester groups does not
increase the efficiency of the catalyst, as with metal ± aqua
ions.[30a] Furthermore, the 3�-terminal cyclic phosphate groups
that are rapidly hydrolysed to give dianionic monophosphates
exert a rate-retarding effect similar to that observed for 3�,5�-
ApU-3�p. Bridging coordination of the active complex to two
neighbouring phosphate diester moieties presumably does not
predominate or cannot increase the rate of hydrolysis. Kinetic
studies conducted on native RNA resulted in the formation of
a precipitate. Though first-order kinetics were obeyed, the
reliability of the data is questionable. Measurements were
also taken for the tdci ± copper(��) (1:2) binary system
([tdci]� 1.0m�). The observed rate constants are only slightly
higher than the extrapolated values determined for the
uncatalysed reactions (poly(U): kobs� 8.0� 10�7 s�1, poly(A):
kobs� 1.3� 10�6 s�1).


Hydrolysis of BNPP : To compare the results obtained for the
cleavage of BNPP 5 catalysed by the dinuclear copper(��)
complex, studies were performed on the tdci ± copper(��) ±
zinc(��) ternary system. The pH± rate profiles for equimolar
solutions of the components at two different complex
concentrations (Figure 9) are bell-shaped and exhibit a
maximum around pH 8.5. The pH maximum is somewhat


Figure 9. pH± rate profiles for the hydrolysis of BNPP in the tdci ±CuII ±
ZnII 1:1:1 system (T� 25 �C, [BNPP]� 5� 10�4� ; A : [tdci]� 2.5� 10�4�,
B : [tdci]� 7.1� 10�4�).


lower than that observed for the cyclic nucleotides (pHmax�
8.70), but is almost identical to the one observed for the
dinuclear copper(��) complex when either unactivated (2�,3�-
cUMP, 2�,3�-cAMP) or activated (BNPP, NPP, DNEP) esters
were used. In contrast to the results obtained for the
unactivated esters under similar conditions, the pseudo-first-
order rate constant for hydrolysis of BNPP, at the pH
maximum, is only about one quarter of the kobs value
measured for the solution of tdci and copper(��). The depend-
ence of the reaction rate on the total metal-to-ligand ratio
(Figure S3 in the Supporting Information) indicates that the
dinuclear species plays an essential role. The shape of the
curve is again similar to that observed for the binary system.[19]


Pseudo-first-order rate constants were found to be propor-
tional to the total concentration of the complex mixture (using
equimolar amounts of the ligand and the metal ions; Figure S4
in the Supporting Information); this indicates that the
reaction is first-order with respect to the concentration of
the active species. In the absence of information about the
concentration of the active complex in solution, only a lower
limit for the second-order rate constant could be calculated
(k2� 7.6� 10�2 ��1 s�1) from the slope of the linear correla-
tion. This value is less than 10% of the second-order rate
constant determined for the Cu2LH�3 complex, but 3800-fold
higher than the second-order rate constant calculated for the
hydroxide-ion-catalysed reaction.[34] It can be concluded that
the ternary system is less efficient than the copper(��) complex
in promoting the cleavage of BNPP, which has a good leaving
group. Furthermore, the homodinuclear Cu2LH�3 complex
may contribute to the observed rate acceleration and, hence,
an even larger difference between the catalytic activity of the
heterodinuclear species and Cu2LH�3 , in favour of the latter
complex, is possible.


Mechanism of the heterodinuclear-complex-promoted hydro-
lytic cleavage : On the basis of the results obtained for the four
different types of substrates, some general conclusions can be
drawn with regard to the mechanism of the cleavage of the
phosphodiester bond promoted by the heterodinuclear ± tdci
complex. As summarised in a recent review,[35] dinuclear
metal complexes can promote the cleavage of phosphodiester
bonds by participating at several different stages of the
process. As described for the binary systems of tdci, the pH for
maximum catalytic activity and the relative magnitude of the
rate enhancement observed for cyclic phosphodiesters and
diribonucleoside monophosphates suggests that a metal-
bound hydroxide ion serves either as a direct nucleophile,
which attacks the phosphorous atom (cyclic nucleotides), or
as a general base, which deprotonates the attacking 2�-
hydroxy group (dinucleotides, polynucleotides). Moreover,
the magnitude of the second-order rate constants, relative to
the corresponding values of the hydroxide-ion-catalysed
reactions, strongly suggests that Lewis acid activation by the
metal ± phosphate coordination contributes to the rate accel-
eration. The metal-to-ligand ratio dependent experiments
indicate that the second metal ion is essential for hydrolysis.
However, questions arise as to the role the second metal ion
plays. Although cooperation between the metal ions in
dinuclear complexes has recently been disputed,[36] many
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findings on the beneficial role of a dinuclear core in which two
metal centres can perform a concerted action on the
phosphate (double Lewis acidactivation) exist.[4c±e, 8a, 9, 10, 19]


In the present case, double Lewis-acid activation may occur,
but the remarkable differences between the catalytic activity
of the hetero- and homodinuclear complexes suggests that the
zinc(��) ion, in the mixed dinuclear complex, assists the
departure of the alkoxide leaving group. This is further
supported by the findings that in the hydrolysis of the
activated ester BNPP, the catalytic efficiency of the ternary
system is significantly lower than that found for the cop-
per(��) ± tdci binary system. Taking into account that the pKa of
a water molecule bound to a copper(��) ion is generally lower
than that of a zinc(��)-bound water molecule, the latter may act
as a general acid catalyst in the hydrolytic process promoted
by a heterodinuclear tdci complex. Double Lewis acid
activation, induced by the copper(��) ions of the dinuclear
copper(��) species, plays a crucial role in the cleavage of BNPP
(and cyclic nucleotides), but is not capable of enhancing the
cleavage of the phosphodiester bonds of di- and polynucleo-
tides that contain poor leaving groups. The mechanism of the
heterodinuclear complex catalysed reaction is presumably
trifunctional because the catalyst promotes three steps of the
process (Scheme 3): 1) (double) Lewis acid activation of the


Scheme 3. Proposed mechanism for the phosphodiester bond cleavage
catalysed by the heterodinuclear species.


substrate by coordination to the phosphate group, 2) general
base or nucleophile catalysis by a metal-bound hydroxide ion
and 3) general acid catalysis by a zinc(��)-bound water
molecule for the departure of the leaving alkoxide group.


Conclusion


The homodinuclear copper(��) and zinc(��) complexes of tdci
promote the cleavage of cyclic ribonucleoside 2�,3�-mono-
phosphates by several orders of magnitude. The active
copper(��) complex shows remarkable base selectivity in
favour of substrates that contain an adenine base and a high
regioselectivity that favours formation of the 3�-phosphory-
lated product. For the system that contains copper(��) and
zinc(��) in an equimolar ratio with respect to tdci, the reaction
rate increases 7 ± 20 times to that observed for the homodi-
nuclear complexes. The ternary system, in contrast to the
homodinuclear complexes, was also found to effectively


promote the hydrolysis of dinucleoside monophosphates.
Interestingly, 3�,5�-ApA is cleaved 6.5 times faster than the
2�,5�-isomer. This, together with the observed preference for
the cleavage of substrates that contain adenine, suggests that
the base is involved in the catalyst ± substrate interaction.
When a dinucleoside diphosphate (3�,5�-ApU-3�p) is used as a
substrate, a significantly lower catalytic activity is observed.


On the basis of all the kinetic data, the catalytic activity of
the ternary system can be attributed to a heterodinuclear
complex, and the presence of this species is also supported by
the spectrophotometric measurements and MRA of the
spectral data. The mechanism proposed for the heterodinu-
clear complex catalysed phosphodiester bond cleavage is
trifunctional: 1) (double) Lewis-acid activation of the sub-
strate by coordination to the phosphate group, 2) general base
or nucleophilic catalysis (depending on the substrate) of a
metal-bound hydroxide ion and 3) general acid catalysis of a
zinc(��)-bound water molecule that promotes the departure of
the leaving alkoxide group.


For the first time, kinetic data for the cleavage of
polyribonucleotides by dinuclear complexes have been ob-
tained. In contrast to metal ± aqua ions, the heterodinuclear
complexes of tdci exert a smaller rate increase for the
cleavage of 3�,5�ApU-3�p and polynucleotides in comparison
to the cleavage of dinucleoside monophosphates. In summary,
the copper(��) ± zinc(��) ± tdci ternary system provides a new
example of cooperative behaviour of bimetallic centres in
hydrolytic reactions and also provides evidence for the
beneficial influence of the presence of two different metal
ions in the complex.


Experimental Section


Materials : Copper(��) and zinc(��) perchlorate or nitrate (Fluka) solutions
were standardised complexometrically. HEPES, CHES, 2�,3�-cUMP, 2�,3�-
cAMP, 2�,3�-cCMP, 2�,3�-cGMP, 3�,5�-UpU, 2�,5�-UpU, 3�,5�-ApA, 2�,5�-ApA,
3�,5�-UpA, 3�,5�-ApU, 3�,5�-ApU-3�p, polyuridylic acid, polyadenylic acid,
ribonucleic acid type III from baker×s yeast, and BNPP (all Sigma
products) were used without further purification. Phosphodiesterase I
(lyophilised powder) was purchased from USB, and alkaline phosphatase
(a concentrated solution) was obtained from Boehringer, Mannheim.
Ligand tdci (tdci ¥ 3HCl ¥ 2H2O) was prepared as described earlier.[37]


UV-Visible spectroscopic measurements and evaluation of the absorbance
matrices by MRA : UV-Visible spectra were measured on a Hewlett
Packard 8453 diode array spectrophotometer. Analyses of the absorbance
matrices obtained for the tdci ± copper(��) binary system and tdci ± cop-
per(��) ± zinc(��) ternary system were performed by a recently described
algorithm based on the application of MRA.[21] The simple MRA method
and the calculation of the wavelength-dependent residual absorbance
curves (RAC) were also used to evaluate the NIAS. The initial standard
deviation of the actual matrix element applied for the computation of error
propagation was set to 0.002 absorbance units; this was in accordance with
the reproducibility of the spectra.


Kinetic studies for the hydrolysis of nucleoside 2�,3�-cyclic monophosphates
and transesterification of dinucleoside monophosphates : The pH of the
reaction solutions was adjusted with HEPES (0.03�), CHES (0.03�), and
by adding an appropriate amount of sodium hydroxide stock solution. The
ionic strength was adjusted to 0.1� with NaClO4 or NaNO3. After
measuring the pH of the reaction solutions at the temperature of the kinetic
measurements, the Eppendorf tubes (1.0 mL of reaction solution) were
immersed in a water bath, the temperature of which was maintained at
25.0	 0.1 �C (cNMP) or 35.0	 0.1 �C (NpN). The reactions were initiated
by adding 30 ± 40 �L of the stock solution of the substrate. The initial
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substrate concentration was 0.05 ± 0.1m�. The ligand (tdci) and metal-ion
concentrations varied from 0.0 ± 6.0m�. In a typical experiment, the
concentration of tdci was 2.5m�, while that of the metal ion was 5.0m�.
Aliquots (7 ± 10) were withdrawn at appropriate intervals from the reaction
solutions. The reactions were quenched by mixing a 0.1 mL aliquot with an
equal amount of the eluent used in the HPLC analyses. The samples were
kept in a freezer until analysis.


The aliquots were analysed by RP-HPLC (Perkin ±Elmer) by using a
Hypersil ODS RP-18 column (250� 4 mm, 5 �m particle size). The flow
rate was 1 mLmin�1. The composition of the eluents was as follows: A)
0.06 moldm�3 acetate buffer, pH� 4.3, I� 0.1 moldm�3 (NH4Cl); and B)
eluent Awith 10% acetonitrile. The elution programs (proportion of buffer
A and duration time) used for the different substrates were: 2�,3�-cUMP, 0 ±
10 min, 100% A; 2�,3�-cAMP, 0 ± 12 min, 65% A; 2�,3�-cCMP, 0 ± 10 min,
100% A; 2�,3�-cGMP, 0 ± 12 min, 85% A; 3�,5�-UpU and 2�,5�-UpU, 0 ±
5 min, 100% A; 5 ± 17 min, 60% A; 3�,5�-ApA and 2�,5�-ApA, 0 ± 8 min,
65% A; 8 ± 18 min, 25% A; 3�,5�-UpA, 0 ± 8 min, 100% A; 8 ± 17 min,
30% A; 3�,5�-ApU, 0 ± 9 min, 65% A; 9 ± 19 min, 40% A; 3�,5�-ApU-3�p,
0 ± 3 min, 90 ± 65% A (linear gradient); 3 ± 16 min, 65% A; 16 ± 18 min,
30% A. The products (nucleosides, nucleoside 2�,3�-cyclic monophos-
phates, nucleoside 2�-monophosphates, and nucleoside 3�-monophos-
phates) were identified by spiking with authentic samples. The UV
detection wavelength was 260 nm. The reactions were followed for about
three half-lives. In all cases, the disappearance of the starting material
obeyed pseudo-first-order kinetics. The pseudo-first-order rate constants
(kobs) for the cleavage of the starting materials were calculated by
application of the integrated first-order rate law. For nucleoside 2�,3�-
cyclic-monophosphates, the reported data are the average of duplicate
measurements with a reproducibility �15%.


Kinetic measurements of polynucleotides and native RNA: The temper-
ature and pH of the reaction mixtures were adjusted as described above
(T� 60.0	 0.2 �C). Aliquots from the solutions were taken periodically, the
reactions were quenched by the addition of an excess of EDTA solution
with respect to the metal ions (pH� 9.1), and the samples were cooled in an
ice bath. The uncleaved polynucleotides were digested by treatment with
phosphodiesterase I, as described earlier.[30, 38] Accordingly, phosphodies-
terase I in a TRIS:HCl buffer, which contained NaCl and MgCl2 (pH�
9.1), was added to the quenched aliquots. The final concentrations of TRIS,
NaCl and MgCl2 were 0.05�, 0.1�, and 0.01�, respectively. To ensure that
the enzymatic digestion was complete, the aliquots were left to stand for
20 ± 24 h, at which time they were filtered through a syringe-driven
Hydrophobic Fluoropore (PTFE) membrane filter unit (20 �m, Millipore),
which removed the proteins. Prior to HPLC analysis, the samples were
neutralised with acetic acid. The eluent buffers employed for separation of
the homopolymer product mixtures were those described above for the
mono- and dinucleotide substrates. The elution programs applied were:
poly(U), 0 ± 12 min, 100% A; poly(A), 0 ± 1 min, 80% A, 1 ± 6 min, 80%±
65% A (gradient); 6 ± 16 min, 65% A. For separation of the RNA cleavage
products, buffers with 0.3� NH4Cl were used to improve the separation.
The elution program was: 0 ± 7 min, 100% A, 7 ± 22 min, 100%± 35% A
(gradient); 22 ± 30 min, 35% A.


The method applied for the determination of the rate constants has
previously been described in detail.[30a] The reactions were followed for
10 ± 20% transformation of the starting materials, and the aliquots
withdrawn (6 ± 7) were treated with phosphodiesterase I to cleave all the
3�O�P bonds of the starting material and oligomeric cleavage products. As
a result, the 5�-terminal nucleosides formed upon the chemical cleavage of
the RNA chain were detected as nucleosides, and the intrachain nucleo-
sides were detected as 5�-phosphates. Small amounts of the 2�,3�-cyclic
monophosphates and the hydrolysis products (2�- and 3�-monophosphates)
that are formed upon chemical cleavage of the 3�-terminal phosphodiester
bond were also released. The amount of these products was added to the
nucleoside yields in order to obtain the total amount of phosphodiester
bonds cleaved chemically. Aliquots withdrawn from the reaction solutions
were also treated with a mixture of phosphodiesterase I and alkaline
phosphatase in order to determine the amount of 3�-terminal nucleoside
and 2�,3�-cyclic phosphates formed upon chain cleavage.[30b] However, only
nucleosides were detected after the enzymatic digestion; this indicates that
chemical cleavage of the 3�-terminal cyclic phosphate groups was rapid. The
rate constants were calculated by determining the mole fraction of 5�-
terminal nucleosides (i.e., the number of cleaved bonds) at time t with


respect to all the nucleoside units of the starting material (i.e., the total
number of phosphodiester bonds).


Hydrolysis of bis(4-nitrophenyl)phosphate (BNPP): The samples were
prepared as described above and kept at 25.0	 0.1 �C prior to analysis. The
reactions were initiated by injecting 100 �L of a 0.0103� solution of BNPP
(solid substrate dissolved in a 50 w/w% ethanol/water mixture) into an
efficiently stirred, pre-thermostated sample solution. The reactions were
followed by the increase of the absorption band for the p-nitrophenoxide
ion at 400 nm (�� 18900 ��1 cm�1, pKa� 6.98). The initial slope method
(�4% conversion) was used to determine the pseudo-first-order rate
constants. The increase in absorbance at 400 nm was followed immediately
after injection of the substrate. The reported data are the average of
duplicate measurements with a reproducibility of better than 10%. The
initial concentration of BNPP was 0.5m�. In a typical experiment, the
concentration of tdci, CuII and ZnII was 0.25, 0.25 and 0.25m�, respectively.
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